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SUMMARY 

T h i s  p a p e r  r e v i e w s  some o f  t h e  more i m p o r t a n t  d e v e l o p m e n t s  a n d  p r o g r e s s  i n  
j e t  a n d  f a n  n o i s e  r e d u c t i o n  a n d  f l i g h t  e f f e c t s  made i n  t h e  p a s t  s e v e r a l  y e a r s .  
E x p e r i m e n t s  are r e p o r t e d  w h i c h  show t h a t  n o n a x i s y m m e t r i c  c o a n n u l a r  n o z z l e s  h a v e  
t h e  p o t e n t i a l  t o  r e d u c e  j e t  n o i s e  f o r  c o n v e n t i o n a l  a n d  i n v e r t e d  v e l o c i t y  p r o -  
f i l e s .  It now a p p e a r s  t h a t  a n  i m p r o v e d  u n d e r s t a n d i n g  o f  s u p p r e s s i v e  l i n e r  
b e h a v i o r ,  c o u p l e d  w i t h  t h e  new u n d e r s t a n d i n g  o f  f a n  s o u r c e  n o i s e ,  w i l l  s o o n  
a l low t h e  j o i n t  o p t i m i z a t i o n  o f  a c o u s t i c  l i n e r  a n d  f a n  d e s i g n  f o r  low n o i s e .  
It i s  a l s o  shown t h a t  f a n  n o i s e  s o u r c e  r e d u c t i o n  c o n c e p t s  are  a p p l i c a b l e  t o  
a d v a n c e d  t u r b o p r o p s .  A d v a n c e s  i n  i n f l o w  c o n t r o l  d e v i c e  d e s i g n  a re  r e v i e w e d  
t h a t  a p p e a r  t o  o f f e r  a n  a d e q u a t e  a p p r o a c h  t o  t h e  g r o u n d  s i m u l a t i o n  o f  i n - f l i g h t  
f a n  n o i s e .  T h i s  a p p r o a c h  w i l l  b e  assessed by f l i g h t  e x p e r i m e n t s  c u r r e n t l y  
b e i n g  c o n d u c t e d  o n  a JT15D e n g i n e  i n  a j o i n t  p r o g r a m  o f  t h e  L e w i s ,  L a n g l e y ,  a n d  
Ames Research C e n t e r s .  Also i n  r e g a r d  t o  f l i g h t  e f f e c t s ,  i t  i s  shown t h a t  
s t a t i c  j e t  e n g i n e  e x h a u s t  n o i s e  c a n  b e  p r o j e c t e d  t o  f l i g h t  w i t h  r e a s o n a b l e  
a c c u r a c y  o n  a n  a b s o l u t e  b a s i s .  

INTRODUCTION 

A i r c r a f t  n o i s e  h a s  b e e n  a major e n v i r o n m e n t a l  c o n c e r n  f o r  many y e a r s .  
i n d i c a t i o n  o f  t h e  p u b l i c  p r e s s u r e  t o  r e d u c e  n o i s e  i s  t h e  number o f  a i r p o r t s  
a r o u n d  t h e  world t h a t  h a v e  n o i s e  r e s t r i c t i o n s  s u c h  a s  c u r f e w s  o n  n i g h t t i m e  
o p e r a t i o n s ,  f l i g h t  r o u t i n g  a n d  o p e r a t i n g  r e s t r i c t i o n s ,  a n d  u s e  of p r e f e r e n t i a l  
runways.  Some d a t a  o n  n o i s e  r e s t r a i n t s  a t  major world a i r p o r t s  a re  shown i n  
f i g u r e  1 f o r  t h e  y e a r s  1 9 6 8 ,  1 9 7 3 ,  a n d  1 9 7 8  ( r e f .  1) .  It  c a n  b e  s e e n  t h a t  i n  
1 0  y e a r s  t h e  number o f  a i r p o r t s  w i t h  r e s t r i c t i o n s  h a s  d o u b l e d .  
h a p p e n e d  e v e n  t h o u g h  d u r i n g  t h i s  t i m e  t h e  F e d e r a l  A v i a t i o n  A d m i n i s t r a t i o n  (FAA) 
h a s  i s s u e d  i n c r e a s i n g l y  s t r i n g e n t  n o i s e  c e r t i f i c a t i o n  s t a n d a r d s  t h a t  are  c r i t i -  
c a l  d e s i g n  c o n s t r a i n t s  o n  new a i r c r a f t .  To  a l l e v i a t e  t h i s  n o i s e  p r o b l e m ,  w h i c h  
i s  a major c o n s t r a i n t  t o  t h e  g r o w t h  o f  t h e  c i v i l  a v i a t i o n  i n d u s t r y ,  NASA i s  
c o n d u c t i n g  r e s e a r c h  a n d  t e c h n o l o g y  s t u d i e s  t o  a d v a n c e  t h e  s t a t e  o f  t h e  a r t .  
T h e  L e w i s  R e s e a r c h  C e n t e r  h a s  c o n c e n t r a t e d  p r i m a r i l y  o n  p r o p u l s i o n  n o i s e  reduc- 
t i o n  t e c h n o l o g y .  

One 

T h i s  h a s  

P r o p u l s i o n  n o i s e  r e s e a r c h  i s  f o c u s e d  o n  u n d e r s t a n d i n g  t h e  n o i s e - p r o d u c i n g  
p r o c e s s e s ,  or s o u r c e s ,  so  t h a t  n o i s e  c a n  b e  r e d u c e d  i n  e f f i c i e n t  a n d  e c o n o m i c a l  
ways t h a t  do n o t  p e n a l i z e  t h e  e n g i n e  p e r f o r m a n c e  o r  w e i g h t  s i g n i f i c a n t l y .  
a d d i t i o n a l  o b j e c t i v e  i s  t o  d e v e l o p  p r e d i c t i o n  p r o c e d u r e s  f o r  e a c h  n o i s e  s o u r c e  

An 
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t h a t  w i l l  a l l o w  a i r c r a f t  n o i s e  t o  b e  es t imated  a c c u r a t e l y .  
p r i m a r i l y  w i t h  h i g h - b y p a s s - r a t i o  t u r b o f a n  e n g i n e s ,  a l t h o u g h  t h e  a p p l i c a t i o n  of 
t h i s  t e c h n o l o g y  t o  a d v a n c e d  t u r b o p r o p s  i s  a l s o  d i s c u s s e d .  
s u p e r s o n i c  c r u i s e  n o i s e  t e c h n o l o g y  are n o t  d e a l t  w i t h  s p e c i f i c a l l y  i n  t h i s  
p a p e r  b u t  are r e p o r t e d  i n  r e f e r e n c e  2. 

T h i s  p a p e r  d e a l s  

R e c e n t  a d v a n c e s  i n  

T h e  n o i s e  s o u r c e s  f o r  a t u r b o f a n  e n g i n e  are i l l u s t r a t e d  i n  f i g u r e  2. T h e  
sources a re  b o t h  i n t e r n a l  a n d  e x t e r n a l  t o  t h e  e n g i n e .  The  i n t e r n a l  s o u r c e s  a r e  
t h e  f a n ,  t h e  c o m p r e s s o r ,  t h e  c o m b u s t o r ,  t h e  t u r b i n e ,  a n d  t h e  f l o w  o v e r  t h e  sup-  
p o r t  s t r u t s .  T h e  l a s t  t h r e e  sources h a v e  u s u a l l y  b e e n  c o n s i d e r e d  c o l l e c t i v e l y  
a s  e n g i n e  core n o i s e .  Sound f r o m  t h e  i n t e r n a l  s o u r c e s  m u s t  p r o p a g a t e  t h r o u g h  
t h e  e n g i n e  d u c t s  and  n o z z l e s ,  w h e r e  i t  c a n  b e  r e d u c e d  by acous t i c  t r e a t m e n t .  
T h u s  acous t i c  t r e a t m e n t  a n d  s o u n d  p r o p a g a t i o n  i n  d u c t s  are  v e r y  i m p o r t a n t  ele- 
m e n t s  i n  e n g i n e  n o i s e  r e d u c t i o n .  The  e x t e r n a l  sources  a re  t h e  h i g h - v e l o c i t y  
j e t  e x h a u s t s  m i x i n g  w i t h  e a c h  o t h e r  and  w i t h  t h e  a m b i e n t  a i r .  An i m p o r t a n t  
a s p e c t  of the engine noise problem is  the effects  of f l i g h t  on the var ious  
n o i s e  sources. A s  is shown, t h e  e f f e c t s  of f l i g h t ,  o r  f o r w a r d  v e l o c i t y ,  d i f f e r  
f o r  t h e  
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s e v e r a l  n o i s e  sources.  

