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SUMMARY 

Resul t s  of NASA L e w i s  Research Center/General E l e c t r i c  Company Var iab le  
Cycle Engine (VCE) e a r l y  a c o u s t i c  engine and model s c a l e  tests are presented.  
A summary of an  ex tens ive  series of f a r - f i e l d  a c o u s t i c ,  advanced acous t i c ,  and 
exhaust plume v e l o c i t y  measurements wi th  a laser ve loc imeter  of i nve r t ed  
v e l o c i t y  and temperature  p r o f i l e ,  h igh- rad ius- ra t io  coannular plug nozz les  on 
a Y J l O l  VCE s ta t ic  engine test v e h i c l e  are reviewed. S e l e c t  model scale 
s imulated f l i g h t  a c o u s t i c  measurements f o r  an unsuppressed and a mechanical 
suppressed coannular plug nozz le  are a l s o  d iscussed .  The engine acous t i c  
nozz le  tests v e r i f y  prev ious  model s c a l e  n o i s e  reduct ion  measurements. The 
engine measurements show 4-6 PNdB a f t  quadrant je t  n o i s e  reduct ion  and up t o  
7 PNdB forward quadrant shock n o i s e  reduct ion  relative t o  a f u l l y  mixed con ica l  
nozz le  a t  t h e  same s p e c i f i c  t h r u s t  and mixed p res su re  r a t i o .  The inf luences  of 
ou te r  nozz le  r ad ius  r a t i o ,  i nne r  stream v e l o c i t y  r a t i o ,  and area r a t i o  are 
discussed.  Also, laser velocimeter  measurements of mean v e l o c i t y  and tu rbu len t  
v e l o c i t y  of t h e  Y J l O l  engine are i l l u s t r a t e d .  
s imulated f l i g h t  a c o u s t i c  measurements are shown which co r robora t e  t h a t  
coannular suppress ion  is  maintained i n  forward speed'. 
f o r  achieving j e t  n o i s e  abatement l e v e l s  f o r  h igh  performance supersonic  
a i r c r a f t  on t h e  o rde r  of c u r r e n t  subsonic  commercial v e h i c l e s  i s  discussed.  

Select model scale s t a t i c  and 

I n  add i t ion ,  t he  out look 

INTRODUCTION 

Over the  p a s t  decade, government and indus t ry  have exer ted  cons iderable  
research  and technology e f f o r t s  toward developing understanding of j e t  n o i s e  
genera t ion ,  concepts f o r  i t s  reduct ion ,  and p r a c t i c a l  means f o r  suppressor  
implementation. I n  p a r t i c u l a r ,  t h e  General E l e c t r i c  Company, under NASA-Lewis 
sponsorship,  has  undertaken ex tens ive  model scale and engine a c o u s t i c  test 
programs (References 1 ,2 ,  and work done under c o n t r a c t  by J. Vdoviak, 
P.R. Knott ,  e t  a l . ,  e n t i t l e d  "VCE Early Acoustic T e s t  - Forward Var iab le  Area 
By Pass I n j e c t o r  and Coannular Acoustic Nozzle T e s t , ' '  t o  be published i n  1980) 
t o  quant i fy  t h e  s ta t ic  and f l i g h t  a c o u s t i c  and aerodynamic c h a r a c t e r i s t i c s  f o r  
i nve r t ed  v e l o c i t y  and temperature  p r o f i l e  coannular plug nozz les ,  unsuppressed 
and suppressed. 
+ 

The work repor ted  h e r e  w a s  sponsored by t h e  NASA L e w i s  Research Center under 
Contracts  NAS3-20582 and NAS3-21608. 
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This  paper  reviews an  e x t e n s i v e  se r ies  of  s t a t i c  engine  a c o u s t i c  t e s t s  
u s i n g  General  E lec t r ic ' s  v a r i a b l e  c y c l e  engine  (VCE) f e a t u r e s  t e s t e d  on a 
modif ied Y J l O l  engine  p r o p u l s i o n  system i n  October of 1978 .  These r e s u l t s  
show t h a t  f o r  unsuppressed h i g h - r a d i u s - r a t i o  coannular  p lug  n o z z l e s ,  s u b s t a n t -  
i a l  s t a t i c  j e t  mixing and shock n o i s e  r e d u c t i o n  i s  o b t a i n e d  i n  engine  s c a l e .  
The paper  a l s o  shows t h a t  f o r  s i m u l a t e d  f l i g h t ,  t h i s  l e v e l  of  n o i s e  r e d u c t i o n  
i s  main ta ined .  
n o i s e  r e d u c t i o n  f o r  SCR v e h i c l e s  on t h e  o r d e r  of c u r r e n t  s u b s o n i c  commerical 
a i r c r a f t  i s  b r i e f l y  d i s c u s s e d .  

