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1 .  INTRODUCTION 

Growing concern  o v e r  h e l i c o p t e r  e x t e r n a l  n o i s e  l e v e l s  h a s  
r e c e n t l y  prompted s e v e r a l  c o u n t r i e s  t o  propose  t h a t  n o i s e  
l i m i t s  be  p l a c e d  upon t h e  a i r c r a f t  m a n ~ f a c t u r e r . " ~  The 
i n c r e a s i n g  impor tance  o f  n o i s e  c o n t r o l  h a s  p l a c e d  new emphasis  
on deve lop ing  a c c u r a t e  h e l i c o p t e r  n o i s e  p r e d i c t i o n  p rocedures .  
Most c u r r e n t l y  used  n o i s e  p ~ . ~ i c t i o n  t e c h n i q u e s  a r e  sami- 
e m p i r i c a l  and t h u s  cannot  be r e l i a b l y  employed f o r  d e s i g n s  t h a t  
a r e  s i g n i f i c a n t l y  d i f f e r e n t  from p r e s e n t  h e l i c o p t e r  con- 
f i g u r a t i a n s .  

Recent methods developed f o r  t h e  p r e d i c t i o n  o f  helicopter 
n o i s e  a r e  based whol ly  on fu tdamen ta l  a c o u s t i c  p r i n c i p l e s .  
T h i s  pape r  d e s c r i b e s  a s t u d y  o f  t h e  a n a l y s i s  developed by 
F a r a s s a t  and ~ ~ s t r o m ~ ,  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  r o t o r  c h a r a c t e r i s t i c s ,  o p e r a t i n g  c o n d i t i o n s ,  and 
r o t o r  b l a d e  s u r f a c e  p r e s s u r e  d i s 3 r i b u t i o n .  

A p r e v i o u s  s t u d y  ana lyzed  c e r t a i n  c o n d i t i o n s  f o r  t h e  
CH-53A and S-76  helicopter^.^ T h i s  p r e s e n t  s t u d y  u s e s  
measured d a t a  f o r  an  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  t h e  O p e r a t i o n a l  Loads Survey (OLS). 6 

The OLS was a  comprehensive aerodynamic and s t r u c t u r a l  
l o a d s  f l i g h t  t e s t  program conducted by B e l l  H e l i c o p t e r  Text ron  
under  U .  S.  Army sponshor sh ip  d u r i n g  t h e  p e r i o d  o f  J u r  1974 
t o  A p r i l  1976. A h e a v i l y  i n s t rumen ted  main r o t o r  was f l i g h t  
t e s t e d  th rough  a wide r ange  o f  o p e r a t i n g  c o n d i t i o n s .  One 
o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  was t o  r e c o r d  t h e  r o t o r ' s  
aerodynamic environment and t o  r e c o r d  on t h e  ground s imul-  
t a n e o u s l y  a c o u s t i c  t ime  h i s t o r i e s  o f  t h e  o p e r a t i o n .  To d a t e ,  
a n a l y s i s  o f  t h e  aerodynamic d a t a  r eco rded  h a s  been d i r e c t e d  
toward d e s c r i b i n g  such r o t o r  aerodynamic behav io r  a s  r e t r e a t i n g  
b l a d e  s t a l l ,  normal f o r c e  v a r i a t i o n  and d i s t r i b u t i o n ,  a n g l e  of 
a t t a c k  v a r i a t i o n ,  and blade/wake i n t e r a c t i o n .  7 

S i x  l e v e l  f l i g h t  f l y o v e r s  r a n g i n g  from 20 m/sec t o  67 m/sec 
were chosen f o ~  t h e  s t u d y  from t h e  OLS d a t a b a s e .  F l i g h t s  a r e  
a t  a  nominal a l t i t u d e  of 91 m (300 f t ) .  The b l ade - load ing  
d a t a  were d i g i t i z e d  and made a v a i l a b l e  i n  one-degree inc remen t s  
f o r  computer p r o c e s s i n g .  The d a t a  were reduced  i n t o  Cp and CN 
( s i m i l a r  t o  C L )  v a l u e s  and p l o t t e d .  A sample CN t h r e e -  
d imens iona l  p l o t  i s  shown i n  F ig .  1. From 30 t o  50 r e v o l u t i o n s  
were provided  t o  r e p r e s e n t  each  c o n d i t i o n .  
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These l o a d  d a t a  were t h e n  i n t e g r a t e d  i n t o  a  F a r a s s a t / N y s t r o n  
n o i s e  p r e d i c t i o n  computer program. 3'4 Noise p r e d i c t i o n s  based 
on t h e  measured b l a d e  l o a d s  were compared t o  t h e  measured n o i s e .  
An e v a l u a t i o n  o f  p r e d i c t i o n s  was made f o r  s e v e r a l  f l i g h t  
v e l o c i t i e s  and h e l i c o p t e r  l o c a t i o n s .  A n o i s e  p r e d i c t i o n  based 
on t h e o r e t i c a l  b l a d e  l o a d s  was a l s o  made and compared t o  
t h e  p r e d i c t i o n s  based  on t h e  measured l o a d s .  T h i s  second 
t e c h n i q u e  was used t o  d e t e r m i n e  i f  a c c u r a t e  h e l i c o p t e r  n o i s e  
p r e d i c t i o n s  cou ld  be made u s i n g  o n l y  t h e o r e t i c a l  q u a n t i t i e s .  

2 .  T E S T  E Q U I P M E N T *  

2 . 1  T e s t  H e l i c o p t e r  

The OLS program r e q u i r e d  complex i n s t r u m e n t a t i o n  t o  be 
mounted on a  s t a n d a r d  h e l i c o p t e r .  A l l  m o d i f i c a t i o n s  were 
made i n  low Joad o r  n o n s t r u c t u r a l  a r e a s  t o  e n s u r e  t h a t  t h e  
ba s i c  s t r u c t u r a l  i n t e g r i t y  o f  t h e  a i r f r a m e  was n o t  compromised. 

The t e s t  h e l i c o p t e r ,  a  b a i 3 e d  U .  S.  Army AH-1G h e l i c o p t e r ,  
and i n s t r u m e n t e d  main r o t o r  a r e  shown i n  F i g .  2 ( t h e  t a i l  
r o t o r  was no t  i n s t r u m e n t e d ) .  I n  a d d i t i o n  t o  t h e  s t a n d a r d  
equipment i n  t h e  h e l i c o p t e r ,  t h e  f o l l o w i n g  i t e m s  were i n s t a l l e d :  
1 )  A s e t  o f  modi f ied  main r o t o r  b l a d e s  i n s t r u m e n t e d  w i t h  
a b s o l u t e  p r e s s u r e  t r a n s d u c e r s ;  2 )  a  28- t rack  AR-728 t a p e  
r e c o r d e r ,  a s t a t i o n a r y  FM m u l t i p l e x ,  and a  t e l e m e t r y  (TM) 
t r a n s m i t t e r ;  3 )  a  r o t a t i n g  FM f r e q u e n c y - d i v i s i o n  m u l t i p l e x  
sys tem mounted t o  t h e  hub t r u n n i o n ;  4 )  A nose  boom mounted 
forward of  t h e  s h i p  f o r  a i r s p e e d  and f u s e l a g e  a t t i t u d e  measure- 
nient. Numerous o t h e r  t r a n s d u c e r s  i n c l u d e d  ho t -wi re  s e n s o r s ,  
s u r f a c e  f low s e n s o r s  and a c c e l e r o m e t e r s  mounted on t h e  b l a d e s ,  
and a c c e l e r o m e t e r s  and microphones mounted on t h e  f u s e l a g e .  
Fuse l age  p i t c h  a t t i t u d e  and hub f l a p p i n g  a n g l e s  were used t o  
e s t i m a t e  t h e  p o s i t i o n  o f  t h e  main r o t o r  t i p  p a t h  p l a n e .  

2 . 2  M o d i f i e d  M a i n  R o t o r  B l a d e s  

Two main r o t o r  b l a d e s  were modi f ied  a s  shown i n  F i g .  3 ,  w i t h  
a  3.302-mm c o n s t a n t  t h i c k n e s s  f a i r i n g s  ( g l o v e s )  bonded t o  t h e  
upper  and lower  s u r f a c e s  t o  p rov ide  a  smooth, c o n t o u r e d ,  
a c c u r a t e  a i r f o i l  s u r f a c e  on which t r a n s d u c e r s  cou ld  be mounted. 

 he s e c t i o n  on t e s t  equipment was w r i t t e n  by John B r e i g e r  
o f  B e l l  H e l i c o p t e r  Tex t ron .  
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The b l a d e  n a t u r a l  f r e q u e n c i e s  were kep t  s i m i l a r  t o  t h e  pro-  
d u c t i o n  b l a d e  by removing a  p o r t i o n  c f  t h e  midspan weight 
and r e d u c i n g  t h e  t i p  weight .  C e n t r i f u g a l  f o r c e ,  mass b a l a n c e ,  
and b l ade  weight were ma in t a ined  w i t h i n  d e s i g n  limits.  

The g love  c o n s i s t e d  o f  s t r e t ch - fo rmed  aluminum l e a d i n g  
edge s t r i p s  and t h i n  f i b e r g l a s s  a f t e r b o d y  s k i n s  s u p p o r t s d  by s 
Nomex honeycomb c o r e .  The p a n e l s  and s t r i p s  were o m i t t e d  
a t  t h e  f i v e  r a d i a l  s t a t i o n s  r e q u i r i n g  i n s t r u m e n t a t i o n .  The 
i n s t r u m e n t a t i o n  was housed i n  10-cm-wide r o l l e d  aluminum 
s l e e v e s  t h a t  wrap around t h e  b l a d e  a t  t h o s e  s t a t i o n s .  The 
t r a i l i n g  edge was ex tended  3 .8  cm beyond t h e  o r i g i n a l  edge t o  
a t h i c k n e s s  o f  2 .5  mrn. The g love  t h i c k n e s s  and chord  
e x t e n s i o n  r e s u l t e d  i n  a  0 . 4 %  i n c r e a s e  i n  a i r f o i l  t h i c k n e s s  
r a t i o .  

