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SECTION 1 

INTRODUCTION AND S U M M Y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I n  t h i s  r e p o r t ,  a n a l y t i c a l  p r e d i c t i o n s  of  rotor n o i s e  are  

compared to  t h e  measured v a l u e s  of t h e  h e l i c o p t e r  n o i s e  f i e l d .  
The measured d a t a  is from t h e  O p e r a t i o n s  Loads Survey of  a B e l l  
AH-1G two-bladed h e l i c o p t e r  [1,21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. During t h i s  su rvey ,  s i m u l -  
t aneous  measurements o f  t h e  n o i s e  and b l a d e  l o a d s  on a h e l i c o p t e r  
i n  forward f l i g h t  were made. S i x  l e v e l  f l y o v e r s  rang ing  i n  speed 
from 20 to  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA67 m / s  a t  an a l t i t u d e  o f  91  m ( 3 0 0  f t )  were chosen f o r  
s tudy .  The h e l i c o p t e r  main rotor has  t w o  b l a d e s  w i t h  r a d i u s  of  
6.71 m (22.0 f t )  and a chord of 0 . 7 3  m ( 2 . 4  f t ) .  The b l a d e  l o a d s  
were d i g i t i z e d  and t h e  i n fo rma t ion  w a s  used as an i n p u t  t o  a 
computer program based on t h e  a c o u s t i c  f o r m u l a t i o n  of  F a r a s s a t .  

The i n f l u e n c e s  of b o t h  t h i c k n e s s  and l o a d i n g  t e r m s  were 
i nc luded .  The r e s u l t s  have been p u b l i s h e d  p r e v i o u s l y  by S u c c i  
and t h e  m a i n  r e s u l t s  are summarized i n  F i g s .  1 and 2. These 
f i g u r e s  compare t h e  measured and p r e d i c t e d  sound f i e l d  f o r  a 
h e l i c o p t e r  i n  l e v e l  forward f l i g h t .  The a c o u s t i c  d a t a  are 
p r e s e n t e d  f o r  a microphone l o c a t e d  a t  t h e  s t a n d i n g  ear  l e v e l  on 
t h e  ground d i r e c t l y  under  t h e  h e l i c o p t e r  f l i g h t  p a t h .  The 
o b s e r v a t i o n  a n g l e  co r responds  to  t h e  p o s i t i o n  of t h e  h e l i c o p t e r  
when t h e  sound is d e t e c t e d  and t h e  e m i s s i o n  a n g l e  co r responds  t o  
t h e  r e t a r d e d  p o s i t i o n  of t h e  h e l i c o p t e r .  A t  a n g l e s  less t h a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 0 ° ,  t h e  h e l i c o p t e r  is approach ing  t h e  o b s e r v e r ,  a t  9 0 °  it is 
overhead and a t  a n g l e s  g r e a t e r  t han  90° it is reced ing .  A t  l o w  
fo rward  speeds  ( V  = 20 m / s ) ,  t h e  p r e d i c t i o n s  a g r e e  w i t h  measure- 
m e n t s .  A t  h igh  forward speeds  ( V  = 67 m / s ) ,  s y s t e m a t i c  
d i s c r e p a n c i e s  appear  i n  t h e  p r e d i c t i o n .  

A s e r i o u s  problem is t h a t  t h e  n o i s e  is u n d e r p r e d i c t e d  f o r  
o b s e r v a t i o n  locat ions less t han  40°, i .e., f o r  o b s e r v e r s  near  t h e  
d i s k  p l a n e  i n  f r o n t  of  t h e  h e l i c o p t e r .  To  e x p l o r e  t h i s  e f f e c t ,  a 
s i n g l e  o b s e r v a t i o n  p o i n t  i n  t h i s  range h a s  been chosen f o r  
d e t a i l e d  a n a l y s i s .  

The F o u r i e r  s p e c t r a  f o r  t h i s  p o i n t  are p r e s e n t e d  i n  F ig .  3 
t o g e t h e r  w i t h  t h e  r e s u l t s  of o u r  o r i g i n a l  ( s o l i d  d o t s )  and new 
(open t r i a n g l e s )  c a l c u l a t i o n s ,  t o  be d e s c r i b e d  below. Al though 
t h e  new ca lcu la t i ons  improve t h e  p r e d i c t i o n ,  t h e  p r e d i c t e d  sound 
l e v e l  is st i l l  less t h a n  t h e  measured sound l e v e l .  
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SECTION 2 

DISCUSSION OF REFINED CALCULATION OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAROTOR SOUND FIELD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To d i s c u s s  t he  new c a l c u l a t i o n  w e  must  f i rst rev iew t h e  

o r i g i n a l  c a l c u l a t i o n .  T h i s  c a l c u l a t i o n  used t h e  known shape and 
mot ion  of the rotor together w i t h  t h e  measured b l a d e  s u r f a c e  
p r e s s u r e s .  S e v e r a l  assumpt ions  were made. To r e p r e s e n t  t h e  
mot ion ,  t h e  average  v e l o c i t y  o f  t h e  h e l i c o p t e r  d u r i n g  i ts l e v e l  
f l y o v e r  w a s  used.  To r e p r e s e n t  t h e  p r e s s u r e ,  o n l y  the  component 
o f  p r e s s u r e  g i v i n g  a f o r c e  normal to  t h e  cho rd  w a s  used. Because 
t h e  o u t e r m o s t  measurement s t a t i o n  w a s  a t  t h e  95.5 p e r c e n t  r a d i u s ,  
no l o a d  d i s t r i b u t i o n  i n f o r m a t i o n  w a s  a v a i l a b l e  n e a r  t h e  blade 
t i p s .  Thus, f o r  the o r i g i n a l  c a l c u l a t i o n s ,  t h e  l o a d s  were 
assumed t o  v a n i s h  l i n e a r l y  toward t h e  t i p .  Moreover, t h e  in- 
f l u e n c e  of p r e s s u r e  f o r c e s  a t  t h e  v e r y  t i p  of t h e  b l a d e ,  i .e., on 
t h e  b l u n t  s u r f a c e  p e r p e n d i c u l a r  to  the  span  a t  t h e  rotor extrem- 
i t y ,  w a s  n o t  i nc luded .  

