
N A S A  C O N T R A C T O R  

R E P O R T  

LOAN COPY: RETURN TO 

KIRTLAND AFB, N MEX 
AFWt (WLIL-2) 

PERFORMANCE  COMPARISONS 
OF HIGH MACH NUMBER 
COMPRESSOR ROTOR  BLADING 

by J. P. Gostelow, KO W. Krabacher, and Lo H. Smith, Jr. 

Prepared by 
GENERAL ELECTRIC COMPANY 
Lynn, Mass. 1 Cincinnati, Ohio 
for Lewis Research  Center 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION WASHINGTON,  D. C. DECEMBER 1968 



TECH LIBRARY KAFB, NM 

00b0543 

NASA CR-1256 

PERFORMANCE COMPARISONS OF HIGH  MACH NUMBER 

COMPRESSOR  ROTOR BLADING 

By J. P. Gostelow, K. W. Krabacher,  and  L. H. Smith, Jr. 

Distribution of this  report  is provided  in  the  interest of 
information  exchange.  Responsibility  for  the  contents 
resides  in  the  author or  organization  that  prepared it. 

Prepared  under  Contract No.  NAS 3-7617 by 
GENERAL  ELECTRIC CO. 

Lynn,  Mass  ./Cincinnati,  Ohio 

for Lewis  Research  Center 

NATIONAL AERONAUTICS AND  SPACE ADMINISTRATION 

For  sole by the  Cleoringhouse for Federal  Scientific and Technical  Information 
Springfield,  Virginia 22151 - CFSTI price $3.00 





FOREWORD 

The  research  described  herein,  which was  conducted by the  General 
Electric  Aircraft  Engine  Technical  Division, was  performed  under NASA 
Contract NAS3-7617. The  work was  done under  the  project  management of 
Mr .  James J. Watt, Airbreathing  Engines  Division, NASA-Lewis Research 
Center,  with Mr .  Everett E. Bailey,  Fluid  System  Components  Division, 
NASA-Lewis Research  Center, as research  consultant. 

iii 





ABSTRACT 

R e s u l t s   o f   t e s t i n g   o f   f o u r  1400 f o o t   p e r   s e c o n d   t i p   s p e e d   s i n g l e  
s t a g e   c o m p r e s s o r   r o t o r s   a r e   p r e s e n t e d .  A l l  r o t o r s   e x c e e d e d   d e s i g n  
e f f i c i e n c y   a n d   f l o w   a t   c o n d i t i o n s   c o r r e s p o n d i n g   t o   d e s i g n   p o i n t   o p e r a t i o n .  
Opera t ing   r ange ,   f rom  peak   e f f i c i ency  t o  s t a l l ,  i s  h i g h e s t   i n   r o t o r s  
d e s i g n e d   f o r  a l o w  t i p   d i f f u s i o n   f a c t o r   a n d   w h i c h   h a v e   t h e  minimum amount 
of   supersonic   camber .  

V 
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R e s u l t s   o f   t e s t i n g   o f   f o u r   a x i a l - f l o w   c o m p r e s s o r   r o t o r s ,   h a v i n g  a m e -  
dium a s p e c t   r a t i o   a n d   d e s i g n e d   f o r  a t i p   s p e e d   o f  1400 f t l s e c . ,   w e r e   e v a l -  
u a t e d   t o   d e t e r m i n e   t h e  opt imum  blade  camber   l ine  shape.   Rotor  1 B  had a d e -  
s i g n   t i p   d i f f u s i o n   f a c t o r  of 0.35 and  Rotors  2B, 2E7 and 2D were des igned  
f o r  a t i p   d i f f u s i o n   f a c t o r   o f  0 .45 .  For   Ro to r s  1 B  and 2B the   camber   o f   the  
s u p e r s o n i c   p o r t i o n   o f   t h e   b l a d e  was a minimum cons i s t en t   w i th   f l ow  chok ing .  
Ro to r  2D had a d o u b l e   c i r c u l a r   a r c   b l a d e   s e c t i o n   a n d   R o t o r  2E h a d   a n   i n t e r -  
med ia t e   deg ree  of s u p e r s o n i c   t u r n i n g .  

A l l  r o t o r s   e x c e e d e d   d e s i g n   e f f i c i e n c y   a t   c o n d i t i o n s   c o r r e s p o n d i n g   t o  
d e s i g n   p o i n t   o p e r a t i o n .   R o t o r  1 B  had a c o n s i d e r a b l e   r a n g e   o f   s t a l l - f r e e  
opera t ion   beyond i t s  d e s i g n   p o i n t   b u t   t h e   o p e r a t i n g   r a n g e   o f   t h e   R o t o r s  2, 
which were d e s i g n e d   f o r   h i g h e r   l o a d i n g ,  was much more l i m i t e d .   T h e   e f f e c t  
o f   camber   l i ne   shape   upon   s t a l l   marg in  was c o n s i d e r a b l e ,   t h e   r o t o r   h a v i n g  
l e a s t  camber i n   t h e   s u p e r s o n i c   p o r t i o n   o f   t h e   b l a d e   h a d   t h e   g r e a t e s t   o p e r -  
a t i n g   r a n g e .  When o p e r a t i n g   w i t h   a c c e p t a b l e   s t a l l   m a r g i n   f o r   a i r c r a f t  j e t  
e n g i n e s ,   t h e   t o t a l - p r e s s u r e   r a t i o   o f   R o t o r  1 B  was a l m o s t   a s   h i g h   a s   t h o s e   o f  
R o t o r s  2B and 2E a n d   h i g h e r   t h a n   t h a t   o f   R o t o r  2D. A t  t h i s   c o n d i t i o n ,   R o t o r  
1 B  h a d   a n   e f f i c i e n c y   o f  0.895 whereas   Rotors  2B7  2E, and 2D h a d   e f f i c i e n c i e s  
of  0.876,   0 .869 and 0 . 8 5 4  r e s p e c t i v e l y .  

The   des ign   we igh t   f l ow  was   exceeded   fo r   each   o f   t he   fou r   ro to r s   a s  a 
r e s u l t   o f   e x c e s s i v e   a l l o w a n c e ,   i n   t h e   d e s i g n   p r o c e s s ,   f o r   i n l e t   b o u n d a r y  
layer   b lockage   and  excessive r o t o r   b l a d e   t h r o a t   a r e a .   R a d i a l   d i s t r i b u t i o n s  
o f   f l ow  cond i t ions  w e r e  i n   r ea sonab le   ag reemen t   w i th   t he   des ign   a s sumpt ions .  

Two o f   t h e   r o t o r s  were t e s t e d   w i t h  severe r a d i a l   a n d   c i r c u m f e r e n t i a l  
d i s t o r t i o n s   o f   t h e   i n l e t   f l o w .   B o t h   d i s t o r t i o n s   h a d  a s u b s t a n t i a l   a d v e r s e  
e f f e c t   o n   r o t o r   p e r f o r m a n c e .  



INTRODUCTION 

I n   t h e   l a s t   f i f t e e n   y e a r s ,   t h e   d i r e c t i o n   t a k e n   i n   t h e   d e v e l o p m e n t   o f  
a x i a l - f l o w   c o m p r e s s o r s   f o r   u s e   i n   a i r c r a f t   p r o p u l s i o n   e n g i n e s   h a s   b e e n  
t o w a r d   i n c r e a s e d   b l a d e   s p e e d s   a n d   i n c r e a s e d   s t a g e   l o a d i n g s .  The o b j e c t i v e  
has   been  t o  a d v a n c e   i n   f h e s e   a r e a s   w i t h o u t   m a k i n g  a s i g n i f i c a n t   s a c r i f i c e   i n  
e f f i c i e n c y ,   a n d   a t   t h e  same time t o   i n c r e a s e   r u g g e d n e s s ,   r e l i a b i l i t y ,   a n d  
r e s i s t a n c e   t o   i n l e t   f l o w   d i s t o r t i o n .   T h e   d e v e l o p m e n t   o f   w o r k a b l e   t i t a n i u m  
a l l o y s   h a s  made t h e   u s e   o f   t i p   s p e e d s   o f  1400 fee t   per   second  and   beyond me- 
c h a n i c a l l y   p r a c t i c a l ,   a n d   a t   s u c h   s p e e d s   b l a d e   i n l e t   r e l a t i v e  Mach numbers 
a re   h igh   enough  so t h a t   t h e   p o t e n t i a l   f o r   h i g h   l o s s e s   d u e   t o   s h o c k s   e x i s t s .  
The s h o c k   l o s s e s  may be  minimized by min imiz ing   camber   i n   t he   supe r son ic   o r  
f o r w a r d   p o r t i o n   o f   t h e   b l a d e .   T h i s   i n t r o d u c e s   t h e   p o s s i b i l i t y   o f   f l o w   s e p -  
a r a t i o n   d u e   t o   e x c e s s   s u r f a c e   c u r v a t u r e   i n   t h e   s u b s o n i c   o r   r e a r   p o r t i o n   o f  
t h e   b l a d e .  It i s  t h e   o b j e c t i v e   o f   t h e   c u r r e n t   e x p e r i m e n t a l   p r o g r a m   t o   d e -  
t e rmine   t he   pe r fo rmance   o f   ro to r s   w i th   va ry ing   deg rees   o f   supe r son ic   camber  
a n d   t o   o b t a i n   d a t a   t h a t  w i l l  a i d   i n   t h e   s e l e c t i o n   o f  optimum  blade  shapes. 

I n   p u r s u i t   o f   t h e s e   o b j e c t i v e s ,   f o u r   d i f f e r e n t   r o t o r s  were designed  and 
t e s t e d .  T h e   d e s i g n   o f   a l l   f o u r   r o t o r s  i s  d e s c r i b e d   i n   r e f e r e n c e  1. One 
r o t o r  was   des igned   fo r  a t i p   d i f f u s i o n   f a c t o r   o f  0.35 a n d   t h r e e   o t h e r   r o t o r s  
were  more  highly  loaded,  having t i p  d i f f u s i o n   f a c t o r s   o f  0.45. 

A new type   of   b lade   shape   has   been   employed   in   which   the   camber   l ine  
c o n s i s t s  of two c i r c u l a r   a r c s   t h a t   a r e   m u t u a l l y   t a n g e n t   a t   t h e   p o i n t  w h e r e  
t h e y   j o i n .   T h i s   p o i n t  i s  d i r e c t l y   a c r o s s   t h e   f l o w   p a s s a g e   f r o m   t h e   l e a d i n g  
e d g e   o f   t h e   a d j a c e n t   b l a d e   t h a t   f o r m s   t h e   o t h e r   s i d e   o f   t h e   f l o w   p a s s a g e .  
The f r o n t   a r c  i s  i d e n t i f i e d   a s   t h e   s u p e r s o n i c   a r c ,   a n d   t h e   r e a r   a r c  i s  i d e n -  
t i f i e d   a s   t h e   s u b s o n i c   a r c .  The term, c a m b e r   r a t i o ,   r e f e r s   t o   t h e   r a t i o   o f  
t h e   c a m b e r   o f   t h e   s u p e r s o n i c   a r c   t o   t h e   t o t a l   c a m b e r .   T h e   f o r w a r d   a n d   r e a r -  
ward   s ec t ions   o f   t he   suc t ion   and   p re s su re   su r f aces  were a l s o  composed o f  
c i r c u l a r   a r c s .   B l a d e   e l e m e n t s   d e v e l o p e d   i n   t h i s  way a r e   c a l l e d   m u l t i p l e -  
c i r c u l a r - a r c   e l e m e n t s .   I n   t h i s   t e s t   s e r i e s   t h e   c a m b e r   r a t i o   a t   t h e  t i p  i s  
va r i ed   be tween   t he  minimum t h a t  is’ c o n s i s t e n t   w i t h   c h o k e - f r e e   o p e r a t i o n   a n d  
t h a t   c o r r e s p o n d i n g   t o  a d o u b l e   c i r c u l a r   a r c   b l a d e   s e c t i o n .   P e r f o r m a n c e  com- 
p a r i s o n s   f o r   t h e   f o u r   r o t o r s   t h a t   c o m p r i s e   t h i s  t e s t  series a r e   g i v e n   i n  
t h i s   r e p o r t   a n d  t e s t  measurements f o r  t h e   f o u r   i n d i v i d u a l   r o t o r s   a r e   g i v e n  
i n   r e f e r e n c e s  2 t h rough  5. 

SYMBOLS 

T h e   f o l l o w i n g   s y m b o l s   a r e   u s e d   i n   t h i s   r e p o r t :  

A f l o w   a r e a ,   i n  2 

a d i s t a n c e   a l o n g   c h o r d   l i n e   t o   p o s i t i o n   w h e r e  maximum p e r p e n d i c u l a r  
d i sp l acemen t   be tween   camber   l i ne   and   chord   l i ne   occu r s ,   i n  
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b l a d e   c h o r d   l e n g t h ,   i n  

r2v02 - r l v e l  d i f f u s i o n   f a c t o r ,  D = 1 - - 
2rav, ' 

i n c i d e n c e   a n g l e ,   d i f f e r e n c e   b e t w e e n   a i r   a n g l e   a n d   c a m b e r  l i n e  
a n g l e   a t   l e a d i n g   e d g e   i n   c a s c a d e   p r o j e c t i o n ,   d e g  

I 

Mach number 

t o t a l   o r   s t a g n a t i o n   p r e s s u r e ,   p s i a  

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

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

r a d i u s ,   i n  

mean r a d i u s ,   a v e r a g e   o f   s t r e a m l i n e   l e a d i n g - e d g e   a n d   t r a i l i n g - e d g e  
r a d i i ,   i n  

t o t a l  o r  s t a g n a t i o n   t e m p e r a t u r e ,  OR 

a i r   v e l o c i t y ,   f t l s e c  

we igh t   f l ow,   l b l sec  

d i sp lacemen t   a long   compresso r   ax i s ,   i n  

a i r   a n g l e ,   a n g l e  whose  tangent  i s  t h e   r a t i o   o f   t a n g e n t i a l   t o   a x i a l  
v e l o c i t y ,   d e g  

r a t i o :  t o t a l   p r e s s u r e  p s   i a  
s t a n d a r d   p r e s s u r e  ' 14.696  psia 

d e v i a t i o n   a n g l e ,   d i f f e r e n c e   b e t w e e n   a i r   a n g l e   a n d  camber l i n e  
a n g l e   a t   t r a i l i n g   e d g e   i n   c a s c a d e   p r o j e c t i o n ,   d e g  

r a t   i o  : t o t a l   t e m p e r a t u r e  O R  

e f f i c i e n c y  
s t anda rd   t empera tu re  , 518.688"R 

u n i t   v e c t o r  i n  d i r e c t i o n   o f   i n t e r s e c t i o n   o f   a x i s y m m e t r i c   s t r e a m  
s u r f a c e   a n d   b l a d e  mean s u r f a c e  

a n g l e   b e t w e e n   c y l i n d r i c a l   p r o j e c t i o n   o f  ? a n d   a x i a l   d i r e c t i o n ,  
deg 

K 

s o l i d i t y ,   r a t i o  o f  c h o r d   t o   s p a c i n g  

camber   ang le ,   d i f f e rence   be tween   ang le s ,   i n   ca scade   p ro j ec t ion ,   o f  
t a n g e n t s   t o  camber l i n e   a t  extremes of  camber l i n e   a r c ,   d e g  
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4J stream function; $h = 0, = 1 

w t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t  
- 

S u b s c r i p t s :  

a d  

a n  

avg 

i n  

j 

s s  

s t a l l  

t 

t h r  

z 

e 

1 

2 

a d i a b a t i c  

a n n u l u s   v a l u e  

a r i t h m e t i c   a v e r a g e   a t   a n y   p l a n e  

i n l e t   a v e r a g e   c o n d i t i o n s  

immersion  number 

s u p e r s o n i c   o r   f r o n t   p o r t i o n  of b l ade   e l emen t  

a t   t h e   p o i n t  of s t a l l   i n c e p t i o n  

t i p   a t   r o t o r   l e a d i n g   e d g e   p l a n e  

loca t ion   i n   pas sage   be tween   ad jacen t   b l ades   where   a r ea   bounded  
by a d j a c e n t   b l a d e s   a n d   a d j a c e n t   a x i s y m m e t r i c   s t r e a m   s u r f a c e s  i s  
m i  n imum 

w i t h   r e s p e c t   t o   a x i a l   d i s p l a c e m e n t  

w i t h s r e s p e c t   t o   m e r i d i o n a l   d i s p l a c e m e n t  

l ead ing   edge  

t r a i l i n g   e d g e  

0.05, 0.86, 0.95, 1.51, 1.57, 2 .0  i n s t r u m e n t a t i o n   p l a n e   d e s i g n a t i o n s   ( f i g .  3 )  

S u p e r s c r i p t s :  

Jr c r i t i c a l   . f l o w   c o n d i t i o n  

I r e l a t i v e   t o   r o t o r  

DESCRIPTION OF TEST  ROTORS 

F o u r   r o t o r s   h a v e   b e e n   d e s i g n e d   a n d   t e s t e d   i n   t h i s   i n v e s t i g a t i o n .   T h e  
d e s i g n   o f   a l l   f o u r   r o t o r s  i s  g i v e n   i n   r e f e r e n c e  1 and t e s t  r e s u l t s   f r o m   a l l  
f o u r   r o t o r s   a r e   p r e s e n t e d  i n   r e f e r e n c e s  2, 3, 4,  and 5. A l l  f o u r   r o t o r s  
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were d e s i g n e d   f o r  a c o r r e c t e d   w e i g h t   f l o w   p e r   u n i t   f r o n t a l   a r e a   o f  29.66 
l b s / s e c   p e r   s q u a r e   f o o t .   W i t h .   t h e   s e l e c t e d   r o t o r   t i p   d i a m e t e r   o f   3 6 . 5   i n c h e s  
a n d   t h e   h u b - t i p   r a d i u s   r a t i o   o f   0 . 5 0 ,   t h e   d e s i g n   c o r r e c t e d   w e i g h t   f l o w  i s  
215.49   lbs / sec .  A r o t o r   t i p   s o l i d i t y   o f  1.3, z e r o   i n l e t  swirl, a r o t o r   t i p  
speed   of   1400  f t / sec ,   and  a t i p   a x i a l   v e l o c i t y   r a t i o   o f   0 . 9 1  were s e l e c t e d .  
A t i p   d i f f u s i o n   f a c t o r   o f   0 . 3 5  was chosen f o r  Rotor  l B ,  and a va lue   o f   0 .45  
was c h o s e n   f o r   R o t o r s  2B, ZE, and 2D. Based   on   t he   above   des ign   pa rame te r s  
t h e   c h a n g e   i n   a n g u l a r  momentum a c r o s s   t h e   r o t o r   a t   t h e   r o t o r   t i p  was   ca l cu -  
l a t e d .   T h i s   c h a n g e   i n   a n g u l a r  momentum, w i t h  a s u i t a b l e   r o t o r   t o t a l -  
p r e s s u r e - l o s s   c o e f f i c i e n t ,   d e r i v e d   f r o m   t h e  NASA method  of   re fe rences  6 and 
7, r e s u l t e d   i n  a d e s i g n   r o t o r   t o t a l - p r e s s u r e   r a t i o   o f   1 . 6 0   f o r   R o t o r  l B ,  and 
1 . 7 6   f o r   R o t o r s  2B,  2E and 2E. T h e   d e s i g n   t o t a l - p r e s s u r e   r a t i o  was h e l d  
c o n s t a n t . r a d i a l l y   i n   a l l   f o u r   r o t o r s .   B e c a u s e   u s e  of t h e  l o s s  c o r r e l a t i o n  
r e s u l t e d   i n   r a d i a l l y   v a r y i n g   l o s s e s ,  a r a d i a l   v a r i a t i o n   o f   t h e   c h a n g e   i n  
a n g u l a r  momentum was  used i n   t h e   d e s i g n   v e c t o r   d i a g r a m   c a l c u l a t i o n s .  