2 . 3  B l a d e  I n s t r u m e n t a t i o n  

One b l a d e  c o n t a i n e d  7 1 0  K u l i t e  a b s o l u t e  p r e s s u r e  t r a n s -  
d u c e r s  t o  measure s t a t i c  1 . l e s su re s .  They were on t h e  upper  
and lower s u r f a c e s  from t h e  l e a d i n g  edge t o  t h e  t r a i l i n g  edge 
a t  40, 60, 75,  86.4 and 95.5% r a d i i .  A t  a g iven  s t a t i o n ,  t h e  
chordwise d i s t r i b u t i o n  o f  t r a n s d u c e r s  on t h e  upper  and lower 
b l a d e  s u r f a c e s  was t h e  same. P r e s s u r e  t r a n s d u c e r s  were 
c o n c e n t r a t e d  a t ' t h e  ou tboa rd  r a d i a l  s t a t i o n s  t o  r e c o r d  t h e  
major  p r e s s u r e  peaks  and t h e  impor t an t  shock f o r m a t i o n s .  

2 . 4  A c o u s t i c s  A c q u i s i t i o n  S y s t e m  

Microphones were b o t h  mounted on t h e  h e l i c o p t e r  and based 
on t h e  ground d u r i n g  much o f  t h e  su rvey .  Th i s  s t u d y  u s e s  o n l y  
t h a t  d a t a  t a k e n  u s i n g  t h e  ground microphones.  

The ground-Lased a c o u s t i c  system inc luded  t h r e c  t r i p o d -  
mounted B&K 1-in.  micorphones a t  s t a n d i n g  e a r  l e v e l  l o c a t e d  
500 f t  a p a r t  on a l i n e  p e r p e n d i c u l a r  t o  t h e  f l i g h t  p a t h .  The 
microphone d a t a  were r eco rded  FM a t  30 I P S  g i v i n g  a  f l p t  f r e -  
quency r e s p o n s e  from 0 t o  10,000 Hz. The 14 - t r ack  AR-200 
t a p e  r e c o r d e r  a l s o  r e c o r d e d  az imuth  and e l e v a t i o n  s i g n a l s  f rom 
a  p r o t o t y p e  o p t i c a l  a i r c r a f t  t r a c k e r ,  a v o i c e  t r a c k ,  and a. 
t e l e m e t e r e d  l e v e l  code s i g n a l  from t h e  a i r c r a f t  t o  c o r r e l a t e  
a i r c r a f t  time code w i t h  ground-based t ime  code.  



3 .  VALIDATION OF PREDICTION TECHNIQUES 

3 . 1  A c o u s t i c  P r e d i c t i o n  Method 

The n o i s e  f i e l d  may be  deduced from b o t h  t h e  shape and motion 
o f  t h e  r o t o r  and from t h e  a z i m u t h a l  and r a d i a l  v a r i a t i o n s  o f  t h e  
aerodynamic l o a d s ,  The r e l a t i o n  between r o t o r  c o n d i t i o n s  and t h e  
n o i s e  f i e l d  i s  expres sed  a s  a n  i n t e g r a l  o v e r  t h e  b l a d e  s u r f a c e  
c o n d i t i o n s ,  w i t h  accoun t  t a k e n  f o r  bo th  t h e  motion between s o u r c e  
and c b s e r v e r  and t h e  f i n i t e  sound p r o p a g a t i o n  t ime  a c r c ; s  t h e  
r o t o r  d i s k  p l a n e .  The s e t  of  r e l a t i o n s  t h a t  g e n e r a t e  t h e  sound 
f i e l d  from t h e  g iven  r o t o r  c o n d i t i o n  i s  termed " t h e  a c o u s t l c  
c a l ~ u l a t i o n " ~  and i s  embodied i n  t h e  compute: program o f  F a r a s s a t  
and N y ~ t r o m . ~  T h i s  a n a l y s i s  i s  based  on a s o i u t i o n  of  t h e  
Ffovrcs Williams-Hawkings e q u a t i o n  and i n c l u d e s  t e rms  t h a t  account  
f o r  b o t h  t h e  t h i c k n e s s  and l o a d i n g  components o f  t h e  r o t a t i o n a l  
n o i s e .  Thickness  n o i s e  i s  due t o  t h e  f i n i t e  s i z e  o f  t h e  r o t o r .  
Loading n o i s e  i s  due t o  t h e  f o r c e s  deve loped  by t h e  r o t o r .  Load- 
i n g  n o i s e  i s  f u r t h e r  c l a s s i f i e d  as s t e a d y  and uns t eady  l o a d i n g  
n o i s e ,  where uns t eady  l o a d i n g  n o i s e  i s  due t o  f l u c t u a t i o n s  i n  t h e  
r o t o r  f o r c e s .  

There are two t y p e s  of i n f o r m a t i o n  n e c e s s a r y  f o r  t h e  acous- 
t i c  c a l c u l a t i o n s :  b l a d e  geometry and b l a d e  l o a d s .  The b l a d e  
geometry i n c l u d e s  a  d e s c r i p t i o n  o f  t h e  r o t o r  shape and motion.  
The shape  d e s c r i p t i o n  i n c l u d e s  t h e  number of b l - d e s ,  a i r f o i l  
s e c t i o n  p r o p e r t i e s ,  b l a d e  chord  and b l a d e  twist The motion 
d e s c r i p t i o n  i n c l u d e s  t h e  d i s t a n c e  between s o u r c e  and o b s e r v e r ,  
forward v e l o c i t y  o f  t h e  r o t o r  hub, t h e  r o t o r  r o t a t i o n  r a t e ,  t h e  
r o t o r  a t t i t u d e ,  and t h e  a z i m u t h a l  v a r i a t i o n  o f  t h e  b l a d e  p i t c h i n g  
and f l a p p i n g .  T h i s  i n f o r m a t i o n  i s  a v a i l a b l e  from t h e  p r e v i d u s l y  
mentioned OLS d a t a b a s e .  I n  a l l  c a s e s ,  t h e  mean e x p e r i m e n t a l  
v a l u e s  o f  t h e  c o n d i t i o n s  a r e  u sed .  

Blade- loading  i n f o r m a t i o n  i s  o b t a i n e d  f ~ o m  bo th  measureme~lt  
and t h e o r y .  The OLS base  p r o v i d e s  measured a b s o l u t e  p r e s s u r e  
d a t a  i n  bo th  r a d i a l  and chordwise d i s t r i b u t i o n s .  O f  s p e c i a l  
importance a c o u s t i c a l l y  i s  adequa te  p r e s s u r e  s e n s i n g  on t h e  
l e a d i n g  edge and n e a r  t h e  b l a d e  t i p .  A computer program i s  used  
t o  o b t a i n  t h e  t h e o r e t i c a l  b l a d e  l o a d i n g .  Var ious  methods a r e  
a v a i l a b l e  f o r  c a l c u l a t i n g  t h e s e  l o a d i n g s ,  i n c l u d i n g  b l a d e  e lement  
momentum a n a l y s i s  and v o r t e x  t h e o r i e s .  The a n a l y s i s  chosen f o r  
t h i s  s tudy  i s  one developed by S c u l l y .  l o  T h i s  program assumes 
s e c t i o n  c h a r a c t e r i s t i c s  f o r  t h e  b l a d e  e l emen t s .  The i n p u t  i n -  
c l u d e s  t h e  b l a d e  shape ,  r o t o r  v e l o c i t y ,  RPM, and d e s i r e d  t h r u s t  
c o e f f i c i e n t .  C a l c u l a t i o n s  a r e  c a r r i e d  o u t  by a l t e r i n g  t h e  a z i -  
muthal  v a r i a t i o n  of t h e  b l a d e  r o o t  p i t c h  u n t i l  t h e  d e s i r e d  t h r u s t  
c o e f f i c i e n t  i s  o b t a i n e d .  



To c a l c u l a t e  b l a d e  I . I ~ . . s  on a  h e l i c o p t e r  r o t o r ,  t h e  
i n f l u e n c e  o f  t h e  wake i s  of  pr imary Lmportance. S c u l l y  
p rov ides  t h e  u s e r  w i t h  s e v e r a l  o p t i o n s  i n c l u d i n g  wake deforma- 
t i o n  and a l t e r a t i o n  o f  t h e  v o r t e x  c o r e  ( b u r s t i n g ) .  He f i n d s ,  
however, t h a t  t h e  more complex models o f  t h e  wake s t r u c t u r e  
y i e l d  no b e t t e r  r e s u l t s  t h a n  t h o s e  from a  d i s t r i b u t i o n  of  
v o r t i c e s  on a  r i g i d  h e l i c a l  s u r f a c e .  With t h i s  r e s u l t  i n  mind, 
t h e  s i m p l e s t  model f o r  t h e  aerodynamic c a l c u l a t i o n  was chosen,  
t h a t  of a r i g i d  skewed h e l i c a l  v o r t e x  s h e e t .  The l i f t  p e r  
u n i t  r a d i u s  i s  t a b u l a t e d  a t  6 r a i I i a l   atio ions i n  15-degree 
increments .  Uniform chordwise va r i a t , on  i n  l i f t  i s  assatned. 

P r i o r  t o  p r e s e n t i n g  t h e  r e s u l t s ,  one must i n c l u d e  an 
approximate  c o r r e c t i o n  f o r  t h e  i n f l u e n c e  o f  t h e  ground because 
a l l  measurements were made w i t h  a microphone mounted 1 . 2  m 
above a  mowed g r a s s  s u r f a c e .  The ground i n f l u e n c e  i s  approx i -  
mated by assuming t h a t  i t  i s  a boundary o f  i n f i n i t e  impedance, 
i . e . ,  it h a s  a  r e f l e c t i o n  c o e f f i c i e n t  o f  one .  Th i s  i s  
d i f f i c u l t  t o  prove a s  t h e r e  a r e  no measurements o f  ground 
impedance i n  t h e  10-IIz r ange .  (Note t h a t  t h e  b l a d e  p a s s i n g  
f requency  i s  10 .8  Hz. ) However, Embletont s " measurements 
in t h e  100-Hz t o  1-kHz r ange  i n d i c a t e  t h a t  t h e  r e f l e c t i o n  
c o e f f i c i e n t  t e n d s  t o  one a s  t h e  f requency  i s  reduced t o  z e r o ;  
hence,  t h e  c h o i c e  o f  R = 1. 

