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The t o r s i o n a l  d e f l e c t i o n  of t h e  b l a d e s  of t h r e e  f u l l@ 
s c a l e  d u r a l u m i n  p r o p e l l e r s  o p e r a t i n g  u n d e r  v a r i o u s  Loading 
c o n d i t i o n s  m a s  measured by a l i g h t - b e a m  method. Angular  
b e n d i n g  d e f l e c t i o n s  n e r e  a l s o  o b t a i n e d  a s  a n  i n c i d e n t a l  
p a r t  of  t h e  s t u d y .  

Tke d - e f l e c t i o n  measurements  shoved  t h a t  t h e  u s u a l  
p r e s e n t - d a y  t y p e  of  p r o p e l l e r  b l a d e s  t w i s t e d  b u t  a n e g l i -  
g i b l e  amount u n d e r  o r d i n a r y  f l i g h t  c o n d i t i o n s .  A maximum 
d e f l e c t i o n  of  a b o u t  l / l o O  w a s  f ound  a t  a v / ~ D  of 0 .3  ~ n d  ' 

a s m a l l e r  d e f l e c t i o n  a t  h i g h e r  v a l u e s  of v / ~ D  f o r  t h e  
s t a t i o n  a t  0.70 r a d i u s .  These d e f l e c t i o n s  ?,re much sma l l -  
e r  t h a n  n o u l d  be e x p e c t e d  from e a r l i e r  t e s t s ,  b u t  t h e  l i g h t -  
beam n e t h o d  i s  c o n s i d e r e d  t o  be much more a c c u r a t e  t h a n  
t h e  d i r e c t - r e a d i n g  t r a n s i t  method u s e d  i n  t h e  p r e v i o u s  
t e s t s .  

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

I n  p r o ~ e l l e r  r e s e a r c h  and  d e s i g n  i t  mould o f t e n  b e  
h i g h l y  d e s i r a b l e  t o  know j u s t  horn much a p r o p e l l e r  b l a d e  
t n i s t s  u n d e r  o p e r a t i n g  c o n d i t i o n s .  For  example ,  i n  a r e -  
c e n t  r e s e a r c h  p r o j e c t  c a r r i e d  o u t  a t  t h e  N.A.C.A. f o r  t h e  
Durpose  o f  d e t e r m i n i n g  t h e  e f f e c t  o f  c o m p r e s s i b i l i t y  on 
t h e  p e r f o r m a n c e  of p r o p e l l e r s  i n  t h e  t a k e - o f f  and  c l i m b i n g  
r a n g e  ( r e f e r e n c e  l ) ,  a s h i f t i n g  of t h e  b a s i c  p r o p e l l e r -  
c o e f f i c i e n t  c n r v e s  w i t h  v a r y i n g  t i p  speed  was found .  The 
magn i tude  and  d i r e c t i o n  of  t h e  s h i f t  mas such t h a t  i t  
c o u l d  b e  e x p l a i n e d  e i t h e r  a s  3 r e s u l t  of c o m p r e s s i b i l i t y  
o f  t h e  a i r  o r  as nn e f f e c t  of n t w i s t i n g  d e f l e c t i o n  o f  t h e  
p r o p e l l e r  b l a d e s .  OSv ious lg  i t  i s  d e s i r a b l e  t o  s e p a r a t e  
t h e s e  t n o  e f f e c t s ;  and  t h e  o n l y  c o n v e n i e n t  method o f  d o i n g  



so  i s  t o  measure  t h e  a c t u a l  d e f l e c t i o n  of  t h e  b l a d e s  un- 
d e r  v a r i o u s  l o a d i n g  c o n d i t i o n s .  

S i m i l a r  d i s p l a c e m e n t s  of p r o p e l l e r - c o e f f i c i e n t  c u r v e s  
were  e n c o u n t e r e d  i n  c e r t a i n  p r o p e l l e r  t e s t s  ( r e f e r e n c e  2 )  
made a t  t h e  C a l i f o r n i a  I n s t i t u t e  of Technology.  I n  t h a t  
c a s e  t h e  t o r s i o n a l  d e f l e c t i o n  of t h e  b l a d e s  u n d e r  l o a d  
w a s  g i v e n  a s  a p l a u s i b l e  e x p l a n a t i o n  of  a s h i f t i n g  o f  t h e  
t h r u s t - c o e f f i c i e n t  and  e f f i c i e n c y  c u r v e s  w i t h  i n c r e a s i n g  

I t i p  s p e e d s  end  power i n p u t s .  

From c o n s i d e r a t i o n s  of p r o p e l l e r  d e s i g n  and  s e l e c t i o n ,  
i t  i s  des i r , ? ,b l e  t o  know t h e  e x t e n t  o f  t h e  t o r s i o n a l  de- 
f l e c t i o n  o f  p r o p e l l e r  b l a d e s  u n d e r  l o a d ,  f o r  upon t h i s  
k n o n l e d g e  depends  t h e  magni tude  of t h e  c o r r e c t i o n  f a c t o r  
t o  be c u p l i e d  i n  t h e  s e l e c t i . o n  of a p r o p e l l e r  t o  a b s o r b  a 
g i v e n  e n g i n e  po7,zer. Weick g i v e s  some a r b i t r a r y  v a l u e s  of 
b l a d e  d e f l e c t i o n  t o  be used. i n  c o n n e c t i o n  n i t h  t h e  d e s i g n  
c h a r t s  o f  r e f e r e n c e  3. These v a l u e s  amount t o  z 1/2O i n -  
c r e a s e  i n  b l a d e  a n g l e  a t  0.75 R f o r  e a c h  i n c r e m e n t  of  L O O  
h o r s e p o n e r  above 200 horsepower  and  a r e  assumed t o  a w l y  
o n l y  f o r  h o r s e p o w e r s  of  5 0 0  o r  l e s s .  . 

The i n s t a n c e s  c i t e d  g i v e  a good i n d i c a t i o n  of  t h o  
n e e d  f o r  b l ~ d e - d e f l e c t i o n  d a t a .  The p r e s e n t  measurements  
on c u r r e n t  t y p e s  of d u r a l u m i n  p r o p e l l e r s  s h o u l d  t h e r e f o r e  
be  o f  v c l u e .  