SYMBOLS 
( S .  I. U n i t s  u n l e s s  n o t e d )  

d iameter  o f  n o z z l e  

f re q u e n c  y 

a n n u l a r  h e i g h t  o f  n o z z l e  

f l i g h t  Mach number 

o v e r a l l  s o u n d  p r e s s u r e  l e v e l ,  dB re 20 p N / m 2  

p e r c e i v e d  n o i s e  l e v e l ,  PNdB 

i nne  r-s t re am- t o t  a 1- t o  a m b i e n t - p r e  s s u r e  r a t  i o  

o u t e r -  s t ream- t o t a  1- t o  a m b i e n t - p r e  ssure r a t  i o  

s o u n d  p r e s s u r e  l e v e l ,  dB re 2 0  pN/rn2 

j e t  t o t  a 1 t e m p e r a t u r e  

s h i e l d i n g  s t r e a m  t o t a l  t e m p e r a t u r e  

j e t  v e l o c i t y  

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

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

a z i m u t h a l  a n g l e ,  d e g  

a z i m u t h a l  a n g u l a r  e x t e n t  of s h i e l d i n g  stream, d e g  

FAN NOISE 

The f a n  i s  a dominant  n o i s e  s o u r c e  i n  c u r r e n t  h i g h - b y p a s s - r a t i o  t u r b o f a n  
e n g i n e s ,  p a r t i c u l a r l y  d u r i n g  l a n d i n g  approach .  F u r t h e r m o r e  advanced  t u r b o f a n  
d e s i g n  s t u d i e s ,  s u c h  a s  t h o s e  a s s o c i a t e d  w i t h  t h e  E n e r g y  E f f i c i e n t  E n g i n e  pro-  
gram, i n d i c a t e  t h a t  t h e  f a n  w i l l  c o n t i n u e  t o  be a dominan t  n o i s e  s o u r c e  i n  
f u t u r e  h i g h - b y p a s s - r a t i o  e n g i n e s  ( r e f .  3 ) .  
r e s e a r c h  are  t o  d e v e l o p  n o i s e - r e d u c i n g  d e s i g n  f e a t u r e s  t h a t  a r e  c o m p a t i b l e  w i t h  
good ae rodynamic  p e r f o r m a n c e  and  t o  c o n f i r m  e x p e r i m e n t a l l y  t h e  a c o u s t i c  e f  f e c -  
t i v e n e s s  o f  t h e s e  d e s i g n s .  The  a p p r o a c h e s  t o  n o i s e  r e d u c t i o n  i n c l u d e  s o u r c e  
s t r e n g t h  r e d u c t i o n  and  u n i f i e d  d e s i g n  o f  t h e  f a n  and  l i n e r  t o  o b t a i n  t h e  o p t i -  
mum s y n e r g i s t i c  e f f e c t s .  The NASA r e s e a r c h  programs a r e  a imed a t  u n d e r s t a n d i n g  
t h e  n o i s e - g e n e r a t i n g  mechanisms and d e s c r i b i n g  i n  d e t a i l  t h e  f a n  s o u r c e  c h a r -  
a c t e r i s t i c s  ( e .g .  , r e f .  4 ) .  D e s c r i b i n g  t h e  s o u r c e  i s  i m p o r t a n t  b e c a u s e  propa-  
g a t i o n ,  l i n e r  s u p p r e s s i o n ,  and  r a d i a t i o n  a l l  s t r o n g l y  depend o n  t h e  i n i t i a l  
c o n d i t i o n s  a t  t h e  s o u r c e  ( r e f s .  5 t o  9) .  An i m p o r t a n t  c o n s t r a i n t  o n  e x p e r i -  
m e n t a l  cl7ork i n  s t a t i c  f a c i l i t i e s  i s  t h a t  t h e  t e s t  env i ronmen t  must  l e a d  t o  
n o i s e  l e v e l s  t h a t  c o r r e c t l y  s i m u l a t e  f l i g h t  ( r e f .  l o ) ,  a s  d i s c u s s e d  f u r t h e r  i n  
a l a t e r  s e c t i o n .  

The u l t i m a t e  g o a l s  o f  f a n  n o i s e  

Two p r imary  s o u r c e  mechanisms t h a t  a r e  a d d r e s s e d  i n  r e s e a r c h  t o  r e d u c e  f a n  
n o i s e  a re  shown i n  t h e  t u r b o f a n  c r o s s  s e c t i o n  i n  f i g u r e  3 .  R o t o r - s t a t o r  i n t e r -  
a c t i o n s  i n  t h e  form o f  r o t o r  wakes and  v o r t i c e s  i m p i n g i n g  o n  t h e  s t a t o r s  c a n  be 
p a r t i c u l a r l y  i m p o r t a n t  a t  t h e  s u b s o n i c  t i p  s p e e d s  t h a t  o c c u r  d u r i n g  l a n d i n g  
approach .  The c o r r e s p o n d i n g  nar rowband s p e c t r u m  i s  shown i n  t h e  u p p e r  p o r t  i o n  
o f  f i g u r e  4. The b l a d e  p a s s i n g  t o n e  and i t s  h a r m o n i c s ,  which  a r e  d u e  t o  p e r i -  
o d i c  i n t e r a c t i o n s  of the r o t o r  wakes w i t h  the s t a to r  b lades ,  are supe r imposed  
o n  t h e  b roadband  l e v e l s  t h a t  resul t  f rom i n t e r a c t i o n s  i n v o l v i n g  random f l o w  
d i s t u r b a n c e s .  R o t o r - a l o n e  n o i s e  p r o d u c t i o n  o c c u r s  b e c a u s e  of n o n u n i f o r m i t i e s  
i n  t h e  r o t o r - l o c k e d  s h o c k  wave p a t t e r n s  t h a t  fo rm a t  t h e  l e a d i n g  e d g e s  a t  
s u p e r s o n i c  t i p  s p e e d s .  T h e s e  p a t t e r n s  r a d i a t e  m u l t i p l e  p u r e  t o n e s  d u r i n g  t a k e -  
o f f  and  have  a s p e c t r u m  o f  t h e  t y p e  shown i n  t h e  l o w e r  p o r t i o n  of  f i g u r e  4. 
M u l t i p l e  p u r e  t o n e s  c a n  o c c u r  a t  a l l  m u l t i p l e s  o f  f a n  s h a f t  r o t a t i o n  f r e q u e n c y ,  
a n d  some o f  t h e  i n d i v i d u a l  t o n e  l e v e l s  o f t e n  e x c e e d  t h e  l e v e l  of t h e  b l a d e  
p a s s i n g  f r e q u e n c y  and i t s  harmonics .  