I n  a d d i t i o n ,  a p r o j e c t e d  out look  f o r  a c h i e v i n g  g r e a t e r  j e t  

The a u t h o r s  e x p r e s s  t h e i r  a p p r e c i a t i o n  t o  A 1  Powers, J i m  S t o n e ,  Orlando 
G u t i e r r e z ,  Howard Wesoky, and J a c k  Whitlow of NASA-Lewis Research Center  f o r  
t h e i r  h i g h  i n t e r e s t  i n  t h e  word accomplished,  t h e i r  p r o b i n g  q u e s t i o n s ,  and 
t h e i r  expectancy of t e c h n i c a l  e x c e l l e n c e .  
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SYMBOLS 

Values are g iven  i n  S I  u n i t s .  

ambient speed of sound; m/sec 

n o z z l e  system area r a t i o  ( I n n e r  stream n o z z l e  a r e a / O u t e r  s t r e a m  
a r e a )  ; dimens ionless  

speed of sound;  m/sec 

speed of sound of  c o r e  s t r e a m ,  m/sec 

speed of sound of  t h e  thermal  a c o u s t i c  s h i e l d ,  m/sec 

e f f e c t i v e  p e r c e i v e d  n o i s e  l e v e l ,  EPNdB 

i d e a l  t o t a l  t h r u s t ,  newtons 

f r e e f i e l d  SPL,  dB 

r e f e r e n c e  t h r u s t ,  newtons 

ground p lane  measured SPL, dB 

index of o n e - t h i r d  o c t a v e  band 

i d e a l  i n n e r  s t r e a m  ( o r  f a r  s t ream)  mass f low r a t e ,  grams/sec 

i d e a l  o u t e r  stream ( o r  c o r e  s t r e a m )  mass f low r a t e ,  grams/sec 
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T Iil 
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U t  

U 
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U 

Vi 
j 

V0 
j 

j 
p i x  

0 i 
j J 

ideal total mass flow rate (m + m . ) ,  grams/sec 

engine centerline measured SPL, dB 

effective pressure ratio for coannular nozzles, dimensionless 

inner stream (or fan stream) nozzle pressure ratio, dimensionless 

outer stream (or core stream) nozzle pressure ratio, dimensionless 

perceived noise level, PNdB 

normalized perceived noise level 
W - 1  mix 

re: 10 log{h( 'io ) 1, PNdB 
ground plane microphone weighting factor (see table 1) 

outer stream radius ratio (defined as a ratio of the radius to 
the throat inner diameter to the radius to the throat outer 
diameter of the nozzle), dimensionless 

engine centerline microphone weighting factor (see table 1) 

sound pressure level, dB 

laser velocimeter measured turbulence velocity (axial direction), 
mlsec 

laser velocimeter measured peak mean velocity, m/sec 

laser velocimeter mean velocity (axial direction), m/sec 

ideal inner stream (or fan stream) velocity, m/sec 

ideal outer stream (or core stream) velocity, m/sec 

specific thrust (defined as a ratio of the ideal total thrust 
to the ideal total mass flow rate) -0 o i i  

m V. + m, v d s e c  
j~ J j '  

T m 

velocity of the thermal acoustic shield, m/sec 
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i o  velocity ratio ( V . / V . ) ,  dimensionless 
J J  

{[(pzff)F -11 2 -11 , dimensionless 
Y - 1  

i i  where 
peff : po + P A 
r r r-r; y=1.4 

1 + Ai 

TEST APPARATUS AND DATA REDUCTION 
PROCEDURES 

The test results presented in this paper were obtained from two facilities: 
1) General Electric's/Edwards Air Force Base Out Door Engine Test Facility, and 
2) General Electric's Model Scale Anechoic Free-Jet Test Facility. Discussed 
below are brief descriptions of these facilities and the basic test arrange- 
ments and data reduction procedures used in processing the data. 

General ElectricIEdwards Air Force Base Out Door 
Engine Test Facility 

For all the engine tests presented, the General Electric/Edwards Flight 
Test Center North Test Site was used. Figure 1 shows the general layout of the 
test site showing the concrete paved sound field. It has a 48.77 m (160 ft) 
forward quadrant radius and a 82.3 m (270 ft) aEt quadrant radius with a 22.86 
m (75 ft) lateral sideline connecting the two arcs. 
engine with a treated inlet for eliminating fan inlet radiated noise and a 
baseline conical nozzle. Figure 3 shows the inverted velocity and temperature 
high-radius-ratio coannular plug nozzle configuration. Figures 4 and 5 show 
the G.E. laser velocimeter system and a NASA Ames sideline traversing microphone 
systems used for diagnosticvelocity profile and noise identification respect- 
ive ly . 

Figure 2 shows the YJlOl 

A typical sound field microphone layout for the engine test results is 
illustrated in Figure 6. It consists of a 30.48 m (100 ft) radius microphone 
array at 10' increments from 10 
array with ground plane microphones located at 8.=35 , 115O, 125 , 135 , 145 , 
150°, 155O, 160°, and 165'. 
centerline height microphones and ground plane microphones were used as illust- 
rated in Figure 7. For these measurements the farfield arc data gathered from 
the two-microphone system were corrected to free-field and merged using the 
following scheme : f :  

0 to 160' and a 21.340m (70 ft) lgteralosidel~ne 

For the 30.48 m (106 ft) radius arrangement, engine 

;k The method selected for the two microphone merging was based on information 
provided by the Boeing Airplane Company in Seattle, Washington. 
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where 

i = index of one-third octave band 
Fi = freefield SPL 
Gi = ground plane measured SPL 
Pi = engine centerline measured SPL 
% = ground plane microphone weighting factor (see Table 1) 
Si = engine centerline microphone weighting factor 

(see Table 1) 

Figure 8 shows an illustration of this spectral merging technique for typical 
conical and coannular p l u g  nozzle measurements. 

