


I'ULL-SCALE TESTS OF 4- AND 6-BLADE, SINGLE- ABD 

DUAL-ROTAT I N G  PROPELLERS 

By David Biermann and Edwin P. Hartman 

T e s t s  of 1 0 - f o o t  d i a m e t e r ,  4- and 6-blade. s i n g l e -  and 
d u a l - r o t a t i n g  p r o p e l l e r s  mere cortducted i n  t h e  20-foot  
p r o p e l l e r - r e s e a r c h  t u n n e l ,  The p r o p e l l e r s  were mounted a t  
t h e  f r o n t  end of a  s t r e a m l i n e  body i n c o r p o r a t i n g  s p i n n e r s  
t o  house  t h e  hub p o r t i o n s ,  The e f f e c t  of  a symmet r i ca l  
wing mounted i n  t h e  s l i p s t r e a m  m a n  i n v e s t i $ a t s d .  The b l a d e  
a n g l e s  i n v e s t i g a t e d  ranged from 20' t o  65'; t h e  l a t t e r  s e t -  
t i n s  c o r r e s p o n d s  t o  a i r p l a n e  speehs  of o v e r  500 m i l e s  p e r  
.hour . 

The r e s u l t s  i n d i c a t e  t h a t  d u a l - r o t a t i n * ;  p r o p e l l e r s  
were from '0 t o  6 p e r c e n t  more e f f i c i e n t  t h a n  s i n q l e -  
r o t a t i n g  ones ;  but  when o p e r a t i n g  i n  t h e  p r e s d a c e  of a- 
wing t h e  g a i n  was r educed  abou t  one -ha l f .  Other  advan- 
t a g e s  of d u a l - r o t a t i n g  p r o p e l l e r s  more found t o  i n c l u d e  
4 r e a t e r  power a b s o r p t i o n  and g r e a t e r  e f f i c i e n c y  a t  t h e  low 
V / ~ D  o p e r a t i n g  range  of h i g h  p i t c h  p r o p e l l e r s .  

INFRODUCTI ON 

T h e o r e t i c a l  t r e a t m e n t s .  of p r o p e l l e r  l o s s e s ,  such  , a s  
t h o s e  q iven  i n  r e f e r e n c e s  S, and  2 ,  have i n d i c a t e d  r o t a -  
t i o n a l '  l o s s e s  i n  t h e  s l i p s t r e a m  amounting t o  s e v e r a l ' p e r -  
oen t  f o r  h i g h l y  l o a d e d  p r o p e l l e r s  o p e r a t i n g  a t  h i a h  v a l u e s  
o f  'V/nD. . M i l i t a r y  a i r c r a f t  have now r e a c h e d  t h e  s t a g e  of 
s p e e d  and power where in  i t  a p p e a r s  t h a t  d u a l - r o t a t i n g  pro-  
p e l l e r s  misht  be j u s t i f i e d  on t h e  grounds  of improved cf- 
f i c i o n c y  a l o n e ;  z l t h o u g h  t h e  e l i m i n a t i o n  of t h e  onqine-  
t o r q u e  f e a c t i o n  mfqht be a more f mpor tant  c o n s i d e r a t i o n .  
In v i e v  of t h e s e  a d v a n t a g e s  of d u a l - r o t a t  i n g  p r o p e l l e r s  
o v e r  s i n g l e - r o t s t i n q  o n e s ,  t h e  r e e d  f o r  f u l l - s c a l e  p r o p e l l e r  
t e s t s  i s  o b v i o u s ,  inasmuch a s  vory  l i t t l e  i n f o r m a t i o n  on t h e  
s u b j e c t  i s  a v a i l a b l e .  

A t e s t  program wzs i n i t i a t e d  f o r  t h e  20-foot p r o @ e l -  
l e r - r e s e a r c h  t u n n e l  t o  coves  t h e  f o l l o w i n g  c o n d i t i o n s  : 
T e s t s  of  2- ,  3 - ,  4-, a,, and 8-blade  s i n g l e - r o t a t i n g  pro-  
p e l l e r s  o p e r a t i n q  h o t h  as  t r a c t o r s -  Z I I ~ .  p u s h e r s ;  t e s t s  of 
4-, 6 - ,  and 8-blade d u a l - r o t a t i n $ '  p r o p e l l e r s  o p e r a t i n g  



b o t h  a s  t r a c t o r s  and p u s h e r s ;  t e s t s  t o  de te rmine  t h e  e f f e c t  
of  a  wins  i n  r educ ing  t h e  s l i p s t r e a m  r o t a t i o n a l  l o s s e s .  

