


FULL-SCALE TSSTS OF SEVERAL PBOPELLEBS ZQUIPPED N I T H  

SFIBiTZHS , CUFFS, A I 2 F O I L  .&>ID ROUBD SXAXX8, AMD 

Bg David 3iernani1,  Edwin P, S a r t n a n ,  and Edward Peppe r  

Vin2-tun;:el t e s t s  of s e v e r a l  p r o p e l l e r ,  c u f f ,  and  
s p i n ~ - ~ e r  c o m b i n a t i o n s  were c o n d u c t e d  i n  t h e  20-f o o t  pro-  
p e l l e r - r e s e a r c h  t u n r e l .  Three  p r o ? e l l e r s ,  which r a n g e d  
i n  d i a m a t c r  Tron! 8 . 4  t o  11 .25  f e e t  ,' were t e s t e d  a t  t h e  
f r o n t  end of a s t r n a ~ l i a c  body i n c o r p o r a t i n g  s p i n n z r s  of 
two d i a n o t c r s ,  The t e s t s  c o v e r e d  a b l & d e  a n g l e  r a n g e  
f r o n  20° t o  6 5 0 .  The e f f e c t  of s p i n n e r  d i a m e t e r  and pro-  
p e l l e r  c u f f s  on t h e  c h a r r . c t e r i s t i c s  of one p r o p e l l e r  was 
d e t e r m i n e c . .  T e s t s  ;fera a l s o  s o n d u c t e d  u s i n g  a  p r o p e l l e r  
which  i i ~ c o r p o r a t e d  a e r o r l y ~ ~ a r n i c c l l g  good shank  s e c t i o n s (  
and  usin:  onc which i n c o r p o r s t c d  t h e  KACA 1 6 - s e r i e s  s c c u  
t i o ~ i s  f o ~  t h e  o u t e r  20  i>crcei3.t of t h o  b l a d e s ,  Comprcssi-  
b i l i t y  e i f c c t s  wers  i lot  y22nsurcc1, owing t o  t h e  L O W  t o s t -  
i a g  s p e ~ d s .  

El 1 - i e  r a s u l  t s  i n d i c a . > e d  t h a t  a c o n v e n t i o n a l  p r o p e l l e r  
w x s  s1 ighJ ; ly  n o r e  c f f i c i c n t  wnan t e s t e d  i n  c o n J u n c t i o n  
wit;: a 28-incL-diame t e r  s p i n n e r  t h h i ~  71ith a  28- inch  s p i n -  
i e r ,  c.:~d t h a t  c u f f s  i n c r e a s e d  t h e  a f f i c i c n c y  as w a l l  e s  
t h 2  power absoTpDfkoii c h a ~ 2 . c  t e r i s  t i c s ,  A 2 r o p e l l c r  h a v i n g  
goo$. zierodyaamic shanks  u n s  found  t o  be 3-ef i n i t e l y  supe-  
r i o r  from t h c  e f f i c i e l c y  s t a i d p o i 3 t  t o  n co~ve:: t io:lal  
rou:id-shz.rk ? i1Opc l l e r ,  v i t h  o r  w i t h o u t  c k f f  s  ; t h i s  p r o -  
p e l l e r  v o u l d  p r o b a b l y  be co: is idare<.  s t r u c t u r a l l y  imprac-  
t i c a b l c ,  however ,  The p r o p e l l e r  i ~ l c o r p o r a t  i n g  t h e  WACA 
1 6 - s e r i e s  s c c t i o n s  a t  tlid t i p s  was f o u l d  t o  hnve a  
s l i g h t l y  h i g h e r  a f f  i c i o : ~ c y  t h a n  a c o n v e n t i o n a l  p r o p e l l c r ;  
t h e  tS:c-of f c h a r z c t e r i a  t i c s  a p p e a r e d  t o  be  e q u a l l y  good, 

m- ~ ~ i e  e f f e c t s  n o t e d  nbovc p r o b a b l y  would bc a c c c n t u -  
a t c d  a t  h e l i c a l  s p c c d s  at; which  c o i ~ p r a s s i b i l i t ~  e f f e c t s  
viould e n t e r .  



IHTRODUCT ION 

Thsrc  a r c  s number of  obv ious  methods f o r  improv ing  
t h e  p e r f o r m m c e  of' c o n v e n t i o n a l  p r o p c l l c r s .  S t u d i e s  of 
p r o p c l l c r  l o s s e s  have  indicated t h a t  t h c  p r o f i l e  d r a g  of 

.v 

t h e  b l a d e  s c c t i o n s  i s  responsible f o r  s e v e r a l - p e r c e n t  l o s s  
i n  e f f i c i o n c g  a t  low h e l i c a l  s p e e d s  and d o n s i d e r n b l y  
g r c n t e r  l o s s e s  a t  s p c e 3 s  beyond t h e  c r i t i c a l .  T h i s  i s  
p a r t i c u l a r l y  t r u e  f o r  t h e  n e a r l y  round  shank s e c t i o n s .  - 
T5c n o t h c d s  a v a i l a b l e  a t  t h e  p r e s e n t  f o r  remedying  t h e  
s h a n k  problcm c o n s i s t  o f :  (n) o n p l o y i n g  n l z r g c  s p i n n e r  
t o  house t h o  p o o r  s e c t i o n s ,  (b) u s o  of c u f f s  t o  s t r c a n -  
l i - c  t h e  b l a d e  s h a n k s ,  acd ( c )  o n p l o y i n g  good a i r f o i l  
s e c t i o l c  f o r  t h e  s h a n k s ,  which nay  n o t  b o  p r a c t i c a b l e  
o w i ? . ~  t o  s t r o n g t h  c o n s i d e r a t i o n s .  I n y r o v c ~ o n t s  i n  t h e  
a u t c r  p o r t i o n s  of b l a d e s  r e q u i r e  t h e  u s e  of low d r a g  soc-  
t i o n s  h a v i n g  h i g h  c r f  t i c z l  speeds .  

