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SUMMARY 

A c o u s t i c  and aerodynamic r e s e a r c h  a t  NASA Lewis Research Cen te r  on  
advanced p r o p e l l e r s  i s  r ev iewed  i n c l u d i n g  a n a l y t i c a l  and e x p e r i m e n t a l  r e s u l t s  
on b o t h  s i n g l e  and c o u n t e r r o t a t i o n .  Computa t iona l  too ls  used t o  c a l c u l a t e  t h e  
d e t a i l e d  f l ow  and a c o u s t i c  f i e l d s  a r e  d e s c r i b e d  a l o n g  w i t h  w ind  t u n n e l  t e s t s  t o  
o b t a i n  d a t a  f o r  code v e r i f i c a t i o n .  R e s u l t s  from two k i n d s  o f  exper imen ts  a r e  
rev iewed :  ( 1 )  per fo rmance and near  f i e l d  n o i s e  a t  c r u i s e  c o n d i t i o n s  as meas- 
u r e d  i n  t h e  NASA Lewis  8- by  6-Foot Wind Tunnel and ( 2 )  f a r  f i e l d  n o i s e  and 
per fo rmance for t a k e o f f / a p p r o a c h  c o n d i t i o n s  as measured i n  t h e  NASA Lewis 9- by 
&Foot Anechoic Wind Tunne l .  D e t a i l e d  measurements o f  s teady  b l a d e  s u r f a c e  
p r e s s u r e s  a r e  d e s c r i b e d  a l o n g  w i t h  v o r t e x  f low phenomena a t  o f f - d e s i g n  cond i -  
t i o n s .  Near f i e l d  n o i s e  a t  c r u i s e  i s  shown t o  l e v e l  out or decrease as t i p  
r e l a t i v e  Mach number i s  i n c r e a s e d  beyond 1.15. C o u n t e r r o t a t i o n  i n t e r a c t i o n  
n o i s e  i s  shown t o  be a dominant  source  a t  t a k e o f f  b u t  a secondary  source  a t  
c r u i s e .  E f f e c t s  o f  unequal  ro to r  d i a m e t e r s  and rotor- to-rotor spac ing  on  
i n t e r a c t i o n  n o i s e  a r e  a l s o  i l l u s t r a t e d .  Comparisons o f  w ind  t u n n e l  a c o u s t i c  
measurements to f l i g h t  r e s u l t s  a r e  made. F i n a l l y ,  some f u t u r e  d i r e c t i o n s  i n  
advanced p r o p e l l e r  r e s e a r c h  such as s w i r l  r e c o v e r y  vanes, h i g h e r  sweep, fo r -  
ward sweep, and d u c t e d  p r o p e i l e r s  a r e  d i scussed .  

p 

INTRODUCTION 

For more t h a n  a decade NASA has pursued advanced p r o p e l l e r  r e s e a r c h .  The 
work began i n  t h e  mid-1970 's  as one component o f  t h e  A i r c r a f t  Energy E f f i c i e n c y  
Program managed by  NASA Lewis .  D r i v e n  by t h e  h i g h  c o s t  o f  f u e l  f o l l o w i n g  t h e  
M i d d l e  Eas t  o i l  embargo, t h e  goa l  o f  t h e  work was t o  ex tend  t h e  h i g h  p r o p u l s i v e  
e f f i c i e n c y  r e a l i z e a b l e  by  p r o p e l l e r s  t o  t h e  Mach number 0.6 t o  0.8 range o f  
i n t e r e s t  f o r  commercial  t r a n s p o r t  a i r c r a f t .  Systems s t u d i e s  i n d i c a t e d  t h a t  
f u e l  sav ings  o f  15 t o  30 p e r c e n t  were p o s s i b l e  compared t o  c u r r e n t  t u r b o f a n s  
and up t o  50 p e r c e n t  sav ings  i n  f u e l  w e r e  a c h i e v a b l e  when advanced p r o p e l l e r s  
were combined w i t h  advanced eng ine  c o r e  techno logy .  

NASA Lewis and H a m i l t o n  S tandard  began d e s i g n i n g  and t e s t i n g  model "p rop-  
f a n s "  a round 1975. Based on  encourag ing  r e s u l t s  o f  w ind  t u n n e l  t e s t s  o f  models 
h a v i n g  8 t o  10 t h i n ,  h i g h l y - l o a d e d ,  swept b lades ,  NASA began t h e  Advanced Tur-  
boprop ( A T P )  P ro jec t  i n  1978. The g o a l s  o f  t h e  p r o j e c t  were t o  v e r i f y :  ( 1 )  
p r o p e l l e r  per fo rmance and f u e l  s a v i n g s ;  ( 2 )  s t r u c t u r a l  i n t e g r i t y  o f  t h e  r a d i -  
c a l l y  d i f f e r e n t  b l a d e  des igns ;  and (3) passenger and community env i ronmen ta l  
a c c e p t a b i l i t y  W e . ,  c a b i n  n o i s e  and v i b r a t i o n  comparable t o  modern t u r b o f a n  
powered a i r c r a f t  and compl iance w i t h  a i r p o r t  commilnity n o i s e  r e g u l a t i o n s ) .  

D e t a i l s  o f  t h e  A T P  p r o j e c t  and t h e  s y s t e m s  approach used a r e  g i v e n  i n  
r e f e r e n c e s  1 and 2 .  A l l  t h r e e  NASA Research Cen te rs  were i n v o l v e d  (Lew is ,  



Lang ley ,  and A m e s )  a l o n g  w i t h  some 40 c o n t r a c t s  d i s t r i b u t e d  o v e r  t h e  U.S.  a i r -  
c r a f t  i n d u s t r y  and 15 u n i v e r s i t y  g r a n t s .  The p l a n  was t o  ach ieve  t e c h n o l o g y  
r e a d i n e s s  i n  t h e  l a t e  1 9 8 0 ’ s  i n c l u d i n g  f l i g h t  d e m o n s t r a t i o n s .  F i g u r e  1 i n d i -  
c a t e s  t h a t  i n  a l l  t h r e e  m a j o r  t e c h n o l o g y  e f f o r t s ,  s i n g l e  r o t a t i o n ,  g e a r l e s s  
c o u n t e r r o t a t i o n  and geared c o u n t e r r o t a t i o n ,  t h e  p r o g r e s s i o n  o f  work moved from 
a n a l y t i c a l  and s y s t e m  s t u d i e s  t o  d e s i g n  code development and v e r i f i c a t i o n  based 
on s c a l e  model w ind  t u n n e l  t e s t s .  From t h a t  t e c h n o l o g y  base, l a r g e  s c a l e  sys- 
t e m s  were des igned,  b u i l t  and t e s t e d  f i rst on t h e  ground and f i n a l l y  i n  f l i g h t .  

S ince  1986, t h e  t h r e e  s e r i e s  o f  f l i g h t  t e s t s  p i c t u r e d  i n  f i g u r e  2 have 
been comple ted  and a f o u r t h  i s  scheduled f o r  l a t e  1988. The NASAILockheed- 
Georg ia  P rop fan  T e s t  Assessment ( P T A )  used a l a r g e  s c a l e  advanced p r o p e l l e r  
(LAP) b u i l t  by H a m i l t o n  S tandard  and mounted on t h e  G u l f s t r e a m  I1  t e s t  bed a i r -  
c r a f t  ( r e f .  3 ) .  S t r u c t u a l  i n t e g r i t y  was v e r i f i e d  and e x t e n s i v e  a c o u s t i c  d a t a  
were a c q u i r e d  i n  t h e  near  and f a r  f i e l d s  and i n s i d e  t h e  a i r c r a f t .  Bo th  t h e  
NASA/General E l e c t r i c  (GEHBoeing  727 t e s t  and t h e  GE/McDonnell-Douglas MD-80 
t e s t s  used t h e  GE unducted  f a n  (UDF) g e a r l e s s  c o u n t e r r o t a t i o n  concep t  ( r e f .  4 ) .  
The P r a t t  & W h i t n e y / A l l i s o n  d e s i g n  i s  a geared c o u n t e r r o t a t i o n  p r o p u l s i o n  sys- 
t e m  ( t h e  578-DX) w i t h  H a m i l t o n  Standard  p r o p e l l e r s  and i s  schedu led  f o r  t e s t s  
on t h e  MD-80 ( r e f .  5 ) .  

T h i s  b r i e f  d e s c r i p t i o n  of t h e  o v e r a l l  ATP Program and a s s o c i a t e d  i n d u s t r y  
a c t i v i t i e s  serves  as background for a r e v i e w  of  t h e  c u r r e n t  and on -go ing  NASA 
p r o p e l l e r  r e s e a r c h  e f f o r t  wh ich  i s  t h e  s u b j e c t  o f  t h i s  paper .  The r e s e a r c h  
approach, as i n d i c a t e d  p i c t o r i a l l y  i n  t h e  upper h a l f  o f  f i g u r e  3,  i s  t h e  same 
as t h a t  pursued i n  p r o v i d i n g  t h e  e n a b l i n g  t e c h n o l o g y  for  t h e  ATP Program. I t  
c o n s i s t s  o f  a n a l y t i c a l  s t u d i e s  and s c a l e  model w ind  t u n n e l  t e s t i n g  l e a d i n g  t o  
v a l i d a t i o n  o f  t h e  p r o p e l l e r  des igns  and v e r i f i c a t i o n  o f  aerodynamic,  a c o u s t i c ,  
and s t r u c t u r a l  codes. T h i s  paper  r e v i e w s  p r o p e l l e r  a c o u s t i c  and aerodynamic 
r e s e a r c h  a t  NASA Lewis u s i n g  i l l u s t r a t i v e  s i n g l e -  and c o u n t e r r o t a t i o n  r e s u l t s  
o b t a i n e d  as p a r t  o f  t h e  base techno logy  p o r t i o n  of  t h e  ATP Program ( r e f .  6 ) .  
Planned work on advanced concepts  such as s ’ r l g le  r o t a t i o n  w i t h  s w i r l  r e c o v e r y  
vanes and duc ted  props  ( u l t r a  h i g h  b y p s s  f a n s )  shown i n  t h e  l o w e r  p o r t i o n  o f  
f i g u r e  3 w i l l  a l s o  be d i scussed .  S t r u c x r a l  r e s e a r c h ,  w h i l e  no  l e s s  i m p o r t a n t  
t h a n  t h e  aerodynamic and a c o u s t i c  work, i s  beyond t h e  scope o f  t h i s  r e v i e w  and 
i s  t r e a t e d  e lsewhere  ( e . g . ,  r e f s .  7 and 8 ) .  

PROPELLER ANALYSIS 

Because these  advanced h i g h  speed p r o p e l l e r s  a r e  g e o m e t r i c a l l y  d i f f e r e n t  
t han  c o n v e n t i o n a l  p r o p e l l e r s  and o p e r a t e  a t  s i g n i f i c a n t l y  d i f f e r e n t  c o n d i t i o n s  
than  c o n v e n t i o n a l  p r o p e l l e r s ,  new a n a l y s i s  methods were necessary  t o  p r e d i c t  
t h e i r  aerodynamic and a c o u s t i c  c h a r a c t e r i s t i c s .  

Aerodynami c Codes 

The p r o p e l l e r  aerodynamic a n a l y s i s  methods deve loped as p a r t  o f  t h e  NASA 
Advanced Turboprop P r o j e c t  a r e  summarized i n  t a b l e  I. A l l  t h e  methods i n c l u d e d  
i n  t h i s  t a b l e  a r e  t h r e e - d i m e n s i o n a l .  The a p p l i c a b i l i t y  o f  t h e  methods t o  s i n -  
g l e  r o t a t i o n  ( S R )  or c o u n t e r r o t a t i o n  (CR) i s  i n d i c a t e d .  
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The f o u r  methods a t  t h e  t o p  o f  t h e  t a b l e  a r e  c l a s s i f i e d  as s teady  f low 
methods s i n c e  i n  them each b l a d e  exper iences  no  change i n  f low c o n d i t i o n s  as 
i t  r o t a t e s .  T h i s  means t h a t  t h e  n a c e l l e  i s  a x i s y m m e t r i c ,  t h e r e  i s  no  c i r cum-  
f e r e n t i a l  v a r i a t i o n  i n  flow f i e l d  p r o p e r t i e s  ahead o f  t h e  p r o p e l l e r ,  t h e  p r o -  
p e l l e r  a x i s  i s  a t  z e r o  a n g l e  o f  a t t a c k  r e l a t i v e  t o  t h e  f l i g h t  or f r e e s t r e a m  
flow d i r e c t i o n ,  and a l l  b l a d e s  i n  a p r o p e l l e r  a r e  i d e n t i c a l .  