The p r e s e n t  r e p o r t  c o v e r s  t h e  r e s u l t s  of t h e  t r a c t o r  
t e s t s  made m i  t h  2-, 3-, 4-., and 6-blade s i n g l e -  and 4- and 
6-blade  d u a l - r o t a t i n g  p r o p e l l e r s  o p o r a t i n g  w i t h  and wi th-  
o u t  a  win5 i n  t h e  s l i p s t r e a m .  

APPARATUS AND METHODS 

The t e s t s  were made i n  t h e  NACA 20-foot p r o p o l l o r -  
r e s e a r c h  t u n n e l .  

. a . . 
P r o ~ e l l e ~ s  .- The p r o p e l l e r s  which i n c o r p o r a t e  t h e  

 lark-Y s e c t i o n  were approx imate ly  1 0  f e e t  i n  d iameter .  
They v a r i e d  s l i g h t l y  i n  d i a m e t e r ,  depending on t h e  hub 
U80d. The drawing numbers a r e  Hamil tan-Standard 3155-6 
f o r  t h e  s igh t -hand  b l a d e s  and  Hamil ton-Standard 3156-5 f o r  
t h e  l e f t - h a n d  'blades. Blade-form curves  a r e  .gi?ren i n  f i g -  
u r e  1. 

Dr iv ing  mechanisn,- The p r o p e l l e r s  were dr iven:  'by two 
25-horsepower e l e c t r i c  motors  arranged.  i n  tandem. ( S e e  
f i g ,  2.1 The f r o n t  motor mas d i r e c t l y  ~ o n n e c t e d  t o  t h e  
f r o n t  p r o p e l l e r  w h i l e  t h e  r e a r  motor drove  t h e  r e a r  p ro -  
p e l l e r  th rough  c h a i n s  and a  coun te r sha ' f t .  The p r o p e l l e r  
s h a f t s  mere l o c k e d  t o s e t h e r  f o r  s i n g l e - r o t a t i o n c  o p o r a t i n g  
c o n d i t i o n s .  The motors  were mounted on b e a r i n ~ s  concen- 
t r i c  w i t h  t h e  s h a f t  a x i s .  Each motor f rame w a s  r e s t r a i n e d  
from r o t a t i n g  by h e l i c a l  s p r i n g s  connec t ing  w i t h  t h e  Sup- 
p o r t i n g  frame,  which p r o v i d e d  means f o r  measuring t h e  
t o r q u e .  S e l s y n  motors  Rere u s e d  t o  t r a n s m i t  t h e  m o t i o n  of 
t h e  motor f r ames  t o  t h o  t ~ s t  chamber i n  o r d e r  t h a t  t o r q u e  
measurenent  s c o u l d  be made, 

Body.- An o u t l i n e  of t h e  s t r e a m l i n e  body hous ing  t h e  
-7 

. motors  i s  shown i n  f i g u r e  3. A photograph of t h e  s e t - u p  
i s  g i v e n  i n  f i g u r e  4. T e s t s  were made w i t h  and w i t h o u t  
t h e  symmetr ica l  win$ i n  p l a c e ,  The ming.was l o c a t e d  i n  t h e  
midwing p o s i t i o n ,  and  s e t  a t  an  a n g l e  of a t t a c k  of 0'. 
Both ends of t h e  body were made i d e n t i c a l  i n  o r d e r  t h a t  
compara t ive  t r a c t o r  and  p u s h e r  t e s t s  c o u l d  be made w i t h o u t  
a l t e r i n g  t h e  body shape.  S p i n n e r s  were u s e d  f o r  a 1 1  t e s t s ,  
3 0 t h  ming and body ware c o n s t r u c t e d  of wood-forming members 
c o v e r e d  w i t h  sheet-aluminum s k i n .  