Al though t h e s e  s e o n s  t o  be l i t t l e  doub t  t h a t  t h e  
n o d i f i c 2 - t i o n s  l f s t e d  w i l l  r e s u l t  i n  son3  i n p r o v e u o n t  i f  
p r o p e r l y  c a r r i e d  o u t ,  t h e r e  i s  l i t t l e  q u z n t i t a t i v e  i n f o r -  
n 2 t i o n  oil t h c s e  s u b j c c t s  nad  c o n s ~ q w e n t l g  t h e r e  i s  c c r -  
t a i n  h c s i t a l c 3 -  i i i  2.dopting then .  

Thc p u r 2 o s e  o f  t h i s  p a p e r  i s  t o  p r e s e n t  t h e  r c s u l t s  
o f  several ~ i s c e l l ~ n c o u s  p r o p o l l o r  t e s t s  vfiich e n b o d i e d  
t h c s o  n e t h o d s  f o r  i n p r o v i n g  t h o  efficiency and i n c r e a s i n g  
t h e  c r i t i c a l  spoad.  Tbcse t e s t s  wore made i n c i d e n t a l  t o  
a d u a l - r o t a t i n g  p r o p o l l o r  p r o g r a 3  ( s c c  r e f c r o n c c  1 )  and- 

e n p l o y c d  t h e  s a n c  a p p a r a t u s  w i t h  t h e  e x c e p t i o n  of c u f f s  
an?. two a d d i t i o n a l  p r o p e l l e r s .  I n  t h i s  p a p e r  r e s u l t s  of 
t h e  f o l l o w i n g  t e s t s  a r e  d e s c r i b e d :  

(a) Two s p i n n e r  s i z e s  

(b) C u f f s  

( c )  ~ a c i n ,  p r o p o l l o r  embodying a i r f o i l  shhnks 

(5) p r o p e l l o r  c n p l o y i n g  NACA 1 6 - s e r i e s  s e c t i o n s  
a t  t h o  p r o p e l l ~ r  t i p s  

d 

U n f o r t u u a t e 1 ~ - ,  c o n p r e s s i b i l i t y  c f f o c t s  c o u l d  n o t  b e  n c a s -  
u r e d , o v i n g  t o  t h e  low t e s t i n g  s p e e d ;  low-syeod c h a r a c t e r -  
i s t i c s  of d c v i c e s  c a l c u l a t e d  t o  i n c r e a s e  t 5 c  c r i t i c a l  
s p e e d s  w c r o  neasured, howover ,  and  a r e  of c o n s i d e r a b l e  
+ n t c r a s t  i n  a s s a y i n g  t h o  $ a n e r a 1  u t i l i t 3 -  of s u c h  d o v i c c s ,  



High-speed- tunne l  t e s t  r e s u l t s  of a i r f o i l  s e c t i o n s  and  
b a s i c  shapes  a r e  a v a i l a b l e ,  however ,  which czn  be u s e d  
f o r  d e t e r n i n i n g  c r i t i c a l  s p e e d s  of p r o p e l l e r  t i p s ,  s h a a k s ,  
and  c u f f s .  ( S e e  r e f e r e n c e s  2 and  3 . )  

APPARATUS AND METHODS 

The t e s t s  were nade  i n  t h e  WACA 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 ,  u s i n g  t h e  s a n e  g e n e r a l  t e s t i n g  a p p a r a t u s  
t h a t  was u s e d  f o r  t e s t i n g  d u a l - r o t o t  i n g  p r o p e l l e r s .  (See  
r e f e r e n c , e  1 . )  

T e s t  s e t - u p . -  A & e t c h  and a p h o t o g r a p h  of t h e  s e t - u p  
a r e  g i v e n  i n  f i g u r e s  1 and  2 ,  r e s p e c t i v e l y .  No wing was 
u s e d  f o r  t h e s e  t e s t s .  The p r o p e l l e r s  were d r i v e n  by two 
25-horsepower e l e c t r i c  n o t o r s  a r r a c g e d  i n  t a n d e n  and 
g e a r e d  t o g e t h e r .  The n o t o r s  worc n o u n t e d  on b e a r i n g s  con- 
c e n t r i c  w i t h  t h e  s h a f t  a x i s  and  wore r e s t r a i n e d  from so -  
t a . t i i l g  by h e l i c a l  s p r i n g s  c o n n e c t i n g  t h o  n o t o r  f y a a e  w i t h  
t h e  s u p p o r t i n g  f r a n e .  S e l s y n  u n i t s  were u s e d  t o  i n d i c a t e  
t h e  n o v e n e a t s  of t h a  n o t o r  f r ames  t o  o b s e r v e r s  in t h e  b a l -  
a n c e  h o u s e ,  in o r d e r  t h a t  t o r q u e  n e a s u r e ~ e n l s  c o u l d  b e  
nade .  The s p r i r g s  ware  c a l i b r a t e d  f o r  t o r q u e  a t  t h e  be- 
g i n n i n g  and t h e  end of t h e  t e s t s ,  and  s e v e r a l  f r i c t i o n  
c a l i b r a t i o a s  were  nade  d u r i n g  t h e  t e s t s .  

I oasxuch  a s  t h e  s e t - u p  was b u i l t  f o r  t e s t i n g  d u a l -  
r o t a t i n g  p r o p e l l e r s ,  i t  was p o s s i b l e  t o  l o c a t e  s i n g l e  
p r o p e l l e r s  e i t h e r  on t h e  f r o n t  s h a f t  o r  on t h e  r e a r  s h a f t ,  
t h u s  p r o v i d i n g  t w o  s p i n n e r - s i z e  c o n d i t i o n s .  I t  nay  be  
n o t e d  from f i g v r e  1 t h a t  t h e  f r o n t  s p i n n e r  was a p p r o x i -  
mate17  2 3  i i ? c :~?s  i n  d i c c z t c r ,  w h i l e  Zhe rez- r  one was 28 
i n c h e s  i n  d i a n e t e r ,  

