
NASA Technical Memorandum 8 1610 

( N A S A - P I - 8 1 6  1u) CORE NOISE HEASUBEHEUTS hd1-11769 
'* FROfi A  SMLL, G E N E R A L  AVIATION T U R B O F A N  

EYGS SE ( N A S A )  28 p H C  A03fIF A01 CSCL 20A 

Uncias  
63/71 29153 

Cui-z Noise Measurements from a Small, 
General Aviation Turbofan Engine 

Meyer Reshotko and Allen Karchmer 
Lewis Research Center 
Cleveland, Ohio 

Prepared for the 
One-hundredth Meeting of the Acoustical Society of America 
Los Angeles, California, November 17-21, 1980 

https://ntrs.nasa.gov/search.jsp?R=19810003261 2020-03-21T16:09:10+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42862759?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


CORE NOISE NEASUREMENTS FROM A SMALL, GENERAL 

AVIATION TURBOFAN ENGINE 

Meyer Reshotko* and Al len  Karchmer* 

Nat ional  Aeronautics and Space Adminis t ra t ion 
Lewis Research Center 
Cleveland,  Ohio 44 135 

SUMMARY 

A s  p a r t  of a  program t o  i n v e s t i g a t e  combustor and o t h e r  core  n o i s e s ,  

s imultaneous measurements of i n t e n a l  f l u c t u a t i n g  p r e s s u r e  and f a r  f i e l d  

no i se  were made w i t h  a  JT15D turbofan engine .  Acoust ic  waveguide probes ,  

loca ted  i n  t h e  engine a t  the  combustor, a t  t h e  t u r b i n e  e x i t  and i n  t h e  c o r e  

nozzle w a l l ,  were used t o  measure i n t e r n a l  f l u c t u a t i n g  p r e s s u r e s .  Low f r e -  

quency a c o u s t i c  power determined a t  the  c o r e  nozzle  e x i t  corresponds i n  l e v e l  

t o  the  f a r - f i e l d  a c o u s t i c  power a t  engine speeds below 65% of maximum, t h e  

approach cond i t ion .  A t  engine  speeds above 65% o f  maximum, the j e t  n o i s e  

dominates i n  the  f a r - f i e l d ,  g r e a t l y  exceeding t h a t  of t h e  core .  From coherence 

measurements, i t  i s  shown t h a t  t h e  combustor is the  dominant source  of t h e  low 

frequency c o r e  no i se .  The r e s u l t s  ob ta ined  from t h e  JT15D engine were compared 

wi th  those  obta ined previously  from a  YFlO? eng ine ,  b o t h  engines  having reverse  

flow annular  combustors and be ing  i n  the  same s i z e  c l a s s .  

"Aerospace Engineer,  F l u i d  Mechanics and Acoust ics  Divis ion 



INTRODUCTION 

I n  t h e  pas t  s e v e r a l  y e a r s  cons ide rab le  p rogress  has  been made i n  reducing 

the  no i se  genera ted  by subsonic  CTOL a i r c r a f t  gas t u r b i n e  engines .  The two 

l a r g e s t  s o u r c e s  of engine  no i se ,  t h e  fan  and t h e  j e t  exhaust ,  can b e  reduced 

s u f f i c i e n t l y  t o  comply w i t h  f e d e r a l  w i s e  r e g u l a t i o n s .  F u r t h e r  r educ t ions  of 

these  sources  may not  reduce the  o v e r a l l  engine  n o i s e  because a  new a c o u s t i c  

threshold  has  been reached. This th resho ld  l e v e l  i s  coaposed of n o i s e  genera ted 

from h e r e t o f o r e  inadequate ly  understood sources  w i t h i n  t h e  engine  core .  One 

of the  most l i k e l y  sources  of f a r  fic1.d noise  o r i g i n a t i n g  from the  engine  core  

is the  combustion process  where l a r g e  amounts of chemical energy a r e  r e l e a s e d .  

A t  t h e  NASA Lewis Research Center ,  an e x t e n s i v e  program is be ing  conducted 

to  determine the  sources  and c h a r a c t e r i s t i c s  o f  combustion n o i s e  and its propa- 

ga t ion  through the  m g i n e  core  t o  t h e  f a r  f i e l d .  I n  p a r t ,  t h e  exper imenta l  

phase of t h i s  program has  been conducted wi th  a Lycoming TF102 tu rbofan  engine  

(Ref. 1 ) .  Resu l t s  obta ined f  ram d i r e c t  i n z e r n a l  and e x t e r n a l  s p e c t r a l  meas- 

urements i n d i c a t e  t h a t  below n  l i m i t i n g  cond i t ion  (60X of maximum far.  ;peed f o r  

t h i s  eng ine ) ,  low frequency core  no i se  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  f a r  

f i e l d  no i se  ( R e f .  1 ) .  F u r t h e m o r c ,  i t  has  been shown by use o f  c o r r e l a t i o n  and 

coherence techniques  that  the  combustor is the s o u r c e  of t h i s  low frequency core  

noise  (Refs.  2 and 3).  I n  another  i n v e s t i g a t i o n ,  a c o u s t i c  measurements wi th  

an a u x i l i a r y  power u n i t  (AFU) produced s i m i l a r  r e s u l t s ,  showing the  c o d u s  t o r  

t o  be a c o n t r i b u t o r  t o  t h e  f a r  f i e l d  n o i s e  a t  f r equenc ies  below 400 Hz (Ref. 4 ) .  

The NASA is conducting an i n t e r - c e n t e r  program t o  b e t t e r  understand t h e  

e f f e c t s  of f o m a r d  v e l o c i t y  on fan  n o i s e  (Ref. 5 6 6 ) .  A s  p a r t  o f  t h i s  program, 

the Lewis Research Center is conducting s t a t i c  t e s t s  on a P r a t t  6 Whitney JTlSD 

turbofan eng ine .  This i s  a  product ion engine  f r e q u e n t l y  used i n  g e n e r a l  avia-  

t i o n  a i r c r a f t  such as the  Cessna C i t a t i o n .  In  a d d i t i o n  t o  the  f a n  n o i s e  

s t u d i e s ,  experiments have been conducted wi th  t h i s  engine t o  determine t h e  
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c h a r a c t e r i s t i c s  o f  combustion and o t h e r  core n o i s e s  and t h e i r  propagation 

through the  engine core  t o  t h e  f a r  f i e l d .  The o v e r a l l  o b j e c t i v e  of these  

experiments was t o  measure the  no i se  i n  the  combustor a t  v a r i o u s  engine opera- 

t i n g  speeds and determine i ts  propagation downstream (1) through t h e  t u r b i n e  

( 2 )  through t h e  c o r e  nozz le ,  and (3) t o  the  f a r  f i e l d .  