D o u b l e - c i r c u l a r - a r c   b l a d e   s e c t i o n s  were u s e d   i n   t h e   c a s c a d e   p r o j e c t i o n > k  
a l o n g   t h e   r a d i a l   h e i g h t   o f   t h e   b l a d e   b e t w e e n   t h e   h u b   a n d  a p o i n t   a p p r o x i -  
mate ly   60   percent   o f   the   span  away f rom  the  hub. M u l t i p l e - c i r c u l a r - a r c  
s e c t i o n s  were u s e d   i n   t h e   r e m a i n i n g   p o r t i o n   o f   t h e   b l a d e .   T h e   t i p   b l a d e  
e l emen t s  of R o t o r s  1 B  and 2B were s e l e c t e d   t o   h a v e   t h e  minimum amount  of 
camber i n   t h e   s u p e r s o n i c   p o r t i o n   o f   t h e   b l a d e   t h a t  was c o n s i s t e n t   w i t h   f l o w  
c h o k i n g   l i m i t a t i o n s .   I n   t h e   c a s e  of Ro to r  2 D  t he   b l ade   had  a doub le -  
c i r c u l a r - a r c   s e c t i o n   a l o n g   t h e   e n t i r e   b l a d e   s p a n .   R o t o r  2E had a b lade   shape  
which was in t e rmed ia t e   be tween   t he   two  extremes. B lade   e l emen t   des ign   da t a  
i n   t h e   c a s c a d e   p r o j e c t i o n   a r e   g i v e n   f o r   t h e   f o u r   r o t o r s   i n   t a b l e s  1 through 
4. I n   f i g u r e  1 a c l o s e - u p   o f   t h e   t i p   e l e m e n t s   o f   o n e   b l a d e   f r o m   e a c h   o f   t h e  
f o u r   r o t o r s  i s  g i v e n .   T h e   d i f f e r e n t   c a m b e r   l i n e   s h a p e s  of  each   b l ade   can   be  
c l e a r l y   s e e n   i n   t h i s   p h o t o g r a p h .  

I n   o r d e r   t o   a s s e s s   t h e   q u a l i t y   o f   t h e   b l a d i n g   a f t e r   m a n u f a c t u r e ,   t h e  
b l ad ing   was   i n spec ted  by means of c o n t o u r   l a y o u t s   a t   s e v e r a l   c y l i n d r i c a l  
s e c t i o n s .   T h e   a v e r a g e   b l a d e   p r o f i l e s   d e r i v e d   i n   t h i s  way were then  compared 
w i t h   d e s i g n   i n t e n t .   I n   a l l   c a s e s  it was   j udged   t ha t   t he   b l ad ing   was   ade -  
q u a t e   t o   a c h i e v e   d e s i g n   i n t e n t .  

T h e   a v e r a g e   r u n n i n g   t i p   c l e a r a n c e ,  a t  100% speed,  was i n   t h e   r a n g e   b e -  
tween  0 .037  inch  and  '0 .043  inch  for  a l l   f o u r   r o t o r s .  

Performance t e s t s  were made i n   G e n e r a l   E l e c t r i c ' s  House  Compressor 
F a c i l i t y ,   a t  Lynn, Massachuse t t s .  A diagram  of   the  t e s t  arrangement  *Is 

+<As d e s c r i b e d   i n   r e f e r e n c e  1, t h e   c a s c a d e   p r o j e c t i o n  i s  o b t a i n e d  by viewing 
t h e   i n t e r s e c t i o n   o f  a b l a d e   a n d   a n   a x i s y m m e t r i c   s t r e a m   s u r f a c e   i n   t h e   r a d i a l  
d i r e c t i o n .   T h e   j u s t i f i c a t i o n   f o r   t h e   u s e   o f   t h i s   p r o j e c t i o n  i s  g i v e n   i n  
r e f e r e n c e  8. 
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g i v e n   i n   f i g u r e  2 a n d   t h e   f a c i l i t y  i s  d e s c r i b e d   i n   r e f e r e n c e  2. I n   t h e  m e -  
r i d i o n a l  view o f   f i g u r e  3, some i n s t r u m e n t a t i o n   l o c a t i o n s   a r e   g i v e n   a n d   t h e  
h u b   a n d   c a s i n g   c o n t o u r s   a r e   i n d i c a t e d .  A s  e x p l a i n e d   i n   r e f e r e n c e  1, a  com- 
mon c a s i n g  w a s   u s e d   f o r   a l l   f o u r   r o t o r s .  The d i f f e r e n c e   i n  hub  contour   be-  
tween  Rotor  l and   Ro to r s  2 r e s u l t e d   i n   d i f f e r e n t   r a d i i   f o r   a l l  o f   t h e   i n -  
s t r u m e n t a t i o n   e x c e p t   t h e   i n l e t   P i t o t - s t a t i c   a n d   c a s i n g   b o u n d a r y   l a y e r   r a k e s .  
The c i r c u m f e r e n t i a l   l a y o u t   o f   i n s t r u m e n t a t i o n  i s  shown i n   f i g u r e  4. 

The d e t a i l e d   i n s t r u m e n t a t i o n   a n d   g e n e r a l   p r o c e d u r e   w h i c h  were u s e d   i n  
t h e   t e s t i n g   o f   e a c h   r o t o r   h a v e   b e e n   d e s c r i b e d   i n   t h e   a p p r o p r i a t e   p e r f o r m a n c e  
r e p o r t s   ( r e f s .  2,  3, 4, and 5 ) .  

Tab le  1: Rotor  1 B  Design  Data  For  Blade  Element  Immersions 
A t  Leading And T r a i l i n g   E d g e s  

j rl i K ’  1 
1 17.310 63.458 3 .748 59 .61  
2 15.622 60.806 4.796 56 .01  
3 13.916 58.406 5.846 52.56 
4 12.182 55.659 5.949 49.7 1 
5 10.257 53.393 6.783 47 .11  

j r 2 B2? 6 O  K2  

1 17.137 57.896 3.476 54.47 
2 15.595 56.07 7 3.397 50 .68  
3 14 .034 47.497 3.707 43 .79  
4 12.456 37.542 5.392 32.15 
5 10.895 22.770 8.480 14 .29  

1 
2 
3 
4 

- a 
C t 

D 
” 22 - 
v21  

0.696 1 .369 0 . 3 8 8  0 .846 
0.616 1 .508 0.432 0.812 
0 .500 1 .684 0.475 . 0.826 
0.500 1 .906 0.510 0.864 
0.500 2.217 0 .481 1.015 



T a b l e  2 :  R o t o r  2B Design  Dataxor   Blade  Element   Immersions 
A t  Leading And T r a i l i n g   E d g e s  

j r 

1 17.392 62 .625  3.985 58.64 
2 15.759 60 .159  4.829 55.33 
3 14.180 57.957 5.707 52.25 
4 12.456 55.725 6 . 0 1 5  49 .71  
5 10.494 56.874 6 . 2 7 4  50 .60  

1 ' i K '  1 

j r 6 O  K '  

1 17.201 54.224 5 .864  48.36 
2 15.768 49.376 5.086 4 4 . 2 9  
3 14.354 41 .761  5 .591  36.17 
4 12.921 30.561 7 . 1 1 1  23.45 
5 11.516 17.164 11.384 5.78 

2 B2 ' 2 

- a 
C t 

D 

1 0.685 1 .363  0 . 4 7 1  0 . 8 3 3  
2 0 . 5 9 3  1 .494  0 . 5 1 3  0 . 8 1 1  
3 0 . 5 0 0  1.650 0 . 5 5 2  0 .830  
4 0.500 1.849 0 .554  0 . 9 1 4  
5 0 . 5 0 0  2.136 0 . 4 4 8  1.259 

Tab le  3': R o - t s r  -2E ~.~ Des-ign .Dat-a F o r  Blade  Element  Immersions 
A t  Leading And T r a i l i n g   E d g e s  

1 17.392 62 .625  3.725 58.90 
2 15 .759  60.159 4.699 55.46 
3 14.180 57.957 5.707 52 .25  
4 12.456 55.725 6.015 49.7 1 
5 10.494 56.874 6 .274  50.60 

j r 2 82 ' tio K 2  ' 
1 17.201 54.224 4 .784  49.44 
2 15.768 49.376 4.646 44 .73  
3 14.354 4 1 . 7 6 1  5 .591  36.17 
4 12.921 30.561 7 . 1 1 1  23.45 
5 11.516 17.164 11.384 5 .78  



T a b l e  3: Continued 

- a 
C t 

D 

1 ' 0.621 1.363 0.471 0.833 
2 0.562 1.494 0.513 0.811 
3 0.500 1.650 0.552 0.. 830 
4 0.500 1.849 0.554 0.914 
5 0.500 2.136 0.448 1.259 

Tab le  4: Roto r  2D Design  Data   For   Blade  Element   Immersions 
A t  Leading And T r a i l i n g   E d g e s  

j 

1 
2 
3 
4 
5 

j 

1 
2 
3 
4 
5 

j 

1 
2 
3 
4 
5 

rl B1 ' i 

17.392 62.625 3.845 
15.759 60.159 4.769 
14.180 57.957 5.707 
12.456 55.725 6.015 
10.494 56.874 6.274 

r 2 B2 6 O  

17.201 54.224 4.044 
15.768 49.376 4.346 
14.354 41.761 5.591 
12.921 30.561 7.111 
11.516 17.164 11.384 

D 
L 

0.500 1.363 0.471 
0.500 1.494 0.513 
0.500 1.650 0.552 
0.500 1.849 0.554 
0.500 2.136 0.448 

K 1  1 

58.78 
55.39 
52.25 
49.71 
50.60 

K 2 1  

50.18 
45.03 
36.17 
23.45 
5.78 
- vz2 

v Z 1  
0.833 
0.811 
0.830 
0.914 
1.259 

COMPARISONS  OF  OVERALL  PERFORMANCE 

The performance maps o b t a i n e d   f r o m   t e s t i n g   e a c h   o f   t h e   f o u r   r o t o r s   w i t h  
a n   u n d i s t o r t e d   i n l e t   f l o w   a r e   p r e s e n t e d   i n   f i g u r e s  5 ( a )   t h r o u g h  5 ( d ) .   I n  
t h i s   p o r t i o n  of t h e   r e p o r t   t h e   o v e r a l l   p e r f o r m a n c e   o f   e a c h   r o t o r  i s  d i s c u s s e d  
b o t h   i n   r e l a t i o n   t o  i t s  d e s i g n   p o i n t   a n d   w i t h   r e s p e c t  t o  the   per formances   o f  
t h e   o t h e r   r o t o r s .   C e r t a i n   c o n c l u s i o n s   a r e   d r a w n   w i t h   r e g a r d   t o   t h e   e f f e c t s  
of b l ade   l oad ing   and   t i p   camber   l i ne   shape .   F ina l ly   t he   pe r fo rmance   w i th  
d i s t o r t e d   i n l e t   f l o w  i s  d i s c u s s e d .  

8 



Comparisons of Pe r fo rmance   w i th   Des ign   In t en t  

Weight  Flow  Comparisons. A s  c a n   b e   s e e n   i n   f i g u r e s  5 (a )   th rough 5 (d) ,  
a l l  o f   t h e   r o t o r s   e x c e e d e d   t h e   d e s i g n   f l o w   a t   d e s i g n   s p e e d .   T h e   p e r c e n t a g e s  
by  which t h i s   o c c u r r e d   a r e   g i v e n   i n   t a b l e  5. 

T a b l e  5: Perc-entages by Which  Achieved  Weight  Flow  Exceeded 
"~ .~ 

DeAign  Weight ~~ Flow a t  Design  Speed 

.- ". 

Roto r  1 B  
2B 
2E 
2D 

. _" 
A t  d e s i g n  

f low p r e ' s s u r e   r a t i o  
A t  maximum 

" " ~ 

2 .1  

5.0 4.7 
5.2 4.6 
4.0 3.7 
3.0 

S i n c e   t h e s e   r o t o r s   o p e r a t e   t r a n s o n i c a l l y ,   p a s s a g e   a r e a s   c a n   b e   e x p e c t e d   t o  
p l a y  a l a r g e   r o l e   i n   t h e   e s t a b l i s h m e n t   o f   t h e   w e i g h t   f l o w .   T h e r e f o r e ,   t a b l e  
6 h a s   b e e n   p r e p a r e d   t o   p r o v i d e   a n   a s s e s s m e n t   o f   t h e   v a r i o u s   a l l o w a n c e s   t h a t  
a f f e c t   p a s s a g e   t h r o a t   a r e a .  

Table   6:   Throat   Area  Allowances,  - Expressed   a s   Pe rcen t   o f  
Design  Capture   Area 

Rotor  I- ~ . .__. 

A l l o w a n c e   f o r   i n l e t  
annulus-wal l   boundary 
l a y e r s  

A l l o w a n c e   f o r   p a r t -  
span  shroud 

Al lowance   for   normal -  
s h o c k   r e l a t i v e - t o t a l  
p r e s s u r e   l o s s  

A l lowance   fo r  a l l  
o t h e r   e f f e c t s  

T o t a l  area a l lowance  

Design 

1 B  __ 

2.0 

2.0 

1 . 2  

3.9 

9 .1  

" 

2B 

2.0 

2.0 

1 . 6  

7.7 

13.3 

" 

2E 

2.0 

2.0 

1 . 6  

9.0 

14.6 

2D 

2.0 

2.0 

1 . 6  

9.9 

15.5 

~ 

Test ,  a t  d e s i g n   p r e s -  
s u r e   r a t i o  

1 B  

1.1 

1 . 4  

1 . 2  

3.3 

7.0 

2B 

1.1 

1 .2  

1 . 6  

5.7 

9.6 

2E 

1.1 

1 . 2  

1 . 6  

6 . 1  

10.0 

2D 

1.1 

1 . 2  

1 . 6  

6.9 

10.8 

- 
- 



P a r t  of t h e   f l o w  excess shown i n   t a b l e  5 f o r   e a c h   r o t o r   c a n   b e   d i r e c t l y  
r e l a t e d   t o   t h e   a n n u l u s - w a l l   b o u n d a r y   l a y e r   b l o c k a g e   a s s u m p t i o n .  An e f f e c -  
t i v e - a r e a   c o e f f i c i e n t   o f  0.98 was  used a s  a d e s i g n   v a l u e   a t   r o t o r   i n l e t .  
Tota l -pressure   measurements   t aken   wi th   the   boundary   l ayer   rake   dur ing   run-  
n i n g  of  Ro to r  1 B  a t  des ign   speed   have   i nd ica t ed   t ha t   t he   ca s ing   boundary  
l a y e r   d i s p l a c e m e n t   t h i c k n e s s  was 0.06 i n c h .   I f  i t  i s  a s sumed   t ha t   t he   hub  
boundary   l aye r   d i sp l acemen t   t h i ckness  i s  0.03 inch,   which i s  p l a u s i b l e ,   t h e  
i n l e t   a n n u l u s - w a l l   b o u n d a r y   l a y e r s   a c t u a l l y   o n l y   a c c o u n t e d   f o r   a n   a r e a   r e -  
duc t ion   o f  1.1%. T h i s   h a s   b e e n   i n d i c a t e d   i n   t h e   f i r s t  row  of t a b l e  6. Also,  
2% area   a l lowance   had   been  made for   the   par t - span   shrouds ;   however ,   measure-  
m e n t s   o f   s h r o u d   t h i c k n e s s   a f t e r   f a b r i c a t i o n   i n d i c a t e d   t h a t  somewhat less  a r e a  
t h a n   t h a t  was a c t u a l l y   b l o c k e d ,   a s   i n d i c a t e d   i n   t h e   s e c o n d  row o f   t a b l e  6. 

The d e r i v a t i o n   o f   a l l o w a n c e s   f o r   n o r m a l - s h o c k  lo s s  a n d   f o r   a l l   o t h e r  
e f f e c t s  i s  i l l u s t r a t e d   f o r   R o t o r  1 B  i n   f i g u r e  6. The a r e a   a l l o w a n c e   f o r   t h e  
r e l a t i v e   t o t a l - p r e s s u r e  l o s s  d u e   t o  a normal  shock a t   t h e   u p s t r e a m  Mach  num- 
b e r  was n o t   a f f e c t e d  by t h e   s l i g h t   d i f f e r e n c e s   b e t w e e n   d e s i g n   a n d   t e s t  Mach 
numbers ;   thus   the   des ign   and  t e s t  p a r t s ,   i n   t h e   t h i r d  row o f   t a b l e  6, a r e  
i d e n t i c a l .  T h e   d e s i g n   a l l o w a n c e   f o r   a l l   o t h e r   e f f e c t s  w a s   n o t   s p e c i f i e d   a s  
s u c h   i n   t h e   d e s i g n   p r o c e s s   b u t   r e s u l t e d   f r o m   t h e   d e s i g n   s p e c i f i c a t i o n s   o f  
i n c i d e n c e ,   d e v i a t i o n ,   t h i c k n e s s   a n d   c a m b e r   r a t i o .   T h e   r e s u l t i n g   a r e a   a l l o w -  
a n c e   f o r   a l l   o t h e r   e f f e c t s  i s  i d e n t i f i e d   i n   f i g u r e  6. Allowances  given  on 
t h e   d e s i g n   s i d e   o f   t h e   t a b l e   a r e   c o n s i s t e n t   w i t h   t h e   d i f f e r e n c e   b e t w e e n   d e -  
s i g n   v a l u e s   a n d   t h e   t h e o r e t i c a l   t h r o a t   a r e a   c u r v e ,   i n   f i g u r e  6, averaged 
ove r   t he   annu lus .  

T h e   v a l u e s   o f   " t o t a l   a r e a   a l l o w a n c e "   o n   t h e   t e s t   s i d e   o f   t a b l e  6 d i f f e r  
f r o m   t h o s e   o n   t h e   d e s i g n   s i d e  by t h e   f l o w   d i f f e r e n c e s   a t   d e s i g n   p r e s s u r e  
r a t i o   g i v e n   i n   t a b l e  59:. The  numbers i n   t h e   " a l l o w a n c e   f o r  a l l  o t h e r  
e f f e c t s "  row on t h e  t es t  s i d e  of t a b l e  6 a r e   t h o s e   n e e d e d   t o   o b t a i n  t h e  
t o t a l s   i n   t h e   f i n a l  row. A s  exp la ined   i n   Append ix  C o f   r e f e r e n c e  1, t h e  
p h y s i c a l  phenomena t h a t   r e q u i r e   t h i s   a l l o w a n c e   a r e :  

1. bui ld-up   of   b lade   boundary   l ayer ,  

2. bu i ld -up   o f   annu lus   wa l l   boundary   l aye r s   f rom  the   l ead ing   edge   t o  
t h e   b l a d e   t h r o a t ,  

3 .  s h o c k   l o s s e s   i n   e x c e s s   o f   t h o s e   a s s o c i a t e d   w i t h   o n e   n o r m a l   s h o c k  
a t   t h e   i n l e t   r e l a t i v e  Mach number,  and 

4 .  l a c k   o f   u n i f o r m   f l o w   i n   t h e   f r e e   s t r e a m   a t   t h e   b l a d e   t h r o a t .  