P r o p c l l c r ~ . -  Tbreo p r o p e l l t 3 r s  of d i f f e r e n t  d e s i g n s  
wcrc  L e s t s d .  P r o p e l l e r  3155-G i s  the r i g h t - h a n d  d e s i g n  
u s e d  i n  t h e  d u a l - r o t a t i n g  p r o g r a n .  P r o p e l l e r  1555-2 i s  
of a d e s i g n  b u i l t  f o r  a Xnvy r a c i n g  s e a p l a n e  n o r e  t h a n  1 2  
y e a r s  zgo, I t  vres t e s t o d  b e c a u s e  i t  e p p e s y e d  t o  be of good 
n e r o d y n a n i c  s h a p e  w i t h  r c a p a c t  t o  t hu  shcnk s e c t i o n s ,  p i t c h  
d i s t r i b u t i o n ,  and p l a n  f o r n .  I t  would ilot be c o i l s i d e r e d  
s t r u c t u r 2 , 1 1 p  s n f  e ,  as judged  by ou r  p r e s e n t  s t a n d a r d s .  
Both  t h e  3155-6 and 1555-2 p r o p o l l c r s  have  Clark-Y sec-  
t i o i l s .  P r o p e l l e r  61938-3 i s  n new H a n i l t a n  S t a n d a r d  de- 
s i g n  which i : ~ c o r p o r a t e s  t h e  SAGA 1 6 - s c r i c s  s e c t i o n s  o v e r  
t h e  o u t e r  20 p o r c e s t  of t h e  bI.ades. (See  r e f e r e n c e  2 f o r  



s e c t i o n  d a t a . )  A1thou;;h t h e  c h i e f  p u r p o s e s  of t h e s e  s e c -  
t i o n s  i s  t o  d e l a y  t h e  c o n p r e s s i B i l i t y  b u r b l e ,  i t  was 
t h o u g h t  t h a t  t e s t s  a t  low s p e e d s  would be  of interest, 
p a y t i c u l a r l y  b e c a u s e  somo c o n c e r n  h a s  been  e x p r e s s e d  r e -  
gardin; ;  t h e  t a k e - o f f  q u a l i t i e s  of  t ho  new s e c t i o n s .  

A p h o t o g r a p h  of t h e  t h r e e  p r o p e l l e r  b l a d e s  i s  g i v e n  
i n  f i g u r e  3 ,  w h i l e  t h e  b lade- form c u r v e s  a r e  g i v e n  i n  
f i g u r e  4, The t a b l e  ( 2 .  5 )  g i v e s  o t h z r  p e r t i n e n t  i n f o r -  
m a t i o n ,  

Cuffs . -  C u f f s  werc d c s i g n 3 d  f o r  p r o p c l l o r  3155-6 f o r  
u s s  w i t h  the 23- inch  s p i n n e r .  Three  5 z s i c  d e s i g n s  were 
made; each  d e s i g n  wes f o r  a s p e c i f i c  h igh - speed  b l a d e  s e t -  
t i n g  ( @  a t  0.75R = 30° ,  45O, 60° ) .  A s k e t c h  of t h e  c u f f s  
i s  g i v e n  i n  f i g u r e  5, I n  d e s i g n i n g  t h c  c u f f s ,  i t  a p p e a r e d  
t h a t  a  r e a s o n a b l y  w e l l - s h a p e d  c u f f  c o u l d  5 e  o b t c i n e d  by 
t h e  u s e  of two s e c t i o n s  1 5  i n c h c s  a p a r t ,  t h o  o u t e r  s e c t i o n  
be in^ t h e  p Y o p c l l e r  s e c t i o n  a t  t h e  2 7 - i n c h  r a d i u s ,  w h i l e  
t h e  i n n e r  was a symmetrical s e c t i o n  l o c G t e d  st t h e  1 2 - i n c h  
r ad  i ~ - S ,  The b a s e  symmc t r i c n l  s e c t i o n  was of a n  a r b i t r a r y  
d e s i g n  i n t e n d e d  t o  have a l o w  dr3.g c o e f f i c i e n t  and  a  h i g h  
c r i t i c a l  speed .  I t  was a p p r o x i n c t e l y  27 p e r c e n t  t h i c k .  
I n  f i g u r e  6  i s  g i v e n  t h e  b a s i c  s c c t i o n  o u t l i n e  t o g e t h e r  
w i t h  i t s  t h e o r e t i c a l  p r e s s u r e  d i s t r i b u t i o n  f o r  CL v n l u o s  
of 0,O and 0.2. Although t h e  S a s i c  s c c t i o n  i s  n o t  t h e  
opt imun 2s  r e g a r d s  c r i t i c a l  speed  f o r  c g$ven  f i n e n e s s  
r a t i o ,  i t  i s  n  good s e c t i o n  i x  t h a t  i t  c o n b i n e s  a f a i r l y  
h i g h  c r i t i c z l  s p e e d  w i t h  lo121 d r a g  a t  l o w  sl3ceds. Tho com- 
p u t e d  t h e o r e t i c a l  c r i t i c a l  Mach nunbe r  i s  a p p r o x i m a t e l y  
0.69 2nd 0.66 f o r  CL v n l u o s  of 0 .0  2nd 0.2, r e s p e c t i v e -  
l y .  These c r i t i c a l  Mach n u n b c r s  c o r r e s p o n d  t o  a p p r o x i -  
m a t e l y  525 axd  505  n i l e s  p e r  h o u r ,  r e s p e c t i v e l y ,  a t  s e a  
l e v e l ,  

* I n  f i g u r e  7 a r e   give:^ t h c  d a t a  u sed  i n  obt? . ining t h e  
b a s e  s e c t i o n  a11glc s c t t i 2 ~ ;  f o r  e a c h  of t h e  t h r e e  d e s i g n s .  
The b l a d ~  s c c t i o n  a n g l e  c u r v e s  werc f i r s t  d e t e r m i n e d  from 
t h o  p r o p e l l e r  d r a v i a g s  f o r  t h e  t h r e e  d e s i g n  blcc?e s e t t i n g s ,  
u s i n g  t h e  c h o r d  l i n e s  a s  r e f c r c n c e .  The c u r v e s  f o r  s e c -  
t i o n  a n d l e s ,  nensured-  f r o n  t h e  s c c t i o n  z e r o  l i f t  l i n e ,  
wcro t h e n  d e t e r n i n e d ,  u s i n g  C l c r k  Y. a i r f o i l  &aka g i v e n  i n  
f i g u r e  8. The z e r o - l i n e  l i f t  c u r v e s  becone  i n d e t e r n i n a t c  J 

a s  t h e y  ol3proack t h e  z e r o  r a d i u s  s t n t i o n s ,  beczu-se t h e s e  
s e c t  i o n s  becoce  c g l i n d e r s  ; t h e y  havc been  a r b i t r a r i l y  
f a i r e 3  i n t o  a 90° c n g l e  a t  t h e  z e r o  r a 3 i u s .  The h o l i c z l  , + 

a i r  ~ ~ n g l c s  were  t h c n  c o n p u t c d  f o r  a11  s t n t i o a s ,  c o n s i d e r -  
 in^ t h e  f o r w a r d  and r o t a t i o n n l  canponcn t  velocities of 
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e a c h  s e c t i o n ,  Tho d i f l z r e n c c ,  b e t v e c n  t h c  h e l i c 2 1  a i r  
z n g l c  and t h e  z e r o - l i f t  s e c t i o n  aagl;e i s  e q u a l  t o  t h e  sum 