I t  is the  purpose of t h i s  paper t o  d e s c r i b e  t h e  engine a c o u s t i c  measure- 

ment program and t o  p r e s e n t  some of the r e s u l t s  ob ta ined .  The r e s u l t s  c o n s i s t  

of s i ~ g l e  po in t  s p e c t r a l  d a t a  measured w i t h i n  t h e  engine c o r e ,  and two p o i n t  

coherence measurements between var ious  i n t e r n a l  engine l o c a t i o n s  and the  

a c o u s t i c  f a r  f i e l d .  The r e s u l t s  obta ined from t h e  JT15D measurements a r e  t o  

be compared with those  obta ined previously  fr~jrn a YF102 eng ine ,  both  engines 

hav ing  reverse  flow annula r  combustors and be ing  i n  t h e  same s i z e  c l a s s .  



ENGINE, INSTKUKENTATION , AND DATA PROCESSING 

Engine 

' h e  P r a t t  6 Whitney JT151' i s  a  bypass  r a t i o  3.3, two spool, turbofan 

engine  w i t h  a  r a t e d  t h r u s t  of 9 800 newtons. The eng ine  c o r e  consio  ts of a 

compressor i n  t h e  form of a  16-bladed i m p e l l e r ,  a r e v e r s e  flow annu la r  combustor, 

and a  t h r e e  s t a g e  t u r b i n e .  The s i n g l e  s t a g e  compressor is  d r i v e n  by t h e  h igh 

p r e s s u r e  t u r b i n e  s t a g e ,  whi le  the  f a n  i s  d i r e c t l y  d r i v e n  by two low p r e s s u r e  

t u r b i n e  s t a g e s .  The fan  has  twenty-eight  b l a d e s  and i s  0.534m i n  diameter .  

Al l  t e s t s  were  conducted u s i n g  b.1 outdoor  engine  t e s t  s t a n d  w i t h  the  engine  

c e n t e r l i n e  2.9m above a hard s u r f a c e  ground plane .  The eng ine  was configured 

wi th  an i n l e t  c o n t r o l  device a t t a c h e d  t o  a f l i g h t  i n l e t  and s e p a r a t e  core  and 

2 fan  exhaust  nozzles .  The core and f a n  nozz lc  a r e a s  were .3558 and .0876m , 

r e s p e c t i v e l y .  The i n l e t  c o n t r o l  d e v i c e  was used t o  reduce fan  tones  by pro- 

v i d i n g  a  c l e a n c r  and more uniform inf low than i s  norm-illy ob ta ined  under s t a t i c  

t e s t  cond i t ions  (Ref. 5) . A photograph of the  engine  mounted on the  t e s t  s t a n d  

is s h a m  i n  f i g u r e  1. 

Neasuremcnts were made a t  t en  fan speeds  between 337; and 97% of  maxlrnurn 

speed (l5,8AO rpm) . A summary of the  t e s t  c o n d i t i o n s ,  i n c l u d i n g  mass f low,  

p r e s s u r e s  and temperatures  i n  t h e  core  eng ine ,  is p resen ted  i n  t a b l e  1. 

I n t e r n a l  Acoust ic  Probes 

Dyamic p r e s s u r e  probes were placed i n  the  eng ine  c o r e  a t  seven d i f f e r e n t  

l o c a t i o n s  (Fig .  2 )  a s  fo l lows :  one i n  tL- combustor; t h r e e  a t  the t u r b i n e  exit, 

a t  v a r i o u s  c i r c u m f e r e n t i a l  l o c a t i o n s ;  one i n  the  core  nozz le  en t rance ;  and two, 

0 
90 a p a r t ,  i n  t h e  core  nozzle  exit p lane .  

The t r ansducers  used were conven t iona l  0.6 35 cm d i m e  t e r  p r e s s u r e  response  I 

condenser microphones. To avoid d i r e c t  exposure of the  microphones t o  the  severe  
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environment w i t h i n  the c o r e ,  they were mounted o u t s i d e  t h e  engine  and t b e  

f l u c t u a t i n g  p ressur , .  i n  the  engine  core  was communicated t o  t h e  t t ansducers  

by " semi - in f in i t e"  a c o u s t i c  waveguides. These waveguide probes  a r e  desc r ibed  

i n  d e t a i l  i n  r e f e r e n c e  1. A photograph of t h e  engine  w i t h  tha probes i n  p l a c e  

i s  shown i n  f i g u r e  3. 

Ex te rna l  Nicrophonea 

The f a r  f i e l d  microphones c o n s i s t e d  of an a r r a y  of  s i x t e e n  1 .27  ern diameter  

condcnscr microphones on o 30.5 m rad ius  c i r c l e  cen te red  on t h e  exhaust  p lane  

0 0 
c f  the  core  nozz le .  nw microphones were spaced 10 a p a r t  from 10' t o  160 from 

the  c n ~ i n t .  i n l e t  a x i s ,  and were m o i u l t r . ~ i  a t  gru nd l e v e l  t o  minimize t h e  problems 

a s s a c i n t e L l  wi th  ground r c  f 1t.rtions. 

A near  f i c l d  microphone was p l ~ c c ' c i  on n s t a n d  a t  the  eng ine  c e n t e r l i n e  

he igh t  (2.9 m) , 1.65m dounstrcnm of t h  n o z z l e  e x i t  p lane  and o f f s e t  0.95111 from 

the m g i n c  c e n t e r l i n e .  

Dat 3 Acq\, is i  t i o n  and l ' rocessing 

T l ~ r  s i g n a l s  from thc  i n t e r n a l  probes a n d  f a r  f i e l d  microphones werc FM- 

recorded on mapletic t a p e  i n  three-minute record  l e n g t h s  fo r  l a t e r  p rocess ing .  

The i n t e r n a l  probes m d  f a r  f i c l d  microphones were c a l i b r a t e d  w i t h  a pistonphone 

p r i o r  t o  and at t h c  end of each d a y ' s  running.  The d a t a  were analyzed on 

narrirw h a n d  and o w -  t h i  rJ c.rc tnvc hand spect rum a n a l y z e r s  which determined p res -  

- 5 
s u r e  l e v e l  s p e c t r a  referenced t o  2X1Q Pa. 