The h e l i c o p t e r  p o s i t i o n  i s  i d e n t i f i e d  by a n  a n g l e  r e l a t i v e  
t o  t h e  ground o b s e r v e r .  A t  0° ,  t h e  h e l l c o p t e r  i s  approaching  
from t h e  ho r i zon ;  a t  90' it i s  overhead;  a t  a n g l e s  g r e a t e r  
t h a n  90°, t h e  h e l i c o p t e r  i s  l , eced ing  from t h e  o b s e r v e r .  
Moreover, t h e  h e l i c o p t e r ' s  p o s i t i o n  when i t  emits t h e  sound, 0 ,  
i s  d i s t i n g u i s h e d  from i t s  p o s i t i o n  when t h e  sound i s  r e c e i v e d ,  . Thi s  d i s t i n c t i o n  i s  n e c e s s a r y  because t h e  v e h i c l e  moves 
d u r i n g  t h e  time i t  t a k e s  f o r  t h e  sound t o  l*each t h e  o b s e r v e r .  

3 . 2  Revieh o f  t h e  Source Terms 

To ~ n d e r s t a n d  t h e  computa t ions ,  i t  i s  u s e f u l  f i r s t  t o  
rev iew t h e  b a s i c  e x p r e s s i o n s  f o r  sound genera ti or^ from a 
moving body. The g imp lest e x p r e s s i o n s  a r e  t h o s e  : f o r  sound 
g e n e r a t i o n  from a compact sou rce .  Though t h e s e  e x p r e s s i o n s  
a r e  n o t  used i n  t h e  Farassa t /Nys t rom program, t h e y  have been 
shown t o  be e q u i v a l e n t .  

O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  r e l a t i v e  i n f l u e n c e  of t h e  
m g n i t u d e  o f  t h e  l o a d i n g  and t h i c k n e s s  s o u r c e  terms, L and v, 
and t h e  f l u c t u a t i n g  g e o m e t r i c a l  a r r angemen t s  between t h e  s o u r c e  
and o b s e r v e r .  



I n  t h e  fo l lowing d i scuss ion ,  t h e  concept of  a  p o i n t  f o r c e  
source and p o i n t  volume source  i s  in t roduced.  The f irst  suc- 
c e s s f u l  p r e d i c t i o n  of  r o t o r  n o i s e  was due t o  Gutin u s i n g  an  
express ion  f o r  sound fro- a  s t a t i o n a r y  p o i n t  f o r c e .  l 3  Gutin 
replaced t h e  b lade  f o r c e s  by a d i s t r i b u t i o n  of  o s c i l l a t i r l g  
f o r c e s  i n  t h e  p r o p e l l e r  d i s k .  H e  then  used a s o l u t i o n  f o r  t h e  
a c o u s t i c  f i e l d  of a  s t a t i o n a r y  p o i n t  f o r c e  and t h e  s u p e r p o s i t i o n  
p r i n c i p l e  t o  c a l c u l a t e  t h e  harmonics of t h e  p r o p e l l e r  no i se .  A 
s i m i l a r  model i s  used he re  t o  mot iva te  t h e  d i s c u s s i o n  o f  t h e  
v a l i d a t i o n  t e s t .  The r o t o r  b lade  can be rep laced  by an  a r r a y  o f  
p o i n t s  where each p o i n t  has  t h e  f o r c e  and volume of  t h e  a s s o c i a t e d  
s e c t i o n  o f  t h e  r o t o r  b lade .  The time domain exprsss ion  f o r  t h e  
p ressure  f i e l d  due t o  t h e s e  f c ~ z s s  i s  given.  For -.ny p a r t i c u l a r  
l o c a t i o n  a f  t h e  h e l i c o p t e r  r o t o r  and obse rve r ,  r e f e r e n c e  t o  t h e s e  
po in t  f o r c e  equa t ions  a i d s  t h e  i q t e r p r e t a t i o n  o f  t h e  r e s u l t s .  

Conside? t h e  f a r f i e l d  express ion  f o r  t h e  l o a d i n g  n o i s e  from 
a  compact rource 1 2 , 1 4  

where pf i s  t h e  a c o u s t i c  p r e s s u r e  due t o  b lade  loads ,  r i s  t h e  
d i s t a n c e  between t h e  source and observer ,  t i s  t h e  t i m e ,  ? i s  
t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  from source t o  observer ,  ti i s  
t h e  f o r c e  vec to r ,  MiAis t h e  Mach number based on t h e  source 
v e l o c i t y ,  Mr = M i  P i .  Braces i n d i c a t e  t h e  computation is  done 
a t  t h e  r e t a r d e d  time. 

The c a l c u l a t e d  p r e s s u r e  f i e l d  depends on both  t h e  f o r c e ,  
L i ,  and t h e  geometric r e l s t i o n s  between t h e  source  and observer  
contained i~ t h e  terms: P i ,  Mr, and Mi. For obse rva t ions  nea r  
t h e  d i s k  p lane ,  t h e  c a l c u l a t i o n  of  t h e  n o i s e  i s  dominated by 
t h e  time dependent f l u c t u a t i o n s  i n  t h e  geometric parameters .  
Here, t h e  g r e a t e s t  e f f e c t s  2 r e  due t o  f l u c t u a t i o n s  i n  t h e  term 
( 1 - N r ) ,  which appears  i n  t h e  denominator. Evzn a  s imple e s t i m a t e  
of t h e  r o t o r  f o r c e s  y i e l d s  a  good no i se  p r e d i c t i o n .  

However, when t h e  observer  i s  on t h e  r o t o r  a x i s ,  where 
t h e  f l u c t u a t i o n s  i n  t h e  geometric parameters  a r e  minimal, t h e  
c a l c u l a t e d  p ressure  f i e l d  i s  dominated by t h e  unsteady load ing  
term, a L i / a t .  Hence, t o  c a l c u l a t e  t h e  n o i s e  a c c u r a t e l y  when 



t h e  h e l i c o p t e r  i s  overhead,  a very a c c u r a t e  measure o f  t h e  
b l a d e  l o a d i n g  i s  needed. Much o f  t h e  d i s c u s s i o n  i n  t h e  paper  
concerns  how a c c u r a t e  a n  i n p u t  o f  r o t o r  l o a d s  i s  needed f o r  an  
a c c u r a t e  p r e d i c t i o n  o f  t h e  r o t o r  n o i s e .  

A similar express ion  can a l s o  be w r i t t e n  f o r  t h e  t h i c k n e s s  
n o i s e  o f  a  compact source:'2 

where pt i s  t h e  a c o u s t i c  p r e s s u r e  due t o  b l a d e  t h i c k n e s s ,  v i s  t h e  
volume of t h e  moving source ,  and p i s  t h e  a i r  d e n s i t y .  When t h e  
r e l a t i v e  v e l o c i t y  between t h e  source  and o b s e r v e r  i s  z e r o  (Mr=O), 
no n o i s e  i s  emi t t ed ;  hence, t h i c k n e s s  n o i s e  i s  minimal f o r  ob- 
s e r v a t i o n s  made on t h e  r o t o r  a x i s  because t h e  r e l a t i v e  v e l o c i t y  
between t h e  source  and observed i s  approximately zero .  

One asymmetry t h a t  appea r s  i n  both  t h e  measured and 
p r e d i c t e d  n o i s e  i s  t h e  asymmetry i n  d i s k  p l a n e  o b s e r v a t i o n s .  
I n  t h e  B e l l  experiment ,  a  d i s k  p lane  o b s e r v a t i o n  o c c u r s  when 
t h e  h e l i c o p t e r  i s  on t h e  h o r i z - n .  The asymmetry i s  determined 
by whether t h e  h e l i c o p t e r  i s  approaching o r  r e c e d i n g  from t h e  
o b s e r v e r .  This  asymmetry i s  due t o  t h e  forward motion o f  t h e  
h e l i c o p t e r .  I n  p a r t i c u l a r ,  i t  i s  due t o  t h e  v a r i a t i o n  i n  M r ,  
t h e  Mach number based on t h e  r e l a t i v e  v e l o c i t y  between t h e  
b l a d e  element source  and t h e  obse rve r .  When t h e  h e l i c o p t e r  
approaches t h e  obse rve r ,  t h e  maximum Mr occur s  a t  t h e  t i p  o f  t h e  
advancing b lade  and i s  approximate ly  e q u a l  t o  t h e  sum of  t h e  
Mach numbers based on a i r  speed and t i p  speed. When t h e  h e l i -  
c o p t e r  r e c e d e s  from t h e  obse rve r ,  t h e  maximum Mr o c c u r s  a t  t h e  
t i p  of t h e  r e t r e a t i n g  b l a d e  and i s  approximate ly  e q u a l  t o  t h e  
d i f f e r e n c e  between t h e  Mach numbers based on a i r  speed and t i p  
speed. Reference t o  Eqs. ( 1  and 2 )  shows t h a t  t h i s  asymmetry 
i n  M r  r e s u l t s  i n  an  asymmetry i n  t h e  maximum p r e s s u r e  f o r  bo th  
t h i c k n e s s  and l o a d i n g  n o i s e .  

X word o f  c a u t i o n  i s  i n  o r d e r .  The d i s c o n t i n u i t y  of  t h e  
e q u a t i o n s  a t  Mr = 1 i s  a n  a r t i f a c t  due t o  t h e  assumptlon o f  a  
compact source .  T h i s  d i s c o n t i n u i t y  d i s a p p e a r s  when t h e  f i n i t e  
e x t e n t  o f  t h e  source  i s  cons idered .  Proper  account  o f  t h e  
f i n i t e  e x t e n t  o f  t h e  source  i s  made i n  t h e  Farassat /Ngstrom 
program. 



A f u r t h e r  c a u t i o n  i s  needed conce rn ing  t h e  Farassa t /Nys t rom 
a c o u s t i c  program. I n  t h e  a c o u s t i c  program, t h e  pr imary  
r e f e r e n c e  l i n e  i s  t h e  chord  l i n e .  However, t h e  Farassa t /Nys t rom 
program p e r m i t s  t h e  prograllmer t o  u s e  a s i m p l i f i e d  p rocedure ,  
which i n c l u d e s  o n l y  f o r c e s  t h a t  a r e  p e r p e n d i c u l a r  t o  t h e  chord .  
A l l  f o r c e s  t h a t  m a n i f e s t  t hemse lves  i n  t h e  s u r f a c e  p r e s s u r e  
d i s t r i b u t i o n  can  be i n c l u d e d  i n  t h e  Farassa t /Nys t rom program, 
even  t h o s e  t h a t  r e s u l t  i n  f o r c e s  p a r a l l e l  $0 t h e  chord .  I n  
t h i s  p a p e r ,  o n l y  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  l i n e  a r e  
i n c l u d e d  s o  a s  t o  s i m p l i f y  t h e  c a l c u l a t i o n  p rocedure .  ^ T h i s  
d o e s  a l l o w  a  p o s s i b i l i t y  f o r  a n  a v o i d a b l e  e r r o r ;  when r i  i s  
p a r a l l e l  t o  t h e  c h o r d l i n e ,  t h e  p r o c e d u r e s  used i n  t h i s  pape r  
g i v e  z e r o  l o a d i n g  n o i s e .  