*It i s  p e r m i s s i b l e   h e r e   t o   r e l a t e   p e r c e n t a g e   f l o w   c h a n g e s   w i t h   p e r c e n t a g e  
a r e a   c h a n g e s   i n   t h e   r o t a t i n g   f r a m e   o f   r e f e r e n c e   b e c a u s e   n o   i n l e t  swirl was 
p r e s e n t   a n d ,   t h e r e f o r e ,   t h e   r a d i a l   d i s t r i b u t i o n s   o f   r e l a t i v e   t o t a l   p r e s s u r e  
a n d   r e l a t i v e   t o t a l   t e m p e r a t u r e   w e r e   t h e  same f o r   b o t h   d e s i g n   a n d   t e s t .  

10 



From t h e   d a t a   w h i c h   h a v e   b e e n   p r e s e n t e d  it  a p p e a r s   t h a t   t h e  excess 
w e i g h t   f l o w   o b t a i n e d   i n   t h e   t e s t i n g   o f   e a c h   r o t o r  was r e l a t e d   t o   t h e   t o t a l  
t h r o a t   p a s s a g e   a r e a   a l l o w a n c e   f o r   t h a t   r o t o r .  It i s  l i k e l y   t h a t   t o o  much 
t h r o a t   a r e a  was p r o v i d e d   f o r   e a c h   o f   t h e s e   r o t o r s .   I n   a n y   s u b s e q u e n t   d e s i g n  
i t  w o u l d   b e   a d v i s a b l e   t o   s p e c i f y   t h r o a t   a r e a   a s  a d e s i g n   p a r a m e t e r   a n d   t o  
s h a p e   t h e   b l a d e   e l e m e n t s   a c c o r d i n g l y .  

Operating  Range  Comparisons.  A s  d i s c u s s e d   i n   t h e  tes t  r e p o r t s ,   t h e  
s t a l l  l i n e   f o r   e a c h   r o t o r  was o b t a i n e d  by o b s e r v a t i o n   o f   t h e   d i s c h a r g e   v a l v e  
s e t t i n g   a t   t h e   s t a l l   p o i n t   a n d   e x t r a p o l a t i o n   o f   t h e   p r e s s u r e   r a t i o   a n d  
w e i g h t   f l o w   c h a r a c t e r i s t i c s   t o   t h e   s t a l l   s e t t i n g .  

From t h e   R o t o r  1 B  performance map ( f i g .   5 ( a ) ) ,  i t  i s  e v i d e n t   t h a t ,   a t  
100% s p e e d ,   t h e   r o t o r   c o u l d   b e   t h r o t t l e d   c o n s i d e r a b l y   b e y o n d   t h e   r e g i o n   o f  
t h e   d e s i g n   p o i n t   b e f o r e   t h e   o n s e t   o f   r o t a t i n g   s t a l l .   T h e   R o t o r s  2 however, 
( f i g s .   5 ( b ) ,  5(c),  and   5 (d ) ) ,   do   no t   posses s   such  a wide  range of s t a l l - f r e e  
o p e r a t i o n   a s   R o t o r  1 B ;  t h i s   c a n   a l s o   b e   s e e n   i n   f i g u r e  7 which i s  a composi te  
p l o t   f o r   t h e   d e s i g n   s p e e d   p e r f o r m a n c e   o f   e a c h   r o t o r .   T h e  s t a l l  l i n e s   o f  
R o t o r s  2B,  2E, and 2D a r e   t o o   c l o s e   t o   t h e i r   d e s i g n   p o i n t   f o r  most a i r c r a f t  
a p p l i c a t i o n s .  A s  a r e s u l t  of t h i s   d i s p a r i t y   b e t w e e n   t h e   o p e r a t i o n   o f   R o t o r  
1 and  of   the   Rotors  2, i t  i s  not   adequate   to   mutua l ly   compare   the   per formance  
l e v e l s  on t h e   b a s i s  of  d e s i g n   p o i n t   o p e r a t i o n .  It i s  t h e r e f o r e   d e s i r a b l e   t o  
i n t r o d u c e  a q u a n t i t a t i v e   c r i t e r i o n   f o r   s t a l l   m a r g i n   f o r   u s e   i n   a n y   c o m p a r a -  
t i v e   a p p r a i s a l  of t h e   r o t o r s .  One s i m p l e  a n d   u s e f u l   s t a l l   m a r g i n   p a r a m e t e r  
which   has   been   f requent ly   used  i s  t h e   p e r c e n t a g e  by wh ich   t he   we igh t   f l ow 
d i v i d e d  by p r e s s u r e   r a t i o ,   a t   a n y   o p e r a t i n g   p o i n t ,   e x c e e d s   t h a t   q u a n t i t y   a t  
t h e   s t a l l   p o i n t .  T h e   f o r m u l a t i o n   o f   t h i s  i s  a s   f o l l o w s :  

'?, s t a l l  margin = 100 

W 

('1. 57/p0.05 
L 

W 

L J 

a t   c o n s t a n t   s p e e d .   T a b l e  7 g i v e s   t h e   s t a l l   m a r g i n ,   a l o n g  a c o n s t a n t - s p e e d  
l i n e   t h a t   p a s s e s   t h r o u g h   t h e   d e s i g n   p r e s s u r e   r a t i o   a n d   w e i g h t   f l o w ,   f o r   e a c h  
o f   t h e   f o u r   r o t o r s :  

Tab le  7 :  S t a l l   M a r g i n   O b t a i n e d   f o r  ~. .. O p e r a t i o n  - a t   t h e   D e s i g n   P o i n t  

Ro to r  I 1 B  I 2B I 2E I 2D 
s t a l l  margin I 21.5 1 11.0 I 6 . 8  I 5.1 

T h i s   t a b l e   c l e a r l y  shows t h a t   s t a l l   m a r g i n  i s  l o s t  when h i g h e r   d e s i g n   l o a d -  
i n g s   a r e   u s e d ,   a t   l e a s t   f o r   t h e   r a n g e   o f   v a r i a b l e s   a n d   d e s i g n   t y p e s   u s e d   i n  
t h i s   i n v e s t i g a t i o n .   I n   g o i n g   f r o m   R o t o r  l B ,  which  has  a d e s i g n   t o t a l - p r e s s u r e  
r a t i o  o f  1.6, t o   t h e   c o m p a r a b l e   r o t o r   h a v i n g  a d e s i g n   t o t a l - p r e s s u r e   r a t i o   o f  
1 . 7 6   ( R o t o r   2 B ) ,   t h e   a v a i l a b l e   s t a l l   m a r g i n   f o r   o p e r a t i o n   a t   t h e i r   r e s p e c t i v e  
d e s i g n   p o i n t s   f a l l s  by  10.5%.  Furthermore, when t h e   R o t o r s  2 a r e   m u t u a l l y  
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compared, it i s  e v i d e n t   t h a t   t h e  use o f   b l a d i n g   h a v i n g   l a r g e   a m o u n t s   o f  
s u p e r s o n i c   c a m b e r   e n t a i l s  a f u r t h e r   d r o p   i n  s t a l l  m a r g i n ;   t h i s   d r o p  i s  such 
t h a t   i n   t h e   c a s e   o f  a b l a d e   c o m p o s e d   e n t i r e l y   o f   d o u b l e - c i r c u l a r - a r c   b l a d e  
e lements   (Rotor  2D), t h e  s t a l l  m a r g i n   h a s   f a l l e n  by  5.9%  from t h a t   o f  
Ro to r  2B. 

No l i m i t a t i o n   o n   n o r m a l   r o t o r   o p e r a t i o n   w a s   o b s e r v e d   f o r   a n y   o f   t h e  
r o t o r s   a t  low b a c k   p r e s s u r e s  down t o   t h e   p o i n t   o f   w i d e - o p e n   t h r o t t l e   v a l v e  
s e t t i n g .  

Eff ic iency  Comparisons.   Al though it  i s  most   meaningfu l   to   mutua l ly  
c o m p a r e   t h e   p e r f o r m a n c e s   o f   t h e   d i f f e r e n t   r o t o r s  a t  t h e  same s t a l l  margin, 
t h i s  w i l l  b e   d e f e r r e d   u n t i l   l a t e r   i n   t h i s   s e c t i o n ,   a n d   t h e   q u a l i t y   o f   a g r e e -  
men t   o f   ro to r   pe r fo rmance   w i th   des ign   i n t en t  w i l l  b e   d i s c u s s e d   f i r s t .  
Accord ing ly ,   t h , e   me thod   o f   r e l a t ing   ro to r   pe r fo rmance   t o   t he   des ign   po in t  
w i l l  now be   de f ined ,   and   t he   des ign   a s sumpt ions  w i l l  be  examined. 

The   mos t   accura te   method  of   assess ing  how well a r o t o r   a c h i e v e s  i t s  
d e s i g n   o b j e c t i v e s   w o u l d   b e   t o   d i r e c t l y   r e l a t e   t h e   d e s i g n   i n t e n t   t o   t h e  
pe r fo rmance   o f   t he   ro to r  when o p e r a t i n g   a t   t h e   d e s i g n   p o i n t .   I n   g e n e r a l ,  
however ,   the   100%-speed  l ine w i l l  n o t   p a s s   e x a c t l y   t h r o u g h   t h e   d e s i g n  
p o i n t .  A s i g n i f i c a n t  way of  comparing t es t  c o n d i t i o n s   w i t h   d e s i g n   p o i n t  
c o n d i t i o n s  i s  t o   p a s s  a l i n e  of c o n s t a n t   t h r o t t l e   s e t t i n g   t h r o u g h   t h e  
d e s i g n   p o i n t   ( f i g .   7 )   a n d   t o   r e l a t e   t o   d e s i g n   i n t e n t   t h e   p e r f o r m a n c e   a t  
t h e   j u n c t i o n   o f   t h e   c o n s t a n t   t h r o t t l e   l i n e   w i t h   t h e   s p e e d   l i n e .  

When a s s e s s e d   i n   t h i s  manner,  Rotor 1 B  h a s   a n   e f f i c i e n c y   o f   0 . 8 9 5  
which i s  0 .037   h ighe r   t han   t he   des ign   va lue   o f   0 .858 .   Ro to r s  2B and 2E 
a t t a i n e d   e q u a l   e f f i c i e n c i e s   o f   0 . 8 8 4   f o r   c o n d i t i o n s   c o r r e s p o n d i n g   t o   t h e  
d e s i g n   p o i n t   f o r   t h e   R o t o r s  2. The  Rotors 2 were a l l   d e s i g n e d   f o r   a n  
e f f i c i e n c y   o f   0 . 8 3 7 ;   R o t o r s  2B and 2E t h e r e f o r e   p o s s e s s  a 0 .047  advantage 
o v e r   t h e   d e s i g n   v a l u e s .   T h e   e f f i c i e n c y   o f   R o t o r  2D, a t  0.864, i s  o n l y  
0 . 0 2 7   b e t t e r   t h a n   d e s i g n .   A l t h o u g h   t h e   e f f i c i e n c y   o f   e a c h   o f   t h e s e   r o t o r s ,  
f o r   c o n d i t i o n s   c o r r e s p o n d i n g   t o   t h e   d e s i g n   p o i n t ,  i s  c o n s i d e r a b l y   h i g h e r  
t h a n   t h e   d e s i g n   v a l u e ,  i t  should   be   remembered   tha t   the   Rotors  2 have 
i n s u f f i c i e n t   s t a l l   m a r g i n   a t   t h e s e   c o n d i t i o n s .  

T h e   o v e r a l l   r o t o r   a d i a b a t i c   e f f i c i e n c i e s   o b t a i n e d   f r o m   f i x e d   i n s t r u -  
m e n t a t i o n   r e a d i n g s  a t  d e s i g n   s p e e d ,   f o r   a l l   f o u r   r o t o r s ,   a r e   p l o t t e d ,  
a s  a f u n c t i o n   o f   p e r c e n t   s t a l l   m a r g i n ,   i n   f i g u r e  8. The   curves   which   a re  
p r e s e n t e d  were f a i r e d  by a t t a c h i n g   e q u a l   i m p o r t a n c e   t o   a l l   v a l i d   f i x k d  
i n s t r u m e n t a t i o n   r e a d i n g s .   T h i s   p l o t   i l l u s t r a t e s   t h e   l a r g e   d i f f e r e n c e  
between  Rotor 1 B  a n d   t h e   R o t o r s  2 a t   d e s i g n   s p e e d .   R o t o r  1 B  cou ld   obv ious ly  
b e   t h r o t t l e d  a cons ide rab le   amoun t   beyond   t he   peak   e f f i c i ency   po in t   be fo re  
the   occu r rence   o f  s t a l l .  I n   f a c t ,  i t s  p e a k   e f f i c i e n c y   o c c u r s   a t  a s t a l l  
margin  of 18%. The   peak   e f f i c i ency   o f   each   o f   t he   Ro to r s  2 o c c u r s   i n   t h e  
r e g i o n   b e t w e e n   f i v e   a n d   e i g h t   p e r c e n t  s t a l l  margin.  It i s  e v i d e n t   t h a t ,  
f o r   v a l u e s   o f  s t a l l  margin  above  about  12%) Rotor  2 B  h a s  a s l i g h t   a d v a n t a g e  
o f   be tween   one -ha l f   and   one   e f f i c i ency   po in t   ove r   Ro to r  2E, wh ich   l i kewise  
has  a one t o  two po in t   advan tage   ove r   Ro to r  2D. 
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Design  Speed  Performance Summary. It i s  u s e f u l   a t   t h i s   s t a g e  i n  t h e  
r e p o r t   t o   s u m m a r i z e   t h e   r e s u l t s   w h i c h   a r e   o b t a i n e d  when the  performance  of  
e a c h   r o t o r  i s  compared i n   t h e  two d i f f e r e n t  w a y s   d e s c r i b e d   i n   t h e   t w o   p r e -  
c e d i n g   s e c t i o n s .   T h e   m a j o r   p e r f o r m a n c e   r e s u l t s   f o r   e a c h   r o t o r   a r e   p r e -  
s e n t e d   i n   t a b l e  8 below: 

T a b l e  ~~-~ ~ 8: De~si~gn  Speed  Performance Summary 

" ~ 

Rotor  

_" __- 

1B 

2B 

2E 

2D 

T i p  
camber 
r a t  i o  

~ ~~ 

0 

0 

0.35 

0.65 

Des ign   va lues  
T i p  

'1.57 - - r a t i o  w% 
6 '0.05 

Rotor  camber 

'ad 

1 B  

0.837 215.49 1 .76  0 .65  2D 

0.837  215.49  1 .76 0 .35  2E 

0.837 215.49 1.76 0 2B 

0.858  215.49  1 .60 0 

Performance   on   cons tan t  
t h r o t t l e   l i n e   t h r o u g h  
d e s   i g n   p o i n t  

'1.57 

' 0 . 0 5  

1.638 

1.836 

1 .845  

1.858 

~~ - 

- W% 
6 

219.2 

220.6 

221.5 

221.0 

'ad 

0.895 

0.884 

0.884 

0.864 

__ 

% s ta l l  
margin 

20.3 

9 . 1  

4.6 

1 . 5  

Performance a t   o p e r a  - 
t i n g   p o i n t  (15% s t a l l  
margin) 

'1.57 

' 0 . 0 5  

1.688 

1.763 

1 . 7 1 1  

1 .677 

I 

The f i r s t   g r o u p   o f   d a t a   a b o v e   g i v e s   d e s i g n   v a l u e s   o f   p r e s s u r e   r a t i o ,  
we igh t   f l ow  and   e f f i c i ency   fo r   each   ro to r .   Fo l lowing   t hese   a r e   t he   measu red  
v a l u e s   o f   t h e s e   p a r a m e t e r s   o b t a i n e d   a t   t h e   i n t e r s e c t i o n   o f   t h e  100% speed 
l i n e   w i t h  a l i n e  o f  c o n s t a n t   t h r o t t l e   s e t t i n g   t h r o u g h   t h e   d e s i g n   p o i n t .  The 
s t a l l  m a r g i n ,   b a s e d   o n   t h e   d e f i n i t i o n   o f   e q u a t i o n  (l), f o r   o p e r a t i o n   o f  
e a c h   r o t o r   a t   t h i s   p o i n t ,  i s  a l s o   l i s t e d .  The f i n a l   g r o u p   o f   d a t a   p r e s e n t s  
t h e   l e v e l s   o f   p r e s s u r e   r a t i o ,   w e i g h t   f l o w   a n d   e f f i c i e n c y   t h a t   t h e   f o u r  
r o t o r s   o b t a i n e d   d u r i n g   o p e r a t i o n   w i t h  15% s t a l l  marg in .   S ince   t hese   va lues  
r e p r e s e n t   t h e   h i g h e s t   l e v e l s   o f   t o t a l - p r e s s u r e   r a t i o   a n d   e f f i c i e n c y   f o r  
o p e r a t i o n   o f   R o t o r s  2B, 2E, and 2D w i t h   a n  amount  of s t a l l  m a r g i n   t h a t  i s  
judged   t o  be a c c e p t a b l e   f o r   a i r c r a f t   e n g i n e   o p e r a t i o n ,   t h e s e   a r e   t h e   v a l u e s  
t h a t  were q u o t e d   i n   t h e  t e s t  r e p o r t s   f o r   t h e   R o t o r s  2 ( r e f s .  3, 4, and  5) .  
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Evalua t ion   of   Inf luence   o f   Des ign   Loading   Level  
and  Blade  Tip Camber R a t i o  

Ef fec t   o f   Des ign   Load ing   Leve l .   The   e f f i c i ency   pena l ty   wh ich  i s  a s s o c i -  
a t e d   w i t h   d e s i g n i n g   r o t o r s   o f   t h e   g e n e r a l   t y p e   c o n s i d e r e d   h e r e   f o r   h i g h e r  
l o a d i n g s   ( r o t o r   t i p   d i f f u s i o n   f a c t o r   o f   0 . 4 5   c o m p a r e d   w i t h  0..35) i s  n o t  
severe i f  t h e   r o t o r s  a r e  e v a l u a t e d   a t   c o n d i t i o n s   c o r r e s p o n d i n g   t o   d e s i g n  
p o i n t   o p e r a t i o n ,   T h e   e f f i c i e n c y   o f   R o t o r  1 B  a t  des ign   speed   on  a c o n s t a n t  
t h r o t t l e   l i n e   t h r o u g h  i t s  d e s i g n   p o i n t  i s  0.011 h i g h e r   t h a n   t h e   v a l u e   f o r  
Rotor  2B c o r r e s p o n d i n g   t o  i t s  d e s i g n   p o i n t .  However, i f   t h e   r o t o r s   a r e  
compared   on   the   bas i s   o f  15% s t a l l  m a r g i n ,   t h e   e f f i c i e n c y   p e n a l t y   a s s o c i a t e d  
w i t h   t h e   e x t r a   l o a d i n g  r ises t o  0.019. F u r t h e r m o r e ,   t h e   r o t o r   w h i c h  was 
d e s i g n e d   f o r   t h e   h i g h e r  t i p  l oad ing   (Ro to r  2B) emerges   wi th   on ly  a sma l l  
loading   advantage ,   having  a t o t a l - p r e s s u r e   r a t i o   o f   1 . 7 6 3   a s   c o m p a r e d   w i t h  
t h e   v a l u e   1 . 6 8 8   t h a t  was  achieved  by  Rotor 1 B .  The   o the r   two   ro to r s   t ha t  
were d e s i g n e d   f o r   t h e   h i g h e r  t i p  l o a d i n g   d o   n o t   e v e n   h a v e   t h i s   a d v a n t a g e ;  
i n   f a c t ,   R o t o r  2D d o e s   n o t   s u p p o r t   a s   h i g h  a t o t a l - p r e s s u r e   r a t i o   a s   R o t o r  
1B.  