Two l i f t i n g  l i n e  methods have been developed ( r e f s .  9 and 10). Bo th  o f  
these  methods r e p r e s e n t  each p r o p e l l e r  b lade  by  a s i n g l e  l i n e  o f  bound v o r t i c i t y  
a t  the  b l a d e  q u a r t e r - c h o r d  l o c a t i o n  and i n c l u d e  e f f e c t s  o f  t w i s t  and sweep. 
The b l a d e  v o r t e x  wakes a r e  r e p r e s e n t e d  by  a f i n i t e  number o f  h e l i c a l  v o r t e x  
f i l a m e n t s  a t  s p e c i f i e d  l o c a t i o n s .  R a d i a l l y  v a r y i n g  a x i a l  i n f l o w  v e l o c i t i e s  
due t o  n a c e l l e  c o n t o u r i n g  a r e  i n c l u d e d .  These two methods d i f f e r  i n  t h e  way 
induced e f f e c t s  a r e  i n c l u d e d  i n  t h e  d e t e r m i n a t i o n  o f  b l a d e  aerodynamic f o r c e s .  
One method uses induced v e l o c i t i e s  t o  de te rm ine  an i nduced  a n g l e  o f  a t t a c k  
wh ich  i s  used w i t h  two-d imens iona l  a i r f o i l  d a t a  t o  d e t e r m i n e  t h e  f o r c e s ;  t h e  
o t h e r  uses t h e  assumpt ion  o f  flow tangency  a t  t h e  t h r e e - q u a r t e r  c h o r d  l o c a t i o n  
t o  determine t h e  l o c a l  l i f t  and two-d imens iona l  a i r f o i l  d a t a  t o  d e t e r m i n e  t h e  
l o c a l  d rag .  A l though  these  methods r e q u i r e  a r e l a t i v e l y  sma l l  amount o f  com- 
p u t e r  t i m e  f o r  e x e c u t i o n ,  t h e i r  t r e a t m e n t  o f  c o m p r e s s i b i l i t y  i s  app rox ima te  and 
t h e  r e s u l t s  g i v e  a l i m i t e d  amount o f  f l ow  f i e l d  i n f o r m a t i o n .  

A t r a n s o n i c  p o t e n t i a l  a n a l y s i s  f o r  s i n g l e  r o t a t i o n  p r o p e l l e r s  ( r e f .  1 1 )  
has been developed t o  more a c c u r a t e l y  account  f o r  c o m p r e s s i b i l i t y  e f f e c t s  
encountered  a t  t he  h i g h  subson ic  c r u i s e  Mach numbers a t  wh ich  t h e s e  p r o p e l l e r s  
o p e r a t e .  Th is  approach a l s o  r e q u i r e s  t h a t  t h e  b l a d e  v o r t e x  wake l o c a t i o n  be 
s p e c i f i e d  and t h e  computer p rogram uses a r i g i d  h e l i x  r e p r e s e n t a t i o n  o f  t h i s  
wake. Th is  approach y i e l d s  d e t a i l e d  b l a d e  s u r f a c e  f low p r o p e r t i e s  as w e l l  as 
d e t a i l e d  i n f o r m a t i o n  i n  t h e  f low f i e l d  around t h e  p r o p e l l e r .  An i m p o r t a n t  f low 
f i e l d  f e a t u r e  which can be i d e n t i f i e d  i s  t h e  shock wave p a t t e r n  caused by  t h e  
b lades  as t h e y  move t h r o u g h  t h e  a i r .  The shock waves can i n d i c a t e  a l e s s  t h a n  
optimum des ign  b o t h  a e r o d y n a m i c a l l y  as w e l l  as a c o u s t i c a l l y .  A t  some o p e r a t i n g  
c o n d i t i o n s  t h e  assumpt ion  o f  a r i g i d  h e l i c a l  wake can cause i n a c c u r a t e  r e s u l t s .  
A l though  t r a r x o n i c  p o t e n t i a l  methods can be f a s t e r  t h a n  E u l e r  methods, c o n t i n u -  
i n g  development o f  t h e  t r a n s o n i c  p o t e n t i a l  p r o p e l l e r  a n a l y s i s  has been d i s c o n -  
t i n u e d  i n  f a v o r  o f  E u l e r  methods. 

U s e  o f  t h e  E u l e r  e q u a t i o n s  t o  p r e d i c t  p r o p e l l e r  f low f i e l d s  e l i m i n a t e s  t h e  
need for  wake mode l i ng .  D e t a i l e d  p r o p e l l e r  b l a d e  and f low f i e l d  i n f o r m a t i o n  i s  
a g a i n  p r e d i c t e d .  Four d i f f e r e n t  computer programs ( r e f s .  12 t o  15) d i f f e r i n g  
i n  t h e  numer ica l  method employed t o  s o l v e  t h e  compress ib le  E u l e r  e q u a t i o n s  a r e  
b e i n g  used t o  p r e d i c t  h i g h  speed p r o p e l l e r  f low f i e l d s .  Shock wave l o c a t i o n  
and s t r e n g t h  a r e  p r e d i c t e d  as w e l l  as b lade  wake, l e a d i n g  edge v o r t e x  and t i p  
v o r t e x  r o l l u p .  

The f i n a l  method f o r  p r e d i c t i n g  p r o p e l l e r  s teady  aerodynamics i n v o l v e s  t h e  
use o f  t h e  Nav ie r -S tokes  e q u a t i o n s .  A l though  n o t  y e t  o p e r a t i o n a l ,  a computer 
program based on t h e  a n a l y s i s  o f  r e f e r e n c e  14 and i n c l u d i n g  t h e  v i s c o u s  te rms 
o f  t h e  Nav ie r -S tokes  e q u a t i o n s  i s  n e a r l y  comple te .  
i n s i g h t  i n t o  p r o p e l l e r  f low f i e l d s  e s p e c i a l l y  i n  t h e  a reas  o f  b l a d e  boundary 
l a y e r s  and b lade  v i s c o u s  wakes as w e l l  as improved accu racy  f o r  b l a d e  l e a d i n g  
edge and t i p  v o r t e x  deve lopment .  

T h i s  approach promises  new 
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The f i n a l  two methods t o  be d i scussed  a r e  cons ide red  unsteady s i n c e  t h e  
aerodynamic f o r c e s  exper ienced by t h e  b lades  v a r y  w i t h  t i m e .  Both a r e  based 
on t h e  method o f  r e f e r e n c e  15. These a r e  n o t  unsteady due t o  changes i n  b lade  
shape as i n  t h e  case o f  b l a d e  f l u t t e r ,  b u t  due to  changes i n  t h e  f low f i e l d  
which i s  a f o r c e d  response problem. 

S o l u t i o n s  o f  unsteady problems have been demonstrated u s i n g  t h e  E u l e r  
e q u a t i o n  method. The key  t o  s o l v i n g  these complex problems i s  t h e  use o f  a 
b locked  g r i d  approach. I n  t h i s  approach t h e  g r i d  i s  composed o f  seve ra l  
b l o c k s ,  o n l y  one o f  which i s  i n  t h e  computer main memory a t  a t i m e .  Th is  
a l l o w s  much l a r g e r  g r i d  s i z e s  than  c o u l d  be used i f  t h e  e n t i r e  g r i d  w e r e  i n  
memory a t  one t i m e .  I t  a l s o  a l l o w s ,  i n  t h e  case of t h e  c o u n t e r r o t a t i o n  p r o p e l -  
l e r ,  for  t h e  b l o c k s  a s s o c i a t e d  w i t h  t h e  f r o n t  p r o p e l l e r  b lades t o  move r e l a t i v e  
t o  t h e  b locks  a s s o c i a t e d  w i t h  t h e  r e a r  p r o p e l l e r .  

The f i n a l  method i n c l u d e d  i s  t h e  unsteady, Navier -Stokes a n a l y s i s .  Th i s  
i s  p lanned as an e x t e n s i o n  o f  t h e  r e f e r e n c e  15 method d e s c r i b e d  above. T h i s  
method promises new i n s i g h t  i n t o  t h e  t i m e  v a r y i n g  v i s c o u s  e f f e c t s  a s s o c i a t e d  
w i t h  advanced p r o p e l l e r  aerodynamics. 

C u r r e n t  emphasis i n  t h e  a r e a  o f  p r o p e l l e r  aerodynamic a n a l y s i s  methods i s  
on t h e  E u l e r  methods. T h i s  approach g i v e s  d e t a i l e d  f low f i e l d  r e s u l t s  w i t h  a 
minimum o f  assumptions and w i t h  computer t imes which a r e  n o t  unreasonable.  

A c o u s t i c  Codes 

C u r r e n t  p r o p e l l e r  n o i s e  models emphasize two source components: t h i c k n e s s  
n o i s e  d e f i n e d  by p r o p e l l e r  geometry and l o a d i n g  n o i s e  determined by aerodynamic 
l o a d i n g  which may be s teady  or unsteady. Each of t h e  aerodynamic methods l i s t e d  
i n  t a b l e  I may be used as a source o f  p r o p e l l e r  b l a d e  l o a d i n g  i n p u t  t o  an 
a c o u s t i c  c a l c u l a t i o n  as i n d i c a t e d  i n  t a b l e  11. The s teady  f low regime a p p l i e s  
o n l y  t o  s i n g l e  r o t a t i o n  p r o p e l l e r s  i n  u n i f o r m  flow. 
c o u n t e r r o t a t i o n  n e g l e c t s  t h e  i m p o r t a n t  i n t e r a c t i o n  n o i s e  source and accounts f o r  
o n l y  t h e  phased c o n t r i b u t i o n s  o f  two rotors  w i t h  s teady  l o a d i n g .  The unsteady 
f low regime e x i s t s  i n  c o u n t e r r o t a t i o n  and most p r a c t i c a l  i n s t a l l a t i o n s  o f  pro-  
p e l l e r s  on a i r c r a f t .  Angle o f  a t t a c k ,  nonun i fo rm i n f l o w ,  and wake/vor tex 
i n t e r a c t i o n s  w i t h  p r o p e l l e r  b lades  a r e  sources o f  unsteady l o a d i n g .  