3 . 3  L o a d i n g  N o i s e  C a l c u l a t i o n s  

The f i rs t  a c o u s t i c  computa t ion  d e a l s  w i t h  t h e  d e t a i l s  o f  
t h e  e x p e r i m e n t a l  l o a d s .  The problem is  t o  d e t e r m i n e  t h e  b e s t  
v a l u e  o f  e x p e r i m e n t a l  l o a d s  t o  u s e  a s  a n  i n p u t  i n t o  t h e  a c o u s t i c  
c a l c u l a t i o n .  I n  p a r t i c u l a r ,  t h e  problem i s  t o  de t e rmine  
whether  i t  i s  b e t t e r  t o  u s e  a n  a v e r a g e  o f  50 c y c l e s  t o  d e s c r i b e  
a c c u r a t e l y  t h e  mean p r o p e r t i e s  o f  t h e  s i g n a l ,  o r  t o  u se  a 
s i n g l e  c y c l e  "snapshot"  o f  t h e  l o a d  f i e l d .  F i g u r e  4 shows 
t h e  p r e d i c t e d  l o a d i n g  n o i s e  based on b o t h  t h e  i n s t a n t a n e o u s  
and ave rage  measured l o a d s .  (The e f f e c t  o f  b l a d e  t h i c k n e s s  on 
t h e  p r e d i c t e d  n o i s e  s i g n a t u r e  i s  n o t  shown i n  F i g .  4 . )  The 
most impor t an t  d i f f e r e n c e  i s  t h e  p r e s s u r e  s p i k e  on t h e  
advanc ing  b l a d e .  T h i s  s p i k e  i s  g r e a t e r  f o r  t h e  "snapshot"  
o f  t h e  b l a d e  l o a d s .  T h i s  d i f f e r e n c e  i s  due t o  s l i g h t  v a r i a t i o n s  
i n  t h e  l o c u s  o f  t h e  b l a d e  v o r t e x  i n t e r a c t i o n .  Though t h e  
v a r i a t i o n  from one c y c l e  t o  t h e  nex t  i s  s m a l l ,  t h e  v a r i a t i o n  
between a  s i n g l e  c y c l e  and an a v e r a g e  o f  many c y c l e s  i s  g r e a t  
enough t o  a f f e c t  t h e  a c o u s t i c  c a l c u l a t i o n s .  The e f f e c t  o f  
s m a l l  s h i f t s  i n  t h e  az imu tha l  l o c a t i o n  o f  t h e  p r e s s u r e  s p i k e  
i s  such  t h a t  t h e  a v e r a g e  p u l s e  i s  somewhat s m a l l e r  t h a n  t h e  
i n s t a n t a n e o u s  one.  T h i s  d i f f e r e n c e  r e d u c e s  t h e  c a l c u l a t e d  
a c o u s t i c a l  s i g n a l .  Hence fo r th ,  t h e  s i n g l e  c y c l e  o f  l o a d  d a t a  
i s  used because i t  more a c c u r a t e l y  r e p r e s e n t s  t h e  h e i g h t  o f  
t h e  b l a d e  v o r t e x  i n t e r a c t i o n  s p i k e .  

The n e x t  computa t ion  conce rns  d e t a i l s  o f  t h e  c a l c u l a t e d  
l o a d s .  The problem i s  t o  f i n d  o u t  how a c c u r a t e  a  d e s c r i p t i o n  
o f  t h e  l o a d  d i s t r i b u t i o n  i s  n e c e s s a r y  i n  o r d e r  t o  make a  
r e a s o n a b l e  computa t ion .  The s i m p l e s t  l o a d  d i s t r i b u t i o n  
p o s s i b l e  i s  t o  compute a n  a v e r a g e  p r e s s u r e  d rop ,  
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where b: i s  t h e  h e l i c o p t e r  weight ,  B i s  t h e  number o f  b l a d e s ,  
C i s  t h e  r o t o r  chord ,  and R i s  t h e  span;  i . e . ,  AP i s  t h e  
weight d i v i d e d  by t h e  b l a d e  area. For  comparison,  t h e  s i g n a -  
t u r e  c a l c u l a t e d  from t h e  t h e o r e t i c a l  l oad  d a t a  and e x p e r i m e n t a l  
l o a d  i s  a l s o  g iven .  F igu re  5 shows t h e  p r e d i c t e d  l o a d i n g  
n o i s e  based on t h e  t h r e e  d i f f e r e n t  r e p r e s e n t a t i o n s  o f  t h e  b l a d e  
l o a d s .  (Again,  i n f l u e n c e  o f  b l a d e  t h i c k n e s s  i s  n o t  shown i n  
F ig .  5 . )  

I n  F ig .  5 ,  t h e  computa t ion  i s  done a t  t h e  8 = 8 . 8 O  p o i n t  
( i . e . ,  t h e  o b s e r v e r  i s  a lmos t  i n  t h e  d i s k  p l a n e ) .  Here t3e 
p r e s s u r e  s i g n a t u r e  from t h e  s imp le  un i form l o a d  model i s  
n e a r l y  t h e  same a s  t h a t  from t h e  v o r t e x  wake c a l c u l a t i o n  o f  
t h e  l o a d s .  The yeason i s  t h a t  t h e  f l u c t u a t i n g  sound f i e l d  i s  
due p a r t l y  t o  t h e  l o a d  f l u c t u a t i o n s  and p a r t l y  t o  t h e  motion 
o f  t h e  b lade .  Even a s imp le  c a l c u l a t i o n  of  t h e  l o a d  f i e l d  
y i e l d s  good r e s u l t s  i n  t h e  d i s k  p l a n e .  

The most impor t an t  f e a t u r e  t h a t  i s  n o t  modeled c o r r e c t l y  
by t h e  uniform l o a d  assumpt ion  i s  t h e  p r e s s u r e  s p i k e  a t  30% 
o f  t h e  b l a d e  p e r i o d .  T h i s  s p i k e  depends on t h e  d e t a i l e d  
c h a r a c t e r  o f  t h e  b l a d e  l o a d s .  It i s  due t o  a n  i n c r e a s e  i n  t h e  
b l a d e  l o a d  due t o  a b l a d e  v o r t e x  i n t e r a c t i o n .  Reference  t o  
Eq. ( 2 )  shows t h a t  t h i s  a l t e r s  t h e  c a l c u l a t e d  l o a d  n o i s e  by 
i n c r e a s i n g  t h e  s t e a d y  load  term L i  and a l s o  by i n t r o d u c i n g  t h e  
uns teady  load  term a L i / a t .  Th i s  p r e s s u r e  . sp ike  a p p e a r s  i n  t h e  
p r e d i c t e d  n o i s e  s i g n a t u r e  based on t h e  e x p e r i m e n t a l  l o a d s  and  
t h e  l o a d s  c a l c u l a t e d  from S c u l l y t s  v o r t e x  wake model ( t h e  
t h e o r e t i c a l  l o a d s ) .  

P i p 3 ? e  5 a l s o  shows t h e  similari t ies between t h e  s i g n a t u r e  
c a l c u l ~  ed from t h e  t h e o r e t i c a l  and measured l o a d s .  Both have 
a p r e s s u r e  s p i k e  a t  app rox ima te ly  t h e  same time. However, 
t h e  magnitude o f  t h i s  s p i k e  i s  d i f f e r e n t .  T h i s  d i sc repancy  
becomes more c r i t i c a l . a s  t h e  v e h i c l e  p a s s e s  ovcrhead.  When 
t h e  v e h i c l e  i s  overhead ,  uns teady  l o a d  fluctua;;:.or.s dominate  
t h e  n o i s e  s i g n a t u r e  from t h e  main r o t o r .  H2nce, a more a c c u r a t e  
c a l c u l a t i o n  o f  t h e  l o a d s  i s  needed. A f u r t h e r  example o f  t h i s  
e r r o r  i s  i n d i c a t e d  i n  F ig .  6 .  

I:I F lg .  6 ,  t h e  f i r s t  harmonic l e v e l  o f  t h e  " load ing  n o i s e "  
i s  c z ?  ~ l a t e d  a t  s e v e r a l  o b s e r v a t i o n  a n g l e s  f o r  two b l a d e  l o a d  
inpu,;. I n  one c a s c ,  t h e  e x p e r i m e n t a l  l o a d s  are used;  i n  t h e  
o+ ' ~ e r  c a s e ,  t h e  t h e o r e t i c a l  l o a d s  ars, used.  A t  sha.llow 
~ ' > s e r v a t i o n  a n g l e s ,  t h e  two p r e d i c t i o n s  a g r e e .  The p r e d i c t i o n s  
a g r e e  because t h e  n o i s e  s i g n a t u r e  i s  s t r o n g l y  i n f l u e n c e d  by 
b:.ade motion. Overhead, t h e  two p r e d i c t i o n s  d i s a g r e e .  The 
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source  of  t h i s  disagreement  i s  the i n c o r r e c t  c a l c u l a t i o n  o f  
t h e  b l a d e  l o a d s .  F i n a l l y ,  a s  t h e  h e l i c o p t e r  r ecedes ,  t h e  d i s -  
a g r e e ~ o n t  p e r s i s t s .  A s  t h e  h e l i c o p t e r  r e c e d e s ,  t h e  o b s e r v e r  
moves c l o s e r  t o  t h e  d i s k  p l a n e  where t h e  b l a d e  motion h a s  a 
g r e ~ t e r  i n f l u e n c e  on t h e  l o a d i n g  n o i s e .  However, t h e  i n c r e a s i n g  
i n f l u e n c e  of  b l a d e  motion i s  n o t  s u f f i c i e n t  t o  overshadow t h e  
d i ~ c l ~ s p a n c y  i n  b l ade  l o a d i n g  when t h e  h e l i c o p t e r  i s  reced ing .  

To f u r t h e r  e x p l o r e  t h e  accuracy  of  n o i s e  p r e d i c t i o n s  
usl1.g t h e o r e t i c a l  l o a d  d a t a  a number o f  c a l c u l a t i o n s  were made. 
These c a l c u l a t i o n s  compare t h e  c a l c u l a t e d  a o a u s t i c  s i g n a t u r e  
basec! or. measured b lade  l o a d s  t o  t h e  s i g n a t u r e  based on 
t h e o l - s t i c a l  l o a d s .  D e t a i l s  o f  t h e s e  computat ions may be  found 
i n  Appendix A .  

