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A b s t r a c t  

The r e l a t i v e   i m p o r t a n c e  of combust ion a s  a s o u r c e  of n o i s e  
i n  a f l o w  regime r e p r e s e n t a t i v e  of a s u b s o n i c  j e t  e n g i n e  
e x h a u s t  w a s  i n v e s t i g a t e d .   S i n c e   t h e   r e s e a r c h  was d i r e c t e d   t o w a r d  
u n d e r s t a n d i n g   n o i s e   f r o m  a r ea l  e n g i n e   c o m b u s t o r   a n d   n o t   t h e  
p r o c e s s   o f   c o m b u s t i o n   p e r  se,  t h e   c o m b u s t i o n   n o i s e   s o u r c e   c h a r -  
acter is t ics  were o b t a i n e d   f r o m   p r e s s u r e   a n d   t e m p e r a t u r e   f l u c t u -  
a t i o n   m e a s u r e m e n t s   i n   t h e   c o m b u s t o r   a n d   e x h a u s t   n o z z l e .   T h e  
s i m i l a r i t y   b e t w e e n   t h e   f l u c t u a t i o n s   i n   t h i s   s o u r c e   r e g i o n   a n d  
t h e  f a r  f i e l d   n o i s e  were compared, f i r s t  b y   e x a m i n i n g   s p e c t r a  
of e a c h ,   t h e n   b y   m e a n s   o f   c r o s s c o r r e l a t i o n s   a n d   c r o s s - s p e c t r a l  
d e n s i t y   d i s t r i b u t i o n s .   I n   t h e  j e t  e x h a u s t   v e l o c i t y   r a n g e  
between  140  and 2 0 0  m/sec i n v e s t i g a t e d   i n   d e t a i l ,   t h e   f r e -  
q u e n c i e s   o f   d o m i n a n t   p r e s s u r e   a n d   t e m p e r a t u r e   f l u c t u a t i o n s   i n  
t h e   c o m b u s t o r  were a l s o   t h e   f r e q u e n c i e s  of t h e  dominant  f a r  
f i e l d   n o i s e .  The o v e r a l l   n o i s e   l e v e l s  were 1 4  t o  2 0  dB h i g h e r  
t han   f rom a c o r r e s p o n d i n g   c l e a n  j e t  i n   t h e  same v e l o c i t y  
range .   Thus  it seemed clear  t h a t   t h e   u n s t e a d i n e s s   a s s o c i a t e d  
w i t h   t h e   c o m b u s t i o n   p r o c e s s  was r e s p o n s i b l e   f o r   t h e   d o m i n a n t  
n o i s e   i n   t h e  f a r  f i e l d .  A s i m p l e   a n a l y s i s  t o  p r e d i c t   t h e  
f a r   f i e l d   n o i s e  due t o   t h e   i n t e r n a l   p r e s s u r e   f l u c t u a t i o n s  
c a u s i n q   e x i t   p l a n e   v e l o c i t y   f l u c t u a t i o n s   p r o d u c e d   t r e n d s  
c l o s e l y   r e s e m b l i n g   t h e   m e a s u r e d   r e s u l t s ,  b u t  u n d e r p r e d i c t e d  
t h e  f a r  f i e l d  n o i s e   o v e r   t h e   s p e c t r a l   r a n g e   e x a m i n e d .  The 
p o s s i b l e   r e a s o n   f o r   t h e   h i g h e r   f a r   f i e l d   n o i s e  i s  d i r e c t   t r a n s -  
m i s s i o n   o f   a c o u s t i c   w a v e s   t h r o u g h   t h e   n o z z l e ,   w h i c h  w a s  n o t  
a c c o u n t e d   f o r   i n   t h e   p r e d i c t i o n   s c h e m e .  
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1. INTRODUCTION 

I t  i s  w e l l  known t h a t   u n s t e a d y   c o m b u s t i o n   c a n   a m p l i f y  
a n d   g e n e r a t e   p r e s s u r e   o s c i l l a t i o n s   i n   t h e   g a s e o u s  medium 
s u r r o u n d i n g   t h e   z o n e  of c o m b u s t i o n   a n d   t h a t   t h e s e   o s c i l l a -  
t i o n s   c a n  be i n   t h e   a u d i b l e   f r e q u e n c y  range. No i se  from 
f u r n a c e s   a n d   o t h e r   t u r b u l e n t  flames g i v e   e v i d e n c e   t o   t h i s  
f a c t .  N o  g e n e r a l   t h e o r y  or  s c a l i n g  l a w  e x i s t s ,   h o w e v e r ,  
which w i l l  a l l o w  re l iable  p r e d i c t i o n s  t o  b e  made c o n c e r n i n g  
t h e   i m p o r t a n c e   o f   c o m b u s t i o n  as a s o u r c e  of n o i s e   i n  a f l o w  
regime s u c h  a s  i s  f o u n d   i n   a n  a i r c ra f t  j e t  e n g i n e .  Some 
i n i t i a l   r e s u l t s   o f  a s t u d y   t o   p r o v i d e   s u c h   i n f o r m a t i o n  are  
c o n t a i n e d   i n   t h i s   r e p o r t .  

N o i s e   g e n e r a t i o n  by open flames h a s   b e e n   t h e   s u b j e c t  of  
s e v e r a l   s t u d i e s   d u r i n g   t h e   p a s t   t w e n t y   y e a r s .  Giammar and  
Pu tnaml   heve   p re sen ted  a r e v i e w   o f   t h e   e x p e r i m e n t a l  work i n  
t h i s   a r e a .   S e v e r a l  i n t e r e s t i n g  f e a t u r e s   o f   c o m b u s t i o n   n o i s e  
may b e   d e r i v e d   f r o m   t h e s e  e a r l i e r  s t u d i e s .  The c h a r a c t e r -  
i s t i c  f r e q u e n c i e s   o f   c o m b u s t i o n   n o i s e   a r e   f o u n d   t o   b e   c o n -  
s i d e r a b l y   l o w e r   t h a n   f o r  j e t  noise .   Putnam2  showed,   for  
e x a m p l e ,   t h a t   t h e   n o i s e   f r o m   h i s   f u e l  j e t  wi th   no   combust ion  
peaked   a t .   a round 1 0  kHz w h i l e   w i t h   t h e  j e t  b u r n i n g ,   t h e  
spec t rum  be tween 1 0 0  and  500 Hz w a s  dominant   and  a t  a l e v e l  
o f   a b o u t  2 0  t o  30 dB h i g h e r   t h a n   - t h e   p e a k   o f   t h e   n o n - b u r n i n g  
case. The p o i n t  of t h e   s p e c t r a l   s o u n d   p r e s s u r e   l e v e l   p e a k  w a s  
found t o  depend  upon  the   type   o f   f lame2 as  w e l l  as  t h e   t y p e  
o f   f u e l   a n 2   d i a n i e t e r  of t h e   b u r n e r 3 r 4 ,   a n d   t h e   r a t i o   o f  
b u r n e r   d i a m e t e r   t o   f l o w   v e l o c i t y . 5   T h i s   S t r o u h a l   t y p e   s c a l i n g  
s u g g e s t s   t h a t   t h e   n o i s e   f r o m   o p e n   t u r b u l e n t   f l a m e s  i s  r e l a t e d  
t o  t h e   t u r b u l e n c e  scale i n   t h e   f l a m e ;   t h e   d e p e n d e n c e   o n   f u e l  
t y p e   s u g g e s t s  some l i n k   b e t w e e n   t h e   n o i s e   g e n e r a t i o n  
m e c h a n i s m s   a n d   t h e   c h e m i s t r y   o f   t h e   r e a c t i o n .  Any t h e o r y  
o n   c o n b u s t i o r !   n o i s e   s l r o u l d   t h e r e f o r e   c o n t a i n   b o t h   o f  these 
parame ters . 

T h e o r e t i c a l  work   concern inc j   cornbus t ion   r ,o i se   has   rece ived  
sone a t t e n t i o n ,   b u t   a g a i n ,   n o s t l y   r e l a t e d   t o   o p e n   f l a m e s .  
Bragg6  deve loped  a theory on t h e   b a s i s  of p h y s i c a l   r e a s o n i n g  
usin.cj t h e   w r i n k l e d   l a m i n a r   f l a m e   c G n c e p t ,  a concept   which  i s  
open t o  Kotake   and   Ea t t a5   have   a l so   d . eve loped  a 
t h e o r y   f o r   c o m b u s t i o n   r - o i s e .   T h e y   i n t e r p r e t e d   o b s e r v e d   s o u n d  
power s c a l i n g   w i t h  flow v e l o c i t y ,  U ,  t o   t h e   f o u r t h   p o w e r ,   t o  
be due t o  d i p o l e   r a d i a t i o n ,   a n   i n t e r p r e t a t i o n   w h i c h   d o e s  
n o t   a g r e e   w i t h   d e r i v a t i c n s  made b y   L i v h t h i l l . 8   S t r a h l e 9  
p r o v i d e d  a c r i t i q u e   o f   e x i s t i n g   t h e o r i e s  of c o m b u s t i o n   n o i s e ,  
a n d   d . e v e l o p e d   t w o   a l t e r n a t i v e   t h e o r i e s  of h i s  own. H i s  
t h e o r i e s   f o l l o w   m o r e   d i r e c t l y  from L i g h t h i l l  ‘ s 8  f o r m u l a t i o n  
t h a n   d o   t h e   o t h e r s ,   a n d   h e   u s e s   t h e   t w o   e x i s t i n g   r c e c h a n i s t i c  
t h e o r i e s   f o r   t u r b u l e n t   f l a r n e s ,   t h e   w r i n k l e d   l a m i n a r   f l a m e  
t h e o r y  a.nd t h e   d i s t r i b u t e d   r e a c t i o n   t h e o r y ,  t o  d e r i v e  
a m u s t i c   e f f i c i e n c i e s   f o r  €lames. I n   e a c h  case h e   u t i l i z e s  
a p r o p o r t i o n a l i t y   c o f i s t a n t   w h i c h  shol-zld be  Rear u n i t y   i n   v a l u e  
i f  the   model  i s  a c c u r a t e .   I n   c o n p a r i n g   h i s   t h e o r i e s   w i t h  
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t h e   e x p e r i m e n t s  of Smi th  and K i l h a m , 3   h e   f i n d s   t h e   p r o p o r -  
t i o n a l i t y   c o n s t a n t s   t o  be 1 2 4  a n d  0.17 r e s p e c t i v e l y   f o r   t h e  
w r i n k l e d  flame a n d   d i s t r i b u t e d   r e a c t i o n   m o d e l s .  I t  i s  
e v i d e n t   t h e r e f o r e ,   t h a t   f u r t h e r   s o p h i s t i c a t i o n  o r  more 
a c c u r a t e   r e p r e s e n t a t i o n s  of t h e   n o i s e   p r o d u c i n g   m e c h a n i s m s  
i n   f l a m e s  i s  c l e a r l y   n e e d e d  befcre a c c u r a t e   p r e d i c t i o n s  of 
t h e i r   p o t e n t i a l  a s  a n o i s e   s o u r c e   c a n  be made. 

A g e n e r a l ,   u n i f i e d   t h e o r y   o f   c o m b u s t i o n   n o i s e   h a s   b e e n  
d e v e l o p e d   b y   C h i u   a n d   S u m m e r f i e l d . l O   T h i s   t h e o r y   i n v o l v e s  
a g e n e r a l i z e d   d e v e l o p m e n t  of t h e   s . c o u s t i c   e q u a t i o n s   i n   w h i c h  
t e m p e r a t u r e   v a r i a t i o n s   t h r o u g h o u t   t h e   s o u r c e   r e g i o n   a r e  
a l l o w e d ,   a n d   t h e   t e m p e r a t u r e   i n   t h e   s o u r c e   r e g i o n   c a n   b e  
d i f f e r e n t   f r o m   t h e   t e m p e r a t u r e   i n   t h e   s u r r o u n d i n g  medium. 
The s o u r c e  term i s  c a r r i e d   t h r o u g h   t h e   d e r i v a t i o n   i n  a g e n e r a l  
form so t h a t   t h e   s o l u t i o n s   c a n   b e   o b t a i n e d   u s i n g   a n y   d e s i r e d  
m o d e l   f o r   t h e   u n s t e a d y   s o u r c e .   H e n c e ,   t h i s   u n i f i e d   a p p r o a c h  
a l l o w s   d i r e c t   c c n p a r i s o n s   o f   f l a m e   n o d e i s ,  wher. t h e   u n s t e a d y  
p a r a m e t e r s   a r e   g i v e n .   T h i s   t h e o r y   i n c l u d e s   c o n t r i b u t i o n s  
f r o m   t h e   i n t e r a c t i o n   o f   f l u i d   t u r b u l e n c e   w i t h   t h e   u n s t e a d y  
h e a t  re lease,  i n   a d d i t i o n   t o   t h e   d i r e c t   c o n t r i b u t i o n   f r o m  
t h e   f l u c t u a t i n g   h e a t   r e l e a s e .   S t r a h i e ' s g   t h e o r y   i n c l u d e s  
o n l y   t h e  l a t t e r  e f f e c t .   D i s c r i m i n a t c r y   d i a . g r , o s t i c   e x p e r i -  
ments  a re  n e e d e d   t o   d e t e r m i n e   t h e   r e l a t i v e   i m p o r t a n c e  of t h e  
v a r i o u s  terms i n   t h e   a n a l y t i c a l   f o r m u l a . t i o n .  

I n   v i e w   o f   t h e   f a c t  t h a t  t h e   p r e 2 i c t i v e   a c c u r a c y   o f  
e x i s t i n g   t h e o r i e s   o f   c o n b u s t i o n   n o i s e  have n o t   b e e n   p r o v e n ,  
it is n o t   s u r p r i s i n g   t h a t   t h e   i m p o r t a n c e  of c o n b u s t i o n  2 s  a 
s o u r c e  of n o i s e   i n  j e t  e n q i n e s  i s  n o t  well- u n d k r s t o o d .  
P r e v i o u s   e x p e r i m e n t s  on open f l a m e s   b e a r  l i t t l e  r e semblance  
t o  t h e  d u c t e d   b u r n e r   s y s t e m  in a n   e n g i n e ,   a n d   t h e o r i e s   w h i c h  
a r e   d e r i v e d   s p e c i f i c a l l y   f o r ,  but. y e t   a r e   u n p r o v e n   f o r  t h e  
case of   open  flaves, c a n n o t   b e   d i r e c t l y   a p p l i e d   t o   i n t e r n a l  
c o m b u s t i o n   s y s t e m s   w i t h o u t   v e r i f i c a t i o n  of  t h e i r   a p p l i c a b i l i t y .  