Measurements.- The n e t  t h r p s t  o r  d rag  of t h e  p r o p e l l e r -  
body combinat ion  was measured on a t h r u s t  b a l a n c e  l o a a t e d  
on t h e  f l o o r  of  t h e  t e s t  chamber. The t o r q u e  of e a c h  motor 

h 



was measured w i t h  t h e  ~pring-dynamometer-selsyn-repeating 
sys tem d e s c r i b e d  above, %he dynamometer m a s  c a l i b r a t e d  
b e f o r e  and a f t o r  t h e  s e r i e s  of  t e s t a  m.as made. F r i c t i o n -  
d e t e r m i n a t i o n  t e s t s  were made f r e q u e n t l y  dur ing  t h s  program* 
Tho p r o p e l l o r  speed  mas measured by a new RAW e l e c t r i c  
t achomete r  which proved t o  be h i g h l y  a c c u r a t e .  The tachom- 
e t e r  was f r e q u e n t l y  checked d u r i n g  runs  a g a i n s t  a t u n i n g  
f o r k ,  Each p r o p e l ' l e r  of t h o  dua l  combinationsf was rum a t  
t h o  same speed. A synchroscope was used  t o  i n d i c a t e  syn- 
chronism. C o n t r o l  of t h o  r e l a t i v e  speeds  of t h e  two motors  
was o b t a i n e d  w i t h  a  f r e q u e n c y  c o n v e r t e r  p l a c e d  i n  t h e  l i n e  
f e e d i n g  one of t h e  i n d u c t i o n  d r i v e  *motors .  

T e s t  c o n d & t & g . -  The t u n n e l  speed ranged from k3 t o  
abou t  110 n i l e s  p e r  hour,  The maxinum p r o p e l l e r  speed  was 
a b o u t  550 Ppm, which cor responds  t o  287 f e e t  p e r  second  
r o t a t i o n a l  t i p  kpeod. 

The d u a l - r o t a t i o n  t e s t s  mere made p i t h  t h e  r e a r  pro-  
p e l l e r  b l a d e s  a d J u s t e d  t o  p r o v i d e  approx imate ly  t h e  sama 
t o r q u e  a t  peak e f f i c i e n c y  a s  f o r  t h e  f r o n t  p r o p e l l e r .  A 
p l o t  of  t h e  d i f f e r e n c e  between t h e  f r o n t  and r e a r  p r o p e l -  
l e r - b l a d e  s e t t i n g s  i s  g i v e n  i n  f i g u r e  5. A t y p i c a l  p l o t  
of t h e  r e s u l t s  i s  ~ i v o n  i n  f i g u r e  6. The deqree  t h a t  t h e  
Cost  p o i n t s  s c a t t e r  g i v e s  a n  i n d i c a t i o n  of t h e  a c c u r a c y  of - 
t h e  r o s u l t s ,  

The 4 
.ade up mi 
n  tandem. 

- and 6-bilade s i n q l e - r o t s t i n g  p r o p e l l e r s  were 
t h  two 2- and &way hubs,  r e s p e c t i v e l y ,  mounted 

A l t e r n a t e  b l a d e s  were t h u s  s t a g s e r e d .  T h i s  sr- 
rangement r e s u l t e d  i n  f d e n t i c a l  bl-ade shank and 'spinner  
condf t i o n s  f o r  3 0 t h  t h e  s i n g l e -  and dua l - ro ta t io r r .  t e s t s .  

RESULTS AXD DISCUSSIOX 

The meaqured v a l u o s  have been reduced t o  t h e  u s u a l  c0- 
o f f L c i  e n t s  of t h r u s t ,  power, and  p r o p a l s f  ve e f f i c i e n c y ,  

. . 

e n s i n e  power cp = 1--- --..---- 
. 'p n3 D' 

and  



where t h e  e f f e c t i v e  t h r u s t  i s  t h e  measured t h r u s t  of  t h e  
p rope l l e r -body  combinat ion  p l u s  t h e  d rag  o f  t h e  body measr 
u r e d  s e p a r a t e l y ,  

a 

D p r o p e l l e r  d i a m e t e r ,  f e e t .  

n  p r o p e l l e r  r o t a t i o n a l  speed,  r p s .  

These c o e f f i c i e n t s  were p l o t t e d  a g a i n s t  V / ~ D ,  The 
r e s u l t s  a r e  g i v e n  i n  t h e  f o l l o w i n g  f i q u r e s :  

--------- 
F i g u r e  ??umber R o t a t i o n  Wing 

o f  b l a d e s  
--------_____lll-__ -_------------- 
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40 1 compar isons  of t h r u s t  a v a i l e b l o  a t  c o n s t a n t  power. 