Tne c d ~ e r e n c c  and c o r r e l a t i o n  r c s i i l t s  g iven i n  t h i s  paper were o b t a i n e d  

by o f f - l i n e  p rocess ing  of the tape-recorded d a t a  on a two-channel f a s t  F o u r i e r  

t r ans fo rm d i g i t a l  s i g n a l  p rocessor  wi th  h u i l t - i n  ana log  t o  d i g d t a l  c o n v e r t e r s  

and 120 dB/octave a n t i - a l i a s i n g  f i l t e r s .  The processor  was capable  of  d i r e c t  

computation o f  up t o  4096 ensemble averages  of  a 1024 p o i n t  forward o r  i n v e r s e  
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Four ie r  t r ans fo rm t o  y i e l d  e i t h e r  frequency domain (coherence,  ampli tude  and 

phase s p e c t r a ,  and t r a n s f e r  func t ion)  o r  tiare domain ( a o r r e l a t i o n )  in fo rmat ion .  

RESULTS 6 DISCUSS ION 

The a c o u s t i c  d a t a  were ob ta ined  by s imul taneous  measurements from probes  

loca ted  i n s i d e  the  engine core  and microphones placed i n  t h e  f a r  f i e l d .  m e  

r e s u l t s  a r e  s e p a r a t e d  i n t o  t h r e e  main c a t e g o r i e s :  1) s i n g l e  p o i n t  s p e c t r a l  

d a t a  measured w i t h i n  the  engine  c o r e ,  2 )  two po in t  coherence and c o r r e l a t i o n  

measurements between var ious  i n t e r n a l  engine  l o c a t i o n s  and a l s o  between t h e  

engine  and f a r  f i e l d  and, 3) a  comparison betweer the JT15D and a n  e a r l i e r  

t e s t e d  YP102 engine .  Although the  engine  was opera ted  a t  t e n  r o t a t i o n a l  speeds ,  

d a t a  a r e  presented only  f o r  s e v e r a l  speeds  t h a t  a r e  considered r e p r e s e n t a t i v e  

of variou-s cond i t ions  i n  the  engine  o p e r a t i n g  cycle .  

S i n g l e  Po in t  S p e c t r a l  Data 

I n t e r n a l  dynamic p r e s s u r e  masurements  were made i n  t h e  coubustor ,  t u r b i n e  

e x i t  and core nozzle  e x i t ,  and sound p r e s s u r e  l e v e l s  were measured i n  t h e  f a r  

f i e l d  of  the JT15D engjne .  Typical  one- th i rd  octave  band dynamic p r e s s u r e  l e v e l  

s p e c t r a  a t  these  l o c a t i ~ n s  a r e  presented i n  f i g u r e  4 f o r  two engine  f a n  speeds ,  

40L and 87% of  maxinium, These s p e c t r a  i n d i c a t e  the  magnitude of each s i g n a l  

p rogress ive ly  from one l o c a t i o n  t o  ano the r  and e x h i b i t  the  broadband n a t u r e  of 

the  s i g n a l  a t  the  lower f requenc ies ,  and the  t o n a l  content  due t o  t h e  r o t a t i n g  

machinery a t  the  h igher  f r equenc ies .  However, these  d a t a  by themselves do not 

i n d i c a t e  the o r i g i n  o r  the  propagat ion c h a r a c t e r i s t i c s  of the  broadband s i g n a l s  

and the  tones ,  nor  do they i n d i c a t e  v h e t h e r  t h e  probes a r e  measuring a c o u s t i c  

p r e s s u r e ,  h y d r o s t a t i c  p r e s s u r e  f l u c t u a t i o n s ,  o r  some combination of  the two. 

Td explore  these  p o i n t s ,  the  d a t a  f o r  each component w i l l  b e  examined s e p a r a t e l y  

i n  t h i s  s e c t i o n ,  and then by component p a i r s  i n  the  fo l lowing  s e c t i o n .  



Coubustor - The p r e s s u r e  l e v e l  s p e c t r a  p resen ted  i n  f i g u r e  5 were ob ta ined  

by  a probe f l u s h  mounted i n  t h e  combustor l i n e r  (Fig.  2 ) ,  I n  f i gu re  5 ( a ) ,  one- 

t h i r d  oc tave  band combustor p r e s s u r e  s p e c t r a  are presented f o r  f i v e  engines  

speeds a t  f r equenc ies  up t o  2000 Hz. The shapes  o f  the  s p e c t r a  a r e  s i m i l a r  

f o r  a l l  speeds  and as would be  expected,  * e  p r e s s u r e  l e v e l  i n c r e a s e s  w i t h  

i n c r e a s i n g  engine  speed.  Narrow band s p e c t r a  f o r  t h e  same speeds  and f requency 

range a r e  shown i n  f i g u r e  5(b) .  The s p e c t r a  a t  a l l  speeds  a r e  g e n e r a l l y  broad- 

band i n  n a t u r e ,  however, a t  40% of maximm speed  and h i g h e r  t h e r e  a r e  s t r o n g  

tones  o f  va ry ing  magnitude. The f requenc ies  of  t h e s e  tones  correspond t o  the  

r o t a t i o n a l  speeds  and m u l t i p l e s  the reof  of t h e  turbomachinery ( f a n ,  t u r b i n e ,  

e t c )  . A narrow band spectrum taken a t  40% o f  maximum speed and a t  a frequency 

range of 0 t o  10,000 Hz is shown i n  f i g u r e  6.  A t  4916 and 9832 Hz r e s p e c t i v e l y ,  

t h e r e  appear  i o  be  two tones  of  very l a r g e  magnitude. These tones  correspond 

t o  the  b lade  passage frequency and second harmonic of  t h e  16 b laded  i m p e l l e r  

o f  t h e  c e n t r i f u g a l  compressor which a r e  p a s s i n g  through the  combustor. This  

phenomenon i s  d i scussed  i n  more d e t a i l  i n  r e f e r e n c e  7. 