~ o n t e m ~ o r a n e o u s l y  n i t h  t h e  p r e s e n t  t e s t s ,  a s e r i e s  
of  b l a d e - d e f l e c t i o n  measurements  ( r e f e r e n c e  4 )  mas made a t  
V r i g h t  F i e l d .  These measurements ,  which c o r e r e d  a l a c g e  
r a n g e  of r e v o l u t i o n  s p e e d s  'and a  s e r i e s  of  s t a t i o n s  a l o n g  
t h e  b l a d e ,  showed t o r s i o n a l  b l a d e  d e f l e c t i o n s  of s u f f i -  
c i e n t  . m a g n i t u d e  t o  a c c o u n t  f o r  a l a r g e  p a r t  of t h e  s h i f t  
i n  the c o e f f i c i e n t  c u r v e s  caused  by i n c r e a s i n g  t h e  t i p  
speed .  U n f o r t u n a t e l y ,  t h e  measurements  were f o r  s t a t i c  
(V/nD = 0 )  c o n d i t i o n s  o n l y .  The method u s e d  a t  Wright  
F i e l d  f o r  making d e f l e c t i o n  measurements  i s  s i m i l a r  t o  one 
t h a t  ass employed by t h e  N.A.C.A. t o  o b t a i n  t h e  d e f l e c t i o n  
d a t a  p u b l i s h e d  i n  r e f e r e n c e  5. I t  depends  on t r a n s i t  meas- 
u r e m e n t s  of  t h e  d . i s t a n c e  be tween  t h e  l e a d i n g  a n d  t h e  t r a i l -  
i n g  e d g e s  of  a p a r t i c u l a r  s e c t i o n  measu-red p a r a l l e l  t o  t h e  
p r o p c l l e r . a x i s .  The a n g l e  of t ~ i s t  i s  c a l c u l a t e d  from t h e  
c h a n g e s  i n  t h i s  d i s t a n c e  t h a t  o c c u r  nhen t h e  p r o p e l l e r  i s  
o p e r a t i n g .  

Thc l i g h t - b e a m  method of m e a s u r i n g  b l a d e  d e f l e c t i o n  
employed i n  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  b e l i e v e d  t o  be of 



nuch  g r e a t e r  a c c u r a c y  t h n n  t h e  t r a n s i t  n e t h o d .  A compar- 
i s o n  of  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  r e p o r t  n i t h  t h o s e  ob- 
t a i n e d  f o r  t h e  same p r o g e l - l e r  by  t h e  t r a n s i t  method ( r e f -  
e r e n c e  4 )  s h o n s  l a r g e  d i f f e r e n c e s .  The t r a n s i t  method i s  
knonn t o  be s u b j e c t  t o  a nunbe r  of  g o s s i b l e  e r r o r s .  Per-  
h a p s  t h e  g r e a t e s t  s o u r c e  of e r r o r  l i e s  i n  t h e  f a c t  t h a t  
e i t h e r  t o r s i o n a l  o r  b e n d f n g  v i b r e , t i o n s  n i l 1  t e n d  t o  mzke 
t h e  n e a s u r e d  d i s t a n c e  b e t n e e n  t h e  l e a d i n g  and  t r a i l i n g  
e d g e s  of  t h e  s e c t i o n ,  a n d  t h e r e f o r e  t h e  papparent  b l a d e  an- 
g l e ,  g r e a t e r  t h a n  i t  a c t u a l l y  i s .  The t o r s i o n a l  b l a d e  de-  
f l e c t i o n  conpu ted  from t h e s e  n e a s u r e d  d i s t a n c e s  i s  l i k e l y  
t o  3 e  much t o o  l a r g e  on t h i s  a c c o u n t .  

The a n g u l a r  d e f l e c t i o n  of t h e  b l a d e  i n  f o r w a r d  bend- 
ing was a l s o  n e a s u r e d  i n  t h e  p r e s e n t  t e s t s .  The b e n d i n g  
d e f l e c t i o n  of  ? r o p e l l e r  b l a d e s  p r o b a b l y  h a s  a n e g l i g i b l e  
ae rodynamic  e f f e c t  t hough  i t  h a s  some s i g n i f i c a n c e  i n  
s t r u c t u r a l  d e s i g n .  I n  t h e  p r e s e n t  t e s t s ,  i t  m a s  o b t a i n e d  
d i r e c t l y  as  a p a r t  of t h e  l i g h t - b e a m  method w i t h o u t  any  
s p e c i a l  modif i c a t i o ~ ~ s .  

The l i g h t - b e a m  o e  t h o d  of c l ea su r ing  b l a d e  d e f l e c t i o n s  
w i l l  p r o b a b l y  be u s e &  in t h e  f u t u r e ,  p e r h a p s  f o r  o t h e r  
p u r p o s e s  t h a n  m e a s u r i n ~  b l a d e  d e f l e c t i o n ,  a s  i t  o f f e r s  
p o s s i b i l i t i e s  f o r  u s e  i n  measu r ing  f l u t t e r  and  v i b r a t i o n  
f r e q u - e n c i e s  of p r o p e l l e r  b l a d e s .  I t  i s  a m o d i f i c a t i o n  of 
a method u s e d  by t h e  B r i t i s h  f o r  t h e  d e f l e c t i o n  measure- 
men t s  r e p o r t e d  i n  r e f e r e n c e  6 .  

TEST EQUIP?,fENT A3TD PBOPELLEBS 

The d e f l e c t i o n  measurements  were  made i n  t h e  N.A.C.A. 
20 - foo t  t n a n e l  d e s c r i b e d  i n  r e f e r e n c e  7. The t u n n e l  h a s  
a n  open t 5 r o a t  and  i t s  maximum a i r  speed  i s  a b o u t  1 1 0  
m i l e s  p e r  h o u r .  

The p r o p e l l e r s  -irere turned-  by a 600-horsepower C u r t i s s  
Conqueror  e n g i n e  e n c l o s e d  i n  a l i q u i d - c o o l e d  e n g i n e  n a c e l l e  
The e n g i n e - p r o p e l l e r  s e t - u p ,  ~3,owil i n  f i g u r e  1 ,  had  p r e v i -  
o u s l y  beell u s e d  f o r  s t andward  p r o p e l l e r  t e s t s .  A comple t e  
d e s c r i p t i o n  of i t  i s  g i v c n  i n  r e f e r e n c e  8 .  