One of t h e  c o n c e p t s  t h a t  h a s  b e e n  i n v e s t i g a t e d  t o  r e d u c e  s h o c k - g e n e r a t e d ,  
m u l t i p l e - p u r e - t o n e  n o i s e  i s  t o  sweep t h e  r o t o r - b l a d e  l e a d i n g  e d g e s .  An e x p e r i -  
m e n t a l  s w e p t - r o t o r  f a n  d e s i g n e d  t o  e x p l o r e  t h e  a c o u s t i c  pe r fo rmance  of  s w e p t  
b l a d e s  i s  shown i n  f i g u r e  5 .  The a c o u s t i c  d e s i g n  of t h i s  f a n  was pe r fo rmed  by 
B o l t ,  B e r a n e k  and  Newman, I n c . ,  and  t h e  ae rodynamic  and  m e c h a n i c a l  d e s i g n s  were 
d e v e l o p e d  by t h e  Lycoming D i v i s i o n  o f  AVCO Corp. ( r e f .  11). The  b l a d e  l e a d i n g  
e d g e s  a r e  swep t  f o r w a r d  t o  midspan  and  t h e n  r e a r w a r d  t o  t h e  t i p  i n  o r d e r  t o  
l i m i t  t h e  maximum b l a d e  r o o t  stresses. T h e s e  stresses would be  u n a c c e p t a b l y  
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h i g h  i f  t h e  sweep were o n l y  i n  o n e  d i r e c t i o n .  T h e  sweep i s  v a r i e d  spanwise  i n  
s u c h  a manner  t h a t  t h e  no rma l  component of b l a d e  l e a d i n g - e d g e  r e l a t i v e  Mach 
number i s  s u b s o n i c  o v e r  t h e  e n t i r e  span.  I t  i s  t h i s  component t h a t  c o n t r o l s  
l ead ing -edge  s h o c k  f o r m a t i o n .  
r e v e r s a l  p o i n t  t h i s  d e s i g n  s h o u l d  e s s e n t i a l l y  e l i m i n a t e  t h e  l ead ing -edge  s h o c k  
s y s t e m  and  t h e r e b y  r e d u c e  t h e  m u l t i p l e - p u r e - t o n e  n o i s e .  

Thus  e x c e p t  f o r  b l a d e  e n d  e f f e c t s  and  t h e  sweep- 

The  s w e p t - r o t o r  f a n  shown i n  f i g u r e  5 was a c o u s t i c a l l y  t e s t e d  i n  t h e  NASA 

The  m u l t i p l e - p u r e - t o n e  power l e v e l s  f o r  a n  unswept  f a n  a n d  
L e w i s  R e s e a r c h  C e n t e r  a n e c h o i c  chamber  ( r e f .  1 2 ) ,  and  t h e  major r e s u l t s  are 
shown i n  f i g u r e  6. 
t h e  s w e p t - r o t o r  f a n  a r e  compared a s  a f u n c t i o n  o f  f a n - t i p  r e l a t i v e  Mach num- 
b e r .  
Mach numbers ,  a b o u t  1 .25  i n s t e a d  o f  1.0, a n d  r e d u c e d  t h e  l e v e l s  o v e r  a l a r g e  
p o r t i o n  o f  t h e  t i p - s p e e d  r a n g e ,  i n c l u d i n g  s p e e d s  r e p r e s e n t a t i v e  of t a k e o f f .  
The  ae rodynamic  p e r f o r m a n c e  o f  t h e  f a n  d i d  n o t  m e e t  t h e  d e s i g n  g o a l s  ( e .g . ,  t h e  
e f f i c i e n c y  was 9 p e r c e n t  l ow) ,  b u t  t h i s  i s  n o t  s u r p r i s i n g  s i n c e  t h i s  was t h e  
f i r s t  b u i l d  o f  a new d e s i g n  c o n c e p t  f o r  which  t h e r e  are  no  e s t a b l i s h e d  d e s i g n  
p r o c e d u r e s .  T h e s e  i n i t i a l  r e s u l t s  a r e  e n c o u r a g i n g ,  and  r e f i n e m e n t  o f  t h e  a e r o -  
dynamic  d e s i g n  may l e a d  t o  f u r t h e r  m u l t i p l e - p u r e - t o n e  n o i s e  r e d u c t i o n s  w i t h  
more  a c c e p t a b l e  ae rodynamic  pe r fo rmance .  

Rotor sweep d e l a y e d  t h e  o n s e t  o f  m u l t i p l e  p u r e  t o n e s  t o  h i g h e r  r e l a t i v e  

APPLICATION OF SWEPT-ROTOR TO ADVANCED TURBOPROPS 

The  s w e p t - r o t o r  c o n c e p t ,  d e s c r i b e d  e a r l i e r ,  i s  a l s o  b e i n g  c o n s i d e r e d  f o r  
advanced  h igh - speed  t u r b o p r o p s ,  which  have  a p o t e n t i a l  c a b i n  n o i s e  p rob lem a t  
c r u i s e  d u e  t o  p r o p e l l e r  n o i s e .  B l a d e  sweep a l s o  h e l p s  r e d u c e  ae rodynamic  
losses c a u s e d  by c o m p r e s s i b i l i t y  e f f e c t s .  T h r e e  b a s i c  b l a d e  p l a n f o r m s  p i c t u r e d  
i n  f i g u r e  7 were tes ted i n  t h e  NASA Lewis  8- by 6-Foot S u p e r s o n i c  Wind Tunne l  
( r e f .  1 3 ) .  B l a d e  sweep a n g l e s  o f  O", 30°,  a n d  45" were u s e d  f o r  t h e s e  de- 
s i g n s .  
t i c  d a t a .  

Wall-mounted p r e s s u r e  t r a n s d u c e r s  were u s e d  t o  o b t a i n  near - f  i e l d  a c o u s -  
( F u r t h e r  d e t a i l s  a r e  g i v e n  i n  r e f s .  1 4  and  15 . )  

The  b e n e f i c i a l  e f f e c t s  o f  sweep o n  p r o p e l l e r  n o i s e  r e d u c t i o n  a r e  shown i n  
f i g u r e  8, which compares  4 5 "  sweep w i t h  no sweep. Maximum b l a d e  p a s s i n g  t o n e  
l e v e l  i s  p l o t t e d  a g a i n s t  h e l i c a l  t i p  Mach number ( t o t a l ,  i n c l u d i n g  f l i g h t  a n d  
r o t a t i o n ) .  The a d v a n c e  r a t i o  and  t h e  power c o e f f i c i e n t  f o r  a l l  c a s e s  a r e  
a p p r o x i m a t e l y  t h e  d e s i g n  v a l u e s .  V a r i a t i o n  i n  h e l i c a l - t i p  Mach number was 
o b t a i n e d  by t a k i n g  d a t a  a t  v a r i o u s  f r e e - s t r e a m  Mach numbers.  
b o t h  t h e  0" a n d  45" s w e p t  b l a d e s  e x h i b i t  a s h a r p  n o i s e  i n c r e a s e  w i t h  i n c r e a s i n g  
h e l i c a l - t i p  Mach number; t h i s  i s  t h e n  f o l l o w e d  by a r e g i o n  where n o i s e  l e v e l s  
o f f .  The  t a i l o r e d  sweep o f  t h e  45"  d e s i g n  p r o v i d e s  n o i s e  r e d u c t i o n  o v e r  t h e  
c o m p l e t e  r a n g e  of t i p  s p e e d s .  Near t h e  c r u i s e  d e s i g n  t i p  Mach number o f  1.14, 
t h e  r e d u c t i o n  i s  a b o u t  5 t o  6 dB and  a p p e a r s  t o  b e  e v e n  l a r g e r  a t  t h e  l o w e r  t i p  
s p e e d s  t e s t e d .  D a t a  i n  r e f e r e n c e  14, o b t a i n e d  w i t h  a 30" swep t  b l a d e ,  s u p p o r t  
t h e  b e h a v i o r  shown i n  f i g u r e  8. 