3 . 4  Narrowband S p e c t r a  

F i g u r e s  7 t o  9 p r e s e n t  t h e  narrowband s p e c t r a l  a n a l y s i s  
of  t h e  d a t a .  These a n a l y s e s  were computed a t  BBN from c o p i e s  
of  t h e  B e l l  a c o u s t i c  d a t a  t a p e s .  An a n a l y s i s  i s  p e r f o r z e d  
a t  each of  t h r e e  speeds :  20,  4 1  and 67 m/sec, a t  a sha l low 
o b s e r v a t i o n  ang le .  A t  20 m/sec, t h e  s p e c t r a  a t  0 = 45' i s  
a l s o  inc luded  as shown i n  F ig .  1 0 .  

On each  p l o t ,  two a n g l e s  a r e  l i s t e d :  $ g i v e s  t h e  
h e l i c o p t e r  l o c a t i o n  when t h e  s i g n a l  i s  r e c e i v e d ;  0 g i v e s  t h e  
h e l i c o p t e r  l o c a t i o n  when t h e  sound i s  e m i t t e d .  The srequency 
domain o f  each  s p e c t r a  i s  from 0 t o  200 Hz. The s p e c t r a  a r e  
computed by c e n t e r i n g  a  2-sec i n t e r v a l  about  t h e  a p p r o p r i a t e  
p o i n t  on t h e  d a t a  t a p e  and f a s t  F o u r i e r  t r ans fo rming  t h e  
segment. Th i s  i m p l i e s  a  bandwidth of  1/2 Hz, which y i e l d s  
approximately 20 frequency b i n s  p e r  b l a d e  passage  p e r i o d .  Th i s  
procedure i s  necessa ry  t o  avo id  o v e r l a p  between a d j a c e n t  
harmonics.  The procedure i s  q u i t e  adequa te  when t h e  h e l i c o p t e r  
i s  moving s lowly  and c l o s e  t o  t h e  hor i zon .  However, as t h e  
h e l i c o p t e r  moves faster  o r  approaches t h e  overhead p o s i t i o n ,  
t h e  procedure i s  l e s s  a c c u r a t e .  The r e a s o n  i s  t h a t  t h e  
az imuthal  l o c a t i o n  of  t h e  h e l i c o p t e r  changes by a l a r g e  amount 
i n  2 sec  under t h e s e  c o n d i t i o n s .  I n  t h i s  s t u d y ,  t h e  on ly  
p l a c e  where h e l i c o p t e r  motion i n  a  2-sec i n t e r v a l  i s  e s p e c i a l l y  
l a r g e  i s  a t  t h e  8 = 90' overhead p o i n t .  

Each of  t h e  p r e d i c t e d  s p e c t r a  i n  F igs .  7 t o  9 u s e s  t h e  
measlred b lade  l o a d s  and i n c l u d e s  an approximate c o r r e c t i o n  
f o r  ground e f f e c t .  Only comparisons u s i n g  c a l c u l a t i o n s  on 
measured b lade  l o a d s  a r e  p r e s e n t e d .  The c a l c u l a t i o n s  based on 
t h e o r e t i c a l  l o a d s  a r e  i n a c c u r a t e .  Also, t h e  measured d a t a  i n  











F i g .  7 i s  a d j u s t e d  f o r  a s u s p e c t e d  e r r o r .  Details o f  t h i s  
ad jus tment  may be found i n  Appendix B. I n  a l l  c a s e s ,  t h e  
p r e d i c t i o n  and measurements show good agreement .  A t  41 and 67 
m/sec,  t h e  agreement i s  p o s s i b l e  because o f  t h e  a c c u r a t e  c a l c u l a -  
t i o n  of  b l a d e  t h i c k n e s s  n o i s e .  Except f o r  t h e  low o r d e r  ha r -  
monics b l a d e  l o a d i n g  i s  n o t  i m p o r t a n t .  A t  20 m/sec,  t h e  agree- .  
ment i s  due t o  a n  a c c u r a t e  model o f  t h e  b l a d e  l o a d s .  Also n o t e  
t h a t  t h e  main l o t o r  domina tes  t h e  n o i s e  s i g n a t u r e  a t  a l l  observa-  
t i o n  a n g l e s .  T h i s  o b s e r v a t i o n  i s  impor t an t  because  l a t e r  
computa t ions  o f  t h e  OASPL t h a t  i g n o r e  t h e  c o n t r i b ~ t i o n  o f  t h e  
t a i l  r o t o r  w i l l  be  made. These computa t ions  are j u s t i f i e d  on ly  
because t h e  t a i l  r o t o r  n o i s e  l e v e l  i s  less t h a n  t h b t  cir t h e  
main r o t o r .  

A t  t h e  8 z 45' a n g l e ,  t h e  r e s u l t s  change scmewh .LF shorn 
i n  F ig .  10. 

T h e o ~ y  and measurement a g r e e  a t  n e a r l y  a l l  harmonics .  
However, an  i n t e r e s t i n g  d i s c r e p a n c y  i s  found around t h e  n i n t h  
harmonic ( fz100  Hz). Here, t h e  l e v e l  i s  g r a s s l y  u n d e r p r e d i c t e d .  
The r e a s o n  is  t h a t  t h e  h a r d  ground assumpt ion  i m p l i e s  a lmost  
complete  d e s t r u c t i v e  i n t e r f e r e n c e  n e a r  t h i s  f r equency .  It is  
c l e a r  t h a t  such an e f f e c t  i s  n o t  observed .  

R e c a l l  t h a t  t h e  ground r e f l e c t i o n  c o e f f i c i e n t  i s  assumed 
e q u a l  t o  1. For r e f l e c t i o n  c o e f f i c i e n t s  e q u a l  t o  1, t h e  
F o u r i e r  s p e c t r a  a r e  modulated by t h e  f o l l o w i n g  term 

1 0  l o g  [ 2  c o s ( $  h  s i n 8 ) I 2  . 
Here w i s  t h e  a n g u l a r  f r equency ,  c  i s  t h e  sound speed ,  h  i s  t h e  
microphone h e i g h t ,  and 8 i s  t h e  a n g l e  a t  which t h e  sound i s  
e m i t t e d .  Note t h e  complete  d e s t r u c t i v e  i n t e r f e r e n c e  o c c u r s  
when t h e  c o s i n e  f u n c t i o n  e q u a l s  z e r o ,  which co r r e sponds  t o  a  
f requency  of  98 Hz i n  F i g .  10.  C o m ~ l e t e  d e s t r u c t i v e  i n t e r -  
f e r e n c e  i s  never  observed  e x p e r i m e n t a l l y  because o f  t h e  random 
phase s h i f t s  between t h e  d i r e c t  and r e f l e c t e d  s i g n a l ,  which 
a r e  caused by f l u c t u a t i o n s  i n  t h e  a tmosphere ,  and a l s o  because  
t h e  r e f l e c t i o n  c o e f f i c i e n t  i s  n o t  e x a c t l y  1, 

A d d i t i o n a l  comparisons between measured and p r e d i c t e d  
n a r r o w b a ~ d  s p e c t r a  a r e  p r e s e n t e d  i n  Appendix B. Comparisons 
of measured s p e c t r a  a r e  made t o  c a l c u l a t e d  s p e c t r a  based on 



b o t h  measured and t h e o r e t i c a l  b l a d e  loads .  Also,  t h e  prc51ems 
associated w i t h  computing s p e c t r a  Lrom a moving h e l i c o p t e l  
a r e  reviewed i n  g r e a t e r  d e t a i l .  

3 . 5  Flyover N a i s e  Levels 

F i g u r e s  11 t o  1 3  g i v e  t h e  c a l c u l a t e d  r ? i s e  l e v e l  v e r s u s  
o b s e r v a t i o n  a n g l e  a t  t h r e e  v e h i c l e  speeds :  20 ,  4 1 ,  and 
67 m/sec. These speeds  r e p r e s e n t  t h e  l o w e s t ,  middle ,  and 
h i g h e s t  speeds  a v a i l a b l e  from t h e  9LS d a t a b a s e . '  The measured 
OASPL a r e  computed from t h e  a c o u s t i c  d a t a  t a p e s  c o n t a i n i n g  
t h e  g r e s s u r e  t ime  h i s t o r i e s .  The d a t a  t a p e s  a r e  d i v i d e d  i n t o  
1/2-sec Lncrenents ,  and ther.  each  d a t a  sample i s  .-educed t o  
OASPL. The a c o u s t i c  c a l c u l a t i o n s  a r e  based on t h e  measured 
b l a d e  l o a d s .  The c a l c u l a t i o n s  a r e  a e j u s t e d  f o r  t h e  i n f l u e n c e  
o f  t h e  grcuna .  A l l  c a l c u l a t i o n s  a r e  p l o t t e d  a s  a f u ; l c t i o n  o f  
t h e  a n g u l - r  l o c a t i o n  o f  t h e  h e l i c o p t e r .  

One i n t e r e s t i n g  f e a t u r e  i s  f h e  shape o f  t h e  c u r v e s .  'he 
low-speed n o i s e  cu rve  i s  approximate ly  symmetric and r e a c h e s  
i t s  maximum when t h e  h e l i c o p t e r  i s  overhead ,  8 - 90 ' .  The 
high-speed n o i s e  cu rve ,  however, i s  asymmetric w i t h  t h e  peaK 
s h i f t e d  t o  an  e a r l i e r  t ime*whnn t h e  h e l i c o p t e r  i s  approach ing  
t h e  o b s e r v e r ,  0 = 30 ' .  T h i s  t r e n d  i s  a l s o  e v i d e n t  i n  t h e  
c a l c u l a t e d  v a l u e s .  