L 

of t h e  a n g l e  of a t t a c k  measured  from t h e  z e r o - l i f t  l i n e  
and  t h e  i n f l o w  a n g l e .  Ic viev: of t h e  u ; i c e r t a i n t y  of t h e  
i n f l o v  a n g l e ,  p a r t i c u l z r l y  f o r  t h e  p r o p e l l e r  s o o t  s e c t i o n s ,  
t h a r e  i s  l i t t l e  p o i n t  i n  t r y i n g  t o  i s o l a t e  i t .  The i n f l o w  
a n g l e  i s  o r d i n a r i l y  r o u g h l y  a b o u t  h a l f  t h e  a n g l e  of a t t a c k .  
The c u f f  b a s e  s e c t i o n  a t  t h e  1 2 - i n c h  s t a t i o n  was s e t  ap- 
p ~ o x i m ~ , t c l g  a,t a n g l e s  of a t t s c k  p l u s  i n f l o w  a n g l e s  of 5O, 
30 ,  aad  3O, f o r  t h e  30° ,  450 ,  and  600 d e s i g n s ,  respective- , 

l y .  The lift-coefficient f o r  t h o  c u f f  b a s e  s e c t i o n  of t h e  
SO0 d c s i g n  would a p p e a r  t o  be abou t  t h e  samz a s  t h a t  f o r  
t h e  r e s t  of t h e  b l n d e ,  but a b o u t  h a l f  t h a t  f o r  t h e  o u t e r  
p n r t s  of t h o  b l a d e  f o r  t h e  45Oand 60° s e t t i n g s .  Th i s  c f -  
f c c t i v c  wash-out o f  t ho  c'uff f o r  t h e  h i g h e r  b l a d e - a n g l e  
d.esig-1s was introduced t o  ,minimize t h e  l o a d i n g  on t h e  c u f f  - 
and  c o n s e q u e n t l y  min imize  t h e  r o t a t i o n a l  l o s s c s ,  and a l s o  
t o  o b t n i n  s h i g h  c r i t i c a l  speed .  No a c c o u n t  was t a k e n  of 
t h e  i i i d u c ~ d  v e l o c i t i e s  o v o r  t h e  s p i n n e r .  These would have  
t h e  e f f e c t  of r o d n c i n g  t h s  ~ ~ n g l e  of a t t z c k  s l i g h t l y .  

~ ! l c a s u ~ e ~ i l @ ~ t s . -  T e s t s  were c,ooduated acco rd . ing  t o  
s ta ; ldzrd '  t e s t  p r o c e & u s e  u s e d  f o Y  t h i s  t u n n e l .  ( s e e  r e f e r -  
e n c e  1 . )  The t u n n e l  syecd  r angad  from 0 t o  abou t  110 
m i l e s  p e r  hov-r ;  t h e  rnaxiinxn p r o p e l l e r  speecl was & o u t  550 
r e v o i u t i o a s  p o r  m i n u t e ,  which c o r r e s g o n d s  t o  287 f e e t  p e r  
s econd  r o t a t i o n a l  t i p  s p e e d  f o r  a 1 0 - f o o t  d i a m e t e r  p ro -  
p e l l e r .  i t  i s  obv ious  f rom t h i s  t h a t  no compressibility 
e f f  o c t s  c o u l d  be measured.  

RESULTS AK'D DISCUSSIOF 

The n e a s u r c d  v a l u e s  have  been  r e d u c e d  t o  t h e  u s u a l  
c o z f f i c i e n t s  of t h r u s t ,  power ,  p r o p u l s i v a  e f f i c i e n c y ,  and  
speed-power.  

'i 

s f f c c  t i v e  t h r u s t  
C n  = ---- --- 
1 

. \ -  p n 2 ~ *  

and 



where the 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 the 
p r o p e l l e r - b o d y  c o m b i n a t i o n  p l u s  t h e  d r a g  of t h e  body 

L measured  s e n e r a t e l y ,  

3 p r o p e l l e r  d i a x e t e r ,  "et 

7 a i r  s p e e d ,  f p s  
t 

n  p r o p e l l e r  r o t a t i o n a l  s p e e d ,  r p s  

a n d  P  power 

I s  f i g u r e  9  are  s a z p l e  c h 6 r a c t c r i s t i c  c u r v e s  drawn 
tlirou-gh t h e  t e s t  p o i n t s  v h i c h  g i v e  a n  i ~ d i c a t i o n  of  the 
a c c u r z c y  of the datz. 

The t e s t  r e s u l t s  a r e  p r z s c n t c z d  i n  t h c  f o l l o w i n g  f i g -  
u r e s :  

P r o p c l l c r  Nunber D i o 2 e t e r  of 
P i gv-r o T e s t  Ilrawimg of s p i n n e r  

b l a d e s  (i3.) 