General Electric Model Scale Anechoic Free-Jet 
Test Facility 

For Model scale static and simulated flight acoustic test measurements, 
the General Electric Company has developed a large free-jet anechoic test 
facility (Reference6 3,4, and 5) .  Figure 9 shows a schematic diagram of facility. 
The General Electric facility is one of the largest of its type in the United 
States. The chamber is 22 meters (72 ft) high and 13 meters (42 ft) in diameter. 
The anechoic characteristics are 220 Hz cut off frequency, 0.99 absorption 
coefficient for frequencies above 220 Hz, and the chamber ambient noise less 
than 40 dB. The air supply system permits scale model jet nozzles with an 
equivalent diameter of up to 1 5 2  millimeters (6 in.), for single or coannular 
jet nozzle configuration - statically and in simulated flight UT to 
Va,c SJ 122 m (400 fps). 

TEST RESULTS AND DISCUSSION 

Under two NASA-Lewis sponsored small-scale model nozzle test programs 
(References 1,2, and 6 ) ,  substantial jet and shock noise reduction (4-6 PNdB 
static) at good thrust coefficients ( C  = .974 at a take-off Mach number of .36) 
has been observed. Described below a;@ verifications of these test results for 
a YJlOl engine using a unique high-radius-ratio plug nozzle exhaust system 
designed for an inverted velocity profile. Other engine test results and 
simulated flight measurements from model scale free-jet tests are also covered. 

Verification of Coannular Plug Nozzle Jet and Shock 
Noise Reduction 

Figures 10 and 11 illustrate the YJlOl engine coannular plug nozzle jet 
a d shock noise reductions presented on a typical product engine size of .9032 
m (1400 in2) and at an acoustic range of 731.5 m (2400 ft) sideline. 
10 shows the measured peak PNL jet noise reduction relative to the conical 
nozzle baseline for all the engine test results. The ordinate is peak PNL 
normalized with respect to ideal total thrust and static jet density, while 

9 
Figure 
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t h e  a b s c i s s a  i s  t h e  i d e a l  s p e c i f i c  t h r u s t ,  d e f i n e d  as the i d e a l  t o t a l  t h r u s t  
d i v i d e d  by t h e  t o t a l  we igh t  f l o w .  The r e s u l t s  show t h a t  i n  t h e  r ange  of 488 
m/sec (1600 f p s )  t o  701 m/sec (2300 f p s ) ,  a n  a v e r a g e  o f  4 t o  6 PNdB c o a n n u l a r  
p l u g  n o z z l e  j e t  n o i s e  r e d u c t i o n  i s  r e a l i z e d .  I n  t h e  lower s p e c i f i c  t h r u s t  
r ange  (381 m/sec (1250 f p s ) ) ,  the  e n g i n e  c o a n n u l a r  p l u g  n o z z l e  j e t  n o i s e  b e n e f i t  
i s  observed t o  d i m i n i s h  due t o  eng ine  o p e r a t i o n  a t  off-optimum v e l o c i t y  r a t i o .  

Bm i x , f o r  t h e  e n g i n e  t e s t s .  One n o t e s  a n  almost  un i fo rm 7 PNdB s t a t i c  shock 
n d i s e  r e d u c t i o n  f o r  t h e  c o a n n u l a r  p lug  n o z z l e  o v e r  t h e  c o n i c  n o z z l e  i n  t h e  range 
of i n t e r e s t  (10 l o g  @mlx = -3 to 0 ) .  

F i g u r e  11 shows t h e  PNL a t  Oi=5Oo a s  a f u n c t i o n  of shock s t r e n g t h  p a r a m e t e r ,  

j 

For a n  i l l u s t r a t i o n  of  t h e  t y p i c a l  f i e l d  shape  and s p e c t r a l  c h a r a c t e r i s t i c s  
between t h e  eng ine  b a s e l i n e  c o n i c a l  n o z z l e  and c o a n n u l a r  p lug  n o z z l e s ,  F i g u r e s  
1 2  and 13 a r e  p r e s e n t e d .  The r e s u l t s  show t h a t  t h e  i n v e r t e d  v e l o c i t y  p r o f i l e  
coannu la r  p lug  n o z z l e  j e t  n o i s e  r e d u c t i o n  i s  measured a t  a l l  o b s e r v a t i o n  a n g l e s  
and ove r  a l l  f r equency  bands.  

I n f l u e n c e  of Coannular Plug Nozzle Geometry 
on Jet  Noise Reduct ion 

Two key c o a n n u l a r  p l u g  n o z z l e  geomet r i c  p a r a m e t e r s  which i n f l u e n c e  t h e  
j e t  n o i s e  s i g n a t u r e  and which are  impor t an t  t o  t h e  mechan ica l  d e s i g n  e n g i n e e r  
are  t h e  Outer  stream r a d i u s - r a t i o  (R:) and t h e  i n n e r  stream t o  o u t e r  stream 
area ( A i ) .  Engine t e s t s  i n c l u d e d  n o z z l e s  of R F  = . 816 ,  . 8 5 3 ,  and .875 a t  a n  
A: = . 2 ,  and A: = . 475 ,  . 2 ,  .1 ,%0 a t  a n  R: = .853.  
t h e  r e s u l t s  of t h e s e  e n g i n e  a c o u s t i c  measurements.  