I n  r e f e r e n c e  8 i t  is suggested t h a t  combustion n o i s e  i s  d i r e c t l y  r e l a t e d  

t o  and a prime func t ion  o f  t h e  combustion h e a t  r e l e a s e  r a t e ,  Q ,  a s s o c i a t e d  w i t h  

t h e  combustion p rocess .  A p l o t  of  t h e  a c o u s t i c  power a s  a f u n c t i o n  o f  t h e  

h e a t  r e l e a s e  r a t e  f o r  the  JTlSD is presen ted  i n  f i g u r e  7. The conbustor  h e a t  

r e l e a s e  r a t e ,  Q, i n  t h i s  r e p o r t  is  determined from t h e  r e l a t i o n s h i p  

where 

w combustion a i r  f low r a t e  

Cp ~ p e c i f i c  h e a t  o f  a i r  

AT temperature  r i s e  due t o  c o u b w t i o n  

The o v e r a l l  a c o u s t i c  power l e v e l s  used h e r e i n  were i n f e r r e d  from measured 
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f l u c t u a t i n g  p ressures  obta ined w i t h i n  t h e  coatbus t o r  us ing the  method and 

assumptions of re fe rence  8. The t e n  engine o p e r a t i n g  c o n d i t i o n s  produce a 

range i n  h e a t  r e l e a s e  r a t e  t h a t  span a f a c t o r  of s i x  bemeen  milnimum and 

maximum. By e m p i r i c a l  obse rva t ion ,  t h e  d a t a  f a l l  i n t o  two c a t e g o r i e s ,  t h e  

f i r s t ,  a t  t h e  law h e a t  r e l e a s e  r a t e s ,  shows the  a c o u s t i c  power t o  behave a s  

2 approximately Q , and the second,  a t  the  h i g h e r  h e a t  r e l e a s e  r a t e  shows t h e  

a c o u s t i c  power t o  behave approximately a s  Q t o  t h e  f i r s t  power. The d a t a  

shown i n  f i g u r e  7 follow t h e  same t rends  a s  t h e  d a t a  ob ta ined  from many d i f f e r e n t  

combustors and repor ted  i n  r e f e r e n c e  8. 

Core nozz le  e x i t  - Pressure  l e v e l  s p e c t r a  obta ined by probes f l u s h  mounted 

i n  t h e  core  nozz le  e x i t  a r e  presented i n  f i g u r e  8. I n  f i g u r e  8 ( a ) ,  one-third 

oc tave  band c c r e  nozzle  e x i t  p ressure  s p e c t r a  a r e  p resen ted  f o r  r e p r e s e n t a t i v e  

speeds  a t  f requenc ies  up t o  2000 Hz. N a r r m  band s p e c t r a  f o r  t h e  same speeds 

and frequency range a r e  shown i n  f i g u r e  8 ( b ) .  The s p e c t r a  a t  a l l  speeds a r e  

genera l ly  broadband i n  n a t u r e ,  however, a t  s e l e c t e d  speeds t h e r e  a r e  s t r o n g  

tones  of va ry ing  magnitude. The f requenc ies  of these  tones  as i n  the  combustor, 

correspond t o  t h e  r o t a t i o n a l  speeds  and m u l t i p l e s  thereof  of t h e  turbomachinery. 

A narrow band spectrum taken a t  40% of des ign speed b u t  a t  a much wider f r e -  

quency range,  0 t o  10,000 Hz, i s  shown i n  f i g u r e  9 .  There a r c  s t r o n g  tones  i n  

evidence which correspond t o  t h e  b l a d e  passage f requenc ies  of the impeller, 

t u r b i n e  and f a n .  I n  a d d i t i o n ,  the re  a r e  some o s c i l l a t i o n ; ;  between 7000 and 9000 

Hz which remain y e t  t o  be exp la ined .  

Far  f i e l d  - D i r e c t i v i t y  o a t t e r n s  taken from e x i s t i n g  d a t a  f o r  low f r e -  

quency core  engine no i se  i n d i c a t e  a maximum i n  t h e  v i c i n i t y  of 120' from the 

engine i n l e t  (Ref. 2 ) .  Far f i e l d  a c o u s t i c  s p e c t r a  a t  t h i s  a n g l e  a r e  p resen ted  

i n  f i g u r e  10. I n  f i g u r e  1 0 ( a ) ,  o n e - t h i r d  o c t a v e  band sound pressure  level 

s p e c t r a  a r e  given f o r  f i v e  engine speeds .  A cons tan t  band-width spectrum t o  

10,000 Hz a t  40% of design speed as shwon i n  f i g u r e  10(b) i n d i c a t e s  t h e  presence 
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o i  many tones.  These tones a r e  the fundamentals and h a m n i c s  of the blade 

passage frequencies of the fan, the impel ler  and the turbine. A t  87: of 

design speed, the f a r  f i e l d  sound pressure l e v e l  spectrum shown i n  f i gu re  10(c) 

contains a region of mult iple  pure tones,  and three d i s t i n c t  tones. kll of 

these tones a r e  caused by the fan. The three  d i s t i n c t  tones correspond t o  

the fan blade pixsage frequency and i t s  second and t h i r d  harmor. cs .  The 

mu1 t i p l e  pure tones may be caused by a combination of phenomena such a s  i n l e t  

flow d i s t o r t i o n  and ro tor  s t a t o r  i n t e r ac t ion .  

Acoustic Power - The var ia t ion  of low frequency acoust ic  parer  a s  a 

function of je t  exhaust veloci ty  is shown I n  f igu re  11. The acoust ic  power 

l eve l  was cc,mputed from s igna l s  between 50 and 2000 Hz, the region where 

broadband core and jl?t no:'.se propagate t o  the f a r  f i e l d .  The f a r  f i e l d  acous- 

t i c  power was computed i n  the usual manner from the microphone data.  The 

acoust ic  power a t  the core nozzle e x i t  w a s  computed, an the assumption of an 

acoust ic  plane wave, as  the product of the acous t ic  i n t e n s i t y  and the area of  

the  duct a t  the probe locat ion.  The i n t e n s i t y ,  I ,  f o r  a moving stream is  

expressed i n  reference 9 as: 
2 

where 
2 

P l o c a l  mean square pressurc i l u c t u a t i o n  

P l o c a l d e n s i t y  

c l oca l  speed of sound 

H l o c a l  Mach number 

The core nozzle e x i t  acoust ic  power l e v e l  s h a m  i n  f igu re  11 w a s  computed 

from the following equation which i s  a product of a transformation of eq. (2 ) .  

and t h e  core nozzle e x i t  area 

PWL = SPL + 47.58 + 10 loglO - *Ji ( l + M )  
P 



where 

PWL 

sn 

A 

T 

P  

aound pwer  l e v e l ,  dB, r e f .  10-l3 v a t  ts 

-5 
sound pressure l e v e l  measured by probe, dB, r e f .  2x10 Pa 

area (square meters) 

temperature ( K) 

pressure (pasca ls )  