The p l o t s  f o r  
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EXHAUST NOISE 

The v a r i o u s  n o i s e  s o u r c e s  a s s o c i a t e d  w i t h  t h e  e x h a u s t  a r e  c o n s i d e r e d  i n  
t h i s  s e c t i o n .  Exhaus t  n o i s e  sources  i n c l u d e  j e t  m i x i n g  n o i s e ,  j e t  s h o c k - c e l l  
n o i s e ,  and  core n o i s e .  The  a f  t - r a d i a t e d  t u r b o m a c h i n e r y  n o i s e  i s  n o t  i n c l u d e d .  
However, n o i s e  t r a n s m i s s i o n  t h r o u g h  t h e  t u r b i n e  i s  a n  i m p o r t a n t  e l e m e n t  i n  t h e  
core n o i s e  p rob lem,  and  r e c e n t  r e s u l t s  a r e  g i v e n  i n  r e f e r e n c e s  16  and 1 7 .  Core 
n o i s e  g e n e r a l l y  becomes i m p o r t a n t  a t  low power  s e t t i n g s ,  p a r t i c u l a r l y  i n  
f l i g h t .  R e c e n t  r e s u l t s  o f  core n o i s e  i n v e s t i g a t i o n s  a r e  r e p o r t e d  i n  r e f e r -  
e n c e s  18 t o  23. Je t  s h o c k - c e l l  n o i s e  i s  a p o t e n t i a l l y  i m p o r t a n t  source f o r  
s u p e r s o n i c  c r u i s e  a i r c r a f t  b u t  i s  g e n e r a l l y  n o t  a f a c t o r  f o r  h i g h - b y p a s s - r a t i o  
t u r b o f a n  e n g i n e s .  F o r  j e t -powered  a i r c r a f t  t h e  most i m p o r t a n t  s o u r c e  a t  t a k e -  
o f f  i s  u s u a l l y  j e t  mix ing  n o i s e ,  and  so t h e  p r e s e n t  d i s c u s s i o n  f o c u s e s  on  t h i s  
n o i s e  s o u r c e .  C o n s i d e r a b l e  r e s e a r c h  h a s  been  c o n d u c t e d  o n  j e t  mix ing  n o i s e  
r e d u c t i o n ,  p a r t i c u l a r l y  f o r  s u p e r s o n i c  c r u i s e  a p p l i c a t i o n  ( r e f .  24 ) .  P r o g r e s s  
h a s  a l s o  been  made i n  d e v e l o p i n g  j e t  n o i s e  r e d u c t i o n  c o n c e p t s  a p p l i c a b l e  t o  
s u b s o n i c  a i r c r a f t .  Two b a s i c  a p p r o a c h e s  t h a t  have  r e c e i v e d  c o n s i d e r a b l e  a t t e n -  
t i o n  a r e  shown i n  f i g u r e  9. 

One a p p r o a c h  i s  t o  mix t h e  f a n  and  c o r e  s t r e a m s ;  t h i s  r e d u c e s  t h e  maximum 
j e t  v e l o c i t y  and  c o n s e q u e n t l y  r e d u c e s  j e t  n o i s e .  I n  a d d i t i o n ,  t h i s  a p p r o a c h  
o f f e r s  t h e  p o t e n t i a l  added  b e n e f i t s  o f  i n c r e a s i n g  t h r u s t  and  r e d u c i n g  s p e c i f i c  
f u e l  consumpt ion .  Such  i n t e r n a l  m i x e r s  have  been  i n v e s t i g a t e d  by t h e  i n d u s t r y  
( r e f s .  25  and  26) , w i t h  some s u p p o r t  f rom t h e  FAA ( r e f .  2 7 ) .  NASA h a s  a l s o  
s u p p o r t e d  mixe r -nozz le  deve lopmen t  s t u d i e s  f o r  l a r g e  and  s m a l l  t u r b o f a n  e n g i n e s  
( r e f s .  2 4  and 13 ,  r e s p e c t i v e l y ) .  Mode l - sca l e  r e s e a r c h  i s  c u r r e n t l y  b e i n g  eon-  
d u c t e d  a t  t h e  Lewis  R e s e a r c h  C e n t e r  t o  h e l p  d e v e l o p  i n t e r n a l  m i x e r  n o i s e  t e c h -  
nology f o r  h i g h - b y p a s s - r a t i o  t u r b o f a n  e n g i n e s  s u c h  a s  t h e  Ene rgy  E f f i c i e n t  
Eng ine .  

T h e  o t h e r  a p p r o a c h  i s  t o  u s e  asymmetry i n  t h e  j e t  e x h a u s t  i n  t h e  form o f  a 
n o i s e  s h i e l d i n g  c o n c e p t .  Two v a r i a t i o n s  t o  t h i s  a p p r o a c h  t h a t  have  been  in -  
v e s t i g a t e d  o n  a p r e l i m i n a r y  b a s i s  a t  t h e  L e w i s  R e s e a r c h  C e n t e r  are  d i s c u s s e d  i n  
t h e  f o l l o w i n g  s e c t i o n s .  

Thermal  A c o u s t i c  S h i e l d i n g  

V e l o c i t y  and  t e m p e r a t u r e  p r o f i l e s  i n  t h e  j e t  f l o w  f i e l d  a f f e c t  n o i s e  gen-  
e r a t i o n  and  p r o p a g a t i o n  ( e .  g. , r e f .  28) , and t h e s e  phenomena c a n  l e a d  t o  n o i s e  
s u p p r e s s i o n  c o n c e p t s  ( e .g .  , r e f .  29 ) .  I t  h a s  been  shown t h a t  a r e l a t i v e l y  
q u i e t  j e t  c a n  s h i e l d  a n o i s i e r  j e t  ( r e f s .  30 and 31). 
c o n s i d e r a t i o n s  t h e  t h e r m a l  acous t i c  s h i e l d  c o n c e p t ,  i l l u s t r a t e d  i n  f i g u r e  l o ,  
i s  r e c e i v i n g  c o n s i d e r a b l e  a t t e n t i o n .  

On t h e  b a s i s  o f  t h e s e  

P r e v i o u s  e x p e r i m e n t a l  s t u d i e s  ( r e f .  32 )  have  shown t h a t  j e t  e x h a u s t  n o i s e  
c a n  be  r e d u c e d  by u s i n g  a f u l l  (os = 360") a n n u l a r  t h e r m a l  a c o u s t i c  s h i e l d  
c o n s i s t i n g  of a h i g h - t e m p e r a t u r e ,  l o w - v e l o c i t y  g a s  stream s u r r o u n d i n g  t h e  h igh-  
v e l o c i t y  c e n t r a l  j e t  e x h a u s t .  I t  h a s  a l s o  been  r e c o g n i z e d  f o r  some t i m e  t h a t  
even  a low- tempera tu re  a n n u l a r  f l o w  r e d u c e s  t h e  n o i s e  o f  t h e  c e n t r a l  j e t ,  a s  i n  
a c o n v e n t i o n a l  b y p a s s  e n g i n e  ( e . g . ,  r e f .  33 ) .  The r e d u c t i o n s  o b t a i n e d  w i t h  a 



fu l l - annu la r  s h i e l d i n g  s t ream are be l ieved  t o  be l imi t ed  by m u l t i p l e  r e f l ec -  
t i o n s  w i t h i n  t h e  j e t ,  It has  been suggested t h a t  a semiannular s h i e l d  
( 9 ,  = 180") would n o t  be l i m i t e d  i n  t h i s  manner. Therefore  an  exp lo ra to ry  
s tudy  o f  t h i s  concept  w a s  begun a t  t h e  L e w i s  Research Center  ( r e f .  34).  