D e f l e c t i o n  m e a s u r e n e n t s  were made on t h r e e  du ra lumin  
p r o p e l l e r s  of  C l a r k  Y s e c t i o n  f u r t h e r  i d e n t i f i e d  a s  f o l -  
l o n s :  



Design Number B lade  t h i c k n e s s  
draming  Diame te r  a t  0.75 R 

il o . b l a d e s  ( f t . )  

Xnvy 5868-9 2  1 0  9 

Hami l ton  S t a n d a r d  
6101  3 7  

Navy 4877 2 9-1/2 6 

A p h o t o g r a p h  of t h e  t h r e e  b l a d e  t y p e s  i s  shomn i n  
f i g u r e  2 a n d  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  3. 

APF'ARATUS AND i&{ETHODS 

Gcperc7.1 method.- A s m a l l  p l a n e  m i r r o r  was cemented t o  
t h e  f a c e  o f  t h e  ? r o p e ] - l e r  b l a d e  a t  t h e  s t a t i o n  a t  mhich 
m e a s u r e n e n t s  mere t o  be made. V i t h  t h e  b l a d e  i n  a h o r i -  
z o n t a l  p o s i t i o n  an i n t e n s e  p e n c i l  of l i g h t  was d i r e c t e d  
o n t o  t h e  n i r r o r ,  which r e f l e c t e d  i t  t o  a f o c u s  on a v e r t i -  
c a l  s c r e e n  b e h i n d  t h e  p r o p e l - l e r .  A s  t h e  p r o p e l l e r  r o t a t e d ,  
t h e  nar row p e n c i l  of l i g h t  impinged  oil t h e  m i r r o r  f o r  o n l y  
a s m a l l  f r a c t i o n  of e a c h  r e v o l u t i o n ,  t h u s  h a v i n g  t h e  e f f e c t  
of a s t r o b o s c o p e .  Bending a n d  t o r s i o n c l  d e f l e c t i o n s  c a u s e d  
t h e  image on t h e  s c r e z n  t o  move h o r i z o n t a l l y  and  v e r t i c a l l y ,  
r e s p e c t i v e l y ,  t h r o u g h  a n g u l a r ,  d i ~ ? p l a c e c e n t s  e a s i l y  c a l c u -  
l a t e d  nhen t h e  d i s t a n c e  from t h e  m i r r o r  t o  t h e  s c r e e n  i s  
knomn. In  t h e  p r e s e n t  t e s t s  t h i s  d i s t a n c e  mas g r e a t  enough 
t o  make v e r y  a c c u r a t e  r e a d i n g s  p o s s i b l e .  The t e s t i n g  was 
done i n  t i le  dark . '  A d i ag rammat i c  s k e t c h  of t h e  a p p a r a t u s  
mounted i n  t h e  t o s t  chamber i s  shown i n  f i g u r e  4. 

L i g h t  u n i t . -  The l i g h t  u n i t  c o n s i s t e d  of  a wooden p ro -  
j e c t i o n  box n i t h  a 6-8 v o l t  s t r a i g h t - f i l a m e n t  a u t o m o b i l e  
l a n p  2nd e h i g h - q u a l i t y  f  6.0 l e n s  of 20-inch f o c a l  l e n g t h  
t a k e n  from an a e r i a l  c a n e r a .  The l a a p  mas s u p p l i e d  n i t h  
c u r r e n t  f rom a  s t o r a g e  b a t t e r y  and  t h e  l e n s  h o l d e r  w a s  ad- 
j u s t a b l e  f o r  f o c u s i n g .  

Ii1irror.- The m i r r o r  173s 1 / 2  i n c h  s q u a r e  and  1 / 6 4  i n c h  
t h i c k .  I t  was c e n e n t e d  t o  t h e  f l a t  f a c e  of t h e  p r o p e l l e r  
b l a d e  l ~ i t h  m e l t e d  Canada balsam.  Then t h o  m i r r o r  mas c a r e -  
f u l l y  a t t a c h e d ,  i t  shos~ed  l i t t l e  t e n d e ~ c y  t o  f l y  o f f .  



Screoq.- The plywood s c r e e n  w a s  a t t a c h e d  r i g i d l y  t o  
t h e  t u n n e l  framework a t  one s i d e  of t h e  e x i t  eone .  (See  
f i g .  4 . )  The r e c o r d s  were o b t a i n e d  by an o b s e r v e r  nho . 
mar!refi t 4 e  p o s i t i o n  of t h e  r e f l e c t e d  l i g h t  s p o t  on a l a r g e  
s h e c t  of n h i t e  p a p e r  t e m p o r a r i l y  a t t a c h e d  t o  t h c  s c r e e n .  
A l e v e l  r e f e r e n c e  l i n e  m a s  p u t  on e a c h  r e c o r d  b e f o r e  i t  
was renovcd.  Th i s  l i n e  v a s  p ~ . r x l l c l  t o  a h o r i z o n t a l  l i n e  
pa . s s ing  t h r o u g h  t h e  m i r r o r  and t h e  p r o p e l l e r - s k o f t  c e n t e r .  

1 n z ~ e . -  The l e n s  sys tem w a s  a d j u s t e d  t i l l  a s h a r p  i m -  
a g e  of t h c  f i l a m e n t  ( n i t h  p r o p e l l e r  s t o p p e d )  was found  on 
t h e  s c r e e n .  Dur ing  o p e r a t i o n ,  t h e  i n t e n s i t y  of  t h e  r e -  
f l e c t e d  s 2 o t  i s  r educed  i n  t h e  r a t i o  of t h e  m i r r o r  a i d t h  
t o  t b c  c i r c u m f e r e n c e  of t h e  c i r c l e  t h a t  t h e  m i r r o r  de- 
s c r i b e s .  T h i s  r e d u c t i o n  i n  l i g h t  i n t e n s i t y  n e c e s s i t a t e s  
t e s t i n g  i n  t h e  &ark .  