Another   meaningful  way t o   a s s e s s   t h e   l o a d i n g   a c h i e v e m e n t s   o f   t h e  
r o t o r s  i s  t o  c o m p a r e   t h e   s t a l l   l i n e s  on t h e   t o t a l - p r e s s u r e   r a t i o   v e r s u s  
weight   f low  performance maps. T h i s  i s  o f   i n t e r e s t   b e c a u s e   i n  many compres- 
s o r   a p p l i c a t i o n s   t h e   o p e r a t i n g   l i n e   d e p e n d s   p r i m a r i l y   o n   t h e s e   v a r i a b l e s ,  
be ing   l a rge ly   i ndependen t   o f   t he   speed .  On t h i s   b a s i s   t h e   l o a d i n g   a t t a i n e d  
by Ro to r  1 B  i s  e s s e n t i a l l y   e q u a l   t o   t h a t   a t t a i n e d  by Ro to r  2B, a s   c a n   b e  
s e e n  by  comparing  the s t a l l  l i n e s   i n   f i g u r e  9.  

As a r e s u l t   o f   t h e s e  t e s t s  i t  t h e r e f o r e  seems t h a t   o n l y  a small 
e f f i c i e n c y   p e n a l t y ,   f o r   o p e r a t i o n   a t   c o n d i t i o n s   c o r r e s p o n d i n g   t o   t h e   d e s i g n  
p o i n t ,  i s  a s s o c i a t e d   w i t h   d e s i g n i n g   f o r  a t i p   d i f f u s i o n   f a c t o r  of  0.45 
r a t h e r   t h a n   f o r   t h e   m o r e   c o n s e r v a t i v e   v a l u e   o f   0 . 3 5 .  However, a much more 
s e v e r e   p e n a l t y   i n  s t a l l  margin i s  a s s o c i a t e d   w i t h   s u c h   a n   i n c r e a s e   i n   d e s i g n  
load ing ,   Accord ing ly ,   t he   mos t   impor t an t   consequence   o f   des ign ing   ro to r s  
t o   b e  more h i g h l y   l o a d e d  i s  t h a t   t h e i r   r a n g e   o f   s t a l l - f r e e   o p e r a t i o n  may be 
s u f f i c i e n t l y   l i m i t e d   a s   t o   m i n i m i z e   a n y   b e n e f i t   w h i c h   m i g h t   b e   e x p e c t e d   i n  
t h e   f o r m   o f   i m p r o v e d   t o t a l - p r e s s u r e   r a t i o   c a p a b i l i t y .  

E f f e c t   o f   T i p  Camber R a t i o .   R o t o r s  2B,  2E and 2D w i l l  now be  
mutually  compared t o   a s c e r t a i n   t h e   e f f e c t   o f   t i p  camber   r a t io .  

The s t a l l   l i n e s  shown i n   f i g u r e  9 c l e a r l y   i n d i c a t e   t h e   a d v a n t a g e   o f  
small supersonic   camber   (Rotors  1 B  and 2B) f rom  the   po in t   o f   v i ew  o f   p re s -  
s u r e   r a t i o   p o t e n t i a l .  

I n   f i g u r e  10 t h e   e f f i c i e n c y   o f   e a c h   o f   t h e   t h r e e   R o t o r s  2 i s  a s s e s s e d  
o n   t h e   b a s i s   o f  a 15% s t a l l   m a r g i n   a t   d e s i g n   s p e e d .   R o t o r  2B, which  has 
t h e  minimum s u p e r s o n i c   c a m b e r   c o n s i s t e n t   w i t h   f l o w   c h o k i n g   l i m i t a t i o n s ,  i s  
s e e n   t o   h a v e  a 0 . 0 2 2   e f f i c i e n c y   a d v a n t a g e   o v e r   R o t o r  2D, which  has  a double-  
c i r c u l a r - a r c   t i p   s e c t i o n .  
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The o t h e r   c u r v e   p r e s e n t e d   i n   f i g u r e  10 u s e s   t h e   p e a k   v a l u e s   o f  
e f f i c i e n c y   a t   d e s i g n   s p e e d .  By c o m p a r i n g   t h e s e   p e a k   e f f i c i e n c i e s   R o t o r  2B 
emerges  with a 0.010 e f f i c i e n c y   a d v a n t a g e   o v e r   R o t o r  2D. 

The v a l u e s   o f   e f f i c i e n c y   p l o t t e d   i n   f i g u r e  10, b o t h   f o r   o p e r a t i o n   w i t h  
15% s t a l l   m a r g i n   a n d   a l s o   a t   p e a k   e f f i c i e n c y   c o n d i t i o n s ,  were n o t   o b t a i n e d  
d i r e c t l y   f r o m   a c t u a l   f i x e d   i n s t r u m e n t a t i o n   r e a d i n g s  but a r e ,   r a t h e r ,   f a i r e d  
v a l u e s .   T h e   v a l i d i t y - o f   t h i s   f a i r i n g   c a n   b e   e x a m i n e d  by r e f e r r i n g   t o  
f i g u r e  8. 

A s  a r e su l t   o f   t he   above   compar i son  it  i s  c l e a r   t h a t  when t h e  
per formance   of   the   Rotors  2 i s  reviewed a t   c o n d i t i o n s   c o r r e s p o n d i n g   t o  
d e s i g n   p r e s s u r e   r a t i o   a n d   w e i g h t   f l o w ,   t h e   r o t o r   h a v i n g   t h e  minimum 
amount   of   supersonic   camber   has  a s u b s t a n t i a l   a d v a n t a g e   i n   a v a i l a b l e   s t a l l  
margin.  The same r o t o r   a l s o   h a s   a n   a p p r e c i a b l e   e f f i c i e n c y   a d v a n t a g e   i f  
a l l   t h r e e   r o t o r s   a r e   o p e r a t e d   a t   t h e  same l e v e l   o f   s t a l l   m a r g i n .  

Performance a t   O t h e r   S p e e d s .  To p rov ide  a r e fe rence   fo r   compar ing ,  
on a c o n s i s t e n t   b a s i s ,   t h e   d a t a   w h i c h   w e r e   r e c o r d e d   a t   r o t a t i o n a l   s p e e d s  
o t h e r   t h a n   d e s i g n ,  a c o n s t a n t   t h r o t t l e   l i n e   h a s   b e e n   d r a w n   f o r   e a c h   o f   t h e  
f o u r   r o t o r s   t h r o u g h   t h a t   p o i n t   o n   t h e  100% c o r r e c t e d - s p e e d   l i n e   w h i c h  
gave 15% s t a l l   m a r g i n   ( f i g s .  5 (a )   th rough 5 ( d ) ) .   E f f i c i e n c i e s   o b t a i n e d  
a l o n g   t h e s e   r e f e r e n c e   l i n e s   a r e   p l o t t e d   a s  a f u n c t i o n   o f   p e r c e n t   c o r r e c t e d  
s p e e d   i n   f i g u r e  11 ( a ) .  T h e   s y m b o l s   i n d i c a t e   f a i r e d   v a l u e s   o f   e f f i c i e n c y  
a n d   d o   n o t   c o r r e s p o n d   t o   a n y   p a r t i c u l a r   f i x e d   i n s t r u m e n t a t i o n   r e a d i n g s .  

I n   g e n e r a l ,   t h e   h i g h e s t   e f f i c i e n c i e s   a r e   t o   b e   s e e n   a t  70% c o r r e c t e d  
speed. The l e v e l   o f   e f f i c i e n c y   r e c o r d e d   a t  50% speed i s  g e n e r a l l y  
s l i g h t l y   l o w e r ;   t h i s  i s  p robab ly  a r e s u l t  of t h e   h i g h e r   r o t o r   b l a d e  
i n c i d e n c e s   a t   t h e   l o w e s t   s p e e d .  A t  r o t a t i o n a l   s p e e d s   h i g h e r   t h a n  70% 
t h e   e f f i c i e n c y   u s u a l l y   f a l l s   o f f   q u i t e   s t e e p l y ,   p r e s u m a b l y   a s  a r e s u l t   o f  
t h e   p r o g r e s s i v e   s t r e n g t h e n i n g   o f   s h o c k s   a n d   t h e   i n c r e a s e   o f   t h e i r   a s s o c i -  
a t e d   l o s s e s .  

I t  i s  of   va lue   to   compare   the   per formance   of   Rotors  1 B  and 2B on   t he  
b a s i s   d e s c r i b e d   a b o v e   a n d   t o   a s s e s s   t h e   e f f e c t s   o f   d e s i g n   t i p   l o a d i n g   a t  
o f f - d e s i g n   s p e e d s .   R o t o r  l B ,  wh ich   was   des igned   fo r   t he   l ower   t i p  
d i f f u s i o n   f a c t o r ,   h a s  a l o w e r   e f f i c i e n c y   t h a n   R o t o r  2B a t   s p e e d s  below 
90% ( f i g u r e   l l ( a ) ) .  A t  des ign   speed   and   h ighe r   speeds   Ro to r  1 B  h a s  a 
d e f i n i t e   e f f i c i e n c y   a d v a n t a g e .   T h i s   a p p a r e n t l y  i s  a consequence  of   the 
f a c t   t h a t   a t   h i g h  Mach number, d e f l e c t i o n   o f   t h e   f l o w  i s  accompanied  by 
h i g h   l o s s e s ,  so t h e   a d v a n t a g e  i s  wi th   Ro to r  1 B  because  of i t s  lower 
camber. A t  the  lower  speeds,   however,  t h e  i nc reased   work   i npu t   o f   Rb to r  2B 
f o r  a g i v e n   r e l a t i v e   v e l o c i t y   l e a d s   t o  i t s  h i g h e r   e f f i c i e n c i e s .  

When t h e   R o t o r s  2 a re   mutua l ly   compared ,   Rotor  2D i s  s e e n   t o   p e r f o r m  
b e s t   i n   t h e   r a n g e   o f   r o t a t i o n a l   s p e e d s   b e l o w   8 5   p e r c e n t   o f   d e s i g n   s p e e d  
f o r   w h i c h   t h e   i n l e t   r e l a t i v e  Mach numbers a r e  less  t h a n   a b o u t   1 . 2   a t   t h e  
b l a d e   t i p .  A t  t he   h ighe r   speeds ,   where   s t rong   shock   waves   a r e   encoun te red ,  
t h e   l a r g e  a m o u n t   o f   s u p e r s o n i c   t u r n i n g   i m p l i c i t   i n   t h e   d o u b l e - c i r c u l a r - a r c  
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b l a d e   t i p   s e c t i o n   c a u s e s   t h e   e f f i c i e n c y   t o   f a l l   r a p i d l y .  The  performances 
o f   R o t o r s  2E and 2B a r e   r a t h e r   s i m i l a r .   A l t h o u g h   R o t o r  2B h a s  a s l i g h t l y  
h i g h e r   e f f i c i e n c y   t h a n   R o t o r  2E a t   d e s i g n   s p e e d ,   t h i s   d o e s   n o t   r e p r e s e n t  
a c o n s i s t e n t   t r e n d .   I n   g e n e r a l ,   a t  15% s t a l l  margin,   thOre i s  l i t t l e  d i f -  
f e r e n c e   b e t w e e n   t h e   e f f i c i e n c i e s   o f   R o t o r s  2E and 2B a t  any  speed. 

F i g u r e  11 ( b )   g i v e s   t h e   f a i r e d   v a l u e s   o f   p e a k   e f f i c i e n c y   f o r   e a c h  
r o t o r   a t   t h e   v a r i o u s   s p e e d s .  The e f f i c i e n c y   t r e n d s   o b t a i n e d  by p r e s e n t i n g  
p e a k   v a l u e s   a r e   n o t   g r e a t l y   d i f f e r e n t   f r o m   t h o s e   w h i c h  were o b t a i n e d  by 
p r e s e n t i n g   v a l u e s   a l o n g  a c o n s t a n t   t h r o t t l e   l i n e   h a v i n g  15% s t a l l   m a r g i n  
a t   d e s i g n   s p e e d .  

A s  an   example   o f   o f f -des ign   pe r fo rmance   t he   compos i t e   p lo t   i n   f i gu re   12  
g i v e s   t h e  70% speed   l i nes   o f   each   ro to r .   The   sma l l e r   camber   o f   Ro to r  1 B  
c a u s e s  i t  t o   p r o d u c e  less  p r e s s u r e   r i s e   t h a n   t h e   o t h e r s   a t   a n y   g i v e n   f l o w ,  
b u t ,   a s   p o i n t e d   o u t   p r e v i o u s l y ,  i t s  s t a l l   l i n e  i s  e s s e n t i a l l y   i d e n t i c a l  
w i t h   t h o s e   o f   t h e   o t h e r   r o t o r s .  The o p e r a t i n g   r a n g e   o f  a l l  r o t o r s  (1 and 2) 
a t  70% speed i s  n e a r l y   i d e n t i c a l .  

P e r f o r m a n c e   w i t h   S t a l l   P r e s e n t .   T h r o t t l i n g   o f  a l l  f o u r   r o t o r s ,   d u r i n g  
r u n n i n g   w i t h  a u n i f o r m   i n l e t   f l o w ,  was l i m i t e d  by r o t a t i n g  s t a l l  a t  a l l  
f i v e   r o t a t i o n a l   s p e e d s .  A s  d e s c r i b e d   i n   t h e  t e s t  r e p o r t s   ( r e f s .  2, 3, 4 
and 5) t h e   r o t o r s  were s t a l l e d   t w i c e   a t   e a c h   s p e e d .  

F o r   t h e   f i r s t   s t a l l   a t   e a c h   s p e e d ,   t h e   t h r e e   h o t - w i r e   a n e m o m e t e r s  
were immersed t o   t h r e e   d i f f e r e n t   r a d i a l   p o s i t i o n s   . ( u s u a l l y   t h e  10%) 50% 
and 70% i m m e r s i o n s )   i n   o r d e s   t o   o b t a i n   s t a l l   d a t a   a l o n g   t h e   b l a d e   s p a n .  
D a t a   o b t a i n e d   i n   t h i s  way were u s e d   t o   p r o v i d e   i n f o r m a t i o n   c o n c e r n i n g   t h e  
r a d i a l   e x t e n t  o f  t h e   s t a l l   c e l l s .   S t a l l   o c c u r r e d   a b r u p t l y   a l o n g   t h e   b l a d e  
s p a n   a n d   e v i d e n c e   o f   r e g u l a r   a n d   p e r i o d i c   r o t a t i n g   s t a l l   c e l l s  was 
r e c o r d e d   a t   e a c h   o f   t h e   t h r e e   i m m e r s i o n s ,   a l t h o u g h   a t   t h e  70% immersion 
t h e   s t a l l   s i g n a l  was usua l ly   weaker .  

F o r   t h e   s e c o n d   s t a l l   a t   e a c h   s p e e d ,   t h e   t h r e e   h o t - w i r e   a n e m o m e t e r s  
were a l l   l o c a t e d   a t   t h e  10% immers ion .   Su f f i c i en t   i n fo rma t ion  was o b t a i n e d  
f r o m   t h e   o u t p u t   t r a c e s   f o r   t h e   s p e e d   a n d   n u m b e r ' o f   t h e   r o t a t i n g   s t a l l   c e l l s  
t o   be   deduced .   Independen t   checks   o f   t hese   quan t i t i e s  were obta ined   f rom 
r o t o r   s t r a i n   g a u g e   i n f o r m a t i o n ,   a s   d e s c r i b e d   i n   r e f e r e n c e  2.   These  data 
a r e   s u m m a r i z e d   i n   t a b l e  9. The   numbers   and   p ropaga t ion   speeds   o f   t he   s t a l l  
c e l l s  were a v e r a g e d   f o r   t h e   f o u r   r o t o r s   a n d   t h e   r e s u l t s   a r e   p r e s e n t e d   i n  
f i g u r e s   1 3 ( a )   a n d   1 3 ( b ) .   A l t h o u g h   c o n s i d e r a b l e   s c a t t e r  i s  p r e s e n t ,   t h e  
f a i r i n g   o f  a s t r a i g h t   l i n e   t h r o u g h   t h e   p o i n t s   i n   e a c h   c a s e   s e e m s   j u s t i -  
f i a b l e .  The  number o f   s t a l l   c e l l s  (which, f o r   a n y   o n e   r o t o r   s p e e d   a t  
a n y   i n s t a n t   i n  time, must   be  an  integral   number)  i s  s e e n   t o   f a l l   a s   s p e e d  
i n c r e a s e s .   O p e r a t i o n   w i t h   o n l y   o n e   s t a l l   c e l l  i s  t h e r e f o r e   m o s t   l i k e l y  
a t   t h e   h i g h e r   r o t a t i o n a  1 speeds  whereas ,  a t   t h e   l o w e r   s p e e d s ,   o p e r a   t i o n  
w i t h  two o r   t h r e e   s t a l l  c e l l s  i s  more l i k e l y .   A l t h o u g h   n o   l a r g e   v a r i a t i o n s  
i n  p r o p a g a t i o n   s p e e d   a r e   a p p a r e n t ,   i n   g e n e r a l   t h e   r a t i o   o f   p r o p a g a t i o n a l  
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s p e e d   t o   r o t o r   s p e e d   d e c r e a s e s   w i t h   i n c r e a s i n g   r o t o r   s p e e d .  

T a b l e  9. - T a b u l a t i o n   o f   S t a l l   D a t a   f o r  A l l  R o t o r s  

. - - . _i_ . 