Each of  these e f f e c t s  was s t u d i e d  c o m p u t a t i o n a l l y  and may be  
summarized as 

1) V e l o c i t y  p e r t u r b a t i o n s  

2) Churdwise p r e s s u r e s  

3 )  Load d i s t r i b u t i o n  n e a r  t h e  t i p  

4 )  S i d e  edge t i p  p r e s s u r e s .  

The i n f l u e n c e  of each  of  these e f f e c t s  is p r e s e n t e d  i n  
d e t a i l  i n  T a b l e  1. Each e f f e c t  w i l l  be d i s c u s s e d  b r i e f l y .  The 
new c a l c u l a t i o n s  i n  F ig .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 co r respond  t o  t h e  combined i n f l u e n c e  
of a l l  f o u r  of the  above e f f e c t s .  Because of t h e  d i s c r e p a n c y  
between t h e  measurement and p r e d i c t i o n ,  w e  w i l l  d i s c u s s  three 
o t h e r  p o t e n t i a l  n o i s e  s o u r c e s .  These s o u r c e s  are: 

5 )  Shock n o i s e  

6 )  Quadrupo le  n o i s e  

7 )  S k i n  f r i c t i o n  n o i s e .  

2.1 Velocity Perturbations 

T o  r e p r e s e n t  t h e  mot ion of t h e  h e l i c o p t e r ,  t h e  mean fo rward  
v e l o c i t y  was used. F l u c t u a t i o n s  i n  fo rward  v e l o c i t y  are 
r e l a t i v e l y  un impor tan t  f o r  l o w  fo rward  s p e e d s  because t h e  t i p  

5 



TABLE 1. MEASURED AND CALCULATED ACOUSTIC PRESSURE SPECTRA 
CORRESPONDING TO CONDITIONS OF FIGS. 3 TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 .  

Harmonic 
Number A B C D E F G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

1 3  

1 4  

88 

88  

89 

90 

9 1  

89  

88 

87 

8 5  

83 

8 1  

79 

77 

75  

79.2 

82.8 

84.4 

85.3 

85.3 

84.6 

83.9 

83  .O 

81.8 

80.5 

79.2 

77.9 

76.3 

74.5 

81.9 

85 .1  

86.0 

8 6 . 1  

85.7 

85.2 

84.5 

83.4 

82.5 

81.4 

79.7 

?8.2 

76.5 

74.4 

79.5 79.2 

83.5 82.8 

85.2 84.4 

86.3 85.3 

86.3 85.3 

85.8 84.6 

85.3 83.9 

84 .5  83  .O 

83.5 81.8 

82.4 80.5 

81.3 79.2 

80.0 77.9 

78.5 76.3 

76.8 74.5 

79.2 

82.8 

84.4 

85.3 

85.3 

84.6 

83.9 

8 3 . 1  

81.9 

80.5 

79.2 

77.9 

76.3 

74.5 

82.3 

85.6 

86.7 

86.9 

86.6 

86.3 

85.8 

84.9 

84.0 

82.9 

81.3 

80 .O 

78.6 

76.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OASPL 99 94.0 94.9 95.3 94.0 94 .O 96.0 

A - Measured 

B - O r i g i n a l  c a l c u l a t i o n  

C - Measured upper  and lower s u r f a c e  p r e s s u r e  a t  mean a i r c r a f t  

D - I n s t a n t a n e o u s  a i r c r a f t  speed a t  e m i s s i o n  t i m e  used 

E - E s t i m a t e d  s i d e  edge p r e s s u r e  used 

F - T i p  r e g i o n  s u r f a c e  p r e s s u r e  assumed t h e  s a m e  beyond 95 

G - Combined e f f e c t  of C t o  F (new c a l c u l a t i o n )  

speed used i n  n o i s e  c a l c u l a t i o n  

p e r c e n t  r a d i u s  

6 



Mach number is l o w .  The g r e a t e s t  t i p  Mach number, which is 
ach ieved  on t h e  advancing b l a d e ,  is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 7 3  a t  a fo rward  speed of  20 
m / s  and .87 a t  a forward speed of  67 m / s .  A t  h i g h  forward 
speeds ,  ( i . e . ,  a t  h igh  t i p  Mach number),  t h e  a c o u s t i c  c a l c u l a t i o n  
is v e r y  s e n s i t i v e  t o  s m a l l  changes i n  fo rward  v e l o c i t y .  T h i s  
e f f e c t  o c c u r s  because t h e  sound p r e s s u r e  is p r o p o r t i o n a l  t o  
( 1 - M  The closer M is to o n e ,  t h e  g r e a t e r  t h e  s e n s i t i v i t y  
of t6e c a l c u l a t e d  s i g n a f  t o  s m a l l  changes i n  v e l o c i t y .  
improve the c a l c u l a t i o n s ,  w e  matched t h e  v e l o c i t y  (70.7 m / s )  of  
t h e  h e l i c o p t e r  when t h e  s i g n a l  was emit ted ( F i g .  4 ) .  I n s p e c t i o n  
of T a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 shows t h e  o v e r a l l  l e v e l  w a s  i n c r e a s e d  by abou t  1.3 dB. 