As t h e  i n c i d e n t  p e n c i l  of l i g h t  n a s  of f i n i t e  w i d t h ,  
t h c  m i r r o r  v s s  i l . l u n i n a t o d  th rough  a smal l  bu t  a p p r o ~ i ~ ~ b l c  
p o r t i o n  of t h e  c i r c l e  i t  d e s c r i b e d  a round  t h e  p r o p e l l e r  
a x i s .  Tho n i r r o r ,  d u r i n g  i t s  :3assage th rough  t h e  l i g h t  
p e n c i l ,  a l s o  r o t a t e d .  i n  space  t h r o u g h  a small a r c  a round  
a n  c x i s  ? a s s i n g  th rough  t h e  m i r r o r  and norms1 t o  t h e  pro-  
p e l l e r  d i s k .  T h i s  mot ion  w a s  s u f f i c i e n t  t o  czl lse  t h e  i m -  
a g e  t o  rnovc and t o  yrod.uce a s h o r t  s t r e a k  of l i g h t  on t h e  
s c r e e n .  The d i r e c t i o n  of t h e  s t r e a k  w a s  n e a r l y  t h e  same 
a s  t h e  d i r e c t i o n  of movezent of t h e  imagc r e s u l t i n g  from a 
b e n d i n g  d e f l e c t i o n .  S i n c e  t h e  end p o i n t s  of t h e  s t r c a k  
mere n l i t t l e  i n d . e f i n i t e ,  t h e  bend ing  d e f l e c t i o n  measure- 
ments  a r c  sonenhat  l e s s  a c c u r a t e  t h a n  t h e  t o r s i o n a l -  
d e f l e c t i o n . n e a s u r e m c n t s .  The L i g h t  b u l b  m a s  so  o r i e n t a t e d  
t h a t  t h e  imcge of t h e  s t r a i g h t  f i l a m e n t  l a y  p a r a l l e l  t o  
t h e  s t r e a k  caused  by t h e  ~ i r r o r  sneop ing  t h r o u g h  t h e  pon- 
c i l  of l i g h t ,  A l l  moasurcnen t s  a e r c  nad.c t o  t h e  midpo in t  
of  %he r e c o r d e d  s t r e a k .  The r e s u l t i n g  r e c o r d s  f o r  v a r i o u s  
l o a d i n g  c o n d i t i o n s  ( d i f f e r e n t  r.p.m. ) l ooked  v e r y  much 
l i k e  t h e  : t i~,gram i n  f i g u r e  5. In  t h i s  f i g u r e  1 ' repre-. 
s e n t s  t h e  bend ing  d e f l e c t i o n  f o r  a  g i v e n  l o a d i n g  condi -  
t i o n  and  1"  r e p r e s e n t s  t h e  t o r s i o n a l  d e f l e c t i o n .  As t h e  
s o u r c e  of l i g h t  m a s  f i x e d ,  t h e  sub tended  a t  t h e  
m i r r o r  by t h e  d i s t a n c e s  1 f and 7 , "  were jus t  t w i c e  t h e  
a c t u a l  a n g l e s  o f  bend ing  and t ~ v l s t .  

C o , l i b r s t i o n . -  ----.- In a c t u a l  o g e r a t i o n  t h e  motion o f  t h e  
image caused  by bend ing  was n o t  q u i t e  h o r i z o n t a l  ( p a r a x -  
1 c 1  t o  t h c  b l a d e )  n o r  n a s  t h e  z o t i o n  cause?  by t v i s t i t l c  
t h e  b l a d e  q u i t e  v e r t i c ~ ~ l ,  C o r r e c t i o n  f a c t o r s  f o r  t h e  
snz,I-l d e v i a t i o n s  of t h e  mot ions  of t h e  image from t h e  hor -  



i z o n t a l  a n d  v e r t i c a l  duo t o  p u r e  b c n d i n g  and  p u r e  t w i s t i n g  
were  o b t a i n c d  by c a l i b r a t i n g  t h e  t n i s t  and  b c n d i n g  a g e i n s t  
t h e  mot ion  of  t h e  image on t h o  s c r e e n .  For  t h e  c a l i b r a -  
t i o n ,  t h c  bond ing  d e f l e c t i o n s  were o b t a i n e d  by means of PV 

w i r e  and  t u r n b u c k l o  a t t a c h e d  t o  t h e  end of t h e  b l a d e .  
T n i s t i n s  d e f l e c t i o n s  v e r e  o b t a i n e d  by t u r n i n g  t h e  b l a d e  i n  
t h e  h:lb a n d  u s i n g  an  i n c l i n o m e t e r  t o  measure  t h e  b l a d e  an- 
g l c s .  

ACCURACY 

I t  i s  e s t i m a t e d  t h a t  t h e  a n g l e s  of t n i s t  a r e  n i t h i n  
1 / 2 0 °  of b e i n g  c o r r e c t  and t h a t  t h e  a n g l e  of f o r n a r d  bend- 
i n g  i s  n i t h i n  1/10'. T r a n s i t  o b s e r v a t i o n s  of t h c  c n g i n e  
moun t ing  i n d i c a t e d  no a p p r e c i a b l e  a n g u l a r  mot ion  of t h e  
e n g i n e .  The e r r o r s  i n t r o d u c e d  by n o ~ e ~ e n t s  of t h e  s c r e e n  
du-c t o  t h e  d e f l e c t i o n  of t h e  t u n n e l  n a l l  t o  ~ z h i c h  i t  mas 
a t t a c h e d  n r e  koomn t o  be 1.7ithin t h e  s p e c i f i e d .  l i m i t s  of 
a c c u r a c y .  

TEEOBY OF BLADE DEFLECTION 

.An i m s o r t e n t  c a u s e  f o r  b l a d e  t n i s t  u n d e r  l o a d  i s  t h e  
a i r  f o r c e  a c t i n g  a t  t h e  c e n t o r  of r e s s u r e  of each sec-  
t i o n .  The g o s i t i o n  of  t h e  c e n t e r  of  p r e s s u r e  v a r i e s  n i t h  
a n g l e  of e t t c c k  ( v h i c h  i s  an i n v e r s e  f u n c t i o n  of B / ~ D )  
a n d  may, u n d e r  c e r t a i n  c o n d i t i o n s ,  be  c o n s i d e r a b l y  d i s -  
p l a c e d  f r o 3  t h e  e l a s t i c  a x i s  of t h e  p r o p e l l e r  b l a d e .  The 
p o s i t i o n  o f  %he c l c s t i c  a x i s  d o n g  t h e  cho rd  i s  shomn i n  
reference 9 t o  be n p p r o x i m a t e l y  a t  t h e  c c n t c r  of g r a v i t y  
of t h e  z r e a  p roduced  bg p l o t t i n g  t h e  cube o f  t h e  t h i c k n e s s  
a g a i n s t  t h e  cho rd .  For  C l a r k  Y s e c t i o n ,  1 0  p e r c e n t  t h i c k ,  
t h e  f l e x u r a l  a x i s  m i l l  l i e  a t  a b o u t  39 p e r c e n t  of  t h e  c h o r d  
b a c k  f rom t h e  l e a d i n g  edge .  Tho e l a s 8 i c  a x i s  n i l 1  move 
b a c k n a r d  as t h c  t h i c k n e s s  d e c r e a s e s  a n 6  f o r a a r d  as t h e  
thickness i n c r e a s e s .  