If t h e   n o i s e  d.ata. f r o n  a. r a n g e  of a i r c r a f t   e n g i n e s  i s  
examined , l l  i t  i s  a p p a r e n t   t h a t   c o l a b u s t i o n ,  cr some o t h e r  
i r , t e r n a l   s o x r c e ,  Is a n   i x p z t a r l t   s o u r c e  of n c i s e  in e n g i n e s ,  
a t  l e a s t   a t  j e t  speeds below 350 m/sec s i n c e  the o v e r a l l  
n o i s e  power scal.incj v i i t h  j e t  v E l o c i t y  Goes n o t  fo l low .the 
c l a s s i c a l  ~8 I - e l a t i o n s l l i p  i n  t h i s  r a n g e  3~ v e l o c i t y ,  as 
clean l a b o r a t o r y  j e t s  m a y  LE. o b s e r v e d   t o  20.  Tpierefore ,  i t  
!,vas a p ? a r e n t ,  at the time t h a t  t h i s  r e s e a r c h  i,Jas u n d e r t a k e n ,  
t h a t   f u r t h e r   s t u d y  of t h e  r e l a t i v e   i r r p o r t a n c e  of combust ion  
E S  a s o u r c e  of n o i s e  i n  j e t   e x h a u s t s  was needed .  T h i s  
r e p v r t   d o c u l n e n t s   r e s u l t s   o f  a 2 i l o t   p r o g r a m  sin-ed a t  t h i s  need .  



'i'he aim cf t h i s   i n v e s t . i g a t i c j n  S ~ J ~ S  t o   d e r n o n s t r a t e   t h e  
r e l a t i v e  i.rctpor-tarice o f   combus t ion  t".s 2 s o u r c e  of n o i s e  i n  a 
f l o w   r e g i m e .   r e p r e s e n t a t i v e  of a s u b s o n i c  j e t  e n g i n e   e x h a u s t .  
The  prcqr.am of r e s e a r c h   i n v o l v e d   n e a s u r e m e n t s  of u n s t e a d i n e s s  
insir '?e a 7 . 5  Cm d i ame te r   combus to r  which eXhai.?sted  throuqh a 
5 c m  diameter 1 1 0 ~ ~ 1 ~ 3 ,  o v e r  a v e l o c i t y   r a n q e   o f  1 5 0  t o  2 0 0  
M / S e C t  and measurements  of t h e  f a r  f i e l d   n o i s e   d u e   t o   t h e  
c o m b u s t o r / j e t   c c m b i . n a t i o n   a n d   c o r r e l a t i o n  of t h e   d a t a .  The 
e inphas is   in   t .he   p rogram was o n   G b t a i n i r q   e x p e r i m e n t a l   e v i d e n c e  
of t h e  i ropor tance  of c o m b u s t i o n   n o i s e ,  with analysis b e i n g  
u s e d   p r i m a r i l y   t o   c o r r e k t e   t h e  da ta .  T h a r e E o r e ,   w i t h i n   t h e  
scope  of t h i s   r e p o r t ,   t h e   o r i g i n  of c o n b u s t i o n   n o i s e  will 
ilc?t. be d i s c u s s e d   f u r t . h e r ,  b u t  a i l 1  he a c c e p t e d  as g iven   by  
m e a s u r e n e n t s   o b t a i r , e d   i n s i d e  t h e  cmnbus to r .   These   neasu re -  
E e n t s  w i l l  be e x a m i n e d   w i t h   r e s p e c t   t o   t h e i r   b a s i c   c h a r a c t e r -  
i s t i c s ,  such  as f r e q u e n c y   c o n t e n t   a n d   i n t e n s i t y  a s  compared 
w i t h  t h e  Car fielci no i se   rwasure rnen t s   wh ich   ccn ta in   t he   con-  
t x i b u t i c n  l m d e  i)y the j e t  .in ac!di . t ion t o  t h e  n o i s e  from t h e  
c o m b u s t o r .   A n a l y t i c   e x p r e s s i o n s   a r e   d e r i v e d   a r L d   u s e d   t o  
p r e d i c t  the f a r   f i e l d   n o i s e   d u e   t o   t h e   u n s t e a d i n e s s   i n   t h e  
combustor .  Results of  p r e d i c t e d   n o i s e   l e v e l s   a r e   c c r p a r e d  
wi th   measu red   va l . ce s .  

2.1 Detai ls  o f  Exi,erinent and   Da ta   Ana lys i s  "-"" "__"- 
I n   v i e w  of t h e   f a c t   t h a t  a r e l a t i v e l y   q u i c k ,   q u a n t i t a t i v e  

d e m o n s t r a t i o n   o f   t h e   r e l a t i v e   i m p o r t a n c e  of c o m b u s t i o n   n o i s e  
w a s   s o u g h t ,   w i t h o u t   a n   i n u u e d i a t e   u n d e r s t a n d i n g  of t h e   d e t a i l e d  
mechan i sms   i nvc lved ,   an   expe r imen t  was d e s i g n e d  for this 
p u r p o s e .  L! 7 . 5  c m  I . D .  combustor  PJZS f i t t e d   w i t h  a 5 c m  
I . D .  n o z z l e   a n d   c o n n e c t e d  by f l e x i b l e   t u b i n g  t o  me te red  a i r  
a n d   f u e l   s u p p l i e s .  The c o n b u s t o r   a s s e m b l y  w z s  mounted o n  a 
py lon  3 . 7  m a b o v e   t h e   g r o u n d   l e v e l   t o   m i n i m i z e   g r o u n d  
r e f l e c t i o n s  of t h e   n o i s e   w h i c h  would! cause h i g h e r   r e a d i n g s  
by f a r   f i e l d   m i c r o p h o n e s .   F i g u r e  l a  s h o w s   t h e   f i r i n g   s t a n d   i n  
t h e   o p e n  f i e l d  w i t h  m i c r o p h o n e s   s t a t i o n e d  a t  1 5 "  i n t e r v a l s  
be tween 15'  and 9 0 "  t o   t h e  j e t  a x i s ,  also rnounted 3 . 7  m 
a b o v e   t h e   g r o u n d ,  a t  a d i s t a n c e  of 15 m f rom  the   combustor  
e x i t .   F i g u r e   l b  i s  a c l o s e - u p  view o f   t h e   c o m b u s t o r   a s s e m b l y .  
A i r  e n t e r s   t h r o u g h   t h e   f l e x i b l e   h o s e   o n   t h e   l e f t ,   f l o w s  
t h r o u g h  an 2 0  c m  I . D .  p l e n u m   c h a m b e r   b e f o r e   e n c o u n t e r i n g   t h e  
flame ho lde r   a s sembly ,   wh ich  i s  d e s c r i b e d   i n  more d e t a i l  
below.  The h o t   g a s e s   r e s u l t i n g   f r o m   t h e   c o m b u s t i o n   p r o c e s s  
c o n v e r g e   a n d   e x h a u s t   t h r o u g h   t h e  5 c m  I . D .  n o z z l e   a p p e a r i n g  
o n   t h e   r i g h t  of F i g .  l b .  

F i g u r e  2 s h o w s   t h e   d e t a i l s  of t he   combus to r s   u sed .   The  
u p p e r   p a r t   o f   F i g .  2 shows   t he  f i rs t  d e s i g n   u s e d ,   d e s i g n a t e d  
combustor  ' A ' .  The f u e l  i s  i n j e c t e d   i n t o  a tube   wh ich  is 
m o u n t e d   c o n c e n t r i c a l l y   w i t h i n   t h e   m a i n   c o m b u s t o r .  The  up- 
s t r e a m   e n d   o f   t h e   t u b e  h a s  a c o n s t r i c t i o n   w h i c h   c a n  be 
a d j u s t e d   t o   c o n t r o l   t h e   f r a c t i o n   o f   p r i m a r y   a n d   s e c o n d a r y  a i r .  
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Me.x t h e   d o w n s t r e a m   e n d   o f   t h e   c a n  i s  a V - g u t t e r   t y p e  flame 
h o l d e r   w h i c h   G e n e r a t e s   t u r b u l e n c e  .to s t a b i l i z e  t h e   f l a m e .  
L i q u i d   i s o - o c t a n e  is t h e   f u e l   u s e d   i n  a l l  the e x p e r i m e n t s  
r e p o r t e d .  A m i x t u r e  of hydrogen   and  a i r  i s  i n j e c t e d   a n d   s p a r k  
i g n i t e d   n e a r   t h e  f iaxe h o l d e r  t o  i g n i t e   t h e   i s o - a c t a n e .   T h e  
i g n i t e r  is  R o t  o n   d u r i n g   n o i s e   m e a s u r e m e n t s .   P r e s s u r e   t r a n s -  
d u c e r   p o r t s  are  l o c a t e d  a t  f G u r   s t a t i o n s   a 1 n r . g  t h e  combustor .  
Only a s i n g l e   t r a n s d u c e r ,   l o c a t e d   I r m e d i a t e l y   u p s t r c a I n   o f  t h e  
c o n v e r g i n q   n o z z l e ,  F!GS u.sed f o r   r w a s u r e m e n k s  rcpoxted.  he re in . .  

Cordmstor ' E '  c o n s i s t e d  of  cor?bustor ' A '  w i t h  z 2 0  c m  
e x t e n d e r   i n s e r t e e  between t h e   f l a m e   h o l d e r   a n d   t h e   n o z z 1 e ,  a s  
shown i n  F i g .  2 .  ' T h e  pu rpose  of  this r n c d i f i c a t i o n  was t o  
s t u d y  . the  e f f e c t  of cor!tbustor  1.encjth on t h e   n o i s e   l e v e l s   a n d  
c h a r a c t e r i s t i c s .  

T h e   l o w e r   p a r t  of F i q .  2 shows t h e   d e s i g n  of combustor  
I C ' .  Combustor ' C '  hms a can  which i s  s l i c j h t l y   I . a r q e r   i n  
diarret:er a n d  l o n g e r   t h t m   t h e   t u b e  GI-1 'A' , v : i t h  2 e r f o r a t i o n s  
a l o n q   t h e  s i c k  t o  a1 low t h e  air tm e n t e r .  t o  p r i r c a r y   a i r  
e n t e r s  t h e  u p s t r e a n  en(:. o f  t h e  car., arid t he  f laxe i s  s t a b i l i z e d  
by a r e c i r c u l a t i n g  flow i nduced  a t  t h e  u p s t r e a x  end of the 
c a n .  

-.* 

For  ec;ual a i r  and  f u e l  f l o w  r a t e s ,  combustor  I C '  burned  
s l i g h t l y  more e f f i c i e n t l y   t h a n  ' A '  r e s u l t i n q  .in s l i g h t l y   h i g h e r  
gas t e m p e r a t u r e s .  The s c o u s t i c   c h a r a c t e r i s t i c s  of the two 
were a l s o  ScjKewhat d i f f e r e n t ,  .'AS w i l l  be p o i n t e d   o u t  l a t e r .  
Table 1 sm-marizes  t k  o p r a t i n g   c o n d i t i s n s   u s e d .  

During a g i v e n   e x p e r i n e n t ,  a i r  a n d   f u e l  flow r a t e s  were 
r ; ea su red   and   t he  n o z z l e  p r e s s u r e  r a t i o  $;as Deasu red ,  a i l  ta Se 
u s e d   f o r   t e a p e r a t u r e  ar,d e f f i c i e n c y   c a l c u l a t i o n s .   h ' o i s e  
m e a s u r e m e n t s   c c n s i s t e d  of s i m u l t a n e o u s l y   r e c o r d i n g   t h e  
p r e s s u r e   t r a n s 6 u c e r  (Kistler t y p e  GOlL1) s i g n a l   a l o n g   w i t h  
f i v e  rnicrcphone (ELK type  4135,   0 .635 c m )  s i q n a l s   c n   m a g n e t i c  
t a p e ,   u s i n g  a Honeywell 7 6 0 0  t a F e   r e c o r d e r .  For s i g n a l   a n a l y -  
s i s ,  t h e   t a p e  was r e p l a y e d   a t  a l a t e r  time. h e  series of 
e x p e r i m e n t s  involved s imul t aneous   measu remen t  of t e m p e r a t u r e  
f l u c t u a t i o n s   i n   t h e   n o z z l e .  

Data e x t r a c t e d   f r o m   t h e  recorcis i n c l u d e d   s o u n d   p r e s s u r e  
levels ( u s i n g  a BLK Model  2305  S0ur.d L e v e l   R e c o r < e r ) ,  
p r o b a b i l i t y   d i s t r i b u t i o n '   f u n c t i o n s ,   a n d   a u t o - c o r r e l a t i o n s   o f  
t h e   i n d i v i d u a l   s i g n a l s ,  a s  w e l l  a s  c r o s s c o r r e l a t i o n s   b e t w e e n  
t h e   p r e s s u r e   f l u c t u a t i o n s   n e a s u r e d  i n s i d e  the   combus to r  o r  
t e m p e r a t u r e   i n   t h e   n o z z l e   a n d   t h e   f a r   f i e l d   n o i s e   n e a s u r e m e n t  
( a l l  t h r e e   u s i n g  a S A I C O R  Model 4 3 - A ,  40C p o i n t   C o r r e l a t i o n  
a n d   P r o b a b i l i t y   A n a l y z e r ) .   T h e   a u t o   a n d   c r o s s c o r r e l a t i o n s  
were d i g i t i z e d   ( u s i n g  a DATACOM Model 8G15 A t o  0 c o n v e r t e r )  
a n d  fed  i n t o   t h e   c o m p u t e r  ( I B M  3 6 0 / 9 1 )  , f rom  which power 
s p e c t r a l   a n d  cross power s p e c t r a l   d e n s i t y   d i s t r i b u t i o n s  were 
o b t a i n e d   r e s p e c t i v e l y ,   u s i n g  a F a s t   F o u r i e r   T r a n s f o r m   r o u t i n e .  
Some r e p r e s e n t a t i v e   d a t a  a re  p r e s e n t e d   i n   t h i s   r e p o r t .  
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The  power s p e c t r a l   d e n s i t i e s  were o b t a i n e d  by F o u r i e r  
t r a n s f o r m i n g   t h e   a u t o c o r r e l a t i o n   f u n c t i o n .   I n   p r i n c i p l e ,  
t h i s   y i e l d s  a  power s p e c t r a l   d e n s i t y .   S i n c e   t h e   " s p e c t r a l  
d e n s i t i e s "  were o b t a i n e d   a t  2 0 0  d i s c r e t e   f r e q u e n c i e s   o v e r  
t h e   i n t e r v a l   f r o m  5 t o  1 0 0 0  Hz, e a c h   p o i n t   r e p r e s e n t s   t h e  
average   power   over  a 5 Hz bandwidth .  A s  s u c h ,   t h e y  are 
more c o r r e c t l y   t e r m e d   p r e s s u r e   b a n d   l e v e l s .   T h e s e  were 
n o r m a l i z e d   w i t h   r e s p e c t   t o   t h e  maximum, t h u s   y i e l d i n g  re la t ive 
l e v e l s   i n  dB w i t h   r e s p e c t   t o  t h e  maximum p r e s s u r e   b a n d   l e v e l  
o f   t h a t   p a r t i c u l a r   r e c o r d .  The  low  f requency  cut-off  of 
t h e   a n a l y s i s  was a t  5 Hz, so no  d-c  component was obse rved .  