E f f e c t  of small v a r i a t i o n s  i n  b l a d e  a n g l e s  f o r  
d u a l  propeller, 
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I n  a d d i t i o n  t o  t h e  comysr i sans  l i s t e d  above,  s e v e r a l  
d i r e c t  comparisons a r e  made between t h e  6-blade s i n g l e -  
and  d u a l - ~ r o p o l l e r  c h a r a c t e r i s t i c s  i n  f i g u r e s  1 7  t o  20 and 
31 t o  34. 

The d u a l - r o t a t i o n  t e s t s  ware conducted  w i t h  t h e  r e a r  



p r o p e l l e r  s e t  a t  .a s l i ~ h t l y  lower  a n g l e  tlrisn t h e  f r o n t  one 
i n  o r d e r  t o  a b s o r b  approx imate ly  t h e  same power a t  t h e  
p e a k - e f f i c i e n c y  c o n d i t i o n .  ( S e e  f i g .  5 f o r  b l a d e  s e t t i n $ s . )  
The n e c e s s i t y  f o r  t h i s  d i f f e r e n c e  i n  Elade  a n g l e  can  be ex- 
p l a i n e d  by t h e  f a c t  t h a t  t h e  f r o n t  p r o p e l l e r  i n t r o d u c e s  a 
r o t a t i o n a l  component t o  t h e  s l i p s t r e a s  which i n c r e a s e s  t h e  
a n g l e  of a t t a c k  of t h e  r e a r  p r o p e l l e r .  I t  i s  t h e n  neces -  
s a r y  t o  reduce  t h e  b l a d e  a n g l e  of t h e  r e a r  p r o p e l l e r  t o  
o f f  s e t  t h i s  i n c r e a s o d  a n g l e  of a t t a c k .  

The f r o n t  p r o p e l l e r  a l s o  adds  enerqy t o  t h e  s t r e a m  
i n  t h c  form. of :an increment  of p r e s s u r e  a c r o s s  t h e  p rope l -  
l e r  d i s k .  The p r o s s u r e  onorgy i s  $ radu%l ly  c o n v e r t e d  i n t o  
v e l o c i t y  enerqy as t h e  f low p r o g r e s s e s .  For  c l o s e l y  spaced 
d u a l - r o t a t i n q  . p r o p e l l e r s  t h e  v e l o c i t y  t h r o u ~ h  t h e  r e a r  pro-  
p e l l e r  d i s k  5s  v e r y  l i t t l e  d i f f e r e n t  from t h a t  t h r o u ~ h  t h e  
f r o n t  ~ ? r o p e l l e r  d i s k ,  hence t h e  b lade-ang le  increment  of 
t h e  r e a r  p r o p e l l e r  n e c e s s a r r  t o  o f f s e t  t h i s  i n c r e a s e d  ve- 
l o c i t y  i s  p r o b a b l y  ve ry  l i t t l e .  If t h e  p r o p e l l e r  s p a c i n g  
were l a r g e  t h e  v e l o c i t y  f a c t o r  would be q u i t e  p e r c e p t i b l e  
and miqht even o v e r b a l a n c e  t b o  r o t a t i o n a l  f a c t o r .  

In f f p u r e s  1 2 ,  1 9 ,  26, and 33, i t  may be n o t e d  t h a t  
t h e  power c u r v e s  f o r  t h e  f r o n t  and r e a r  p r o p e l l e r s  c r o s s  
a t  V / ~ D  v a l u e s  cor respond ing  approx imate ly  t o  t h o s e  f o r  
peak s f f i c i e n c y ,  and  t h a t  a t  lower  V / ~ D  v a l u e s  t h e  r e a r  
p r o p e l l e r  a b s o r b s  c o n s i d e r a b l y  more pover  t h a n  t h e  f r o n t  
p r o p e l l e r .  'Phis i l l u s t r a t e s  f u r t h e r  t h e  e f f e c t  of t h e  
f r o n t  p r o p e l l e r  i n  i n c r e a s i n g  t h e  a n g l e  of a t t a c k  of t h e  
r e a r  propeller, a n d  i n d i c a t e s  t h a t  t h e  magnitude of- t h e  
d i f f e r e n c e s  i n  t h e  pover  absorbed  by t h e  f r o n t  and r e a r  
p r o p e l l e r s  i s  a d i r e c t  f u n c t i o n  of t h o  d i s k  l o a d i n g ,  a s  
would be e x p e c t e d  f r o m  t h c o r g .  