The semiannular thermal  a c o u s t i c  s h i e l d  c o n f i g u r a t i o n  w a s  ob ta ined  by 
b locking  t h e  f low i n  h a l f  of  t h e  o u t e r  stream of a cop lana r ,  coannular  nozz le ,  
as  shown i n  f i g u r e  11. 
t h r e e  a n g l e s  - 8 = 45" (forward quadrant ) ,  8 = 90" (overhead) ,  and 
( a f t  quadrant)  a r e  shown i n  f i g u r e  1 2 .  
p rovides  high-frequency n o i s e  reduct ion  a t  a l l  a n g l e s ,  bu t  t h e  e f f e c t  i s  most 
pronounced i n  t h e  a f t  quadrant  ( 8  = 135"). 
where j e t  n o i s e  peaks,  s i g n i f i c a n t  peak perce ived  n o i s e  l e v e l  (PNL) reduct ions  
should r e s u l t .  Perceived n o i s e  l e v e l  d i r e c t i v i t i e s ,  s ca l ed  up t o  a nominally 
f u l l - s i z e  engine ,  are  shown i n  f i g u r e  13  f o r  t h e s e  same cond i t ions .  
s h i e l d i n g  b e n e f i t s  can  be observed a t  a l l  angles ,  and t h e  r educ t ion  i n  peak PNL 
i s  about 4 PNdB. These promising results i n d i c a t e  t h a t  t h e  thermal a c o u s t i c  
s h i e l d  should be f u r t h e r  i n v e s t i g a t e d  s i n c e  t h e  p re sen t  s tudy w a s  exp lo ra to ry  
and t h e  geometry by no means optimized. 
c o n t r a c t  s tudy  of t h e  thermal  a c o u s t i c  s h i e l d  i n t e g r a t e d  wi th  a n  annu la r  p lug  
nozz le .  
supersonic  c r u i s e  a p p l i c a t i o n ,  promising r e s u l t s  might l ead  t o  concepts  app l i -  
c a b l e  t o  high-bypas s-rat i o  turbofans .  

Typica l  n o i s e  s p e c t r a  f o r  a subsonic  primary j e t  a t  
0 = 135" 

It can  be seen  t h a t  t h e  p a r t i a l  s h i e l d  

S ince  i t  i s  i n  t h e  a f t  quadrant  

The 

L e w i s  h a s  r e c e n t l y  begun a model-scale 

Although t h i s  s tudy i s  motivated p r imar i ly  by t h e  p o s s i b i l i t y  of 

Nozzle Shaping 

Other  means of u s ing  asymmetry i n  t h e  f low f i e l d  of dual-stream exhaus t s  
have been proposed t o  c o n t r o l  noise .  A s  shown i n  f i g u r e  14, f o r  a 
convent ional-ve loc  i t  y-prof i l e  c oannul a r  no zz 1 e, i nc reas i ng t h e  annul a r  he ight  
H f o r  f i x e d  v e l o c i t i e s  and temperatures  reduces t h e  noise .  However, f o r  t h e  
inve r t ed -ve loc i ty -p ro f i l e  c a s e ,  t h e  oppos i t e  t r end  occurs  ( r e f .  35). It  seems 
reasonable  t h e n  t h a t  f avorab le  a c o u s t i c  r e s u l t s  might be obta ined  by proper  
i n t r o d u c t i o n  of asymmetry. S p e c i f i c a l l y ,  t h e  passage he igh t  should be in- 
c r eased  on t h e  s i d e  toward t h e  observer  f o r  a convent iona l  p r o f i l e ,  and f o r  an  
i n v e r t e d  p r o f i l e  t h e  passage he igh t  should be decreased  i n  t h e  d i r e c t i o n  of t h e  
observer .  These t r e n d s  were observed i n  exp lo ra to ry  experiments w i th  t h e  noz- 
z l e  shown i n  f i g u r e  15. The o u t e r  nozz le  w a s  mounted e c c e n t r i c a l l y  t o  produce 
a 70 pe rcen t  r educ t ion  i n  passage he ight  i n  one d i r e c t i o n  and a corresponding 
70 pe rcen t  i n c r e a s e  i n  passage he igh t  i n  t h e  oppos i t e  d i r e c t i o n .  

The expected type  of  r e s u l t s  was obta ined  f o r  t h e  convent ional-veloci ty-  
p r o f i l e  c a s e ,  most l i k e l y  t o  be app l i cab le  t o  high-bypass-ratio tu rbo fans ,  and 
t y p i c a l  r e s u l t s  ( r e f .  36) are shown i n  f i g u r e  16. Measured s p e c t r a  f o r  t h e  
c o n c e n t r i c  and e c c e n t r i c  nozz le s  a r e  compared a t  a d i r e c t i v i t y  angle of 
125", which i s  a t  o r  n e a r  t h e  peak n o i s e  angle .  A s i g n i f i c a n t  suppress ion  i s  
ob ta ined  w i t h  t h e  e c c e n t r i c  nozz le  f o r  model-scale f requencies  above 1000 Hz. 
For  lower f r equenc ie s  t h e  e f f e c t s  are minimal. Also g iven  on t h e  a b s c i s s a  i s  a 
second s c a l e  showing t h e  corresponding f r equenc ie s  f o r  a t y p i c a l  f u l l - s c a l e  
engine  (0.69-m diam). It i s  apparent  t h a t  t h e  suppress ion  occur s  i n  a f r e -  
quency range where i t  would be b e n e f i c i a l  a t  f u l l  s ca l e .  S i m i l a r  r e s u l t s  were 
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o b t a i n e d  f o r  t h e  i n v e r t e d - v e l o c i t y - p r o f  i l e  c a s e  and  show p o t e n t i a l  f o r  s u p e r -  
s o n i c  c r u i s e  a p p l i c a t i o n  ( r e f .  37 ) .  

F o r  p u r p o s e s  o f  p r a c t i c a l  a p p l i c a t i o n  n o i s e  s u p p r e s s i o n  i s  g e n e r a l l y  
d e s i r e d  b o t h  i n  t h e  s i d e l i n e  p l a n e  (Cp e 65") and  t h e  f l y o v e r  p l a n e  (Cp = 0 " ) .  
The e c c e n t r i c  n o z z l e  p r o v i d e s  maximum s u p p r e s s i o n  i n  t h e  f l y o v e r  p l a n e ,  w i t h  
d e c r e a s i n g  s u p p r e s s i o n  a s  Cp i n c r e a s e s  toward  90" .  However, by s h a p i n g  t h e  
a n n u l u s  w i t h  a c o n s t a n t  w ide  w i d t h  t o  CP = go", o r  e v e n  g r e a t e r ,  s i d e l i n e  sup- 
p r e s s i o n  s h o u l d  be a c h i e v a b l e .  I n  t h i s  p r o c e d u r e  t h e  a n n u l u s  w i d t h  must  be  
d e c r e a s e d  f o r  Cp v a l u e s  l a r g e r  t h a n  t h e  Cp f o r  t h e  wide-width a n n u l u s .  T h i s  
i n  e s s e n c e  y i e l d s  a n  a s y m m e t r i c  p a s s a g e  ( f i g .  17)  f o r  t h e  p r e s e n t  n o z z l e  
c o n c e p t .  