The c a l c u l a t i o n  shows t h a t  t h e  asymmetry i s  due t o  t h e  
i n c r e a s i n ~  i n f l u e n c e  of  t h e  ' ' th ickness ' !  n o i s e  c o n t r i b u t i o n  w i t h  
i n c r e a s i n g  h e l i c o p t e r  speed.  The t h i c k n e s s  n o i s e  i s  g r e a t e s t  
when t h e  r e l i c o p t e r  approaches  t h e  o b s e r v e r .  A s  t h e  h e l i c o p t e r  
p a s s e s  overhead,  t h e  t h i c k n e s s  n o i s e  i s  minimal and does  no t  
i n c r e a s e  u n t i l  t h e  h e l i c o p t e r  i s  r e c e d i n g  toward t h e  o p p o s i t e  
h o r i z o n .  (See F i g s .  14 t o  16. ) 

The asymmetry i n  t h e  t h i c k n e s s  n o i s e  i s  due t o  t h e  v a r i a -  
t i o n  i n  t h e  speed a t  which t h e  b l a d e  approaches  t h e  o h s e r v e r .  
T h i s  asymmetry does  n(>t  a p a e a r  i n  t h e  c a l c u l a t e d  l o a d i n g  n o i s e .  
The r e a s o n  i s  t h a t  n o i s e  due t o  uns teady  f o r c e  domina tes  t h e  
l o a d i n g  nrZse  when t h e  v e h i c l e  i s  overhead.  T h i s  uns t eady  n o i s e  
i s  due t o  t h e  term a L i / a t  i n  Eq. ( 1 ) .  I f  t h e  l o a d i n g  d i d  n o t  
depend on t ime ,  t h e  l o a d i n g  n o i s e  would nave t h e  same asym- 
m e t r i c a l  dependence on o b s e r v a t i o n  a n g l e  a s  t h e  t h i c k n e s s  n o i s e .  
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F i n a l l y ,  a s  shown i n  F i g s .  11 t o  13 ,  t h e  n o i s e  p r e d i c t i o n  
i s  b e s t  a t  low speeds  and worst  a t  h igh  speeds .  A t  h igh  speeds 
(F ig .  1 3 ) ,  t h e  c a l c u l a t e d  n o i s e  i s  s m a l l e r  t h a n  t h e  measured 
n o i s e .  The d i sc repancy  i s  g r e a t e s t  when t h e  o b s e r v e r  i s  n e a r  
t h e  d i s k  p lane .  Th i s  o b s e r v a t i o n  s u g g e s t s  a  p o s s i b i l i t y  f o r  
improving t h e  agreement.  One could  i n c l u d e  t h e  f o r c e s  
p a r a l l e l  t o  t h e  chord. Near t h c  d i s k  p lane ,  t h e  r a y  from source  
t o  obse rve r  is  approximate ly  p a r a l l e l  t o  t h e  b l a d e  chord.  
Forces p a r a l l e l  t o  t h e  chord a r e  no t  cons ide red  i n  t h i s  pape r .  
I n c l u d i n g  t h e s e  f o r c e s  w i l l  i n c r e a s e  t h e  magnitude o f  t h e  term 
A 

r i a  Li i n  Eq. ( 2 )  and the reby  i n c r e a s e  t h e  c a l c u l a t e d  n o i s e .  

4 .  C O N C L U S I O N S  

Accurate agreement between t h e o r e t i c a l  and measured 
h e l i c o p t e r  r o t a t i o n a l  n o i s e  i s  p o s s i b l e  i f  t h e  measured b l a d e  
l o a d s  a r e  used i n  t h e  computat ions.  I n  p a r t i c u l a r ,  a c c u r a t e  
agreement i s  found when t h e  h e l i c o p t e r  i s  overhead.  Overhead, 
t h e  h e l i c o p t e r  i s  a t  a p a r t i c u l a r l y  d i f f i c u l t  l o c a t i o n  f o r  
n o i s e  p r e e i c t i o n  because t h e  n o i s e  f i e l d  I s  determined p r i m a r i l y  
by t h e  unsteady loads .  Accurate agreement h e r e  i s  p o s s i b l e  
only because o f  t h e  a c c u r a t e  b l a d e  l o a d  i n p u t .  

Some d i sc repancy  between t h e  measured and p r e d i c t e d  n o i s e  
i s  found a t  t h e  h i g h e s t  h e l i c o p t e r  v e l o c i t y  i n v e s t i g a t e d  
(67 m/sec).  A t  t h i s  speed,  t h e  n o i s e  i s  underp red ic t ed  when 
h e l i c o p t e r  i s  approaching t h e  obse rve r .  A p o s s i b i l i t y  f o r  
improving t h e  p r e d i c t i o n  i s  t o  c o n s i d e r  t h e  i n f l u e ? c e  o f  
f o r c e s  p a r a l l e l  t o  t h e  b l a d e  chord.  The i n f l u e n c e  o f  t h e s e  
f o r c e s  i s  t o  i n c r e a s e  t h e  p r e d i c t e d  n o i s e  and t h e r e a y  b r i n g  
t h e  p r e d i c t i o n s  i n t o  b e t t e r  agreement w i t h  t h e o r y .  

An e v a l u a t i o n  of  h e l i c o p t e r  n o i s e  p r e d i c t i o n s  us ing  
t h e o r e t i c a l  l o a d s  as t h e  b a s i s  f o r  t h e  c a l c u l a t i o n  i s  a l s o  made. 
Accurate p r e d i c t i o n s  based J n  t h e o r e t i c a l  l o a d s  a r e  only 
p o s s i b l e  f o r  a narrow s e t  of  o b s e r v e r  l o c a t i o n s .  A t  t h e s e  
obse rve r  l o c a t i o n s ,  t h e  p r e d i c t e d  n o i s e  f i e l d  i s  dominated by 
t h e  i n f l u e n c e  o f  b l ede  motion. When t h e  h e l i c o p t e r  i s  over-  
head, a c c u r a t e  p r e d i c t i o n s  based on t h e o r e t i c a l  b l a d e  l o a d s  a r e  
no t  p o s s i b l e .  To make b e t t e r  p r e d i c t i o n s ,  i t  i s  necessa ry  t o  
model t h e  b l ade  l o a d s  more a c c u r a t e l y  t h a n  i s  p o s s i b l e  wi th  t h e  
scheme used h e r e i n .  
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A P P E N D I X  A :  C O M P A R I S O N S  O F  C A L C U L A T E D  P R E S S U R E  T I M E  
S I G N A T U R E S  B A S E D  ON M E A S U R E D  A N D  T H E O R E T I C A L  
B L A D E  L O A D S  

A s e t  o f  computa t ions  was made t o  e v a l u a t e  t h e  accuracy  
of a c o u s t i c  s i g n a t u r e s  based on t h e o r e t i c a l  b l a d e  l o a d s .  These 
computa t ions  compare t h e  a c o u s t i c  s i g n a t u r e  based on 
t h e o r e t i c a l  l o a d s  t o  t h e  s i g n a t u r e  based on measured l o a d s .  
A l l  t h e  measured b l a d e  l o a d s  a r e  from a s i n g l e  r o t a t i o n  p e r i o d .  
T h i s  procedure  i s  used t o  a c c u r a t e l y  r e p r e s e n t  t h e  maximum 
p r e s s u r e  t h a t  can  occu r  due t o  sudden change i n  t h e  b lbde  l o a d s .  
A l l  t h e  t h e o r e t i c a l  l o a d s  a r e  from S c u l l y t s  modello o f  t h e  
b l a d e  r e s p o n s e  t o  a  r i g i d  skewed h e l i c a l  v o r t e x  s h e e t .  A more 
e l a b o r a t e  model i s  a v a i l a b l e ,  however, it i s  n o t  much more 
a c c u r a t e  t h a n  t h e  model o f  rB ig id  wake a i r l o a d s .  

Here t h e  a c o l l s t i c  s i g n a t u r e s  f o r  t h e  "combined l o a d i n g  
noise1 '  a r e  p r e s e n t e d .  T h i s  i s  t h e  l o a d i n g  n o i s e  which i n c l u d e s  
bo th  n e a r  and f a r  f i e l d  terms. Both h e l i c o p t e r  p o s i t i o n  and 
speed a r e  cons ide red .  The t e s t  c a s e s  a r e  d e t a i l e d  i n  Table  A l .  
These d a t a  a r e  l a t e r  used t o  con~pute  n o i s e  s p e c t r a  f o r  
comparison t o  t h e  measured s p e c t r a  I n  Appendix B. Each 
p o s i t i o n  $ c o r r e s p o n d s  t o  a  measured h e l i c o p t e r  l o c a t i o n  as 
deduced from t h e  t ime  code on t h e  t a p e .  

The f i g u r e s  a r e  o rgan ized  by t h e  o b s e r v a t i o n  a n g l e  ( 4 ) .  
For  each  o b s e r v a t i o n  a n g l e  d a t a  f o r  20, 41, and 67 m/sec i s  
p r e s e n t e d .  The l o a d i n g  n o i s e  i s  s i m i l a r  on ly  when t h e  h e l i -  
c o p t e r  i s  approach ing  an  o b s e r v e r  who i s  approximate ly  i n  t h e  
d i s k  p l a n e  ( 4  = l o 0 ,  F i g s .  A 1  t o  A3). A t  t h i s  o b s e r v a t i o n  a n g l e  
b l a d e  motion e f f e c t s  a r e  more impor t an t  t h a n  d e t a i l s  o f  t h e  
b l a d e  l o a d s .  For o b s e r v a t i o n s  made a t  a  s l i g h t l y  g r e a t e r  a n g l e  
t o  t h e  d i s k  p l a n e  t h e  two c a l c u l a t i o n s  b e g i n  t o  d i s a g r e e  
( 4  17O, F i g s .  A 4  t o  A6). T h i s  d i s c r e p a n c y  i n c r e a s e s  a t  l a r g e r  
o b s e r v a t i o n  a n g l e s  ( 4  2 45O, F i g s .  A7 t o  A 9 ) ,  and i s  most 
pronounced when t h e  h e l i c o p t e r  i s  overhead (I+ e g o 0 ,  F i g s .  A10 
t o  A12) and p e r s i s t s  a s  t h e  h e l i c o p t e r  r e c e d e s  from t h e  o b s e r v e r  
( 4  r 140°, F i g s .  A13 t o  A15). Thus, whenever t h e  d e t a i l s  of  t h e  
b l a d e  l o a d i n g  a r e  more impor t an t  t h a n  b l a d e  m o t i o n , c a l c u l a t i o n s  
based on t h e o r e t i c a l  l o a d s  a r e  i n a c c u r a t e .  
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A P P E N D I X  B :  C O M P A R I S O N S  O F  M E A S U R E D  NARROWBAND S P E C T R A  T O  
C A L C U L A T I O N S  B A S E D  O N  M E A S U R E D  A N D  T H E O R E T I C A L  
B L A D E  L O A D S  

Figure  B 1  t o  B12 p r e s e n t  t h e  narrowband s p e c t r a l  a n a l y s i s  
of t h e  d a t a .  These a n a l y s e s  were computed a t  BBN from c o p i e s  
of  t h e  B e l l  a c o u s t i c  d a t a  t a p e s .  On each  p l o t ,  two a n g l e s  a r e  
l i s t e d :  4 g i v e s  t h e  h e l i c o p t e r  l o c a t i o n  when t h e  sound i s  
d e t e c t e d ,  0 g i v e s  t h e  h e l i c o p t e r  l o c a t i o n  when t h e  zound was 
emi t t ed .  The f i g u r e s  are organized  by t h e  o b s e r v a t i o n  a n g l e  
4 = l o 0 ,  I T 0 ,  45O, and g o 0 .  A t  each  o b s e r v a t i o n  a n g l e ,  d a t a  
f o r  20, 4 1 ,  and 67 m/sec a r e  p r e s e n t e d .  The frequency domain of  
each s p e c t r a  i s  from 0 t o  200 Hz, w i t h  t h e  s o l e  e x c e p t i o n  of  
F ig .  B15 which has a domain of  0  t o  1000 Hz. 