The e f f ec t ive  j e t  exhaust ve loc i ty ,  VE, given i n  f igure  11 is  a r b i t r a ~ ! ? . ~  

defined fo r  convenience as a  simple measure of engine operat ing condit ion.  I t  

is a  weighted ve loc i ty  which accounts f o r  the d i f fe rences  i n  mass flow and 

ve loc i ty  of the fan and core a t  each engine condition, and is defined as: 

BPR + vc 
"E = 

BPR + 1 

where 

v~ fan veloci ty  

Vc c o r e v e l o c i t y  

BPR engine by-pass r a t i o  

I t  can be seen i n  f i gu re  11 t h a t  i n  the low ve loc i ty  region (up t o  approxi- 

mately 175 mlsec) the power l eve l  ca l cu la t ed  a t  the core enr.ine e x i t  i s  i n  

close agreement with the power leve l  ca l cu la t ed  i n  the fr .r  f i e l d  a t  30.5 m. 

However, above 175 s f s e c  the power l e v e l  i n  the f a r  f i e l d  becomes considerably 

g rea t e r  (10 dB a t  300 m/sec) than the l e v e l  i n  the nozzle e x i t  region. Also, 

above an e f f e c t i v e  j e t  exhaust ve loc i ty  of 175 mfsec the f a r  f i e l d  acous t ic  

power behaves approxirnatcly as  ve loc i ty  t o  the eighth p w e r  which is  ind ica t ive  

of j e t  mixing noise.  This suggests s t rongly  t h a t  below a  c r i t i c a l  engine 

operat ing condition (65% of design speed i n  t h i s  case) where the j e t  no ise  i s  

not s i g n i f i c a n t ,  noise emanating from the engine core i s  a  s i g n i f i c a n t  i f  not  

dominant con t r ibu to r  t o  the f a r  f i e l d  noise .  



Coherence Measurements 

I n  o r d e r  t o  b e t t e r  understand the  dynamic p r e s s u r e  c h a r a c t e r i s t i c s  w i t h i n  

t h e  engine  c o r e ,  two p o i n t  coherence f u r c t i o n s  were made hetween i n t e r n a l  and 

f a r  f i e l d  eng ine  ueasurements,  and betwoen p a i r s  of  i n t e r n a l  IPeasurements. 

The ~ c ~ h e r e n c e  func t ion  i s  e s s e n t i a l l y  a normalized cross-spectrum and is 

def ined  f o r  random s i g n a l s  a s  (Ref. 10) 

where I ~ , ~ ( f ) l *  j s  the squarc  of the  ensemble averaged c r o s s - s p e c t r a l  d e n s i t y  

between a and b ;  and G ( f )  and Gbb(f) a r e  the  averaged a u t o s p e c t r a l  d e n s i t i e s  
a s  

a t  a and b ,  r e s p e c t i v e l y .  The coherence f u n c t i o n  must hava a value  between 

zero  and one ,  w i t h  high coherence a t  a p a r t i c u l a r  f requency,  f ,  w a n i n g  high 

c o r r e l a t i o n  a t  t h a t  f requency.  

Herein ,  t h e  coherence func t ion  will be w e d  p r imar i ly  t o  d e s c r i b e  the  

pai rwise  frequency d ~ a r a c t e r i s t i c s  of the f l u c t u a t i n g  p r e s s u r e  w-ithin t h e  JT15D 

eng ine .  The magnitude of  the  coherence f u n c t i o n  w i l l  be r e f e r r e d  t o  i n  rr ls '4vve 

terms and w i l l  be used mainly f o r  comparison purposes .  For the  engine  

presented i n  t h i s  paper t h e  coherence is  v i r t u a l l y  zero  above 1000 Hz. re- 

f o r e ,  f o r  the  sake of uniformity  , coherence measurements w i l l  be presented on ly  

between 0 and 1000 Hz, and analyzed wi th  a r e s o l u t i o n  bandwidth of 2 Hz. A l l  

b i a s  e r r o r s  due to  time delay between i n t e r n a l  and f a r  f i e l d  measurements were 

c o r r e c t e d  accord ing  t o  the  methods p resen ted  i n  r e f e r e n c e  3. Bias  e r r o r s  due 

t o  time de lay  between i n t e r n a l  measurements a r e  n e g l i g f b l e .  

C o d u s t o r  - The measured coherence f u n c t i o n s  between p r e s s u r e  i n  the  c o w  

b u s t o r  and s e v e r a l  downstream s t a t i o n s  f o r  an  engine  speed of 40X a r e  s1;own i n  

f i g u r e  12. As discussed  i n  the  previous  s e c t i o n  and shown i n  f i g u r e s  5!b; and 

8(b) the re  a r e  tones  i n  the  engine  whose f r e q u e n c i e s  correspcmd t o  turbomachinery 

r o t a t i o n a l  speeds .  These tones r e t a i n  t h e i r  coherence be w e e n  t h e  v a r i o u s  



measuring s t d t i o n s  i n a i d e  and o u t s i d e  of t h e  engine,  and appear  a s  h igh ly  

coherent "spikes" i n  t h e  measured coherence func t ions .  For c l a r i t y  , they 

have been e d i t e d  o u t  of the  f i g u r e s ,  I n  f i g u r e  12(a) t h e  measured coherence 

between t h e  f l u c t u a t i n g  p ressure  i n  the  combus t o r  and t h e  t u r b i n e  e x i t  s t a t i o n  

id shown. There is a s i n g l e  d i s t i n c t  r eg ion  o f  coherence between 0 and 250 Hz 

and n e g l i g i b l e  coherence above 250 Hz. The magnitude o f  t h e  coherence func t ion  

reaches  a peak a t  approximately 140 Hz. I n  f i g u r e  12(b) ,  t h e  measured coherence 

between combustor and core  nozz le  e x i t  i s  shown t o  have s i m i l a r  c h a r a c t e r i s t i c s .  

I n  a d d i t i o n ,  f i g u r e  12(c) shows t h e  measured coherence f u n c t i o n  between t h e  

f l u c t u a t i n g  p r e s s u r e  i n  t h e  combustor and t h e  f a r  f i e l d  a c o u s t i c  p ressure  a t  

0 
a microphone l o c a t e d  120 from the  engine i n l e t .  As can be  seen  from t h e  f i g u r e ,  

the coherence between the  combustor p ressure  and t h e  f a r  f i e l d  a c o u s t i c  pres- 

s u r e  i s  l i m i t e d  t o  the  region below 250 Hz, t h e  same a s  between pressures  w i t h i n  

the  engine.  