The a u t o   a n d   c r o s s c o r r e l a t i o n s  were o b t a i n e d   o n   t h e  
S A I C O R  43-A c o r r e l a t o r .  I n  e a c h   c a s e ,   t h e   c o r r e l a t i o n s  were 
o b t a i n e d  by 1 0 2 6  x 1 2 8  summat ions ,   wi th  t i m e  i nc remen t s  of  
0 . 5 0  msec be tween   s amples   fo r  a t o t a l   a v e r a g i n g  t i m e  o f   j u s t  
o v e r  1.1 minu tes .   A l though  some o f   t h e   s p e c t r a   a r e  shown w i t h  
a r a n g e   o f   v a l u e s   g r e a t e r   t h a n  50  d B ,  t h e  r e l i a b l e  dynamic 
r ange  was n o t  b e t t e r   t h a n  SO d B .  
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3. SPECTRUM OF DUCTED COMBUSTION NOISE 

F i g u r e s  3 t h r o u g h  2 2  are i n c l u d e d   h e r e  t o  p r o v i d e  a 
comprehensive  summary of t h e   s p e c t r a l   i n f o r m a t i o n   o b t a i n e d  
from t h e   d u c t e d   c o m b u s t i o n - n o i s e   e x p e r i m e n t s .   S p e c t r a l  
d i s t r i b u t i o n s  of t h e   c h a m b e r   p r e s s u r e   f l u c t u a t i o n s  are shown 
a n d   c o m p a r e d   w i t h   t h e   c o r r e s p o n d i n g   a c o u s t i c   s p e c t r a l  distri-  
b u t i o n s  a t  f a r   f i e l d   p o i n t s .  The s2ectra shown i n   t h i s  
s equence  are  a l l  o b t a i . n e d   b y   a u t o  o r  c r o s s c o r r e l a t i o n s   a n d  
s u b s e q u e n t   t r a n s f o r m a t i o n   b y  a F a s t  F o u r i e r   T r a n s f o r m   r o u t i n e ,  
as  m e n t i o n e d   i n   t h e   p r s v i o u s   s e c t i o n .  

3 . 1  Chamber P r e s s u r e   S p e c t r u m  "_ 

F i g u r e  3 i s  a p l o t  o f   t h e  power s p e c t r a l   d e n s i t y  d i s -  
t r i b u t i o n  of t h e   c h a m b e r   p r e s s u r e   o b t a i n e d   f o r   o p e r a t i n g  
c o n d i t i o n  1, c c n b u s t o r  ' A '  (see T a b l e  1 ) .  Note t h e   s p e c t r u m  
p e a k s  a t  5 ,  50  and  135  Hz, w i t h  a s h a r p  drop i n  power spec t r a l  
d e n s i t y  levels above 135 Hz. The re  i s  some e v i d e n c e  of a 
peak a t  a round  4 0 0  H z ,  w e l l  h e l m :  t h e  peak a t  135  Hz. T o  
g e t   b e t t e r   r e s o l u t i o n  of t h e  spectrum above 20C Hz, a 2 5 0  Ez 
h i g h   p a s s   f i l t e r   ( I t h a c o )  was used t o  supprc=ss t h e  low 
f r e q u e n c y   i n t e n s e   f l u c t z a t i o n ,  alloi5:inc;. t h e   h i q h   f r e q u e n q -  
f i l t e r e d   s i g n a l  t o  be a m p l i f i e d .   w i t h o u t   s a t u r a t i n g   d u e   t o  the 
i n t e n s e  low f r e q u e n c y   f l u c t u a t i c n s .  FicJIJre 4 shows the 
r e s u l t i n g  2 5 0  H z  h i g h  pass  f i l t e r e d  ir'rsc;uency spec t rum ?or 
the c o n d i t i o n s  as  i n   F i q .  3 .  The 4GrJ I!z pezk  i s  now nore 
c l e a r l y   e v i d e n t ,  as  are  2eaks arc;und 6Cci and between 3 0 2  and 
1 0 0 0  Hz. I t  will be r.oted i n  t h e  far- f te ld!  a c o u s t i c  s p c t r a l  
d i s t r i b u t i o n s  for t h i s  case,  t h a t  t&ese high   f requency-  ;J~zL,s 
a r e  much n e a r z r  t h e  level of .the low f r e q u e n c y  peaks thr:n i s  
t h e  case i n  thc p w e r  s p e c t r a l   d - e n s i t y   2 i s t r i b u t i o n  of  t h e  
chamber ;;ressure fluc:tl!a ti2ns. 
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..-_.I-.-."- _."" 3 . 3  Cross S p e c t r a l   D e n s i t y  

To v e r i f y   t h e   r e l . a t i o n s h i p   b e t w e e n   c h a m b e r   p r e s s u r e  
f l u c t u a t i o n s   a n d  far f i e l d   a c o u s t i c   s i g n a l s ,   t h e  two were 
c r o s s c o r r c l . a t e d .  F j  q u r e  1 0  shows tile r e s u l t i n g   c r o s s c o r r e l a -  
t i o n   f u n c t i o n   v a x i a t i o n   w i t h  t i m e ,  f o r   - t h e  case i l l u s t r a t e d  
i n   F i g s .  3 and  8 .  T h e  dominan t   t one  ac 'LJt3Ct  of t h e  two 
s i g n a l s   g i v e s  r ise t o   t h e   h a r m o n i c   f u n c t i o n   l i k e   o s c i l l a t i o n s ,  
w h i l e  the r a n d o n !   n o i s e   a s p e c t   d e t e r m i n e s   t h e   e n v e l o p e   o f   t h e  
s i n e  f u n c t i o n .  The time o f   t h e   p e a k   i n  t h e  e n v e l o p e   c o r r e s -  
ponds t o  t h e  time t a k e n   f o r   t h e   s o u n d  t o  t r a v e l   f r o m  t h e  
s o u r c e  t o  t h e   f a r   f i e l d   r e c e i v e r ,   i n  t h i s  case j u s t   u n d e r  
5 0  msec. F i g u r e  11 shows t h e  cross s p e c t r a l   d e n s i t y   d i s t r i -  
b u t i o n   o b t a i n e d   v i a  t h e  F o u r i e r   t r a n s f o r m   o f  Fig. 1G. . T h e  
peaks a t  1 3 5  Hz and   a round  40G and  6 0 0  I i z  v e r i f y   t h a t   t h e  
dorr!i.nant peaks a t   t h e s e   f r e q u e n c i e s   i n   t h e   a c o u s t i c   f a r   f i e l d  
s i g n a l  are  due t o  t h e   f l u c t u a t i o n s  ir, the c o n h u s t o r .  Eere it  
i s  c l ea r  tha t -   t he   uns t eady   co r r ,bus t ion  i s  t h e  d o m i n a n t   n o i s e  
sowce,  sj.nce t h e   p e a k s  in t h e   a c o u s t i c   f a r   f i e l d   s p e c t r u m ,  
w h i c h   h a v e   b e e r !   l i n k e d   t o   t h e   c o r r t b ~ s t o ~ -   p r e s s u r e   f l u c t u a t i o n s ,  
are a t  a rriuch h i y h e r   l c v e l   t h a n   a n y   o t h e r   p a r t   o f   t h e   p o w e r  
s p e c t r a l   d e n s i t y   d i s t r i b u t i o n .  The  peaks at around 8 0 0  and 
1 0 0 0  Hz i n  t h e  a c o u s t i c   s p e c t r a l   d i s t r i b u t i o n s   a r e   u n d o u b t e d l y  
a lsG due   t o   ha rn ion ic s   o f   t he   dominan t   chamber   L7res su re   f l uc tu -  
a t i o n ,   w h i c h   a r e   l o s t  in n o i s e   i n   F i g .  3 ,  b u t   a p 2 e a r  ir. Fig-. 
4 when t h e   h i g h   f r e q u e n c y   r a n g e  i s  s e l e c t i v e l y   a n p l i f i e d .  

3 . 4  Spec t rum  Dependence   on   Opera   t i .nq   Condi t ions  ."""""""-.-_I_- 

F o r  a c o m p a r i s o n   o f   t h e   s F e c t r a l   c o n t e n t  of n o i s e   f r o m  
t h i s   c o n t b u s t o r   w i t h  a g iven   geo rne t ry   and   f l ame   ho lde r ,  we 
compare   F igs .  8 ,  1 2 ,  1 3  and  1 4 .  F i q u r e s  S and 1 3  a r e   f c r   a n  
a i r / f u e l   r a t i o  of 4 0  a t  two flow r a t e s .  The s p e c t r a l   c o n t e n t  
o f  these t w o  c a s e s  i s  alrr.ost i d e n t i c a l ,   e x c e p t   t h a t   t h e  
l o w e r   f l o w   r a t e   c a s e ,   F i q .  1 3 ,  h a s   r e l a t i v e l y  more i n t e n s e  
n o i s e   b e l o w  5 0  Hz. T h i s   u l t r a - l o w   f r e q u e n c y   n o i s e  i s  
a s s o c i a t e d  w i t h  u n s t e a d y   f l a m e   m o t i o n   i n   t h e   c o m b u s t o r ,   w h i c h  
was o p e r a t i n g  1es.s s m o o t h l y   f o r   c o n d i t i o n s  A - 2 ,  3 and 4 t h a n  
f o r   c o n d i t i o n  A-1 ( T a b l e  1 ) .  

F i q u r e  1 2  i s  f o r   t h e   s a m e ,   a p p r o x i m a t e   o v e r a l l   f l o w  
r a t e  a s   F i g .  8 ,  b u t  a l e a n e r   I r . i x t u r e  i s  used   wh ich   g ives  r ise  
t o  a r c o r e   u n i f o r m   l e v e l   f o r  all t h e   s p e c t r u m   p e a k s   b e t w e e n  
4 0  Hz and 5 3 0  Hz. F i g u r e  13 i s  f o r   t h e  same a i r / f u e l   r a t i o  
a s  F i g .  1 2 ,  b u t   w i t h  a lower   f l ow r a t e .  A g a i n   i n   t h i s  case, 
t h e   l o w e r   f l o w  r a t e  l e a d s   t o   m o r e   i n t e n s e ,   u l t r a - l o w   f r e q u e n c y  
o s c i l l a t i o n s .  

I t  w o u l d   a p p e a r ,   f r o m   t h e   f o u r   f i g u r e s   c o m p a r e d   h e r e ,  
t h a t   t h e r e  may be a n   u l t i m a t e   o p e r a t i n g   c o n d i t i o n   f o r  a g i v e n  
combustor   and  flame ho lde r   geomet ry   wh ich   wou ld   min imize   t he  
level  o f   f l u c t u a t i o n .  I t  i s  n o t  c lear  from t h e s e   f i g u r e s  
a l o n e ,   w h a t   t h a t   o p t i m u m   c o n d i t i o n   m i g h t   b e ,  b u t  t h e   v a r i a t i o n  
o f   s p e c t r a l   c o r , t e n t   w i t h   f l o w  r a t e  a n d   a i r / f u e l   r a t i o   s u g g e s t s  
t h a t  some s u c h   c o n d i t i o n   e x i s t s .  More d e t a i l e d   s t u d y  i s  
r e q u i r e d   i n   t h i s  area.  

I . . - . . . - 
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F i g u r e s  1 7 ,  1 8  and , l 9  s h o w  f a r  field naise  s F e c t r a l  
d i s t r i b u t i . o n s  for t h e   t h r e e   o p e r a t i n g   c o n d i t i o n s  of combustor  
' C ' .  Again,  as  v i t h  'A', t h e   f r e q u e n c i e s   a b o v e   t h e   m a i n  
peak are h i g h e r ,  r e l a t i v e  to t h e  a a i n   p e a k ,   t h a n   i n   t h e  
combust ion   char rher   and   the  lower f r e q u e n c i e s  a r e  less ev i -  
d e n t .  Aga.in t h e r e  a r e  some d i f f e r e n c e s   w i t h   o p e r a t i n g  COR- 
d i t i o n s ,   a n d  a s  wi th   combus to r  ' A ' ,  t h e s e   d i f f e r e n c e s  are 
more i n  r e l a t i v e  l eve l  of  spectral  p e a k s   t h a n   i n   f r e q u e n c y  
of t h e  peaks .  
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The a u t o c o r r e l a t i o n s  of t h e   c h a m b e r   p r e s s u r e   f l u c t u a t i o n s  
a n d   t h e  f a r  f i e l d   a c o u s t i c   s i g n a l s  are a l s o   o f   i n t e r e s t   t o  
compare fo r  t h e  cases b e i n g   c o m p a r e d .   I n c l u d e d   h e r e  as  F i g s .  
2 0  a n d  2 1  a r e   s u c h   t y p i c a l   r e c o r d s  fo r  t h e   c h a m b e r   p r e s s u r e  
f l u c t u a t i o n  of combus to r s  ' A '  and  IC' r e s p e c t i v e l y .  The 
p o w e r   s p e c t r a l   d e n s i t y   o b t a i n e d  from t h e   a u t o c o r r e l a t i o n  
shown a s  F i g .  2 0  i s  shown i n   F i g .  3 ,  a n d   s i m i l a r l y   F i g s .  21 
and 1 6  c o r r e s p o n d .   T h e   d o m i n a n t   f r e q u e n c i e s   c a n  be o b s e r v e d  
i n   t h e   a u t o c o r r e l a t i o n s .  

The c r o s s c o r r e l a t i o n   b e t w e e n   c h a m b e r   p r e s s u r e   f l u c t u a -  
t i o n s   a n d   f a r   f i e l d   a c o u s t i c   s i g n a l s  w a s   d i s c u s s e d  ea r l i e r  
f o r   c o m l ~ u s t o r  ' A '  ( F i g s .  1 0  and  11). S i n i l a r   c r o s s c o r r e l a -  
t i o n s  were o b t a i n e d   f o r   c o m b u s t o r s  ' B '  and  IC'. F i g u r e s  2 2  
and  2 3  show t h e   c r o s s c o r r e l a t i o n   a n d   c r o s s   s p e c t r a l . d e n s i t y  
d i s t r i b u t i o n   f o r   o p e r a t i n g   c o n d i t i o n  2 ,  comoustor  I C ' .  A s  
tile a u t o c o r r e l a t i o n s   d i f f e r   f o r   t h e s e  two combL?,stGrS, F i g s .  
2 0  and 2 1 ,  so t h e   c r o s s c o r r e l a t i o n s   d i f f e r ,   F i g s .  1 0  and 2 2 .  
S i m i l a r l y ,   t h e   c r o s s   s p e c t r a l   d e n s i t y   d i s t r i b u t i o n s   o b t a i n e d  
f r o m   t h e   r e s p e c t i v e   c r o s s c o r r e l a t i o n s  show t he   dominan t  
f r e q u e n c i e s   o b s e r v e d   i n  the i n d i v i d u a l   s p e c t r a   ( c o m p a r e   F i g .  
2 3  w i t h  1 6  and  l.7 a n d   F i g .  11 w i t h  3 and 8 ) .  