The gre r , t e s t i  t r r i s t i n g  e f f e c t  $.ue t o  a i r  f o r c e s  w i l l  
p r o b n 3 l g  o c c u r  a t  h i g h ,  u n s t s l l c d  n n g l e s  of a t t a c k  ( l o n  
v a l u e s  of TJfnD) v h e r c  t h e  cir f o r c e s  a r e  r e l a t i v e l y  h i g h  
a n d  xvhere t h e  c e n t e r  of p r e s s u r e  h a s  moved t o  i t s  maximu-m 
f o r w a r d  p o s i t i o n  ( a b o u t  30 p e r c e n t  of  t h e  c h o r d  from t h e  
l e a d i n g  edge  a t  a i r  s g e e d s  below t h e  c o m p r e s s i b i l i t y  bur -  
b l e ) .  A s  V / ~ D  I n c r e a s e s ,  t h e  a i r  f o r c e s  becomc l e s s  
a n d  t h c  c e n t e r  o f  p r e s s u r e  noves  t oward  t h e  t r a i l i n g  e d g e ,  
t h u s  r ed -uc ing  t h e  p o s i t i v e  ( i . e . ,  t e n d i n g  t o  i n c r e a s e  t h e  



b l a d e  a n g l e )  t w i s t i n g  d e f l e c t i o n s .  A t  h i g h  v a l u e s  oT V / ~ D  
n e a r  z e r o  t h r u s t ,  t h e  c e n t e r  of p r e s s u r e  moves t o  t h e  o t h e r  
s i d e  o f  t h e  e l a s t i c  a x i s ,  b u t  t h e  a i r  f o r c e s  a r e  so small 
t h a t  n e g a t i v e  d e f l e c t i o n s  of any c o n s i d e r a b l e  magni tude  
due t o  t h i s  c a u s e  a r e  u n l i k e l y  t o  occu r .  The d e f l e c t i o n s  
due  t o  a i r  f o r c e s  may t h u s  be  c o n s i d e r e d  as e s s e n t i z l l y  
p o s i t i v e  t h r o u g h o u t  t h e  normal  te l re-off  and  f l i g h t  r ange .  

The q u a n t i t a t i v e  e f f e c t  of  t % e  c e n t r i f u g a l  f o r c e s  on 
b l a d e  d e f l e c t i o n  i s  a l i t t l e  u n c e r t a i n .  There  rill be a 
g e n e r a l  t e n d e n c y  f o r  e a c h  s m a l l  e l emen t  of mass th rough-  
o u t  t h e  b l a d e  (dm, f i g .  6 )  t o  remove i t s e l f  as f a r  as 
p o s s i b l e  f rom t h e  c e n t e r  of r o t a t i o n .  I n  f i g u r e  G i t  i s  
s e e n  t h a t  t h e  d i s t a n c e  of  t h e  e l e m e n t a l  mass an ,  from 
t % e  a x i s ,  of r o t a t i o n  b e c o n e s  g r e a t e r  as t h e  b1ad.e a n g l e  
a p p r o a c h e s  z e r o .  I t  a p p e a r s ,  t h e n ,  t h a t  t h e  conponent  of 
c e n t r i f u g z l  f o r c e  a c t i n g  p a r a l l e l  t o  t h e  x a x i s  ( f i g ,  6 )  
t e n d s  t o  a e c r e ~ ~ s e  t h e  b l a d e  a n g l e .  The c o n ~ o n e n t  a c t i n g  
p a r a l l e l  t o  t h e  z a x i s  t e n d s  t o  do j u s t  t h e  o p p o s i t e .  
I t s  a c t i o n ,  which  nay be more e f f e c t i v e  t h a n  t h a t  o f  t h e  
x component ,  t e n d s  t o  r c z o v c  t h e  n a t u r a l  t n i s i  f rom t h o  
bla,de i n  t h e  same manner t h a t  2 t w i s t e d  s t r i p  of  t i n  w i l l  
untx-r is t  -under a t e n s i l e  end  l o a d .  The e f f e c t  of  t h e  z 
conponen t  i s  t 5 u s  t o . f n c r e a s e  t h e  S l a d e  a n g l e ,  and  t h e  
n e t  d e f l e c t i o n  caused  by c e n t r i f u g a l  f o r c e s  n i l 1  be p o s i -  
t i v e  o r  n e g a t i v e  depend-ing apon  which  component predomi- 
n a t e s .  

. I t  s h o u l d  a l s o  be men t ioned  t h a t  f .o rnard  r a k e  ( o r  
f o r n n r d  b e n d i n g  d o f l e c t i o n c  ) n i l 1  m a t e r i a l l y  change t h e  
t o r s i o n a l  d e f l e c t i o n  c a u s c d  by c e n t r i f u g a l  f o r c e s .  Inas -  
much as t h e  a i r  f o r c e s  on t h e  b l a d e  p roduce  f o r w a r d  bend- 
i n g ,  i t  i s  c l e a r  t h a t  a v a r i a t i o n  i n  a i r  l o a d  a l o n e  v i l l  
r e s u l t  i n  c change of t h e  t o r s i o n a l  d e f l e c t i o n  c a u s e d  by 
c e n t r i f u g a l  f o r c e s .  T h i s  f a c t  makes more d i f f i c u l t  t h e  
s e p a r a t i o n  of  t h e  t o r s i o n a l  d e f l e c t i o n s  caused  by cen- 
t r i f u g a l  a n d  a i r  f o r c e s .  