Using the  coherence measurement a s  a guide ,  a f i l t e r e d  c r o s s  c o r r e l a t i o n  

funct ion between the  combustor p r e s s u r e  and the  a c o u s t i c  f a r  f i e l d  has  been 

measured (Fig .  1 3 ) .  This f i l t e r e d  c o r r e l a t i o n  e x h i b i t s  che p roper ty  of being 

symmetric about a nega t ive  peak and t h e r e f o r e  cannot b e  a s s o c i a t e d  w i t h  pure 

time delay.  A c o r r e l a t i o n  funct ion wi th  t h e s e  same c h a r a c t e r i s t i c s  was 

obta ined between ccmbustor and f a r  f i e l d  on a YF 102 engine i n  an e a r l i e r  

experiment (Ref. 2 ) .  It h a s  been shown i n  re fe rence  2 ,  t h a t  f o r  the  frequency 

range where the  f l u c t u a t i n g  combustor p r e s s u r e  i s  coherent wi th  the  f a r  f i e l d  

a c o u s t i c  p ressure ,   he combustor is a source  region f o r  f a r  f i e l d  no i se .  

I n  sunrmary, combustor r e l a t e d  n o i s t  measured i n  t h e  JT15D engine and i n  

t h e  far  f i e l d  is l i m i t e d  e n t i r e l y  t o  the  frequency range below 250 Hz w i t h  a 

peak between 1 ~ 5  and 150 H Z .  



Turbine exit - The measured coherence func t ion  bemeen  pressure  i n  t h e  

tu rb ine  e x i t  and two dwnstream l o c a t i o n s  i ~ r  an engine speed of 40% of maxi- 

mum is shown i n  f i g u r e  14. I n  f i g ~ r e  14(a) ,  the coherence between t h e  f l u c t u -  

a t i n g  p r e s s u r e  i n  t h e  tu rb ine  e x i t  s t a t i o n  and t h e  core  nozzle  e x i t  s t a t i o n  is 

shown. There a r e  th ree  regions  of coherence between 0 and 1000 Hz: one 

between 0 and 250 Hz; a second between 250 and 500 Hz; and a t h i r d  between 500 

and 1000 Hz. I n  f i g u r e  l4 (b) ,  which shows t h e  measuree coherence between t h e  

f l u c t u a t i n g  p ressure  i n  the  t u r b i n e  e x i t  and t h e  a c o u s t i c  p ressure  i n  t h e  f a r  

f i e l d ,  the  t h i r d  region of coherence has  diminishe: almost t o  zero whi le  t h e  

two lower frequency regions  of coherence a r e  s t i l l  very  s t r o n g l y  i n  evidence.  

EIecause the reg ion  of coherence above 500 Hz i s  weak between the  t u r b i n e  e x i t  and 

the  core  nuzzle  e ~ t  and almost zero between t h e  t u r b i n e  e x i t  and t h e  f a r  

f i e l d ,  it w i l l  n o t  be  discussed i n  t h i s  paper .  The low frequency r e g l m  of 

coherence, between 0 and 250 Hz, is most l i k e l y  caused by the  combustor 

r e l a t e d  n o i s e  propagating through t h e  eng ine  t o  the  f a r  f i e l d  (Fig. 12) . The 

second region of coherence,  between 250 and 500 Hz, must b e  o r i g i n a t i n g  a t  

some p o i n t  downstream c f  the  coxkjustor. The t h r e e  s t a g e  t u r b i n e  is downstream 

of the  combustor and j u s t  upstream of t h e  t u r b i n e  e x i t  s t a t i o n .  It is  the 

most like!y source  of no i se  i n  t h i s  coherence region.  

Core nozzle  e x i t  - The measxred coherence f u n c t i o n  between pressure  i n  

0 
the  core  nozzle  e x i t  and t h e  120 f a r  f l e l d  microphone is shown i n  f i g u r e  15 

f o r  two engine speeds .  I n  f i g u r e  15 (a )  , t h e  coherence be  tween the  f l u c t u a t i n g  

p ressure  i n  the  core  nozzle  e x i t  and t h e  f a r  f i e l d  l o c a t i o n  i s  shown f o r  an 

engine speed o f  40%.  There is one continuous region of coherence between 0 

and approximately 700 Hz. Within t h i s  coherence range t h e r e  a r e  included the 

previously  d i scussed  combustor no i se  (0  t o  250 Hz) and t u r b i n e  n o i s e  (250 t o  

500 Hz) . I n  a d d i t i o n ,  i n  the  region above 200 Hz, based on the  magnitude of 

the coherence func t ion ,  the re  a r e  a d d i t i o n a l  n o i s e  sources  which most l i k e l y  
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occur upstream of the  c o r e  nozzle  e x i t .  These a d d i t i o n a l  sources  may be caused 

by t h e  s t r u t s  i n  t h e  t u r b i n e  e x i t  duct  and sc rubb ing  i n  t h e  c o r e  nozz le .  I n  

f i g u r e  15(b) ,  coherence between p r e s s u r e  i n  t h e  c o r e  nozz le  ex i t  and f a r  f i e l d  

i s  shown f o r  a n  engine  speed of  87%. A t  t h i s  h igh  engine  speed,  t h e  coherence 

i s  very low i n  value  a t  a l l  f r e q u e n c i e s .  This low l e v e l  of coherence i s  due 

t o  c o n t r i b u t i o n s  t o  the  f a r  f i e l d  n o i s e  from s o u r c e s  o t h e r  than  those  w i t h i n  

the  c o r e  nozz le .  S p e c i f i c a l l y  , t h e s e  o t h e r  c o n t r i b u t i o n s  a r e  t h e  mixing n o i s e  

from t h e  core  and f a n  exhauscs which occur  downstream of t h e  c o r e  nozz le  e x i t .  

I n  simmary , based on t h e s e  coherence measurenrents, n o i s e  sources  w.i t h i n  

the  c o r e  nozz le  make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  the f a r  f i e l d  a t  low engine  

speed and a n e g l i g i b l e  c o n t r i b u t i o n  a t  h igh  engine  speed.  These coherence d a t a ,  

a t  bc,th speeds ,  a r e  i n  agreement wi th  t h e  r e s u l t s  of the  a c o u s t i c  power ca lcu la -  

t i o n s  p resen ted  i n  f i g u r e  11. 