T h e r e f o r e ,  it. may b e   n o t e d   t h a t   t h e  two   geomet r i e s   o f  
flame h o l d e r s   h a v e   r e s u l t e d  i n  d i f f e r e n t   s h a p e s   f o r   t h e  power 
s p e c t r a l   d e n s i t y   d i s t r i b u t i o n s ,   a n d   h a v e   g e n e r a t e d   s l i g h t l y  
d i f f e r e n t   p e a k s   i n   t h e   s p e c t r a ,   b u t   t h e   h a r m o n i c  type o s c i l l a -  
t i o n s   a p p e a r   f o r   b o t h  cases. 

3 . 7  Spec t rum  wi th  " A i r  Flow, N o  Combustion,  Compared "- "- l ~ . - I I _ .  

wit . i l  Spectrurr. w1th Con1 , l~us t l~n .  
"" "_ - 

F i q u r e  2 4  shcws t h e  power spec t r a l  d e n s i t y   d i s t r i b u t i o n  
o b t a i n e d  w i t l - 1  o n l y  a i r  f l O \ j ,  no con-[bust ion,  a s  o b s e r v e ( ?   i n  
t h e   f a r   f i e l d .  ':'he d o m i n a n t   s p e c t r a l   p e a k s   o b s e r v e d .   f o r  
c a s e s   w i t h   c o r n k c s t i o n ,   i n   t h i s   f r e q u e n c y   r a n q e   a r e   a b s e n t .  
T h e   d o m i n a n t   u n s t e a d i n e s s   i n   t h i s   r a n g e   t o  1 0 0 0  Hz i s  a t   v e r y  
low f r e q u e n c i . e s .   T h e r e f o r e ,  the v e r y  low f r e q u e n c y   n o i s e  
o b s e r v e d   i n   t h e   s p e c t r a   w i t h   c o r n b u s t i c n  may L e  a t t r i b u t a b l e  
t o   f l o w   v , n s t e a d i n e s s   e n t e r i p g   t h e   c o r . b ? i s t o r .  Very c l e a r l y ,  
t h o u g h ,   t h e   o b s e r v e d   s p e c t r a l   p e a k s   a t   a r o u n d  2 0 0 ,  40C,  6 0 0  H Z  
e t c . ,  as p r e v i o u s l y   d i s c u s s e d ,   a r e   d u e   t o   t h e   u n s t e a d i n e s s  
i n t r o d u c e d  by t h e  ccrribustlorl process. 

F i g u r e  2 5  i s  for a slightly d i f f e r e n t  case. Here, t h e  
combustor   can ,  ' C ' ,  w a s  allowed t.c p r o t r u d e   o u t  of t h e   e n d  
of t h e   d u c t ,  so  t h a t   a b o u t   t w o - t h i r d s  of t h e   c a n  w a s  v i s i b l e  
beyofid t h e   d u c t   e n d .   F i q u r e  25 s h o w s   t h e   p o w e r   s p e c t r a l  
d e n s i t y   d i s t r i b u t i o n   f o r   t h e  case w i t h   o n l y   a i r   f l o w i n g   o v e r  
t h i s  mod i f i ed   combus to r   a r r angemen t .  The  r a n q e  of h i g h e s t  
s p e c t r a l   i n t e n s i t y  i s  between 2 C O G  arLd 2 5 0 0  H z ,  and the i i l t r a  
low f requency   peak  i s  a g a i n   v i s i b l e .  The  peaks s o  c o ~ m o n l y  
seen   be tween  150   and  1000 Hz f o r   c a s e s  with comi.)ustior: are 
n o t   i n p o r t a 3 t  ir, t h i s   c a s e .  
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F i g u r e  2 6  shows  the  power spectral  d e n s i t y   d i s t r i b u t i o n  
f o r   t h e  same case as F i g .  2 5 ,  b u t   w i t h   c o m b u s t i o n   i n   t h i s  case. 
The s t r i k i n g   d i f f e r e n c e   b e t w e e n   F i g s .   2 5   a n d  2 6  i s  t h e   a d d i t i o n  
of t h e   i n t e n s e   n o i s e  i n  t h e   s p e c t r a l   r a n g e   b e l o w  1 0 0 0  Hz, w i t h  
s p e c t r a l   p e a k s  a t  a round  200 ,  400,  600,  800  and  1 0 0 0  Hz. Clear- 
l y ,  t h i s   a d d i t i o n a l   n o i s e   c o n t e n t  i s  d i r e c t l y   a t t r i b u t a b l e  t o  
t h e   n o n s t e a d y   c o m b u s t i o n   p r o c e s s .  I t  i s  i n t e r e s t i n g   t h a t  
a p p r o x i m a t e l y   t h e  same p e a k   f r e q u e n c i e s  are o b s e r v e d   w i t h  
t h i s   p a r t i a l l y   c o n f i n e d  case as  w i t h   t h e   c a s e s   d i s c u s s e d  
ear l ie r  f o r   w h i c h   t h e   c o m b u s t o r   c a n  w a s  well i n s i d e   t h e   d u c t .  

More d e t a i l s   r e g a r d i n g   t h e  e f f e c t  of t h e   c o n f i n i n g   d u c t  
a re  g i v e n   i n   r e f e r e n c e  1 2 .  
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4 . 1  Overa l l  Sound P r e s s u r e s   i n   F a r   F i e l d  
I. """ " -" .- -..-_I " _ ~  " 

I n   e v a l u a t i n g   t h e  r e l a t i v e  i x p o r t a n c e  of cornbus- 
t i o n  a s  a s o u r c e   o f   n o i . s e ,  it i s  n e c e s s a r y  t o  make q u a n t i t a t i v e  
compar i sons .  

F ig : l r e s  27 t h r o u g h  30  g i v e   q u a n t i t a t i v e   c o m p a r i s o n s  of 
the n o i s e  en i t ted  by t h e   t h r e e   c o T . b u s t o r   c o n f i g u r a t i o n s  a t  
e a c h   o f   f o u r   o p e r a t i n g   c o n d . . i t i o n s ,  a l l  f a r   f i e l d   m e a s u r e -  
m e n t s   b e i n g   t a k e n  a t  a d i s t a n c e  of 15 m. F i g u r e  2 7  com- 
sares t h e  xmise o u t p u t   o f   c o n : b u s t o r s  'A' and  'E', a t  o p e r a t i n g  
c o n d i t i o n  1 ( T a b l e  1) . As may be observeZ. ,   there  i s  little 
d i f f e r e n c e  betv7ecn them. S i n c e   t h e  rms roughness   i . n r ; i de   t he  
two combus to r s  i s  a b c u t   t h e  same, t h e   s l i g h t   d i f f e r e n c e   i n  
o v e r a l l  sound.  g r e s s u r e   l e v e l  i n  t h e  f a r   f i e l d  may s imply  be 
d u e   t o  t ? e  lower c h a r a s t e r i s t i c   f r e q u e n c i e s   i n  'B' which 
r a d i a t e  som6  l e s s  e f f i . c i e x t l y   t h a n   h i g h e r   f r e q u e n c i e s .  

F i y u r e  2 8  s i m i . l a r l y  compares t h e   n o i s e   o u t p u t   o f   t h e  
t h r e e   c o m b u s t o r s  a t  o p e r a t i n g   c o n d i t i . c n  2 .  'A' i s  a g a i n  
s l i g h t . l y  n o i s i e r  t h a n   ' B ' , a n d  ' C '  i s  s l i g h t l y   n o i s i e r   t h a n  
' A ' .  The   dominant   f requency  of ' C '  i s  a g a i n   h i g h e r   t h a n  
t h a t  of e i t h e r  ' A '  o r  '3', b u t   t h e   i n t e r n a l   r o u g h n e s s   o f  I C '  
i s  s l i q h t l y  l ess  t h a n   t h a t  of 'A' o r  ' B ' .  F i g u r e  2 9  o f f e r s  
t h e  saxe co i rpa r i son  a t  o p e r a t i n g   c o n d i t i o n  3 .  A t  t .h i s   con-  
c l i t ion ,   cor r ,bus tor  ' C '  i s  z u c h   n o i s i e r   t h a n  ',' or 'B', which 
are  a g a i n   e s s e n t i a l l y   e q u a l .   I n   F i g .  3 0 ,  f o r   o p e r a t i n g  
c o n d i t i o n  4, conlbxstors  ' A '  and  'B' are  a g a i n   e s s e n t i a l l y  
equal ly  n o i s y ,   w h i l e  ' C '  p r o d u c e s   a b o u t  5 d B  h i g h e r   n o i s e  
i n t e n s i t i e s   t h a n   t h e   o t h e r  t w o .  I n  F i g .  3 0 ,  a n o i s e   c u r v e  
f o r   a m b i e n t   t e m p e r a t u r e  a i r  flow th rough  combustor  I C ' ,  a t  
a b o u t  0 . 2 5  Nach n u n b e r ,  i . e . ,  t h e  sane a s  t h e   h o t  flow Mach 
nuraber, i s  shown.  The d i f f e r e n c e   i n   n o i s e  l eve l  f o r  .the 
case w i t h   c o m b u s t i o n   c o m p a r e d   w i t h   t h e  case w i t h  no combus- 
t i o n ,  a t  t h e  saxe blach  number, i s  a b o u t  1 4  dB. The   no i se  
f r o m   t h i s  co ld  f l o w  i s  u n d o u b t e d l y   h i 9 h e r   t h a n   f o r  a c l e a n  
j e t ,  d u e   t o   t h e   f l o w   o b s t r u c t i o n s   i n s i d e   t h e   d u c t   b u t  s t i l l  
1 4  dB l o w e r   t h a n   t h e   e q u i v a l e n t  case wi th   combust ion .   The  
d o m i n a n t   f r e q u e n c y   f o r   t h i s   c o l d ,   f l o w  w a s  i n   t h e   v i c i n i t y  
o f  4 0 0 0  H z  w h i l e  a t  t h e  same Kach  number, i n  combustor  IC', 
t h e   h o t   f l o w   h a d  a dominan t   f r equency  of 205 H z .  

4 . 2  N o r m a l i z e d   C r o s s c o r r e l a t i o n s  

Direct, rea l  t i m e  c r o s s c o r r e l a t i o n s   b e t w e e n   p r e s s u r e  
f l u c t u a t i o n s   i n s i d e   t h e   c o m b u s t o r   a n d   t h e   f a r   f i e l d   s o u n d  
were mar2e. F i g u r e s  1 0  and  2 2  are  e x a m p l e s   o f   t h e  traces 
o b t a i n e d  f o r  t h e s e   c r o s s c o r r e l a t i o n s .  

I t  i s  w e l l  known t h a t  t w o  r a n d c m   s i g n a l s   w h i c h   h a v e  
f r e q u e n c y   a n d   p h a s e   r e l a t i o n s   i n  common w i l l  p roduce  a f i n i t e  
c r o s s c o r r e l a t i o n   w h i l e  t w o  u n r e l a t e d   r a n d o m   s i g n a l s  w i l l  



-12- 

p roduce  a c r o s s c o r r e l . a t i o n  of z e r o   v a l u e .  The d%gr-ee  of 

t h e   m a g n i t u d e  of t h e i r   c r o s s c o r r e l a t i o n .  If t h e r e  .is a one  
t o  o n e   c o r r e s p o n d e n c e   b e t w e e n   t h e  t.wo s i g n a l s ,   t h e i r  mrna l -  
i z e d   c r o s s c o r r e l a t i o n  w i l l  b e   u n i t y ,   w h e r e   - t h e   n o r m a l i z e d  
c r o s s c o r r e a l t i o n  is g iven   by  

'I c sameness'' - b e t w e e n   t h e   t w o   s i g n a l s   c r o s s c o r r e l a t e d   d e t e r n i n e s  

T 
r 

Tile time d e l a y  "c" i n   t h e  intecjran% i s  to ~71.10~ t h e  wave 
f o r 9  p a s s i n q  "b" t.o r e a c h  "a" .  I n   o u r   c a s e ,  it i s  t o  a c c o u n t  
f o r   t h e  tirne t a k e n   f o r  t h e  som-ld g e n e r a t e d  i n  t h e  combustor  
a t  time ' t '  t o   p r o p a g a t e   t o   t h e  f a r  f i e l d   w h e r e  i t  a r r i v e s  
a t  t i r c e  ' t  + T ' ,  where 'r = r/c, t h e   d i s t a n c e   t r a v e l l e d  
divided.   by the sound  speed .  

F i g w e  3 1  shows t h e  val.ues of t h e   n o r m a l i z e d   c r o s s -  
c o r r e l a t i o n s   o b t a i n e d  €or  several co r r . l u s to r   ope ra t ing   con-  
d i t i o n s ,  when t h e   f l u c t u a t i n g   c o m b u s t o r   p r e s s u r e  w a s  c r o s s -  
c o r r e l a t e d  w i t h  t h e   f a r   f i e l d  9ressv.rre. Frorr, t h i s  plot i t  
i s  e s r i d e n t   t h a t   t h e r e  i s  c o n s i G e r a b l e   f r e q u e n c y   a n d   p h a s e  
s i m i l z r i t y   b e t w e e n   t h e s e   t w o   q u a n t i t i e s ,   v i t h   c o m b u s t o r  
' C '  e x h i b i t i n g  a s t r o n g e r   s i m i l a r i t y .  