RESULTS A H 0  D I S C U S S  f ON 

The r e s u l t s  of t h e  b l a d e - d e f l e c t i o n  measurements  f o r  
t h e  t h r e e  p r o p e l l e r s  t e s t c d  n r e  shown i n  f i g u r e s  '7 t o  13.  
The f o l l o w i n g  t a b l e  shows t h e  t e s t  c o n d i t i o n s  a n d  t h e  va- 
r i o u s  f i g u r e s  i n  v h i c h  t h e  r e s u l t s  a r e  p l o t t e d .  



v e r e  made 
( r / R )  

-----------.----------------------- - 

The d a t a  a r e  p r e s e n t e d  i n  t w o  d i f f e r e n t  forms o f  
c h a r % :  I n  o n e ,  t h e  p r o p e l l e r  r o t a t i o n  speed  mas h e l d  con- 
s t a n t  n h i l e  V / ~ D  mas v a r i e d ;  and i n  t h e  o t b e r ,  t h e  V / ~ D  
m a s  h e l d  z p p r o x i m a t e l y  c o n s t a n t  a t  t h e  l o w e s t  v a l u e  ob- 
t a i n a b l e  end t h e  p r o p e l l e r  r o t a t i o n a l  speed n a s  v a r i e d *  
The f i r s t  t ype  of c h a r t  i~ t h g  most i n s t r u c t i v e ,  b u t  t h o  
second  t y p e  shons  t h e  v a r i o u s  r o t a t i o n a l  speeds  a t  mhich 
f l u t t e r  o c c u r s .  (See  f i g .  13.)  

Blade q n g l e  
a t  0.75 R 

The m o s t  i m p o r t a n t  f a c t  i n d i c e t e d  by t h e  f i g u r e s  i s  
t h a t  t h e  t n i s t i n g  d e f l e c t i o n s  of t h e  b l a d e s  a r e  v e r y  s m a l l ,  
a l m o s t  n e g l i g i b l e ,  n h i c h  i s  c o n t r a r y  t o  generally a c c e p t e d  
i d e z s  cbou t  b l a d e  d e f l e c t i o n  and q u i t e  different from t h e  
r e s u l t s  of p r e v i o u s  t e s t s .  

S t a t i o n s  a t  which 
measurements  

The l a r g e s t  d e f l e c t i o n s  measured mere f o r  p r o p e l l e r  
4877 ( f i g s .  1 2  and 1 3 )  n h i c h ,  even i n  t h e  i m p o r t a n t  p a r t  
of  t h e  t a k e - o f f  r a n g c ,  nmounted t o  o n l y  1/4O. T h i s  pro- 
p e l l e r  h a s  z b l a d e - t h i c k n e s s  r a t i o  a t  0.75 R of o n l y  6  
p e r c e n t  of t h e  chord  an?. i t s  t h i c k n e s s  r a t i o  t h r o u g h o u t  
i t s  f u l l  r a d i u s  i s  c o n s i d e r a b l y  l e a s  t h a n  f o r  x o s t  of t h e  
propellers i n  u s e  today .  

The d e f l e c t i o n  a t  0.70 R f o r  g r o p e l l e r s  5868-9 and 
6101,  n h i c h  a r e  t y p i c a l  of present -da ,y  p r o p e l l e r s ,  a,mounted 
t o  a b o u t  l / l o O  i n  t h e  most i m p o r t a n t  p a r t  of t h e  t ake -o f f  
r a n g e  and l e s s  f o r  o t h e r  r a n g e s  o f  f l i g h t  o p e r a t i o n .  Such 
d e f l e c t i o n s  c o u l d  n o t  a c c o u n t  f o r  any  l a r g e  p a r t  of  t h e  
s h i f t  i n  t h e  c u r v e s  of b a s i c  p r o p e l l e r  c o e f f i c i e n t s  w i t h  
i n c r e a s i n ~  t i p  speeds .  Any s h i f t i n g  e f f e c t  of t h i s  s o r t  
must t h e r e f o r c  be considered as r e s u l t i n g  from c a u s e s  



o t h e r  t h a n  b l a d e  C.efleck,ion. F u r t h e r m o r e ,  iLn t h e  s e l e c -  
t i o n  of  a p r o p e l l e r  d i a m e t e r  and. n b l a d e  a n g l e  t o  a b s o r b  
a g i v e n  :Jomer, i t  m i l l  u s u a l l y  be q u i t e  u n n c c c s s a r y  t o  
make any  a l l o w a n c e  f o r  t h e  b l a d e  d e f l e c t i o n s  of p r e s e n t -  
dzy d u r a l u m i n  p r o p e l l e r s .  

I n  t h e  r a n g e  o f  V / ~ D  v a l u c s  be tween  z e r o  and  t i le 
v a l u e  f o r  z e r o  t h r u s t ,  t h e r e  i s  a p o i n t  where t h e  e f f e c -  
t i v e  t s s i q ~ p l  d e f l e c t i o n  - - -- c a u s e d  by & f o r c e s  w i l l  be 
z z r o .  I t  w a s  e s t i m a t e d  t h a t  t h i s  p o i n t  would be  a t  a 
V / ~ D  of a b o u t  0.6 f o r  a b l a d e  s e t  15O a t  0.7'5 R .  A t  t h i s  
v a l u e  o f  V / ~ D  i n  f i g u r e s  '7, 9 ,  11, and. 1 2 ,  t h e  t o r s i o n a l  
d e f l e c t i o n s  s h o u l d  be l a r g e l y  t & e  r e s u l t  o f  c e n t r i f u g a l  
f o r c e s .  I t  ail.1 be  o b s e r v e d  t h a t  i n  a l l  c a s e s  t h e  t o r s i o n -  
a l  d e z l c c t i o n s  a t  a V / ~ D  of  0.6 a r c  v e r y  s m a l l  a n d ,  i n  
a l l  b u t  one c s s e  ( p r ~ ~ e l l e r  6101,  f i g .  l l ) ,  t h e y  a r e  p o s -  

b 

i t i v e .  From t h i s  o b s e r v a t i o n  ' i t  a p p e a r s  t h a t ,  f o r  t h e  
b l a d e s  t e s t e d ,  t h e  z components  o f  t h e  c e n t r i f u g a l  
f o r c e s ,  which  tend. t o  i n c r e a s e  t h e  b l a d e  c n g l e ,  mere ,  i n  
g e n e r a l ,  more p o w e r f u l  t han  t h e  x components ,  which  t e n d  
t o  d e c r e a s e  t h e  b l a d e  s n g l e .  