A s teady f low t r e a t m e n t  o f  

The a c o u s t i c  models a r e ,  w i t h  few e x c e p t i o n s ,  l i n e a r  and o f  two v a r i e t i e s :  
t ime  domain ( r e f .  16 )  or f r equency  domain ( r e f .  17) .  I n  t h e  s teady reg ime,  
b o t h  l i f t i n g  l i n e  ( A ,  t a b l e  11) and E u l e r  ( C 1 )  s o l u t i o n s  have been used as 
i n p u t  t o  t h e  t i m e  domain model ( r e f s .  18 t o  20). A t h ree -d imens iona l ,  l i n e a r  
l i f t i n g  s u r f a c e  t h e o r y  ( B )  y i e l d i n g  a u n i f i e d  aerodynamic and a c o u s t i c  s o l u t i o n  
has been developed under a NASA Lewis c o n t r a c t  w i t h  Hami l t on  Standard.  Blade 
wakes ( i n v i s c i d )  a r e  p r e d i c t e d ,  v i scous  wakes a r e  s e m i - e m p i r i c a l l y  model led,  
and r e c e n t l y ,  a model f o r  l e a d i n g  edge and t i p  v o r t i c e s  has been added. The 
code, which has s u b r o u t i n e s  t o  c a l c u l a t e  wing s h i e l d i n g  and f u s e l a g e  boundary 
l a y e r  r e f r a c t i o n ,  i s  b e i n g  e v a l u a t e d  a t  Hami l t on  Standard and NASA Lewis.  An 
e f f o r t  t o  account  f o r  n o n l i n e a r  near  f i e l d  p r o p a g a t i o n  u s i n g  a d i r e c t  E u l e r  
code s o l u t i o n  coupled t o  l i n e a r  f a r  f i e l d  p r o p a g a t i o n  (C3) i s  under development 
under a NASA Lewis g r a n t  a t  Texas A&M U n i v e r s i t y  ( r e f .  2 1 ) .  Navier -Stokes 
i n p u t  to t ime  domain a c o u s t i c s  ( D )  must a w a i t  t h e  development o f  t h e  f low 
s o l v e r .  
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I n  t h e  unsteady reg ime,  t h e  aerodynamic analyses a r e  l e s s  developed and 
t h e  approaches more v a r i e d .  The t h r e e  approaches l a b e l e d  ( E l  t o  E3) a r e  e f f o r t s  
b e i n g  l a r g e l y  developed under NASA Lewis c o n t r a c t s  w i t h  General E l e c t r i c .  The 
u n i n s t a l l e d  c o u n t e r r o t a t i o n  code uses a m i x  o f  aerodynamic methods: s e c t i o n  
l i f t  and drag determined by separa te  means a r e  i n p u t  as a f u n c t i o n  o f  r a d i u s  
f o r  each ro tor  a l o n g  w i t h  a cho ice  o f  chordwise l o a d i n g  d i s t r i b u t i o n .  
e m i r i c a l  wake-vortex model g i v e s  g u s t  i n p u t  t o  t h e  downstream b lade  row whose 
unsteady l o a d i n g  i s  g i v e n  by  a l i n e a r  l i f t  response f u n c t i o n .  Unequal b l a d e  
numbers or ro to r  speeds a r e  handled.  I n s t a l l e d  s i n g l e -  and c o u n t e r r o t a t i o n  
codes ( E 2  and E3) use an a c t u a t o r  d i s k  and e i t h e r  quas i - s teady  or l i n e a r  l i f t  
response to  c a l c u l a t e  unsteady l o a d i n g  c o n t r i b u t i o n s  t o  t h e  n o i s e  f o r  ang le  o f  
a t t a c k  or nonun i fo rm i n f l o w  s i t u a t i o n s .  The unsteady l i n e a r  l i f t i n g  s u r f a c e  
t h e o r y  ( F )  f o r  u n i f i e d  a e r o a c o u s t i c  c a l c u l a t i o n s  has been completed a t  H a m i l t o n  
Standard and work on t h e  c o u n t e r r o t a t i o n  e x t e n s i o n  i s  underway. 
development o f  unsteady E u l e r  s o l u t i o n s  (GI f o r  s i n g l e -  and c o u n t e r r o t a t i o n ,  
desc r ibed  p r e v i o u s l y ,  o f f e r s  t h e  p o s s i b i l i t y  o f  u s i n g  t h e  c a l c u l a t e d  i n s t a n t a -  
neous b lade  s u r f a c e  p ressu res  as i n p u t  t o  t h e  l i n e a r  t ime  domain a c o u s t i c s  
code. Work on t h e  s i n g l e  r o t a t i o n  case a t  ang le  o f  a t t a c k  i s  underway a t  
NASA Lewis. Unsteady Navier -Stokes i n p u t  t o  a c o u s t i c s  ( H )  i s  a l o n g  t e r m  p l a n .  

A s e m i -  

The r e c e n t  

From t h e  i n d i c a t i o n s  o f  s t a t u s  i n  t a b l e  11, i t  i s  c l e a r  t h a t  much work 
remains t o  be done i n  t h e  unsteady regime w i t h  r e s p e c t  t o  c o u n t e r r o t a t i o n  and 
i n s t a l  1 ed c o n f  i g u r a t i o n s .  

SINGLE-ROTATION TECHNOLOGY 

Table I11 l i s t s  t h e  d e s i g n  parameters f o r  a s e r i e s  o f  s i n g l e  r o t a t i o n  pro- 
p e l l e r s  t h a t  have been t e s t e d  a t  NASA Lewis.  Severa l  o f  t h e  model b lades  a r e  
shown i n  f i g u r e  4. The most r e c e n t  i n  t h e  s e r i e s  o f  s i n g l e  r o t a t i o n  des igns  i s  
SR-7A which i s  an a e r o e l a s t i c a l l y  sca led  model o f  t h e  9-Foot d iamete r  S R - 7 L  
Large Scale Advanced P r o p e l l e r  (LAP) which was used i n  t h e  PTA F l i g h t  Program 
u s i n g  t h e  G u l f s t r e a m  I 1  t e s t b e d  a i r c r a f t  ( r e f .  3). 

C r u i s e  Performance and Noise 

Ex tens i ve  wind t u n n e l  t e s t  programs were conducted on SR-7A. f i g u r e  5 
shows the  SR-7A i n s t a l l e d  i n  t h e  NASA Lewis 8- by 6-Foot Wind Tunnel ,  where i t s  
aerodynamic, a c o u s t i c ,  and a e r o e l a s t i c  performance were measured a t  c r u i s e  con- 
d i t i o n s .  The t u n n e l  w a l l s  have about  6 p e r c e n t  p o r o s i t y  t o  m in im ize  w a l l  
i n t e r a c t i o n s  w i t h  t h e  model a t  t r a n s o n i c  speeds. The l a s e r  beams a r e  p a r t  o f  
a s y s t e m  used t o  measure mean b lade  d e f l e c t i o n  d u r i n g  p r o p e l l e r  o p e r a t i o n ,  
i . e . ,  t he  s o - c a l l e d  " h o t "  b l a d e  shape. 

N e t  e f f i c i e n c y  o f  t h e  SR-7A p r o p e l l e r  model i s  shown i n  f i g u r e  6 a l o n g  
w i t h  r e s u l t s  from f i v e  e a r l i e r  models ( r e f .  22 ) .  Measured n e t  e f f i c i e n c i e s  a r e  
shown as a f u n c t i o n  o f  f r e e s t r e a m  Mach number w i t h  each p r o p e l l e r ' s  d e s i g n  
l o a d i n g  parameter,  C / J 3 ,  k e p t  c o n s t a n t  w i t h  Mach number. 
des ign  p o i n t  f o r  SR-?A, i t s  e f f i c i e n c y  l i e s  on t h e  upper bound o f  measured 
e f f i c i e n c i e s  w i t h  a va lue  o f  79.3 p e r c e n t .  The SR-2 p r o p e l l e r  has t h e  l o w e s t  
performance because i t  i s  t h e  o n l y  one o f  these models which has no b l a d e  
sweep. 

A t  Mach 0.80, t h e  

5 



A comparison o f  p r e d i c t e d  and measured power c o e f f i c i e n t s  f o r  t h e  SR-3 
p r o p e l l e r  a t  a f r e e s t r e a m  Mach number o f  0.80 i s  shown i n  f i g u r e  7 .  
d i c t e d  r e s u l t s  were o b t a i n e d  u s i n g  a three-d imensional  E u l e r  a n a l y s i s  ( r e f .  12) 
and t h e  exper imen ta l  r e s u l t s  were o b t a i n e d  d u r i n g  model t e s t s  i n  t h e  NASA Lewis 
8- by 6-Foot Wind Tunnel ( r e f .  23) .  To o b t a i n  t h e  p r e d i c t e d  r e s u l t s  t h e  b lades  
were assumed t o  d e f l e c t  as p r o p e l l e r  r o t a t i o n a l  speed inc reased .  The d e f l e c -  
t i o n s  were determined a t  t h e  des ign  p o i n t  ( 3  = 3.06, Cp = 1.7) and were s c a l e d  
t o  determine d e f l e c t i o n s  a t  o t h e r  o p e r a t i n g  c o n d i t i o n s .  The agreement between 
p r e d i c t e d  and measured power c o e f f i c i e n t  i s  q u i t e  good even a t  t h e  h i g h  power 
c o n d i t i o n s  where t h e  a n a l y s i s  s l i g h t l y  o v e r p r e d i c t s  t h e  power absorbed by t h e  
prope 1 1  e r .  

The p re -  

The techn ique  used t o  measure near f i e l d  n o i s e  a t  c r u i s e  i n  t h e  NASA Lewis 
8- by 6-Foot Wind Tunnel i s  shown i n  f i g u r e  8 ( r e f .  24) .  A row o f  t w e l v e  t r a n s -  
ducers were i n s t a l l e d  f l u s h  w i t h  t h e  s u r f a c e  and on t h e  c e n t e r l i n e  o f  a p l a t e  
which was mounted from t h e  tunne l  c e i l i n g .  The c e n t e r l i n e  o f  t h e  t r a n s d u c e r  
row was p a r a l l e l  t o  t h e  p r o p e l l e r  c e n t e r l i n e  a t  a d i s t a n c e  0.3 p r o p e l l e r  diame- 
t e r s  from t h e  p r o p e l l e r  t i p .  Use o f  t h e  p l a t e  was p r e f e r a b l e  t o  making meas- 
urements a t  t h e  porous wind t u n n e l  w a l l  f o r  two reasons. The p l a t e  p r o v i d e d  a 
w e l l  d e f i n e d  "ha rd "  w a l l  c o n d i t i o n  t o  produce p ressu re  d o u b l i n g  and i t  
reduced e f f e c t s  o f  boundary l a y e r  r e f r a c t i o n  a t  angles f o r w a r d  o f  t h e  p r o p e l -  
l e r  by  e s t a b l i s h i n g  a t h i n n e r  boundary l a y e r  o v e r  t h e  f o r w a r d  t r a n s d u c e r s .  
T h i s  techn ique  has been shown t o  be v a l i d  fo r  measur ing tone l e v e l s  around t h e  
peak by comparisons w i t h  model f l i g h t  d a t a  ( r e f .  2 5 ) .  

The peak fundamental  t one  l e v e l s  f o r  SR-7A a r e  p l o t t e d  i n  f i g u r e  9 as a 
f u n c t i o n  o f  h e l i c a l  t i p  Mach number ( r e f .  24).  Advance r a t i o  i s  c o n s t a n t  a t  
3 .06 and t h e  near  f i e l d  measurements were made on a s i d e l i n e  p a r a l l e l  w i t h  t h e  
p r o p e l l e r  a x i s  a t  0.3 p r o p e l l e r  d iamete r  from t h e  p r o p e l l e r  t i p  by  t h e  method 
j u s t  desc r ibed .  Data fo r  t h r e e  l o a d i n g  l e v e l s  a r e  shown as i n d i c a t e d  by t h e  
b l a d e  s e t t i n g  angles b r a c k e t i n g  t h e  des ign  v a l v e .  The s t r i k i n g  f e a t u r e  o f  t h e  
tone  v a r i a t i o n  w i t h  h e l i c a l  t i p  Mach number i s  t h e  behav io r  i n  t h e  superson ic  
range beyond 1 . 1 .  The peak fundamental  tone l e v e l s  no l o n g e r  i n c r e a s e  and may 
peak, l e v e l  o f f ,  or decrease depending on l o a d i n g .  An examina t ion  o f  t h e  pe r -  
formance d a t a  shows t h a t  e f f i c i e n c y  remains n e a r l y  c o n s t a n t  a l o n g  each o f  t h e  
n o i s e  curves.  
do n o t  n e c e s s a r i l y  mean inc reased  c a b i n  n o i s e  problems. To d a t e ,  l i n e a r  aeroa- 
c o u s t i c  codes do n o t  p r e d i c t  these tone c h a r a c t e r i s t i c s  a t  h e l i c a l  t i p  Mach 
numbers above 1.15. 

Th is  r e s u l t  i n d i c a t e s  t h a t  h i g h e r  c r u i s e  and p r o p e l l e r  speeds 

Data on SR-7A from t h e  8- by 6-Foot wind t u n n e l  has been scaled-up t o  com- 
pa re  w i t h  some e a r l y  fundamental  tone l e v e l  d a t a  measured on t h e  f u s e l a g e  o f  
t h e  G u l f s t r e a m  I1 i n  t h e  PTA f l i g h t  t e s t s  w i t h  SR-7L. F i g u r e  10 shows f a v o r -  
a b l e  agreement between t h e  model and f u l l  s c a l e  b lade  pass ing  tone  d i r e c t i v i -  
t i e s ,  p a r t i c u l a r l y  i n  t h e  v i c i n i t y  o f  t h e  peaks. The dashed cu rve  i n  t h e  
f i g u r e  i s  an e a r l y  Hami l t on  Standard p r e d i c t i o n  ( r e f .  26) .  
d a t a  become a v a i l a b l e ,  t h e  s c a l i n g  comparison w i l l  be made o v e r  a range o f  
c o n d i t i o n s .  