2.2 Chordwise Pressures 

To  

A second p o i n t  of  improvement w a s  t h e  model of t he  b l a d e  
forces. O r i g i n a l l y  w e  chose t he  simplest  form of t h e  l o a d  
d i s t r i b u t i o n ,  i .e.,  to  o n l y  u s e  f o r c e s  p e r p e n d i c u l a r  t o  t h e  
chord .  T h i s  procedure  is r e a s o n a b l e  because t h i s  n o r m a l  t o  t h e  
chord is approx ima te l y  i n  t h e  d i r e c t i o n  of  t h e  l i f t ,  and t h e  l i f t  
exceeds t h e  drag  by one to  t w o  o r d e r s  of magni tude.  T h i s  
p r o c e d u r e  is l eas t  a c c u r a t e  i n  the d i s k  p l a n e  because t h e  l o a d i n g  
noise depends on t h e  p r o j e c t i o n  of  t h e  f o r c e s  o n t o  t h e  d i r e c t i o n  
from t h e  b l a d e  to  t h e  o b s e r v e r .  The normal t o  t h e  chord is 
approx ima te l y  p e r p e n d i c u l a r  t o  t h e  rotor d i s k  p l a n e ,  hence it is 
t h e  f o r c e s  p a r a l l e l  t o  t h e  chord which have t h e  g r e a t e s t  e f f e c t  
i n  t h e  d i s k  p lane .  I n c l u d i n g  t h e  e f f e c t  of t h e  chordwise  
component p r e s s u r e  d i s t r i b u t i o n  i n c r e a s e d  t h e  p r e d i c t e d  n o i s e  by 
.9 dB ( F i g .  5 ) .  

2.3 T i p  Load Distribution 

Measured b l a d e  l o a d s  were made o u t  t o  t h e  95.5 percent 
s t a t i o n .  Between measurement s t a t i o n s ,  t h e  l o a d s  were assumed to  
v a r y  l i n e a r l y .  Near t h e  t i p  t h e y  were o r i g i n a l l y  assumed t o  
v a n i s h  l i n e a r l y  t o  zero .  However, some e x p e r i m e n t a l  r e s u l t s  f o r  
t h e  f low f i e l d  i n  t h e  v i c i n i t y  o f  a b l a d e  t i p  i n d i c a t e  t h a t  t h e  
c lass ica l  spanwise l oad ing ,  which v a n i s h e s  smooth ly  t o  zero, is 
n o t  v a l i d  n e a r  t h e  t i p .  C h i g i e r  and C o r s i g l i a  I41  have r e p o r t e d  
d e t a i l e d  s u r f a c e  p r e s s u r e  measurements by Sp ivey  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[51 n e a r  t h e  t i p  
of a s q u a r e  t i p p e d  r e c t a n g u l a r  wing i n  a wind t u n n e l .  The 
measurements show t h a t  t h e  s u c t i o n  f o r c e  on  t h e  upper  s u r f a c e  o f  
t h e  b l a d e s  is s t r o n g  enough to  cause a peak i n  t h e  spanwise 
l o a d i n g  n e a r  t h e  t i p  to  a n e a r l y  r e c t a n g u l a r  d i s t r i b u t i o n .  

To  see i f  t h i s  i n f l u e n c e d  t h e  p r e d i c t e d  sound f i e l d ,  we 
changed o u r  o r i g i n a l  assumpt ion abou t  t h e  l o a d  d i s t r i b u t i o n .  I n  
p l a c e  of t a p e r i n g  to  zero, w e  now assume t h a t  the  loads are 
c o n s t a n t  from t h e  95.5 p e r c e n t  s t a t i o n  t o  t h e  t i p .  However, a t  
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t h i s  o b s e r v a t i o n  p o i n t ,  t h i s  change h a s  no i n f l u e n c e  on t h e  
o v e r a l l  sound p r e s s u r e  l e v e l  ( F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ) .  

more r e f i n e d  v e r s i o n  of  t h e  B e l l  AH-1G h e l i c o p t e r  o p e r a t i o n a l  
l o a d s  su rvey .  One o f  t h e  r e f i n e m e n t s  was t o  make more s u r f a c e  
p r e s s u r e  measurements n e a r  the b l a d e  t i p .  T h i s  improved measure- 
ment w i l l  enhance t h e  u n d e r s t a n d i n g  of  t h e  f l ow  f i e l d  n e a r  t h e  
main rotor b l a d e  t i p .  However, t h e  p r e s e n t  numer i ca l  exper imen t  
shows t h a t ,  i n  t h i s  case, t i p  l o a d i n g  h a s  a n e g l i g i b l e  i n f l u e n c e  
on t h e  p r e d i c t e d  sound f i e l d .  W e  recommend t h a t  t h e  new b l a d e  
s u r f a c e  p r e s s u r e  d a t a  n e a r  t h e  b l a d e  t i p  be rev iewed b e f o r e  
i n c o r p o r a t i n g  it i n t o  t h e  p r e s e n t  n o i s e  p r e d i c t i o n  program. I f  
t h i s  new data d o e s  n o t  d i f f e r  s u b s t a n C i a l l y  from t h e  l i m i t  cases 
i n  t h e  numer i ca l  exper iment ,  it is u n l i k e l y  t h a t  t h e  new d a t a  
w i l l  improve t h e  n o i s e  p r e d i c t i o n .  

NASA is p r e s e n t l y  reduc ing  b l a d e  s u r f a c e  p r e s s u r e  data  on a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.4 Side Edge T i p  Pressure 

The c a l c u l a t i o f i  of t h e  n o i s e  f rom a h e l i c o p t e r  ro tor  depends 
on a d e t a i l e d  d e s c r i p t i o n  of t h e  f l u i d  p r o p e r t i e s  a t  t h e  b l a d e  
s u r f a c e .  O r i g i n a l l y ,  w e  restr icted o u r  c a l c u l a t i o n s  to  t h e  upper  
and lower s u r f a c e  of t h e  b l a d e s .  There  are t w o  a d d i t i o n a l  
s u r f a c e s  on a b l u n t  t i p  rotor.  These s u r f a c e s  are t h e  s m a l l  s i d e  
edges a t  e i t h e r  end of t h e  b lade .  To see i f  c o n d i t i o n s  on t h e s e  
edges  i n f l u e n c e d  the  sound,  t h e  i n f l u e n c e  o f  t h e  p r e s s u r e  f i e l d  
on t h e  s i d e  edge n e a r  t h e  rotor t i p  w a s  c o n s i d e r e d .  