F i g u r e s  14  and 15  i l l u s t r a t e  

Shown i n  F i g u r e  14  a r e  t h e  r e s u l t s  of t h e  r a d i u s  r a t i o  s t u d y .  These eng ine  
a c o u s t i c  measurements show t h a t  a t  h i g h  s p e c i f i c  t h r u s t  (533 m/sec( 1749 f p s )  
t o  ,762 m/sec (2500 f p s ) ) ,  t h e  r e d u c t i o n  of PNL a t  t h e  same s p e c i f i c  t h r u s t  i s  
due t o  i n c r e a s i n g  R g .  
j e t  n o i s e  r e d u c t i o n  i s  c l o s e  t o  a 6 t h  power l a w  on r a d i u s  r a t i o .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  c o a n n u l a r  p lug  n o z z l e  

F i g u r e  15 p r e s e n t s  t h e  e n g i n e  t e s t  r e s u l t s  f o r  t h e  area r a t i o  s t u d y .  I n  
t h e  s p e c i f i c  t h r u s t  r a n g e  of  381 m/sec (1250 f p s )  t o  610 m/sec (2OOOfps), t h e  
t r e n d  observed i s  t h a t  as A$ d e c r e a s e s ,  so  does t h e  peak PNL j e t  n o i s e .  A t  
t h e  h i g h e r  s p e c i f i c  t h r u s t s  (610  m/sec (2000 f p s )  t o  700 m/sec (2296 f p s ) ) ,  
t h e  A: = . 2  shows t h e  lowes t  n o i s e ,  the.A: = .1 abou t  % PNdB h i g h e r ,  and t h e  
A: Q, 0 about  1 . 5  PNdB h i g h e r  t h a n  t h e  A: = . 2  d a t a .  
-1.39 ;k l o g  lo (1+A+) dependency f o r  peak a n g l e  j e t  n o i s e  a t  t y p i c a l  t a k e o f f  
s i d e l i n e  e n g i n e  c y c l e  c o n d i t i o n s .  

T h i s  would co r re spond  t o  a 
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ACOUSTIC SCALING RESULTS 

To illustrate acoustic scaling of typical model scale test measurements 
taken in General Electric's anechoic free-jet and compared with the YJlOl 
engine measurements for a conical nozzle and coannular plug nozzle, the 
following results are shown. Figures 16 and 17 show comparisons of normalized 
peak PNL from model and YJlOl engine tests for a conical and coannular plug 
nozzles (RQ = ,853 and A$ = .2) .  All data have been scaled to typical product 
engine size and acoustic range. Excellent agreement is observed for both the 
configurations. Figures 18 and 19 show engine and model test comparisons for 
a coannular plug nozzle at a specific thrust of approximately 594 m/sec (1950 
fps). 
atq=50a, 90°, 130'. 

Figure 18 compares PNL directivity whereas Figure 1 9  compares spectra 
Again good scaling is observed. 

THEORV DATA COMPARISONS AND EPNL PROJECTIONS 

Theory Data Comparisons 

Under NAS3-20619,a unique coannular jet and shock noise prediction method 
was developed (Reference 8 ) .  The prediction procedure developed was evolved 
from a modern theoretical acoustic point-of-view using experimentally 
determined information from model tests for a universal source spectrum at 
Bi=90° and fluid acoustic shieldi-ng function. 
the theory/engine data comparisons for a coannular plug nozzle. 

Figures 20 through 22  illustrate 

Shown in Figure 20 are engine acoustic measurements compared with predic- 
tions of OASPL for three engine conditions (typical of takeoff sideline, cut-back 
and approach conditions). 
engine size. Spectral data/theory comparisons for the take-off sideline 
condition and the cut-back condition are shown in Figure 21 and 22,respectively. 
The comparisons between theory and measurement are observed to be quite good. 

The data/theory comparisons are at actual YJlOl 

EPNL Sensitivity Study 

To assess the inflight signature of coannular plug nozzle jet mixing and 
shock noise, flight effects were applied to the measured engine noise data 
scaled to a product engine size. Several methods were used in this sensitivity 
study (see References 8 to l o ) .  Figure 23 illustrates the projected EPNL's 
for a typical sideline noise condition. Table 2 gives the projected differences 
in EPNL between the conic nozzle and the coannular plug nozzle for typical 
sideline, cutback and approach conditions for the test points described in 
Table 3 .  This sensitivity study showed that regardless of the methods used, 
the projected variations in EPNL were not large at all (% ? 1 . 5  EPNL), and 

423 



that typical EPNL differences between the conic nozzle and coannular plug nozzle 
are about 5-6 EPNL. 

VERIFICATION OF FLIGHT JET NOISE 

SCALE FREE-JET TESTS 
REDUCTION FROM RECENT MODEL 

To substantiate flight jet noise reduction for coannular plug nozzles,free- 
jet acoustic measurements were taken at General Electric's anechoic facility. 
A similitude model of the YJlOl Rg = . 8 5 3 ,  A: = . 2  coannular plug nozzle was 
tested. Sample test results verifying coannular plug nozzle flight jet noise 
reduction is given in Figures 2 4  and 2 5 .  