I n  f i .qnres  35 and 36 o r 6  shown t h e  r o s u l t s  from a 
f e n  t e s t s  made t o  de te rmine  t h e  e f f e c t  of  s n a l l  changes i n  
t h e  b l a d e  a n g l e  of  t h e  r e a r  p r o p e l l e r .  I t  may be n o t e d  
t h a t  t h e  t h r u s t  an$ power chanqed a s  would 'ioe ' e x p e c t e d ,  
and t h a t  t h e r e  was no measurable  e f f e c t  on t h e  e f f i c i e n c y  
of  t h e  combinat ion , .  

There a r e  s e v e r a l  i m p o r t a n t  c o n s i d e r a t i o n s  i n  compar- 
i n g  s i n q l e a n d  d u a l - r o t a t i n s  p r o p e l l e r s .  'Phe r e l a t i v e  
e f f i c i e n c y  a t  a l l  speeds  i s  o b v i o u s l y  of  t h e  f i r s t  o r d e r  
of impor tance . .  . The p r e s e n c e  of a  wfng i n  t h e  s l i p s f  ream 
i s an  i a l s o r t a n t  consi 'deratioxr because i t  can be e x p e c t e d  
t o  remove about  h a l f  of t h e  r a c e  r o t a t i o n .  of a s i n g l e  pro- 
p e l l o r .  The r e l a t i v e  power absorbed  a t  peak e f f i c i e n c y  



by single-  and d u a l - r o t a t i n g  p r o p e l l e r s  i s  of somo impor- 
t a n c e  becausa of  i t s  e f f e c t  on t h e  d iamptc r  and t i p  speed.  
The r e l a t i v e  pomer absorbed  a t  t h e  t ake -o f f  and c l i ~ b i n q  
c o n d i t i o n s  d e t e r m l n e s  t h e  r e l a t i v e  b lade-ang le  s e t t i n q s  
a n d  consequen t ly  t h e  r e l a t r l v e  t h r u s t .  The r e l a t i v e  t h r u s t  
f o r  z r i v e n  power o u t p u t  i s  a  measure of t h e  r e l a t i v e  ef -  
f i c f  e n c i e s  f o r  t h e  take-off  and c l imb of c o n t r o l l a b l e  pro-  
p e l l e r s ,  

I n  ESgure 37 %re t h e  envelope  e f f i c i e n c y  comparisons 
f o r  a l l  c o n d i t i o n s  i n v e s t i g a t e d .  The 4-blade dual -  r o t a t -  
i n s  p r o p e l l e r  had  about  t h e  same e f f i c i e n c y  as t h e  s i n g l e -  
r o t a t i n g  p r o p e l l e r  a t  a V / ~ D  of about  1.0; but  a t  a v / n ~  
o f  5.0 t h e r e  WQS a g a i x  of  5 p e r c e n t  i n  f a v o r  of d u a l  ro- 
t a t i o n ;  Qhe wing improved t h e  e f f i c i e n c y  of t h e  s i n g l o -  
r o t a t i n s  p r o p e l l e r  about  2 p e r c e n t  o n l y  f o r  t h e  h i g h  V / ~ D  
range .  The wing had no e f f e c t  on t h e  -%-blade d u a l - p r o -  
p e l l e r  r e s u l t s .  

The 6-blade d u a l - r a t a t i o x  p r o p e l l e r  w a s  from 1 t o  6 
p e r c e n t  more e f f i c i e n t  t h a n  t h e  s i n g l e - r o t a t i o n  p r o p e l l e r .  - 
The wing improved t h e  e f l i c i e n c y  of t h e  s i n g l e - r o t a t i o n  
p r o p e i i e r  bfr 0 t o  4 p e r c e n t ,  and a l s o  improved t h e  e f f i -  
c i e n c y  o f  t h e  dua l  p r o p e l l e r  0 t o  3 p e r c e n t .  - 

These r e s u l t s  seem t o  check t h e o r y  roughly  i n  t h a t  
--94 t h o  g a i n  due t o  dua l  r o t a t i o n ,  w i t h i n  t h e  l i m i t s  of t h e s e  

t e s t s ,  amounts t o  from 0 t o  abou t  6 p e r c e n t ,  depending 
upon t h e  p i t c h  and t h e  d i s k  l o a d i n g ,  The p r e s e n c e  of t h e  
s i n 5  r e s u l t e d  i r r  about  h a l f  a s  much improvement i n  e f f i -  
c i s n c y  2s dua l  r o t a t i o n .  