N o  good measurements are a v a i l a b l e  t o  d e s c r i b e  t h i s  in- 
f l u e n c e .  W e  made two assumpt ions  a b o u t  t h e  magni tude of t h e s e  
p r e s s u r e s .  The f i r s t  assumpt ion w a s  t h a t  t h i s  s i d e  edge p r e s s u r e  
was e q u a l  to  t h e  minimum measured p r e s s u r e  a t  t h e  95.5 p e r c e n t  
s t a t i o n  and d id  n o t  v a r y  w i t h  az imuth  or chordwise  p o s i t i o n .  The 
second assumpt ion  w a s  t h a t  t h i s  side edge p r e s s u r e  w a s  t h e  aver -  
age  of t h e  upper  and lower s u r f a c e  p r e s s u r e s  a t  t h e  95.5 p e r c e n t  
s t a t i o n ,  t h e  ou te rmos t  measurement s t a t i o n .  Thus, t h e  s ide edge 
p r e s s u r e  var ied i n  bo th  t h e  chordwise  and a z i m u t h a l  d i r e c t i o n s .  
The c a l c u l a t i o n s  based on t h i s  second assumpt ion  are g i v e n  i n  
T a b l e  1 and p r e s e n t e d  i n  F ig .  7.  I n  t h i s  i n s t a n c e ,  t h e  side edge 
p r e s s u r e  has almost no i n f l u e n c e  on t h e  o v e r a l l  sound p r e s s u r e  
l e v e l .  

The t i p  n o i s e ,  however, r e q u i r e s  f u r t h e r  s t u d y  s i n c e  i n  
numer i ca l  work  on hover ing  rotors t h e  t i p  n o i s e  was found t o  
a f f e c t  t h e  l e v e l  o f  harmonics by s e v e r a l  d e c i b e l s .  Of c o u r s e ,  
any o b s e r v a t i o n s  are v e r y  dependent  on t h e  o b s e r v e r  l o c a t i o n  and 
mot ion  o f  t h e  v e h i c l e .  An e f f e c t  which is un impor tan t  here may 
be v e r y  i m p o r t a n t  g i v e n  o t h e r  c i r c u m s t a n c e s .  The i n t e n t  here is 
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t o  select  t h e  p o i n t  of worst agreement  i n  the  p r e v i o u s  s t u d y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA131 
and e x p l o r e  e f f e c t s  which may improve t h e  p r e d i c t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.5 Combined Effect 

The combined e f f e c t  of t h e  v e l o c i t y  p e r t u r b a t i o n ,  chordwise  
p r e s s u r e s ,  t i p  load d i s t r i b u t i o n ,  and side edge t i p  p r e s s u r e  are 
a l s o  g i v e n  i n  Tab le  1. T h i s  combined e f f e c t ,  which  is termed t h e  
new c a l c u l a t i o n ,  is p l o t t e d  i n  F ig .  3 .  The d i s c r e p a n c y  a t  h i g h  
speed ( 6 7  M/S) does  no t  appear  a t  l o w  s p e e d s  (20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM/S) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, as is 
ev idenced  from t h e  comparison made i n  F ig .  8,  which is taken from 
t h e  o r i g i n a l  r e p o r t  131. Though t h e  p r e d i c t i o n  is improved, it 
is st i l l  less t han  t h e  measured noise by 3 dB o v e r a l l  and by 5.7 
dB i n  t h e  f i r s t  harmonic. T h a t  t h e  o v e r a l l  l e v e l  is closer t h a n  
t h e  l e v e l  i n  any g i ven  harmonic i n d i c a t e s  compensat ing errors i n  
t h e  p r e d i c t i o n .  A d i s c r e p a n c y  of 5.7 dB i n  t h e  f i r s t  harmonic, 
i n d i c a t e s  t h a t  w e  have n e g l e c t e d  a n  impor tan t  e f f e c t  i n  o u r  
c a l c u l a t i o n .  The remainder  of t h i s  sec t ion  rev iews t h r e e  
p o s s i b l e  effects: s h x k  noise, quadrupo le  n o i s e ,  and s k i n  
f r i c t i o n  n o i s e .  

2.6 Shock Formation 

One p o s s i b l e  n o i s e  s o u r c e  t h a t  h a s  been n e g l e c t e d  t o  d a t e  is 
sound emiss ion  from a shock  located near t h e  t i p  of t h e  blade. A 
recent e x p e r i m e n t a l  s t u d y  by S u c c i  h a s  shown t h a t  a moving shock  
can  e m i t  a sound p u l s e  e q u a l  i n  magni tude to  t h e  r o t a t i o n a l  noise 
of t h e  p r o p e l l e r  [ 6 1 .  I n  t h i s  exper imen t ,  t h e  shock osci l la ted 
a t  h igh  f requency ,  t h e r e b y  a l l ow ing  i ts c o n t r i b u t i o n  t o  be e a s i l y  
i d e n t i f i e d ,  I t  is t h e r e f o r e  p o s s i b l e  t h a t  a shock cou ld  be a 
s o u r c e  of  noise i n  h e l i c o p t e r s .  The f i r s t  t a s k  is t o  i n s p e c t  t h e  
measured b lade  loads for ev idence  of shocks.  F i g u r e  9 is a p l o t  
of  t h e  measured upper  and lower s u r f a c e  p r e s s u r e s  a t  t h e  o u t e r -  
m o s t  r a d i a l  s t a t i o n s  ( r / R  = 9 5 * 5 % )  w i t h  the ro tor  l o c a t e d  a t  i ts 
p o i n t  of maximum v e l o c i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 9  = g o 0 ) .  Each p o i n t  i n  the  p l o t  
c o r r e s p o n d s  t o  an i n s t a n t a n e o u s  measurement,  N o  i n t e r p o l a t i o n  is 
made. 