1 0  t o  1 2  Spini:cr s i z e  3155-6 3 23  & 28  

1 3  t o  1 6  Cuff 3155-6 3 23 

> 5"' 

1 7  t o  1 9  R a c i n g  p r o p e l l e r  15S5-2  2 23 
( a i r f o i l  shz~,iiks) 

20 Spi::ler, c u f f  , 5155-6 2 & 3  2 3 H 2 8  
a n 2  s h a a k  s h a p e  & 
c o m p a r i s o r s  1555-2 

21  t o  25 BACA 1 6 - s e r i c s  61938-3 3 28 
s e c t i o n s  



Suil~ry,erl;,- Of t h e  t h r e o  methods f o r  t r a a t i n g  t h e  
s h a c k  p rob lem,  t h c  n s s  of l a r g c  s p i n n e r s  i s  p e r h a p s  t h e  
most  d i r e c t  2nd t h e  s i m p l e s t ,  p r o v i d e d  good L i n e s  can  be  
o b t a i n s 6  w i t h  t h e  r e s t  of t h e  body,  R e l a t i v e l ~  l a r g e  
s p i n n e r s  c a n  b e  u s e d  f o r  c e r t a i n  a p p l i c a t i o n s  w i t h  l i q u f d -  
c o o l e d  e n g i n e s  a l d  s p e c i a l  t y p e s  of cowl ing  d e s i g n e d  f o r  
a i r - coo led -  r a , d i a l  e n g i n e s .  Large  s p i n n e r s ,  however ,  de- 
f a a t  t h e  puypose  of e x t e n s i o n  s h a f t s  where t h e  o b j e c t  i s  
t o  r e d u c e  t h e  bodg s i z e  and  t b c  w e t t e d  a r e a .  U n l e s s  
c u f f s  a r c  u s c d ,  a b a l a n c e  s h o u l d  be s t r u c k  be tween  t h e  
d r n g  produced  by t h e  poor  b l a d e  shanks  a n d  t h e  d r a g  p ro -  
duced  b r  t h e  l a r g e  s p i n n e r  and  t h e  s h a f t  h o u s i n g .  

Althoug:? t h e  d a t a  o b t a i n e d  f rom t h e s e  t e s t s  a r e  
l i m i t e d  t o  two s p i n n e r  s i z e s ,  t h e  y e s u l t s  a r e  c o n s i d e r a d  
t o  b e  o f  s u f f i c i a n t  i n t e r e s t  t o  w a r r a n t  p u b l i c a t i o c .  I t  
nay  be  n o t e d  b y  r e f e r r i n g  t o  f i g u r e s  10 t o  1 2  and f i g u r e  
20 t h a t  t h e  p r o p e l l e r  when t e s t e d  i n  t h e  r e a r  p o s i t i o n  
w i t h  t h e  28 - i :~ch  s p i n l l e r  absorbef i  s l i ~ h t l y  more power aild 
> roduccd  n o r e  t h r u s t  a t  t h e  h i g h e r  b l a d e  s e t t i n g s  t h a n  
when t e s t e d  I n  t h e  f r o a t  p o s i t i o : ~  w i t h  a 23- inch  s p i n n c r .  
The e f f i c i e i ~ c y  was be tween  1 and 2 p e r c e n t  h i g h e r  f o r  t h e  
Zcrge s p i n a e r .  There a p p e a r s  t o  be no r e a d y  e x p l a n a t i o n  
f o r  t h e  d . i f f e r e n c e s  i n  power no ted  f o r  t h e  s p i n n e r  cond i -  
t i o n s .  The l a r g e  s p i n - ~ c r - p r o p e l l e r  c o m b i n a t i o n  s h o u l d  
p r o d u c c  s l i g h t l y  more t h r u s t ,  however ,  and r e s u l t  i n  a 
h i g h e r  e f f i c i e n c y  t h a n  a  s m a l l e r  s p i n n e r - p r o p e l l e r  con- 

1 b i n a t i o n ,  owing t o  t h z  f a c t  h a t  a b o u t  2- i i ~ c l i e s  of  a d d i -  
2 

t i o a a l  c y l i n d r i c e l  shank  a r e  s u b a e r g e d  w i t h i a  t h i s  l a r g c  
s g i i l i l ~ r .  

Cu i f s , -  The u s e  of propeller c u f f s  i n  c o u j n n c t i o i ~  
w i t h  a r e l a t i v e l r  s ina l l  s p i n n e r  o f f e r s  a mcans f o r  improv- 
i n g  t h e  p r o p e l l e r  c h n r n c t c r i s t i c s  w i t h o u t  n e c e s ~ i t a ~ t i n g  
t h e  u s e  of a l a r g e  bodg,  P r o p c l l c s  c u f f s ,  ho5~1cvcr, have  
have  n e v e r  been  shown t o  b e  a n  i d e a l  s o l u t i o n  of t h e  ]>rob- 
lem because  t h o y  a r e  d i f f i c u l t  t o  b u i l d  and m a i n t a i n ,  and 
no g r ~ a t  b e n e f i t $  havc  bee-?. d e n o n s t r n t c d  from t h e i r  u s e ,  
o t h e r  t h a n  f o r  ground c o o l i n g  of r a d i a l  e n c i r c s ,  There  
seems t o  be  l i t t l e  d o u b t ,  !iowcvcr, t h n t  c u f f s  w i l X  r c d u c c  
t h e  d r n g  of exposed  c y l i n d r i c a l  p r o p e l l e r  s h a n k s ,  p a r t i c u -  
l a r l y  a t  spcci ls  beyond t h c  c r i t i c a l  f o r  t h c s e  s e c t i o n s .  

6 

I n  r e f e r e n c e  3 t h e  c r i t i c a l  s p e ~ d  f o r  c i r c u l a r  c y l i n d e r s  
i s  shown t o  o c c u r  a t  a p p r o x i m a t e l y  310 m i l e s  p e r  h o u r  a t  
s e a  l e v e l  ( x c  = 0.4).  A t  s p e e d s  beyond t h e  c r i t i c a l  t h e  

P1 

r o t e  z t  which t h e  d r a g  i n c r e a s e s  i s  shown t o  bo much l e s s  



t h a n  f o r  a i r f o i l s  o p c r c t i n g  a t  low n n g l o s  of  s t t a c k ,  which 
would i i i L i c a t c  t h a t  t h e  . < s e c t e s t  g a i n  duo t o  t h e  u s e  of  
c u f f s  would r e s u l t  from ? l i m i n a t i n g  s e p a r a t i o n  a t  t h e  
s h a n k s  and o n l r  a s n a l l  a d d i t i o n a l  g a i n  wou-ld r e s u l t  f rom 
e l i a i a a t i n g  c o m p r e s s i b i l i t y  e f f e c t s .  Recen t  u n p u b l i s h e d  
dot?"  i n d i c n t o ,  howover ,  t h n t  t h e  d r a g  of 4 - i n c h - d i n n c t e r  
c y l i n r l c r s  i s  n o r e  a f f e c t c d  by compressibility t h a n  t h e  
d r a g  of t h e  s n n l l  onos u s e $  f o r  t h e  t e s t s  r e p o r t e d  i n  r c f -  
o r e a c e  3.  