Shown in Figure 2 4  i s  a comparison between a conic nozzle and a coannular 
plug nozzle (Rr = . 8 5 3 ,  Ai = . 2 )  at a free jet velocity of 122 m/sec (400 fps) r at typical takeoff sideline engine cycle condition. The measurements indicate 
that coannular jet and shock noise reduction is maintained at all observation 
angles. Figure 25 presents the measured flight spectral suppression trends 
at e i=600,  go", 140°. At all angles the coannular plug nozzle shows flight 
reduction of the same order as observed from previous static tests. 

0 

OTHER ENGINE TEST RESULTS 

In addition to the far-field jet engine acoustic measurements described 
above, diagnostic measurements were performed. These measurements included 
sample fan inlet noise measurements, laser velocimeter measured mean velocity 
and turbulent velocity profiles, peak noise source locations from traversing 
microphone measurements, and core noise measurements, 
results is given below. 

A brief summary of these 

Measurements of YJlOl Fan Inlet Turbomachinery 

For one series of YJlOl conical nozzle engine tests, the treated inlet 
was removed and tests were performed with a standard untreated bellmouth inlet. 
Figure 26  illustrates these results. Although the noise signature is strongly 
influenced by the conic nozzle jet and shock noise (at high power settings), 
the fan noise tone characteristics indicate the difference tone generated from 
stage 1 to 2 or 2 to 3 strongly influences the forward quadrant fan Spectrum 
and PNL. However, the YJlOl fan inlet noise for these tests were found to be 
within previously measured fan data sources. Figure 27 compares these YJlOl 
fan inlet measurements relative to several other data 'sources. 
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Laser Velocimeter Measurements of VJlOl 
Engine Exhaust Plumes 

The General Electric Company has developed a unique velocity measurement 
capability for both laboratory and engine diagnostic measurements. (See Reference 
1 and 11 to 13 for description of the LV system and its application to model 
scale jet exhaust tests).”Figure 4 shows the laser velocimeter system which 
was used for the YJlOl engine measurements. This same laser/processor system 
is used for  all G.E. laboratory diagnostic testing. 

Figures 28 and 29 illustrate respectively typical mean velocity radial 
profile measurements for the conical nozzle and the coannular plug nozzle 
engine test measurements. 
conical nozzle a rather normal velocity profile was measured.-;; For the 
coannular nozzle the inner and outer stream for the coannular plug nozzle 
system is fully identified - at supercritical, high temperature conditions. 

The observed feature is that for the baseline 

.Figures 3 0  and 31 show comparisons of laser velocimeter measured mean 
and turbulent velocities for model scale and YJlOl engine tests. The results 
of Figure 30 clearly show the shock structure of the conic nozzle and the 
relatively low exit plane exhaust turbulence levels of the YJlOl engine. Figure 
31 shows a favorable comparison for the axial mean velocity decay of the 
coannular plug nozzle between model and YJ101. 

Sideline Traverse Test Results and Core Noise 
Measurements 

From the sideline traverse microphone measurements (See Figure 5 for test 
set-up),the axial location of each 113 octave band peak noise source can be 
deduced. Figure 32 shows a comparison of the Strouhal distribution of peak 
noise source locations and far-field radiation angles for YJlOl conical nozzle 
measurements compared with other data sources. The general results obtained 
were that the high frequency noise sources are close to the nozzle exit and the 
lower frequency sources are further downstream. These results compare with 
previously measured test experiences using a 579 engine. Coannular plug nozzle 
tests showed that the higher frequency noise sources are closer to the nozzle 
exit than are the conic nozzle (See Reference 3 for additional details). 

* An answer desired from the laser measurements was whether the Y J l O l  engine 
conic nozzle (which mixed the fan by-pass air into the core stream with a 
series of 24 aft variable area by-pass injectors) would have a fully mixed exit 
velocity profile, or some other profile which could lend to an erroneous 
type of baseline for acoustic measurements. The laser tests (as well as 
our scaling tests)show that the baseline conic nozzle was a valid baseline. 
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Core Engine Noise Results 

From internal kulite measurements and cross-correlation techniques, YJlOl 
core exhaust noise measurements were performed. The results were that the 
internal noise sources did not contaminate any of  the jet noise measurements 
made in the far-field or nearfield. 
measurements which lead to this conclusion.) 

(Reference 3 contgins the detailed 

POSSIBILITIES FOR ADDITIONAL JET NOISE 
REDUCTION 

The acoustic measurements obtained from the YJlOl engine tests and free- 
jet acoustic model scale tests indicate that FAR36 (1969) type noise level 
technology may be possible for SCR type aircraft. There are,however, poss- 
ibilities of achieving additional jet noise reductions as follows: 

1. Engine cycle and engine sizing 

Fan oversizing benefit - 1-2 EPNdB reduction 
identifiable for the sideline. 

Engine high flow benefit - 1.5- 3 EPNdB reduction 
at the community measurement point is possible. 

2. Advanced Aircraft Operational Procedures - 

1-2 EPNdB reduction can be expected. 