Rotor  speed, Number of S t a l l   c e l l   s p e e d  R a d i a l  
p e r c e n t  s t a l l  Rotor   speed e x t e n t  

"_ - desLgn " ~" c e l l s  " o f   s t a l l  c e l l  

50 2 . 6 0   F u l l  span 
70 2 . 6 2   F u l l  span 
90 3 . 6 2   F u l l  span 

100 2 . 6 2   F u l l  span 
110 1 . 5 8   F u l l  span 

- - . . ~ - ~ 

50 3 . 6 8   F u l l   s p a n  
70 2 . 6 4   F u i i   s p a n  
90 1 . 6 1   F u l l   s p a n  

100 1 .66   Unce r t a in  
110 1 . 6 1  Unc er t a   i n  

. ~~~ . " - ~ -  

50 2 . 6 8  Full span  
70 3 . 6 9   F u l l  span 
90 1 . 5 9   F u l l  span  

100 1 . 6 1   F u l l  span 
110 1 . 6 1   F u l l  span  

50 3 . 6 4   F u l l  span 
7 0  2 . 6 3  h i 1  span  
90 1 . 6 2   F u l l   s p a n  
100 2 . 6 2   F u l l   s p a n  
110 1 . 6 1   U n c e r t a i n  

When s t r e s s   c o n d i t i o n s   p e r m i t t e d ,   t h e   s e c o n d  s t a l l  a t  each  speed  was 
s u s t a i n e d   f o r   s u f f i c i e n t  time f o r  a f i x e d - i n s t r u m e n t a t i o n   ( g r e e n )   r e a d i n g  
t o  be  recorded.   These  overal l   performance  measurements ,   recorded  while   the 
r o t o r  was o p e r a t i n g   w i t h   s t a l l   p r e s e n t ,   a p p e a r   a s   s o l i d   s y m b o l s   i n   f i g u r e  5. 
The f low was q u i t e   u n s t e a d y   f o r   t h e s e   r e a d i n g s ,   a n d   t h e i r   a c c u r a c y  i s  open 
to   ques t ion ;   however ,  a s i g n i f i c a n t   d r o p   i n   p e r f o r m a n c e   w a s   i n d i c a t e d .  

D u r i n g   t h e   t e s t i n g   o f   R o t o r  2B, a n   e f f o r t  was made t o   m e a s u r e   t h e  
e x t e n t   o f   t h e   h y s t e r e s i s   l o o p   w h i c h  i s  o f t e n   p r e s e n t  when s t a l l  i s  en -  
c o u n t e r e d .   W i t h   a l l   t h e   h o t  wires l o c a t e d   a t   t h e  10% immersion,  the 
t h r o t t l e   v a l v e  w a s   o p e n e d   v e r y   s l o w l y   u n t i l   s t a l l  was c l e a r e d .   T h i s  i s  i n  
c o n t r a s t   t o   t h e   u s u a l   p r o c e d u r e ,   w h i c h   h a d   b e e n  t o  c l e a r   s t a l l  by opening 
t h e   t h r o t t l e   v a l v e   a b r u p t l y .   D u r i n g   t h i s   p e r i o d   c e r t a i n   p r e s s u r e s  were 



sensed   and  were p r o c e s s e d  by an   ana log   compute r   wh ich   ca l cu la t ed   t he   i n -  
s t a n t a n e o u s   v a l u e s   o f   c o r r e c t e d   w e i g h t   f l o w   a n d   t o t a l - p r e s s u r e   r a t i o .  
These   pa rame te r s  were s u p p l i e d   t o   a n  X-Y p l o t t e r   w h i c h   p r o d u c e d   ' t r a c e s  
t h a t   h a v e   b e e n   d u p l i c a t e d   i n   f i g u r e  14. A s  a r e s u l t   o f   t i m e   l a g   d i f f i c u l -  
t i e s  a n d   t h e   p r e v i o u s l y - m e n t i o n e d   u n s t e a d i n e s s   i n   t h e   a i r f l o w ,   t h e s e   p l o t s  
s h o u l d   o n l y   b e   r e g a r d e d   a s   q u a l i t a t i v e   i l l u s t r a t i o n s   a n d   n u m e r i c a l   s c a l e s  
have   no t   been   suppl ied .  It is ,  however, q u i t e  c lear  t h a t  a s i z e a b l e  
h y s t e r e s i s   l o o p  i s  p r e s e n t   a t   t h e  90%, 100% and 110% c o r r e c t e d   s p e e d s .  
The d i s c o n t i n u i t i e s   i n   t h e   t r a c e s   a r e  a r e s u l t   o f   c h a n g e s   i n   t h e  number of  
s t a l l  c e l l s ,  a s  was  determined by o s c i l l o s c o p e   r e a d o u t   f r o m   t h e   s t r a i n  
gauges  and  hot  wires. The  number  of s t a l l  c e l l s  t abu la t ed   co r re sponded ,  
i n   a l l   c a s e s ,   t o   t h e  mode o f   s t a l l e d   o p e r a t i o n   w h i c h  w a s   e n c o u n t e r e d   f i r s t .  
T r a c e s   w e r e   a l s o   t a k e n   a t   t h e  50% and 70% co r rec t ed   speeds   bu t   t he   f l ow 
uns teadiness ,   which  compounded t h e   u s u a l   d i f f i c u l t i e s  of measuring 
a c c u r a t e   w e i g h t   f l o w s   a t   t h e s e   s p e e d s ,   p r e v e n t e d   t h e   r e c o r d i n g   o f   r e l i a b l e  
r e s u l t s .  

P e r f o r m a n c e   w i t h   D i s t o r t e d   I n l e t   F l o w .  R o t o r s  1 B  and 2 B  were  each 
t e s t e d   w i t h   b o t h   r a d i a l   a n d   c i r c u m f e r e n t i a l  f l o w   d i s t o r t i o n s .   T h e   d i s -  
t o r t i o n   s c r e e n s   w e r e ,   i n  a l l  c a s e s ,   l o c a t e d  a t  p l a n e  0 .1 ,  as shown i n  
f i g u r e  3. The r a d i a l   d i s t o r t i o n   s c r e e n   c o v e r e d   t h e   o u t e r  40% o f   t h e  
a n n u l u s   a r e a   a n d   t h e   c i r c u m f e r e n t i a l   d i s t o r t i o n   s c r e e n   c o v e r e d  a 90" a r c .  
Both  screens  employed  0.016"  diameter wires s p a c e d   a t  0.050" and  were  sup- 
po r t ed   on  a 314" mesh sc reen   hav ing   w i re s   o f   0 .092"   d i ame te r .  

A n a l y s i s  of  d a t a   f r o m   t e s t i n g   o f   b o t h   r o t o r s ,   a n d   w i t h   e a c h   t y p e   o f  
d i s t o r t i o n   p r e s e n t ,   i n d i c a t e   t h a t ,   f o r   t h e   s o l i d i t y   o f   t h e   s u p p o r t   s c r e e n  
and a t   t h e   a p p r o p r i a t e  Mach number f o r  100% c o r r e c t e d   s p e e d   o p e r a t i o n ,  i t  
i s  l i k e l y   t h a t   t h e   s u p p o r t   s c r e e n  was   choked .   This   conjec ture  i s  suppor t ed  
by t h e   s t r o n g   t 6 t a l   p r e s s u r e   v a r i a t i o n s   w h i c h   a p p e a r   i n   b o u n d a r y   l a y e r   r a k e  
d a t a   a n d   a s   p e r t u r b a t i o n s   o n   i n l e t   t o t a l   p r e s s u r e   m e a s u r e m e n t s ,   a s   d i s -  
c u s s e d   i n   r e f e r e n c e s  2 and 5. Thus i t  was d e c i d e d   t o   u s e   a v e r a g e   v a l u e s   o f  
P and P i n   d e t e r m i n i n g   t h e   d i s t o r t i o n   p a r a m e t e r .  

ma x min D -D 
-1 

Computa t ion   o f   t he   d i s to r t ion   pa rame te r ,  -- lmax  min 
Pma x 

, r e s u l t e d   i n  a 

v a l u e   o f   a b o u t  0 .20 a t   d e s i g n   s p e e d  when a v e r a g e p r e s s u r e s   i n   t h e   d i s t o r t e d  
a n d   u n d i s t o r t e d   r e g i o n s   o f   t h e   r o t o r   i n l e t  were used .   This   va lue   was  some 
w h a t   h i g h e r   t h a n   t h e   i n t e n d e d   v a l u e   o f  0.15. 

Performance maps o b t a i n e d   f r o m   t e s t i n g   o f   R o t o r s  1 B  and 2B w i t h  
r a d i a l   d i s t o r t i o n   p r e s e n t   a r e   g i v e n   i n   f i g u r e s   1 5 ( a )   a n d   1 5 ( b ) ,   r e s p e c t i v e  
T h e   c o r r e s p o n d i n g   c i r c u m f e r e n t i a l   d i s t o r t i o n  maps a r e   g i v e n   i n   f i g u r e s  
16(a)   and 16 (b ) .  A procedura l   change  was made f o r   t h e   R o t o r  2B d i s t o r t i o n  
t e s t i n g .   S p e e d   l i n e s  were o b t a i n e d   a t  70%) 90% and 100% c o r r e c t e d   s p e e d s  
f o r   t h e   R o t o r  2B t e s t i n g   s i n c e  i t  was f e l t   t h a t   t h e s e   s p e e d s  would  give 
be t t e r   cove rage   o f   t he   pe r fo rmance  map t h a n   t h e  50%, 70% and 100% speeds 

Y. 

wh ich   had   been   u sed   i n   t he   t e s t ing   o f   Ro to r  1B.  Apar t   f rom t h i s  d i f f e r e n c e ,  
the  performance  of   the  two  rotors   can  be  mutual ly   compared.  The d i s t o r -  
t ion   per formance   can   a l so   be   compared   wi th   the   per formance   ob ta ined   f rom 
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4 

' t h e   t e s t i n g   o f   e a c h   r o t o r   w i t h  a un i fo rm  in l e t   f l ow.   The   und i s to r t ed  
i n l e t   p e r f o r m a n c e  i s  r e p r e s e n t e d  by d a s h e d   l i n e s .  

When t h e   r a d i a l   d i s t o r t i o n   p e r f o r m a n c e  of R o t o r s  1 B  and 2B i s  r e l a t e d  
t o   t h e   p e r f o r m a n c e   o f   t h o s e   r o t o r s   w i t h   a n   u n d i s t o r t e d   i n l e t   f l o w   ( f i g u r e s  
15(a)  and 1 5 ( b ) ) ,  a t  low r o t a t i o n a l   s p e e d s ,   n o   c o r r e c t e d   f l o w   o r   t o t a l -  
p r e s s u r e   r a t i o   h a s   b e e n   l o s t .   I n   t h e   c a s e   o f   R o t o r  1 B  i t  d o e s   a p p e a r   t h a t  
a f e w   e f f i c i e n c y   p o i n t s  were l o s t   a t   t h e s e  low  speeds .   Fo r   bo th   ro to r s  
t h e   s t a l l   l i n e  i s  much lower on t h e  map t h a n   t h e   s t a l l   l i n e   o b t a i n e d   f r o m  
t e s t i n g   w i t h  a u n i f o r m   i n l e t   f l o w .  

T a b l e  10. - Per fo rmance   Losses   due   t o  20% R a d i a l   D i s t o r t i o n   a t   D e s i g n   S p e e d  

Rotor  2 B  1 B  
Yo d e c r e a s e   i n  max. weight   f low 

0.068 0.078 D e c r e a s e   i n   p e a k   e f f i c i e n c y  
12.9 19.4 D e c r e a s e   i n   p e r c e n t   s t a l l   m a r g i n  

2.7  2.5 

It i s  a p p a r e n t   t h a t ,   a t   d e s i g n   s p e e d ,   R o t o r s  1 B  and 2B l o s e   a b o u t   t h e  
same amounts   o f   f low  and   e f f ic iency  when r a d i a l   d i s t o r t i o n  i s  imposed. 
Rotor  1 B  l o s e s  more s t a l l  margin  than  Rotor  2B b u t ,  as  we have   seen ,  it d i d  
have a s u b s t a n t i a l  s t a l l  marg in   advan tage   above   peak   e f f i c i ency   ope ra t ion  
d u r i n g   r u n n i n g   w i t h  a un i fo rm  in l e t   f l ow.  

Some t y p i c a l   t o t a l - t e m p e r a t u r e   a n d   t o t a l - p r e s s u r e   p r o f i l e s   o b t a i n e d  
d u r i n g   r u n n i n g   w i t h   r a d i a l   d i s t o r t i o n   a r e  shown i n   f i g u r e s   1 7 ( a )   a n d  
1 7 ( b ) .  It i s  s e e n   t h a t   w h e r e a s   f o r   R o t o r  1B t h e   r a d i a l   d i f f e r e n c e s   i n  
t o t a l   p r e s s u r e   h a v e   b e e n   s m o o t h e d   o u t ,   i n   t h e   c a s e  of Rotor 2B a s i z e a b l e  
p r o p o r t i o n   o f   t h e   d i s t o r t i o n   d o e s   c a r r y   t h r o u g h   t o   t h e   r o t o r   d i s c h a r g e .  
The  50% span   da t a  may b e   i n f l u e n c e d  by t h e  wake f rom  the   pa r t   span   sh roud .  

T h e   c i r c u m f e r e n t i a l   d i s t o r t i o n   d a t a   f o r   o p e r a t i o n   o f   R o t o r s  1 B  and 2B 
a t  low speed   ( f ig s .   16 (a )   and   16 (b ) )  show v e r y  l i t t l e  t o t a l   p r e s s u r e   o r  
w e i g h t   f l o w   d e f i c i t .  L i t t l e  s t a l l  margin was l o s t   d u r i n g   r u n n i n g   a t  low 
s p e e d s   w i t h   c i r c u m f e r e n t i a l   d i s t o r t i o n .  

+C F o r   d e f i n i t i o n  of d e c r e a s e   i n   s t a l l   m a r g i n ,   e q u a t i o n  1 was  used.  The 
numerator  was  taken a t   t h e   r a d i a l   d i s t o r t i o n  s t a l l  p o i n t   a n d   t h e  
denominator was t a k e n   a t   s t a l l   w i t h   a n   u n d i s t o r t e d   i n l e t   f l o w .  
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A t  t h e ,   h i g h e r   r o t a t i o n a l   s p e e d s ,   h o w e v e r ,   t h e   p i c t u r e  i s  n o t   a s   s i m p l e .  
W i t h   c i r c u m f e r e n t i a l   d i s t o r t i o n   a t   d e s i g n   s p e e d  no d i s t i n c t   s t a l l   p o i n t  was 
n o t e d .   I n s t e a d ,   s p o r a d i c   b u r s t s   o f   r o t a t i n g   s t a l l  were encountered   which  
became p r o g r e s s i v e l y   l o n g e r   a s   t h e   t h r o t t l e   v a l v e   w a s   c l o s e d .   T h i s  i s  
i n d i c a t e d   a s  a r e g i o n   o f   i n t e r m i t t e n t   s t a l l   o n   t h e   p e r f o r m a n c e  map. 
T h r o t t l i n g   w a s   t e r m i n a t e d  when a f u l l y   d e v e l o p e d   r o t a t i n g   s t a l l  was 
p r e s e n t .   A n o t h e r   u n u s u a l   f e a t u r e  i s  t h a t   t h e   p r e s s u r e   r a t i o - w e i g h t   f l o w  
c h a r a c t e r i s t i c s   a r e   o f  a d i f f e r e n t   s h a p e   f r o m   t h o s e   o b t a i n e d   d u r i n g   u n i -  
f o r m   i n l e t   t e s t i n g .   T h e   d i f f e r e n c e  i s  s u c h   t h a t   t h e   c h a r a c t e r i s t i c   d o e s  
no t  show a v e r t i c a l   p o r t i o n .  I t  i s  t h e r e f o r e   n o t   r e l e v a n t   t o   q u o t e  a 
v a l u e   f o r   t h e   d e c r e a s e   i n  maximum flow.  However, i t  i s  e v i d e n t   t h a t   f o r  
b o t h   R o t o r s  1 B  and 2B t h e   s t a l l   m a r g i n ,   w e i g h t   f l o w   a n d   e f f i c i e n c y   a r e  
c o n s i d e r a b l y   r e d u c e d   f r o m   t h e   v a l u e s   o b t a i n e d   f r o m   u n i f o r m   i n l e t   t e s t i n g .  

The c i r c u m f e r e n t i a l   d i s t o r t i o n   f o r   R o t o r  1 B  does   ca r ry   t h rough   t he  
r o t o r ,   a s   e v i d e n c e d  by r o t o r   e x i t   t o t a l   p r e s s u r e   p l o t s   ( f i g .   1 8 ( a ) ) .  
However, t h e   e q u i v a l e n t   p l o t s   f o r   R o t o r  2B ( f i g .   1 8 ( b ) )  show much l a r g e r  
v a r i a t i o n s   o f   r o t o r   e x i t   t o t a l   p r e s s u r e .   I n   t h i s   c a s e   t h e   d i s t o r t i o n   h a s  
b e e n   a m p l i f i e d   o n   p a s s i n g   t h r o u g h   t h e   r o t o r ,   e s p e c i a l l y   i n   t h e   v i c i n i t y   o f  
the  hub. 

T h e   m a i n   q u a l i t a t i v e   d i f f e r e n c e s ,   f o r   b o t h   R o t o r  1 B  and   fo r   Ro to r  2B, 
be tween  the   per formance  maps o b t a i n e d   w i t h   r a d i a l   d i s t o r t i o n   a n d   t h o s e  
o b t a i n e d   w i t h   c i r c u m f e r e n t i a l   d i s t o r t i o n ,   a r e   i n   t h e   s h a p e   o f   t h e   d e s i g n -  
s p e e d   l i n e   a n d   i n   t h e   s h a p e   o f   t h e   s t a l l   l i n e .   T h e   d e s i g n - s p e e d   s p e e d   l i n e  
f o r   o p e r a t i o n   w i t h   r a d i a l   d i s t o r t i o n  i s  f low  l imi t ed   whereas   w i th   c i r cum-  
f e r e n t i a l   d i s t o r t i o n   t h e   f l o w  l i m i t  i s  n o t   r e a c h e d   a n d   t h e   c h a r a c t e r i s t i c  
h a s  less c u r v a t u r e .   T h e   a m o u n t   o f   s t a l l   m a r g i n   l o s t ,   a t   d e s i g n   s p e e d ,  i s  
a b o u t   t h e  same w i t h   r a d i a l '   a n d   c i r c u m f e r e n t i a l   d i s t o r t i o n s ;   a t   l o w e r  
speeds  much m0r.e s t a l l   m a r g i n  i s  l o s t   w i t h   r a d i a l   d i s t o r t i o n   t h a n   w i t h  
c i r c u m f e r e n t i a l   d i s t o r t i o n .  The e f f i c i ency   was   apprec i ab ly   r educed   w i th  
b o t h   f o r m s   o f   i n l e t   d i s t o r t i o n .  

DISCUSSION OF BLADE ELEMENT  RESULTS 

T h i s   p o r t i o n   o f   t h e   r e p o r t  i s  d e v o t e d   t o  a d i s c u s s i o n   o f   t h e   b l a d e  
e l e m e n t   d a t a .   T h e   e f f e c t   o f   t h e   v a r i o u s   p a r a m e t e r s   o n   e l e m e n t   e f f i c i e n c y  
i s  i n d i c a t e d   a n d   t h e   d i f f e r e n t   r o t o r s   a r e   m u t u a l l y   c o m p a r e d   o n   a n   e l e m e n t  
b a s i s .  The l o s s e s   f o r   e a c h   e l e m e n t   a r e   c o r r e l a t e d   w i t h   l o a d i n g ,   a n d  
r a d i a l   d i s t r i b u t i o n s  of  f l o w   c o n d i t i o n s  a re  p r e s e n t e d   a n d   d i s c u s s e d .  