There are t w o  a s p e c t s  of t h i s  p l o t  t o  n o t i c e .  F i r s t ,  n o t e  
t h a t  t h e  upper  and lower s u r f a c e  p r e s s u r e s  are n e a r l y  t h e  s a m e .  
T h i s  i n d i c a t e s  t h a t  t h e  b lade  e l e m e n t  is a t  approx imate ly  z e r o  
a n g l e  of  at tack.  Next n o t e  t h a t  a s t r o n g  d i s c o n t i n u i t y  i n  p res -  
s u r e  is e v i d e n t  on both t h e  upper  and lower s u r f a c e s .  The 
measurement s t a t i o n s  a t  e i t h e r  s i d e  of t h i s  d i s c o n t i n u i t y  are a t  
t h e  25 p e r c e n t  and 35 p e r c e n t  b l a d e  s t a t i o n s .  The maximum b lade  
t h i c k n e s s  is a t  t h e  30 p e r c e n t  s t a t i o n .  Thus the  shock o c c u r s  
n e a r  t h e  p o i n t  of g r e a t e s t  t h i c k n e s s  on t h e  b lade .  Another 
f e a t u r e  is t h a t  t h e  shock on the lower s u r f a c e  is s t r o n g e r  than  
t h e  shock on the  upper s u r f a c e .  
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Though w e  canno t  conc lude t h a t  t h e  e x c e s s  n o i s e  is due t o  
s h o c k s  on t he  blade t i p ,  t h e  e x p e r i m e n t a l  e v i d e n c e  of t h e s e  
shocks  does i n d i c a t e  t h a t  shocks s h o u l d  be s t u d i e d  as a p o s s i b l e  
s o u r c e  of  n o i s e  i n  h e l i c o p t e r  rotors. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA t h e o r e t i c a l  work on t h i s  
s u b j e c t  is by K i t a p l i o g l u  and George zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA171. One can  f o r m a l l y  app ly  
the  a c o u s t i c  ana logy  to  c a l c u l a t e  t h e  n o i s e  from moving shocks .  
The d i s c o n t i n u i t i e s  i n  t h e  L i g h t h i l l  stress t e n s o r  act  l i k e  
sources on t h e  shock s u r f a c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 8 ] .  

Care must be t a k e n  to  accoun t  f o r  compensat ing t e r m s  when 
a p p l y i n g  t h i s  model. F o r  example, t h e  d i s c o n t i n u i t y  i n  p r e s s u r e  
across t h e  shock is ba lanced by t h e  d i s c o n t i n u i t y  i n s v e l o c i t y  
normal to  t h e  shock. Though each d i s c o n t i n u i t y  can i n f l u e n c e  
t h e  sound f i e l d ,  the e f f e c t s  may c a n c e l  one a n o t h e r .  One 
p o s s i b l e  shock n o i s e  s o u r c e ,  which has n o t  y e t  been exp lo red  i n  
d e t a i l ,  is t h e  e n t r o p y  g e n e r a t e d  a t  t h e  shock s u r f a c e .  I n  
L i g h t h i l l ' s  191 f o r m u l a t i o n  t h i s ' e n t r o p y  source might  be 
r e p r e s e n t e d  as ( c2  - cg) p o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. .  where p o  is t h e  a i r  d e n s i t y ,  c is 
t h e  local speed of  sound and &a t h e  speed  of sound a t  i n f i n i t y .  
I n  H o w e ' s  1101 f o r m u l a t i o n  t h i s  s o u r c e  is d e s c r i b e d  d i r e c t l y  as 
T g r a d  S where T is t h e  tempera tu re  and S t h e  en t ropy .  

2.7 Quadrupole Noise 

The e f f e c t s  o f  quadrupo le  n o i s e  have been d i s c u s s e d  a t  
l e n g t h  by Hanson and Fink 1111.  They i d e n t i f y  t h e  v e l o c i t y  
p e r t u r b a t i o n  a long  t h e  blade chord as t h e  most impor tan t  t e r m ,  
The o b s e r v a t i o n  is t h a t  t h e  Reynolds '  stresses are convec ted  w i t h  
the  blade e l e m e n t  section and it is t h e  p e r i o d i c  v a r i a t i o n  of  
t h e  d i r e c t i o n  of t h e s e  stresses a t  h igh  ra tes of speed which 
g e n e r a t e s  the n o i s e .  An impor tan t  o b s e r v a t i o n  of  Hanson and F ink 
is t h a t ,  f o r  n o n l i f t i n g  p a r a b o l i c  arc b l a d e s ,  t h e  t h i c k n e s s  and 
quadrupo le  t e r m s  are of e q u a l  impor tance between t h e  s e c t i o n  
c r i t i c a l  Mach number and Mach 1. O u t s i d e  of  t h i s  range ,  t h e  
quadrupo le  t e r m s  are un impor tan t .  T h i s  s e c t i o n  c r i t i c a l  Mach 
number is t h a t  Mach number a t  which t h e  f l ow  is l o c a l l y  
t r a n s o n i c .  I t  is p o s s i b l e  t h a t  these c o n d i t i o n s  are m e t  near t h e  
t i p  of t h e  rotor on t h e  advancing blade ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJI = 90°  1. One 
i n d i c a t i o n  is t h a t  t h e  maximum v a l u e  of t h e  t i p  speed,  which is 
t h e  sum of t h e  r o t a t i o n a l  and fo rward  s p e e d s  o f  t h e  rotor, is 
Mach . 8 7 .  The rotor b l a d e s  on t h i s  h e l i c o p t e r  are mod i f i ed  NACA 
0012 a i r f o i l s  and t h e  f low is l o c a l l y  t r a n s o n i c  when these 
a i r f o i l s  have k inemat i c  Mach numbers as s m a l l  as Mach . 8 7 .  