3. Mechanical Suppression for Coannular Plug Nozzles - 
Up to 5 EPNdB reduction relative to the unsuppressed 
high-radius-ratio coannular plug nozzle is believed 
achievable; simple in mechanical design, lightweight, 
and with only 2, 4% additional nozzle performance loss. 

4 .  The use of Alternative Jet and Shock noise reduction 
schemes, such as engine mounting; application of a 
thermal acoustic shield or a mechanical treated ejector; 
enhanced exhaust mixing concepts such as coplanar mixer 
and tangential flow schemes; and viable combination of the 
above. 

Tables 4 and 5 summarize some of these possibilities. Although the achieve- 
ment of all the above items have not been demonstrated in a collective manner, 
1979 work efforts show that the outlook for achieving noise levels approaching 
FAR36(1978) Stage 3 is encouraging. 

. .  
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As examples of recent NASA/GE contract efforts (NAS3-21608) and General 
Electric supported efforts, Figures 3 3 ,  3 4 ,  and 35  are shown. Figures 33 and 
34 show the acoustic and projected aerodynamic performance of a simple 20 
shallow chute mechanical coannular plug nozzle suppressor. The results show 
that relative to a conical nozzle baseline, up to 11.5 PNdB reduction is 
possible at the sideline noise measurement location. 
'alternative' jet noise suppression schemes, Figure 35 presents model scale 
free-jet measurements illustrating flight suppression achieved using a high- 
radius-ratio plug nozzle with a low velocity, high temperature thermal acoustic 
shield.9; The results show up to 5 PNdB flight jet noise suppression relative 
to the core nozzle. 

As an example of 

CONCLUDING REMARKS 

The results of the YJlOl engine and model scale free-jet acoustic test 
results have shown that a significant amount of acoustic technology advance- 
ment has been achieved for Advanced Supersonic Cruise type aircraft. 

From the Static YJlOl VCE Engine Test Program: 

o For the first time anywhere, rather comprehensive advanced acoustic 
(far-field, nearfield, probe, and coherence) measurements were 
successfully and systematically performed on a high performance 
VCE engine test vehicle with a high-radius-ratio coannular plug 
nozzle. 

o Significant static jet noise reduction (4-6 PNdB peak aft angle) 
and shock noise reduction (?. 7 PNdB) was demonstrated for 
General Electric's high-radius-ratio coannular plug nozzle. 

o Scale model and engine jet noise scaling laws for coannular plug 
nozzles appeared verified. 

o A unique spectral prediction method of jet and shock noise for 
coannular plug nozzles was successfully developed and illustrated. 

o Probe and coherence measurements show no significant core noise 
contribution relative to the jet noise. 

o Typical supersonic three ( 3 )  stage closely coupled fan noise was 
measured - Inlet radiated noise was approximately 5 PNdB higher 
than high by-pass fans under s t a t i c  conditions. 

tk The Boeing Airplane Company has done extensive prior testing of such an 
alternative suppression concept. These results however, are believed to be 
the first free-jet evaluation for a SCR type engine application. 
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0 Extensive laser velocimeter mean velocity and turbulence velocity 
measurements were acquired. The YJlOl engine exhaust plane 
turbulence levels were measured to be relatively low ( % 4 % ) .  
Comparison of  engine measurements with model scale measurements 
were very good. 

From model scale free-jet measurements: 

0 Flight suppression for the unsuppressed coannular plug nozzle was 
verified. Up to 5 EPNdB relative to a fully mixed conical nozzle 
is believed to be achievable at typical take off power and cut-back 
conditions. 

0 Options for obtaining additional jet and shock noise reductions 
were identified : 

1. A shallow chute mechanical suppressor (up t o  11.5 peak 
static PNdB reduction relative in baseline conic nozzle)- 
simple mechanical design, lightweight; % 4% flight 
performance loss relative to the unsuppressed coaniiular 
plug nozzle. 

2.  Alternative jet noise abatement schemes: 

- thermal acoustic shield 

- enhanced internal mixing schemes 

- appropriate combinations of alternative 
schemes and simple mechanical suppressor 
concepts. 

Although additional work is still necessary, the outlook for achieving 
SCR aircraft noise levels on the order of current subsonic commercial airplanes 
is good. 
continued, the goal of which shbuld be to provide the technology to achieve 
FAR36(1978) Stage 3 noise levels o r  an appropriate equivalent (e.g., sum of 
three point requirements). 

Appropriate engine and free-jet model scale programs should be 

In terms of "next steps" for advancements in acoustic technology, the 
following items are recommended. 

1. Establish a SCR Government/Industry noise technology gaal- 
meet FAR36(1978) Stage 3 or an appropriate equivalent goal 
which properly accounts for the unique characteristics of a 
supersonic cruise type aircraft. 

2 .  Continue use of the YJlOl/VCE as an engine acoustic test vehicle. 
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- Mechanical Suppressors 

- Inlet Noise Studies 

- Demonstration of alternative jet noise abatement schemes 

- Simulated flight tests of coannular nozzles and simple coannular 
suppressors, including inlet fan noise reduction devices (NASA 
Ames 40 X 80 Wind Tunnel). 