Comparisons w i t h  YF102 Engine 

The r e s u l t s  ob ta ined  from t h e  JT15D measurements a r e  compared now wi th  

those  o b t a i n e d  previously  from a YF102 eng ine  (Refs .  1 t o  3) ,  both  eng ines  

be ing  i n  t h e  same s i z e  c l a s s .  The YF102 engine  is used t o  power the  NASA Q u i e t  

Shor thau l  Research A i r c r a f t  (QSRA) and is t h e  e a r l i e r  v e r s i o n  of t h e  AVCO/ 

Lycoming ALF 502 which powers genera l  a v i a t i o n  a i r c r a f t  such a s  the  Canadair 

Chal lenger .  Both engines  have r e v e r s e  f low a n n u l a r  combustors of very s i m i l a r  

s i z e ,  b u t  have compressors, t u r b i n e s  and core  nozz les  which a r e  d i f f e r e n t  i n  

des ign .  The JT15D engine  h a s  a s i n g l e  s t a g e  compressor and a t h r e e  s t a g e  

t u r b i n e  whereas t h e  YF102 has  an e i g h t  s t a g e  compressor and a f o u r  s t a g e  tu rb ine .  

A comparison of  combustor a c o u s t i c  power l e v e l  a s  a f u n c t i o n  o f  h e a t  r e l e a s e  

r a t e  f o r  t h e  JTl5D and t h e  YF102 combustors i s  p resen ted  i n  f i g u r e  16. The 

o r d i n a t e ,  a c o u s t i c  power l e v e l ,  has been normalized t o  account f o r  t h e  seven 

p e r c e n t  d i f f e r e n c e  i n  c r o s s  s e c t i o n a l  a r e a  between the  two combustors. A l l  o f  
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the SF102 combustor d a t a ,  i n c l u d i n g  t h a t  ob ta ined  a t  its lowest  eng ine  o p e r a t i n g  

p o i n t ,  a r e  above the  two megawatt h e a t  r e l e a s e  r a t e  and the  a c o u s t i c  power 

behaves approximately a s  Q t o  t h e  f i r s t  power. The a c o u s t i c  power l e v e l s  are 

i n  e x c e l l e n t  agreement w i t h  t h e  p r e s e n t  JTlSD combustor d a t a  f o r  comparable 

hea t  r e l e a s e  r a t e s .  

Measured coherence func t ions  between p r e s s u r e  i n  t h e  combusto.* and t h e  

f a r  f i e l d ,  a t  120°, f o r  both eng ines  a t  comparable speeds  (approximately 40%) 

a r e  shown i n  f i g u r e  17. I n  bo th  c a s e s ,  t h e r e  is  a s i n g l e  d i s t i n c t  r e g i o n  o f  

coherence between 0 and 250 Hz and n e g l i g i b l e  coherence above 250 Hz. The 

magnitude of t h e  coherence f u n c t i o n  reaches  a  peak between 125 and 150 Hz f o r  

both eng ines .  

I n  f i g u r e  18 a r e  shown measured coherence f u n c t i o n s  between dynamic pres-  

s u r e  i n  t h e  core  nozz le  e l d t  and the  f a r  f i e l d  a t  low speed f o r  both  eng ines .  

I n  the  region below 200 Hz, t h e r e  is  very good agreement i n  the  measured d a t a  

between the  two engines .  However, above 200 Hz, based on t h e  coherence meas- 

urements, the JTl5D engine  p ropaga tes  a much g r e a t e r  s i g n a l  t o  the  f a r  fie:: 

than the  SF102 eng ine .  The agreement below 200 Hz can b e  accounted f o r  by t h e  

s t r o n g  s i m i l a r i t i e s  between the  two combustors,  and t h e  disagreement above 

200 Hz is probably due t o  the  d i f f e r e n c e s  i n  des ign of t h e  t u r b i n e , s t r u t s  and 

core  nozz le .  For both  eng ines ,  a t  h igh  speed,  t h e  coherence l e v e l  between 

core  nozz le  e x i t  p r e s s u r e  and f a r  f i e l d  s i g n a l  is very  low a t  a l l  f requenc ies .  

'Ihis low l e v e l  o f  coherence is due t o  c o n t r i b u t i o n s  t o  the f a r  f i e l d  n o i s e  

from sources  o t h e r  than  those  w i t h i n  t h e  c o r e  nozz le ,  s p e c i f i c a l l y ,  j e t  mixing 

noise .  

S U M Y  OF RESULTS 

Core n o i s e  from a JTISD tu rbofan  eng ine  was i n v e s t i g a t e d  us ing  simul-  

taneous rrrasurements of  i n t e r n a l  p r e s s u r e  and f a r  f i e l d  no i se .  Acoust ic  wave- 
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guide probes were l o c s t c d  i n  the  combustor, a t  t h e  t u r b i n e  e x i t  and i n  t h e  

core  nozz le .  

From d i r e c t  i n t e r n a l  and e x t e r n a l  measurement, low frequency a c o u s t i c  

power determined a t  t h e  c o r e  nozzle  e x i t  corresponds  i n  level t o  the f a r  f i e l d  

a c o u s t i c  power a t  engine  speeds  below 65% o f  maximum. A t  eng ine  speeds  above 

65% of maximum, the  j e t  n o i s e  dominates i n  t h e  f a r  f i e l d ,  g r e a t l y  exceeding 

t h a t  o f  the  c o r e .  Pa i rwise  coherence measurements between c o r e  nozz le  e x i t  

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

core nozzle  make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  f a r  f i e l d  n o i s e  a t  low 

engine  speed and a n e g l i g i b l e  c o n t r i b u t i o n  a t  h igh engine  speed.  A t  h igh f r e -  

quencies ,  above 2000 Hz, core  tones and t h e i r  harmonics from the  impe l l e r  and 

t u r b i n e  a r e  very  e v i d e n t  i n  t h e  f a r  f i e l d  a t  low engine  speed.  A t  h igh engine  

speed,  the f a r  f i e l d  n o i s e  is dominated by sources  o r i g i n a t i n g  a t  t h e  fan, 

m u l t i p l e  pure tones and b l a d e  passage f r e q u e n c i e s ,  and the  c o r e  t o n e s  a r e  ha rd ly  

n o t i c e a b l e .  