Loading  and Camber R a t i o   E f f e c t s  
on   Element   Ef f ic iency   a t   Des ign   Speed  

As p o i n t e d   o u t   i n   t h e   O v e r a l l   P e r f o r m a n c e   s e c t i o n   o f   t h i s   r e p o r t ,  
Rotor  1 B  was a b l e   t o   o p e r a t e   a t  i t s  d e s i g n   p o i n t   ( i . e . ,   a t   d e s i g n   p r e s s u r e  
r a t i o   a n d   w e i g h t   f l o w )   w i t h   c o n s i d e r a b l y  more s t a l l   m a r g i n   t h a n   a n y   o f   t h e  
R o t o r s  2 p o s s e s s e d   d u r i n g   o p e r a t i o n   a t   t h e i r   d e s i g n   p o i n t .   R o t o r  1 B  was 
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d e s i g n e d   f o r  a t o t a l - p r e s s u r e - r a t t o   o f  1.60 w h e r e a s   t h e   e q u i v a l e n t   v a l u e  
f o r   t h e   R o t o r s  2 was 1.76.  F o r   a l l   r o t o r s   t h e   p e a k   e f f i c i e n c y   a t   d e s i g n  
speed   occu r red   r easonab ly   nea r  a c o n s t a n t - t h r o t t l e   l i n e   t h r o u g h   t h e   d e s i g n  
p o i n t   b u t   f o r   t h e   R o t o r s  2, t h e   p e a k   e f f i c i e n c y   o c c u r r e d   t o o   c l o s e   t o   t h e  
s t a l l   l i n e   t o   b e   u s e a b l e   i n   m o s t   a p p l i c a t i o n s .  

I n   o r d e r   t o   e x p l a i n  some o f   t h e   d i f f e r e n c e s   i n   t h e   e f f e c t s   o f   l o a d i n g  
o n   t h e   o v e r a l l   a n d   s t a l l i n g   p e r f o r m a n c e s   o f   t h e   d i f f e r e n t   r o t o r s ,  it i s  
n e c e s s a r y   t o   i n v e s t i g a t e   t h e   e f f e c t   o f   l o a d i n g   o n   t h e   p e r f o r m a n c e   o f   e a c h  
r a d i a l   e l e m e n t .  

A t  d e s i g n   s p e e d ,   t h e   d i f f e r e n t   r a d i a l   e l e m e n t s   o f   e a c h   r o t o r   d i d   n o t ,  
i n   g e n e r a l ,   l o a d  up a t   t h e  same r a t e   a s   t h e   t h r o t t l e   v a l v e  was c l o s e d .  
T h i s  i s  ev idenced   by   f igure  19, a f a i r l y   t y p i c a l   e x a m p l e   o f   t h e   m a n n e r   i n  
wh ich   one   o f   t he   ro to r s   (Ro to r  2B) a t t a i n e d   a n   i n c r e a s i n g   l e v e l   o f   l o a d i n g .  
The p l o t   g i v e s   s p a n w i s e   v a r i a t i o n s   o f   b l a d e - e l e m e n t   t o t a l - p r e s s u r e - r a t i o  
f o r   t h e   r o t o r .  A s  i s  u s u a l l y   t h e   c a s e  when a r o t o r  i s  t h r o t t l e d   a t   d e s i g n  
speed ,   t he   t i p   e l emen t   o f   Ro to r  2B a c q u i r e d   l o a d i n g  much more r a p i d l y   t h a n  
the  hub  e lement .  It may a l so   be   s een   f rom  such  a p l o t   t h a t   a t  no p a r t i c u l a r  
f l ow  cond i t ion  i s  t h e   d e s i g n   i n t e n t   o f   r a d i a l l y   c o n s t a n t   t o t a l - p r e s s u r e -  
r a t i o   a c h i e v e d .  

F i g u r e  20  shows how t h e   e f f i c i e n c i e s   o f   t h e   d i f f e r e n t   e l e m e n t s   o f  
t h e   f o u r   r o t o r s   v a r y   a s   t h e   r o t o r s   a r e   t h r o t t l e d   a t   d e s i g n   s p e e d .   E l e m e n t  
t o t a l - p r e s s u r e   r a t i o   h a s   b e e n   u s e d   a s   a b s c i s s a   r a t h e r   t h a n   i n c i d e n c e   a n g l e  
because it p r o v i d e s  a b e t t e r   d i s p l a y   o f   t h e   d a t a .  

F i g u r e   2 0 ( a )   g i v e s   t h e   r e s u l t s   f o r   t h e   t i p   e l e m e n t .   R o t o r  1 B  i s  s e e n  
t o   h a v e   s u p e r i o r   p e r f o r m a n c e .  Wide d i f f e r e n c e s   a r e   r e c o r d e d   b e t w e e n   t h e  
t h r e e   R o t o r s  2, T h e s e   d i f f e r e n c e s   a r e   s u c h   t h a t ,   a t  low l eve l s   o f   e l emen t  
t o t a l - p r e s s u r e   r a t i o ,   R o t o r s  2E and 2D g i v e   s u b s t a n t i a l l y   h i g h e r   t i p -  
e l e m e n t   e f f i c i e n c y   t h a n   R o t o r  2B.  A s  t h e   t o t a l - p r e s s u r e   r a t i o   o v e r   t h e  
element  i s  r a i s e d ,   t h e   t i p - e l e m e n t   e f f i c i e n c i e s   o f   t h e s e   t h r e e   r o t o r s  
become  more equa l .  It  i s  p r o b a b l e   t h a t   t h e   s m a l l e r   t h r o a t   a r e a   a t   t h e   t i p  
of   Rotor  2B, when c o m p a r e d   w i t h   t h e   t h r o a t   a r e a   a t  i t s  mean d i a m e t e r  
( r e f .  1, f i g .  7 ( a ) ) ,  i s  r e s p o n s i b l e   f o r   t h e   p o o r e r   p e r f o r m a n c e  of i t s  t i p  
e l emen t   w i th  low back   p re s su res .  

The c h a r a c t e r i s t i c s   a t   t h e  30% immers ion   a re  shown i n   f i g u r e   2 0 ( b ) .  
The   e l emen t   e f f i c i enc ie s   o f   Ro to r s  2D and 2E r e a c h  a peak,   whereas   the 
Ro to r  2B e l e m e n t   e f f i c i e n c i e s   c o n t i n u e   t o   c l i m b   w i t h i n   t h e   m e a s u r e m e n t  
r a n g e .   O t h e r w i s e   t h e   g e n e r a l   s h a p e   o f   t h e   c u r v e s  i s  n o t   v e r y   d i f f e r e h t  
f o r   a l l   t h r e e   o f   t h e   R o t o r s  2. S i m i l a r  comments a p p l y   t o   t h e   r e s u l t s  
o b t a i n e d   a t   t h e  50% immers ion   ( f ig .   20 (c ) ) ,   a l t hough  i t  shou ld   be   no ted  
t h a t   f o r  some f l o w   c o n d i t i o n s   t h e  wake of the   pa r t - span   sh roud   imp inged  
upon t h i s   e l e m e n t .  

The  data  a t   t h e  70% immers ion   a l so  seem t o   r e s e m b l e   e a c h   o t h e r ,  
a l t h o u g h   t h e   s l o p e s   o f   t h e   c h a r a c t e r i s t i c s   a r e  less s t e e p   t h a n   a t   o t h e r  
immersions.  Once  more  the  Rotor 2B cu rve  i s  s t i l l  c l i m b i n g   w i t h i n   t h e  
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range  of   the  measurements .  A t  e ach   o f   t he  50%) 70% and 90% immersions 
t h e   b l a d e   s h a p e s   a r e   i d e n t i c a l   f o r   t h e   R o t o r s  2. 

A t  t h e   i m m e r s i o n   n e a r e s t   t o   t h e   h u b   a l l   c h a r a c t e r i s t i c s   c l i m b   s t e e p l y  
( f i g .   2 0 ( e ) ) ,   R o t o r  2D g a i n i n g   m o s t   i n   e l e m e n t   e f f i c i e n c y  a s  t h e   r o t o r  i s  
t h r o t t l e d .  None o f   t h e  hub c h a r a c t e r i s t i c s   r e a c h e s  a peak .   This   behavior  
i s  i n   l i n e   w i t h   t h e  low levels o f  loss  c o e f f i c i e n t   w h i c h   w e r e   s e e n   i n   t h e  
b l a d e   e l e m e n t   d a t a   a t   t h i s   i m m e r s i o n   ( r e f e r e n c e s  2 th rough  5) .  The poor  
per formance   of   Rotor  2D a t   t h e   l o w e s t   b a c k   p r e s s u r e  i s  p robab ly   caused  by 
t h e  same  phenomenon t h a t   h u r t   R o t o r  2B a t   t h e   t i p   a t  low b a c k   p r e s s u r e :  
w i t h  a r a d i a l l y   u n e v e n   d i s t r i b u t i o n   o f   t h r o a t   a r e a   ( r e f .  1, f i g .   7 ( a ) )   c h o k -  
i n g   l o s s e s   a r e   h i g h   w h e r e   t h e   t h r o a t   a r e a  i s  sma l l .  

F i g u r e   2 1   p r e s e n t s   v a l u e s   o f   b l a d e   e l e m e n t   e f f i c i e n c y   o b t a i n e d   f r o m  
t e s t i n g   t h e   R o t o r s  2, p l o t t e d   a s  a f u n c t i o n   o f   t h e   a p p r o p r i a t e   c a m b e r   r a t i o  
f o r   e a c h   e l e m e n t .   S i n c e   t h e   b l a d e s   a l l   h a v e   t h e  same v a l u e   o f   c a m b e r   r a t i o  
a t  t h e   r a d i i   c o r r e s p o n d i n g   t o   t h e  50%) 70% and 90% immersions,   only  the 
two   immers ions   nea res t   t o   t he   ca s ing   a r e   examined .   In   o rde r   t o   d i sp l ay  
e f f i c i e n c y   d i f f e r e n c e s   a n   u n u s u a l l y   l a r g e   s c a l e   h a s   b e e n   u s e d ;   t h e   i n h e r e n t  
a c c u r a c y   o f   t h e   d a t a   s h o u l d   t h e r e f o r e   b e   r e c a l l e d  when drawing   conclus ions  
f r o m   t h i s   f i g u r e .   D a t a   a r e   g i v e n   i n   f i g u r e   2 1   w h i c h   c o r r e s p o n d   t o   b o t h  
p e a k   e f f i c i e n c y   c o n d i t i o n s   a n d   t o  a 15% s t a l l   m a r g i n .  

An i m p o r t a n t   p o i n t  i s  t h a t ,   u n l i k e   t h e   o v e r a l l   p e r f o r m a n c e   r e s u l t s  
wh ich   were   g iven   a s  a f u n c t i o n   o f   t i p   c a m b e r   r a t i o   ( f i g .  l o ) ,  t h e   v a l u e s  
p l o t t e d   i n   f i g u r e   2 1   a c t u a l l y   c o r r e s p o n d   t o   t h e   f i x e d   i n s t r u m e n t a t i o n  
r e a d i n g   n e a r e s t   t o   p e a k   e f f i c i e n c y   o r  15% s t a l l  marg in .   F igure  10 was 
b a s e d   o n   t h e   f a i r e d   c u r v e   o f   f i g u r e  8 a n d   t h e   v a l u e s   g i v e n   i n   f i g u r e  10 
t h e r e f o r e   a p p l i e d   e x a c t l y   t o   c o n d i t i o n s   a t   p e a k   e f f i c i e n c y   o r  15% s t a l l  
margin. A s  if w a s   n o t   m e a n i n g f u l   t o   p l o t   e l e m e n t   e f f i c i e n c i e s   a g a i n s t  
s t a l l   m a r g i n   t h e   e l e m e n t   e f f i c i e n c i e s  were r e a d   d i r e c t l y   f r o m   f i x e d  
in s t rumen ta t ion   va lues   wh ich   were   computed   fo r   t he   nea res t   g reen   r ead ing .  

A l though   t he   s ca t t e r ,   c aused  by t h e   d i s t r i b u t i o n   o f   f i x e d   i n s t r u m e n t a -  
t i o n   r e a d i n g s   a l o n g   t h e   s p e e d   l i n e ,   p a r t i a l l y   e x p l a i n s  why the   e lement  
e f f i c i e n c i e s   o f   R o t o r  2E a r e   h i g h e r   t h a n   t h o s e   o f   R o t o r  2B, a t   l e a s t  a 
p a r t   o f   t h i s   e f f e c t  i s  g e n u i n e .   T h e   o v e r a l l   e f f i c i e n c y  o f  Rotor  2B i s  
s l i g h t l y   h i g h e r   t h a n   t h a t   o f   R o t o r  2E b e c a u s e   t h e   e l e m e n t   e f f i c i e n c i e s  
r e c o r d e d   a t   t h e   t h i r d ,   f o u r t h   a n d   f i f t h   i m m e r s i o n s   a r e   h i g h e r   f o r   R o t o r  2B 
t h a n   f o r   R o t o r  2E. The   r eason   fo r   such   behav io r  i s  n o t   c l e a r ,   s i n c e   a l l  
g e o m e t r i c a l   v a r i a t i o n s   b e t w e e n   t h e   d i f f e r e n t   R o t o r s  2 o c c u r   a t   r a d i a l  
l o c a t i o n s   c o r r e s p o n d i n g   t o   t h e   f i r s t   a n d   s e c o n d   i m m e r s i o n s .  

B l a d e   E l e m e n t   E f f i c i e n c i e s   a t   O t h e r   S p e e d s  

In f i g u r e  22 t h e   e l e m e n t   e f f i c i e n c i e s   o f   R o t o r s  2B,  2E and 2D, a t  
each   immers ion ,   a r e   p re sen ted   a s  a f u n c t i o n   o f   r o t a t i o n a l   s p e e d .  The 
r e a d i n g s   n e a r e s t   t o   t h e   p e a k   e f f i c i e n c y ,   a t   e a c h   s p e e d ,   a r e   c o n n e c t e d  by 
s o l i d   l i n e s .  T h e   d a t a   n e a r e s t   t o   t h e   c o n s t a n t   t h r o t t l e   l i n e   h a v i n g  15% 
s t a l l   m a r g i n   a t   d e s i g n   s p e e d   a r e   i n d i c a t e d  by d a s h e d   l i n e s .  
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E x c e p t   i n   i s o l a t e d   i n s t a n c e s ,   t h e   t r e n d s   o f   t h e   p e a k   e l e m e n t  
e f f i c i e n c y   c u r v e s   a r e   s i m i l a r   t o   t h o s e   o f   t h e   c o n s t a n t - t h r o t t l e - l i n e   c u r v e s .  
T h e   s m a l l   d i f f e r e n c e s   w h i c h   d o   o c c u r   a r e   n o t   t h o u g h t   t o   b e   s i g n i f i c a n t .  
R e g r e t t a b l y ,   t h e   t r e n d s   w h i c h  were p r e s e n t   i n   t h e   p l o t s   o f   o v e r a l l  
e f f i c i e n c y   v e r s u s   p e r c e n t   d e s i g n   s p e e d   ( f i g .  11) a r e   n o t   s e e n   t o   b e   p r e s e n t  
w i t h   a s  much c o n s i s t e n c y   i n   t h e   e l e m e n t   e f f i c i e n c y   d a t a .   R o t o r  2B, however, 
d o e s   r e v e a l  some o f   t h e   e x p e c t e d   c h a r a c t e r i s t i c s   o f  a r o t o r   h a v i n g  a low 
camber r a t i o .  A t  t h e   l o w e r   r o t a t i o n a l   s p e e d s ,  i t s  e f f i c i e n c y   o v e r   t h e  
o u t e r   p o r t i o n   o f   t h e   r o t o r  i s  l o w e r   t h a n   t h a t   o f   t h e   o t h e r   t w o   r o t o r s  
( f i g s .   2 2 ( a )   a n d   2 2 ( b ) ) ,  A t  t h e   h i g h e r   r o t a t i o n a l   s p e e d s   t h e   e l e m e n t  
p e r f o r m a n c e   a s s o c i a t e d   w i t h   R o t o r  2 B  i s  s i m i l a r   t o   t h a t   o b t a i n e d   w i t h   t h e  
o t h e r  two r o t o r s ,   b u t  s t i l l  s l i g h t l y   p o o r e r   t h a n   t h a t   o f   R o t o r  2E. It is, 
i n   f a c t ,   t h e   t h r e e   i n n e r   i m m e r s i o n s   o f   R o t o r  2B t h a t   a r e   r e s p o n s i b l e   f o r  
i t s  s l i g h t   a d v a n t a g e   o v e r   R o t o r  2E i n   o v e r a l l   p e r f o r m a n c e .   T h i s  i s  i n e x -  
p l i c a b l e   s i n c e   t h e   i n b o a r d   s e c t i o n s   o f   a l l   t h r e e   r o t o r s  are  i d e n t i c a l ,  
w i t h i n   m a n u f a c t u r i n g   a c c u r a c y .  

A s  t h e   r o t a t i o n a l   s p e e d  i s  i n c r e a s e d ,   t h e   e l e m e n t   e f f i c i e n c y   n e a r   t h e  
t i p   o f   e a c h   r o t o r   f a l l s   o f f  more r a p i d l y   t h a n   d o e s   t h e   o v e r a l l   e f f i c i e n c y .  
On t h e   o t h e r   h a n d ,   t h e   e f f i c i e n c y   n e a r   t h e  hub f a l l s   o f f  more  slowly when 
c o m p a r e d   w i t h   t h e   o v e r a l l   e f f i c i e n c y .  Two f a c t o r s   w h i c h   a r e   t h o u g h t   t o  
c o n t r i b u t e   t o   t h i s   t e n d e n c y   a r e   t h e   s u b s t a n t i a l   s h o c k   l o s s e s   p r e s e n t   a t  
t h e   h i g h   t i p   s p e e d s   a n d   t h e   s u s p e c t e d   c e n t r i f u g i n g   o f  low energy  boundary 
l a y e r   a i r   t o w a r d s   t h e   t i p .  

' F o r   t h e  10% i m m e r s i o n   r e s u l t s ,   p r e s e n t e d   i n   f i g u r e   2 2 ( a ) ,   t h e  
e f f i c i e n c i e s   o f   b o t h   R o t o r s  2B and 2D r e a c h  a peak a t  70% des ign   speed .  
That   o f   Rotor  2E i s  h i g h e s t   a t  50% d e s i g n   s p e e d .   T h i s   t y p e   o f   b e h a v i o r  i s  
a l s o   p r e s e n t   a t   t h e  30% i m i e r s i o n   ( f i g .   2 2 ( b ) )   a l t h o u g h  i t  was n o t   s e e n  
i n   t h e   o v e r a l l   p e r f o r m a n c e .  It i s  n o t   c l e a r  why t h e   r o t o r   h a v i n g   t h e  
i n t e r m e d i a t e   c a m b e r   r a t i o   s h o u l d   h a v e   s u p e r i o r   p e r f o r m a n c e   a t  50% speed ;  
i t  would   normal ly   be   expec ted   tha t   the   b lade   having  a d o u b l e - c i r c u l a r - a r c  
s e c t i o n   s h o u l d   h a v e   t h e   b e t t e r   e f f i c i e n c y   a t  low speed. Of c o u r s e ,   t h e  
accu racy  of t h e   d a t a  i s  reduced a t   t h e   l o w e r   s p e e d s .  