I n  f i g u r e s  1 3  t o  1 6  a r c  p r c s e n t c d  t h c  characteristic 
c u r v e s  of n p r o p e l l e r  t e s t e d  w i t h  and  w i t h o u t  c u f f s .  I t  
may be n o t e d  t h a t  t h c  c u f f s  added appreciably t o  t h e  
t h r u s t  ail6 power of t h e  p r o p e l l e r ,  p a r t i c u l a r l y  f o r  t h e  
s t a l l  o p e r a t i n g  r a n z c .  The c u f f s  a p p a r e n t l y  s t o l l s d  a t  
a p p r o x i n n t e l y  t h e  ssme a n g l e  a s  t h e  r e s t o f  th:: b l a d e ,  
s i n c c  t h e  peak  of t h e  t h r u s t  and power c u r v e s  o c c u r s  a t  
a b o u t  t h c  s2,mc V/nD w i t h  and  w i t h o u t  t h e  c u f f s .  The 
e f f i c i e n c y  of t h e  p r o p e l l e r s  i n c r e a s e d  1 t o  2 p e r c o n t  w i t h  
t h e  u s e  of c u f f s ,  ( s e e  a l s o  f i g .  20 . )  A g r e a t c r  d i f f c r -  
c n c e  vrould be  z?xgectcd f o r  h igh - speed  a i rp l :> ,nes .  

A rough nn31ys is  i n t e n d e d  t o  d e t c r m i n c  an a v e r a g e  
l i f 6  c o e f f i c i 2 n t  of t h e  c u f f  s e c t i o a s  w h ~ n  o p e r z t i n g  at  
t h e  peak  p r o p e l l e r  : ? f f i c i ~ n c y  i c d i c n t c s  t h a t  t h e  c u f f s  
des ig i i ed  f o r  t h e  30' alzd 45' b l a d c - a n g l e  s e t t i n g s  were  op- 
e r n t i n g  st a  l i f t  c o e f f i c i e n t  of n p p r o x i m a t e l p  0.2. The 
C2 f o r  t h e  60° b l a d e  n r g l e  war 2 p p r o x i m n t c l g  0.14.  The 
a v e r a g e  I.i.St c o c f f i c i c n t  f o r  t h e  r emnindc r  of t h e  b l a d e s  
was p r o b z b l y  g r e a t e r  t h c n  0 . 4 ,  which i n d i c a t e s  t h n t  t h e  
l a r g e  i s c r e n o n t  of t h r u s t  c t t r i b u t s d  t o  t h e  c u f f s  wzs 
du\? t o  t h e  l z r g e  a r c a  cd3ecl. 

The e f f e c t  of i c c r c a s i n g  o r  d e c r e a s i n g  t h e  a n g l c  of 
t h e  b a s e  s c c l i o ~  o l  t h e  c u f f  can b e  n o t e d  from t h e  r e -  
s u l t s  giver ,  .in f i g u r e s  1 3  t o  15.  As p r e v i o u s l y  notocl, 
t h c  t h r e e  c u f l s  were d e s i g n e d  f o r  t h r e e  b l z d e - n 2 g l e  s e t -  
t i n g s ,  Z O O ,  45O, an2  600,  measured  a t  t h e  t h r o c - f o u r t h s  
r a d i u - s ;  e a c h  of t h a s e  d e s i g n s  was t e s t o a  a t  b l a d e  n n g l e s  
of 5O b o 1 . o ~  t h e  d e s i g n  ceizcli:io~z, and 50 above t h e  c les ign  
c o n 2 i t i o n .  S i n c e  c u f f s  r e q u i r e  moro t w i s t  f o r  low b l a d e -  
nn,yle sc t t i i1 ; s  t h a n  f o r  h i g h  oi lcs ,  i t  i s  c b v i o u s  t h a t  t h e  
c u f f s ,  when t e s t e d  :t t h o  red-J-ccd c n g l e ; ,  25O, 40° ,  and  
55O, were c f Z e c t i v c l g  washed o u t  a t  t h e  b,asc s e c t i o n ,  

n 3 p r o x i n n t e l g  2B0. Li lccwise,  t11e bc?wse s c c t i o u s  were 
2 

washed i n  apgroximn. te1y 21' f o r  t h o  35', 5 o o ,  zncl 65' 
2 



t e s t s .  The e f f e c t  of e i t h e r  t h e  wash-in  o r  t h e  wash-out 
i s  q u i t e  a p p a y e n t  i n  t h e  r e s , u l t s ,  For  exeinple,  t h e  t h r u s t  
added. by t h e  c n f f  f o r  t11c 40' b l a d c  a n g l e  i s  appreciably 
l e s s  t h a n  fox- t h e  d e s i g n  b l a d e  a n g l e  of 4 s 0 ,  and t h e  
t h z u s t  aiidcd by t h e  c u f f  f o r  t h e  50° b l z d e  a n g l e  i s  a b o u t  
d o u b l e  t h e  t h r u s t  zddcd f o r  t he  d e s i g n  b l a d z  a n g l e  of 45O. 
I t  i s  q u i t e  o b v i o u s  from t h i s  t h a t  t h c  n n g l c  s e t t i n 5  f o r  
t h e  c u l ?  i s  v c r y  i m p o r t a n t ,  e s p c c i F , l l y  f o r  c u f f s  of t h i s  
d a s i g x .  

If c u f f s  were  d e s i c n e d  Car t h e  h i s h e s t  p o s s i b l e  c r i t -  
i c a l  s;>eed, a  s l i g h t l y  l o w e r  a n g l o  of a t t a c k  n i g h t  be I e -  
s f r a b l e  t h a n  vIns p r e s o n t  f o r  t h e s s  t e s t s .  An e s t i m a t e  of 
t h e  a n g l e s   lo^ any des i r ed .  c o n d i t i o n  map bc o b t a i a e d  b ~  
c o r r c l ~ ~ t i i l g  t h o  d s s i g n  cu.rvcs  g i v e n  i n  f i g a r c  7 w i t h  t i l c  
d a t a  obtni:lcd f r o u  t h o  t c s t s .  