From i n t e r n a l  and f a r  f i e l d  coherence and c o r r e l a t i o n  measurements, i t  h a s  

been determined t h a t  the combustor i s  the  dominant source  o f  the  low frequency 

core  no i se  and i s  l i m i t e d  t o  t h e  region below 250 Hz wi th  a peak between 125 

and 150 Hz. A second reg ion  of coherence o r i g i n a t i n g  downstream o f  the  conbus- 

t o r ,  between 250 and 500 Hz, is most l i k e l y  a s s o c i a t e d  wi th  t h e  t u r b i n e .  

Within t h e  combustor i t  has  been shown t h a t  the  a c o u s t i c  power behaves a s  

approximately h e a t  r e l e a s e  r a t e ,  Q ,  t o  t h e  second power a t  low va lues  of  Q 

and as h e a t  r e l e a s e  r a t e  t o  the  f i r s t  power a t  h igh  va lues  of  Q.  

The r e s u l t s  ob ta ined  from the  JT15D measurements have been compared w i t h  

those  p rev ious ly  obta ined from a YF102 eng ine .  Zhe combustor r e l a t e d  meas- 

urements, both  i n t e r n a l  and those  propagat ing t o  t h e  f a r  f i e l d ,  a r e  v e r y  s i m i l a r  

f o r  the  YF102 and JT15D enp,ines. The good agreement i s  most probably due t o  

the  s i m i l a r i t y  i n  combustor desigr. between t h e  wo eng ines .  On t h e  o t h e r  hand, 
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based on coherence measurements, the re  is poor agreement between the  two engines 

a t  low o p e r a t i n g  speed I n  t h e  frequency range where conbustor  n o i s e  does n o t  

dominattl (above 200 Hz).  This  disagreement is most l i k e l y  due t o  t h e  d i f f e r e n t  

c h a r a c t e r i s t i c s  o f  t h c  engine components downs tveam of t h e  combustor. A t  h igh 

engine  speed ,  j e t  mixing noise dominates t h e  f a r  f i e l d  s i g n a l  f o r  both  engines .  
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TABLE I. - TEST CONDITIONS FOR THE JT l S D  CORE NOISE MEASUREMENT PROGRAM 

Nominal 
enp,ine 
speed,  
X of 

maximum 

3 3 
3 7 
4 0 
4 4 
5 5 
6 2 
68 
7 3 
8 7 
9 7 

Combustor --Core[ Core 
mass 
flow, 

kg/sec 

2.33 
2.50 
2.73 
3.03 
3.76 
4.34 
4.82 
5.21 
6.62 
7.79 

~ n n  I Cure 
speed, I speed, 

rpm v m 

Comp re  s so r ex i t 

Pres- 
s u r e ,  

kPa 

171 
190 
201) 
2 34 
305 
361 
407 
451 
593 
707 

5 195 
5 785 
6 305 
b 975 
8 b65  
I) 855 

10 792 
11 590 
13 850 
15 360 

. 
Pres- 
s u r e ,  

k Pa 

177 
196 
214 
241 
314 
372 
420 
465 
612 
729 

. -- 
15 745 
17  730 
18 4-35 
19 855 
22 820 
24 485 
25 675 
26  6 2 5  
28 895 
3U 650 

Temper- 
s t u r e ,  

K 

395 
404 
4 13 
422 
44 9 
4b7 
482 
493 
529 
5 56 

Temper- 
a t u r e ,  

K 
- 

826 
849 
869 
886 
942 
980 

1 021 
1 0 5 9  
1 162 
1 257 

Pres- 
s u r e ,  
kPa 

101 
101 
102 
102 
105 
106 
109 
111 
120 
128 

- 

Temper- 
a t u r e ,  

K 

675 
682 
b87 
694 
717 
736 
7 54 
772 
816 
878 
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(b) ENGINE SPEED, 87% OF MAXIMUM. 

Figure 4 - JT15D internal and far field pressure level 
spectra. 
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(a) ONE-THIRD OCTAVE BAND SPECTRA. 
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(b)NARROW BAND SPECTRA. FILTER BANDWIDTH, 
2 5 Hz. 

Figure 5. - Combustor pressure spectra. 
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Figure 6. - Combustor pressure spectrum. Engine spccd. 
4tlL of maxirr.um; filter bandwidth, 12.5 Hz. 
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f i g u r e  7. - Variation of combustor acoustic power level 
w i th  heat release rate. 
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Figure 8. - Core nozzle exit pressure 
spectra. 
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Figure 9. - Core nozzle exit pressure spectrum. Engine speed, 
4O!k of maximum; f i l ter  bandwidth, 12.5 Hz. 
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8 (b) NARROW BAND SPECTRUM. ENGINE SPEED, 4Ob OF MAXI- 

g MUM; FILTER BANDWIDTH, 12 5 Hz. 
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Figure la - Far f ield m u r t i c  spectra. Dir tmce,  30.5 M; angle 
f rom engine in let  axls, 12@. 
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Figurd 11. - JTlSD low frequency acoustic pomr.  
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Figure 1 2  - C o h o r a . d  betwoen fluclucting combustor per- 
sure Md sewral dcmstrerm locations. Bmdwidth. 2 H L  
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Figure 13. - Cross corrclatiwr between combustor and far field signals. Engine speed, 4Oh 
of maximum: data low pass filtered at 240 Hz: angle from engine inlrt  axis. 1@. 
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F~gure 14. - Coherence between fluctuat~rlg pressure at h? 
turbme exit and two downstream locat~ons. Bandwidth. 2 Hz. 
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Ib) WGlNC SPEED, 87% OF MAXIMUM. 

F~gura 15. - Coherence between lluctuatmg pressure r t  the 
core nozzle exlt and the acoust~c tar f~eld. Bandwidth. 2 Hz; 
angle from enwne i ~ l e t  aus, 1?@. 
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Figure 16. - Comparison of combustor acoustic power level 
between the JTUD and YFlOD reverse flow annular com- 
bustors. 
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Figure 17. - Comparison of combustor to far field coherence 
between the JT15D and YFlO2 engines. Bandwidth, 2 Hz; 
angle from engine inlet axis, 12@ 
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(b) YF102 ENGINE. ENGINE SPEED, 43% OF MAXIMUM. 

Figure 18. - Comparison of core nozzle exit to far field co- 
herence between the JTUD and YF102 engines. Bandwidth, 
2 Hz; anglc from engine inlet axls, 1200. 