A s  more PTA f l i g h t  

T a k e o f f  Noise and Performance 

The SR-7A p r o p e l l e r  model was a l s o  t e s t e d  i n  t h e  NASA Lewis 9- by 15-Foot 
Anechoic Wind Tunnel t o  measure f a r  f i e l d  n o i s e  and performance a t  t y p i c a l  
t a k e o f f  and approach c o n d i t i o n s  (Mach 0 .2 ) .  F i g u r e  1 1  shows t h e  model 
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i n s t a l l e d  on a swept wing used t o  determine i n s t a l l a t i o n  e f f e c t s .  The e n t i r e  
p r o p e l l e r - w i n g  assembly may be r o t a t e d  t o  ang le  o f  a t t a c k  i n  t h e  h o r i z o n t a l  
p l a n e .  The c o n t i n u o u s l y  t r a v e r s i n g  microphones ( a t  r i g h t )  measure f a r  f i e l d  
n o i s e  co r respond ing  t o  l e v e l s  measured below an a i r c r a f t  d u r i n g  f l y o v e r .  
f i x e d  microphone a r r a y s  a r e  shown on t h e  l e f t  w a l l ,  c e i l i n g ,  and f l oo r .  Each 
a r r a y  i s  s taggered w i t h  r e s p e c t  t o  t h e  t u n n e l  f low to  a v o i d  wake i n t e r f e r e n c e  
on downstream microphones. The w a l l s  a r e  a c o u s t i c a l l y  t r e a t e d  w i t h  a double 
l a y e r  b u l k  absorber des ign  ( r e f .  27)  t o  p r o v i d e  anechoic c o n d i t i o n s  down t o  a 
f requency  o f  250 Hz, w e l l  below t h e  fundamental  f requency  (1000 Hz a t  des ign  
speed) fo r  t h e  p r o p e l l e r  model. 

Three 

The e f f e c t  o f  ang le  o f  a t t a c k  on t h e  f l y o v e r  n o i s e  o f  SR-7A w i t h o u t  t h e  
wing i s  shown i n  f i g u r e  12 ( r e f .  28) .  Fundamental t one  d i r e c t i v i t i e s  a r e  shown 
f o r  f o u r  angles o f  a t t a c k  r a n g i n g  from 0 t o  15". 
m a t e l y  i n  t h e  p lane  o f  r o t a t i o n ,  i nc reased  by about  10 dB. A t y p i c a l  maximum 
t a k e o f f  ang le  o f  the  p r o p e l l e r  c e n t e r l i n e  w i t h  r e s p e c t  t o  the  a i r c r a f t  f l i g h t  
p a t h  i s  about  8 " ;  t hus  t a k e o f f  n o i s e  would be i nc reased  o f  the  o r d e r  o f  5 dB 
due to  unsteady l o a d i n g  a t  t h a t  ang le  o f  a t t a c k .  

The peak l e v e l s ,  a p p r o x i -  

F u l l y  unsteady, t h ree -d imens iona l  E u l e r  code s o l u t i o n s  have r e c e n t l y  been 
o b t a i n e d  f o r  advanced p r o p e l l e r  geometr ies ( r e f .  15) .  Resu l t s  from t h e  
unsteady E u l e r  code s o l u t i o n  f o r  t h e  SR-3 p r o p e l l e r  w i t h  i t s  a x i s  a t  4" t o  t h e  
mean 0.8 Mach number f low a r e  shown i n  f i g u r e  13. A s  t h e  p r o p e l l e r  r o t a t e s ,  
downward moving b lades (on t h e  r i g h t  i n  t h e  f i g u r e )  exper ience t h e  h i g h e s t  
i n c i d e n c e ,  upward b lades  (on t h e  l e f t )  t h e  l owes t ,  and t o p  and bo t tom a r e  near 
t h e  mean. 
a r e  supersonic  a r e  p b t t e d  i n  a l t e r n a t e  b l a d e  passages. Large r e g i o n s  o f  
supersonic  f low a r e  shown fo r  t h e  h i g h  i n c i d e n c e ,  h i g h  l o a d i n g  p o s i t i o n s  w i t h  
much s m a l l e r  supersonic  r e g i o n s  co r respond ing  t o  lower  i nc idences  and l o a d i n g s .  
Whi le  t h i s  i n i t i a l  c a l c u l a t i o n  was f o r  c r u i s e  c o n d i t i o n s ,  t he  genera l  d e s c r i p -  
t i o n  o f  t h e  mechanism l e a d i n g  t o  unsteady l o a d i n g  i s  s i m i l a r  a t  t a k e o f f .  Codes 
S U C Q  as t h i s  have t h e  p o t e n t i a l  t o  p r o v i d e  i ns tan taneous  b lade s u r f a c e  pres-  
sures t o  be used as t h e  s t a r t i n g  p o i n t  f o r  a c o u s t i c  c a l c u l a t i o n s .  

Pressure con tou rs  f o r  r e g i o n s  where t h e  a b s o l u t e  f low v e l o c i t i e s  

I n  a d d i t i o n  t o  s imp le  a n g l e  o f  a t t a c k  o f  t h e  p r o p e l l e r  a x i s  w i t h  t h e  mean 
flow, t h e  low speed a c o u s t i c s  o f  SR-7A were i n v e s t i g a t e d  f o r  a t r a c t o r  i n s t a l -  
l a t i o n  on a s t r a i g h t  wing. Angle o f  a t t a c k  o f  t h e  p r o p e l l e r  a x i s  and wing 
assembly were v a r i e d  a l o n g  w i t h  t h e  droop ang le  o f  t h e  p r o p e l l e r  a x i s  w i t h  
r e s p e c t  t o  t h e  wing chord.  Analogous v a r i a t i o n s  o f  n a c e l l e  t i l t  have been 
i n v e s t i g a t e d  i n  the  PTA program ( r e f .  3). R e s u l t s  o f  t h e  model t e s t s  a r e  shown 
i n  f i g u r e  14 where maximum tone  n o i s e  a t  t h e  fundamental  and second harmonic 
a r e  p l o t t e d  as a f u n c t i o n  o f  ang le  o f  a t t a c k  f o r  v a r i o u s  droop ang les .  The 
a d d i t i o n  o f  the  wing i nc reases  tone l e v e l s  w i t h  r e s p e c t  t o  the  no-wing base- 
l i n e ,  b u t  t h e  ang le  o f  a t t a c k  o f  t h e  p r o p e l l e r  a x i s  appears t o  be t h e  dominant 
parameter c o n t r o l l i n g  t h e  maximum tone l e v e l s  w i t h  droop angle hav ing  a much 
weaker i n f l u e n c e  a t  t hese  low speed (M = 0 . 2 )  c o n d i t i o n s .  

A three-d imensional  E u l e r  code was used t o  d e f i n e  t h e  b lade  p ressu res  for 
i n p u t  t o  a t ime  domain a c o u s t i c  c a l c u l a t i o n  fo r  SR-7A ove r  a range of l o a d i n g s  
i n v e s t i g a t e d  i n  t h e  NASA Lewis 9- by 15-Foot Anechoic Wind Tunnel ( r e f .  2 9 ) .  
F i g u r e  15 i n d i c a t e s  t h a t  t h e  p r e d i c t e d  power c o e f f i c i e n t s  were i n  reasonable 
agreement w i t h  t h e  measured va lues  f o r  t h r e e  b lade  angles ( l o a d i n g s )  o v e r  a 
range o f  advance r a t i o s .  
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The computed tone  l e v e l s  a t  c o n s t a n t  advance r a t i o ,  3 = 0.886, a r e  shown 
fo r  i n c r e a s i n g  b l a d e  p i t c h  a n g l e s  i n  f i g u r e  16. Wh i le  fundamental  t one  agree- 
ment between d a t a  and p r e d i c t i o n s  i s  good a t  t h e  lowest l o a d i n g  (13 = 32.0'1, 
t h e r e  i s  an i n c r e a s i n g  tendency  t o  u n d e r p r e d i c t  as l o a d i n g  i s  i n c r e a s e d .  

B lade Pressu res /O f f -Des ign  O p e r a t i o n  

A d e t a i l e d  knowledge o f  p r o p e l l e r  b l a d e  s u r f a c e  p ressu res  i s  i m p o r t a n t  f o r  
aerodynamic code v a l i d a t i o n  and as i n p u t  t o  a c o u s t i c  c a l c u l a t i o n s .  A two-blade 
v e r s i o n  o f  t h e  e i g h t - b l a d e  l a r g e - s c a l e  advanced p r o p e l l e r  (LAP) was t e s t e d  i n  
t h e  ONERA S 1  w ind  t u n n e l  (see  f i g .  1 7 )  to  o b t a i n  s teady  and uns teady  b l a d e  
p r e s s u r e s  o v e r  a w ide  range o f  o p e r a t i n g  c o n d i t i o n s  ( r e f .  30) .  Only  two 
b lades  were used because o f  t h e  l i m i t e d  t o t a l  power a v a i l a b l e  t o  d r i v e  t h e  p r o -  
p e l l e r .  I n  t h i s  way t h e  p r o p e l l e r  c o u l d  be o p e r a t e d  a t  a reasonab le  power p e r  
b l a d e .  The l a r g e  s i z e  o f  t h i s  p r o p e l l e r  ( 9  f t  d i a m e t e r )  p r o v i d e d  a un ique  
o p p o r t u n i t y  t o  measure s u r f a c e  p r e s s u r e s  i n  d e t a i l .  P r e v i o u s l y ,  o n l y  a l i m i t e d  
number o f  uns teady  measurements were a v a i l a b l e  from exper imen ts  on t h e  2 - f t -  
d iamete r  models ( r e f .  31) .  

Sample r e s u l t s  o f  t h e  s teady  b l a d e  p r e s s u r e  d i s t r i b u t i o n s  measured a r e  
shown i n  f i g u r e  18 ( r e f .  6)  a t  s e v e r a l  spanwise l o c a t i o n s  on t h e  LAP a t  a low- 
speed, high-power c o n d i t i o n .  The p r e s s u r e  d i s t r i b u t i o n s  a t  t h e  two l o c a t i o n s  
n e a r e s t  t h e  t i p  l a c k  t h e  h i g h  s u c t i o n  peaks o f  t h e  i n b o a r d  l o c a t i o n s .  The 
spanwise v a r i a t i o n  o f  cho rdw ise  l o a d i n g  a t  t h i s  o f f - d e s i g n  c o n d i t i o n  i s  a s s o c i -  
a t e d  w i th  t h e  presence of l e a d i n g  edge and t i p  v o r t i c e s  a t  t h e  o u t b o a r d  l oca -  
t i o n s .  Measurements were o b t a i n e d  a t  12 a d d i t i o n a l  o p e r a t i n g  c o n d i t i o n s ,  
p r o v i d i n g  v a l u a b l e  d a t a  fo r  code v e r i f i c a t i o n .  

When a p r o p e l l e r  i s  o p e r a t i n g  a p p r e c i a b l y  o f f - d e s i g n  such as a t  t a k e o f f ,  
a l e a d i n g  edge v o r t e x  wh ich  merges w i t h  t h e  t i p  v o r t e x  i s  expec ted  t o  form. 
The phenomenon i s  s i m i l a r  t o  t h e  v o r t e x  s t r u c t u r e  on  a d e l t a  w ing  a i r c r a f t  a t  
h i g h  ang le  o f  a t t a c k .  I f  t h e  a s s o c i a t e d  l o a d i n g  d i s t r i b u t i o n  i s  n o t  accounted  
f o r  i n  a n a l y t i c a l  models,  e r r o r s  i n  aerodynamic per fo rmance a n d / o r  t h e  tone 
n o i s e  l e v e l  p r e d i c t i o n s  w i l l  r e s u l t .  F a i l u r e  t o  a d e q u a t e l y  d e f i n e  such a com- 
p l e x  p r o p e l l e r  l o a d i n g  d i s t r i b u t i o n  i s  t h e  suspec ted  cause o f  t h e  u n d e r p r e d i c -  
t i o n  o f  t h e  tone  n o i s e  a t  h i g h  l o a d i n g  as shown i n  f i g u r e  16. 

