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SUMMARY 

A p r o p e l l e r  d e s i g n a t e d  as SR-6 was t e s t e d  i n  t h e  NASA Lewis Research 
C e n t e r ' s  8- by  6-Foot  Wind Tunne l .  The p r o p e l l e r  was one o f  a s e r i e s  o f  
advanced s i n g l e - r o t a t i o n  p r o p e l l e r  models  t h a t  were des igned  and t e s t e d  as a 
p a r t  o f  t h e  NASA Advanced Turboprop P r o j e c t .  I t  was des igned  w i t h  40° o f  sweep 
and 10 b l a d e s  t o  c r u i s e  a t  Mach 0 .8  a t  an a l t i t u d e  o f  10.7 km (35  000 f t )  w i t h  
a power l o a d i n g  o f  241 kW/m2 ( 3 0  h p / f t 2 )  and a t i p  speed o f  213 m / s e c  (700 f t /  
sec ) .  E a r l i e r  advanced p r o p e l l e r s  f o r  t h i s  speed and a l t i t u d e  were des igned  
w i t h  e i g h t  b lades  for a power l o a d i n g  o f  301 kW/m2 (37 .5  h p / f t 2 )  and a t i p  
speed o f  244 m/sec (800  f t / s e c > .  

The p r o p e l l e r  model was mounted on t h e  NASA Lewis  p r o p e l l e r  t e s t  r i g  and 
t e s t e d  f o r  aerodynamic pe r fo rmance  i n  t h e  t r a n s o n i c  t e s t  s e c t i o n  o f  t h e  NASA 
Lewis 8- by 6-Foot  Wind Tunnel a t  Mach numbers from 0 . 6  t o  0 .85  and p r o p e l l e r  
b l a d e  ang les  from 58.5O t o  66.4O. 

B a s i c  p r o p e l l e r  pe r fo rmance  i s  p r e s e n t e d  i n  te rms  o f  n e t  e f f i c i e n c y  and 
power c o e f f i c i e n t  ve rsus  advance r a t i o .  D e s i g n - p o i n t  n e t  e f f i c i e n c y  was a l m o s t  
c o n s t a n t  t o  Mach 0 .75  b u t  f e l l  above t h i s  speed more r a p i d l y  t h a n  t h a t  o f  any 
p r e v i o u s l y  t e s t e d  advanced p r o p e l l e r .  A l l  p o r t i o n s  o f  t h e  p r o p e l l e r  b l a d e  
appeared t o  c o n t r i b u t e  t o  t h e  c o m p r e s s i b i l i t y - c a u s e d  per fo rmance loss ,  i n c l u d -  
i n g  t h e  hub r e g i o n ,  where t h e  i n t e r b l a d e  f l o w  choked.  A l t e r n a t i v e  s p i n n e r s  
des igned  t o  reduce  t h e  near-hub i n t e r b l a d e  Mach numbers improved p r o p e l l e r  p e r -  
formance above Mach 0.75. W i t h  t h e  opt imum a l t e r n a t i v e  s p i n n e r  t h e  e s t i m a t e d  
SR-6 d e s i g n - p o i n t  n e t  e f f i c i e n c y  was 80 .6  p e r c e n t  a t  Mach 0.75 and 7 9 . 2  p e r c e n t  
a t  Mach 0 . 8 ,  h i g h e r  t h a n  t h e  measured per fo rmance o f  any p r e v i o u s l y  t e s t e d  
advanced s i n g l e - r o t a t i o n  p r o p e l l e r  a t  t h e s e  speeds. 

INTRODUCTION 

P r o p e l l e r  p r o p u l s i o n  s y s t e m s  have r a t h e r  l a r g e  e f f i c i e n c y  advantages  o v e r  
t h e  more h i g h l y  l oaded  t u r b o f a n  p r o p u l s i o n  s y s t e m s .  A l t h o u g h  these  advantages  
d im n i s h  a t  h i g h  subson ic  Mach numbers, t h e y  a r e  s t i l l  l a r g e .  A t  Mach 0.8,  
f o r  example,  t h e  i n s t a l l e d  e f f i c i e n c y  o f  an advanced s i n g l e - r o t a t i o n  t u r b o p r o p  
wou d be abou t  77 p e r c e n t ,  i n  c o n t r a s t  t o  abou t  64 p e r c e n t  f o r  a t u r b o f a n  sys- 
t e m  ( r e f .  1 ) .  These i n s t a l l e d  e f f i c i e n c i e s  i n c l u d e  t h e  i n s t a l l a t i o n  l o s s e s  
for  b o t h  s y s t e m s :  namely,  n a c e l l e  d r a g  f o r  t h e  t u r b o p r o p  s y s t e m s  and cowl d r a g  
and fan i n t e r n a l  a i r f l o w  l o s s e s  f o r  t h e  t u r b o f a n  s y s t e m s .  Such e f f i c i e n c y  com- 
p a r i s o n s  have l e d  t o  a number o f  a i r c r a f t  m i s s i o n  s t u d i e s  by b o t h  NASA and 
i n d u s t r y .  These s t u d i e s  i n d i c a t e  t h a t  a t r i p  f u e l  sav ings  o f  15 t o  30 p e r c e n t  
can be ach ieved  f o r  a Mach 0 . 8  c r u i s e  advanced t u r b o p r o p  a i r c r a f t  o v e r  an 
e q u i v a l e n t - t e c h n o l o g y  t u r b o f a n  a i r c r a f t  ( r e f s .  1 and 2 ) .  



The NASA Advanced Turboprop ( A T P )  P r o j e c t  was c r e a t e d  t o  deve lop  and con- 
firm t h e  t e c h n o l o g i e s  t h a t  w i l l  a t t a i n  t h e s e  p r o j e c t e d  f u e l  sav ings  i n  com- 
p l e t e  l a r g e - s c a l e  eng ine  sys tems.  S u p p o r t i n g  t e c h n o l o g y  for t h i s  p r o j e c t  was 
s u p p l i e d  i n  p a r t  by  t h e  d e s i g n  and t e s t i n g  o f  advanced p r o p e l l e r  models .  A 
s e r i e s  o f  models  o f  s i n g l e - r o t a t i o n  p r o p e l l e r s  des igned  f o r  c r u i s e  o p e r a t i o n  
a t  Mach 0.8 and 10.7-km (35  000-f t )  a l t i t u d e  have been t e s t e d  b y  NASA and 
H a m i l t o n  S tandard  i n  w ind  t u n n e l s  a t  t h e  NASA Lewis  Research Cen te r  and t h e  
U n i t e d  Techno log ies  Research C e n t e r .  Aerodynamic per fo rmance t e s t  r e s u l t s  f o r  
t h e  s t r a i g h t - b l a d e  SR-2 p r o p e l l e r ,  t h e  30O-swept SR-1 p r o p e l l e r ,  and t h e  45O- 
swept SR-3 p r o p e l l e r  have been p u b l i s h e d  i n  r e f e r e n c e s  3 t o  7: A l l  o f  these  
models w e r e  des igned  by  H a m i l t o n  S tandard  under  c o n t r a c t  t o  Lew is .  The model 
r e p o r t e d  h e r e i n  ( d e s i g n a t e d  SR-6) was a e r o d y n a m i c a l l y  des igned  a t  Lewis ,  w i t h  
H a m i l t o n  S tandard  p e r f o r m i n g  t h e  mechan ica l  d e s i g n  and model f a b r i c a t i o n  under  
c o n t r a c t .  

An e x p e r i m e n t a l  t e s t  p rogram t o  d e t e r m i n e  t h e  aerodynamic per fo rmance o f  
t h e  SR-6 p r o p e l l e r  model was conducted  i n  t h e  NASA Lewis  8- by  6-Foot Wind 
Tunnel a t  f r e e - s t r e a m  Mach numbers from 0.6  t o  0.85 o v e r  a range o f  p r o p e l l e r  
b l a d e  ang les  and t i p  speeds. B a s i c  per fo rmance r e s u l t s  a r e  p r e s e n t e d  h e r e i n  
i n  t e r m s  of n e t  e f f i c i e n c y  and power c o e f f i c i e n t  ve rsus  advance r a t i o .  Ne t  
e f f i c i e n c y  r a t h e r  t h a n  i n s t a l l e d  e f f i c i e n c y  i s  p r e s e n t e d  s i n c e  t h e  model t e s t s  
c o u l d  n o t  measure r e a l  i n s t a l l a t i o n  l o s s e s .  These b a s i c  d a t a  a r e  summarized 
a t  each t e s t e d  f r e e - s t r e a m  Mach number and ana lyzed  t o  assess c o m p r e s s i b i l i t y  
e f f e c t s .  L i m i t e d  d a t a  a r e  p r e s e n t e d  f o r  t h e  p r o p e l l e r  w i t h  a l t e r n a t i v e  s p i n -  
n e r s  des igned  t o  r e l i e v e  hub c h o k i n g  a t  t h e  h i g h e r  f r e e - s t r e a m  Mach numbers. 
The SR-6 p r o p e l l e r  pe r fo rmance  i s  compared w i t h  t h e  per fo rmances o f  t h e  
e a r l i e r  p r o p e l l e r  mode ls .  