It  i s  e x p e c t e d  t h a t  f u r t h e r  s u b s t a n t i a l  n o i s e  s u p p r e s s i o n  c a n  be  a c h i e v e d  
w i t h  shaped  n o z z l e s  by i n c o r p o r a t i n g  s u p p r e s s o r  e l e m e n t s  i n t o  t h e  d e s i g n  con-  
cep t .  Such  n o z z l e  c o n c e p t s  c o u l d  i n c l u d e  e i t h e r  f u l l - c o r e  s t r e a m  s u p p r e s s o r s  
o r  p a r t i a l - c o r e  stream s u p p r e s s o r s .  The a p p l i c a t i o n  o f  s u c h  s u p p r e s s o r s  c o u l d  
n o t  o n l y  r e d u c e  t h e  j e t  n o i s e ,  b u t  c o u l d  a l s o  e n h a n c e  t h e  u s u a l  s u p p r e s s o r  
n o i s e  r e d u c t i o n  o f  t h e  b a s e l i n e  n o z z l e s  by a d v a n t a g e o u s l y  a l t e r i n g  t h e  j e t  
plume v e l o c i t y  p r o f i l e .  

FLIGHT EFFECTS 

To a s s e s s  t h e  e f f e c t  o f  a i r c r a f t  n o i s e  o n  t h e  e n v i r o n m e n t  i n  t h e  v i c i n i t y  
o f  a n  a i r p o r t ,  i t  i s  n e c e s s a r y  t o  p r e d i c t  t h e  e f f e c t s  of  f l i g h t  on t h e  v a r i o u s  
components  of e n g i n e  n o i s e .  F o r  new o r  p roposed  a i r c r a f t  s u c h  p r e d i c t i o n s  mus t  
o f t e n  be  made o n  t h e  b a s i s  o f  o n l y  s t a t i c  d a t a  f o r  t h e  f u l l - s c a l e  e n g i n e ,  s i n c e  
c o s t s  l i m i t  t h e  number of  c o n f i g u r a t i o n s  t h a t  c a n  be f l i g h t  tes ted.  T h e r e f o r e  
i t  i s  e s s e n t i a l  t h a t  me thods  be  d e v e l o p e d  f o r  o b t a i n i n g  v a l i d  s t a t i c  d a t a  f o r  
p r o j e c t i o n  t o  f l i g h t  a s  w e l l  a s  a n a l y t i c a l  p r o c e d u r e s  f o r  making s u c h  p r o j e c -  
t i o n s .  The g e n e r a l  p rob lem i s  c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  e f f e c t s  o f  
f l i g h t  a r e  n o t  t h e  same f o r  a l l  t h e  n o i s e  components .  The Lewis  R e s e a r c h  
C e n t e r  p rograms  f o c u s  o n  t h e  d i f f e r e n t  p rob lems  o f  i n l e t  and  e x h a u s t  n o i s e  
f 1 i g h t  e f f e c t  s and  s i m u l a t i o n .  

F a n  I n l e t  'No i se  

Modern t u r b o f a n  e n g i n e s  e x h i b i t  less f a n  n o i s e  i n  f l i g h t  t h a n  i s  p r o j e c t e d  
f r o m  g round  s t a t i c  tests.  A m a j o r  r e a s o n  f o r  t h i s  d i s c r e p a n c y  i s  t h e  a p p a r e n t  
e x i s t e n c e  o f  a n  a d d i t i o n a l  n o i s e  s o u r c e  i n  g round  s t a t i c  tes ts  t h a t  i s  not pres- 
ent i n  f l i g h t .  T h i s  extraneous noise mechanism, i l l u s t r a t e d  i n  f igu re  18, is 
d u e  t o  ro tor  i n t e r a c t i o n  w i t h  i n f l o w  d i s t u r b a n c e s .  The  rotor b l a d e s  c u t  e x t e r -  
n a l l y  p roduced  t u r b u l e n c e ,  wakes,  o r  v o r t i c e s  t h a t  a r e  drawn i n t o  t h e  i n l e t .  
A t  s u b s o n i c  f a n  t i p  s p e e d s  t h i s  source o f t e n  o b s c u r e s  o r  c o m p l e t e l y  masks  t h e  
rotor-s ta tor  i n t e r a c t i o n  s o u r c e  e x p e c t e d  t o  be  dominan t  i n  f l i g h t  

The  r e a s o n  f o r  t h e  prominence  o f  t h e  i n f l o w  s o u r c e  s t a t i c a l l y  a n d  i t s  
g r e a t l y  r e d u c e d  i m p o r t a n c e  i n  f l i g h t  ( r e f .  10 )  are  i l l u s t r a t e d  i n  f i g u r e  19. 
The n a t u r e  o f  t h e  f a n  i n l e t  f l o w  f i e l d  f o r  b o t h  t h e  s t a t i c  and  f l i g h t  c a s e s  i s  
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shown o n  t h e  l e f t  s i d e  o f  t h e  f i g u r e ,  and  t h e  c o r r e s p o n d i n g  f a n  s p e c t r a  a r e  
shown o n  t h e  r i g h t .  I n  t h e  s t a t i c  c a s e  t u r b u l e n c e  i n  t h e  a tmosphe re  a s  w e l l  a s  
wakes  and  v o r t i c e s  f rom t h e  p r o x i m i t y  o f  t h e  t e s t  s t a n d  and  g round  p l a n e  a r e  
d rawn  i n t o  t h e  i n l e t  t h r o u g h  t h e  g r e a t l y  c o n t r a c t i n g  stream t u b e s .  The con- 
t r a c t i o n  i n t e n s i f i e s  t r a n s v e r s e  t u r b u l e n t  f l u c t u a t i o n s  and  s t r e t c h e s  t h e  d i s -  
t u r b a n c e s  a x i a l l y  so t h a t  t h e  r o t o r  b l a d e s  c u t  e a c h  i n t e n s i f i e d  d i s t u r b a n c e  
many times. Tone b u r s t s  a r e  g e n e r a t e d  t h a t  a p p e a r  as  a s t r o n g  b l a d e  p a s s i n g  
t o n e  and  ha rmon ics  i n  t h e  f a n  spec t rum.  I n  c o n t r a s t ,  i n  t h e  f l i g h t  case t h e  
s t r e a m  t u b e s  d o  n o t  c o n t r a c t  t o  i n t e n s i f y  and  e l o n g a t e  t h e  a t m o s p h e r i c  t u r b u -  
l e n c e ,  and  t e s t - s t a n d  and g round-p lane  d i s t u r b a n c e s  a r e  n o t  p r e s e n t .  Thus  f o r  
f a n  s t a g e s  t h a t  have  b e e n  d e s i g n e d  t o  l i m i t  t h e  n o i s e  produced  by . r o t o r - s t a t o r  
i n t e r a c t i o n ,  t h e  t o n e  l e v e l s ,  p a r t i c u l a r l y  t h o s e  o f  t h e  fundamen ta l  t o n e ,  a r e  
g r e a t l y  reduced .  