Another  s t r o n g  i n d i c a t o r  of  t r a n s o n i c  f l ow  is t h e  ev idence  
of a shock wave on t h e  95.5 p e r c e n t  r a d i a l  s t a t i o n ,  Thus, on t h e  
advanc ing  blade a t  h igh  forward speeds ,  t he  b l a d e  e lemen ts  n e a r  
t h e  rotor t i p  move a t  speeds  between t h e  s e c t i o n  c r i t i c a l  Mach 
number and Mach 1. T h e r e f o r e ,  t h e  cr i ter ia  of  Hanson and Fink is 

16 



met and quadrupole noise should be considered as a possible 
source of the excess noise. At present, the computer code 
developed at Langley is being modified to include a part of the 
quadrupole sources described earlier. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.8 Skin Friction 

We have not considered the effect of skin friction in 
detail. Qualitatively, it will have roughly the same influence 
as the addition of forces due to the chordwise component of 
pressure. That is, it is an additional force whose direction is 
parallel to the blade element velocity. Quantitatively, the drag 
on a stationary airfoil is about 80 percent skin friction and 20 
percent chordwise pressure distribution. Thus, from an 
acoustical standpoint, the magnitude of skin friction effects 
will also be about the same as the magnitude of the chordwise 
contribution of the pressure distribution. 
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SECTION 3.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CONCLUSIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Recent  methods developed f o r  t h e  p r e d i c t i o n  of h e l i c o p t e r  
noise are based whol ly  on fundamenta l  a c o u s t i c  p r i n c i p l e s .  T h i s  
paper  describes a s t u d y  of t h e  a n a l y s i s  deve loped by Farassat 
which r e q u i r e s  d e t a i l e d  i n p u t  s p e c i f i c a t i o n s  o f  t h e  rotor char-  
acter is t i cs ,  o p e r a t i n g  c o n d i t i o n s ,  and rotor b lade  s u r f a c e  p res -  
s u r e  d i s t r i b u t i o n .  T h i s  p r e s e n t  s t u d y  u s e s  measured data f o r  a n  
AH-1G h e l i c o p t e r  from t h e  e x t e n s i v e  d a t a b a s e  of t h e  O p e r a t i o n a l  
Loads Survey zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 2 ] .  The s t u d y  is a c o n t i n u a t i o n  of  a p r e v i o u s  
s t u d y  a t  BBN us ing  t h e  Farassat noise p r e d i c t i o n  based on t h e  
measured l o a d s  on t h e  AH-1G h e l i c o p t e r  main r o t o r [ 3 ] .  D i s -  
c r e p a n c i e s  between t h e  measured and p r e d i c t e d  n o i s e  f i e l d  were 
e v i d e n t  i n  t h e  p r e v i o u s  s t u d y ,  p a r t i c u l a r l y  a t  h igh  forward 
f 1 i g h t  speeds.  

The g o a i  of t h e  p r e s e n t  s t u d y  is t o  f u r t h e r  r e f i n e  t h e  
i n p u t s  t o  Fa rassa t ' s  p r e d i c t i o n  i n  an  a t t e m p t  t o  a l l e v i a t e  t h e s e  
e r r o r s .  However, a t  p r e s e n t ,  Farassat ' s  model can o n l y  account  
f o r  t h e  t h i c k n e s s  and load ing  n o i s e  s o u r c e s  ( a l t h o u g h  improve- 
m e n t s  are p r e s e n t l y  underway a t  NASA Lang ley ) .  I f  n o i s e  sources 
o t h e r  t h a n  t h e  t h i c k n e s s  and l o a d i n g  are impor tan t  t h e n  no amount 
of  r e f i n e m e n t  i n  t h e  d e s c r i p t i o n  of  t h e s e  t e r m s  w i l l  make t h e  
p r e d i c t i o n s  accurate. W e  found t h a t  r e f i n e m e n t s  i n  t h i s  d e s c r i p -  
t i o n  improved t h e  p r e d i c t i o n ;  however, d i s c r e p a n c i e s  between t h e  
measured and p r e d i c t e d  n o i s e  f i e l d  remain.  These d i s c r e p a n c i e s  
are m o s t  l i k e l y  due t o  s o u r c e s  located i n  t h e  convec ted  f l u i d  
p e r t u r b a t i o n s  i n  t h e  immediate v i c i n i t y  o f  t h e  main rotor blade. 
D e t a i l e d  rev iew of  t h e  b lade  s u r f a c e  p r e s s u r e  data (Appendix A )  
i n d i c a t e d  shocks  n e a r  t h e  t i p  of t h e  main rotor d u r i n g  h i g h  speed  
f l i g h t s 4  The i n f l u e n c e  of  t h e s e  shocks  canno t  be p r e d i c t e d  i f  
o n l y  s u r f a c e  s o u r c e s  ( t h i c k n e s s  and l o a d i n g  terms) are used. 
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LIST OF SYMBOLS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