APPARATUS AND PROCEDURE 

P r o p e l l e r  Des ign  Fea tu res  

The SR-6 p r o p e l l e r  ( f i g .  1 )  was des igned  t o  c r u i s e  a t  Mach 0.8 a t  an a l t i -  
t ude  o f  10 .7  km (35  000 f t ) .  I t s  d e s i g n  c h a r a c t e r i s t i c s  ( f i g .  2 )  were chosen 
t o  o b t a i n  h i g h  pe r fo rmance  and t o  m i n i m i z e  t h e  p r o p e l l e r  source  n o i s e .  E a r l i e r  
advanced p r o p e l l e r s  (SR-1 ,  SR-2, and SR-3) were des igned  t o  o p e r a t e  a t  t h e  same 
Mach number and a l t i t u d e .  These p r o p e l l e r s  had e i g h t  b l a d e s ,  a d e s i g n  power 
l o a d i n g  ( r a t i o  o f  s h a f t  horsepower t o  t h e  square o f  t h e  r e f e r e n c e  b l a d e  t i p  
d i a m e t e r  S H P / D 2 >  o f  301 kW/m2 ( 3 7 . 5  h p / f t 2 > ,  and a d e s i g n  t i p  speed o f  244 m /  
s e c  (800 f t / s e c > .  The d e s i g n  t i p  speed o f  t h e  SR-6 was lowered  t o  213 m/sec 
(700 f t / s e c >  t o  reduce  t h e  source  n o i s e .  The p o t e n t i a l  per fo rmance l o s t  by  
l o w e r i n g  t h e  t i p  speed was r e g a i n e d  and somewhat improved by i n c r e a s i n g  t h e  
number of b l a d e s  t o  10 and l o w e r i n g  t h e  d e s i g n  power l o a d i n g  t o  241 kW/m2 
( 3 0  h p / f t 2 > .  
i d e a l  induced e f f i c i e n c y .  

The r e s u l t  o f  these  d e s i g n  changes was a 1 p e r c e n t  i n c r e a s e  i n  

The aerodynamic b l a d e  shape c h a r a c t e r i s t i c s  a l o n g  t h e  mean flow st ream- 
l i n e s  a r e  p r e s e n t e d  f o r  t h e  SR-6 p r o p e l l e r  i n  f i g u r e  3 .  The t h i c k n e s s  t / b  , 
t w i s t  A 0  , d e s i g n  l i f t  c o e f f i c i e n t  CLD , and cho rd  b /D  d i s t r i b u t i o n s  a r e  
shown as f u n c t i o n s  o f  b l a d e  r a d i u s  r a t i o .  The b l a d e  a i r f o i l  t y p e s  chosen f o r  
t h e  SR-6 p r o p e l l e r  w e r e  t h e  same as those  used on t h e  e a r l i e r  p r o p e l l e r s  ( i . e . ,  
NACA s e r i e s  16 i n  t h e  o u t b o a r d  s e c t i o n s  and NACA s e r i e s  65 w i t h  a c i r c u l a r - a r c  
mean camber l i n e  i n  t h e  i n b o a r d  s e c t i o n s ) .  Between t h e s e  was a t r a n s i t i o n  
r e g i o n ,  as shown i n  f i g u r e  3 .  The t h i c k n e s s - t o - c h o r d  r a t i o  t / b  d i s t r i b u t i o n  
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of the SR-6 was the same as that of the earlier propellers except near the 
hub, as discussed later. The blade chord-to-diameter ratio b/D distribution 
was similar to that of the earlier propellers SR-1 and SR-2. The design lift 
coefficient CLD and blade twist AD distributions shown in figure 3 were 
optimized during the design process for maximum efficiency at the design condi- 
tion: free-stream Mach number, Mo, 0.8; advance ratio, J ,  3.5; and power coef- 
ficient, C,, 2 . 0 3 .  

1 ower 
(Mach 
tions 
mi ned 
be 1 ow 
radi a 

he SR-6 propeller blades were swept to help reduce source noise and 
compressibility losses in order to maintain high efficiency at the high 
0.8) design speed, where local helical Mach numbers on the outer por- 
of the blade would exceed Mach 1.0. The sweep distribution was deter- 
by keeping the local Mach number normal to the blade midchord line just 
the drag divergence Mach number of the airfoil section at each blade 
station. The resulting aerodynamic sweep (fig. 4 )  has two components. 

One is the geometric or manufactured sweep shown in the figure. The other is 
the radial flow angle of the mean-flow streamlines induced by the spinner con- 
tour. This component is represented by the difference between the manufactured 
and aerodynamic sweep. As figure 4 shows, all inboard sweep was due to the 
r a d i a l  f l ow  a n a i r l a r i t v  and  m o q t  nf t h P  niithnarri (;wppn wa(; t h P  n p n r n p t r i r  n r  . - - . - . . . - . . -. . J - . - . . - , ) - ’ . . - . . . - - - - .  ~ . . - - - - I - - . - - . . - -  ..-- ...... J’-”’” , - -. 
manufactured sweep. The geometric sweep is also illustrated by the blade 
photograph in figure 2. In this definition of sweep the tip sweep is approxi- 
mately the angle between the blade planform midchord line at the blade tip and 
a radial line intersecting this line at the tip. The aerodynamic tip sweep of 
40° was then obtained by adding on the small flow angle at the tip. 

The diameter of a swept propeller varies with blade angle, rotational 
speed, and blade loading. These changes occur because the blade tip travels 
out of the axial-radial plane of the blade pitch change axis. Blade angle var- 
iations caused small diameter changes for the SR-6 propeller (fig. 5 ) .  Changes 
from rotational speed and loading were not significant. For convenience, all 
data and plots presented in this report use values derived from a constant (or 
reference) propeller diameter of 0 . 6 9 6  m (27.4 in.). This is the blade diame- 
ter with the blade tip angle at 90° (i.e., with the tip aligned axially). 

Since the SR-6 propeller model was designed to be tested on the same 
propeller test rig as the earlier propellers, the hub diameter remained 
unchanged. 
of the 301 kW/rn2 (37.5 hp/ft2) for the earlier propellers, required a larger 
propeller diameter for a proper geometric scaling. The larger SR-6 propeller 
blades resulted in a smaller propeller hub-to-tip ratio and a physically 
smaller hub flow area. These considerations, combined with a closer blade 
spacing from the 10 blades (instead of the 8 for the earlier propellers), 
increased the chances of hub flow choking at the higher free-stream Mach 
numbers. 

However, the lower power loading of 241 kW/m2 (30 hp/ft2), instead 

To help alleviate choking, the propeller blades near the hub were made as 
thin as possible within structural constraints. At the hub the thickness-to- 
chord ratio t/b was 0.15 for the SR-6 (fig. 3 )  in contrast to 0.20 for the 
SR-1, SR-2, and SR-3. Also a new spinner was designed for the SR-6 propeller 
model that would reduce the near-hub Mach number in the blade region. The con- 
tour and coordinates of this spinner (called the basic spinner) are shown in 
figure 6. Also shown is the predicted local surface Mach number o f  the axisym- 
metric spinner alone without blades. The Mach number near the blade leading 
edge was reduced from the free-stream value o f  0.8 to a local value of 0 . 6 .  
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A d d i t i o n a l  i n f o r m a t i o n  s u g g e s t i n g  t h a t  hub c h o k i n g  m i g h t  s t i l l  be a p rob -  
l e m  became a v a i l a b l e  a f t e r  t h e  b a s i c  s p i n n e r  and SR-6 p r o p e l l e r  w e r e  des igned .  
T h e r e f o r e  two a l t e r n a t i v e  s p i n n e r s  were des igned  t o  reduce  t h e  near -hub- reg ion  
Mach number be low t h a t  p r o v i d e d  by t h e  b a s i c  s p i n n e r .  T h e i r  c o n t o u r s  were con- 
s t r a i n e d  t o  mate t o  t h e  e x i s t i n g  b a s i c  c o n t o u r  a t  t h e  b l a d e  p i t c h  change a x i s  
( X / R N  = 1 .674) .  Forward o f  t h e  p i t c h  change a x i s  t h e  l o w e r  p r o p e l l e r  b l a d e  
s u r f a c e  was matched t o  t h e  v a r i o u s  s p i n n e r  c o n t o u r s  by  u s i n g  a l t e r n a t i v e ,  p rop -  
e r l y  con tou red  b l a d e  i n s e t s  ( f i g .  2 ) .  