3 .  Continue with aggressive and probing model scale free-jet acoustic 
and aerodynamic performance research investigations. Emphasis of 
these programs should be: t o  formulate appropriate suppressor 
theoretical prediction models; screening type testing for eventual 
engine evaluation; free-jet (flight) noise evaluation of all 
selected concepts; carry out dual paths of investigation - 
1. Classical mechanical suppressors 2. Alternative schemes; 
research efforts which have a greater emphasis on shock noise control 
schemes. 
airplane noise levels without significant adverse impact on fuel 
and airplane economics. 

The end objective would be to achieve equivalent subsonic 
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TABLE 1 

I 

Band No. i 1 7  t o  30 31 32 33 34 35 36-43 

1 / 3  O . B .  C t r .  Freq.  50Hz t o  lkHz 1.25kHz 1.6kHz 2 . 0 k H ~  2.5kHz 3.15kHz 4 t o  lokHz 

Weighting Fac tors  R .  1 . 0  .83 . 6 7  . 5  .33 . 1 7  0 . 0  
1 

0 . 0  . 1 7  . 3 3  . 5  .67 .33 1 . 0  Si 

TABLE 2.- PROJECTED DIFFERENCE I N  EPNL BETWEEN THE 

C O N I C  NOZZLE AND COANNULAR PLUG NOZZLE AT TYPICAL 

METHOD 

M J T SMITH 

BUSHELL 

HOCK (SAE) 

TASK 6 

MGB 

SIDELINE, CUT-BACK AND APPROACH CONDITIONS 

EPNL -EPNL 

SIDELINE, 
EPNdB 

5 . 1  

5.6 

4 . 8  

4 . 7  

5 . 1  

conic* 

SIDELINE, 
EPNdB 

6.05 

6.65 

5 .85  

5.15 

6 .05  

c oannu 1 ar  - 
CUT-BACK, 

EPNdB 

4 .53  

4.43 

3 .93  

4 .23  

4 .23  

APPROACH, 
EPNdB 

1.72 

2.42 

1 .82  

1 . 5 2  

2.02 

*CONIC NOZZLE CONDITIONS CORRECTED TO MATCH COANNULAR PLUG NOZZLE Vmix 

Pmix AND +. 
j ’  

j 
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TABLE 4 . -  P O S S I B I L I T I E S  FOR ADDITIONAL J E T  N O I S E  REDUCTION 

1. ENGINE OVERSIZING;  CYCLE AND HIGH FLOWING ADVANCEMENTS 

- OVERSIZING ( S I D E L I N E )  - 1-2 EPNDB REDUCTION 

- HIGH FLOW AND CYCLE OPTIMIZATION (COMMUNITY) - 1.5 - 3 EPNDB 

2. ADVANCED AIRCRAFT OPERATIONAL PROCEDURES - NASA LANGLEY AND OTHERS 

- GENERALLY ACCEPTED THAT 1-2 DB B E N E F I T  CAN BE EXPECTED 

3 .  GE COANNULAR PLUG NOZZLE MECHANICAL SUPPRESSORS 

- UP TO 5 EPNDB REDUCTION OVER UNSUPPRESSED COANNULAR 
PLUG NOZZLE I S  CURRENT GOAL 

4. ALTERXATIVE J E T  N O I S E  ABATEMENT SCHEMES 

- 3 TO 8 PNDB P O S S I B L E  

- THERMAL ACOUSTIC S H I E L D S ,  INTERNAL/COPLANAR MIXERS, TREATED EJECTORS 

- COMBINATIONS O F  MECHANICAL SUPPRESSORS AND ALTERNATIVE SCHEMES 
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Figure 1. -  Layout of Edwards test  si te.  

F igure  2.- YJlOl engine  conic  nozz le  w i t h  t r e a t e d  f a n  in l e t .  
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Figure 3,- Photo of coannular plug nozzle, 

Figure 4.- YJlOl coannular plug nozzle test vehicle with G,E, laser velocimeter. 
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Figure 5.- YJlOl acoustic test vehicle with NASA Ames traversing 
microphone system. 
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a GROUND 21.34d70ft) SIDELINE 
0 GROUND 30.48m(100ft) ARC EXHAUST NOZZLE 
0 ENGINE CENTERLINE 30.48m( lOOf t ) ARC EXHAUST NOZZLE 
0 ENGINE CENTERLINE 30,48m(lOOf t 1 ARC INLET 
-e ENGINE CENTERLINE 30.48m(lOft) SIDELINE 

Figure 6.- Layout of Edwards test site. 
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30.48 m (100ft) RAD 

7 
Figure  7.- I l l u s t r a t i o n  of microphone se tup .  
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Figure  8.- I l l u s t r a t i o n  of s p e c t r a l  merging. 
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A I R  I N L E T  SILENCER 

C I N L E T  A I R  
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F igure  9.- Schematic of General  Electr ic  anechoic  f r e e - j e t  f a c i l i t y .  
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I I I I 

I I I I 1 I 
-1 0 1 2 3 4 
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lolog 10 ( P i x  j 'a) 

F i g u r e  10.- V e r i f i c a t i o n  of coannular  p l u g  n o z z l e  e n g i n e  j e t  n o i s e  r e d u c t i o n .  
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0 = .9032 m2 (1400 in2), 731.5 m (2400 ft) 
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dB 
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10 loglo~yix 