C O  

M r  

r 

R 

TR- i 

v 

local  speed of sound zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - 

speed of  sound i n  ambien t  medium - - 

r e l a t i v e  Mach number of f l ow  a t  b l a d e  t i p  

r a d i a l  d is tance 

- 
- - 

r a d i u s  of b lade  

ith harmonic of t a i l .  rotor b l a d e  p a s s i n g  
f requency  

- - 
- - 

forward speed - - 

GREEK 

- emiss ion  a n g l e  

- - o b s e r v a t i o n  a n g l e  

- a i r  d e n s i t y  

s-1 



s-2 



APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

PLOTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF BLADE PRESSURES 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PLOTS OF BLADE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I n  t h i s  appendix ,  p l o t s  are p r e s e n t e d  of  t h e  d e t a i l e d  blade 
s u r f a c e  p r e s s u r e  data. The i n t e n t  was t o  locate t h o s e  i n s t a n c e s  
i n  which shocks  may have o c c u r r e d .  One such  case w a s  d i s c o v e r e d  
( V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 67 M/S, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJI = 90°, r / R  = 95.5%) and is p r e s e n t e d  as Fig .  9 i n  
t h e  t e x t .  H e r e i n ,  a s y s t e m a t i c  p r e s e n t a t i o n  of  t h e  measured 
b l a d e  s u r f a c e  p r e s s u r e  is g iven  i n  g r a p h i c a l  form. Each g raph  
r e p r e s e n t s  t h e  measured b l a d e  s u r f a c e  p r e s s u r e s  as t h e  o r d i n a t e  
and t h e  chordwise  l o c a t i o n  as t h e  a b c i s s a .  Stars i n d i c a t e  
measurements on t h e  upper  s u r f a c e  and c i rc les measurements on t h e  
lower s u r f a c e .  A series of g r a p h s  is g i v e n  r e p r e s e n t i n g  changes 
i n  v e l o c i t y  ( V  = 20, 4 1 ,  and 67 M/S), r a d i a l  s t a t i o n  ( E  = 4 0 ,  60,  
75, 86.4, and 95.5% p o s i t i o n )  and az imuth  ( p s i  = 90,  180,  270, 
and 360O). I n  t h e  u s u a l  manner, 90' r e p r e s e n t s  t h e  advancing 
blade p o s i t i o n  a t  its maximum k inemat i c  v e l o c i t y ,  a t  180" t h e  
blade is i n  f r o n t  of  t h e  h e l i c o p t e r ,  a t  270° t h e  b lade is on t h e  
r e t r e a t i n g  s i d e ,  and a t  360° ( o r ,  e q u i v a l e n t l y ,  a t  O o )  t h e  b l a d e  
is p o i n t i n g  toward t h e  t a i l .  The g r a p h s  are o r g a n i z e d  so t h a t  
t h e  a z i m u t h a l  index  v a r i e s  m o s t  r a p i d l y ,  t h e  r a d i a l  s t a t i o n  less 
r a p i d l y ,  and t h e  v e l o c i t y  l eas t  r a p i d l y .  

Bes ide  t h e  i n d i c a t i o n  of shock,  t h e  o n l y  p o i n t  of n o t e  is 
t h e  bad measurement on t h e  lower s u r f a c e  of t h e  b l a d e  a t  t h e  
86.4% r a d i a l  s t a t i o n  and 59.95% chordwise  s t a t i o n  ( t h e  t r a n s d u c e r  
was n o t  working and o n l y  measured a tmospher i c  p r e s s u r e ,  which w a s  
108.2 KN/M2 on t h e  day of t h e  t e s t ) .  A l t e r i n g  t h e  computer pro- 
gram t o  i n t e r p r e t  t h e  l oad  d a t a  l i n e a r l y  between t h e  t w o  a d j a c e n t  
measurement s t a t i o n s  had no measurab le  e f f e c t  on t h e  n o i s e  
p r e d i c t  ion .  

The d a t a  p r e s e n t e d  h e r e  are t h e  a c t u a l  measurements used by 
BBN as i n p u t  to  t h e  Farassat computer program. T h i s  data may be 
norma l i zed  i n  t h e  u s u a l  aerodynamic manner by t h e  t r a n s f o r m  

' norma 1 i zed 

data  is p r e s e n t e d  i n  t h e  o r d e r  g i v e n  i n  T a b l e  A-1. 

- - Po) /Po ,  where Po = 108.2 K N / M 2 .  The ('measured 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Velocity Radius Azimuth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure (M/S) ( % I  (degrees) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A- 1 
A- 2 
A- 3 
A- 4 
A- 5 
A- 6 
A- 7 
A- 8 
A- 9 

A-10 
A-11 
A-12 
A-13 
A-14 
A-15 
A-16 
A-17 
A-18 
A-19 
A-20 

A-21 
A-22 
A-23 
A-24 
A-25 
A-26 
A-27 
A-28 
A-29 
A-30 
A-31 
A-32 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

41 
41 
41 
41 
41 
41 
41 
41 
41 
41 
41 
41 

40 .O 
40.0 
40 .O 
40.0 
60 .O 
60.0 
60 .O 
60.0 
75 .O’ 
75.0 
75 .O 
75.0 
86.4 
86.4 
86.4 
86.4 
95.5 
95.5 
95.5 
95.5 

40 .O 
40.0 
40.0 
40 .O 
60 .O 
60 .O 
60 .O 
60 .O 
75 .O 
75 .O 
75 .O 
75.0 

90 
180 
270 
360 

90 
180 
270 
360 

90 
180 
270 
360 
90 

180 
270 
360 
90 

180 
270 
360 

90 
180 
270 
360 

90 
180 
270 
360 

90 
180 
270 
360* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

*Because of computer p r i n t i n g  e r r o r s ,  t h e  l a s t  15% of t h e  d a t a  
near t h e  b l a d e  t r a i l i n g  edge is m i s s i n g  from t h i s  graph.  
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TABLE A-1 (Cont-.) 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A-33 
A-34 
A-35 
A-36 
A-37 
A-38 
A-39 
A-40 

A-41 
A-42 
A-43 
A-44 
A-45 
A-46 
A-47 
A-48 
A-49 
A-50 
A-51 
A-52 
A- 53 
A-54 
A-55 
A-56 
A-57 
A-58 
A-59 
A-60 

Velocity Radius zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(M/S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ( % I  

41 
41 
41 
41 
41 
41 
41 
41 

67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 

86.4 
86.4 
86.4 
86.4 
95.5 
95.5 
95.5 
95.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA’ 

40 .O 
40.0 
40 .O 
40.0 
60 .O 
60.0 
60 .O 
60.0 
75 .O 
75.0 
75.0 
75.0 
86.4 
86.4 
86.4 
86.4 
95.5 
95.5 
95.5 
95.5 

Az imu th  
(degrees) 

90 
180 
270 
360 
90 

180 
270 
360 

90 
180 
270 
360 

90 
180 
270 
360 

90 
180 
270 
360 
90 

180 
270 
360 
90 

180 
270 
360 
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = 98 deg E = Q.4QQ V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2Q m/s 

O O  

* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi? 