The f l u t t e r i n g  t e n d e n c i e s  of  p r o p e l l e r  4877 n r e  i l l u s -  
t r a t e d  i n  f i g u r e  1 3 .  I t  mas n o t e d  t h a t  t h e  f l u t t e r  became 
more s e v e r e  n i t h  i n c r e a s i n g  r o t a t i o n a l  s p e e d s  a n d  d e c r e a s -  
i n g  T/nD v a l u e s .  Then f l u t t e r i n g ,  t h e  p r o p e l l e r  e m i t t e d  
a sound s i m i l a r  t o  t h a t  u s u a l l y  a s s o c i c t e d  n i t h  s u p e r s o n i c  
t i p  s p e e d s  and  t h e  t h r u s t  and  t o r q u e  mere c o n s i d e r a b l y  af- 
f e c t e d  as  i n d i c a t e d  i n  r e f e r e n c e  1, I t  w a s  n o t i c e d  oil 
c e r t a i n  o c c a s i o n s  nhen t h e  p r o p e l l e r  v a s  f l u t t e r i n g  t h a t  a 
d o u b l e  image was found  on t h e  s c r e e n ,  On o t h e r  o c c a s i o n s  

. t h r e e  o r  niorc d i s t i n c t  imnges v e r e  found.  The m u l t i p l e  
i n n g e s  z r e  e a s i l y  e x p l a i n e d  ?y t h e  f z c t  t h a t  t h e  sys t em 
a c t s  an n s t r o b o s c o p e  a n d  t h e  beam o f  l i g h t  c a t c h e s  t h e  
p r o p e l l e r  i n  a d i f f e r e n t  p h a s e  of t h e  v i b r a t i o n a l  movement 
on eacL succeeding r e v o l u t i o n .  The maximum d - i s t a n c a  be- 
t c e e n  i n a g e s  n i l 1  n o t  n e c e s s n r i l z  be t h e  f u l l  a m p l i t u d e  of 
t h e  v i b r a t i o r  b u t ,  a s  t h e  nunbe r  of s e p a r a t e  images  i n -  
c r e c s e s ,  t h e  f u l l  z m p l i t u d e  i s  more n e a r l y  ~ " p p r o a c h e d .  In 
f i g u r e  1 3  t h e  p l o t t e d  p o i n f s  r e p r e s e n t  t h e  z~aximum d i s t a n c e  
b e t n e e a  t h e  s e p a r a t e  imnges.  The v i b r a t i o n a l  f r e q u e n c y  of 
t h e  b l a d e s  s h o u l d  be a s i z p l e ,  t 5ough  p o s s i b l - y  i n d e t e r m i -  
n a t e ,  f u n c t i o n  of t h e  z u ~ b e r  of i n c g e s  and t h e  r o t a t i o n a l  
s p e e d .  

? r o p e l l e r  5868 -9  f l u t t e r e d  a t  t h e  t i p s  n t  h i g h  r o t a -  
t i o n a l  s p e e d s  and lorn v a l u e s  of v / ~ D ,  b u t  t h e  a m p l i t u d e  
o f  t h e  v i b r a t i o n  s g c -  c;? t o  be *small. The marked change i n  



s l o p e  of t h e  b e n d i n g - d e f l e c t i o n  c u r v e  nhen t h e  b l a d e  f l u t -  
t e r e d  ( s e e  f i g s .  8  and 13)  i s  a c u r i o u s  phenomenon t h a t  
d o e s  n o t  seem t o  be a c c o u n t e d  f o r  by a l o s s  i n  t h r u s t  due 
t o  f l u t t e r  f o r ,  unde r  t h e s e  c o n d i t i o n s ,  t h e  t h r u s t  a c t u a l -  
l y  i n c r e a s e s  s l i g h t l y  as  shorn  i n  r e f e r e n c e  1. 

An e x a m i n a t i o n  of f i g u r e s  7  and  9 i n d i c a t e s  t h a t  t h e  
t o r s i o n a l  d e f l e c t i o n  o f  a p r o p e l l e r  b l a d e  p r o b a b l y  in -  
c r e z s e s  from hub t o  t i p .  The two s t a t i o n s  t e s t e d  (0.70 R 
and 0.35 R )  r ep resen t . ,  f a i r l y  w e l l ,  t h e  p o r t i o n  of t h e  
b l a d e  hnv ing  t h e  g T e a t e s t  e f f e c t  on a e r o d y n a n i c  perform- 
ance.  

Thc maximum t o r s i o n a l  d e f l e c t i o n  f o r  a b l a d e  a n g l e  of 
0' ( f i g .  1 0 )  i s  v e r y  l i t t l e  d i f f e r e n t  from t h a t  f o r  $3 
l a d e  ~ ~ n g l e  of 15O ( f i g .  7 ) .  There i s  p r o b a b l y  l i t t l e  add 
s n t a g e  i n  making t e s t s  beyond 20' e x c e p t  t o  d e t e r m i n e  t h e  

e f f e c t  on b l a d e  d e f l e c t i o n  o f  b l a d e  s t n l l .  S i n c e  t h e  ten- 
t e r  of  p r e s s u r e  of a s t a l l e d  b l a d c  approaches  t h e  e l a s t i c  
a x i s  o f  t h e  b l a d e ,  t h e  t o r s i o n a l  d e f l e c t i o n ,  caused  by a i r  
f o r c e s ,  beyond t h e  s t a l l  s h o u l d  be l e s s  than  b e f o r o  t h e  
s t n l l  o c c u r s ,  as n a s  mentioned e a r l i e r .  The t o r s i o n a l  de- 
f l e c t i o n  caused  by t h e  x component ( s e e  f i g .  6 )  of t h e  
c e n t r i f u g a l  f o r c e  d o e s ,  hovevor ,  depend on t h e  b l a d e - a n g l e  
s e t t i n g ,  v h i c h  may be j u s t i f i c a t i o n  f o r  t e s t i n g  a t  h i g h  
a n g l e s ,  

COMCLUS PONS 

1, The measured t o r s i o n a l  d e f l e c t i o n s ,  i n  t h e  n o r n a l  
o p e r a t i n g  r a n g e ,  of t n o  p r e s e n t - d a y  t y p e s  of  du ra lumin  p ro -  
p e l l e r s  a c r e  a lmos t  n e g l i g i b l e .  One-tenth o f  s d e g r e e  o r  
l e s s  v a s  measured a t  t b e  0.70 r a d i u s .  