The s p e c t r a  a r e  computed by c e n t e r i n g  a two-second i n t e r v a l  
about t h e  a p p r o p r i a t e  p o i n t  on t h e  d a t a  t a p e  and f a s t  F o u r i e r  
t r ans fo rming  t h e  segment. Th i s  i m p l i e s  a  bandwidth of  1 / 2  Hz, 
which y i e l d s  approximate ly  20 frequency b i n s  p e r  b l ade  passage 
p e r i o d .  Th i s  procedure i s  necessa ry  t o  avoid  o v e r l a p  between 
a d j a c e n t  harmcnics.  It i s  adequate  when t h e  h e l i c o p t e r  i s  
moving slow and c l o s e  t o  t h e  hor izon .  However, t h e  procedure 
i s  l e s s  a c c u r a t e  when t h e  h e l i c o p t e r  moves f a s t e r  o r  approaches 
t h e  overhead p o s i t i o n .  The r eason  i s  t h a t  t h e  az imuthal  
l o c a t i o n  of  t h e  h e l i c o p t e r  changes by a  l a r g e  amount i n  two 
seconds under t h e s e  c o n d i t i o n s .  I n  t h i s  s tudy ,  t h e  only p l a c e  
where h e l i c o p t e r  motion i n  a  two-secc7nd i n t e r v a l  i s  e s p e c i a l l y  
l a r g e  i s  a t  t h e  4 2 90° overhead p o i n t ,  

A b e t t e r  way t o  proceed i s  t o  s e l e c t  a  t ime i n t e r v a i  e q u a l  
t o  one Dorpler  s h i f t e d  b lade  p a s s i n g  p e r i o d :  

where ! ' i s  t h e  p e r i o d  i n  t h e  h e l i c o p t e r  frame o f  r e f e r e n c e .  I n  
t h i s  f a s h i o n ,  t h e  s m a l l e s t  p o s s i b l e  t ime increment  i s  s e l e c t e d .  
I n  t h i s  s tudy,  T 2 0 . 1  s e c ,  hence t h e  change i n  t h e  a n g u l a r  
p o s i t i o n  o f  t h e  v e h i c l e  i s  n c g l i g i b l e .  T h i s  procedure r e q u i r e s  
a  v a r i a b l e  bandwidth a n a l y z e r  which was u n a v a i l a b l e  a t  t h e  t ime 
of a n a l y s i s .  An a l t e r n a t e  prucedure  i s  t o  d i g i t i z e  t h e  ana log  
d a t a  t a p e s  and perform a similar a n a l y s i s  on t h e  coqputer .  



One more n o t e  on t h e  s p e c t r a  i s  i n  o r d e r .  For  t i le 20 m/sec 
c a s e  f o r  4 : 10' and 17' ( F i g s .  B 1  and B4) ,  a 6 dB e r r o r  i s  be- 
l i e v e d  t o  have been made i n  producing  t h e  spect l -a .  TAis el+,o? 
could  have been made by n e g l e c t t n g  t o  r e c o r d  t h e  s e t t i q g  of  a  
6  dB a m p l i f i e r  l o c a t e d  betwee:, t h e  t a p e  deck and spectrum a n a l y z e r .  
The e r r o r  was d i scove red  by logar i th rn ica l . ly  add ing  t h e  ens rgy  i n  
each  harmonic and n o t i c i n g  t h a t  t h e  t o t a l  energy  exceed ing  t h e  
energy  t a b u l a t e d  by B e l l  i n  an independent  a n a l y s i s .  T h i s  e r r o r ,  
o f  c o z r s e ,  could  be checked by ana lyz fny  t h e  d a t a  t a p e s  once 
a g a i n .  Ra the r  t h a n  i n c u r  t h i s  e x t r a  c o s t ,  a l t e r n a t e  graphs  a r e  
p r e s e n t e d  which a r e  b e l i e v e d  t o  be a c c u r a t e ,  w i t h  t h e  a p p r o p r i a t e  
r e d u c t i o n  of 6 dB  fro^ t h e  i n i t i a l  measurement. 

On each  of t h e  s p e c t r a ,  t h r e e  computa t ions  a r e  p r e s e n t e d ;  

s p e c t r a  from c a l c u l a t e d  loads  i n  a  f r e e  f i e l d  
(open s q u a r e s  ) 
s p e c t r a  fro,n measured l o a d s  i n  a  f r e z  f i e l d  
(open c i r c l e s )  
s p e c t r a  c a l c u l a t e d  l o a d s  i n c l u d i n g  ground r e f l e c t i o n  
( c l o s e d  c i r c l e s ) .  

The f i r s t  comments concern t h e  s p e c t r a  from c a l c u l a t e d  
l o a d s  i n c l u d i n g  ground e f f e c t ;  t h e  b e s t  e s t i a a t e  o f  t h e  sound 
f i e l d .  Components a r e  o rgan ized  f i r s t  by o b s e r v a t i o n  a n g l e  
and t h e n  by v e l o c i t y .  

A t  t h e  s h a l l o w e s t  o b s e r v a t i o n  a n g l e ,  4 z l o 0 ,  t h e  s p e c t r a  
i s  p r e d i c t e d  w e l l  ( F i g s .  B 1  t o  B3) .  There  i s  good agreement a t  
n e a r l y  a l l  harmonics.  A t  20 m/sec,  t h e  c a l c u l a t e d  l e v e l  p e r  
harmonic decay$ more r a p i d l y  wi th  i n c r e a s i n g  harmonic nunber  $ban 
a t  4 1  and 67 m/sec i n  good agreement w i t h  t h e  measured : jPtae A t  
4 1  and 67 m/sec,  t h e  p r e d i c t i o n s  a r e  a c c u r a t e  a t  t h e  h.&n jrder 
harmonics,  bu t  i n s c c u r a t e  f o r  t h e  f i r s t  few n a r n o n i c s .  Ore 
p o s s i b i l i t y  f o r  t h e  e r r o r  i s  t h e  n e g l e c t  o f  f o r c e s  p a r a l l e l  t o  
t h e  b l a d e  chord .  These f o r c e s  a r e  most impor t an t  when t h e  
o b s e r v a t i o n  i s  made i n  t h e  d i s k  p l a n e .  

S i m i l a r  o b s e r v a t i o n s  a r e  t r u e  a t  4 : 17' (F igs .  8 4  t o  B6). 
The ampl i tude  d e c r e a s e  w i t h  i n c r e a s i n g  f requency  i s  more r a p i d  
a t  20 m/sec t h a n  a t  4 1  o r  67 m/;ec. Again t h e  t h e o r y  p r e d i c t e d  
t h i s  e f f e c t .  A t  20 m/sec,  t h e  t h e o r y  i s  a c c u r a t e  a t  a l l  
f r e q u e n c i e s .  A t  4 1  and 67 m/sec,  t h e  t h e o r y  i s  a c c u r a t e  a t  h i g h  
f r e q u e n c i e s ;  a t  low f r e q u e n c i e s  p r c d i c t i o a s  a r e  lower  t h a n  t h e  
measured ampl i tudes .  



A t  2 4 5 O ,  t h e  r e s u l t s  change (Figs. B7 t o  B9). The theory 
p r e d i c t s  t he  observed amplitude accu ra t e ly  a t  a l l  f requencies  
except those f requencies  approximately equal  t o  100 Hz. A t  
f requencies near 100 Hz, t h e  hard ground assumption impl ies  
near ly  complete des t ruc t ive  i n t e r f e r ence  (Fig. B10). This e f f e c t  
i s  not observed. This i s  due, i n  p a r t ,  t o  t h e  i nco r r ec t  repre- 
sen ta t ion  of t he  ground impedance. Also, t h e  assumption t h z t  t h e  
atmosphere i s  quiescent  neg lec t s  t h e  random phase s h i f t s  t h a t  a r e  
caused by sound propagation through atmospheric f l uc tua t ion .  
This fluctuation-induced pnase s h i f t s  between t h e  r e f l e c t e d  and 
d i r s c t  s igna l  paths  make complete d e s t r u c t i v e  i n t e r f e r ence  
impossible. Hence, t h e  l a r g e  discrepancy between measurement 
an6 theory a t  f requencies  near  100 Hz. 

When t h e  he l i cop te r  i s  overhead, 4 = 90°, t h e  theory and 
measurement disagree  and t h e  e r r o r s  are not systematic {Figs. B10 
t o  512). The discrepant; is  due t o  an inaccurate  measurement. 
The source of t he  e r r o r  i n  the  measurement of t h e  spec t r a  i s  t!~e 
change i n  t he  l oca t ion  of  t he  he l i cop te r  i n  t h e  t i m e  it t akes  
t o  compute t h e  spectra .  

Figures B13 and B14 give the  change i n  t h e  azimuthal loca- 
t i o n  of t he  he l i cop te r  i n  a given time i n t e r v a l .  I n  Fig. B13, 
the  time i n t e r v a l  i s  2 sec;  which i s  t h e  t ime i n t e r v a l  used t o  
measure narrowband spec t r a  with a bandwidth of 1 / 2  Hz. The only 
time i n  which the  changes i n  he l i cop te r  l oca t ion  i s  l a rge  i s  
when the  he l icopte r  i s  approximately overhead. A s  t he  he l i cop te r  
moves f a s t e r ,  t he  change i n  loca t ion  g e t s  l a rge r .  I n  Fig. B13, 
t he  time i n t e r v a l  i s  1/2 sec;  which i s  t h e  time i n t e r v a l  used 
t o  measure t h e  OASPL. For t k i s  time i n t e r v a l ,  t h e  change i n  
loca t ion  of t he  he l i cop te r  is  small. 