S e v e r a l  i n v e s t i g a t o r s  ( r e f s .  38 t o  44) have  shown t h a t  honeycomb-screen 
s t r u c t u r e s  mounted o v e r  t h e  t e s t  i n l e t  c a n  r e d u c e  i n f l o w  d i s t u r b a n c e s  and  t h e  
r e s u l t a n t  t o n e  n o i s e .  R e c e n t  t es t s  have  b e e n  c o n d u c t e d  a t  t h e  L e w i s  R e s e a r c h  
Cehter  t o  e v a l u a t e  s e v e r a l  t y p e s  of  i n f l o w  c o n t r o l  d e v i c e s  (ICD) s i m i l a r  t o  
t h a t  shown i n  f i g u r e  20 ( r e f .  4 5 ) .  T h e s e  t e s t s  were c o n d u c t e d  o n  a JT15D en- 
g i n e  w i t h  a m a s s i v e  e x h a u s t  m u f f l e r ,  a s  shown i n  f i g u r e  21. The I C D ' s  r anged  
f r o m  1.6 t o  4 f a n  d i a m e t e r s  i n  s i z e  and d i f f e r e d  i n  s h a p e  and  f a b r i c a t i o n  
method.  The resul ts  o b t a i n e d  w i t h  t h e  I C D  shown i n  f i g u r e s  20 and 21 a r e  sum- 
m a r i z e d  i n  f i g u r e  22. A l l  t h e  I C D ' s  s i g n i f i c a n t l y  r educed  t h e  b l a d e  p a s s i n g  
t o n e  i n  t h e  f a r  f i e l d ,  b u t  t h e  s m a l l e s t  I C D ' s  a p p a r e n t l y  i n t r o d u c e d  p r o p a g a t i n g  
modes t h a t  c o u l d  be  i d e n t i f i e d  by a d d i t i o n a l  l o b e s  i n  t h e  d i r e c t i v i t y  p a t -  
t e r n s .  O t h e r  r e c e n t  e x p e r i m e n t s  o n  f a n  s o u r c e  n o i s e  w i t h  t h i s  t y p e  o f  I C D  a r e  
r e p o r t e d  i n  r e f e r e n c e  46. F l i g h t  t e s t s  a re  b e i n g  c o n d u c t e d  by t h e  Lang ley  
R e s e a r c h  C e n t e r  f o r  t h i s  e n g i n e  mounted o n  a n  OV-1 a i r p l a n e  a s  shown i n  f i g -  
u r e  23. Thus a c t u a l  f l i g h t  d a t a  w i l l  be  o b t a i n e d  t h a t  w i l l  p e r m i t  a n  e v a l u a -  
t i o n  o f  how w e l l  t h e  ICD's r e p r o d u c e  t h e  f l i g h t  t y p e  o f  i n f l o w  c o n d i t i o n .  

Jet E x h a u s t  N o i s e  

The s u b j e c t  o f  f l i g h t  e f f e c t s  o n  j e t  e x h a u s t  n o i s e  h a s  been  a r a t h e r  con-  
t r o v e r s i a l  o n e  i n  r e c e n t  y e a r s .  Some o f  t h e  t e r m i n o l o g y  needed  t o  d e s c r i b e  
f l i g h t  e f f e c t s  i s  d e f i n e d  i n  f i g u r e  24. The c a s e s  c o n s i d e r e d  h e r e i n  a r e  l e v e l  
f l y o v e r s  a t  a n  a i r p l a n e  v e l o c i t y  o f  V o .  The o b s e r v e r  i s  l o c a t e d  a t  a n  
a n g l e  6 f rom t h e  e n g i n e  i n l e t  a x i s .  

Accord ing  t o  c l a s s i c a l  j e t  n o i s e  t h e o r y  i n - f l i g h t  j e t  n o i s e  s h o u l d  f o l l o w  
a f a i r l y  s i m p l e  r e l a t i o n ,  a s  t h e  v e l o c i t y  a r r o w s  a t  t h e  bo t tom o f  f i g u r e  2 4  
s u g g e s t .  V j  (shown by t h e  u p p e r ,  l o n g e r  
a r r o w ) ,  i n c r e a s i n g  t h e  f l i g h t  v e l o c i t y  V o  ( shown by t h e  lower ,  s h o r t e r  
a r r o w )  r e d u c e s  t h e  v e l o c i t y  of t h e  j e t  r e l a t i v e  t o  t h e  a i r .  T h i s  r e d u c e s  t h e  
s h e a r ,  and t h e r e f o r e  t h e  n o i s e  s h o u l d  be  less i n  f l i g h t .  

F o r  a g i v e n  a b s o l u t e  j e t  v e l o c i t y  

The c u r r e n t  i n t e r e s t  i n  f l i g h t  e f f e c t s  was g r e a t l y  s t i m u l a t e d  s e v e r a l  
y e a r s  a g o  when Ro l l s -Royce  ( r e f s .  47  and 48 )  r e p o r t e d  r e s u l t s  l i k e  t h o s e  shown 
i n  f i g u r e  25,  where  t h e  o v e r a l l  sound p r e s s u r e  l e v e l  i s  p l o t t e d  as  a f u n c t i o n  
o f  d i r e c t i v i t y  a n g l e .  The s t a t i c  case i s  shown by t h e  s o l i d  c u r v e ,  and  t h e  
c o r r e s p o n d i n g  f l i g h t  c a s e  i s  shown by t h e  dash -do t  a n d  c u r v e .  The n o i s e  i n  t h e  



r e a r  q u a d r a n t  was r e d u c e d ,  a s  e x p e c t e d .  However, i n  some cases,  s u c h  as  t h e  
one  shown h e r e ,  t h e  n o i s e  i n  t h e  f o r w a r d  q u a d r a n t  i n c r e a s e d  i n  f l i g h t .  F u r t h e r  
c o n f u s i n g  t h e  i s s u e  i s  t h e  f a c t  t h a t  mode l - j e t  s i m u l a t e d  f l i g h t  t es t s  i n d i c a t e  
t h a t  i n - f l i g h t  n o i s e  s h o u l d  b e  r e d u c e d  a t  a l l  a n g l e s ,  a s  shown by t h e  d a s h e d  
c u r v e .  S t u d i e s  c o n d u c t e d  o r  s p o n s o r e d  by NASA s u g g e s t  t h a t  t h e s e  a p p a r e n t  
a n o m a l i e s  c a n  be  r e s o l v e d  when t h e  e n g i n e  i n t e r n a l  n o i s e  i s  c o n s i d e r e d  
( r e f s .  49 t o  55 ) .  
( r e f .  56)  t h a t  t h e  t o t a l  i n - f l i g h t  n o i s e  e x c e e d s  t h e  s t a t i c  l e v e l  e v e n  t h o u g h  
t h e  j e t  n o i s e  i s  r educed .  

The  i n t e r n a l  n o i s e  i s  a m p l i f i e d  by a s u f f i c i e n t  amount 

Based o n  t h e  f a v o r a b l e  c o m p a r i s o n s  w i t h  f l i g h t  d a t a  when i n t e r n a l  n o i s e  i s  
a c c o u n t e d  f o r ,  a methodology h a s  b e e n  d e v e l o p e d  f o r  p r e d i c t i n g  i n - f l i g h t  ex- 
h a u s t  n o i s e  f o r  s i n g l e - s t r e a m  e x h a u s t s  f r o m  s t a t i c  d a t a  ( r e f .  5 7 ) .  
odo logy  i s  i l l u s t r a t e d  i n  f i g u r e  26. The e x p e r i m e n t a l l y  d e t e r m i n e d  s t a t i c  
t o t a l  n o i s e  i s  compared w i t h  t h e  j e t  mix ing  and s h o c k - c e l l  n o i s e  p r e d i c t e d  f r o m  
r e f e r e n c e  58. T h e  p r e d i c t e d  j e t  n o i s e  and  s h o c k  n o i s e  a r e  a n t i l o g a r i t h m i c a l l y  
s u b t r a c t e d  f r o m  t h e  t o t a l  measu red  n o i s e  t o  p r o d u c e  a n  i n f e r r e d  e x c e s s  n o i s e .  
The i n f e r r e d  e x c e s s  n o i s e  i s  c o r r e l a t e d  w i t h  s i m i l a r  d a t a  f o r  o t h e r  a n g l e s  and  
power s e t t i n g s  t o  p r o d u c e  a n  e m p i r i c a l  e x c e s s  n o i s e  c o r r e l a t i o n .  
l a t e d  e x c e s s  n o i s e  and  t h e  s h o c k  n o i s e  a r e  t h e n  p r o j e c t e d  t o  f l i g h t ,  a s  shown 
o n  t h e  r i g h t  s i d e  o f  f i g u r e  26,  w i t h  t h e  a s s u m p t i o n  o f  a D o p p l e r  f r e q u e n c y  
s h i f t  and  a n  a m p l i f i c a t i o n  o f  -40 l o g  ( 1  - Mu cos 8). 
i n  f l i g h t  i s  p r e d i c t e d  f rom r e f e r e n c e  58 ,  and  t h e  t o t a l  p r o j e c t e d  f l i g h t  n o i s e  
i s  o b t a i n e d  by a n t i l o g a r i t h m i c  add  i t  ion .  