I t  i s  u n f o r t u u a t c  t h a t  t h e s e  c u f f s  u c r c  n o t  t c s t c d  
s p e z d s  ~1,Sovc 310 n l i l e s  p e r  hoxr  ~ ~ C C Z T Z S P  i t  i s  expected!  

t l a t  t - ~ c i r  e f f e c t  on t1:e e f f i c i a r c s r  wonld b e  g r e a t o r  a t  
t h o s ~  s-2@.eds t h a n  was ! :easured f 01- thos t ,  t a s t o .  There  
i s  no way ai; p r o s o n t  of c s t i r n a t i n ~  t h o  ~ , n i n  i n  e f f i c i e a c y  
above  t h e  c r i t i c : : l  spee2-s of  a n y  s e c t i o n ,  b c c c u s c  wind- 
tu-nncl  d ~ t s  ere s o n e r d l l y  l i r , ; i t c d  t o  opcods o n l y  s l i g h t l p  
c b o v o  t k e  c r i t i c a l  b e c z u s e  t i c  drag; of e y l i n l c r s  i n c r e n s e s  
s o  r ~ : 3 i 2 l y  a t  t h o c e  s p e e d s  t h a t  i t  i s  n o t  p o s s i b l c  t o  0%- 

t a i n  h i g h e r  t u n n e l  spedds ,  Th i s  vas  p ~ . r t i c ~ : l ~ r l ~ ~  t r u e  
i n  th? cnse  of r 2 c c n t  hig!i-s17eed t c s t s  w i t h  4- inch c g l i a -  
d z r s .  

P r o p c l l z r  1555-2.- T h i s  p r o p e l l e r  was ? -ss igned  f o r  a  ---- 
r e c i n g  z i r L ~ l a n e  more t h a n  1 2  y e a r s  ago. I t  was t e s t e d ,  
a l o n g  w i t h  two modern p r o p e l l e r s ,  i n  t h i s  s c r i e s  of t e s t s  
b c c a u s a  i t  incorporated a good a c r o d - y n a ~ i c  shape .  T h i s  
r ac i i zg  p r o T d l l c s  vns  b u i l t  . r i t h  , - . , i s f o i l  shanks  ex-bending 
t o  w i t h i n  t h e  23 - inch -d i ame te r  spinne:: s L e l l .  The p i t c h -  
d i z c c e t e r  r a t i o  was nbout  c o x s t a n t  f o r  a. b l a d e  s e t t i n g  of 
300. ( s e e  f i g .  4 ( b )  ,) A t  b l a d c  ? ~ t g l e s  nbovc 4Qg t h e  
p i t ch -c l inmc to r  r n t i o  f o r  ti12 r o o t  sec-i i icn i s  q u i t e  exces -  
s i v e  a n d ,  s i n c e  t h o s e  s c c t i o n s  n r e  f a i r l y  :~ i ? . e  and of good 
z i r f o i l  shape ,  t h o  efficiency 7.vould be e x p e c t e d  t o  s u f f e r  
a t  h i g h  b l a d c  a s g l e s  b e c a u s e  of t h i s .  

* 
The zood a ~ r a d y n a n i i c  s h a p e  of t h i s  proi3211er r a s u l t e d  

i n  a h i g h  e f f i c i e n c y  f o r  t h z  b l a d e  s e t t i n g s  f o r  which i t  
was d c s i g i i c d ,  n n n i e l ~ ,  b e t v e e n  20' 2-nd 40'. (See  f i g s .  17  a 

t o  1 9 , )  T3 i s  p r o p 2 l l e r  i s  s e v e r ~ ~ l  p e r c e n t  h i g h c r  i n  e f f i -  
c iencg-  tlin2 p r o p e l l e r  3155-6 i n  t h e  V/nD r a a g e  up t o  2*4 ,  



ever,  vhon c u f f s  were cddcc? t o  3155-6. A t  h i g h e r  v n l u c s  
of  V/ID p r o p e l l e r  1555-2 d i d  n o t  show up so  w e l l ,  prob-  
a b l y  bocauso  t h e  shnnk s e c t i o n s  were "being l o c ~ d c d  up t o o  
h i g h .  Thc h i g h  ~ f f i c i o ~ c y  of p r o p c l l a r  2555-2 ( o v e r  90 
p e r c e n t )  i s  a t t r i b u t e d  c h i e f 1 2  t o  I t s  r c l c t i v c l y  t h i n ,  
~ ? e l l - s h ~ p c d  s h a n k s ,  and  p a r t l y  t o  t h e  p l a n  fo rm,  which i s  
a l s o  d i f f e r e n t  f rom t h a t  of  p r o p e l l e r  3155-6. A l though  
t h o  1555-2 i 2 l ~ ~ u  f o ~ m  mag be  sonel.fhat s u p e r i o r  t o  t h a t  of 
3155-6 from t h e  e f f i c i e n c y  s t z n d p o i n t ,  i t  s h o u l d  be n o t e d  
t h n t  t h e  l a t t e r  i s  s u p o r i o r  from t h e  s tneG.point  of 2,b- 
s o r b i a g  h i g h  power ond c o n s e q u e n t l y  i t  mnx bc p r e f o r n b l c  
f o r  h i g h - o u t p u t  cn;iiics. The a c t i v i t y  f  n c t o r ,  which i s  
an i i l d c ~  of t h e  power-absorb ing  q u a l i t i e s ,  i s  78.4 f a r  
p ro ;3e l le r  1555-2 a s  compared vrith 89.7 f o r  p r o p e l l e r  
3155-6. 