Our next comments concern the  d i f f e r ences  between the  spec t ra  
corny-ted from the  ca lcu la ted  loads and those  computed from t h e  
measured loads. The agreement is  best  a t  shallow observation 
angles and high forward speeds, and worst when t h e ' h e l i c o p t e r  
i s  overhead o r  when it moves slow. 

There a r e  two f a c t o r s  which in f luence  t h e  sound f i e l d :  

r o t o r  geometry and motion 
blade loading. 

The r e l a t i v e  inf luence of these  f a c t o r s  determine the  ?or re la -  
t i o n  between acous t ic  p red ic t ions  proceeding from t h e o r e t i c a l  and 



measured loads.  When r o t o r  geometry and motion predominate, 
as they do a t  high forward speed and shallow observation angles ,  
t he  two pred ic t ions  agree. When blade loading has t h e  g r e a t e s t  
inf luence,  a s  it does a t  low forward speed and observat ions  near 
the  r o t o r  a x i s ,  t h e  two p red ic t i ons  disagree .  The discrepancy 
means t h a t  acous t i ca l  ca l cu l a t i ons  us ing t h e o r e t i c a l  loads  are 
not accurate  enough t o  p red ic t  f l y o v e  noise  leve ls .  

In  Fig. Bl5, t h e  r e l a t i v ?  inf luence of main r o t o r  and t a i l  
r o t o r  is  documented. Below 250 Hz, t he  main r o t o r  dominates 
t h e  spectra .  Between 250 and 750 Hz, t h e  t a i l  r o t o r  dominates 
t h e  spec t ra .  Above 750 Hz, no s t r u c t u r e  i s  seen. This observa- 
t i o n  i s  important because t h e  t a i l  r o t o r  dominates t h e  spec t r a  
i n  t he  frequency range where t he  A-weighting procedure compensates 
f o r  t h e  low harmonic amplitudes. This means any he l i cop te r  
noise pred ic t ion  scheme f o r  he l i cop te r  c e r t i f i c a t i o n  s t u d i e s  should 
a l s o  include a d e t a i l e d  cons idera t ion  of t h e  t a i l  r o t o r  noise.  

Note t h a t  t h e  pred ic t ion  of OASPL (Figs. 11 t o  13) considers  
only t h e  inf luence of t he  main r o t o r .  This procedure i s  accura te  
because A-weighting is  not used t o  eva lua te  OASPL. Inspect ion 
of Figs. B 1  t o  B12 and B15  r evea l s  t h a t  t h e  main r o t o r  no ise  i s  
always g r e a t e r  than t h e  t a i l  r o t o r  noise .  

TABLE B 1  





B
E

LL
 L

O
A

D
 D

A
T

A
 (H

A
R

D
 O

R
O

U
N

D
) 

0
 B

E
LL

 L
O

A
D

 D
A

T
A

 (F
R

E
E

 F
IE

L
D

) 
0
 C

A
LC

U
LA

TE
D

 L
O

A
D

S
 (F

R
E

E
 F

IE
L

D
) 

10
0 

FR
E

Q
U

E
N

C
Y

 (
H

z)
 

F
IG

. 
8

2
. 

TH
E

O
R

E
TI

C
A

L 
VS

 
M

EA
SU

R
ED

 
NA

RR
O

W
 

B
A

N
D

 S
P

E
C

TR
A

 

V
 

= 
4

1
 

M
/S

E
C

 
4 
=l

o0
 





. 
I 

I 
I 

I 
I 

I 
I 

I 
1 

V
-2

0
M

/8
 

B
E

LL
 L

O
A

D
 D

A
T

A
 (H

A
R

D
 O

R
O

U
N

D
) 

$
=

I*
 

0
 B

E
LL

 L
O

A
D

 D
A

T
A

 (F
 R

E
€ 

F
IE

L
D

) 
e 

= 
1

7
.e

 
c
 

D
 C

A
LC

U
LA

TE
0 

LO
A

D
S

 (F
R

E
E

 F
IE

L
D

) 
m

 

L
 

4 b
 

4 b
 

I 
1'' 

4 D
 

I
 

- 
t 

: 1 
. - 

C 
0
 

=I
 

II
 

- - >
 

I 
I 

I 
I 

I 
I 

1 
I 

I 
lo

o 
FR

E
Q

U
E

N
C

Y
 (H

z)
 

FI
G.

 
~4

 
TH

E
O

R
E

TI
C

A
L 

VS
 

M
EA

SU
R

ED
 

NA
RR

O
W

 
B

A
N

D
 S

P
E

C
TR

A
 

V 
= 

2
0

 
S

'S
E

C
 
$
2
1
7
~
 



w I 

a n 

4 9 
- 3 E S  

O a I L  
= w w  a = !U 
O W E  
=u,  

- a = t a  
3 k 0  
4 u 4  c. .s  a u o o g  

- 0 0 : -  
4 4 4  
00.A 
a 3 

a A 0  
4 a a  
w w u  - m m v  
a00 

C 

- 



4
0

' 
1 

1 
I 

I 
0 

1 
I 

I 
I 

I 
lo

o 
20
0 

FR
E

Q
U

E
N

C
Y

 (H
z;

 

11
0 

r 

F
IG

. 
86
 

TH
E

O
R

E
TI

C
A

L 
VS

 
M

EA
SU

R
ED

 
NA

RR
O

W
 

B
A

N
D

 
SP

EC
TR

A
 

V 
= 

6
7

 M
/S

E
C

 
4

.2
 1

7'
 

10
0 

2 a
 

R
o

o
' 

t
 

8 - ii
m

-
 

L 

I 
I 

I 
I 

I 
I 

I 
t 

I 
1 

V
-6

7
M

l 
B

E
LL

 L
O

A
D

 D
A

T
A

 (H
A

R
D

 G
R

O
U

IU
U

, 
+ =

 g
as

 
o

 BE
LL

 L
O

A
D

 D
A

TA
 (F

R
E

E
 F

IE
LD

) 
- 

e 
=

 la
* 

0
 C

A
LC

U
LA

TE
D

 L
O

A
D

S
 (F

R
E

E
 F

IE
LD

) 
- 

E 
(I
' a
 

- - 
4
 

W
 

CG
 

'O 
- 

W
 E
 

P
 a
m

-
 

- 

50
 
- 







I 
I 

ro
o 

20
0 

F
R

E
Q

U
E

N
C

Y
 (
Hz
) 

F
IG

. 
0
9
.
 

T
H

E
O

R
E

T
IC

A
L

 
VS

 
M

E
A

S
U

R
E

D
 

NA
RR

O
W

 
B

A
N

D
 

S
P

E
C

TR
A

 

V 
= 

6
7

 M
/S

E
~

 $ 
~

4
5

 
0
 







B
E

L
L

 L
O

A
D

 D
A

T
A

 (
H

A
R

D
 G

R
O

U
N

D
) 

0
 B

E
L

L
 L

O
A

D
 D

A
T

A
 (F

R
E

E
 F

IE
L

D
) 

0
 C

A
L

C
U

L
A

T
E

D
 L

O
A

D
S

 (F
R

E
E

 F
IE

L
D

) 

lo
o 

F
R

E
Q

U
E

N
C

Y
 (

H
z)

 

F
IG

. 
B1

2.
 

T
H

E
O

R
E

T
Ir

A
L 

VS
 

M
EJ

SU
R

ED
 

N
AR

R
O

W
 

B
A

N
D

 
S

P
E

C
T

R
A

 

V 
= 

6
7

 
M

IS
E

C
 
Q 

=
9
c
0
 





I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
- 

V
E

L
O

C
IT

Y
 

A
L

T
IT

U
D

E
 

'I
 

(M
IS

) 
(M
I 

67
 

11
2 

- 
41

 
97

 
- 

20
 

87
 

- 
.
I
 

- 
- 

- 
.
I
 

- 
- 

- 
- 

- 
- 

- 

A
N

G
U

L
A

R
 P

O
S

IT
IO

N
 (D

E
G

R
E

E
S

) 

F
IG

.B
l4

. 
A

N
G

U
LA

R
 

C
H

A
N

G
E

 
I

N
 H

E
L

IC
O

P
T

E
R

 
L

O
C

A
T

IO
N

 
I

N
 A

 
1

/2
 

S
E

C
 

IN
T

E
R

V
A

L
 



SOUND PRESSURE LEVEL (dB re 20 )r P1) 

'6 8 o o g 
4 

8 
cD 

I l' L I 1- 
I 

- - - TR-1 
- - - - . - 

- - a+< 
- --TR-2 I a I 

- - m 

- - df3 
- - I 

- - TR- 3 %=?? - 
- - 

9-  TRI 
- - rn - 

L - 
. 
- TR-7 

- - 
-- TR-8 - 

- - TR-9 
3 

- TR-10 
- - 

L - 

- - 
4 

I I I I L 


	0001A02.TIF
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.JPG
	0001A11.TIF
	0001A12.TIF
	0001A13.TIF
	0001A14.TIF
	0001B01.TIF
	0001B02.TIF
	0001B03.TIF
	0001B04.TIF
	0001B05.TIF
	0001B06.TIF
	0001B07.TIF
	0001B08.TIF
	0001B09.TIF
	0001B10.TIF
	0001B11.TIF
	0001B12.TIF
	0001B13.TIF
	0001B14.TIF
	0001C01.TIF
	0001C02.TIF
	0001C03.TIF
	0001C04.TIF
	0001C05.TIF
	0001C06.TIF
	0001C07.TIF
	0001C08.TIF
	0001C09.TIF
	0001C10.TIF
	0001C11.TIF
	0001C12.TIF
	0001C13.TIF
	0001C14.TIF
	0001D01.TIF
	0001D02.TIF
	0001D03.TIF
	0001D04.TIF
	0001D05.TIF
	0001D06.TIF
	0001D07.TIF
	0001D08.TIF
	0001D09.TIF
	0001D10.TIF
	0001D11.TIF
	0001D12.TIF
	0001D13.TIF
	0001D14.TIF
	0001E01.TIF
	0001E02.TIF
	0001E03.TIF
	0001E04.TIF
	0001E05.TIF
	0001E06.TIF
	0001E07.TIF
	0001E08.TIF
	0001E09.TIF
	0001E10.TIF
	0001E11.TIF
	0001E12.TIF
	0001E13.TIF
	0001E14.TIF
	0001F01.TIF
	0001F02.TIF
	0001F03.TIF