Bo th  a l t e r n a t i v e  s p i n n e r s  s i g n i f i c a n t l y  reduced  t h e  Mach number i n  t h e  
b l a d e  r e g i o n  be low t h a t  o f  t h e  b a s i c  s p i n n e r .  The a l t e r n a t i v e  s p i n n e r s  
ach ieved  a Mach number as low as abou t  0 . 5 7 .  A l t e r n a t i v e  s p i n n e r  2 was 
expec ted  t o  a l l e v i a t e  hub c h o k i n g  b e s t  s i n c e  i t s  minimum Mach number l o c a t i o n  
was f u r t h e r  a f t  o f  t h e  b l a d e  l e a d i n g  edge and c loser  t o  t h e  l o c a t i o n  o f  maxi -  
mum b lade  t h i c k n e s s .  

The Mach numbers shown i n  f i g u r e  6 a r e  from an a x i s y m m e t r i c ,  subson ic  
p o t e n t i a l  f low computer  code ( r e f .  8 )  t h a t  was q u i c k  r u n n i n g  and a good d e s i g n  
too l .  Comparing these  r e s u l t s  w i t h  a more a c c u r a t e  a x i s y m m e t r i c  t r a n s o n i c  
code c o n t a i n i n g  a boundary  l a y e r  r o u t i n e  ( r e f .  9 )  showed good agreement  i n  
l o c a t i n g  t h e  minimum Mach number r e g i o n  and j u s t  a s l i g h t  u n d e r p r e d i c t i o n  o f  
t h e  minimum Mach number by t h e  p o t e n t i a l  f l ow  code.  N e i t h e r  p rogram accoun ts  
f o r  t h e  p r o p e l l e r  b l a d e s .  

T e s t  F a c i  1 i t i e s  

The SR-6 p r o p e l l e r  model was t e s t e d  i n  t h e  Lewis  8- by 6-Foot  Wind Tunne l .  
The t r a n s o n i c  t e s t  s e c t i o n  o f  t h i s  f a c i l i t y  i s  2 .44  m ( 8  f t )  h i g h  by  1 .83  m 
( 6  f t )  wide and abou t  4 .3  m ( 1 4  f t )  l o n g .  O r i g i n a l l y  c o n s t r u c t e d  as a super -  
s o n i c  t u n n e l  o p e r a t i n g  from Mach 1.5 t o  2 .0 ,  t h e  t u n n e l  was s u b s e q u e n t l y  modi- 
f i e d  f o r  t r a n s o n i c  and subson ic  o p e r a t i o n  by  p e r f o r a t i n g  t h e  t e s t  s e c t i o n  
w a l l s .  The p e r f o r a t i o n s  were des igned  t o  p r o v i d e  a d i f f e r e n t i a l  r e s i s t a n c e  t o  
t h e  c r o s s w a l l  f low.  One- inch-d iameter  h o l e s  were d r i l l e d  i n  t h e  t u n n e l  w a l l  
60" f r o m  t h e  normal t o  p r o v i d e  g r e a t e r  r e s i s t a n c e  t o  i n f l o w  t h a n  t o  o u t f l o w  
and t h e r e b y  m i n i m i z e  t h e  s t r e n g t h  o f  w a l l - r e f l e c t e d  d i s t u r b a n c e s  from t h e  model 
f low f i e l d  d u r i n g  t r a n s o n i c  o p e r a t i o n .  The normal  o p e r a t i n g  range  o f  t h i s  
t r a n s o n i c  t e s t  s e c t i o n  i s  from Mach 0 .36  t o  2.0.  A d d i t i o n a l  d e t a i l s  o f  t h i s  
f a c i l i t y  can be found  i n  r e f e r e n c e  10. 

P r o p e l l e r  t e s t i n g  o f  t h e  SR-6 was accomp l i shed  w i t h  t h e  Lewis  p r o p e l l e r  
t e s t  r i g  ( P T R )  ( f i g .  7 > ,  wh ich  was s t r u t  mounted from t h e  c e i l i n g  o f  t h e  tun -  
n e l  t e s t  s e c t i o n .  Dimensions of t h e  n a c e l l e  and f o r w a r d  w indsc reen  a r e  p r e -  
sen ted  i n  t h e  f i g u r e .  The model i s  d r i v e n  by  a t h r e e - s t a g e  a i r  t u r b i n e  u s i n g  
h igh -p ressu re  a i r  a t  3 .1  MN/m2 (450 p s i )  and 366 K (660  O R ) .  The t u r b i n e  can 
d e l i v e r  n e a r l y  746 kW (1000 hp)  t o  t h e  p r o p e l l e r  mode l .  The PTR has two sepa- 
r a t e  a x i a l  f o rce -measur ing  s y s t e m s .  The p r i m a r y  sys tem i s  a r o t a t i n g  b a l a n c e  
t h a t  measures t h e  t h r u s t  and t o r q u e  o f  t h e  p r o p e l l e r  and s p i n n e r .  The second 
system i s  a t h r u s t - m e a s u r i n g  l o a d  c e l l  l o c a t e d  i n  t h e  overhead v e r t i c a l  s t r u t .  
Model p a r t s  o t h e r  than  t h e  s p i n n e r  and b l a d e s  t h a t  a r e  a t t a c h e d  t o  t h e  s t r u t -  
mounted l o a d  c e l l  a r e  s h i e l d e d  f r o m  t h e  f r e e - s t r e a m  t u n n e l  a i r  b y  t h e  wind- 
sc reen shown i n  f i g u r e  7 .  T h r u s t  measurements from b o t h  s y s t e m s  a r e  c o r r e c t e d  
f o r  i n t e r n a l  p r e s s u r e  t a r e s .  
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Extensive static calibrations of the load cell and rotating balance were 
done, as well as two dynamic calibrations of the rotating balance. The first 
dynamic calibration, performed with only the spinner installed, measured the 
effect of rotational speed on the thrust and torque output of the rotating bal- 
ance under no-load conditions. The second dynamic calibration measured the 
effect of rotational speed on the thrust output of the rotating balance with 
the blades and spinner installed. This duplicated the model configuration of 
the performance test runs. The blade angle was set to produce a near-zero 
thrust level, and the output of the rotating balance was compared with that of 
the load cell. Both static and dynamic calibrations were repeated several 
times before and after the test period, and static calibration checks were per- 
formed within the test period. 

Internal pressures were measured during the propeller testing at the loca- 
tions shown in figures 8 and 9. Additional static pressures were measured on 
the outer surface of the nacelle aft of the model spinner. These nacelle pres- 
sure taps were placed in four rows spaced 90° apart around the nacelle circum- 
ference. The coordinates of each row are listed in figure 9. Measurements of 
all these pressures to obtain pressure forces is a necessary step in the proc- 
ess of obtaining net thrust from the balance force readings. The tare test 
runs are a part of this process. These runs measured forces and pressures on 
a smooth spinner without propeller blades to obtain spinner and nacelle tare 
forces. When these forces were properly combined with measured test-point 
thrust and pressure forces, net thrust and thereby net efficiency were 
obtained. Details of these procedures can be found in reference 7. 

Test Description 

The SR-6 propeller model was tested at zero angle of attack at Mach 0.6 
to 0.85 and blade angles from 58.5" to 66.4O as shown in table I. The blade 
angle 130 75R was measured as the angle of the airfoil chordline at a propel- 
ler radius of 75 percent, where 0" was in the direction of rotation and 90" was 
aligned directly with the flight direction. At each blade angle/Mach number 
combination the propeller speed was varied from windmill (no power) to the PTR 
power limit or the propeller blade shank stress speed limit of 8000 rpm. Each 
rotational speed setting constituted a test point. Balance thrust and torque 
and all pressures were measured at each condition. The propeller with the 
basic spinner was tested at all blade angles and Mach numbers. Testing with 
the two alternative spinners was limited to a blade angle of 61.5O. 

Accuracy problems occurred with both model balance systems. The problem 
with the rotating balance was its slow thermal drift, which was caused by heat 
from nearby bearings and precluded a good absolute thrust measurement. The 
strut load cell was prone to large errors when hot, high-pressure air was 
brought onboard to power the turbine (fig. 7 ) .  Major contributors to this 
error were a thermal drift from the heated air and the windscreen- and ground- 
to-load cell interactions. Under unpowered conditions these load cell errors 
did not occur, and good thrust values were measured. 

The balance problems were overcome with a special testing procedure that 
used measurements from both the rotating balance and the strut load cell. An 
initial series of test runs were made at each Mach numberjblade angle combina- 
tion in which the load cell thrust was measured at windmill, or unpowered, 
conditions. These runs established reliable thrust levels at the windmill 
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c o n d i t i o n s .  T h r u s t  d a t a  were t h e n  o b t a i n e d  from t h e  r o t a t i n g  ba lance  i n  a 
w i n d m i l l - p o w e r - w i n d m i l l  sequence f o r  each d e s i r e d  t e s t  p o i n t  t o  o b t a i n  a wind- 
m i l l - t o - p o w e r  i n c r e m e n t a l  t h r u s t  measurement t h a t  m i n i m i z e d  any the rma l  d r i f t  
between t h e  w i n d m i l l  d a t a  p o i n t s .  P r o p e r l y  comb in ing  t h e  s t r u t  l o a d  c e l l  
t h r u s t  and t h e  r o t a t i n g  ba lance  i n c r e m e n t a l  t h r u s t  p roduced r e l i a b l e  f i n a l  
t h r u s t  and u l t i m a t e l y  n e t  e f f i c i e n c y  v a l u e s .  
du re  and accompanying e q u a t i o n s  a r e  g i v e n  i n  r e f e r e n c e  7 .  