2. Thc t o r s i o n a l  d e f l e c t i o n  a t  t h e  0.85 R s t a t i o n  
r a s  somenhat g r e a t e r  t h a n  a t  t h e  0.70 R s t a t i o n .  

3 .  The l igh t -beam method of mezsur ing  b l a d c  d e f l e c -  
t i o n  eropears t o  be a v e r y  a c c u r a t e  method of making such  
m e a s u r e n e n t s  and might  be of some u s e  i n  p r o p e l l e r - v i b r a -  
t i o n  r e s e a r c h .  

Lang ley  Memorial A e r o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  Adv i so ry  Committee f o r  A e r o n a u t i c s ,  

Langley  Field, Vn., J a n u a r y  1 8 ,  1938. 



APPEXID I X  

NOTES O N  IMPROQEXEiTT OF !dllkfTHOD 

No t i n e  n a s  t a k e n  d u r i n g  t h e  p r e s e n t  t e s t s  t o  p e r f e c t  
t h e  l i g h t - b e a m  method of n e a s u r i n g  d e f l e c t i o n s ; . b o n e v e r ,  
t 3 e  t e s t s  d i d  r e v e a l  c e r t a i n  f e a t u r e s  of t h e  equipment  a n d  
method t h a t  c o u l d  be improved.  R f e n  s u g g e s t i o n s  m i l l  be 
g i v e n  f o r  t h e  b e n e f i t  of t h o s e  nho n i s h  t o  u s e  t h e  method 
i n  t h e  f u t u r e .  

I t  i s  h i g h l g  d e s i r a b l e  t o  k e e p  t h e  beam o f  l i g h t  as  
n a r r o n  c s  2 o s s i b l e  t h r o u g h o u t  i t s  f u l l  l e n g t h  s i n c e  t h e  
l e n g t h  of  t h e  r e f l e c t e d  imzge ( s t r e a k  of l i g h t )  on t h e  
s c r e e n ,  n i ~ i c h  s h o u l d  be  s h o r t  f o r  a c c u r a c y ,  depends  on t h e  
n i d t h  of t h e  l i g h t  beam a t  t h e  n i r r o r .  The l a r g e r  t h e  s p o t  
of l i g h t  a t  t h e  m i r r o r ,  t h e  l o n g e r  i s  t h e  r e f l e c t e d  imcge 
a n d  t h e  L e s s  a c c u r a t e  i s  t h e  d e $ e r n i n a t i o n  of  i t s .  mi?-point .  
On t b c  a s s u m p t i o n  t h a t  2 c e r t a i n  s ?ccd  o f  l e n s  i s  r e q u i r e d ,  
i t  a ,ppezrs  f r o n  t h e o r y  t h n $  t h e  s m s l l e s t  d i a n e t e r  l c n s  sys-  
t e n ,  h z v i n g  t h i s  s n ~ c $ ,  i s  n o s t  d e s i r a b l e .  P r a c t i c a l l y ,  
h o n e v e r ,  t h e  d i a m e t e r  w i l l  p r o b a b l y  be l i n i t c d  b e c a u s e  o f  
d i s t o r t i o n  o f  t h e  image. The optimum di.r?meter,  rrhich n i l 1  
depend  on t h e  d i m e n s i o n s  of t h e  l i g h t  s o u r c e ,  i s  n o t  knovn 
b u t  i t  i s  b e l i e v e d  t o  be s ~ s c t h i n g  l e s s  t h a n  t h e  3-1/3 
i n c h  a p e r t u r e  of t h e  l c n s  use8 i n  t h e s e  t e s t s .  

The d i s t a n c e  from t h e  m i r r o r  t o  t h e  s c r e e n  s h o u l d  be 
gre<?.t enough t o  p r o v i d e  good a c c u r a c y  of r e a d i n g .  I n  t h e  
p r e s e n t  f e s t s  t h i s  d i s t a n c e  w a s  a b o u t  29 f e e t ,  g i v i n g  ap- 
p r o x i m a t e l y  1 f o o t  d e f l e c t i o n  p e r  d e g r e e  of  t n i s t .  

The e n g i n e  mount ing  s h o u l d  be  r i g i d  enough t o  p r e v e n t  
a n g u l c r  movements of t h e  e n g i n e .  T r a n s l a t i o n a l  m o v e n e n f ; ~  
a r e  n o t  mac;nified a n d ,  if s m a l l ,  have  no s e r i o u s  e f f e c t .  

The a n g u l a r  p o s i t i o n  of  t h e  p r o p e l l e r  s h o u l d  be d e f i -  
n i t e l y  e s t a b l i s h e d  i n  t h e  z e r o  p o s i t i o n  and  t h e  l i g h t  beam 
t h e n  c e n t e r e d  on t h c  m i r r o r .  

The Canada b a l s n n  u s e d  t o  c e u e n t  t h e  ~ i r r o r s  o n t o  t h e  
b l a a e s  seemed t o  be s a t i s f e c t o r y  f o r  t h e  t i p  s p c e d s  en- 
c o u n t e r e d  i n  t h e  p r e s e n t  t e s t s  n l t h o u g h  a f e n  d i d  f2y  o f f  
u n d e r  t h e  more s e v e r e  c o n d i t i o n s  of t i p  speed  and  f l u t t e r .  
I t  i s  b e l i e v e d  t h a t  n f i r m e r  a d h e s i v e  might be d e s i r a b l e ,  
o r  n e c e s s a r y ,  f o r  h i g h e r  t i p  s p e e d s  o r  v e r y  bad  f l u t t e r  
c o n d i t i o n s .  An u n s u c c e s s f u l  a t t e m p t  w a s  made t o  p o l i s h  a 
s p o t  on a b l a d e  t o  m i r r o r  smoothness  f o r  t h e  p u r p o s e  of 
e l i n i n n t i n g  t h e  a t  t a c k e d  n i r r o r .  
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Figure 1.- Test set up showing engine 
nacelle and propeller. 
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