From t h e   r e s u l t s   o b t a i n e d   a t   t h e  70% and 90% immersions,   evidence  of  
unusual   performance a t   t h e  100% and 110% speeds  i s  p r e s e n t .  A t  t h e  70% 
i m m e r s i o n   t h e   e f f i c i e n c y   f a l l s   o f f   r a p i d l y   b e t w e e n   d e s i g n   s p e e d   a n d  110% 
c o r r e c t e d   s p e e d .  It i s  i n t e r e s t i n g   t h a t   t h i s  low e l e m e n t   e f f i c i e n c y ,   a t  
110% c o r r e c t e d   s p e e d ,   s h o u l d   c o i n c i d e   w i t h   t h e  low v a l u e s   o f   d e v i a t i o n   a n g l e  
w h i c h   a l s o   o c c u r   a t   t h e s e   c o n d i t i o n s .  The 90% immersion  has  a h igh   e lement  
e f f i c i e n c y   a t  110% speed .   This  may be a r e s u l t   o f   t h e   l o s s e s   b e i n g  
cen t r i fuged   ou twards   f rom  the   hub .  

Cor re l a t ion   Be tween  Loss P a r a m e t e r   a n d   D i f f u s i o n   F a c t o r  

The  use  of  a d i f f u s i o n   f a c t o r ,   a s   f i r s t   p o s t u l a t e d  by L i e b l e i n  
( r e f .  9 ) ,  a n d   t h e   s u b s e q u e n t   c o r r e l a t i o n   o f   e i t h e r   t o t a l - p r e s s u r e - l o s s  
c o e f f i c i e n t   o r   t o t a l - p r e s s u r e - l o s s   p a r a m e t e r ,   a s  a f u n c t i o n   o f   t h i s  
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d i f f u s i o n   f a c t o r ,   h a s   l e d   t o   b e t t e r   c o n t r o l   o f   c o m p r e s s o r   b l a d e   l o a d i n g  
t h a n  was p r e v i o u s l y   a v a i l a b l e .   T h e r e f o r e ,  i t  i s  w o r t h w h i l e   t o   e x a m i n e   t h e  
performances of t h e   p r e s e n t   r o t o r s   u s i n g   p l o t s   o f   t h e s e   v a r i a b l e s .   S u c h  
p l o t s   a r e   u s e f u l   i n   a s s e s s i n g   t h e   e l e m e n t   p e r f o r m a n c e s   o f   t h e   r o t o r s   i n   t h e  
l i g h t   o f   p r e v i o u s   e x p e r i e n c e   a n d   a l s o   i n   r e v e a l i n g   t h e   r a d i a l   d i s t r i b u t i o n s  
o f   f l ow  cond i t ions .  

B lade   e l emen t   da t a   o f   accep tab le   qua l i t y  were a v a i l a b l e   f r o m   t h e  
t e s t i n g   o f   a l l   f o u r   r o t o r s .  T h e   a c c u r a c y   o f   t h e   v e l o c i t i e s   w h i c h  were 
used i s  r e f l e c t e d   i n   t h e   c h e c k s   o f   i n t e g r a t e d   w e i g h t   f l o w   w h i c h  were p e r -  
f o r m e d   € o r   e a c h   t r a v e r s e   r e a d i n g .  The d a t a  a r e  p r e s e n t e d   i n   t h e   f o r m   o f  
t o t a l - p r e s s u r e - l o s s   p a r a m e t e r   a s  a f u n c t i o n   o f   d i f f u s i o n   f a c t o r   ( f i g .  
2 3 ( a ) - 2 3 ( e ) ) .   T o t a l - p r e s s u r e - l o s s   p a r a m e t e r  i s  p r e f e r r e d   o v e r   t o t a l -  
p r e s s u r e - l o s s   c o e f f i c i e n t   b e c a u s e  i t  i n c l u d e s   t h e   e f f e c t s   o f   s o l i d i t y   a n d  
d i s c h a r g e   f l o w   a n g l e   i n   s u c h  a way a s   t o   b e  more r e l e v a n t   t o   t h e   a e r o -  
dynamics   o f   the   b lade  row.  The t o t a l - p r e s s u r e - l o s s   p a r a m e t e r  i s  more 
c l o s e l y   r e l a t e d   t o   t h e   r o t o r   b l a d e   d r a g   c o e f f i c i e n t   t h a n  i s  t h e   t o t a l -  
p r e s s u r e - l o s s   c o e f f i c i e n t .  

Because i t  i s  founded  on a s impl i f i ed   f l ow  mode l ,   t he   u se   o f  a d i f f u -  
s i o n   f a c t o r  i s  o n l y   i n t e n d e d   f o r   c o r r e l a t i o n   o f   d a t a   i n   t h e   r e g i o n   o f  
' de s ign '   o r   ' nomina l '   f l ow  cond i t ions .   Accord ing ly ,   r ead ings   t aken   w i th  a 

w i d e   o p e n   t h r o t t l e   v a l v e   s e t t i n g   a n d   r e a d i n g s   v e r y   c l o s e   t o   s t a l l  were n o t  
u s e d   i n   t h e   c o r r e l a t i o n .   T h e r e  s t i l l  e x i s t ,   h o w e v e r ,   s e v e r a l   d i f f e r e n t  
m e t h o d s   o f   c o r r e l a t i o n   i n   w h i c h   d a t a   c o u l d   b e   c a t e g o r i z e d   a s   ' n o m i n a l '   o r  
e q u i v a l e n t   t o   ' d e s i g n '   c o n d i t i o n s .  

The   u se   o f   t he   e l emen t   da t a   g iv ing  'minimum l o s s '  f o r   t h a t   e l e m e n t ,  
a t  e a c h   r o t a t i o n a l   s p e e d ,   h a s   b e e n   f r u i t f u l   i n   t h e   p a s t ,   e s p e c i a l l y   f o r  
low-speed  cascade  data .   Such a b a s i s  was r e j e c t e d   f o r   t h e   p l o t s   u n d e r  
c o n s i d e r a t i o n ,   s i n c e   a t   t h e   t i p   i m m e r s i o n   t h e  minimum v a l u e   o f  l o s s  
p a r a m e t e r   o b t a i n e d   i n   t h e   t e s t i n g   o f   t h e   s u b j e c t   r o t o r s   o c c u r r e d   a t   t h e  
most  open t h r o t t l e   v a l v e   s e t t i n g ,   g i v i n g   b l a d e   e l e m e n t   l o a d i n g s   o b v i o u s l y  
lower   than   des ign .  

The  use  of   data   based  on a 15% s t a l l   m a r g i n  was c o n s i d e r e d   t o   b e  
i n a p p r o p r i a t e   f o r  a l o s s  p a r a m e t e r - d i f f u s i o n   f a c t o r   c o r r e l a t i o n   s i n c e   t h i s  
i s  n o t  a c o n v e n t i o n a l  way of   compar ing   e lement   da ta   and   does   no t   re la te  
d i r e c t l y   t o   t h e   a e r o d y n a m i c   b l a d e   l o s s e s .  !!Use of a c o n s t a n t   t h r o t t l e   l i n e  
t h r o u g h   t h e   d e s i g n   p o i n t  was p r o h i b i t e d   b e c a u s e   R o t o r  2D had  only 5.1% 
s t a l l   m a r g i n  when o p e r a t i n g   a t   s u c h  a po in t ;   consequen t ly ,   no   b l ade   ' e l emen t  
d a t a   w e r e   r e c o r d e d   u n d e r   t h e s e   c o n d i t i o n s .  

It was f i n a l l y   d e c i d e d   t o   c o r r e l a t e   d a t a   o n   t h e   b a s i s  of the   peak  
e f f i c i e n c y   p o i n t   a t   a l l   s p e e d s .   S i n c e  n o   r e a d i n g s   w e r e   t a k e n   a t   d e s i g n  
s p e e d   a t   e x a c t l y   t h e   p o i n t   o f   p e a k   e f f i c i e n c y ,   t h e   t h r e e   r e a d i n g s   n e a r e s t  
t o   p e a k   e f f i c i e n c y   o n   t h e   o v e r a l l   p e r f o r m a n c e  map were used. A s i m i l a r  
p rocedure  was used a t  o t h e r   r o t a t i o n a l   s p e e d s .  
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The p l o t s   o f   t o t a l - p r e s s u r e - l o s s   p a r a m e t e r   v e r s u s   d i f f u s i o n   f a c t o r   a r e  
p r e s e n t e d   i n   f i g u r e  23. I n   a d d i t i o n   t o   t h e   b l a d e   e l e m e n t   d a t a ,   t h e  NASA 
c u r v e s   o f   r e f e r e n c e  7 a r e   i n d i c a t e d .   T h e  NASA c u r v e s  came f rom  double-  
c i r c u l a r - a r c   d a t a   a n d   a r e   n o t   n e c e s s a r i l y   a p p l i c a b l e   t o   m u l t i p l e   c i r c u l a r  
arcs.  These NASA c u r v e s   a r e   i d e n t i c a l   a t   t h e  30%, 50%, 70% and 90% 
immersions. Two d i f f e r e n t   b a c k g r o u n d   c u r v e s   a r e   g i v e n   a t   t h e  10% immersion. 
T h e   u p p e r   o f   t h e   t w o   c u r v e s   r e p r e s e n t s   t h e   a v e r a g e   o f   a l l   r o t o r   t i p   d a t a  
which were u s e d   i n   t h e  NASA c o r r e l a t i o n .   T h e   l o w e r   c u r v e   r e p r e s e n t s   t h e  
lower l i m i t  o f   t h e  same d a t a .  It  i s  c l e a r   f r o m   t h e  NASA d a t a   t h a t   a l l  
c o m p r e s s o r s   i n v e s t i g a t e d   h a v e   h i g h   l o s s e s   i n   t h e   r o t o r   t i p   r e g i o n   a n d ,  
a l t h o u g h  it  seems t h a t   f a c t o r s   o t h e r   t h a n   b l a d e   e l e m e n t   d i f f u s i o n   a r e  
a f f e c t i n g   t h e   t i p  loss, t h e   s p e c i f i c   o r i g i n   o f   t h e s e   a d d i t i o n a l   l o s s e s  is  
n o t   a l w a y s   c e r t a i n .   C o n c e i v a b l y ,   h i g h   l o s s e s   c o u l d   r e s u l t   f r o m   i n t e r a c t i o n  
of   shocks   wi th   the   cas ing   boundary   l ayer .  However, examina t ion  of t h e   d a t a  
fo rming   t he   t i p   e l emen t   band   o f   t he  NASA c o r r e l a t i o n   s u g g e s t s   t h a t   t h e  
problem i s  not   dependent   upon  the   p resence   o f   shocks .  It i s  more l i k e l y  
t h a t   t h e   p r i n c i p l e   c a u s e   o f   h i g h   t i p   l o s s e s  i s  a c o m b i n a t i o n   o f   t i p  
c l ea rance   e f f ec t s   and   s econda ry   f l ows ,   augmen ted  by  movement of  low  energy 
a i r   r a d i a l l y   o u t w a r d s   o v e r   t h e   a f t   p o r t i o n   o f   t h e   r o t o r   b l a d e s .  The   des ign  
c o n d i t i o n s   f o r   R o t o r  1 B  and   the   Rotors  2 a r e   a l s o   i n c l u d e d   i n   e a c h   e l e m e n t  
p l o t .  A s  e x p l a i n e d   i n   r e f e r e n c e  1, t h e  minimum l e v e l   o f   t h e   t o t a l - p r e s s u r e -  
loss  parameter   band ,   wi th   addi t ive   shock   losses ,  was used t o   g u i d e   t h e  
d e s i g n   s e l e c t i o n   o f   t h e   t i p   l o s s e s .  

F i g u r e   2 3 ( a )   p r e s e n t s   e l e m e n t   d a t a   r e c o r d e d   a t   t h e  10% immersion. 
V i r t u a l l y   a l l   o f   t h e   d a t a   f a l l   w i t h i n   t h e  NASA band   and   mos t   o f   t hese   a r e   i n  
t h e   r e g i o n   o f   t h e   b a n d   h a v i n g   l o s s e s   l o w e r   t h a n   t h e   a v e r a g e   f o r   a l l   r o t o r s .  
The s p r e a d   o f   t h e   d a t a  i s  n o t   g r e a t   a n d   t h e   t i p   e l e m e n t   d a t a   t h u s   c o n f i r m  
t h e   t i p   e l e m e n t   b a n d   o f   t h e  NASA c o r r e l a t i o n .   I n   g e n e r a l ,   a l t h o u g h   t h e  
d e s i g n - s p e e d   d a t a  reveal s l i g h t l y   h i g h e r   l o s s   l e v e l s   t h a n   t h e   d e s i g n   i n t e n t ,  
t h e s e   o c c u r   w i t h  a h i g h e r   d i f f u s i o n   f a c t o r   t h a n   d e s i g n .   T h e   t i p   e l e m e n t  
performance a t   d e s i g n   s p e e d  i s  t h e r e f o r e   e q u i v a l e n t   t o   d e s i g n   i n t e n t .  

A t  t h e  30% immers ion   ( f ig .   23 (b ) ) ,  it i s  s e e n   t h a t   i n   g e n e r a l   t h e  NASA 
c o r r e l a t i o n   c u r v e   g i v e s  a b e t t e r   r e p r e s e n t a t i o n   o f   t h e   a v e r a g e   l e v e l   o f   t h e  
da t a   t han   do   t he   des ign   po in t s ,   wh ich   con ta ined   an   a l lowance   fo r   shock  
l o s s e s .  Once  more, t h e   s p r e a d   o f   t h e   d a t a  i s  n o t   g r e a t   f o r   m o s t   o f   t h e  
r e a d i n g s .  An e x c e p t i o n   t o   t h i s   o c c u r s   f o r   t h e   1 1 0 %   s p e e d   r e a d i n g s   f r o m  
the   Ro to r  2 t es t s .  T h e s e   a r e   c o n s i s t e n t l y   a b o v e   t h e   l e v e l   o f   t h e   o t h e r  
d a t a .   T h i s  i s  a n o t h e r   m a n i f e s t a t i o n   o f   t h e   s u d d e n   d e c r e a s e   i n   e f f f c i e n c y  
w h i c h   o c c u r r e d   f o r   t h e   R o t o r s  2 a t  ove r speed   cond i t ions   ( f ig .   11 )   an$  i s  
p o s s i b l y  a r e s u l t  of e x c e s s   t h r o a t   a r e a .  A t  t h i s   i m m e r s i o n   t h e   l e v e l   o f  
loss a t   d e s i g n   s p e e d  i s  l o w e r   t h a n   t h e   d e s i g n   l e v e l .  However, t h e  level  of 
d i f f u s i o n  i s  a p p r o x i m a t e l y   t h e  same a s   d e s i g n .  

T h e   d a t a   p r e s e n t e d   i n   f i g u r e   2 3 ( c )   h a v e   t h e  same p a t t e r n   a s   t h o s e   i n  
f i g u r e   2 3 ( b ) .   A l t h o u g h   t h e   d i s c h a r g e   f l o w   a n g l e   t r a v e r s e s   i n d i c a t e d   t h a t  
t h e   p a r t - s p a n   s h r o u d  wake  impinged  upon  the  cobra  probe a t   t h e  50% immer- 
s i o n ,  no i n d i c a t i o n   o f   u n u s u a l l y   h i g h   l o s s e s  i s  p r e s e n t   i n   t h e   f i x e d  
i n s t r u m e n t a t i o n   d a t a   p r e s e n t e d   h e r e .  Once  more t h e   d a t a   f o r m  a r e l a t i v e l y  
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t i g h t  b a n d   a r o u n d   t h e   e m p i r i c a l l y - d e r i v e d  NASA c u r v e   w i t h   t h e   e x c e p t i o n   o f  
t h e   d a t a   o b t a i n e d   f r o m   t h e   R o t o r s  2 a t  110%  speed. 

T h e   d a t a   p r e s e n t e d   a t   t h e  70% and 90% immers ions   have   impor t an t   d i f -  
f e r e n c e s   f r o m   t h o s e   n e a r e r   t o   t h e   r o t o r   t i p .   A l m o s t   a l l   d a t a   g i v e  much 
l o w e r   l o s s e s   t h a n   t h e  NASA c u r v e ,   w i t h   t h e   e x c e p t i o n   o f   t h e  110% speed 
d a t a   f o r   t h e   R o t o r s  2 which, a t   t h e  70% immers ion ,   r evea l   an   even   h ighe r  
loss t h a n   t h e  NASA curve.  

T h e   d e s i g n   s p e e d   l o s s e s   f o r   b o t h   o f   t h e s e   i m m e r s i o n s   a r e   c o n s i d e r a b l y  
l o w e r   t h a n   t h e   d e s i g n   v a l u e s   w h e r e a s   t h e   d i f f u s i o n   f a c t o r s   a t   d e s i g n   s p e e d  
a r e   n o t   g r e a t l y   d i f f e r e n t   f r o m   t h e   d e s i g n   i n t e n t .   T h i s   s u p e r i o r   p e r f o r m -  
a n c e  may be  a r e s u l t   o f   c e n t r i f u g i n g   o f   t h e   b l a d e   b o u n d a r y   l a y e r s   r a d i a l l y  
outward   f rom  the   hub .   For   bo th   the  70% and 90% immersion some n e g a t i v e  
v a l u e s   o f   t o t a l - p r e s s u r e - l o s s   p a r a m e t e r  were measured a t  50% and 70% speed. 
S m a l l   m e a s u r e m e n t   e r r o r s   a n d   s c a t t e r   i n   t h e   c o r r e c t e d   v a l u e s   a r e   b e l i e v e d  
t o  be r e s p o n s i b l e   f o r   t h i s   a n o m a l y .  

The l o s s  d a t a   h a v e   d e m o n s t r a t e d   t h a t   r o t o r s   d e s i g n e d   f o r   t h e   h i g h  
t r a n s o n i c  Mach number r a n g e   d o   n o t   h a v e   s u b s t a n t i a l l y   h i g h e r   l o s s e s   t h a n  
subsonic   and  low t r a n s o n i c   r o t o r s  when p r o p e r l y   s h a p e d   b l a d e   e l e m e n t s   a r e  
emp 1 oyed . 

R a d i a l   D i s t r i b u t i o n s   o f   F l o w   C o n d i t i o n s  

I n   o r d e r   t o   d e t e r m i n e   t h e   a c c u r a c y   o f   t h e   d e s i g n   a s s u m p t i o n s ,   g r a p h s   o f  
measured Mach number a n d   a x i a l   v e l o c i t y   h a v e   b e e n   p l o t t e d   i n   f i g u r e s  24, 25, 
26 and 27.  T h i s   h a s   b e e n   p e r f o r m e d   f o r   R o t o r s  1 B  and 2B. The   reading  
n e a r e s t   t o  a c q n s t a n t   t h r o t t l e   l i n e   p a s s i n g   t h r o u g h   t h e   d e s i g n   p o i n t   o f  
each   o f   t hese   ro to r s   has   been   u sed .  