I n  a d d i t i o n  t o  t h e  b l a d e  p r e s s u r e  d a t a ,  f low v i s u a l i z a t i o n  o f  p r o p e l l e r  
b l a d e  s u r f a c e  f l o w s  a t  o f f - d e s i g n  c o n d i t i o n s  has i n d i c a t e d  t h e  presence o f  
l e a d i n g  edge and t i p  v o r t i c e s  ( r e f s .  22 and 3 2 ) .  F l u o r e s c e n t  o i l  f low p a t -  
t e r n s  on  t h e  p r e s s u r e  s i d e  o f  t h e  SR-3 b l a d e  a t  t h e  Mach 0 .8 ,  w i n d m i l l  cond i -  
t i o n  a r e  shown i n  f i g u r e  19. S t r e a k s  i n  t h e  o i l  a t  t h e  b l a d e  s u r f a c e  a r e  
i n f l u e n c e d  by  two main  f a c t o r s .  C e n t r i f u g a l  f o r c e s  cause r a d i a l  f low i n  t h e  
o i l  f i l m .  Shear f low f o r c e s  a t  t h e  s u r f a c e  a c t  m a i n l y  a l o n g  s t r e a m l i n e s .  
Over much o f  t h e  b l a d e  t h e  s t r e a k s  a r e  a t  an a n g l e  de te rm ined  by these  two 
f o r c e s .  However, nea r  t h e  l e a d i n g  edge on  t h e  o u t b o a r d  p o r t i o n  o f  t h e  b l a d e  
and a t  t h e  t i p ,  t h e  l i n e s  a r e  p r i m a r i l y  r a d i a l .  T h i s  i n d i c a t e s  a d i f f e r e n t  
f low reg ime,  i n t e r p r e t e d  as t h e  e x i s t e n c e  o f  a l e a d i n g  edge v o r t e x  merg ing  
w i t h  a t i p  v o r t e x .  

Th is  f low phenomena has r e c e n t l y  been p r e d i c t e d  c o m p u t a t i o n a l l y .  An 
E u l e r  code deve loped a t  NASA Lewis ( r e f .  14) was r u n  a t  U n i t e d  Techno log ies  
Research Center  (UTRC) w i t h  an o r d e r  of magn i tude i n c r e a s e  i n  g r i d  p o i n t s  t o  
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about  200 000. When p a r t i c l e  pa ths  were t r a c e d  t h e y  r e v e a l e d  t h e  l e a d i n g  edge 
vortex which merges w i t h  t h e  t i p  v o r t e x  flow as shown i n  f i g u r e  20. The oper-  
a t i n g  c o n d i t i o n  a t  Mach 0.2 and advance r a t i o  o f  1.0 i s  t y p i c a l  o f  a t a k e o f f  
s i t u a t i o n  which i n v o l v e s  h i g h  i n c i d e n c e  ang les .  A p p a r e n t l y ,  numer ica l  " v i s c o s -  
i t y "  i s  s u f f i c i e n t  t o  t r i g g e r  v o r t e x  f o r m a t i o n  and produce a t  l e a s t  a q u a l i t a -  
t i v e  d e s c r i p t i o n  o f  t h i s  f low phenomenon. 
whether t h e  i n v i s c i d  E u l e r  code s o l u t i o n  a c c u r a t e l y  cap tu res  t h e  main f e a t u r e s  
o f  t h e  v o r t e x  flow and, t h e r e f o r e ,  i s  u s e f u l  for  a c o u s t i c  p r e d i c t i o n s  a t  cond i -  
t i o n s  such as t a k e o f f .  

I t  remains t o  be i n v e s t i g a t e d  

COUNTERROTATION TECHNOLOGY 

Table I V  l i s t s  des ign  parameters f o r  two c o u n t e r r o t a t i o n  p r o p e l l e r s .  The 
F7/A7 i s  a s c a l e  model o f  t h e  p r o p e l l e r  used on t h e  GE UDF demonstrator  eng ine  
( r e f .  4 ) .  I t  i s  one o f  a s e r i e s  o f  models which were t e s t e d  a t  NASA Lewis.  
The CRP-X1 model s imu la tes  a c o u n t e r r o t a t i o n  t r a c t o r  p r o p e l l e r .  I t  was 
designed and b u i l t  by Hami l t on  Standard under c o n t r a c t  t o  NASA Lewis and was 
t e s t e d  i n  aerodynamic and a c o u s t i c  wind t u n n e l s  a t  U n i t e d  Technologies Research 
Center  ( r e f s .  33 and 34).  T h i s  p r o p e l l e r  r e p r e s e n t e d  t h e  first s t e p  i n  a 
Hami l t on  Standard s e r i e s  o f  c o u n t e r r o t a t i o n  b l a d e  developments f o r  t h e  geared 
P r a t t  & W h i t n e y / A l l i s o n  578DX demons t ra to r .  

C r u i s e  Performance and Noise 

I n  f i g u r e  21  t h e  NASA Lewis c o u n t e r r o t a t i o n  pusher p r o p e l l e r  t e s t  r i g  i s  
shown i n s t a l l e d  i n  t h e  8- by 6-Foot Wind Tunnel .  The p r o p e l l e r  shown i s  t h e  
F7/A7 c o n f i g u r a t i o n  d e s c r i b e d  i n  t a b l e  I V .  The r i g  i s  s t r u t  mounted and i s  
powered by two 675 hp a i r  t u r b i n e s  u s i n g  450-psi d r i v e  a i r .  Performance, f low 
f i e l d ,  and a c o u s t i c  measurements were made. 

Examples o f  t h e  b lade  c o n f i g u r a t i o n s  t e s t e d  a r e  shown i n  f i g u r e  22 and 
i n c l u d e d  des igns f o r  Mach 0.72 c r u i s e  ( t o p  row) and Mach 0.8 c r u i s e  (bo t tom 
row). The des igns d i f f e r e d  i n  t i p  sweep, p l a n f o r m  shape, a i r f o i l  camber, and 
a s i g n i f i c a n t l y  shor tened a f t  ro to r  (A3) .  The p l a n f o r m  shapes f o r  most f o r w a r d  
and a f t  ro to r  p a i r s  were v e r y  s i m i l a r .  
i n c l u d e d  s i n c e  i t  d i f f e r s  so much from t h e  f r o n t  rotor F21. The F l / A l  c o n f i g u -  
r a t i o n  i s  v e r y  s i m i l a r  t o  F7/A7 b u t  w i t h  reduced camber, which i s  expected to  
improve c r u i s e  e f f i c i e n c y .  F1/A3 was r u n  t o  de te rm ine  t h e  aerodynamic and 
a c o u s t i c  e f f e c t s  o f  a s h o r t  a f t  r o to r .  These b lades  were des igned and b u i l t  b y  
t h e  General E l e c t r i c  Company, seve ra l  under c o n t r a c t  t o  NASA Lewis.  

The a f t  ro tor  p l a n f o r m  for  A21 i s  

To ensure t h e  accuracy o f  t h e  measured p r o p e l l e r  performance parameters,  a 
t e s t  program was under taken i n  t h e  NASA Lewis Research Center  8-by 6-Foot Wind 
Tunnel t o  check t h e  wind t u n n e l  c a l i b r a t i o n  and t o  de te rm ine  t h e  i n t e r f e r e n c e  
e f f e c t s  between t h e  model and t h e  wind t u n n e l  w a l l s  ( r e f .  35 ) .  I n s t r u m e n t a t i o n  
used i n  t h e  t e s t  i n c l u d e d  p i t o t - s t a t i c  rakes  as w e l l  as a s t a t i c  p ressu re  r a i l  
l o c a t e d  near  t h e  t e s t  s e c t i o n  w a l l .  Both o f  these c o u l d  be moved t o  d i f f e r e n t  
l o c a t i o n s  and c o u l d  be used w i t h  and w i t h o u t  t h e  c o u n t e r r o t a t i o n  model 
i n s t a l l e d .  Empty t u n n e l  measurements i n d i c a t e d  t h e  e x i s t i n g  t u n n e l  c a l i b r a t i o n  
needed no m o d i f i c a t i o n .  The measured r a d i a l  d i s t r i b u t i o n  o f  v e l o c i t y  i n  t h e  
p l a n e  o f  t h e  p r o p e l l e r  w i t h o u t  t h e  p r o p e l l e r  b lades  p r e s e n t  was compared t o  an 
ax i symmet r i c  p o t e n t i a l  f low p r e d i c t i o n  o f  t h e  f low a t  t h e  same l o c a t i o n  as 
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i n d i c a t e d  i n  f i g u r e  23. S ince  t h e  measured v e l o c i t y  r a t i o  d i d  n o t  agree  w i t h  
t h e  p r e d i c t e d  v e l o c i t y  r a t i o ,  t h e  f r e e s t r e a m  v e l o c i t y  for t h e  e x p e r i m e n t a l  
r e s u l t s  was a d j u s t e d  u n t i l  t h e  two cu rves  matched. T h i s  r e s u l t e d  i n  a new 
f r e e s t r e a m  v e l o c i t y  wh ich  accounted  f o r  t h e  i n t e r f e r e n c e  e f f e c t s  o f  t h e  w ind  
t u n n e l  w a l l s .  The Mach number c o r r e c t i o n  c o r r e s p o n d i n g  t o  t h i s  v e l o c i t y  d i f -  
f e r e n c e  i s  summarized i n  f i g u r e  24 wh ich  shows t h a t  t h e  c o r r e c t i o n  i n c r e a s e s  
i n  magn i tude w i t h  i n c r e a s i n g  Mach number b u t  amounts t o  o n l y  0 .008 a t  Mach 
0 .80 .  T h i s  change i n  Mach number a l s o  e f f e c t s  t h e  v a l u e s  o f  advance r a t i o  and 
e f f i c i e n c y  such t h a t  a t  a Mach 0 . 8 0  c r u i s e  c o n d i t i o n  t h e  r e d u c t i o n  i n  Mach 
number causes an e f f i c i e n c y  r e d u c t i o n  o f  0 .46  p e r c e n t  f o r  t h e  F7/A7 c o n f i g u r a -  
t i o n  a t  t h e  same power c o e f f i c i e n t  and advance r a t i o .  A d d i t i o n a l  r e s u l t s  i n d i -  
c a t e d  t h a t  f o r  t h i s  porous  w a l l  w ind  t u n n e l  no  c o r r e c t i o n  t o  t u n n e l  Mach number 
due t o  p r o p e l l e r  t h r u s t  was r e q u i r e d .  

Net e f f i c i e n c i e s  f o r  F7/A7 a r e  shown i n  f i g u r e  25 as a f u n c t i o n  o f  Mach 
number f o r  t h r e e  l o a d i n g s :  des ign ,  80  and 120 p e r c e n t  o f  d e s i g n  ( r e f .  6 ) .  T i p  
speed was h e l d  c o n s t a n t  a t  t h e  d e s i g n  v a l u e  o f  780 f t / s e c .  A t  t h e  d e s i g n  Mach 
number o f  0.72, e f f i c i e n c y  depends q u i t e  s t r o n g l y  on  l o a d i n g :  i n c r e a s e d  load -  
i n g  decreases e f f i c i e n c y .  A t  Mach numbers s i g n i f i c a n t l y  h i g h e r  t h a n  d e s i g n ,  
c o m p r e s s i b i l i t y  l o s s e s  dominate  and e f f i c i e n c i e s  f a l l  o f f  n e a r l y  i ndependen t  o f  
l o a d i n g .  