E ' igure 32 sEicws t h e  o v e r a l l   s o u n d   p o w e r   o b t a i E e d  
from  measurements  on combus to r s  ' A '  and I C '  compared   wi th  
t h e  s o u n d  power frori1 a c l e a n  j e t  of equal s i z e ,  p l o t t e d   w i % h  
Mach number on the absc i s sa .   Compar i son   on  t h e  b a s i s  of 
e q u a l  Mach n u x b e r   i m p l i e s  e q u a l  t h r u s t .  C:n t h i s  b a s i s ,  i f  
it was F o s s i b l e ,  a c l e a n   c o l d  j e t  c o u l d   g e n e r a t e   s u b s t a n t i a l l y  
m o r e   t h r u s t   w i t h  much less n o i s e .  O r ,  s t a t i n g   t h e   c o m p a r i s o n  
a n o t h e r  way, f o r  a g i v e n  j e t  Mach number ,   the  flow o r i g i n a t -  
i n g   i n   t h e   c o m b u s t i o n   c h a m b e r   g e n e r a t e s   s e v e r a l   o r d e r s  of 
magni tuc le   more   no ise   than  a f l o w   e x h a u s t i n g   f r o m  a smooth 
d u c t   w i t h  no c o m b u s t i o n .   T h e   h e x a g o n a l   p o i n t   i n   t h e   c e n t e r  
of F i g .  32 r e m i n d s   o n e   t h a t   t h e   o b s t r u c t i o n s , .   s u c h  a s  t h e  
b u r n e r   c a n   a n d   s t r u t s   i n s i d e   t h e   c o m b u s t o r ,   a c c o u n t  for some 
of t h e   e x c e s s   n o i s e   e v e n  i n  t h e   a b s e n c e  of combust ion.   Never-  
t h e l e s s ,   t h e  case w i t h   c o m b u s t i o n  i s  s t i l l  14 t o  2 0  dE 
n o i s i e r   t h a n   t h e   c o l d   f l o w   c a s e  i n  t h e  same c o n b u s t o r ,  a t  
t h e  same Mach number. 

F i g u r e   3 3   s h o w s   t h e  same c o m p a r i s o n   o n   t h e   b a s i s  of j e t  
v e l o c i t y .  On t h i s   b a s i s   t h e r e  i s  less d i f f e r e n c e   b e t w e e n   t h e  
c l e a n   c o l d  j e t  and t h e  j e t  o r i g i n a t i n g   i n s i d e  a combust ion  
chamber .   The   no i se   f rom  the   combus to r s  i s  now o n l y  1 0  t o  2 0  
dB i n   e x c e s s  of t h e  j e t  n o i s e .  
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These  t w o  f i g u r e s  ( 3 2  and  3 3 )  v e r y   e m p h a t i c a l l y  demon- 
s t r a t e  t h a t   c o m b u s t i o n   u p s t r e a m  of a j e t  n o z z l e  w i l l  i n c r e a s e  
t h e   n o i s e  power ( f o r   t h e  same j e t  v e l o c i t y )  by a f a c t o r  of 
between 1 0  and  1 0 0 ,  d e p e n d i n g   o n   t h e   r o u g h n e s s  level  i n s i d e  
t h e   c o m b u s t o r .  An a n a l y t i c a l   r e l a t i o n s h i p  t o  l i n k   t h e  
r o u g h n e s s   i n s i d e   t h e   c o m b u s t o r  t o  t h e   n o i s e  level produced  
o u t s i d e  i s  needed .  Some a t t e m p t s   h a v e   b e e n  made t o   p r o d u c e  
s u c h  a r e l a t i o n s h i p .   S e c t i o n  5 o f   t h i s   r e p o r t   o u t l i n e s   t h e  
a p p r o a c h   t a k e n  t o  d a t e .  

4 . 4  Smoothed  Flow -.- 

An a t t e m p t  t o  r e d u c e   t n e   e x t e r n a l   n o i s e   c o n t r i b u -  
t i o n   f r o m  the rough  combust ion  w a s  made  by p l a c i n g  a honey- 
comb t y p e   f l o w   s t r a i g h t e n e r   i n   t h e   d u c t   u p s t r e a m  of t h e  
n o z z l e .  The s t r a i g h t e n i n g   s e c t i o n  w a s  3 .75 c m  l o n g   a n d  
c o n s i s t e d  of 2 2  p a s s a g e s  cf 1 . 2 5  c m  d i a m e t e r   a n d  10 
p a s s a g e s  of 0 . 4 7  c m  diameter as w e l l  as 2 of   0 .78 c m  
d i a m e t e r .  The smaller h o l e s  were a d d e d   m e r e l y   t o   p r o v i d e  a s  
much f low area as  p o s s i b l e   a c r o s s  t h e  7 . 5  c m  d i a m e t e r   d u c t  
c r o s s   s e c t i o n .  

The f l o w   s t r a i a h t e n e r   d i d   n o t   a p p r e c i a b l y   c h a n g e   t h e  
l e v e l  of r o u g h n e s s   i n s i d - e   t h e   c o n b u s t o r .   T h e   f a r   f i e l d   n o i s e  
was changed  somewhat,   however,  as may be   s een   f rom  F ig .  3 4 .  
The p o i n t  a t  30° f r o m   t h e  j e t  a x i s  was   unchanged  whi le   the  
60° p o i n t  w a s  a b o u t  3 dE l o w e r   w i t h   t h e   s t r a i q h t e n e r   t h a n  
w i t h o u t  it f o r   c o n d i t i o n s   c o r r e s s o n d i n a   t o   c o m b u s t o r   c o n d i -  
t i o n  C-2 ( T a b l e  1) , a n d   t h e  3 0 "  p o i n t  w a s  s u p p r e s s e d   a b o u t  
2 dB. T h e  d a t a   u s e d   h e r e   f o r  t h e  c a s e   w i t h o u t   t h e   f l o w  
s t r a i g h t e n e r  do n o t   c o r r e s p o n d   e x a c t l y   t o   t h o s e   p l o t t e d   o n  
F i g .  2 5 ,  s i n c e   t h e y  were c o n d u c t e d   w i t h  3 s l i g h t l y   d i f f e r e n t  
f i o z z l e  c o n t o u r .  The t.wo cases   co rnpa red   i n  Fig. 3 4  were t h e  
saxe i n   e v e r y   w a y ,   e x c e p t   f o r   t h e  f l o w  s t r a i g h t e n e r  i n  one 
case. 

E c v e r a l   d i f f e r e n t  cases were examined w i t h  t h i s  f low 
s t r a i g h t e n e r ,   a n d  the n o i s e   r e d u c t i o n s  were approx i rna te ly  
t h e  same f o r   e a c h  case. 
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5. ANALYTICAL PREDICTION OF N O I S E  FROM COMBUSTOR PRESSURE 
FLUCTUATIONS 

~. 

5.1 Overall  P r o c e d u r e  

It would be of c o n s i d e r a b l e   i n t e r e s t  t o  be a b l e   t o  
s i m p l y   m o n i t o r   t h e   p r e s s u r e   f l u c t u a t i o n s   i n s i d e  a c o n b u s t i o n  
chamber  and by some a n a l y t i c a l   p r o c e d u r e   p r e d i c t   r e l i a b l y  
w h a t   t h e   n o i s e   l e v e l   o u t s i d e   w o u l d   b e .  It  now a p p e a r s ,   a f t e r  
c l o s e r   e x a m i n a t i o n ,   t h a t  w e  n e e d   t o  know b o t h   t h e   t e m p e r a t u r e  
a n d   p r e s s u r e   f l u c t u a t i o n s   i n   t h e   c o m b u s t o r ,   b u t   f o r  a beg in -  
n i n g  we t r i e d   u s i n g   o n l y   t h e   p r e s s u r e .  

Two s t e p s  were e n v i s i o n e d   i n   t h i s   p r e d i c t i o n   s c h e m e .  
S i n c e   t h e   s o u n d   g e n e r a t e d   b y   i n t e r n a l   s o u r c e s  i s  b e s t   e v a l u -  
a t e d   i n  terms of a s u r f a c e   i n t e g r a l  of t h e   a p p r o p r i a t e  
q u a n t i t i e s   a c r o s s   t h e   e x i t   p l a n e  of t h e   e x h a u s t   n o z z l e ,   t h e  
f i r s t  s t e p  w a s  t o   p r e d i c t   w h a t   t h e s e  terms would  be a t  t h e  
e x i t   p l a n e ,   u s i n g   m e a s u r e m e n t s   i n s i d e   t h e   c o m b u s t o r ,   a n d   t h e  
s e c o n d   s t e p   w o u l d   b e   t o   c a l c u l a t e  the n o i s e   g e n e r a t e d  a t  
t h e   e x i t   p l a n e .  From Curle's13 g e n e r a l  solution, w e  know 
t h a t   t h e   o v e r a l l   n o i s e   g e n e r a t e d  by a j e t  i s  g iven   by  

I 
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..""~____._"~.__". 1_ L 5 . 2  E 1  t r a  Low F ' recluency,   Quasi-Stat ic   ADproxirnat ion:  
Xetilod. I - "-___ 

For this f i r s t   o r d e r   s c l u t i o n ,   t h e   i n t e q r a l  alorLy t h e  stream 
lites r , i i l l  n e g l e c - t   t h e   f i r s t  term ir, Eq. ( 3 )  r e s u l t i n g   i n  
E q .  (4). 

where  s u b s c r i p t  ( I )  will d e n o t e   c o n d i t i o n s  in t he   combus to r  
and ( 2 )  will d e n o t e   e x i t  p l a n e  c o n d i t i o n s .  Then  assurtliny 
a p e r t u r b a t i o n   t y p e   s o l u t i o n   w i t h  = uo 1 ,  up = uo 2 + LIZ, 
p 2  = p c 2  and  p 1  = p c l  + p;, f:q. (4) may b e   r e d u c e 2   t o  a 
q u a s i - s t e a d y  and. a p e r t u r b &  solution. The p e r t u r b e d   f o r n ?  
nay  h e  written as  

Usir.g E q .  ( 5 ) ,  t h e  e x i t   p l a n e   v e l o c i t y   f l u c t T J a t i o n s  may  now 
be   eva l .ua t ed .  from c h a m b e r   p r e s s u r e   f l u c t u a t i o n s .   I f  the e x i t  
p l a n e  i s  now c o n s i d e r e d  t o  be  a sim7le x o n o p o l e ,   t h e   n o i s e  
in the f a r  f i e l d  can   be  shown t o   b e  f 4  - 

where L) = 2Tf ,  i s  t h e   a n g u l a r   v e l o c i t y  of t h e   f l u c t u a t i o n ,  
a i s  t h e   n o z z l e   r a d i u s   a n d  r i s  t h e   d i s t a n c e  t o  t h e   f a r  
f i e l d   p o i n t .  Whec E q .  ( 6 )  i s  combined  with  Eq. ( 5 ) ,  t h e   f a r  
f i e i d   n o i s e  i s  c a l c u l a b l e   i n  terms of t h e  chamber p r e s s u r e  
f l u c t u a t i o n ;  i . e . ,  

@ n e   f u r t h e r   f a c t o r   s h o u l d   h e   i n c l u d e d .   E q u a t i o n  ( 6 )  i s  
d e r i v e d  for a s o u r c e   i n  a c o n s t a n t   t e m p e r a t u r e   r e g i o n  a l l  t h e  
way t o   t h e   m e a s u r i n g   p o i n t .   I f  a t e m p e r a t u r e   ( a c o u s t i c  
i m p e d a n c e )   c h a n g e   o c c u r s   b e t w e e n   t h e s e   p o i n t s ,   t h e   a c o u s t i c  
e n e r g y   t r a n s m i t t e d  w i l l  b e   e q u a l   t o   t h e   i n c i d e n t   e n e r g y  
times a t r a n s m i s s i o n   c o e f f i c i e n t ,   w h e r e   t h e   t r a n s m i s s i o n  
c o e f f i c i e n t  i s  e v a l u a t e d   b a s e d   o n   t h e   i m p e d a n c e   c h a n g e .  
F o r   t h i s  case, assur r t ing   idea l  gas b e h a v i o r ,   t h e   p r e s s u r e  

15  
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f l u c t u a t i o n  w i l l  be enhaflced by t h e   t e m p e r a t u r e  drop. The 
m o d i f i e d   e x p r e s s i o n  i s  g i v e n   b y  Eq. ( 8 ) .  

T h i s   a d d i t i o n a l   f a c t o r   a c c o u r . t s  for an i n c r e a s e   o f  about  
2 . 4  d B  i n  t h e   c a l c u l a t e d   l e v e l s .  

5 . 3  H ighe r   F requency   E f fec t s :   Ne thod  I1 
I" "" - "" "" " __"" 

The a1 t r a  loo: f r e q u e n c y   a p p r o x i m a t i o n   R e g l e c t e d  
p r e s s u r e   f l u c t u a t i o n s  a t  t h e   s u h s o n i c  r m z z l e  e x i t ;   t h e   q u a s i -  
s t a t i c  a g ) p r c x i m a t i o n   n e g l e c t e d  t5e i r l t e y r a l  of t h e  first 
.term of  Ey. ( 3 )  t h r i ; u g h  the   cor ivery i r iq   nc jzz le .  I f ,  i n s t e a d  
of E e g l e c t i n c ;   t h e s e  t w o  e f f e c t s  we accoul l t  f o r  them i n   a n  
a p p r o x i m a t e   w a y ,   t h e   e f f e c t s  o f  h i g h e r   f r c y u e p c y   c o n p o n e n t s  
i n   t h e  flow f l u c t u a . t i o n   b e c c r m  i:l.ore ; J p a r e n t .  The  open  end 
p r e s s m e   f l u c t u a t i o n  i s  a c c o u n t e d  for in terms of t h e  p r o d u c t  
of a con-ylex inpedance ,  z = z 4- i z   a n d   t h e   v e l o c i t y  
f l u c t u a t i o n .  The s t r e a r w i s e   i n t e g r a i  of the v e l o c i t y  t i m e  r 
d e r i v a t i v e   r e s u l t s   i n  a t e r m  c o n t a i n i n g  a l e n q t h ,  R ,  a n d   a n  
a n g u l a r   v e l o c i t y  L .  I f ,  i n  a d d i t i o n ,  khe f i n i t e  s i z e  o f   t h e  
d u c t   u p s t r e a m  of  t h e   n o z z l e  i s  a c c o u n t e d  fDr, t h e   e x p r e s s i o n  
for t h e   v e l o c i t y   f l u c t u a t i o n  a t  t h e   e x i t   p l a r i e  may b e   w r i t t e n  
i n  complex form as 

i n   t h e  case o f  a c o n i c a l l v  tapered n o z z l e  ar,d a n  incom- 
p r e s s i b l e   r e l a t i o n  f o r  t h e  veloci t ;  i n   t h e   n o z z l e ,   t h e   l e n g t h  
p a r a m e t e r ,  2 ,  c o r r e s p o n d s  t o  t h e   l e n q t h  of t h e   t a p e r  i n  t h e  
n o z z l e .  

If t h e   n o z z l e   e x i t   p l a n e  i s  assumed t o   b e h a v e  as a s i m p l e  
a c o u s t i c   s o u r c e   w i t h   v e l o c i t y   f l u c t u a t i o n s  a s  g i v e n   b y  E q .  ( 9 ) ,  
t h e   f a r   f i e l d   s o u n d   p r e s s u r e   l e v e l   d u e  t o  t h i s   s o u r c e  i s  g i v e n  
a s  

or 
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I , 

D -  = - 
- ( 2 1 4  + u 2 a 2  ] 2 + [0.6wa + r2Ru  1 2 

rl 4u0  2ch ua 2 r1u02 

when z = p 0 c h [ ~ ~ ~ ’  + i o .  6- is  assumed. 