I n  f i igure  37 i s  e l s o  shown t 3 e  e f f e c t  of d i f f e r e n t  
numbers of b l a d e s  on e f f i c i e n c y .  The r e s u l t s  f o r  t h e  2- 
and 3-blade p r o p e l i e r s ,  which a r e  i n c l u d e d  h e r e  f o r  com- 
p a r i s o ~ ,  a r e  t h e  a v e r a g e  of t h e  r e s u l t s  of  t h e  t e s t s  made 
w i t h  t h e  p r o p u l l e r s  l o c a t e d  i n  t h e  f r o n t  and r e a r  p o s i -  
t i o n s ,  Inasmuch a s  t h e  r e a r  s p i n n e r  i s  l a r g e r  t h a n  t h e  
f r o n t  one, t h e  e f f i c i e n c y  of t h e  r e a r  p r o p u l l e r  was found 
t o  be 1 o r  2 p e r c e n t  h i g h e r  t h a n  t h a t  of t h e  f r o n t  one. 
Using a v e r a g e  r e s u l t s  f o r  t h e  2- and 3-bla6e p r o p e l l e r s  
mnkes p o s s i b l e  a d i r e c t  comparison ~ i t h  t h e  4- and 6-blade 
p r o p e l l e r s ,  each  o f  which w a s  made u p  w i t h  h a l f  of t h o  
b l a d e s  l o c a t e d  i n  t h e  f r o n t  and h a l f  i n  t h e  r e a r  p o s i t i o n .  
I t  nay be no tod  t h a t  t h e r e  mas very  l i t t l e  d i f f e r e n c e  be- 
tmeen t h e  e f f i c i e n c i e s  of t h e  2 - ,  3-, 4-, and 6-blade  pro-  
p e l l e r s ,  except  f o r  t h e  low V / ~ D  range.  A t  h i g h  valu-cs 
of  V / ~ D  t h e  6-blade p r o p e l l e r  v a s  on ly  about  2 p e r c e n t  



l e s s  e f f i c i e n t  t h a n  t h e  3-blado one. I t  shou ld  be p o i n t e d  
o u t ,  h o ~ ~ e v e r ,  t h a t  s o l i d i t y  comparisons o f  t h i s  t y p e  do 
n o t  n e c o s s e r i l g  ' b r i n g  o u t  t h e  t r u e  s i g n i f i c a n c e ,  inasmuch 
a s '  t h e  d i s k  l o a d i n g  was no t  t h e  same f o r  e a c h  p r o p e l l e r ,  
A s e p a r a t e  r e p o r t  c o v e r s  t h i s  subdec t  more thorough ly .  

I n  f i g u r e s  38 and 39 t h e  r e l a t i v e  power a b s o r b e d  by 
s i n g l e -  and d u a l - r o t a t i n g  p r o p e l l e r s  i s  g i v e n  f o r  t h r e e  
f l i g h t  cond3 t ions .  The comparisons a r e  made on t h e  b a s i s  
o f  t h e  same e f f e c t i v e  b l a d e  a n g l o s ,  v i z ,  t h e  dua l  p r o p e l -  
l e r  r e s u l t s  were interpolated t o  b r i n g  t h e  V / ~ D  f o r  ze ro  
t h r u s t  i n  c o i n c i d e n c e  w i t h  t h a t  f o r  t h o  s i n g l e  p r o p e l l e r ,  
The r e s u l t s  i n d i c a t e  t h a t  t h e  4-blade s i n g l e  and d u a l  pro- 
p e l l e r s  absorbed  abou t  t h e  same pomer f o r  t h e  peak e f f i -  
c i e n c y  c o n d i t i o n ;  bu t  t h a t  a t  V / ~ D  v a l u e s  correspofx.ding 
t o  t h e  take-off  and  c l imbing  c o n d i t i o n s  t h e  d u a l - r o t a t i n g  
p r o p e l l e r  absorbed  5 t o  1 7  p e r c e n t  more power t h a n  t h e  
s i n g l e  p r o p e l l e r .  The 6-blade comparison ( f i g ,  39 ) shows 
more pronounced e f f e c t s ,  even f o r  t h e  high-speed c o n d i t i o n ;  
t h e  d u a l  p r o p e l l e r  absorbed  s e v e r a l  p e r c e n t  more powor f o r  
t h e  high-speed c o n d i t i o n  and a 3  much a s  30 porcon t  more 
pomer f o r  t h e  t a k e - o f f  c o n d i t i o n ,  T h i s  mealis t h a t  t h e  d i -  
amete r  of t h e  d u a l  p r o p e i l e r  w i l l  be s m a l l e r  t h a n  t h a t  of 
t h e  s i n g l e  one f o r  equa l  pomer a b s o r p t i o n ,  and t h a t  t h e  
b l a d e  a n g l e s  f o r  t h e  take-off  and c l imbing  c o n d i t i o n s  w i l l  
be  lower.  