F i g u r e  11.- V e r i f i c a t i o n  of coannular  p l u g  n o z z l e  e n g i n e  shock 
n o i s e  r e d u c t i o n .  
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F i g u r e  12. -  T y p i c a l  e n g i n e  PNL d i r e c t i v i t y  - c o n i c  and 

coannular  p lug  nozz le .  
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Figure 13.- Typical engine spectra characteristics - conical and 
coannular plug nozzle. 
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Figure 14.- Influence of radius ra t io  e f f e c t s  on coannular plug 
nozzle jet noise reduction. 
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Figure 15.- Influence of area ratio effects on coannular plug 
nozzle jet noise reduction. 
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Figure 16.- Conical nozzle peak PNL acoustic scaling comparison. 
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Figure 17.- Coannular plug nozzle peak PNL acoustic scaling comparison. 
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Figure 18.- Coannular plug nozzle scaling - PNL d irec t iv i ty .  
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Figure 19.- Conical  plug nozz le  s c a l i n g  - SPL spec t r a .  

130 UU&X TAKEOFF THRUST 

MEASURED 
JET MIXING AND 140- 

SHOCK NOISE (PREDICTED) MEASURED COANNULAR 

100 ' 

90 . JET MIXING NOISE (PREDICTEV) SHOCK NOISE 
(PREDICTED) 

9c. JET MIXING NOISE (PREDICTED) 

8 1 ) .  . . . . . . . I 

100. 
,.-- 

& . . . ' . ' . a .  

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 

Bi, degrees Bi, degrees 
1301 APPROACH 

At-. 14M2(217in2) 

30.48 m(100ft)NIC 

A) . 2  OASPL 
R? .a53 dB 

OUTER C-D 

120 .I MEASURED COAMNLAR PLUG 
NOZZLE ENGINE DATA 

90 PREDICTED JET MIXING AND 

B O .  
TOTAL NOISE 

0 20 40 60 80 1QO 120 140 160 180 

Oi,. degrees . 
Figure 20.- Theory d a t a  comparison f o r  engine coannular  plug' nozzle j e t  

mixing and shock n o i s e  - OASPL d i r e c t i v i t y .  
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Figure 21.- Theory data comparison for engine coannular plug nozzle jet 
mixing and shock noise  - SPL spectra (typical  SL condition).  
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Figure 22.- Theory data comparison for engine coannular plug nozzle je t  
nixing and shock noise  - SPL spectra (typical  C-B condition).  

445 



. v = 121 n l s e c ( 3 9 7  ftlsec) 

, 9 0 3 2  m2(1400 inZ) . SIDELINE 3 649 m (2128 ft) . ALTITUDE = 335 m (1lOOft) 

a l c  

SHIELDlNGlEGA = - 3  dS . SOFTGROUND REFLECTION = +  1.5 

' ' O r  

BUSHELL 110.2 
HOCH (SA€) --- 1 1 0 . 0  
GEIFAAIDoT Taak 6- 1 0 9 . 9  

ENGINE STATIC DATA PROJECT 
TO PRODUCT ENGINE SIZE 

FLIGHT p m ,  
PNdB 

Figure 23.- Projec ted  f l i g h t  j e t  and shock n o i s e  f o r  a high  r a d i u s  r a t i o  

t y p i c a l  s i d e l i n e  condi t ion .  
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Figure  24.- V e r i f i c a t i o n  of f l i g h t  suppression f o r  coannular  plug nozz les  - 
PNL d i r e c t i v i t y  comparison. 

446 



0 4 e ,9032 M2 (1400 i n 2 )  

0 731 rn (2400 f t )  S i d e l i n e  - 122 mls (400 

125 500 4 K  16K 125 500 4K 16K 125 500 4K 16K 

70 

t 
60 

ei = 140' 

CONIC 

Freq, HZ Freq, Hz Freq, Hr 

CONIC I 709(2327) 1 938(1689)  1 2 . 9 2  1 I 3 I COANNULAR 720(2361) 941(16931 3 . 0 2  

Figure 25.- V e r i f i c a t i o n  of flight suppression f o r  coannular plug 
nozz les  - SPL s p e c t r a  comparisons. 
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Figure 26.- Typica l  f an  i n l e t  turbomachinery noise .  
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Figure 29.- Typical laser velocimeter measured mean velocity profile 

for engine coannular plug nozzle tests - supersonic conditions. 
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Figure 30.- Comparison of laser velocimeter measured mean velocity and 
turbulent velocity distributions between engine and model 
scale tests - conical nozzle at supersonic conditions. 
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Figure 31.- Comparisons of laser velocimeter  measured a x i a l  mean v e l o c i t y  
decay f o r  engine and model coannular plug nozz le  tests - 

supersonic  flow condi t ions .  
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Figure 32.- Measured peak n o i s e  source l o c a t i o n s  and f a r f i e l d  r a d i a t i o n  
ang le s  f o r  579 and YJlOl/AST conic  nozz les .  
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Figure 33.-  S ta t i c  jet noise  reduction for a s imple  mechanical suppressor. 
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Figure 34.-  Variation o f  t o t a l  thrust coe f f i c i ent  with suppressor 
element number and area ra t io .  
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Figure 35.- Inflight thermal acoustic shield suppression. 
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