F i n a l l y ,   t h e   p r o p a g a t i o n  of t h e   e m i t t e d   s o u n d   t h r o u g h .   t h e  j e t  
b o u n d a r y   w h i c h   c o n s t i t u t e s  a c h a n g e   o f   a c o u s t i c   i m p e d a n c e ,  
r e s u l t s   i n   a n   i n t e n s i . f i c a t i o n  of the   sound  by  a f a c t o r  
2 ( c h / c f ) / (  (ch/cf)  + I), where Ch i s  t h e   s o u n d   s p e e d   i n   t h e  

h o t  j e t  e x i t   p l a n e ,  cf i s  t h e   s o u n d   s p e e d   s u r m u n d i n g   t h e  
j e t .  A s  d i s c u s s e d   i n   c o n n e c t i o n   w i t h  E q .  ( 8 )  t h i s   i n t e n s i -  
f i c a t i o n   a d d s   a b o u t  2 . 4  dB t o   t h e   f a r   f i e l d   s o u n d   p r e s s u r e  
l e v e l s ,   o v e r   t h a t   c a l c u l a t e d  by E q .  ( 1 0 ) .  

The u s e f u l n e s s  of E q s .  ( 7 )  and ( l o ) ,  o r   t h e i r   m o d i f i e d  
f o r m   i n c l u d i n g   t h e   i m p e d a n c e   c h a n g e   i n t e n s i f i c a t i o n ,  were 
t e s t e d   i n   c o n n e c t i o n   w i t h   e x p e r i m e n t a l  r e s u l t s .  These  compari-  
s @ n s  are  d i s c u s s e d   i n   t h e   n e x t   s e c t i o n .  

5 . 4  Corrparison of A n a l y t i c a l   P r e d i c t i o n s   w i t h   E x p e r i m e n t a l  
F.esul t s  

-. - ”___ 

The f i r s t   c o m p a r i s o n   t o  h e  rnade i s  t h e   o v e r a l l  
o b s e r v e d   s o u n d   p r e s s u r e   l e v e l   i n   t h e   f a r  f i e l d  w i t h   t h a t   p r e -  
d i c t e d   b y   t h e  tvio a n a l y t i c a l   e x p r e s s i o n s .  Fron t h e  many 
s p e c t r a  shown i n   c o n n e c t i o n   w i t h   S e c t i o n  3 of t h i s   r e p o r t ,  it 
i s  a p F a r e n t   t h a t   s e v e r a l   s p e c t r a l  peaks s t a n d   o u t   i n   t h e  
c h a m b e r   p r e s s u r e   s p e c t r u n ,   a n d   i n   t h e   f a r   f i e l d   s p e c t r u m .  
I f ,  f o r   t h e   p u r p o s e   o f   c a l c u l a t i o n s ,  we a s s u x e   t h a t  a l l  t h e  
a c o u s t i c   e n e r g y  i s  c o n c e n t r a t e d   i n   t h e   d o m i n a n t   s p e c t r a l  
peak ,  a simple o n e   s t e p   c a l c u l a t i o n  will y i e l d  the p r e d i c t e d  
far f i e l d   s o u n d   p r e s s u r e   l e v e l   f r o m   t h e   l e v e l  of i n t . e r n a 1  
p r e s s u r e   f l u c t u a t i o n s   u s i n g   t h e   e q u a t i o n s   g i v e n   i n   S e c t i o n s  5 . 2  
and 5 . 3 .  F i g u r e s   3 5 ,  3 6  and 37  show t h e   r e s u l t i n g   p o i n t s  
c o m p a r e d   w i t h   m e a s u r e d   v a l u e s   f o r   t h e   t h r e e   c o n t b u s t o r s   s t u d i e d  
( i f  a s i n g l e   s o u r c e   f i l l i n g   t h e   e x i t   p l a n e  i s  a s s u m e d ) .  

I t  i s  clear  f r o m   t h e s e   t h r e e   f i g u r e s   t h a t   c a l c u l a t i o n  
method I g i v e s   n o r e  accurate  r e s u l t s   f e r   c a s e s  A - 2 ,  A - 4 ,  B-2 
and  B - 4 ,  a l l  o f   w h i c h   h a d   d o m i n a n t   s p e c t r z l   p e a k s   a t   v e r y  low 
f r equenc ie s ,   be tween   35   and  5 0  Hz. F o r   t h 2   o t h e r  cases, f o r  
w h i c h   t h e   d o m i n a n t   s p e c t r a l   p e a k  ~t7as between 1 2 5  and 2 1 0  Hz, 
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t h e  f irst  m e t h o d   p r e d i c t e d   h i g h e r   n o i s e . l e v e l s   t h a n  were 
m e a s u r e d   i n   t h e  f a r  f i e l d .  

P r e d i c t i o n s   b y   m e t h o d  I1 were f a r  t o o   l o w  fo r  t h e   v e r y  
low f r e q u e n c y  cases, and  still l o w   b u t   c l o s e r   t o   m e a s u r e d  
far  f i e l d  r e s u l t s  f o r  t h e  cases w i t h   d o m i n a n t   s p e c t r a l   p e a k s  
a t  h i g h e r   f r e q u e n c i e s .  

I t  a p p e a r s   f r o m   t h e s e   c o m p a r i s o n s   t h a t   u s i n g  a s i n g l e  
s p e c t r a l   p e a k   t o   r e p r e s e n t   t h e   o v e r a l l   n o i s e  i s  n o t   a d e q u a t e ,  
a t  least  w i t h   t h i s  se t  o f  cases examined  by  the  methods 
d e s c r i b e d .  I t  may a l s o   b e   i n f e r r e d   t h a t  t h e  impedance  func-  
t i o n s   u s e d   f o r   c a l c u l a t i n g   p r e s s u r e - v e l o c i t y   r e l a t i o n s  a t  t h e  
e x i t   p l a n e  were n o t   e x a c t l y   a p p l i c a b l e .  Method I as sumed   t he  
impedance t o  be e f f e c t i v e l y   z e r o  for  c a l c u l a t i n g   t h e   v e l o c i t y  
f l u c t u a t i o n  a t  t h e   e x i t   p l a n e ,   a n d   u s e d  a s p h e r i c a l   s o u r c e  
impedance a t  theexit p l a n e   t o   c a l c u l a t e   t h e  f a r  f i e l d   n o i s e .  
Plethod I1 assumed,  f o r  b o t h   p a r t s   o f   t h e   c a l c u l a t i o n ,   t h a t  
the   impedance  w a s  l i k e   t h a t   o f   a n   u n f l a n g e d   p i p e   e n d .   P e r h a p s  
a n   i m p e d a n c e   f u n c t i o n   m e a s u r e d   f o r   t h e s e  f l o w  condi t i .ons   would  
g ive  b e t t e r   r e s u l t s  i n  c o m p u t a t i o n s .  

A f u r t h e r   c o m p a r i s o n  bras made f o r   o n e  case u s i n g  1 / 3  o c t a v e  
p r e s s u r e   b a n d   l e v e l s  t o  p r e d i c t   c o r r e s p o n d i n g   l e v e l s   i n   t h e  
f a r  f i e l d   a t   e a c h   f r e q u e n c y .   F i g u r e  3 5  shows t h e  combustor  
p r e s s u r e   s p e c t r u m   u s e d  as  i n p u t   t o   t h e s e   c a l c u l a t i o n s   a n d  
F i g .  39  shows t h e   p r e d i c t e d   r e s u l t s   f r o m   e a c h  of t h e  two 
methods  descr ibed.   Although  Method I o v e r p r e d i c t e d   t h e  f a r  
f i e l d   l e v e l s  f o r  t h i s  case when  a s i n g l e   f r e y u e ~ c y   r e p r e s e n t a -  
t i o n  was u s e d ,  F i g .  3 7 ,  here i t  u n d e r p r e d i c t s  a t  a l l   f r e q u e n c y  
bands .  The d e v i a t i o n   a t   v e r y  low f r e q u e n c i e s  may b e   d u e ,  
l a r g e l y ,  t o  background   no i se  i n  t h e  f a r   f i e l d ,   w h i c h   d i d   n o t  
have  i t s  o r i g i n   i r , s i d e   t h e   c o r n b u s t o r .   O v e r   t h e   r e r n a . i n d e r   o f  
t h e   s p e c t r u m ,   t h e  Method I p r e d i c t i o n  sche:ne u n G e r e s t i n a t e d  
t h e  f a r  f i e l d   n o i s e  by 7 t o  8 dB. P r e d i c t i o n s  by F e t h o d  I1 
were 6 t o  10 d B  Lelcw t h o s e  of Method I a t  f r e q u e n c i e s   a b o v e  
1 8 0  Hz, b u t   f e l l  away  more s h a r p l y  L e l o w  t h i s   f r e c p e n c y   r a n g e .  

I t  a p p e a r s   t h a t  a b e t t e r   m e t h o d   o f   F : r e d i c t i n g   E a r   f i e l d  
n o i s e   l e v e l s  due t o  i n t e r n a l   p r e s s u r e   f l u c t u a t i o n s  i s  Reeded. 
Gne i n q r e d i e n t   f o r  suck: a b e t t e r   m e t h o d  woldd be a n  e x i t   p l a n e  
in .pedance   func t ior .  which i s  a p p l i c a b l e  for t h i s  geometry and 
t h e s e   f l o w   c o n d i t i o n s .  KO such  521iction i s  c u r r e n t l y -  a v a i l a b l e .  
The   method  repor ted   here in  i s  o v e r   s i m p l i f i e d .  A more  complete  
a n a l y s i s  i s  needed .  
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" _ . ~ " - . " - * " - _ _  I_ - ~- "_"_.""___ 6 . 1  N e a s u r e m e n t   o f   T e m p e r a t u r e   F i m t u a t i o n s  

To o b t a i n   m e a . n i n y f u 1  measuren-!ents of t e m p e r a t u r e  
f l u c t u a t i o n s   i n   t h e   c o m b u s t i o n  gases is c o n s i d e r a b l y   n o r e  
d i f f i c u l t   t h a n   t o   c b t a i n   p r e s s u r e   f l u c t u a t i o n s .  The b a s i c  
r-eason €or t h e   r ; r e a t e r   Z i f f i c u l t y  i s  t h e   f a c t   t h a t   t h e   t e m p e r a -  
t u r e   p r o b e   m u s t  be immersed i n   t h e   h o t ,   r e a c t i n g  flow, w h i l e  
the p r e s s u r e   p r o b e   c a n   b e   m o u n t e d  01: t h e  wa l .1  where it can   be  
c o o l e d   a n d   i n s u l a t e d  from t h e   f l o w .  

A h o t  wire anen?ometer  system i n .  con junc t ion   w i . th  a 0.025 mm 
d i a r m t e r   p l a t i n u r r !  wire was  used t o  make t h e   x e a s u r e m e n t s  
r e p r t e d   h e r e i n .  'The v e l o c i t y   s e n s i t i v i t y  of t h e   p r o b e  w a s  
r , l in imized   by   Kain ta in inq  a low p r o b e   c u r r e n t  ( 1 . 5  m a )  which 
k e p t   t h e  wire j u s t .  a b o v e   t h e   a m b i e n t   t e m s e r a t u r e .   T h e r e f o r e ,  
as  t h e  a n b i e n t   t e r r . p e r a t u r e   f l u c t . u a t e s ,   t h e  w i r e  t e m p e r a t u r e  
fol-lows, a n d   t h e   a n e m o m e t e r   c i r c u i t   g i v e s   a n   o l l t p u t   p r o p o r t i o n a l  
t o  w i r e  r e s i s t a n c e   w h i c h  i s  t e n p e r a t u r e   d e p e n d e n t .  

D i f f i c u l t i e s  were e n c o u n t e r e 6  clue t o   t h e   h i g h   t e n p e r a t u r e  
react ive flow. A m e t a l ' s   s t r e n g t h  i s  g e E e r a i l y   r e d u c e d  as  i t s  
t e m p e r a t u r e  i s  r a i s e d ,  so a l t h o u g h  the wire may n o t  melt, it 
i s  more e a s i l y   b r o k e n   a t   e l e v a t e d   t e m p e r a t u r e s .   I n   a d d i t i o n ,  
c e r t a i n  metals s u c h   a s   t u n g s t e n   c a t a l y z e   r e c o m b i n a t i o n   r e a c t i o n s  
which c a n  r e s u l t  i n  l a r g e   e r r o r s   a s   t h e   p r o b e   t e m p e r a t u r e  i s  
r a i s e d   d u e  t o  a d d . i t i o n a 1   e n e r g y   d e p o s i t i o n   a t  i t s  s u r f a c e .  
T h u s ,   e a r l y   a t t e m p t s   w i t h   t u n g s t e n  wires y i e l d e d   u n r e l i a b l e  
d a t a ,   a n d   p l a t i n u m  was a d o p t e d ,   i n   s p i t e  of i t s  l o w e r   s t r e n q t h .  

The maximum t e n p e r a t u r e  recommended f o r   t h i s   p r o b e  w a s  
a b o u t  llOO°K, which w a s  c o n s i d e r a b l y   l o w e r   t h a n   t h e  mean 
t e m p e r a t u r e   i n   p r e v i o u s   r u n s ,   a s   c a n  be seen   f rom  Tab le  1. 
T h e r e f o r e ,  an  e v e n   l e a n e r   m i x t u r e   h a d   t o   b e   u s e d   i n   o r d e r   t o  
b r i n g   t h e   t e m p e r a t u r e  down. An a i r / f u e l   r a t i o   o f  70  w a s  a d o p t e d  
f o r   t h i s   p u r p o s e ,   w h i c h   s h o u l d   g i v e  a mean t e m p e r a t u r e  of 
a b o u t  860°K, i n   t h e   n o z z l e ,   b u t   s i n c e   n o t   s p o t s   c a n   o c c u r   i n  
such  a s y s t e m ,   t h i s   s e e m e d 4   s a f e   c o n d i t i o n   a t   w h i c h   t o   o p e r a t e .  

T h e   p r o b e   m e d  f o r  t h e   t e m p e r a t u r e   m e a s u r e m e n t s  w a s  a 
TherInc Systems :.;ode1 1 2 2 6  High   Tempera tu re   p robe   w i th  a 0.025 mm 
d i a m e t e r   p l a t i n u n ;  w i r e .  I t  w a s  i n s e r t e d   t h r o u g h   t h e   n o z z l e  
w a l l  so t h a t   t h e  wire w a s  h e l d  a t  t h e   d u c t   c e n t e r l i n e   i n   t h e  
same a x i a l   p l a n e  a s  t h e   n o z z l e   p r e s s u r e   t r a n s d u c e r ,   a b o u t  
3 . 1  c m  u p s t r e a m  of t h e   n o z z l e   e x i t .  The 5 c m  d i a m e t e r   n o z z l e  w a s  
u s e d   i n   t h e s e   e x p e r i m e n t s .  