F u r t h e r  d e t a i l s  o f  t h i s  p roce -  

RESULTS AND D I S C U S S I O N  

B a s i c  P r o p e l l e r  Per formance 

The aerodynamic per fo rmance o f  t h e  SR-6 p r o p e l l e r  model w i t h  t h e  b a s i c  
s p i n n e r  i s  p r e s e n t e d  i n  f i g u r e s  10 t o  14 f o r  f r e e - s t r e a m  Mach numbers o f  0 . 6 ,  
0 .7 ,  0 .75 ,  0 .8 ,  and 0 .85 ,  r e s p e c t i v e l y .  The d a t a  i n  each f i g u r e  a r e  p l o t t e d  
a g a i n s t  advance r a t i o  J . Each c u r v e  shows t h e  per fo rmance a t  a c o n s t a n t  
b l a d e  a n g l e  130.75~ and was o b t a i n e d  by  v a r y i n g  p r o p e l l e r  t i p  speed. P a r t  ( a )  
o f  each f i g u r e  p r e s e n t s  t h e  power c o e f f i c i e n t  
Q n e t ,  and p a r t  ( c )  t h e  n e t  e f f i c i e n c y  f a i r i n g s  w l t h o u t  t h e  d a t a  p o i n t s .  
power c o e f f i c i e n t  p l o t s  o f  each f i g u r e  show l i n e s  o f  c o n s t a n t  d i m e n s i o n l e s s  

Cp, p a r t  ( b )  t h e  n e t  e f f i c i e n c y  
The 

t h e  power l o a d i n g  or Cp/J3 c o r r e s p o n d i n g  t o  70, 80, 90, and 100 p e r c e n t  o f  
d e s i g n  power l o a d i n g .  These pe r fo rmance  d a t a  were f a i r e d  by  a d j u s t i n g  
computer -genera ted  c u r v e  f i t s  o f  each t e s t  r u n  i n  c o n j u n c t i o n  w i t h  hand- 
genera ted  f a i r i n g s  o f  t h e  summary d a t a  i n  f i g u r e  15 t o  y i e l d  smooth cons 
t r e n d s  o f  e f f i c i e n c y  w i t h  Mach number, advance r a t i o ,  and b l a d e  a n g l e .  

The n e t  e f f i c i e n c y  cu rves  o f  f i g u r e s  10 t o  14 a r e  t y p i c a l  o f  p r o p e l  
d a t a  and v a r y  from be low t h e  s c a l e  nea r  t h e  w 
peak and t h e n  t o  lower v a l u e s  w i t h  d e c r e a s i n g  
or per fo rmance v a r i a t i o n ,  i s  d i r e c t l y  r e l a t e d  
a t t a c k ,  wh ich  a f f e c t s  t h e  l i f t - t o - d r a g  r a t i o .  
b l a d e - s e c t i o n  r e l a t i v e  Mach number, wh ich  v a r  
A t  t h e  peak e f f i c i e n c i e s  t h e  b l a d e  i s  g e n e r a l  
l i f t - t o - d r a g  r a t i o .  

Peak e f f i c i e n c y  s e n e r a l l y  o c c u r r e d  a t  an 

s t e n t  

e r  
n d m i l l i n g  advance r a t i o  t o  a 
advance r a t i o .  The c u r v e  shape, 
t o  t h e  b l a d e - s e c t i o n  a n g l e  o f  
I t  i s  a l s o  r e l a t e d  t o  t h e  

es i n v e r s e l y  w i t h  advance r a t i o .  
y o p e r a t i n g  near  t h e  maximum 

advance r a t i o  o f  3 .5  ( d e s i q n )  t o  
3 . 6 .  
d e l e t e r i o u s  e f f e c t  o f  i n c r e a s i n g  h igh-speed c o m p r e s s i b i l i t y  d r a g .  The peak 
n e t  e f f i c i e n c y  f e l l  s lowly  from 82.2 p e r c e n t  a t  Mach 0 .6  ( f i g .  l O ( c ) )  t o  
81.2 p e r c e n t  a t  Mach 0 .75  ( f i g .  1 2 ( c > )  and t h e n  f e l l  r a p i d l y  t o  78.5  p e r c e n t  
a t  Mach 0 .8  ( f i g .  1 3 ( c ) )  and on t o  74.7 p e r c e n t  a t  Mach 0 .85  ( f i g .  1 4 ( c ) ) .  

The peak e f f i i i e n c y  t r e n d  w i t h  f r e e - s t r e a m  Mach number c l e a r l y  shows t h e  

I n  g e n e r a l ,  t h e  power c o e f f i c i e n t  cu rves  fo r  a g i v e n  b l a d e  a n g l e  a r e  d i s -  
p l a c e d  t o  t h e  l e f t  as t h e  Mach number i n c r e a s e s .  T h i s  r e f l e c t s  t h e  f a c t  t h a t  
t h e  p r o p e l l e r  absorbed l e s s  power w i t h  i n c r e a s i n g  Mach number a t  a f i x e d  b l a d e  
a n g l e  and advance r a t i o .  A t  t h e  l o w e r  t e s t e d  Mach numbers t h e  cu rves  show mod- 
e r a t e  r e d u c t i o n s  i n  power a t  a f i x e d  b l a d e  a n g l e  and advance r a t i o .  These 
r e d u c t i o n s  g o t  l a r g e r  a t  t h e  h i g h e r  Mach numbers because o f  i n c r e a s i n g  compres- 
s i b i l i t y  e f f e c t s .  For example, a t  a b l a d e  a n g l e  o f  61.5O and an advance r a t i o  
o f  3 .5  t h e  power c o e f f i c i e n t  d ropped from 1.69 t o  1.63 as t h e  Mach number 
i n c r e a s e d  from 0 . 6  t o  0 .75 ,  t o  1 .49  a t  Mach 0 . 8 ,  and t h e n  t o  1.07 a t  Mach 0 . 8 5 .  
S i m i l a r  t r e n d s  a r e  obse rved  i n  r e f e r e n c e  6 and p r i m a r i l y  i n d i c a t e  a loss o f  
b l a d e  l i f t  due t o  h i g h  t r a n s o n i c  speed e f f e c t s  a t  t h e  h i g h e r  Mach numbers. 
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A t  t h e  same f i x e d  b l a d e  a n g l e  and advance r a t i o  t h e  SR-6 p r o p e l l e r  ope r -  
a t e d  f a r t h e r  from t h e  peak e f f i c i e n c y  and lower on  t h e  e f f i c i e n c y  c u r v e  as t h e  
Mach number i n c r e a s e d  from 0 .75  t o  0 .85  ( f i g s .  12 (c )  and 1 4 ( c ) ) .  O p e r a t i n g  
away from t h e  peak i n  t h i s  manner a l s o  i n d i c a t e s  a loss o f  l i f t .  R e g a i n i n g  
t h e  l o s t  power and r a i s i n g  t h e  e f f i c i e n c y  back toward  peak wou ld  r e q u i r e  an 
i n c r e a s e  i n  b l a d e  a n g l e  or t i p  speed. T h i s  o f f - p e a k  e f f i c i e n c y  loss i s  i n  
a d d i t i o n  t o  t h e  c o m p r e s s i b i l i t y  d r a g  l o s s e s  t h a t  w e r e  e a r l i e r  shown t o  reduce  
peak e f f i c i e n c y  a t  t h e  h i g h e r  Mach numbers. 

Summary o f  B a s i c  Per fo rmance 

The b a s i c  p r o p e l l e r  d a t a  o f  f i g u r e s  10 t o  14 a r e  summarized i n  f i g u r e  15. 
For each f r e e - s t r e a m  Mach number n e t  e f f i c i e n c y  i s  p l o t t e d  a g a i n s t  advance 
r a t i o  a t  c o n s t a n t  d i m e n s i o n l e s s  power l o a d i n g s  r e p r e s e n t i n g  70, 80, 9 0 ,  and 
100 p e r c e n t  o f  t h e  d e s i g n  power l o a d i n g .  The d i m e n s i o n l e s s  power l o a d i n g  i s  

' b a s e d  on t h e  a p p r o x i m a t i o n  t h a t  t h e  power r e q u i r e d  f o r  an a i r p l a n e  i n  l e v e l  
f l i g h t  i s  p r o p o r t i o n a l  t o  t h e  cube o f  t h e  f r e e - s t r e a m  v e l o c i t y  ( i . e . ,  P/poV$ = 
C o n s t a n t ) .  For  a p r o p e l l e r  t h e  d i m e n s i o n l e s s  power l o a d i n g  

C 
1- 
-3 - 
J 

P 
P 

Cons t a n  t 

i s  t h e  o r d i n a r y  power l o a d i n g  ( n o r m a l l y  d e f i n e d  i n  t e r m s  o f  SHP/D2 r a t h e r  t h a n  
P / D 2 )  nond imens iona l  i z e d  t o  accoun t  f o r  d e n s i t y  and v e l o c i t y  changes. 