T h i s  meth-  

The c o r r e -  

The j e t  mix ing  n o i s e  

T y p i c a l  s t a t i c  r e s u l t s  a r e  shown i n  f i g u r e  27 f o r  a n  Orenda  t u r b o j e t  o n  a n  
F-86 a i r p l a n e  a t  h i g h  j e t  v e l o c i t y  ( 5 9 6  m/sec>. The r e s u l t s  were o b t a i n e d  by 
Boeing  ( r e f .  59)  and made a v a i l a b l e  t o  NASA. Noise s p e c t r a  a r e  shown a t  t h r e e  
a n g l e s  - 8 = 50" ( f o r w a r d  q u a d r a n t ) ,  8 = 90" ( o v e r h e a d ) ,  and 8 = 130" ( p e a k  
n o i s e ,  a f t  q u a d r a n t ) .  I t  c a n  be  s e e n  t h a t  t h e  i m p o r t a n c e  of  t h e  v a r i o u s  n o i s e  
s o u r c e s  v a r i e s  w i t h  t h e  d i f f e r e n t  a n g l e s .  Shock n o i s e  i s  dominant  i n  t h e  f o r -  
ward q u a d r a n t ,  and  j e t  mix ing  n o i s e  i s  dominant  i n  t h e  a f t  q u a d r a n t .  A t  l o w e r  
power s e t t i n g s  t h e  e x c e s s  n o i s e  becomes more i m p o r t a n t .  The  p r o j e c t i o n  of  
t h e s e  d a t a  t o  f l i g h t  i s  compared w i t h  a c t u a l  f l y o v e r  d a t a  i n  f i g u r e  28. The 
r e l a t i v e  i m p o r t a n c e  of  j e t  m i x i n g  n o i s e  i s  r educed  a s  compared w i t h  t h e  s t a t i c  
c a s e  ( f i g .  271,  and  t h e  p r o j e c t i o n  a g r e e s  r a t h e r  wel l  w i t h  t h e  e x p e r i m e n t a l  
d a t a .  
r e f e r e n c e  58 and  f o r  t h e  585 t u r b o j e t  o n  t h e  B e r t i n  a e r o t r a i n  i n  r e f e r e n c e  60.  

A d d i t i o n a l  c o m p a r i s o n s  a r e  shown f o r  t h e  Orenda  e n g i n e  o n  t h e  F-86 i n  

CONCLUDING REMARKS 

T h i s  p a p e r  r e v i e w s  some of  t h e  r e c e n t  i m p o r t a n t  d e v e l o p m e n t s  i n  e n g i n e  
n o i s e  r e d u c t i o n  t e c h n o l o g y .  Some d e v e l o p m e n t s  o f  p a r t i c u l a r  i n t e r e s t  a r e  a s  
f 01 lows : 

1. Sweeping o f  t h e  f a n  b l a d e s  h a s  b e e n  shown t o  be  u s e f u l  i n  r e d u c i n g  
m u l t i p l e - p u r e - t o n e  n o i s e .  S i m i l a r l y ,  i n c r e a s i n g  sweep h a s  b e e n  shown t o  r e d u c e  
t h e  n o i s e  of advanced  t u r b o p r o p  models. 
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2. Two methods of  u s i n g  n o z z l e  asymmetry have been shown t o  reduce j e t  
e x h a u s t  n o i s e :  n o n c o n c e n t r i c  d u a l - s t r e a m  e x h g u s t s  and t h e  the rma l  a c o u s t i c  
s h i e l d .  

3. I n l e t  f l o w  c o n t r o l  d e v i c e s  have been  deve loped  t h a t  a p p e a r  t o  a l l o w  
s t a t i c  f a n  n o i s e  t es t s  t o  be made w i t h  i n f l o w  c o n d i t i o n s  approx ima t ing  t h o s e  
e n c o u n t e r e d  i n  f l i g h t .  F l i g h t  t es t s  are planned t o  more f u l l y  r e s o l v e  t h e  
issue. 

4. It  i s  shown t h a t  s t a t i c  j e t  e n g i n e  e x h a u s t  n o i s e  c a n  be  a c c u r a t e l y  pro- 
j e c t e d  t o  f l i g h t  on a n  a b s o l u t e  b a s i s .  
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Figure  1.-  Noise c o n s t r a i n t s  a t  major world airports. 
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Figure  2.- Turbofan engine n o i s e  sources .  
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Figure  3.- Fan n o i s e  sources .  
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Figure  4.- Fan no i se  spectra a t  subsonic  
and supe r son ic  t i p  speeds. 
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Figure 5.- Swept-rotor fan. 
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Figure 6.- Multiple-pure-tone generation of unswept- 
and swept-rotor fans. 
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Figure 7.- Propeller model comparison. (Note: 1 f t  = 0.305 m 
and 1 hp / f t2  = 801 8 W/m2. ) 
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Figure 8.- Effect of t i p  Mach number on measured noise. 
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Figure  9.- Jet n o i s e  r educ t ion  concepts .  
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Figure  10.- Thermal a c o u s t i c  s h i e l d  schematic.  
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F i g u r e  11.- Thermal a c o u s t i c  s h i e l d  

t es t  c o n f i g u r a t i o n .  
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F i g u r e  12.- Effect  of s h i e l d i n g  f l o w  on s u b s o n i c  je t  n o i s e  for 
c o p l a n a r ,  coannular  nozz le .  Je t  velocity, 575 m/sec. 
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F igure  14.- Coannular nozz le  geometric effects. 
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Figure 15.- Concentric and eccentric nozzles. 
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Figure 16.- Model-scale spectra. 8 = 125O; PRi = 2.2; 
P&, = 1.4;  Vo = 496 m/sec; Vi = 229 m/sec. 
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Figure 17.- Nonaxisymmetric application 
of suppression principle. 
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Figure 18.- Fan noise sources - effect 
of inflow disturbances. 
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Figure  19.- Forward v e l o c i t y  e f f e c t s  on 
i n l e t  flow and noise .  
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Figure  20.- Inf low c o n t r o l  device.  ( N o t e :  1 in .  = 2.54 Cm.) 
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Figure  21 .- JT15D engine w i t h  ICD i n s t a l l e d .  
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Figure  22.-  Effec t  of inf low c o n t r o l  device  on f a n  no i se  genera t ion .  
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Figure 23.- OV-1 i n  f l i g h t  with JT15D engine i n s t a l l e d .  
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Figure 24.- F l ight  effects on 
exhaust noise .  
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Figure 25.- Typical flight effects on exhaust noise. 
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Figure 26.- Methodology for predicting in-flight 
noise from static data. 
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Figure 27.- Experimental and predicted static spectra for 
Orenda turbojet on F-86 airplane. 
(596 m/sec). 
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Figure 28.- Experimental and predicted flight spectra 
for Orenda turbojet on F-86 airplane. 
velocity (596 m/sec). 
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