6 . 2  Spectrum and   Leve l  of T e m D e r a t u r e   F l u c t u a t i o n s  

S i n c e   t h e  
f r o m   a n y   p r e v i o u s l y  
f a r   f i e l d   n o i s e   . a n d  

o p e r a t i n g   c o n d i t i o n   c h o s e n  w a s  d i f f e r e n t  
d i s c u s s e d   i n   t h i s   r e p o r t ,   t h e   s p e c t r a  of 
i n t e r n a l   D r e s s u r e   f l u c t u a t i o n s  are a l s o  

d i f f e r e n t .  The  comparisons  which fo l low w i l l  t h e r e f o r e  show 
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the corresponding  spectra of far field  noise  and  internal 
pressure  fluctuations  for  this  condition as well as the  measured 
temperature  fluctuation  spectrum. 

Figure 40 shows th.e power  spectral  density  of  the  nozzle 
temperature  fluctuations.  A  very low frequer.cy fluctuation 
is dominant  with the first  peak  at  5 Hz, which. i s  the lower 
limit  of  the  spectral analysis.. Relative peak.s next  occur at 
125  and  165 Hz, with  a  subsequent  intensity  decrease  to  the 
instrumentation  noise  levels.  Figure 4 1  shows the corresponding 
far  field  noise  spectrum  which  exhibits  the  165  Hz  peak,  but 
does  not  exhibit the strong  low  frequency  content  seen  in  the 
temperature  spectrum;  instead  it  shows  approximate  higher 
harmonics  of  the  165  Hz  peak. The power  spectrum of the  tem- 
perature  signal  with  low  frequencies  suppressed by a 100 Hz 
high  pass  filter is shown  in  Fig.  42. The 165  Hz  peak  is now 
dominant,  with  another  relative  peak at 330 Hz. At frequencies 
above  that peak, the  noise  level  of  the  electronics  is  dominant 
over  any  temperature  signal.  This  may  be  expected,  since  the 
thermal  time  constant  of  the  wire  under  these  operating  con- 
ditions is about 2.5 msec, having  the  effect  of  filtering out 
frequencies  above  about  400 Hz. Either  the  circuitry  does  not 
compensate  for  this  decrease  of  response  with  increased  fre- 
quency, or there  is  negligible  fluctuation  in  temperature 
above  this  frequency.  Further  experiments  with  smaller  wires 
are  required  to  explore  this  further. 

The  absolute, rms level of temperature  fluctuation  in  the 
125 - 160 1-12, 1/3 octave band was  measured  to be about 7 
Kelvin degrees, or a  little  more  than 1% of  the  mean  temper- 
ature.  The  overall rms temperature  fluctuation  in  the 
frequency  range  from  22  Hz  to  22 kHz was  measured  to  be  about 
20%  of  the  mean  temperature,  with  peak  to  peak  variation 
considerably  higher.  The  results  presented  here do not show 
a  strong  relationship  between  this  temperature  unsteadiness 
and  noise  possibly  due  to  crude  measurements.  Further  studies 
with  more  refined  instrumentation  are  required  to  establish 
its  relative  importance. 

6.3 Crosscorrelations  of  Temperature  Fluctuations and 
Far Field  Sound 

Figure  43 shows>the cross  spectral  density  of  the 
nozzle  temperature  fluctuation  and  the  far  field  sound,  for 
no  low  frequency  elimination  of  either  signal. The dominant 
low frequencies  noted  in  the  individual  frequency  spectra  are 
evident  in  this  cross  spectrum. The normalized  crosscorrelation 
coefficient  was  found to be  0.05 for  this case. 

It would seem, on comparing  Figs. 40 and 41, that  the  very 
low  frequency  (below 100 Hz) temperature  fluctuations do not 
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s u b s t a n t i a l l y  
c r o s s c o r r e l a t  

c o n t r i b u t e  t o   t h e  f a r  f i e l d  
i o n   b e t w e e n  t h e s e  same t w o  s 

n o i s e .  A second 
i g n a l s  was o b t a i n e d ,  

t h i s  t i m e  w i t h  a 1 0 0  Hz h i g h p a s s  f i l t e r  c u t t i n g   o u t   t h e  l o w  
f r e q u e n c y   c o n t e n t  of e a c h   s i g n a l .  The r e s u l t i n g   c r o s s   s p e c t r a l  
d e n s i t y  i s  shown i n  F ig .  4 4 .  T h e   n o r m a i i z e d   c r o s s c o r r e l a t i o n  
c o e f f i c i e n t   i n   t h i s  case i s  0 . 2 7 6 ,  o r  m o r e   t h a n   f i v e  times as 
l a r g e  as  for  t h e   u n f i l t e r e d   s i g n a l .   T h i s   h i g h e r   c o r r e l a t i o n  
a f te r  f i l t e r i n g   o u t   t h e   i n t e n s e   f l u c t u a t i o n s  a t  u l t r a  l o w  
f r e q u e n c i e s   i l l u s t r a t e s  t h a t  a s i m p l e  overa l l  c r o s s c o r r e l a t i o n  
c o e f f i c i e n t  i s  n o t   s u f f i c i e n t   i n f o r m a t i o n  t o  d e t e r m i n e   t h e  
p e r c e n t a g e   o f  f a r  f i e l d   n o i s e   w h i c h   o r i g i n a t e d  a t  t h e   s o u r c e  
b e i n g   p r o b e d .  

6 . 4  Summary o f   T e m p e r a t u r e   F l u c t u a t i o n   R e s u l t s  -.- 

We h a v e   o b t a i n e d  da ta  o n   t h e   t e m p e r a t u r e   f l u c t u a t i o n s  
i n   t h e   f l o w   e x h a u s t i n g   f r o m  a c o m b u s t i o n   r e g i o n .  The s p e c t r a l  
d e n s i t i e s   o f   t h e   t e m p e r a t u r e   a n d   n o i s e   s i g n a l s   a n d  t h e i r  c r o s s  
s p e c t r a l   d e n s i t i e s   i n d i c a t e   t h a t   t h e r e  i s  c o n s i d e r a b l e  similar-  
i t y   b e t w e e n  them, a t  l e a s t  i n  t h e  f r equency   r ange   be tween  
L O O  and  2 0 0  Hz,  where t h e   t e m p e r a t u r e   p r o b e   h a d   a d e q u a t e  
r e s p o n s e .  The u l t r a  l o w   f r e q u e n c y   t e m p e r a t u r e   f l u c t u a t i o n s  
were n o t   s i g n i f i c a n t   c o n t r i b u t o r s   t o  t h e  f a r  f i e l d  n o i s e  as 
ev idenced   by  t h e  h i g h e r   n o r m a l i z e d   c r o s s c o r r e l a t i o n   o b t a i n e d  
when t h i s   u l t r a  low f r e q u e n c y   c o n t e n t  was f i l t e r e d  o u t .  

A more   comple te   s tudy  of  t h e   r e l a t i o n s h i p   b e t w e e n   t e m p e r a -  
t u r e  f l u c t u a t i o n s  a n d  n o i s e  i s  needed.  I n   a d d i t i o n ,  more 
r e f i n e d   i n s t r u m e n t s  a n d  m e t h o d s   t o   m e a s u r e   t h e s e   t e m p e r a t u r e  
f l u c t u a t i o n s   o v e r  a b r o a d e r   f r e q u e n c y   r a n g e  i s  needed b e f o r e  
the i r  full s i . g n i f i c a n c e  as  n o i s e   s o u r c e s  can b e   e v a l u a t e d .  
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7. SUEWARY AND CONCLL'S'IONS 

Th i s   p rog ram of r e s e a r c h  w a s  i n t e n d e d  t o  p r o v i d e   i n f o r m a -  
t i o n   r e g a r d i n g   t h e  re la t ive  importance of combust ion  a s  a 
source of n o i s e   i n  j e t  e n g i n e s .  T o  a c c o m p l i s h   t h i s ,   e x p e r i -  
ments  were performed!  with a d u c t e d   c o m b u s t o r   w h i c h   e x h a u s t e d  
t h r o u q h a  5 c m d i a m e t e r   n o z z l e  a t  s p e e d s  i n  t h e   r a n g e   o f  1 4 0  
t o  2 0 0  m/sec a t  t e p . p e r a t u r e s   r e p r e s e n t a t i v e  of j e t  e n g i n e  
e x h a u s t   t e m p e r a t u r e s .  To e v a l u a t e   t h e   c o n t r i b u t i o n   f r o m   t h e  
n o r l s t e a d y   c o m b u s t i o n   i n   t h i s   c o n f i g u r a t i o n ,  it was n e c e s s a r y  
t o  i d e n t i f y   w h i c h   p a r t  of t h e  f a r  f i e l d  no i se  was due  t o  
combus t ion .   Th i s  was d o n e   b y   e x a m i n i n g   t h e   s p e c t r a l   c o r i t e n t  
o f   t h e   c h a m b e r   p r e s s u r e   a n d   t e m p e r a t u r e   f l u c t u a t i o n s   a n d  com- 
p a r i n g   w i t h   t h e   s p e c t r u m   o f   t h e   f a r   f i e l d   n o i s e .   C r o s s c o r r e l a -  
t i o n s  were u s e d   t o   o b t a i n   c r o s s   s p e c t r a l   d e n s i t i e s .   I n  
a d d i t i o n ,   t h e   s o u n d   p o w e r   f o r   t h i s  j e t  f l o w   w i t h   r o u g h  up- 
stream i n t e r n a l   c o m b u s t i o n  w a s  compared   wi th   the   sound  power  
of a s imilar  j e t  flow w i t h o u t   u p s t r e a m   i n t e r n a l   c o m b u s t i o n .  
The case wi th   rough   ups t r eam  combus t ion   was   found   t o   be  1 4  t o  
20  dB n o i s i . e r  f o r  c o r r e s p o n d i n g  flow v e l o c i t i e s .  

The  power s p e c t r a l   d e n s i t y   d i s t r i b u t i o n   o f   c o m b u s t i o n  
g e n e r a t e d .   n o i s e  w a s  o b s e r v e d  t o  b e   d o m i n a n t l y   i n   t h e   l o w   f r e -  
q u e n c y   r a n g e ,   w i t h   s e v e r a l   d o m i n a n t   s p e c t r a l   p e a k s   b e l o w  1 0 9 0  
Hz,  c o r r e s p o n d i n g   t o   t h e  1 / 4  wave t u b e   c a v i t y   e x c i t a t i o n   a n d  
s e v e r a l   h i g h e r   h a r m o n i c s .  The same n a r r o w   b a n d   s p e c t r a l   p e a k s  
a p p e a r i n g   i n s i d e  t h e  combust ior .   chaxber  were o b s e r v e d   i n  t h e  
f a r .   f i e l d   n o i s e   s p e c t r u m .  Direct c r o s s c o x r e l a t i o n s ,   a n d  
a s s o c i a t e d   c r o s s   s p e c t r a l   d e n s i t i e s   v e r i f i e d   t h a t  a l a r g e   p a r t  
o f   t h e   n o i s e   o b s e r v e d  in t h e   f a r  f i e l d  o r i g i n a t e d   i n s i d e   t h e  
cornbustor.  

C o x p a r i s o n   o f   n o i s e   l e v e l s   f r o m   t h e   c o n b u s t o r   e x h a u s t  
w i t h   c l e a n  -jet n o i s e   l e v e l s ,   e i t h e r  on t h e   b a s i s  of j e t  
v e l o c i t y   o r  j e t  Nach  number,  show t h e  c o n b u s t o r   e x h a u s t  t o  b e  
much n o i s i e r .  The n o i s e   l e v e l  of t h e   c o m b u s t o r   e x h a u s t   d e p e n d s  
cpon  the   combust ion   roughness   and   f requency  of o s c i l l a t i o n s ;  
these v a r y   w i t h   f u e l / a i r   r a t i o ,   c o m b u s t o r   g e o m e t r y   a n d   o v e r a l l  
m c l s s  f l o w   t i l r o u g h   t h e   c o n b u s t o r .  A honeycomb t y p e   f l o w  
s t r a i g h t e n e r   j u s t   u 2 s t r e a m  of t h e   n o z z l e  K a s   o b s e r v e d   t o  
r e d u c e   t h e  far f i e l d   r l o i s e   b y   a b o u t  3 dB a t  6 0 '  t o   t h e  j e t  
a x i s ,   w i t h   s o m e w h a t   s m a l l e r   r e d u c t i c n s   a t  9 5 '  and n e a r   t h e  j e t  
a x i s .  

Rttem;ts were made t o   a n a l y t i c a l l y   p r e d i c t   t h e   f a r  f i e l d  
n o i s e   d u e   t o   v e l o c i t y   f l u c t u a t i o n s  at t h e   n o z z l e   e x i t   w h i c h  
were d r i v e n  by i n t e r n a l   p r e s s u r e   f l u c t u a t i o n s .  The p r e d i c t e d  
levels  g a v e   t r e n d s   w h i c h   c l o s e l y   r e s e m b l e d   t h e   f a r   f i e l d  
s i g n a t u r e ,   b u t  w r e  s l i g h t l y   l o w e r   t h a n   o b s e r v e d   l e v e l s .  
P o s s i b l e   r e a s o n s  for the d i s c r e p a n c y  were t h e   S i r e c t   t r a n s -  
m i s s i o n  of a c o u s t i c   w a v e s   t h r o u g h   t h e   n o z z l e ,   w h i c h  were n o t  
a c c o u n t e d   f o r   i n   t h i s   s i m p l e   a n a l y s i s ,  o r  g r o u n d   r e f l e c t i o n s  
w h i c h   p r o d u c e   h i g h e r   n o i s e   l e v e l s   i n   e x p e r i m e n t s   t h a n   w o u l d  
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te o b t a i n e d   b y  d i r ec t  r a d i a t i o n   o n l y .   B o t h  of t h e s e   p o s s i -  
b i l i t i e s  must  be f u r t h e r   i n v e s t i g a t e d   i n  order t o  d e v e l o p  a 
r e l i a b l e  method of p r e d i c t i n g  f a r  f i e l d   n o i s e   d u e  t o  i n t e r n a l ,  
rough c o m b u s t i o n .   T h e   a n a l y s i s   u s e d   h e r e  i s  p e r h a p s  over- 
s i m p l i f i e d  a n d  a more c o m p l e t e   a n a l y s i s  i s  needed .  