A c o u n t e r r o t a t i o n  E u l e r  code deve loped  a t  NASA Lewis  ( r e f .  14) has been 
used to o b t a i n  numer i ca l  p r e d i c t i o n s  o f  t h e  f low abou t  t h e  F7/A7 v e r s i o n  o f  t h e  
UDF. The s o l u t i o n  i s  o b t a i n e d  by  i t e r a t i n g  between t h e  f r o n t  and r e a r  b l a d e  
rows. The c o u p l i n g  between rows i s  done i n  a circumferentially-averaged sense, 
so t h a t  each b l a d e  row sees a s teady  f low i n c l u d i n g  t h e  e f f e c t  o f  t h e  o t h e r  
p r o p e l l e r .  F i g u r e  26 shows t h e  p r e s s u r e  d i s t r i b u t i o n  on  t h e  n a c e l l e  and b l a d e  
s u r f a c e s  as w e l l  as on  a p l a n e  p e r p e n d i c u l a r  t o  t h e  a x i s  o f  r o t a t i o n  a t  t h e  a f t  
end o f  t h e  n a c e l l e .  The flow f i e l d  p r e s s u r e s  a t  t h e  a f t  end o f  t h e  n a c e l l e  
were taken  from t h e  f low f i e l d  o f  t h e  r e a r  row and, i n  t h e  o r i g i n a l  c o l o r  p i c -  
t u r e ,  showed n e a r - f i e l d  a c o u s t i c  p r e s s u r e  p e r t u r b a t i o n s  s p i r a l i n g  o u t  i n t o  t h e  
flow. The c a l c u l a t i o n s  were done a t  C ray  Research, and t h e  f low f i e l d  was d i s -  
p l a y e d  u s i n g  t h e  code MOVIE-BYU. 

C o u n t e r r o t a t i o n  fundamenta l  t one  l e v e l s  a t  c r u i s e  c o n d i t i o n s  a r e  shown i n  
f i g u r e  27 ( r e f .  36) .  Fundamental t o n e  d i r e c t i v i t i e s  for  F7/A7, t h e  p r o o f - o f -  
concep t  UDF c o n f i g u r a t i o n ,  a r e  compared f o r :  model d a t a  from t h e  NASA Lewis  
8- by 6-Foot Wind Tunnel s c a l e d  t o  f u l l - s c a l e  c r u i s e  c o n d i t i o n s ,  f u l l - s c a l e  
f l i g h t  d a t a  o b t a i n e d  by  t h e  f o r m a t i o n  f l i g h t  o f  t h e  i n s t r u m e n t e d  NASA Lewis  
L e a r j e t  w i t h  t h e  UDF eng ine  on  t h e  727, and p r e d i c t e d  l e v e l s  from a f r e q u e n c y  
domain model deve loped by General  E l e c t r i c .  There i s  good agreement between 
t h e  model w ind  t u n n e l  measurements and f u l l - s c a l e  f l i g h t  d a t a .  P r e d i c t e d  l e v -  
e l s  agree  q u i t e  w e l l  w i t h  t h e  d a t a  e x c e p t  a t  t h e  f o r w a r d  a n g l e s .  

The c o u n t e r r o t a t i o n  spec t rum c o n t a i n s  r o t o r - a l o n e  tones  and t h e i r  harmon- 
i c s  p l u s  i n t e r a c t i o n  tones  a t  a l l  i n t e g e r  sums o f  t h e  ro tor  fundamenta l s .  
C r u i s e  n o i s e  measurements i n  t h e  8- by  6-Foot Wind Tunnel i n d i c a t e  t h a t  ro tor -  
a l o n e  tones  dominate  t h e  spec t rum o v e r  a b road  range  o f  ang les  around t h e  p l a n e  
o f  r o t a t i o n .  T h i s  p o i n t  i s  i l l u s t r a t e d  i n  f i g u r e  28 wh ich  shows t h e  tone  
d i r e c t i v i t i e s  measured on  t h e  F 1 / A 1  c o n f i g u r a t i o n  r u n  w i t h  9 f o r w a r d  and 8 a f t  
b l a d e s  ( 9 / 8 >  which  d i s t i n c t l y  separa ted  a l l  t ones  i n  t h e  spec t rum ( r e f .  37 ) .  
The d i r e c t i v i t i e s  o f  t h e  second harmon ics ,  t h e  f i rst i n t e r a c t i o n  t o n e  and t h e  
sum o f  t h e  t h r e e  a r e  shown. The i n t e r a c t i o n  tone  i s  more than  10 dB down from 
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t h e  second harmonics a round t h e  p l a n e  o f  r o t a t i o n .  Rotor a l o n e  fundamenta l s  
( n o t  shown) a r e  o f  t h e  o r d e r  o f  10 dB h i g h e r  t h a n  t h e  ro to r  a l o n e  second h a r -  
mon ics .  I n  s h o r t ,  i n t e r a c t i o n  n o i s e  a t  c r u i s e  i s  o n l y  a c o n t r i b u t o r  nea r  t h e  
p r o p e l  l e r  a x i  s .  

T a k e o f f  Performance and No ise  

N o i s e  and performance measurements were a l s o  made on s e v e r a l  c o u n t e r r o t a -  
t i o n  models a t  t a k e o f f / a p p r o a c h  c o n d i t i o n s .  I n  f i g u r e  29 t h e  F7/A7 model i n  
t h e  8 /8  c o n f i g u r a t i o n  i s  shown i n  t h e  9- by  &Foot Anecho ic  Wind Tunnel where 
e x t e n s i v e  community n o i s e  t e s t s  were conducted  ( r e f s .  38 and 39 ) .  Unequal 
b l a d e  numbers, d i f f e r e n t i a l  d i a m e t e r ,  rotor- to-rotor spac ing ,  a n g l e  o f  a t t a c k ,  
and e f f e c t s  o f  an ups t ream s u p p o r t  p y l o n  were i n v e s t i g a t e d .  I n  a d d i t i o n  t o  t h e  
t r a v e r s i n g  f l y o v e r  microphone, a p o l a r  microphone p robe  a t t a c h e d  t o  t h e  model 
c o u l d  t r a v e r s e  a x i a l l y  and c i r c u m f e r e n t i a l l y  t o  map t h e  asymmet r ic  sound f i e l d  
genera ted  by t h e  model a t  a n g l e  o f  a t t a c k .  

P r o p e l l e r  e f f i c i e n c i e s  a t  t a k e o f f  a r e  shown i n  f i g u r e  30 for s e v e r a l  F7/A7 
c o n f i g u r a t i o n s .  More d e t a i l e d  per fo rmance r e s u l t s  a r e  r e p o r t e d  i n  r e f e r e n c e  40. 
The d a t a  p resen ted  i n  f i g u r e  30 a r e  measured n e t  e f f i c i e n c i e s  f o r  t h r e e  c o n f i g -  
u r a t i o n s  a t  a f r e e s t r e a m  Mach number o f  0.20 fo r  a range  o f  power l o a d i n g  
parameter  va lues .  The two F7/A7, 818 cu rves  i n d i c a t e  t h e  e f f e c t  o f  r o t a t i o n a l  
speed s i n c e ,  a t  any v a l u e  o f  Cp/J3, t h e  two s e t s  o f  b l a d e  ang les  r e q u i r e  d i f -  
f e r e n t  r o t a t i o n a l  speeds. Comparing t h e  F7/A7, 818 and t h e  F7/A7, 1 1 / 9  cu rves  
g i v e s  an i n d i c a t i o n  o f  t h e  e f f e c t  o f  chang ing  t h e  number o f  b l a d e s .  F i n a l l y ,  
comparing t h e  F7/A7, 11 /9  and F7/A3, 1119 cu rves  g i v e s  t h e  e f f e c t  o f  r e d u c i n g  
t h e  a f t  p r o p e l l e r  d i a m e t e r .  T h i s  d a t a  i n d i c a t e s  t h a t  low speed per fo rmance i s  
n o t  s e n s i t i v e  t o  s i g n i f i c a n t  changes i n  p r o p e l l e r  geometry;  t h e  l a r g e s t  e f f i -  
c i e n c y  d i f f e r e n c e  between a l l  t h e  geomet r i es  shown i s  l e s s  t h a n  3 p e r c e n t .  

Also i n v e s t i g a t e d  d u r i n g  t h e  low speed w ind  t u n n e l  t e s t  was p r o p e l l e r  
r e v e r s e  t h r u s t  per fo rmance o f  t h e  F7/A7 p r o p e l l e r  o v e r  t h e  range o f  Mach num- 
b e r s  from 0.0 t o  0 .2 .  A summary o f  these  r e s u l t s  i s  shown i n  f i g u r e  31 
( r e f .  40). Here r e v e r s e  t h r u s t  i s  n o r m a l i z e d  by t h e  f o r w a r d  t h r u s t  g e n e r a t e d  
a t  t a k e o f f  c o n d i t i o n s  (Mach 0 . 2 0 ) .  Da ta  a r e  shown fo r  two s e t s  o f  b l a d e  
a n g l e s  a t  two r o t a t i o n a l  speeds. Very  l a r g e  amounts o f  r e v e r s e  t h r u s t ,  up t o  
60 p e r c e n t  o f  t a k e o f f  t h r u s t  a t  Mach 0.20, can be genera ted .  T h i s  i s  s i g n i f i -  
c a n t l y  more than  can be genera ted  by  a t u r b o f a n  eng ine .  Even a t  t h e  f l a t  p i t c h  
b l a d e  ang les  wh ich  r e q u i r e  o n l y  a sma l l  amount o f  power, o v e r  30 p e r c e n t  o f  t h e  
t a k e o f f  t h r u s t  can be genera ted  i n  r e v e r s e  t h r u s t  a t  Mach 0.20. 

Examples o f  c o u n t e r r o t a t i o n  p r o p e l l e r  n o i s e  a t  t h e  t a k e o f f  c o n d i t i o n s  a r e  
shown i n  f i g u r e  32 (see r e f .  38 ) .  Measured and p r e d i c t e d  d i r e c t i v i t i e s  o f  t h e  
f r o n t  ro to r  fundamental  and t h e  first i n t e r a c t i o n  t o n e  f o r  F7/A7 a t  Mach 0 .2  
a r e  compared. The p r e d i c t i o n s  a r e  from a f r e q u e n c y  domain t h e o r y  a c q u i r e d  
under a c o n t r a c t  w i t h  Genera l  E l e c t r i c .  Note t h e  h i g h  l e v e l s  o f  i n t e r a c t i o n  
tone  n o i s e  a t  b o t h  f o r w a r d  and a f t  ang les ,  i n  c o n t r a s t  t o  t h e  f o r w a r d  ro to r -  
a l o n e  fundamental  wh ich  peaks i n  t h e  p l a n e  o f  r o t a t i o n .  I n  c o n t r a s t  t o  t h e  
c r u i s e  c o n d i t i o n  as d i s c u s s e d  i n  c o n n e c t i o n  w i t h  f i g u r e  28, t h e  l e v e l s  o f  t h e  
first i n t e r a c t i o n  tone  a r e  comparable t o  t h e  peak o f  t h e  rotor f undamen ta l .  
Agreement between t h e o r y  and d a t a  i s  very gocd f o r  t h e  f r o n t  ro to r  fundamen- 
t a l .  The p r e d i c t e d  shape o f  t h e  f i rst  i n t e r a c t i o n  tone  agrees  w e l l  w i t h  t h e  
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d a t a ,  b u t  t h e  l e v e l s  a r e  u n d e r p r e d i c t e d  a t  t h e  extremes i n  ang le  i n d i c a t i n g  
more code development work i s  r e q u i r e d  t o  p r e d i c t  t h e  i n t e r a c t i o n  n o i s e  
sources.  

Angle o f  a t t a c k  exper iments were conducted fo r  t h e  F7/A7 p r o p e l l e r  ove r  
range o f  angles from -16"  ( d i v i n g )  t o  +16" ( c l i m b i n g )  ( r e f .  38) .  Whi le opera- 
t i o n a l  angles would be c o n s i d e r a b l y  s m a l l e r  i n  passenger a i r c r a f t ,  i t  was o f  
genera l  i n t e r e s t  t o  i n v e s t i g a t e  a wide range as was done f o r  SR-7A.  F i g u r e  33 
compares ro to r  fundamental  t one  w i t h  i n t e r a c t i o n  tone v a r i a t i o n s  measured i n  
t h e  a f t  p r o p e l l e r  p l a n e  s i m u l a t i n g  a p o s i t i o n  below an a i r c r a f t .  Both ro tor -  
a l o n e  fundamental tone sound p r e s s u r e  l e v e l s  change a lmos t  l i n e a r l y  w i t h  ang le  
o f  a t t a c k .  The i n t e r a c t i o n  tones show o n l y  modest v a r i a t i o n s  as would be con- 
s i s t e n t  w i t h  a s i t u a t i o n  where each ro to r  behaved as a 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  ang le  o f  a t t a c k  and d i s t u r b a n c e s  from t h e  f o r w a r d  ro to r  which i n t e r a c t  
w i t h  t h e  downstream r o t o r  were o n l y  modera te l y  a l t e r e d  by o p e r a t i o n  a t  angle 
o f  a t t a c k .  