A t  t h e   i n l e t   a n d   d i s c h a r g e  of b o t h   r o t o r s ,   r a d i a l   d i s t r i b u t i o n s   o f  
des ign   cond i t ions   have   a l so   been   g iven .  A c o n t i n u o u s   t r a v e r s e  was t a k e n  
i n   p l a n e  1.51 f o r   b o t h   r o t o r s   a n d   d i s t r i b u t i o n s   r e d u c e d   f r o m   t h i s   t r a v e r s e  
a r e   a l s o   i n c l u d e d .   A x i a l   v e l o c i t i e s   a n d  Mach numbers,  reduced  from  cobra 
t r a v e r s e   d a t a ,   i n   a d d i t i o n   t o   d a t a   r e d u c e d   f r o m  a con t inuous   cobra  
t r a v e r s e ,  may the re fo re   be   compared   w i th   des ign   i n t en t .   The   r ead ings   u sed  
f o r   t r a v e r s e s   a r e   i d e n t i f i e d   o n   t h e   a p p r o p r i a t e   p e r f o r m a n c e  maps ( f i g s .  
5 (a)   and   5(b) ) .  

I n   f i g u r e  2 4  r a d i a l   d i s t r i b u t i o n s   o f   i n l e t   a n d   d i s c h a r g e   r e l a t i v e  
Mach number a r e  compared   wi th   the   cor responding   des ign   curves   for   Rotor  1B.  
The  agreement   between  the  measured  inlet  Mach number and   t he   des ign   cu rve  
i s  exce l l en t .   C lose   ag reemen t  i s  a l so   ob ta ined   be tween   t he   e l emen t   da t a  
a n d   t h e   r e d u c e d   c o n t i n u o u s   t r a v e r s e   a t   r o t o r   d i s c h a r g e .   T h o s e   v a l u e s   a r e  
s l i g h t l y   l o w e r   t h a n   t h e   d e s i g n  Mach number a t   t h e  h u b ,   b u t   t h i s  i s  probably 
a r e s u l t   o f   t h e   f a c t   t h a t   d e s i g n   d i s t r i b u t i o n s   o f   t o t a l   p r e s s u r e   a r e   f a i r e d  
t o   t h e   w a l l   i n s t e a d  of r e p r e s e n t i n g   t h e  hub  and  casing  boundary  layers .  
The wake o f   t he   pa r t - span   sh roud  i s  a l s o   r e c o r d e d  by t h e   c o n t i n u o u s   t r a v e r s e .  
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The r a d i a l   d i s t r i b u t i o n s   o f   a x i a l   v e l o c i t y   f o r   R o t o r  1 B  a r e   p r e s e n t e d  
i n   f i g u r e  25. The  measured i n l e t   a x i a l   v e l o c i t y  i s  s l i g h t l y   h i g h e r   t h a n  
t h e   d e s i g n   c u r v e ,   r e f l e c t i n g   t h e   h i g h e r   w e i g h t   f l o w   w h i c h  was r eco rded  
i n   t h e   o v e r a l l   p e r f o r m a n c e   d a t a .  A t  r o t o r   d i s c h a r g e ,   t h e   m e a s u r e d   v a l u e s  
o f   a x i a l   v e l o c i t y  were g e n e r a l l y   l o w e r   t h a n   t h e   d e s i g n   d i s t r i b u t i o n ,  
p a r t i c u l a r l y   i n   t h e  hub r e g i o n .  

The  measured i n l e t   r e l a t i v e  Mach numbers f o r   R o t o r  2B ( f ig .   26 )  
a l s o  compare we l l  w i t h   d e s i g n   i n t e n t .  The  agreement  between t e s t  d a t a  
a n d   d e s i g n   i n t e n t   a t   r o t o r   d i s c h a r g e  i s  a l s o   r e a s o n a b l e ,   a l t h o u g h   o n c e  
more t h e   e f f e c t s   o f   h u b   a n d   c a s i n g   b o u n d a r y   l a y e r s   a n d   t h e   p a r t - s p a n  
s h r o u d   a r e   e v i d e n t   i n   t h e   r e d u c t i o n   o f   t h e   c o n t i n u o u s   t r a v e r s e   d a t a .  

F i g u r e  27 shows t h a t   t h e   i n l e t   a x i a l   v e l o c i t i e s   m e a s u r e d   d u r i n g   t h e  
Rotor  2 B  t e s t   a r e   a g a i n   h i g h e r   t h a n   t h e   d e s i g n   v a l u e s .   T h i s  i s  c o n s i s t e n t  
w i t h   t h e   h i g h e r   w e i g h t   f l o w .   T h e   s h a p e   o f   t h e   a x i a l   v e l o c i t y   d i s t r i b u t i o n  
matches   the   des ign   shape   n ice ly ,   however .   The   Rotors  2 w e r e   d e s i g n e d   f o r  
a h i g h   l e v e l   o f   d i s c h a r g e   a x i a l   v e l o c i t y   a t   t h e  hub .   Al though  there   a re  
s i g n s   o f   t h i s   t r e n d   i n   t h e   f r e e - s t r e a m   f l o w ,   t h e   h u b   b o u n d a r y   l a y e r   a g a i n  
p r e v e n t s  much o f   t h i s   a x i a l   v e l o c i t y   i n c r e a s e   f r o m   b e i n g   a t t a i n e d .  

I n   o r d e r   t o   m u t u a l l y   c o m p a r e   t h e   r a d i a l   d i s t r i b u t i o n s   o f   b l a d e  
i n c i d e n c e   a n g l e ,   t h e s e   a r e   p r e s e n t e d   f o r   a l l   f o u r   r o t o r s   i n   f i g u r e  28. 
The va lues   p re sen ted   were   ob ta ined   f rom  the   b l ade   e l emen t   r educ t ion   p ro -  
c e d u r e ,   i n   c o n j u n c t i o n   w i t h   t h e  known b l a d e   e d g e   a n g l e s   f o r   e a c h   r o t o r .  
F o r   a l l   r o t o r s ,   t h e   d a t a   w e r e   r ' e c o r d e d   a t   t h e   i n t e r s e c t i o n   o f   t h e   d e s i g n  
s p e e d   l i n e   w i t h  a c o n s t a n t   t h r o t t l e   l i n e   t h r o u g h   t h e i r   r e s p e c t i v e   d e s i g n  
p o i n t s .   T h e s e   d a t a   a r e   s u p e r p o s e d   o n   t h e   a p p r o p r i a t e   d e s i g n   c u r v e s .  

The d i f f e r e n c e s   b e t w e e n   t h e   e l e m e n t   d a t a   a n d   d e s i g n   i n t e n t   r e f l e c t  
t h e   d i f f e r e n c e s   b e t w e e n   t h e   m e a s u r e d   a n d   d e s i g n   w e i g h t   f l o w s .   S m a l l   d i f -  
f e r ences   be tween   t he   Ro to r  2 i n c i d e n c e s  may b e   r e l a t e d   t o   t h e   d i f f e r e n t  
t i p   t h r o a t   a r e a s   o f   t h e   t h r e e   r o t o r s .  

D e v i a t i o n   a n g l e s   a r e   p l o t t e d   i n   f i g u r e  29. T h e s e   a g a i n   r e s u l t e d  
f rom  the   b l ade   e l emen t   da t a   r educ t ion   and   t he  known b lade   edge   ang le s .  
The   r ead ings   f rom  wh ich   t hese   dev ia t ion   ang le   da t a   were   ob ta ined  were t h e  
r e a d i n g s   w h i c h   w e r e   u s e d   f o r   t h e   i n c i d e n c e   a n g l e   d a t a   i n   f i g u r e  28. 

T h e   d e v i a t i o n   a n g l e s   o f   R o t o r  1 B  a r e   h i g h e r   t h a n   d e s i g n   i n t e n t   f o r  
a l l   r a d i a l   p o s i t i o n s .   T h i s  i s  a n   u n e x p e c t e d   f i n d i n g   s i n c e   t h e   o v e r a l l  
performance map ( f i g .   5 ( a ) )   i n d i c a t e s   t h a t   t h e   d e s i g n   t o t a l - p r e s s u r e  
r a t i o  was  exceeded a t   d e s i g n   f l o w .   T h e s e   r e s u l t s   i m p l y   t h a t   t h e   a c t u a l  
a x i a l   v e l o c i t i e s   a t   r o t o r   d i s c h a r g e  were less t h a n   d e s i g n .   T h i s  i s  sub-  
s t a n t i a t e d  by the   ax ia l   ve loc i ty   measu remen t s .   These ,   and   t he   we igh t   f l ow 
checks a t   t h e   r o t o r  e x i t  t r a v e r s e   p l a n e   ( t a b l e  6 o f   r e f .  2), s u g g e s t   t h a t '  
t h e   d e s i g n   e f f e c t i v e - a r e a   c o e f f i c i e n t   v a l u e   o f  0.95 WAS t o o  low. 

The  Rotors  2 h a v e   d i f f e r e n c e s   i n   d e v i a t i o n   a n g l e   w h i c h   d o   n o t   a p p e a r  
t o  form a c o n s i s t e n t   p a t t e r n .   I n   g e n e r a l ,   h o w e v e r ,   t h e y   a g r e e   b e t t e r   w i t h  



d e s i g n   i n t e n t   t h a n   t h o s e  of Ro to r  1B.  For R o t o r  2D, t he   r ead ing   wh ich  was 
u s e d   w a s   c l o s e   t o   t h e   s t a l l   p o i n t .  It i s  p o s s i b l e   t h a t   t h e   o v e r t u r n i n g  
p r e s e n t   a t   t h e   t i p   s e c t i o n  i s  a r e s u l t   o f  a s e p a r a t i o n   r e g i o n   g i v i n g   h i g h e r  
e f f e c t i v e   c a m b e r   a t   t h e   r e a r   o f   t h e   b l a d e .  

SUMMARY OF RESULTS 

T h e   s i g n i f i c a n t   c o n c l u s i o n s   d r a w n   f r o m   t h e   t e s t i n g   o f   t h e   f o u r   r o t o r s  
a r e   a s   f o l l o w s :  

1. F o r   o p e r a t i o n   a t   d e s i g n   s p e e d   w i t h  a 15% s t a l l  margin,   Rotor 1 B  
had   an   e f f i c i ency   o f   0 .895   whereas   t he   e f f i c i ency  of  t h e  more h e a v i l y  
loaded  Rotor  2B was 0 . 8 7 6 .   M e a s u r e d   t o t a l - p r e s s u r e - l o s s   c o e f f i c i e n t s  
w e r e   l o w e r   t h a n   t h e i r   d e s i g n   v a l u e s   f o r   a l l   r o t o r s   a n d   a t   a l l  immer- 
s i o n s   e x c e p t   t h e   t i p ,   w h e r e  good ag reemen t   w i th   des ign  was ob ta ined .  

2. Ro to r  1 B  had a c o n s i d e r a b l e   s t a l l - f r e e   o p e r a t i n g   r a n g e   b e y o n d  
i t s  d e s i g n   p r e s s u r e   r a t i o   a n d   w e i g h t   f l o w .   T h e   R o t o r s  2 a l l  were 
p o o r e r   i n   t h i s   r e s p e c t .  A t  a 15% s t a l l  m a r g i n ,   t h e   o p e r a t i n g   t o t a l -  
p r e s s u r e   r a t i o   f o r   R o t o r  1 B  w a s   a l m o s t   a s   g o o d   a s   t h a t   f o r   R o t o r s  2B 
and 2E a n d   b e t t e r   t h a n   t h a t   o f   R o t o r  2D. D e c r e a s e s   i n   t h e   t i p   r a t i o  
o f   s u p e r s o n i c   t o   t o t a l   c a m b e r   o v e r   t h e   r a n g e   t e s t e d   g e n e r a l l y   r e s u l t e d  
i n   t h e   a c h i e v e m e n t   o f   h i g h e r   s t a l l   l i n e s .  

3. D u r i n g   t h e   o p e r a t i o n   o f   t h e   t h r e e   R o t o r s  2 a t  a des ign - speed  
s t a l l  margin of  15%, t h e   r o t o r   h a v i n g  a d o u b l e - c i r c u l a r - a r c   t i p   s e c t i o n  
h a d   a n   o v e r a l l   e f f i c i e n c y   o f   0 . 8 5 4 ,   t h e   r o t o r   w i t h   a n   i n t e r m e d i a t e  
camber r a t i o   h a d   a n   e f f i c i e n c y   o f   0 . 8 6 9   a n d   t h e   r o t o r   w i t h   l e a s t  
supe r son ic   camber   had   an   e f f i c i ency   o f   0 .876 .   Thus ,   dec reases   i n   t i p  
r a t i o  o f  s u p e r s o n i c   t o   t o t a l   c a m b e r   o v e r   t h e   r a n g e   t e s t e d   r e s u l t e d  
i n   t h e   a c h i e v e m e n t  of h i g h e r   o v e r a l l   e f f i c i e n c i e s .  

4.  T h e   d e s i g n   r u l e s   u s e d   l e d   t o   a l l   r o t o r s   e x c e e d i n g   d e s i g n  
w e i g h t   f l o w .   P a r t   o f   t h i s   f l o w   e x c e s s   c a n   b e   r e l a t e d   t o   t h e   w a l l  
boundary   l aye r   b lockage   a s sumpt ion   and   pa r t  may b e   a t t r i b u t e d   t o   a n  
e x c e s s i v e   a l l o w a n c e   f o r   t h r o a t   a r e a .   I n c i d e n c e   a n g l e s   l o w e r   t h a n  
des ign   were   ob ta ined .  A t  d e s i g n   f l o w   a l l   r o t o r s   t e n d e d   t o   p r o d u c e  
a t o t a l - p r e s s u r e   r a t i o   g r e a t e r   t h a n   d e s i g n .   B l a d e   e l e m e n t   m e a s u r e -  
m e n t s   s u g g e s t   t h a t   t h i s  was a r e s u l t   o f   t h e   d e s i g n   a n n u l u s   e f f 6 c t i v e -  
a r e a   c o e f f i c i e n t   b e i n g   t o o  low r a t h e r   t h a n   t h e   d e s i g n   d e v i a t i o n   a n g l e  
be ing   t oo   h igh .  

5. T h e   s h a p e s   o f   t h e   r a d i a l   d i s t r i b u t i o n s   o f   a x i a l   v e l o c i t y  were 
a c c u r a t e l y   p r e d i c t e d  a t  t h e   r o t o r   i n l e t  by t h e   d e s i g n   p r o c e d u r e  
employed.  The  agreement a t   r o t o r   d i s c h a r g e  was   r easonab le ,   a l t hough  
wa l l   boundary   l aye r s   and   t he   pa r t - span   sh roud  wake made d i r e c t  
c o m p a r i s o n s   d i f f i c u l t .  
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6 .   B o t h   r a d i a l   a n d   c i r c u m f e r e n t i a l   d i s t o r t i o n s   h a d  a s u b s t a n t i a l  
i n f l u e n c e   o n   r o t o r   p e r f o r m a n c e .  A t  d e s i g n   s p e e d   t h e   s t a l l   m a r g i n ,  
we igh t   f l ow  and   ro to r   e f f i c i ency   were   cons ide rab ly   r educed   be low  the  
v a l u e s   o b t a i n e d   f r o m   u n i f o r m   i n l e t   t e s t i n g .  
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Figure 1. - Close-up view of the tip section of all four rotors. 
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Figure 2. - House  Compressor  Test  Facility. 
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F i g u r e   5 ( a ) .  - R o t o r  1 B  p e r f o r m a n c e   m a p   o b t a i n e d   w i t h   u n i f o r m   i n l e t   f l o w .  
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F i g u r e   5 ( c ) .  - Rotor  2E p e r f o r m a n c e   m a p   o b t a i n e d   w i t h   u n i f o r m   i n l e t   f l o w .  

I. 0 

. 9  

.- V 

. a  

. 7  

n 
m 
m .- 
-0 
m 
L 
0 

O 
oz 
.I- 



2. 

2. 

0 

I. 

0 

I I. - 
m 
0 
I- 

Y 

I. 

I. 

C o r r e c t e d   w e i g h t   f l o w ,  , l b l s e c  
6 

I .  0 

. 9  

. 8  

. 7  

.- V 

c 
m 
d 
m .- 
V 
m 
L 
0 
O 
E 

.I- 

F i g u r e  5 ( d ) .  - R o t o r  2 D  p e r f o r m a n c e   m a p   o b t a i n e d   w i t h   u n i f o r m   i n l e t   f l o w .  
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Figure 1 2 .  - Composite plot   giving  performance  of  each  rotor a t  70 percent  speed. 
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Figure 13(a). - Average  number of stall  cells at each  rotational  speed. 
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f lgure  14 - Qualitative plots showing  extent  of  hysteresis loops obtained  when  Rotor 2B was slowly  withdrawn  from 
stall  at 90%, IN% and 110% corrected speeds. 
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Figure  17(a) .  - I n l e t   t o t a l   p r e s s u r e ,   e x i t   t o t a l   p r e s s u r e  and e x i t   t o t a l  
temperature  profi les   obtained from the  Rotor 1B r a d i a l  
d i s t o r t i o n   t e s t i n g ,   f o r   r e a d i n g  30 a t  100% corrected speed. 
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Figure  17(b) .  - I n l e t   t o t a l   p r e s s u r e ,   e x i t   t o t a l   p r e s s u r e  and exit t o t a l  
temperature  profiles  obtained from the  Rotor 2B r a d i a l  
d i s t o r t i o n   t e s t i n g ,   f o r   r e a d i n g   8 5  at 100%  corrected  speed. 
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Figure 18(a) .  - Inlet  total  pressure,  exit   total  pressure and ex i t   to ta l  tem- 
perature  profiles  obtained from the Rotor 1B circumferential 
distort ion  test ing.   for reading 4 6  a t  100% corrected  speed. 
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Figure  18(b) .  - I n l e t   t o t a l   p r e s s u r e ,   e x i t   t o t a l   p r e s s u r e  and e x i t   t o t a l  tem- 
perature   prof i l e s   obta ined  from the  Rotor 2B c ircumferent ia l  
d i s tor t ion   t e s t ing ,   for   read ing   101   a t   100%  correc ted   speed .  
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Figure 20(b). - Element  efficiency  as  a  function  of total-pressure-ratio at 30% immersion from 
tip at  design speed. 
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Figure 2O(c). - Element efficiency as a  function of total-pressure-ratio at 50% immersion from 
tip at  design speed. 
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Figure 2O(d). - Element efficiency as  a  function of total-pressure-ratio at 70% immersion  from 
tip at design speed. 
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Figure 20(e). - Element  efficiency  as  a  function of total-pressure-ratio at 90% immersion from 
tip at desien meed. 
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Figure 22(e). - Element  efficiency as a function of percent  speed at 90% immersion  from tip. 
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F igure  25. - R a d i a l   d i s t r i b u t i o n s  of i n l e t  and d i s c h a r g e   a x i a l   v e l o c i t y  
f o r  Rotor 1B a t  design  speed. 
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F igu re  26. - R a d i a l   d i s t r i b u t i o n s  of i n l e t   a n d   d i s c h a r g e   r e l a t i v e  Mach 
number for Rotor 2B at design  speed.  
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Figure 27. - R a d i a l   d i s t r i b u t i o n s  of i n l e t  and d i scha rge  axial  v e l o c i t y  
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