The symbols i n  f i g u r e  15 i d e n t i f y  t h e  b l a d e  a n g l e s  and t h e  n e t  e f f i c i e n c y  
v a l u e s  t h a t  w e r e  o b t a i n e d  from t h e  computer  c u r v e  f i t s  o f  t h e  i n d i v i d u a l  b a s i c  
d a t a  runs  p r i o r  t o  t h e  p r e v i o u s l y  d i s c u s s e d  f a i r i n g  a d j u s t m e n t s .  Thus t h e  
d i s c r e p a n c i e s  between t h e  symbols and cu rves  i n  t h i s  f i g u r e  i l l u s t r a t e  t h e  r u n -  
t o - r u n  v a r i a t i o n s  i n  t h e  e f f i c i e n c y  measurements. The a i m  o f  t h e  f a i r i n g  tech -  
n i q u e  was t o  e l i m i n a t e  t h e s e  v a r i a t i o n s ,  wh ich  appear  t o  be on  t h e  o r d e r  of 
1 p e r c e n t  f o r  some o f  t h e  t e s t  r u n s .  G e n e r a l l y  t h e  n e t  e f f i c i e n c y  t r e n d s  w i t h  
Mach number w i t h i n  a s i n g l e  r u n  w e r e  q u i t e  c o n s i s t e n t ,  and t h e  v a r i a t i o n s  w e r e  
much s m a l l e r  t han  those  obse rved  from r u n  t o  r u n .  

The t y p i c a l  v a r i a t i o n  o f  e f f i c i e n c y  w i t h  advance r a t i o  a t  a c o n s t a n t  
power l o a d i n g  i s  a peaked c u r v e .  G e n e r a l l y ,  t h e  c u r v e s  o f  f i g u r e  15 peak near  
t h e  d e s i g n  advance r a t i o  o f  3 .5 ,  where t h e  l i f t - t o - d r a g  r a t i o  i s  maximized a t  
t h e  c r u i s e  d e s i g n  p o i n t .  C o n t r i b u t i n g  t o  t h e  peaked c u r v e  shape i s  t h e  lower 
l i f t - t o - d r a g  r a t i o  on e i t h e r  s i d e  o f  t h i s  opt imum. However, t h e  p r i m a r y  cause 
o f  t h e  r e d u c t i o n  from peak w i t h  i n c r e a s i n g  advance r a t i o  i s  t h e  f a l l i n g  t i p  (or 
r o t a t i o n a l )  speed, wh ich  i n c r e a s e s  t h e  b l a d e  s w i r l  and t i p  i nduced  l o s s e s  and 
lowers t h e  i d e a l  i nduced  e f f i c i e n c y .  The f a l l o f f  w i t h  d e c r e a s i n g  advance r a t i o  
i s  p r i m a r i l y  due t o  t h e  g r e a t e r  c o m p r e s s i b i l i t y  l o s s e s  a s s o c i a t e d  w i t h  t h e  
h i g h e r  b l a d e - s e c t i o n  Mach numbers. A t  t h e  h i g h e r  f r e e - s t r e a m  Mach numbers, an 
added cause may be hub c h o k i n g  due t o  t h e  s m a l l e r  hub f low a r e a  ( s m a l l e r  gap- 
to -cho rd  r a t i o )  from t h e  s m a l l e r  b l a d e  ang les  a t  lower advance r a t i o s .  I n  
more s u c c i n c t  t e r m s ,  r e d u c t i o n s  t o  t h e  r i g h t  o f  peak a r e  m o s t l y  from induced  
l o s s e s  and r e d u c t i o n s  t o  t h e  l e f t  a r e  from h i g h e r  d r a g  or c o m p r e s s i b i l i t y  
l o s s e s .  
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The performance trends of the SR-6 propeller shown in figure 15 indicate 
that at the lower tested Mach numbers and higher advance ratios, a reduction 
in power loading increased efficiency. The operating point on the basic effi- 
ciency curves (fig. lO(c), e.g.1 was shifted from left to right toward the peak 
of the curve. This trend reversed at higher Mach numbers and lower advance 
ratios, where operation at lower power loadings reduced efficiency. The oper- 
ating point on the basic efficiency curves (fig. 14(c)) was shifted from left 
to right but away from the peak. 

On the basis of previous high-speed propeller tests, increases in effi- 
ciency were expected to be available by operating the propeller away from the 
design condition of 100-percent power loading and 3.5 advance ratio at a lower 
power loading. With the SR-6 propeller the efficiency increases obtained by 
operating in this manner were small to nonexistent and depended on the free- 
stream Mach number. For example, operating the propeller at 80-percent dimen- 
sionless power loading could increase efficiency by 1.2 percent at Mach 0.6 
(fig. 15(a)). But increases were more limited at higher Mach numbers: at 
Mach 0.85 operating at 80-percent dimensionless power loading could increase 
efficiency only about 0.2 percent, and a lower power loading operation at 
Mach 0.85 would lose efficiency (fig. 15(e>>. 

The 100-percent dimensionless power loading curves of figure 15 were 
replotted in figure 16 to compare the propeller performance at different free- 
stream Mach numbers. These curves show that propeller efficiency was practi- 
cally identical at Mach 0.6 and 0.7. Compressibility effects did not increase 
drag at these Mach numbers. At Mach 0.75 the efficiency was still about the 
same as at the lower Mach numbers -- but only above an advance ratio of 3.5. 
Below this advance ratio the efficiency fell below that obtained at the lower 
Mach numbers. At the higher speed of Mach 0.8 the efficiency was close to that 
at lower speeds only above an advance ratio of 3.7. Below this advance ratio 
the efficiency was considerably lower than the efficiencies obtained at the 
lower Mach numbers. At Mach 0.85 the efficiency was well below that obtained 
at lower speeds regardless of advance ratio. 

These results show that the propeller compressibility losses began at 
lower advance ratios at about Mach 0.75 and that the losses encompassed higher 
advance ratios as the free-stream Mach number increased. This trend would be 
expected since the blade-section Mach numbers are higher at lower advance 
ratios and higher free-stream Mach numbers. Also, at the lower advance ratios 
smaller hub gap-to-chord ratios (from smaller blade angles) contribute to the 
chances of hub choking. 

Compressi bi 1 i ty Loss Correlations 

The compressibility losses incurred by the SR-6 propeller at the higher 
Mach numbers were not unexpected, but they were larger than anticipated. Was 
any specific region of the propeller blade primarily responsible for these 
losses? The performance data of figure 16 were used in an attempt to answer 
this question. Figure 17 is a replot of the figure 16 data and presents net 
efficiency against free-stream Mach number for various values of advance 
ratio. This figure shows explicitly the sudden efficiency decline as the Mach 
number increased into the higher speed regimes. Plots similar to figure 17 
were also made to show net efficiency trends for the helical Mach numbers at 
various blade radial locations. Net efficiency is presented against helical 
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t i p  Mach number,  he1 i c a l  Mach number a t  7 5 - p e r c e n t  b l a d e  r a d i u s ,  and he1 i c a l  
hub  Mach number ( f i g s .  18 t o  20). 

The d e f i n i t i o n s  o f  t h e s e  h e l i c a l  Mach numbers a r e  g i v e n  i n  t h e  a p p e n d i x  
and  a r e  v a l i d  i n  t h e  o u t e r  p o r t i o n s  o f  t h e  p r o p e l l e r  b l a d e .  However ,  i n  t h e  
hub  r e g i o n ,  where  t h e  f low i s  h i g h l y  t h r e e  d i m e n s i o n a l  from hub s u r f a c e  c u r v a -  
t u r e  and s t r o n g l y  i n f l u e n c e d  b y  c a s c a d e  e f f e c t s  from t h e  c l o s e l y  spaced  b l a d e s ,  
t h e  d e f i n i t i o n s  a r e  a n  o v e r s i m p l i f i c a t i o n  o f  t h e  comp lex  n e a r - h u b  a i r f l o w .  
D e s p i t e  t h i s ,  t h e  d e f i n e d  hub h e l i c a l  Mach number a p p e a r s  t o  be a good r e p r e -  
s e n t a t i o n  o f  t h e  comp lex  hub f l ow  s i n c e  t h e  d a t a  o f  f i g u r e  20 e x h i b i t  mean ing -  
f u l  and r e a s o n a b l e  t r e n d s  as l a t e r  d i s c u s s i o n  shows. 