The r e l a t i v e  t h r u s t  a v a i l a b l e  f a r  d u a l  and s i n g l e  
p r o p e l l e r s  o p e r a t i n s  a t  e q u a l  v a l u e s  of Cp i s  g i v e n  i n  
f i q u r o  40. T h i s  i s  a t r u e  comparison of c o n t r o l l a b l e  pro- 
p e l l e r s  of equa l  d i a m e t e r s  o p e r a t i n g  a t  a 1 1  f l i g h t  speeds  
b u t  a t  c o n s t a n t  t o r q u e ,  e n s i n e  spoed,  and  a l t i t u d e :  and 
c o n s e q u e n t l y  shows t h e  d i r e c t  e f f e c t  o f  d u a l  p r o p e l l e r s  
on  t h e  t h r u s t  f o r  t h e  take-off  a n d  c l i n b i n g  c o n d i t i o n s .  
R e l a t i v e  t h r u s t  cu rves  are worked o u t  f o r  s e v e r a l  a i r p l n n e  
c a t e q o r i e s ,  d e f i n e d  by t h e  b l a d e - a n g l e  s e t t i n g s  f o r  h i g h  
speed ,  Thus 30°, 450, 50°,  550,  60°, and 65' h i g h  speed  
s e t t i n ~ s  correspond.  rouqh ly  t o  speeds  of 250,  375,  425,  
450, 475, 500, and  525 m i l e s  p e r  h o u r ,  r e s g e c t i v c % ~ ,  as- 
sumin% a t i p  speed  of 900 t o  1.000 f e e t  p e r  second. In-  
asmuch as t h e  e n s i n e  speed and d iamete r  a r e  assumed con- 
s t a n t ,  t h e  V / ~ D  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  a i r  
speed ,  

T h i s  a n a l y s i s  i n d i c a t e s  t h a t  t h e r e  i s  a marked g a i n  
due t o  d u a l  r o t a t i o n  f o r  t h o  t ake -of f  and c l imb of sir- 
p l a n e s  o p e r a t i n g  st c o n d i t i o n s  of Cp g r e a t e r  t h a n  0.4,  
o r  f o r  c o n d i t i o n s  wherein t h e  b l a d e  a n g l e s  f o r  t ake -o f f  



a n d  c l imb exceed 30'. I n  t e rms  of a i r p l a n e  c a t e g o r i e s ,  t h e  
take-off  and c l imbing  t h r u s t  of a i r p l a n e s  having h i g h  
speeds  at  s e a  l e v e l  i n  e x c e s s  of abou t  375 m i l e s  p e r  h o u r  
would be b e n e f i t e d  by d u a l - r o t a t i n g  p r o p e l l e r s .  A i r p l a n e s  
hav ing  h i p h  speeds  a t  20,000 f e e t  g r e a t e r  t h a n  abou t  460 
m i l e s  p e r  hour  waul$ have t a k e - o f f  b l a d e  a n g l e s  (assuming 
e q u a l  power) i n  e x c e s s  of 30° and consequen t ly  mould bene- 
f i t  by dua l  r o t a t i o n  f o r  t h f  s c o n d i t i o n ;  t h e  b e n e f i t  would 
be. even g r e a t e r  f o r  t h o  c l imbing  corrd i t ion  a t  20,000 f e e t .  