Q 

* UPPER SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 LOWER SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 
0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa.2 0.4 0.6 0.8 1.0 

% CHORD 

FIG. A-1. SUCCI-BBN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = 188 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 8.480 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s 

lo 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t 

,- 

.A. 

Q 
6 

d 
a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.0 

* UPPER SURFACE 
0 LOWER SURFACE 

0.2 

FIG. A-2. 

0.4 0.6 

% CHORD 
0.8 1.0 

SUCCI-BBN 



MEASURED BLADES SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPRESSURES 

PHI = 2?0 deg E = 0.488 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 m / s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q 

* U,PPER SURFACE 
0 LOWER SURFACE 

Cj 
0.0 0.2 0-4 0.6 0.8 1.0 

% CHORD 

FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA-3. SUCCI-BBN 
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MEASURED BLADES SURFACE PRESSURES 

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 0.488 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV = 28 m / s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

fl. UPPER SURFACE 
0 LOWER SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ti 
0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.2 O.q 0.6 0.8 1.0 

% CHORD 

FIG, A-4. 

A- a 
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h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MEASURED OLAOES SURFACE PRESSURES 

PHI = 90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdeg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.608 V = 20 m/s 

I 

0 

* 

0 

* 

0 0 O S Q  * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

Q Q 

* UPPER SURFACE 
0 LOWER SURFACE 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I i 

a 0.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 0.6 0.8 1.0 

% CHORD 

FIG. A-5. SUCCI-BBN 
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EASURED .BLADES URFACE PRESSURES 

PHI = 180 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.688 V = 28 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm / s  

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
st 

a .* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ 

* UPPER SURFACE 
0 LOWER SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cd 
0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.2 

FIG. A-6. 
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' 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MEASURED BLADES SURFACE PRESSURE5 

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2?8 deg E = 8.600 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 m/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ft UPPER SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o COWER SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

UREB BLADES SURFACE PRESSURES 

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 deg E = 8.680 V = 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm / s  
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s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q1 
(u 

MEASURED BLADES SURFACE PRESSURES 

PHI = 90 deg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.758 V = 28 m/s 
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% CHORD 

FIG. A-9. SUCCI-BBN 
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MEASURED BLADES SURFACE PRESSURES 

PHI = 180 deg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.?58 V = 28 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm / s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIG. A-10. 
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = 2?@ deg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.758 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 m/s 
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MEASURED BLBDES SURFACE PR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 deg E = 0.758 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 m / s .  
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% CHORD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIG. A-12. 
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I- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P1EASBJRED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = 90 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 8.864 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 m/s 
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w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2?8 deg E = 8.864 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 m/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 

0 
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2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J- .? 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 

MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 deg E = 8.864 V = 28 m/s 
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* UPPER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASURFACE 
0 LOWER SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIG. A-16. 
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MEASURED BLAOES SURFACE PRESSURES 

PHI = 90 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 0.955 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 m / s  
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z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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WEASURED BLADES SURFACE PRESSURES 

PHI = 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdeg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 8.955 V -i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 m/s 
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FIG. A-18. SUCCI-BBN 

A-22 



MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA270 deg E = 0.955 V = 20 m/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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C Y $  

MEASUREO BLADES SURFACE PRES 

PHI = 360 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdeg E = 8.955 V 28 m / s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIG. A-20. 
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = 90 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 8.408 V = 41 m/s. 
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6 
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MEASBJWiEB BLADES SURFACE PRESSURES 

PHI = 180 deg E = 0.4@38 V = 41 m/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIG. A-22. 
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MEASURED BLADES SURFACE PRESSURES 

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2?0 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 8.400 V = 41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm / s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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i- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MEASURED BLADES URFACE PRESSURES 

PHI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA368 deg E = 0+400 V = 41 m/s 
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FIG. A-24. 
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = 98 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.680 V = 41 m/s 
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

PHI = 180 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.680 V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 41 m/s 
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MEASURED BLADES SURFACE PRES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2?0 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = Q.680 V = 41 m / s  
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ai zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA368 deg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8,688 V = 41 m / s  
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L3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES 
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MEASURED BLADES SURFACE PRESSURES 
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MEASURED &LADY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA“.lJWFACE PRESS’: 
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??EASL!RECJ 5LAfES S!JSRFAbs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP f -  PRESSURES 
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MEASURED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABLADES SURFACE PRESSUg'ES 

Ptil = 188 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 0.864 V = 47 m/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES 

PHi = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA278 deg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.864 V = 41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm / s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPRE 

PHI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA368 deg E = 0.864 V = 41 m/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES 

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA270 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdeg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 0.955 V = 41 m/s 
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MEASURED BLADE SURFACE PRE 

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 deg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.955 V = 41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm / s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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URED BLADES SURFACE PRE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE PRESSURES 

PHI = 188 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.688 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6? m/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURE0 BLADES SURFACE PRE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA360 deg E = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.688 V = 67 m / s  
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MEASURED BLADES SURFAGE PRESSURES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PHI = 180 deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.?58 V = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/s 
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MEASURED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABLADES SURFACE PRESSURES 

PHI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA270 deg E = 8.7’58 V = 67 m / s  
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MEASURED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MEASURED BLADES SURFACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPRESSURES 
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MEASURED BLADES SURFACE PRES 
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URED BLADES SURFACE PRESSUQES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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