I n  f i g u r e s  17 t o  20 t h e  Mach number a t  w h i c h  t h e  e f f i c i e n c y  began t o  
d e c l i n e  i s  d e f i n e d  f o r  each  advance  r a t i o  c u r v e  as t h e  p o i n t  where t h e  e f f i -  
c i e n c y  l e v e l  d r o p p e d  b y  0 . 2  p e r c e n t .  These Mach number p o i n t s  a r e  i n d i c a t e d  
b y  t h e  a r r o w s  o n  each  f i g u r e .  The Mach number t r e n d  o f  t h e  e f f i c i e n c y  d e c l i n e  
w i t h  advance  r a t i o  can  be d e t e r m i n e d  b y  e x a m i n i n g  t h e  s h i f t  and  s p a c i n g  o f  t h e  
a r r o w s .  

F i g u r e  17 shows t h a t  t h e  f r e e - s t r e a m  Mach number a t  w h i c h  t h e  e f f i c i e n c y  
d e c l i n e d  i n c r e a s e d  w i t h  i n c r e a s i n g  advance  r a t i o .  T h i s  i s  o f  c o u r s e  t h e  same 
t r e n d  t h a t  was shown b y  f i g u r e  1 6  and ,  as e x p l a i n e d  e a r l i e r ,  o c c u r r e d  because  
t h e  h i g h e r  b l a d e - s e c t i o n  Mach numbers and s m a l l e r  hub g a p - t o - c h o r d  r a t i o s  t h a t  
c o u l d  cause  h i g h e r  c o m p r e s s i b i l i t y  l o s s e s  o c c u r r e d  a t  t h e  l o w e r  advance  r a t i o s .  

F i g u r e  18 shows t h a t  t h e  h e l i c a l  t i p  Mach number a t  w h i c h  t h e  e f f i c i e n c y  
d e c l i n e d  d e c r e a s e d  w i t h  i n c r e a s i n g  advance  r a t i o .  I f  t h e  e f f i c i e n c y  had  
d e c l i n e d  a t  t h e  same t i p  Mach number r e g a r d l e s s  o f  t h e  advance  r a t i o ,  t i p  
e f f e c t s  hrould be s o l e l y  r e s p o n s i b l e  f o r  t h e  e f f i c i e n c y  d e c l i n e .  S i n c e  t h e r e  
i s  a t r e n d ,  more i n b o a r d  p o r t i o n s  o f  t h e  b l a d e  were c o n t r i b u t i n g  t o  t h e  p e r -  
f o r m a n c e  d e c l i n e .  

F i g u r e  19 
r a d i u s  t h e  e f f  
advance  r a t i o .  
d i v e r g e n c e ,  o f  
r a d i u s  c o n t r o l  
r icns  o f  t h e  b 
D r a c t  i ce where 

shows t h a t  f o r  t h e  h e l i c a l  Mach number a t  7 5 - p e r c e n t  b l a d e  
c i e n c y  d e c l i n e d  a t  n e a r l y  t h e  same Mach number r e g a r d l e s s  o f  t h e  

One i n t e r p r e t a t i o n  o f  t h e s e  d a t a  i s  t h a t  t h e  d r a g  r i s e ,  or d r a g  
t h e  s p e c i f i c  p o r t i o n s  o f  t h e  b l a d e  n e a r  t h e  7 5 - p e r c e n t  b l a d e  
ed t h e  p o i n t  o f  e f f i c i e n c y  d e c l i n e .  More p r o b a b l y ,  a l l  por- 
ade c o n t r i b E t e d  t o  t h e  d e c l i n e .  T h i s  v i e w  a q r e e s  w i t h  common 
n c o n d i t i o n s  a t  t h e  7 5 - p e r c e n t  r a d i u s  g e n e r a i l y  r e p r e s e n t  t h e  

b l a d e  p e r f o r m a n c e  as a w h o l e .  Thus a l l  p a r t s  of t h e  b l a d e  ( h u b  as w e l l  as 
t i n )  rontrihtitpd i o  t h e  r o m n r p c q i h i  l i t v  d r a a  I O S S P S  t h a t  r a i i S P d  t h e  n p r f o r m -  

I-- - - - - - - - - - - - - _ - - - - _ r - - -  - - J  - - r  _ _  - _ _ _ - _  _ -  _ _ _ -  
ante d e c l i n e .  T h i s  v i e w  i s  s t r e n g t h e n e d  b y  t h e  f a c t  t h a t  d a t a  p r e s e n t e d  l a t e r  
show t h a t  hub  c h o k i n g  d i d  i n  f a c t  o c c u r  and  t h a t  hub r e g i o n  changes  f rom u s i n g  
a l t e r n a t i v e  s p i n n e r s  a f f e c t e d  p e r f o r m a n c e .  

F i g u r e  20 shows t h a t  t h e  h e l i c a l  hub Mach number a t  w h i c h  t h e  e f f i c i e n c y  
d e c l i n e d  i n c r e a s e d  w i t h  i n c r e a s i n g  advance  r a t i o .  T h i s  t r e n d  c a n  be i n t e r -  
p r e t e d  as s h o w i n g  t h a t  t h e  more o u t e r  p o r t i o n s  o f  t h e  b l a d e  c o n t r i b u t e d  t o  t h e  
e f f i c i e n c y  d e c l i n e .  On t h e  o t h e r  h a n d ,  l o w e r  advance  r a t i o s  mean s m a l l e r  b l a d e  
a n g l e s  and s m a l l e r  hub  f low a r e a s  f rom r e d u c e d  hub g a p - t o - c h o r d  r a t i o s .  These 
c o u l d  p r e c i p i t a t e  p o s s i b l e  hub  c h o k i n g  a t  a l o w e r  h e l i c a l  hub Mach number .  
B o t h  e x p l a n a t i o n s  p r o b a b l y  c o n t r i b u t e  t o  t h e  o b s e r v e d  t r e n d .  
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Evidence f o r  hub c h o k i n g  w i t h  t h i s  p r o p e l l e r  i s  r e p o r t e d  i n  r e f e r e n c e  1 1 ,  
and a f i g u r e  from t h a t  r e p o r t  i s  r ep roduced  h e r e i n  as f i g u r e  21. Flow v i s u a l i -  
z a t i o n  v i a  a p a i n t  f l o w  t e c h n i q u e  was used t o  d i s p l a y  t h e  e x t e n t  o f  c h o k i n g  i n  
t h e  i n t e r b l a d e  r e g i o n  near  t h e  hub. The pho tog raphs  show t h e  SR-6 p r o p e l l e r  
o p e r a t i n g  near  i t s  d e s i g n  p o i n t .  A r a t h e r  e x t e n s i v e  shock s t r u c t u r e  can be 
seen on  b o t h  t h e  p r e s s u r e  and s u c t i o n  s i d e s  o f  t h e  p r o p e l l e r  b l a d e ,  i n d i c a t i n g  
t h a t  hub c h o k i n g  was q u i t e  severe  for t h e  c o n d i t i o n  shown and p ropaga ted  o u t -  
ward o v e r  a c o n s i d e r a b l e  p o r t i o n  o f  t h e  b l a d e  span. 

From t h e s e  d a t a  i t  appears  t h a t  no  p a r t i c u l a r  p o r t i o n  o f  t h e  p r o p e l l e r  
b l a d e  was p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  per fo rmance d e c l i n e  a t  t h e  h i g h e r  f r e e -  
s t ream Mach numbers. C e r t a i n l y  hub c h o k i n g  was a s u b s t a n t i a l  c o n t r i b u t o r .  
Also, m idb lade  r e g i o n s  may n o t  have p e r f o r m e d  a t  opt imum i n  t h a t  t h e y  may have 
been i n t o  d r a g  r i s e  because o f  i m p e r f e c t  d e s i g n  and p r e d i c t i o n  computer  codes.  
I n  a d d i t i o n ,  sweep may n o t  have been as e f f e c t i v e  as p r e d i c t e d .  R e c a l l  t h a t  
t h e  power c o e f f i c i e n t  c u r v e s  s h i f t e d  w i t h  f r e e - s t r e a m  Mach number, i n d i c a t i n g  
a loss o f  l i f t  a t  t h e  h i g h e r  f r e e - s t r e a m  Mach numbers. I t  appears t h a t  t h e  
o u t e r ,  swept p o r t i o n s  o f  t h e  b l a d e  as w e l l  as t h e  m i d s e c t i o n s  d i d  n o t  o p e r a t e  
s u b c r i  t i c a l  l y  as des igned .  