P r o n e l l e r  619XA-2.- P r o p e l l e r . 6 1 9 8 A - 3  was t e s t e d  be- --.- 
c a u s e  i t  em%odied t h e  NACA 1 6 - s e r i e s  s c c t i o n s  f o r  t h e  
o u t e r  q O  p e r c e n t  of t h e  b l a d e s .  The 1 6 - s e r i e s  s e c t i o n s  
w c r e . , . d o . v 1 0 d  p r i m a . r i l y  t o  d e l a y  t l ic  c o m p r e a s i b i l i t y  
bu.rbll.c ( r c f c r c l z c e  2 )  a r d  c o a s c q u c n t l y  a r e  p a r t i c i l l a r l y  
a d d p t a b l e  t o  p r o p ~ l l e r s  which  o p c r a t c  a s  c l o s s  t o  t h e  
s p e e d  o i  sound a s  is p r a c t i c a b l e .  S inco  c o m p r c s s i b i l i t g  
e f f e c t s  c o u l d  n o t  he me2snrcd i n  t h c s e  t e s t s ,  thc c h i e f  
i i i t c r e s t  was t h o  b c h a v i o r  o f  t h o  s e c t i o n s  a t  l o w  s p e e d s  
and  a t  o p e r a t i n g  c w i t i o n s  c o r r e s p o n d i n g  t o  t h c  t a k e - o f f  
a n d  c l i n b ,  f o r  which  winL- tunnel  t c s t s  of a i r f o i l s  a r e  
i i ~ c o a c l ~ ~ ~ - c i v e .  Resu- l t s  a r c  g i v c n  i n  f i g u r e s  21  t o  25 ,  
w?lich i n c l u d b  a C s  d e s i g i i  c h a r t  3,izd a compar i son  w i t h  
p r o p o l l c r  3155-6. I t  mag be  n o t c d  t h a t  t?vcil a t  t h e  lovr 
s p o c d s  o f  t l r c se  t c s . t s , p r o p c l . l c r  61938-3 was f rom 1 t o  3 
p s r c e n L  moro c f  f  i c i e n t  t h a n  p r o p o l l c r  3155-6. I t  s h o u l d ,  
b c  remenbered ,  hovovc r ,  t h a t  t h a s c  p r o ~ ~ o l l c r s  a r e  ~ o t  
s t r i c t l y  c o m p ~ r a b l e  boczuse  of d i f f c r c n c c s  i n  d i a m o t c r  
2nd b l z d e  shape .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  f a c t  $!let 
, p r ~ p ~ l l c r  61938-3 c x l l i b i t s  no u n u s u a l  s t a l l i l i g  c h a r a c t e r -  
i t s t i c s .  C o n s a q u c n t l ~ ,  i.f t h c s o  low-speed t c s t s  a r e  i a -  
d i c a t i v e  of t h s  s t a l l i s g  p r o p ~ r t i e s  a t  h i g h e r  s p c c d s ,  i t  
a p p e a r s  t h n t  t h e  1 6 - s o r i c s  s e c t i o n  i s  ct l o a s t  t h e  e q u z l  
o f -  tB~3 Clark-Y f r ~ m  t h i s  s tnnd-pob i~ t ,  

COBCLUDIBG REMflBKS 

Thcso t e s t s ,  which v e r e  c o e f i n e d  Go low t i p  s p e e d s ,  
i n d i c a t e  t h e t :  

Of t h e  t h r e e  methods i n v e s t i g a t e d  f o r  i n i p r ~ v i n ~ :  t h e  



p r o l 2 e l l e r  c h a s a c l e r i s t i c s  by  v i r t u e  of i ~ p ~ o v f n g  t h e  shanlc 
s h a p e ,  i n c r e a s i n g  t h e  s p i n n e r  s i z s  from 2 3  t o  28 i n c h e s  i n  
d i a ~ l e t o r  r e s u l t e d  i n  a n  improveniexlt i n  e f f i c i e n c y  of f r o m  
1 t o  2 p e r c e l t ;  i 2 s t a l l a t i o n  of l a r g e - c h o r d  p r o p e l l e r  
c u f f s  i n p r o v e d  t h 2  c f f i c i c n c y  of t h e  smcLl1 p r o g c l l e r - s p i n n e r  
c o n b i n a t i o i  a l s o  1 o r  2 p e r c e n t ;  w h i l a  a  p r o p e l l e r  d e s i g n e d  
w i t h  good aerodyuamic  s h a n k s  was found  Lo b e  s e v o r a l  p e r c e n t  
morc c f f i c i c a t  t h a n  t h e  c o n v 2 n t i o n a l  round-chen4 p r o p c l l c r .  
A propeller i n c o r p o r a b i n g  t h c  NACA 1 6 - s o r i e s  s e c t i o n s  o v e r  
t h c  o u t s r  20 p e r c s n t  of  t h e  b l a d c  u a s  found  t o  have  a 
s l i g h t l ; ~  h i g h e r  e f f i c i e n c y  than a c o n v e n t i o n a l  p r o p c l l c r  
i~corpoxzo . t  i s g  Clark-Y s e c  t i o n s  f o r  t h e  e n t i r e  b l a d c ,  aven 
a t  low t i p  s p e e d s .  The t a k e - o f f  p r o p e r t i c s  o f  t h e  two pro-  
p e l l e r s  c p p e a r c d  t a  bo a b o u t  e q u a l ,  

e 
Thc d i f f e r e n c e s  n o t c d  'between t h o  v a r i o u s  p r o p c l l c r -  

s p i n n e r - c u f  f  c o m b i n a t i o n s  would bo e x p e c t e d  t o  be g r e a t e r  
t h a n  indic:,led i r  t h i s  r e p o r t , i f  t h e  e f f e c t s  of c o n p r c s s i -  
b i l - i t r  h ~ d  b e s n  p r c s c n t ;  h s n c o  t h c s c  r a s u l t s  z r e  a11 con- 
s z r v a k i v c .  

Lang leg  Memorial  A c r o n a ~ : t i c n l  L a b c r n t  o r y ,  
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Bigure 3,- Propellers 1155543, @5&-6, asd 619 



UACA Figs, 4;25 

. FIGIJI& 4.- BLADE-FORM CURVES FOR PROPELLQB------ WITH iWD WITHOUT CUFFS. D,  DIiUdETER; R ,  RADIUS TO THE T I P ;  r ,  STATION RADIUS; b ,  SECTION 
CHORD; h ,  SECTION THICKUESS; p ,  G E O E T R I C  PITCH. 
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FIGURE 25.- INTERPOLATED CHARACTERISTICS CURVES OF PROPELLER 619%-3 SUPERPOSED OE CUFVES OF 

PROPELLEE 5153-6. 
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