An example o f  c i r c u m f e r e n t i a l  t one  d i r e c t i v i t y  for F7/A7 a t  1 6 "  ang le  o f  
a t t a c k  measured i n  t h e  p l a n e  o f  A7 i s  shown i n  f i g u r e  34 ( r e f .  38 ) .  The f u l l  
360" d i r e c t i v i t i e s  were o b t a i n e d  by combin ing co r respond ing  p o s i t i v e  and nega- 
t i v e  ang le  o f  a t t a c k  d a t a  taken  o v e r  a 240" t r a v e r s e .  The two rotor  fundamen- 
t a l  t one  d i r e c t i v i t i e s  become s t r o n g l y  asymmetr ic w i t h  r e s p e c t  t o  t h e  dashed 
c i r c l e  r e p r e s e n t i n g  t h e  z e r o  ang le  o f  a t t a c k  d i r e c t i v i t y  o f  t h e  f o r w a r d  r o t o r  
t one .  Leve ls  i n c r e a s e  a t  180" (be low a c l i m b i n g  a i r c r a f t )  and decrease a t  Go 
(above t h e  a i r c r a f t )  as f o r  s i n g l e  r o t a t i o n .  The d i s t o r t i o n  i n  t h e  p a t t e r n s  
depends on d i r e c t i o n  o f  r o t a t i o n  and whether t h e  ro to r  i s  f o r e  or a f t .  Note 
t h a t  t h e  i n t e r a c t i o n  tone  i s  a l s o  asymmetr ic.  Model ing t h i s  complex behav io r  
f o r  c o u n t e r r o t a t i o n  p r o p e l l e r s  a t  a n g l e  o f  a t t a c k  con t inues  t o  be t h e  s u b j e c t  
o f  ongoing work. 

The e f f e c t  of reduced a f t  d iamete r  and rotor- to-rotor spacing on coun te r -  
r o t a t i o n  i n t e r a c t i o n  n o i s e  is shown i n  f i g u r e  35 ( r e f .  39 ) .  Tone d a t a  from 
F7/A7 and F7/A3, b o t h  i n  1119 c o n f i g u r a t i o n s ,  i s  p l o t t e d  versus a x i a l  spac ing 
between b lade p i t c h  axes. The reduced d iamete r ,  wide chord b lade ,  A 3 ,  i s  shown 
i n  f i g u r e  22 .  I f  r o t o r - t o - r o t o r  i n t e r a c t i o n  n o i s e  i s  s t r o n g l y  i n f l u e n c e d  by 
t i p  f low d i s t u r b a n c e s  from t h e  f o r w a r d  ro to r  such as v o r t i c i e s  i n  a d d i t i o n  t o  
t h e  spanwise v i scous  wakes, a sho r tened  a f t  ro to r  c o u l d  a v o i d  t h e  v o r t e x  i n t e r -  
a c t i o n .  A s  spac ing i s  i n c r e a s e d  i n t e r a c t i o n  tones would be expected t o  f a l l  
o f f  a t  a f a s t e r  r a t e  because v i s c o u s  wake decay w i t h  downstream d i s t a n c e  i s  
more r a p i d  than  v o r t e x  decay. For t h e  d a t a  i n  f i g u r e  35, F7/A7 and F7/A3 were 
abso rb ing  t h e  same power a t  t h e  same r o t a t i o n a l  speed and produced equal  t h r u s t  
by s e t t i n g  A3 a t  a h i g h e r  p i t c h  than  A7. A s  expected, f i g u r e  35(a> shows t h a t  
fundamental  r o t o r - a l o n e  tones a r e  n o t  i n f l u e n c e d  by spacing.  The f i r s t  two 
i n t e r a c t i o n  tones,  shown i n  f i g u r e  3 5 ( b > ,  do decrease more r a p i d l y  w i t h  spac ing  
and reach  lower  l e v e l s  f o r  F7/A3 compared F7/A7. However, a t  t h e  c l o s e s t  spac- 
i n g  F7/A3 has h i g h e r  i n t e r a c t i o n  tone  l e v e l s  p o s s i b l y  a s s o c i a t e d  w i t h  p o t e n t i a l  
f i e l d  i n t e r a c t i o n  o f  F7 w i t h  t h e  h i g h l y  loaded A3 .  

A t  p r e s e n t ,  a n a l y t i c a l  d e s c r i p t i o n s  o f  t h e  unsteady f low f i e l d  i n t e r a c t i o n s  
between c o u n t e r r o t a t i n g  p r o p e l l e r s  r e l y  t o  v a r y i n g  degrees on semi -emp i r i ca l  
model ing and/or  s i m p l i f y i n g  assumpt ions.  An i m p o r t a n t  computat ional  s t e p  has 
been taken by e x t e n d i n g  t o  c o u n t e r r o t a t i o n  t h e  unsteady, three-d imensional  
E u l e r  s o l u t i o n  a l g o r i t h m s  used f o r  t h e  s i n g l e - r o t a t i o n  p r o p e l l e r  a t  ang le  o f  
a t t a c k  ( f i g .  13 ) .  A f u l l y  unsteady,  t h ree -d imens iona l  s o l u t i o n  f o r  t h e  f l o w  
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f i e l d  o f  the  F7/A7, 818 c o u n t e r r o t a t i o n  p r o p e l l e r  was o b t a i n e d .  A sample o f  
t h e  r e s u l t s  i n  t h e  form of p ressu re  contours i n  a p l a n e  j u s t  downstream o f  b o t h  
b lade  rows i s  shown i n  f i g u r e  36 ( r e f .  15) .  These c o n t o u r s ,  which a r e  f o r  a 
p a r t i c u l a r  i n s t a n t  i n  t ime ,  show a low p ressu re  i s l a n d  s t r u c t u r e  i n d i c a t i v e  o f  
t h e  t i p  v o r t i c e s  shed by t h e  b lades .  
b lade  numbers i n  each row and a r e  b e i n g  extended t o  t r e a t  t h e  genera l  case o f  
unequal b lade numbers. 

C u r r e n t  s o l u t i o n  methods handle equal  

ADVANCED CONCEPTS 

The ongoing p r o p e l l e r  research  program a t  NASA w i l l  c o n t i n u e  t o  improve 
and v e r i f y  aerodynamic and a c o u s t i c  codes u s i n g  t h e  e x t e n s i v e  model and f u l l  
sca le  d a t a  base a c q u i r e d  d u r i n g  t h e  ATP Program. I n  a d d i t i o n ,  t h e  research  i s  
t u r n i n g  t o  advanced concepts f o r  second g e n e r a t i o n  a p p l i c a t i o n s  now t h a t  t h e  
f i r s t  g e n e r a t i o n  o f  advanced s i n g l e  and c o u n t e r r o t a t i o n  p r o p e l l e r s  has been 
demonstrated. 

A s w i r l  r e c o v e r y  vane exper iment  w i l l  be conducted t o  determine i f  a s e t  
o f  n o n r o t a t i n g  vanes p r o v i d e  a means o f  r e a l i z i n g  some o f  t h e  s w i r l  r e c o v e r y  
b e n e f i t s  o f  c o u n t e r r o t a t i o n  w i t h  a m e c h a n i c a l l y  s i m p l e r  and, perhaps, q u i e t e r  
p r o p e l l e r  c o n f i g u r a t i o n .  
r o t a t i o n  p rop fan  model (SR-3) as shown i n  f i g u r e  37. The e x i s t i n g  1000 hp, 
s i n g l e - r o t a t i o n  p r o p e l l e r  t e s t  r i g  w i l l  be m o d i f i e d  t o  accep t  e i g h t  swept vanes 
mounted on an independent t h r u s t  ba lance.  P r o p e l l e r  e f f i c i e n c i e s  and n o i s e  
w i l l  be measured a t  c r u i s e  Mach numbers up t o  0.85 and a t  t a k e o f f / a p p r o a c h  con- 
d i t i o n s .  Vane p i t c h  angles and propfan-to-vane a x i a l  spacings w i l l  be v a r i e d .  
Design c a l c u l a t i o n s  i n d i c a t e  t h a t  as much as t w o - t h i r d s  o f  t h e  8 t o  10 p e r c e n t  
e f f i c i e n c y  increment  a v a i l a b l e  from c o u n t e r r o t a t i o n  can be r e a l i z e d  w i t h  t h e  
s t a t i o n a r y  s w i r l  r e c o v e r y  vanes. I n t e r a c t i o n  n o i s e  i s  a l s o  p r e d i c t e d  t o  be 
c o n s i d e r a b l y  lower than for  c o u n t e r r o t a t i o n  p r o p e l l e r s .  

A s e t  o f  vanes w i l l  be added behind a s i n g l e -  

Higher sweep and f o r w a r d  sweep a r e  two a d d i t i o n a l  concepts b e i n g  s t u d i e d .  
I f  t i p  sweep can be pushed to  t h e  50 t o  60" range w h i l e  r e t a i n i n g  a e r o e l a s t i c  
s t a b i l i t y ,  s i g n i f i c a n t  t one  n o i s e  r e d u c t i v n  ( 8  dB r e l a t i v e  t o  SR-3) i s  p re -  
d i c t e d .  A p r e v i o u s l y  u n s t a b l e  p r o p e l l e r  (SR-5) i s  b e i n g  redesigned u s i n g  com- 
p o s i t e  m a t e r i a l s  and des ign  techniques developed i n  t h e  ATP Program. A 
combined f o r w a r d l a f t  swept c o u n t e r r o t a t i o n  p r o p e l l e r  i s  under s tudy  as a poten-  
t i a l l y  low i n t e r a c t i o n  n o i s e  c o n f i g u r a t i o n .  H i d e r  t i p  spac ing o f fe rs  t h e  pos- 
s i b i l i t y  o f  lower t a k e o f f  n o i s e  and f o r w a r d  sweep on t h e  f o r w a r d  ro to r  may 
improve the  aerodynamics. 

F i n a l l y ,  ano the r  advanced concept  which NASA i s  i n v e s t i g a t i n g  i s  t h e  
ducted p r o p e l l e r  ( u l t r a  h i g h  bypass f a n ) .  For l o n g  range a i r c r a f t  w i t h  wing- 
mounted engines, ducted p r o p e l l e r s  have i n s t a l l a t i o n  advantages i n  terms o f  
l i m i t i n g  the  d iameter  r e q u i r e d  f o r  a g i v e n  t h r u s t  and thus ,  s a t i s f y i n g  ground 
c learance requ i remen ts .  Techn ica l  i ssues  a s s o c i a t e d  w i t h  these c o n f i g u r a t i o n s  
which r e q u i r e  research  a r e  no ted  f o r  high-speed c r u i s e  i n  t h e  upper h a l f  o f  
f i g u r e  38 and for low-speed t a k e o f f  or approach i n  t h e  lower h a l f .  A t  c r u i s e ,  
t h e  drag o f  t h e  l a rge -d iamete r  t h i n  cowl must be m in im ized  w h i l e  a c h i e v i n g  
acceptable n e a r - f i e l d  sound l e v e l s .  A s y n t h e s i s  o f  p r o p e l l e r  and f a n  aerody- 
namic des ign methods i s  r e q u i r e d  t o  a r r i v e  a t  an optimum combinat ion o f  sweep 
and o f  a x i a l  and t i p  Mach numbers. A t  low speed c o n d i t i o n s ,  f a r - f i e l d  
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community n o i s e ,  c o w l - l i p  s e p a r a t i o n  a t  h i g h  ang les  o f  a t t a c k  w i t h  t h e  a s s o c i -  
a t e d  b l a d e  s t r e s s e s ,  and r e v e r s e  t h r u s t  o p e r a t i o n  must each be addressed. 