An example c a l c u l a t i o n  w i l l  i l l u s t r a t e  t h i s  p o i n t ,  
Given:  High speed  of 500 m i l e s  p e r  hour  a t  20,000 f e e t  

@ f o r  h i g h  speed = SO0 

V / ~ D  f o r  h i g h  speed  = 3.6 

C p  f o r  h i g h  speed  = 1,118 

To f i n d  r e l a t i v e  t h r u s t  a t  r educed  s p e e d s ,  

V/nD f o r  c l imb a t  20,000 f e e t  = 3 . 6 ~ 0 . 6 5  = 2.34 

c ~ D / c ~ s  = 1.2 ( c l i m b  at  20,000 f e e t )  

C p  f o r  s e a  l e v e l  = 0,595 (assuming c o n s t a n t  en- 
g i n e  power) 

CTD/cTS = 1.06 ( c l i m b  a t  s e a  l e v e l )  

V / ~ D  f o r  t a k e - o f f  = 0.35 x 3 . 6  = 1,26 (assuming 
' c o n s t a n t  eng ine  s p e e d )  

CONCLUSIONS 

I d  The peak e f f i c i e n c y  of d u a l - r o t a t i n g  4- and 6 -  
b l a d e  t r a c t o r . p r o p e l l e r s  w a s  fount! t o  be f r o m  0  t o  6  pe r -  
c e n t  g r e a t e r  t h a n  t h a t  of s i n g l e - r o t a t i n g  o n e s ,  dependinq 
upon t h e  d i s k  l o a d i n g  and t h e  b lade-ang le  s e t t i n g ;  t h e  
h i 5 h e r  t h e s e  v a l u e s ,  t h e  g r e a t e r  t h e  d i f f e r e n c e  i n  e f f i -  
c i e n c y  up Co t h e  l i m i t i n g  t e s t  b l a d e  a n g l e  of 65O. 



2. The p r e s e n c e  of a wing i 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  e f f i c i e n c y  of s i n g l e - r o t a t i n g  p r o p e l l e r s  a b o u t  h a l f  as 
much as  rvas o b t a i n e c  w i t h  d u a l  o p e r a t i o n .  

3. D u a l - r o t a t i ~ g  p r o p e l l e r s  a b s o r b e d  o n l y  s l i g h t l y  
more pomor a t  peek e f f i c i e n c y  t h a n  d i d  s i n g l e - r o t a t i n g  
o n e s ;  b u t  a t  V / ~ D  v a l u e s  c o r r e s p o n d i n g  t o  t h e  t ako -o f f  
a n d  c l i m b i n q  c o n d . i t i o n s ,  t h e  d i f f e r e n c e  was more p r o -  
nouncod. 

4. The t a k e - o f f  and c l i n b i n q  t h r u s t  of  d u a l - r o t a t i n g ,  
c o n t r o l l a b l l e  p r o p e l l e r s  f o r  a i r p l a n e s  i n  t h e  400-mi l e s -pe r -  
hour-and-up c a t  e ~ o r y  n e r e  f o u n d  t o  exceed  t h a t  f o r  s i n g l e -  
r o t a t i n :  ~ r o p e l l e r s  by s u b s t a n t i a l  m n r s i n s .  

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

Langley  F i e l d ,  Vz. 

REFERENCES ' 

1. Y e i n i g ,  F. : Coun te r -Ro ta t ing  P r o p ~ l l e r s  f o r  A i r c r a f t .  
Sah rbuch  d e r  d e u t s z h e n  L u f t f n h r t f o r s c h u n g ,  1937 .  

2. L a z z a r i n a ,  Luc lo :  S t u d y  of  A i r s c r e w s  f o r  Bigh Speed  
A e r o p l ~ , n e s .  J o u r .  R . A . S . ,  A p r i l  1940. 



Projecfed plan o f  propeller 
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1. 

Figure 2.- Propeller drive mechanism. 

Note: Front and rear 
nacelle lines 
are identical. 

I 
Figure 3.- Plan view showing dimensional details of wing and nacelle. 

Dimension a for four-blade propeller = 9.7" and for six- 
blade propeller = 10.0". 
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Figure 5.- Difference in blade angle for equal torque at peak 
efficiency. 

Figs. 5,6 

Figure 6.- Typical test reeults. Four-blade single-rotation with wing. Propeller set 45O at 0.75R. 
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Blude ang/e, P, deg 
Figure 38.- Ratio of 'P - dual rotation in take-off, climb, and at peak efficiency 

Cp- single rotation 
for the fair-blade propeller. 

32 40 48 56 64 
Blade ongle, 8, deg 

Figure 39.- Ratio of rotation in take-off, climb, and at peak efficiency for 
Cp -single rotation 

six-blade propeller. 
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