Per fo rmance W i t h  A l t e r n a t i v e  Sp inners  

The SR-6 p r o p e l l e r  pe r fo rmance  o b t a i n e d  w i t h  t h e  two a l t e r n a t i v e  s p i n n e r s  
was compared w i t h  t h e  pe r fo rmance  o b t a i n e d  w i t h  t h e  b a s i c  s p i n n e r  ( f i g .  2 2 ) .  
These d a t a  show n e t  e f f i c i e n c y  ve rsus  f r e e - s t r e a m  Mach number a t  a d imens ion-  
l e s s  power l o a d i n g  o f  100 p e r c e n t  w i t h  t h e  p r o p e l l e r  o p e r a t i n g  a t  a b l a d e  a n g l e  
o f  61.5O. The compar ison i s  made a t  t h i s  s p e c i f i c  b l a d e  a n g l e  r a t h e r  t h a n  a t  
a s p e c i f i c  advance r a t i o  because a l t e r n a t i v e  s p i n n e r  d a t a  were o b t a i n e d  o n l y  
a t  t h i s  b l a d e  a n g l e .  C a u t i o n  must  t h e r e f o r e  be used i n  i n t e r p r e t i n g  t h e  n e t  
e f f i c i e n c y  l e v e l s  o f  t h e  a l t e r n a t i v e  s p i n n e r  d a t a .  S i n c e  o n l y  a s i n g l e  d a t a  
r u n  a t  t h e  b l a d e  a n g l e  o f  61.5O was made f o r  each a l t e r n a t i v e  s p i n n e r ,  r u n - t o -  
r u n  d a t a  l e v e l  v a r i a t i o n s  such as t h o s e  shown i n  f i g u r e  15 f o r  t h e  b a s i c  s p i n -  
n e r  c o n f i g u r a t i o n  may be p r e s e n t .  Moreover ,  o n l y  a s i n g l e  w i n d m i l l  d r a g  r u n  
( e x p l a i n e d  e a r l i e r  under  t h e  s e c t i o n  " T e s t  D e s c r i p t i o n " )  was a v a i l a b l e  f o r  
d a t a  r e d u c t i o n  o f  a l t e r n a t i v e  s p i n n e r  1 ,  a d d i n g  t o  t h e  d a t a  u n c e r t a i n t y  s i n c e  
an average o f  f o u r  w i n d m i l l  d r a g  r u n s  was n o r m a l l y  used.  

I n  s p i t e  o f  these  sho r t comings  t h e  t r e n d s  w i t h  f r e e - s t r e a m  Mach number 
shown i n  f i g u r e  22 a r e  w i t h o u t  s c a t t e r  and seem q u i t e  c o n s i s t e n t ,  as t h e y  were 
for t h e  b a s i c  s p i n n e r  d a t a  p r e s e n t e d  e a r l i e r .  These t r e n d s  c o n t a i n  t h e  impor -  
t a n t  i n f o r m a t i o n  on per fo rmance,  wh ich  was e x t r a c t e d  as fo l lows:  For each 
s p i n n e r  d e s i g n  t h e r e  was no  change i n  p r o p e l l e r  e f f i c i e n c y  between Mach 0 . 6  
and 0 .7 .  A t  t hese  lower speeds, where c o m p r e s s i b i l i t y  e f f e c t s  w e r e  n o t  
p r e s e n t ,  t h e  s p i n n e r  c o n f i g u r a t i o n  wou ld  n o t  be expec ted  t o  a l t e r  p e r f o r m -  
ance. T h e r e f o r e  a l l  t h e  e f f i c i e n c y  l e v e l s  a t  Mach 0 . 6  and 0 . 7  i n  f i g u r e  22 
w e r e  assumed t o  be i d e n t i c a l ,  and t h e  d a t a  were so n o r m a l i z e d  and p r e s e n t e d  i n  
f i g u r e  23 as an e f f i c i e n c y  change w i t h  f r e e - s t r e a m  Mach number. Thus t h e  
t r e n d s  o f  f i g u r e  22 a r e  p r e s e r v e d ,  and f i g u r e  23  more c l o s e l y  r e p r e s e n t s  t h e  
t r u e  compara t i ve  per formance o f  t h e  p r o p e l l e r  w i t h  v a r i o u s  s p i n n e r s .  

F i g u r e  23  shows t h a t  t h e  a l t e r n a t i v e  s p i n n e r s  improved t h e  p r o p e l l e r  p e r -  
formance o v e r  t h a t  a c h i e v e d  w i t h  t h e  b a s i c  s p i n n e r  a t  t h e  h i g h e r  f r e e - s t r e a m  
Mach numbers, where c o m p r e s s i b i l i t y  e f f e c t s  were c a u s i n g  a decrease i n  n e t  
e f f i c i e n c y .  S ince  t h e  a l t e r n a t i v e  s p i n n e r s  reduced t h e  near-hub Mach number 

10 



in the blade region (fig. 6>, their effect o n  performance was due to some 
relief of the interblade hub choking phenomenon illustrated by the shock struc- 
ture of figure 21. A s  expected, alternative spinner 2 was best at improving 
the net efficiency at Mach 0.8 and 0.85, just about doubling the improvement 
obtained by alternative spinner 1 .  A s  explained earlier with figure 6, alter- 
native spinner 2 would best alleviate choking since its minimum Mach number 
region was a t  a more optimum location. 

Performance Comparison 

Figure 24 compares the performance of the 10-blade SR-6 propeller with 
that of the previously tested 8-blade SR-lM, SR-2, and SR-3 propellers. The 
SR-1M was a retwisted version of the SR-1, as explained in reference 4. Net 
efficiency is plotted in the figure versus free-stream Mach number for each 
propeller operating a t  its design power coefficient Cp and advance ratio J 
(i.e., at 100 percent of its dimensionless power loading at design conditions). 
Since power coefficient and advance ratio were constant for each propeller 
across the Mach number range, the ideal induced efficiency (ref. 12) was also 
constant for each propeller. Figure 24 shows that the ideal induced efficiency 
o f  the SR-6 propeller was about 1 percent higher than that of the other propel- 
lers. The ideal induced efficiency represents the performance of an optimally 
loaded propeller with n o  blade drag. Because figure 24 presents the perform- 
ance of each propeller at  its design conditions, the difference between the 
ideal induced efficiency and the experimental net efficiency of each propeller 
represents the drag and compressibility losses. These are shown in the figure 
t o  increase with increasing free-stream Mach number. 

The estimated performance presented in figure 24 for the SR-6 propeller 
with alternative spinner 2 was obtained by adding the efficiency increments 
from figure 23 t o  the SR-6 basic spinner performance curve of figure 24. This 
approximation seems valid since propeller operation at the 61.5O blade angle 
at 100-percent dimensionless power loading for the different spinner shapes 
occurred a t  an advance ratio relatively close to the design value of 3.5. 
Note that the basic SR-6 performance curve shown in figure 24 is a replot of 
the net efficiency curve a t  an advance ratio of 3.5 from figure 17. 

The SR-lM, SR-2, and SR-3 propellers were previously compared in refer- 
ences 1 and 4. The straight-blade SR-2 propeller had the lowest performance 
and the 45O-swept SR-3 propeller had the best performance among the 8-blade 
propellers a t  the higher free-stream Mach numbers of 0.8 and 0.85. These pro- 
pellers were designed for the same power loading and tip speed. The results 
show that sweep is effective in reducing compressibility losses in the outer 
portions of the propeller blade, thereby increasing efficiency at the higher 
free-stream Mach numbers. 

A comparison of the SR-6 propeller performance with the performance of 
the 8-blade propellers must account for the 1-percent induced efficiency advan- 
tage of the SR-6. The SR-6 propeller did not realize this potential efficiency 
advantage over the other propellers at the lower free-stream Mach numbers of 
0.6 and 0.7 (fig. 24). The SR-6 net efficiency of 80.7 percent was about 
0.4 percent above that of the SR-3 propeller but about 0.5 to 0.6 percent below 
that of the SR-1M propeller. However, the performances of the other propel- 
lers began t o  fall off above Mach 0.7 whereas the performance of the SR-6 was 
relatively constant t o  beyond Mach 0.75. Because of this, the performance of 
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the SR-6 at Mach 0.75 was better than that of the other propellers. Its net 
efficiency of 80.5 percent was 0.5 to 0.7 percent above the performance levels 
of the two 8-blade swept propellers. Here the SR-6 successfully delayed com- 
pressibility losses and recorded the highest design-point net efficiency yet 
obtained at Mach 0.75. A t  the higher free-stream Mach numbers of 0.8 and 
0.85, hub choking sharply decreased the SR-6 performance. Also, as mentioned 
earlier, sweep may not be as effective at the higher Mach numbers as predicted, 
and the swept portions of the blade may not be operating subcritically as 
designed. The net efficiency fell more rapidly with Mach number than that for 
the other propellers, reaching 78 percent at Mach 0.8 and falling to 74.3 per- 
cent at Mach 0.85. These efficiencies were below those o f  the other propellers 
except the straight-blade SR-2. 