Measurements were made t o  o b t a i n  bet ter  i n f o r m a t i o n  
r e g a r d i n g   t h e  role of t e m p e r a t u r e   f l u c t u a t i . o n s  as  a n o i s e  
s o u r c e   i n  a h o t   c o m b u s t o r   e x h a u s t .   T h e   r e s u l t s   s h o w e d  some 
direct  c o r r e s p o n d e n c e   b e t w e e n   t h e   t e m p e r a t u r e   s p e c t r u m   a n d  
t h e   f a r  f i e l d  n o i s e   s p e c t r u m .  N o  t h e o r e t i c a l   a n a l y s i s  w a s  
c o n d - u c t e d ,   w i t h i n   t h e  scope of t h i s   p i l o t   p r o g r a m ,  t o  f u r t h e r  
e l u c i d a t e   t h e   p o s s i b l e   r e l a t i o n s h i p   b e t w e e n   t e m p e r a t u r e  
f l u c t u a t i o n s   a n d   n o i s e .   S u c h   a n   a n a l y s i s   a n d   m o r e   r e f t n e d  
e x p e r i n e n t s   i n   s u p p o r t  of t h e   a n a l y s i s  are  recommended a s  a n  
i m p o r t a n t   f u r t h e r   a d v a n c e m e n t  of t h e   r e s e a r c h   o n   c o m b u s t i o n  
noise a n d  i t s  r e l a t i v e   i m p o r t a n c e   i n  j e t  e n g i n e s .  
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:ombustor 

Iondition 

A - 1  

A - 2  

A -  3 

A -  4 

B - 1  

B - 2  

B - 3  

B - 4  

c - 1  

c - 2  

c -  3 

c - 4  

4 0  

50  

40  

5 0  

40  

5 0  

4 0  

5 0  

40  

50  

4 0  

5 0  

L 

Table 1 

Combustor  Operating  Conditions 

" ___ - " 

Jet Mack: 

Number 

0 . 2 8 8  

0 . 2 9 0  

0 . 2 2 0  

0 . 2 4 3  

0 . 2 8 8  

0 . 2 8 9  

9 . 2 3 8  

0 . 2 4 7  

- - -. - - ._ " - 

Exhaust Ga! 

Total Temp, 

(OK) 

1 2 0 0 .  

1 0 0 5 .  

1155.  

9 7 0 .  

6 9 7 0 .  

9 9 6 .  

1 1 6 2 .  

9 1 7 .  

U E s t a b l e  

0 . 3 0 3 7  

0 . 2 4 0 7  

0 . 2 5 8  

1 1 0 0 .  

1 2 2 2 .  

1 0 8 7 .  

" - " 

Combustion 

Efficiency 

( % I  - 
9 6 . 9  

9 0 . 9  

9 0 . 2 8  

8 5 . 1 8  

9 5 . 7 6  

8 9 . 5  

901.05 

7 7 . 8 9  

LOG.+ 

9 7 . 2  

l o o . +  

" .___ - - ". "___ 

Jet V e l .  

-_I_ (m/sec) 

2 0 0 .  

1 8 5 .  

1 6 0 .  

1 5 0 .  

1 9 8 .  

1 8 2 .  

1 6 2 .  

1 4 3 .  

2 0 1 .  

1 6 8 .  

1 7 0 .  

Roughness 

157. 

1 5 8 .  

1 5 8 .  

1 5 9 .  

1 5 7 .  

1 5 8 .  

1 5 6 .  

1 6 0 .  

1 5 5 .  

.The  temperature was c a l c u l a t e d  from gas d y n a m i c  r e l a t i o n s  xsing 

measured  ass f l o w  al-:cl p r e s s u r e  drop t h r c u y h  the nozzle, assuming a 

100% e f f i c i e n t  nozzle. The tempra t l i re  computed on t h i s  basi.s may- 

be  expected  to  be  higher  than  the  actual  temperature,  hence  result- 

ing  in  a cornputed combEstion efficiency xhich is too  high. 
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FIGURE la Combus to r / j e t  source on  3 . 7  m h igh   py lon ,   showing  
3 . 7  rn high   microphone   mounts  i n  o n e   q u a d r a n t  a t  
1 5  rn r a d i u s .  

.FIGURE l b   C l o s e u p   v i e w  of c o m b u s t o r   i n   c o n f i g u r a t i o n  ' B '  
showing 5 c m  n o z z l e ,   p r o b e   p o r t s  and plenum. 
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Fig. 2 Schematic t o  approxi- 
mate s c a l e  of three  combustor  con- 
figurations  used.  Combustors ' A '  
and ' B '  a r e   i d e n t i c a l   e x c e p t   t h a t  
'3' i s  2 0  c m  longer   than ' A ' ;  corn- 
bustor  ' C '  has no primary ai:::. !?>it 
secondary a i r   e n t e r s   t h r o u g h  ::#x. 
fora t iGns   in   the   can .  

I 

Fig. 3 Power spec t r a l   dens i ty  
d i s t r i b u t i o n  of chamber pres- 
s u r e ,  combustor ' A '  a i r / f u e l  
r a t i o  = 4 0 ,  M = 0 . 2 9  

j 

Fig.  4 P o w e r  spec t r a l   dens i ty  
d i s t r i b u t i o n ,   w i t h  low frequency 
suppressed by a 2 5 0  Hz highpass 
f i l t e r ,  €or combustor ' A ' ,  a i r /  
f u e l  r a t i o  = 4 0 ,  M = 0 . 2 9 .  

j 

Fig.  5 Power spec t r a l   dens i ty  
of f a r  f i e l d  sound f o r   t h e  same 
condi t ion shown i n  Figs.  3 and 4 .  
Th i s   p lo t  is  from the  microphone 
a.t 15' t o  t h e  j e t  a x i s ,  1 5  n 
from the  comb:.lstor e x i t .  
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Fig. 6 Same condi t ion   as   F igs .  
3-5, f a r   f i e l d   s p e c t r u m   a t  3 0 "  
t o  j e t   a x i s .  

Fig.  8 Same condi t ions as 
Figs .  3-7,  f a r   f i e l d   s p e c t r u m  
a t  6 0 "  t o  j e t  a x i s .  

Fig.  7 Same condi t ion a s  Figs .   Fig.  9 Same condi t ion as  Figs.  
3-6, f a r   f i e l d   s p e c t r u m   a t  4 5 "  t o  3-8, far f i e l d  spectrum a t  75" 
j e t  a x i s .   t o  j e t  a x i s .  
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Fig. 10 Crosscorrelation of 
chamber  pressure  and  far  field 
noise (GO", 15 m ) , combustor 
'A', air/fuel ratio 40,  M.=0.29. 
See  Fig. 31 for  normalized 
values of crosscorrelations. 

-?7 

"11Q 

'"I /I 

Fig. 11 Cross  spectral  density 
distribution  corresponding  to 
crosscorrelation of Fig. 10. 

Fig. 12 Power spectral  density 
of  far  field  noise  measured at 
G O "  from jet axis, 15 m  from  the 
exit, as Fig. 8, but for air/fuel 
ratio of 5 0 ,  M = 0.29. 

j 

8C IO. 1000. 

Fig. 13 Same as Fig. 12 except 
for air/fuel ratio of 40, M = 0.22. 

j 
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h 

0.0 2 O C .  400, 600. 300. l C C ? .  
FREQUENCY ( H Z )  

Fig.  14  Same  as Figs. 12 and 13 
except  €or air/fuel ratio of 50, 
M = 0.24. j 

Fig. 15 Power  spectral  density 
distribution of far  field  noise 
at 60° to jet axis, combustor 'B', 
air/fuel ratio of 40, M = 0.29. j 

r l  mp 
0 m .  wn.  rm. 300. 1000. m 

FREC!'E:!CY ( ' I ? )  

Fig. 16 Power  spectral  density 
distribution of combustion  chamber 
pressure  fluctuations,  combustor 
I C '  air  fuel  ratio of 50,  
M = 0 . 3 0 .  

j 

Fig. 17 Far field  noise  power 
spectral  density  distribution, 
at 60° to jet axis, combustor 
I C ' ,  air/fuel ratio of 50, 
M = 0.30 j 
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2.00 

1.50 

Y ,  

FREQUENCY (HZ) 

-0.50 
-100 -50 0 50 100 

TIME (MSEC) 

Fig. 18 A s  Fig. 1 7 ,  except a i r /  Fig.  20  Autocorrelat ion of com- 
f u e l  r a t i o  of 40,  M = 0 . 2 4 .  bus t ion  chamber pressure   f luc tua-  

t ions  for   combustor  ' A '  a i r / f u e l  
r a t i o  of 4 0 ,  Mj = 0 . 2 9 .  Spec t r a l  
d i s t r i b u t i o n   f o r   t h i s   c a s e  i s  
shown i n   F i g .  3. 

j 

-1on -50 0 50 100 
T I M E  (MSEC) 

Fig. 1 9  As Fig. 1 7  and 18, Fig. 2 1  Autocorrelat ion of  com- 
except   a i r /€ue l  r a t i o  of 5 0 ,  bust ion chamber pressure  f luc tua-  
M = 0 . 2 5 .  t i o n s   f o r  combustor I C ' ,  a i r / f u e l  

j r a t i o  of 5 0 ,  Mj = 0 . 3 0 .  Spec t r a l  
d i s t r i b u t i o n  i s  shown €or t h i s  
case i n   F i g .  1 6 .  



-33- 
m 

0 50 I 101). 150. 200. 
TIME (MSEC) 

Fig. 2 2  Crosscorrelation  between 
chamber  pressure  fluctuation  and 
far  field  noise  for  combustor  'C' 
air/fuel ratio of 50, M = .30.  

j 

I n 0  X I ,  400. GOO. 800. 1000. 

FRCNIE'ICY W Z )  

Fig. 2 3  Cross  spectral  density 
distribution  obtained  from 
Fig. 22.  

Fig. 24 Power  spectral  density 
distribution of far  field  noise 
obtained  €or  case  with  ambient 
temperature  airflow only, through 
combustor  'C' , M = 0.24.  

j 
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"t W--80. 
MICROPHONE AT 15 m 
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N MASS FLOW RATE 0.13 KG/SEC 
z--100. ~ ~ ' 
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, . ,  . . ,  
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Fig. 2 5  Power  spectral  density 
distribution of far  field  noise, 
similar  to  that of Fig. 2 4  except 
that  combustor  can 'C' was pro- 
truding  from  end of duct;  no 
combustion. 
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MICROPHONE AT 1 5  m 
60"  FROM J E T  AXIS 

N MASS FLOW RATE 0.13 KG/SEC 
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Fig. 26 Power  spectral  density Fig. 28 Sound  pressure  level  in 
distribution  for  condition as in far  field  for  three  combustors 
Fig. 25, except  that  mixture of 'A', 'B' and I C '  at approximately 
fuel  and  air  was  burning. the  same  operating  conditions; 

air/fuel ratio = 50, M = 0.29.  
j 

9 0 0  90"  7 5 "  ANGULAR 

SPL 

S P L  (dB  re 0 . 0 0 0 0 2  newt/m") 
Fig. 27 Sound  pressure  level  in  Fig. 29 Sound  pressure  level in 
far  field for two  combustors,  'A'  far  field  for  three  combustors 'A', 
and  'B',  at  approximately  the  same ' B '  and I C '  at approximately  the 
operating  conditions; air/fuel same  operating  conditions; air/fuel 
ratio = 40, M = 0.29. 

j 
ratio = 40, M = 0.23.  

j 
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Fig. 30 Sound  pressure  level in 
far  field  €or  three  combustors, 
'A', 'B' and I C '  at approximate- 
ly the  same  operating  dondhtions; 
air/€uel  ratio = 50, M = 0.25.  j 
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Fig. 32 Comparison of overall 
sound  power  of  combustor-jet  with 
that of an  equivalent  clean  jet 
with a 5 cm  dia.  nozzle,  using  Mach 
number  (equal  thrust)  as a basis 
of comparison. 
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Fig. 31 Normalized  crosscorrela- Fig. 3 3  Comparison of overall 
tion  coefficient vs angular  posi- sound power of combustor-jet  with 
tion  in  far  field  for  three  oper- that of an  equivalent  clean  jet 
ating  conditions  (Table 1). with a 5 cm  dia.  nozzle,  using  jet 

velocity  as a basis  of  comparison. 
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F ig .  34 Fa r   f i e ld   no i se   l eve l   o f  
combustor-jet,  with  and  without a 
flow s t ra ightener   ups t ream  of   the  
e x i t   n o z z l e ,   f o r   a n   a i r / f u e l  r a t io  
of 5 0 ,  j e t  Mach number of 0 . 3 0 ,  
combustor ' C '  . 
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Fig. 36 Comparison as  in   F ig .  35, 
but  for  combustor ' B ' .  
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Fig. 35 Sound pressure   l eve l ,   F ig .  37 Comparison a s   i n   F i g .  
combustor ' A ' ,  p lo t t ed   v s   t he  com- 3 5 ,  but  for  combustor ' C '  . 
bustion  roughness  parameter,  PF, and 
compared wi th   ana ly t i ca l ly   p red ic t ed  
l eve l s   u s ing   t he  t w o  methods  described 
i n   t h e   t e x t .  
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F i g .  38 1/3 Octave band  pressure 
l e v e l s  of combustor  pressure  f luc- 
tuations,  combustor ' c ' ,  a i r / f u e l  
r a t i o  of 50, M = 0.30. 

j 

h m 

Fig. 39 Far f i e l d  sound,  1/3 
octave  band  pressure as  measured, 
compared wi th   l eve l s   p red ic t ed  
u s i n g   l e v e l s   i n  Fig.  38 toge ther  
wi th  t w o  p red ic t ion  methods 
d e s c r i b e d   i n   t h e  t e x t .  

Fig. 4 0  Power spec t r a l   dens i ty  
d is t r i ,bu t ion   of   the   t empera ture  
f luc tua t ion   in   the   exhaus t   nozz le ;  
a i r / f u e l  r a t i o  of 70 ,  mean tempera- 
t u r e  = 1090'F. 

Fig.  4 1  F a r   f i e l d   n o i s e  poLrer 
spectral dens i ty  €or same case 
as  i n   F i g .  4 0 ,  f o r  microphone 
a t  60' t o  duct .  
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Fig. 4 2  Power  spectral  density 
of temperature, as Fig. 40 except 
that  a 100 Hz  highpass  filter 
reduced  the low frequency  content 
in  this  record. 

rn 
-100 

Fig. 4 3  Cross  spectral  density 
of nozzle  temperature  fluctua- 
tion  and  far  field  noise at 60° 
to duct axis. 

znn. 6@0 I 

Fig. 4 4  Cross spectral  density  of 
nozzle  temperature  fluctuation 
and  far  field  noise at 60 O to  duct 
axis, with 100 Hz highpass  filter 
on each  signal. 

NASA-Langley, 1915 CR-2704 