CONCLUDING REMARKS 

T h i s  paper has g i v e n  an o v e r v i e w  o f  advanced p r o p e l l e r  r e s e a r c h  a t  NASA 
Lewis by f o c u s i n g  on  t h e  t e c h n o l o g y  base p a r t  o f  t h e  o v e r a l l  ATP Program. Spe- 
c i f i c a l  l y ,  examples o f  a c o u s t i c  and aerodynamic,  a n a l y t i c a l  and e x p e r i m e n t a l  
r e s u l t s  were g i v e n  for b o t h  s i n g l e -  and c o u n t e r r o t a t i o n .  A l a r g e  d a t a  base now 
e x i s t s  fo r  b o t h  s c a l e  models and f u l l  s c a l e  hardware .  I n i t i a l  comparisons o f  
s c a l e  model w ind  t u n n e l  a c o u s t i c  d a t a  w i t h  f u l l  s c a l e  f l i g h t  d a t a  a r e  encourag- 
i n g .  A v a r i e t y  o f  th ree -d imens iona l  c o m p u t a t i o n a l  codes f o r  aerodynamic and 
a c o u s t i c  p r e d i c t i o n s  a r e  a v a i l a b l e .  A d d i t i o n a l  c a p a b i l i t i e s  such as uns teady  
th ree -d imens iona l  E u l e r ,  s t e a d y  Nav ie r -S tokes ,  and i n s t a l l e d  c o u n t e r r o t a t i o n  
a c o u s t i c  codes a r e  under development.  On-going p r o p e l l e r  r e s e a r c h  a t  NASA 
Lewis w i l l  b o t h  c o n s o l i d a t e  and v e r i f y  t h e  c o m p u t a t i o n a l  c a p a b i l i t i e s  and move 
on  t o  advanced concepts  f o r  second g e n e r a t i o n  advanced p r o p f a n  a p p l i c a t i o n s .  
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L i f t i n g  l i n e  Both Operat i onal  
Transonic  p o t e n t i a l  SR Opera t i ona l  

Eul e r  Both Opera t i ona l  
Navi er-S tokes Both Under development 

TABLE I. - PROPELLER AEODYNAMIC ANALYSIS METHODS 

Aerodynami c i n p u t  

I I TY Pe I SR/CR I S ta tus  I 

Acous t i c model 

TY Pe Domai n 

1 L i n e a r  

I 
Nonl i near /  
L i n e a r  

L i n e a r  

Eul e r  Opera t i ona l  
Navi er-Stokes I I Planned I Unsteady I 

~ Time 
Frequency 
Time ' Frequency 
T i  me 

T i  me 

TABLE XI. - PROPELLER ACOUSTIC ANALYSIS METHODS 

( a )  Steady regime 

(A) L i f t i n g  l i n e  
( B )  L i f t i n g  sur face 
( C l )  E u l e r  
(C2) 
(C3) 

( D )  Navier-Stokes 

( b )  Unsteady regime 

c o u n t e r r o t a t i o n  

(El) Hybid aero/  

(E2) A c t u a t o r  d i s k /  

(E3) A c t u a t o r  d i s k /  

(F )  L i f t i n g  s u r f a c e  

1 i near  1 i f t  response 

l i n e a r  l i f t  response 

1 i near  1 i f t  response 

L i n e a r  Frequency 

Frequency 

Frequency 

Frequency 

~ CR 

SRb 

CRb 

SRb 
CRb 

0 

0 

UD 

0 
UD 
UD 

P 
P 
P 

;Status: 0-Operat i onal  UD-Underdevel opment , P-P1 anned. 
I n s t a l  1 ed . 
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TABLE 111. - SINGLE-ROTATION PROPELLER D E S I G N  PARAMETERS 

T i p  
speed, 
f t / s e c  

800 
700 
700 
800 
800 
800 

C r u i s e  
1 oadi  gg 
shp/D 

32.0 
30.0 
30.0 
37.5 
37.5 
37.5 

Desi gn 

SR-7A 
SR-6 

aSR-6 
SR-3 
SR-1M 
SR-2 

I I 

aEst imated performance w i  t h  a1 t e r n a t e  s p i n n e r  2 .  

Number 
o f  

b l  ades 

8 
1 0  
10 
8 
8 
8 

Loading 

parameSer Cp/J * 

Sweep 
ang le ,  

deg 

41 
40 
40 
45 
30 

0 

0.0509 
.0474 
.0474 
.0593 
-0593 
.0593 

Power Advance 
r a t i  0 ,  c o e f f  i c i  e n t ,  

cP J 
1.45 3.06 
2 .03  3.50 
2.03 3.50 
1.70 3.06 
1.70 3 . 0 6  
1.70 3.06 

F7/A7 

CRP-X1 

TABLE I V .  - ADVANCED COUNTERROTATION PROPELLER DESIGN 

a/a 0.425 0.72 55.5 780 

5/5 .240 .72 37.2 750 
.275 

PARAMETERS 

Design Number Radius C r u i s e  C r u i s e  T i p  1 1 o f  I r a t i o  1 Mach 1 l;;",;~, 1 speed, 1 
b l ades  number f t / s e c  
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FIGURE 1. - NASWINDUSTRY ADVANCED TURBOPROP (ATP) PROGRAM. FIGURE 2. - FLIGHT TESTING OF ADVANCED TURBOPROPS. 

FIGURE 3. - POST-FLIGHT TEST AREAS OF ON-GOING PROPELLER RESEARCH FIGURE 4. -  ADVANCED PROPELLER BLADE WIND TUNNEL MODELS. 
,AT NASA LEWIS RESEACH CENTER. 
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FIGURE 5. - SR-7A PROPELLER MODEL IN LEWIS 8- BY 6-FT. WIND TUNNEL. 

85r 
- 8o - ----------- -- 

NET 
EFFICIENCY, 

PNET 
75 - 

\ 
SR-2 

70 * I 1 I I I I 
.60 .65 .70 .75 .80 .85 .90 

FREE-STREAM MACH NUMBER, MO 

FIGURE 6. - SINGLE-ROTATION PROPELLER PERFORMANCE. 

0 3D EULER RESULTS 

.6 
2.8 3.2 3.6 4.0 

ADVANCE RATIO, J 

FIGURE 7. - POWER COEFFICIENT COMPARISON FOR SR-3 PRO- 
PELLER AT M = 0.8. 
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ACOUS 
PLATE 

2.44 M 
(8  F T )  

‘-PROPELLER PLANE 

1.83 M (6  F T )  

FIGURE 8. - ACOUSTIC PLATE IN NASA LEWIS 8- BY 6-FT. WIND TUNNEL. 
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PRESSURE 

0 
J lEdVgEL’ 150 t 

BLADE 
SEl l lNG 
ANGLE, 

deg 
0 60.1 (DESIGN) 
0 57.7 
A 63.3 

U 

140 1 1 I 1 
.8 .9 1 .o 1.1 1.2 1.3 

HELICAL TIP MACH NUMBER 

FIGURE 9. - SR-7 PEAK BLADE PASSING TONE VARIATION WITH HELICAL T I P  
M C H  NUMBER: CONSTANT ADVANCE RATIO. 3.06. 

-1- PREDICTED 
0 WIND TUNNEL (LEWIS 8 x 6) 
0 PTA FLIGHT (MACH 0.8; 35 000 ft) 

dB 

PROPFAN PLANE 
UPSTREAM ct-) DOWNSTREAM 

120 
1 .o .5 0 -.5 -1 .00  

FORE AND AFT LOCATIONS IN PROPELLER DIAMETERS 

FIGURE 10. - COMPARISON OF PTA FUSELAGE SURFACE 
NOISE WITH PREDICTION AND WIND TUNNEL DATA. 
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FIGURE 11. - SR-7A PROPELLER MODEL I N  9- BY IS-FT. ANECHOIC WIND TUNNEL. 
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dB 

PROPELLER AXIS 
ANGLE OF ATTACK, 

deg 
0 0 
0 5 
0 10 
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FIGURE 13. - UNSTEADY THREE DIMENSIONAL EULER CODE SOLUTION 
FOR PROPELLER AT ANGLE OF ATTACK. 

140 

130 

m U 

; 120 
CL v) 

110 

DROOP 
ANGLE, 

DEG 

0 2 
0 0 
0 -2 
A -4 
0 BASELINE, NO WING 

,- NEGATIVE DROOP ~ ~ .. - - FLOW 

PROPELLER AXIS 
ANGLE OF ATTACK - 

J 
T I I 

100 
-5  0 5 10 

ANGLE OF ATTACK, DEG 
(RELATIVE TO PROPELLER AXIS) 

TONE NOISE, STRAIGHT WING, 0.54 CHORD SPACING. 
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FIGURE 14. - EFFECT OF PROPELLER DROOP ON MAXIMUM 
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FIGURE 16. - COMPARISON OF SR-7A HODEL DATA WITH 
PREDICTION (1.68 n SIDELINE, J = 0.886, M,, = 0.2). 

FIGURE 17. - TWO-BLADE VERSION OF LARGE-SCALE ADVANCED PROPFAN 
(LAP), 
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FIGURE 18. - BLADE PRESSURE MEASUREMENTS ON FULL SCALE PROPELLER: LOW-SPEED CONDI- 
TION 

FIGURE 19 .  - VISUALIZATION OF PROPELLER BLADE 
SURFACE FLOW, OFF-DESIGN CONDITONS. 

FIGURE 20. - COMPUTED STREAMLINES ON CRP-X1 
PROPELLER. MACH 0.2: J = 1.0. 
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FIGURE 21. - UDF COUNTERROTATION PROPELLER MODEL IN NASA LEWIS FIGURE 22. - WIND TUNNEL MODELS OF UDF COUNTERROTATION BLADE 
8- BY 6-FT. WIND TUNNEL. CONFIGURATIONS. 
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FIGURE 23. - COMPARISON OF ANALYTICAL AND EXPERIMENTAL 
VELOCITY RATIOS AROUND THE COUNTERROTATING PROPELLER 
TEST RIG AT THE PROPELLER PLANE AT MACH 0.80. 
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FIGURE 24. - MACH NUMBER INTERFERENCE CORRECTION 
FOR COUNTERROTATING PROPELLER TEST RIG IN POROUS 
WALL NASA LEWIS 8x6 FOOT WIND TUNNEL. 
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FIGURE 25. - F7/A7 PERFORMANCE SUMARY; 818 BLADE 
CONFIGURATION; NOMINAL SPACING; NATCHED SPEED; 
780 FT./SEC. T I P  SPEED. 

FIGURE 26. - THREE DIMENSIONAL EULER ANALYSIS OF COUNTER- 
ROTATIONAL PROPELLER FLOW FIELD. 
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FIGURE 27. - UDF FUNDMNTAL TONE DIRECTIVITY NEA- 
SURED I N  FLIGHT. CONPARED WITH SCALED HODEL DATA 
AND PREDICTION; F7/A7 BLADE CONFIGURATION AT 
MACH 0.72 CRUISE CONDITIONS. 
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FIGURE 28. - SUNMATION OF TONES AT TWICE BLADE PASS- 
ING FREQUENCY; MACH 0.76 AND 100-PERCENT SPEED. 
F l / A l ,  9/8. 
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FIGURE 29. - PHOTOGRAPH OF THE UDF COUNTER-ROTATING TURBOPROP MODEL I N  THE 9x15 ANECHOIC 
WIND TUNNEL. 
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FIGURE 30. - COUNTERROTATION PROPELLER PERFORMANCE 
(TAKE-OFF TARGET OPERATING POINT POWER LOADING PARA- 
METER OF 3.830 AT MACH NUMBER 0.20. 
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FIGURE 31. - EFFECT OF MACH NUMBER ON REVERSE THRUST 
PERFORMANCE OF F7/A7, 8/8 PROPELLER. 
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FIGURE 33. - ANGLE OF ATTACK EFFECTS ON COUNTERROTATION 
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FIGURE 35. - COMPARISON OF F7/A3 AND F7/A7 BLADE 
(137-cM (54-IN.) SIDELINE, ROW SPACING EFFECTS. 
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FIGURE 36. - UNSTEADY THREE DIMENSIONAL EULER SOLUTION FOR 
COUNTERROTATION PROPELLER. 
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