With alternative spinner 2 installed to help alleviate hub choking, the 
performance estimated for the SR-6 propeller showed a significant improvement 
over the performance o f  the basic SR-6 configuration at the higher free-stream 
'Mach numbers. Net efficiency was increased by 1.2 percent at Mach 0.8 and by 
2.0 percent at Mach 0.85. Although still below the net efficiency of the SR-3 
propeller at Mach 0.85, the estimated design point net efficiencies of the 
SR-6 propeller with alternative spinner 2 were higher than any efficiency yet 
obtained for any single-rotation propeller model at Mach 0.75 and 0.8. These 
net efficiencies were 80.2 percent at Mach 0.75 and 79.2 percent at Mach 0.8 
and represent estimated efficiency improvements over previous propeller per- 
formance of 0.6 and 0.5 percent, respectively. 

SUMMARY OF RESULTS 

A 10-blade, 40°-swept, advanced Mach 0.8 propeller model, designated SR-6, 
was designed and wind tunnel tested to determine its aerodynamic performance. 
This effort continues a series of single-rotation propeller model tests provid- 
ing supporting technology to the Advanced Turboprop Project. The SR-6 design 
tip speed of 213 m/sec (700 ft/sec> was reduced from the 2 4 4 4 s e c  (800-ft/sec> 
tip speed of the previously designed advanced propellers to reduce source 
noise. Also the SR-6 had 10 blades rather than 8 and a lower power loading 
than the previous designs: 
ft2> at the cruise altitude of 10.7 km (35 000 ft). With these changes the 
SR-6 had a 1 percent advantage in ideal induced efficiency. In addition to a 
basic spinner design, two alternative spinners were designed to further reduce 
the interblade Mach number near the hub and to help alleviate any hub choking 
that might occur at the higher test Mach numbers. 

241 kW/m2 (30 hp/ft2) versus 301 kW/m2 (37.5 hp/ 

The propeller model was mounted on the Lewis propeller test rig and tested 
for aerodynamic performance in the transonic test section o f  the Lewis 8- by 
6-Foot Wind Tunnel. Propeller testing using the basic spinner was conducted 
at zero angle o f  attack over a range o f  free-stream Mach numbers from 0.6 to 
0.85 at propeller blade angles from 58.5O to 66.4O. Testing with the alterna- 
tive spinners was limited to a blade angle of 61.5O. The following results 
were obtained: 

1 .  With the basic spinner the propeller design-point net efficiency was 
80.7 percent at Mach 0.6 and 0.7 and was almost constant up to a free-stream 
Mach number of 0.75, where a net efficiency of 80.5 percent was obtained. At 
the higher Mach numbers of 0.8 and 0.85 the performance fell rapidly (more 
rapidly than for any previously tested advanced propeller) to net efficiencies 
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o f  78 percent and 74.3 percent, respectively. 
point net efficiencies of the previously tested advanced propellers, the net 
efficiency of the SR-6 was higher only at Mach 0.75. 

When compared with the design- 

2. The observed rapid decline in net efficiency that occurred as a result 
o f  compressibility effects at the higher free-stream Mach numbers was evaluated 
against the local blade Mach number at various radial stations for evidence of  
correlation. Results of these comparisons indicate that no particular portion 
of the blade was primarily responsible for the compressibility-caused perform- 
ance decline. 

3. Choking of the interblade flow near the hub was a contributor to the 
rapid SR-6 performance decline as evidenced by flow visualization of an exten- 
sive interblade near-hub shock structure. Also, improved propeller perform- 
ance above Mach 0.75 was indicated by limited propeller data obtained using 
alternative spinners with contours that reduced the near-hub interblade Mach 
numbers and re1 ieved the choking. 

4. Performance data obtained with a more optimum alternative spinner 
indicated that the basic SR-6 net efficiency was increased 1.2 percent at 
Mach 0.8 and 2.0 percent at Mach 0.85. With this spinner the estimated SR-6 
design-point net efficiency was 80.6 percent at Mach 0.75 and 79.2 percent at 
Mach 0.8, higher than the measured performance of any previously tested 
advanced single-rotation propeller at these speeds. 
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APPENDIX - SYMBOLS 

x=l . o  
(b/D)x3 dx 

/hub 
blade activity factor, 6250 

elemental blade chord, cm (in.) 

elemental blade design lift coefficient 

integrated design lift coefficient, CLDx dx x=l . o  3 

power coefficient, P/pon3D5 

reference blade tip diameter, 0.696 m (27.4 i n . ,  or 2.283 ft for J 
and Cp> 

advance ratio, Vo/nD 

helical hub Mach number, Mo 
hub 

local Mach number 

free-stream Mach number 

M 0 . 7 5 ~  

14 

helical Mach number at 75-percent blade radius, 



n 

P 

R 

RN 

r 

SHP 

T 

t 

V 

VO 

X 

X 

PO. 75R 

A D  

Qne t 
8 

PO 

0.75R 0.75R 

rotational speed, rps 

power, W (ft-lblsec) 

reference blade tip radius, cm (in.) 

nacelle maximum radius, 11.05 cm (4.35 in.) 

radius, cm (in.) 

shaft power, kW (hp) 

thrust, N (lbf) 

elemental blade maximum thickness, cm (in.) 

velocity, m/sec (ftlsec) 

free-stream velocity, m/sec (ft/sec) 

axial length, cm (in.) 

radius ratio, r/R 

propeller blade angle at 75-percent radius, deg 

blade twist 

net efficiency, TnetVO/P 

circumferential position, deg 

free-stream densi ty, kg/m3 ( s l  ugs/ft3> 
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T A 3 L E  I. - T E S T  M A T R I X  

[Each symbol denotes  a s e p a r a t e  t e s t  r u n .  These symbols 
i d e n t i f y  blade angles  i n  d a t a  f i g u r e s . ]  

0.7 

Blade a n g l e ,  1 o . 6  
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FIGURE 1 .  - SR-6 10-BLADE PROPELLtR MODEL lNSTAlLED I N  LEWIS 8- 
BY 6-FOOT WIND TUNNEL. 
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NUMBER OF BLADES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 
T I P  SWEEP ANGLE, DEG . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 
MODEL DIAMETER. D. CM ( I N . )  . . . . . . . . . . . . . . . . . . . 6 9 . 6  ( 2 7 . 4 )  
ACTIVITY FACTOR. AF . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 

AIRFOILS. . . . . . . . . . . . . . . . . . . . NACA 16 SERIES. AND 6 5  SERIES 
WITH CIRCULAR ARC (CA) CAMBER 

RATIO OF NACELLE MAXlMUM DIAMETER TO PROPELLER DIAMETER . . . . . , . . 0.318 
PROPELLER HUB-TO-TIP RATIO. . . . . . . . . . . . . . . . . . . . . . . 0 . 2 1 4  
CRUISE DESIGN MACH NUMBER . . . . . . . . . . . . . . . . . . . . . . . . 0.8 
CRUISE DESIGN ALTITUDE. KM ( F T )  . . . . . . . . . . . . . . . 10.7 (35 000) 
CRUISE DESIGN T I P  SPEED, M/SEC (FT /SEC)  . . . . . . . . . . . . , , 213 (700) 

CRUISE DESIGN ADVANCE RATIO, J . . . . . . . . . . , . . . . . , , . . . 3 . 5  

INTEGRATED DESIGN L I F T  COEFFICIENT. CLi . . . . . . . . . . . . . . . . 0.192 

CRUISE DESIGN POWER LOADING. SHPID~. K W / M ~  ( H P / F T ~ )  , . . . . . , . . 241 (30) 

CRUISE DESIGN POWER COEFFICIENT. Cp . . . . . . . . . . . . . . , . . . . 2 . 0 3  

30 r 

- 1 o L  - 

PROPELLER 
BLADE PLANFORM 

FIGURE 2 .  - SR-6 PROPELLER DESIGN CHARACTERISTICS AND BLADE PLANFORM. 

.12 
c5 " t  

" 
.2 . 3  . 4  .5 .6 .7 .8  . 9  1.0 

BLADE RADIUS RATIO. r/R 

FIGURE 3. - BLADE CHARACTERISTICS. 
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BLADE RADIUS RATIO, r/R 
FIGURE 4. - BLADE SWEEP DISTRIBUTION. 

STATIC BLADE ANGLE AT 75-PERCENT RADIUS, P0,75~, DEG 

FIGURE 5 .  - EFFECT OF BLADE ANGLE ON TIP DIAMETER. 
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WINDSCREEN --- 
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FIGURE 7 .  - CUTAWAY VIEW OF LEWIS 1000-HP (/46-KW) PROPELLER TEST R I G .  
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( a )  POWER COEFFICIENT; mo = 0.7. 

FIGURE 11. - MEASURED PROPELLER PERFORMANCE AT FREE-STREAM MACH NUMBER Mo OF 0.7. 
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