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1. PURPOSE I 

1.1 To present an advanced technology in suppression of gas turbine engine 
exhaust noise in ground run-up test cells/systems. 
limited to turbojet and turbofan type engines, although the concept is equally 
applicable to turboshaft and turboprop types. 

The discussion herein is 

1.2 To explain specific applications of this technique in various types of 
test cells. 

2. SCOPE 

2.1 Document provides information on how military/commercial/gas turbine .engine 
test cell/system users may benefit from this unique Coanda/Refraction concept. 

2.2 The information contains several factors which are considered essential 
for understanding the practical technical aspects of the concept. These are: 

a) Operation Need, b) Concept Definition, c) Developmental Program and 
d) Program Results. 

3. TEST CELL/SYSTEM NOISE SUPPRESSION REQUIREMENTS 

3.1 General: 
fan aircraft engines is the extremely high noise level energy radiated from 

One of the most important problems in ground testing of turbojet/ 

the test location which endangers operating personnel hearing and disturbs near- 
by communities. The intense noise levels produced by modern day high Performance 
jet aircraft is creating hazards, both physiological and psychological. 

3.2 Test Cell/System Design: 

3.2.1 Gas turbine engine test cells/systems have many design requirements to 
satisy the complexity of aerodynamic, thermodynamic and acoustic performance 
characteristics. A delicate balance is necessary to assure that the gas turbine 
engine operates in a similar environment in the test cell/system as it does in 
the open air. 

3.2.2 
should be such as to assure that laminar air flow through the engine chamber 
is effected. 

The physical dimensions and cross-sectional area of a test cell/system 

3.2.3 
primary air inlet, the engine chamber and the exhaust section. Each must be 
designed for its individual function and for its compatibility with the others, 
with respect to aerodynamics and acoustic performance. It is noted that the 
exhaust section includes the secondary air inlet and the exhaust stack. 

The principal structural components of the test cell/system are the 

3.3 Acoustic Properties: 
a composite effect based upon the residual noise contributions emitted from 

The overall acoustic performance of a test cell is 

the inlet, engine chamber walls and the exhaust section. 

3.3.1 
compressor. 

Inlet noise is predominately high frequencies - mostly from the engine 
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3 . 3 . 2  Engine chamber n o i s e  is mostly mid-band frequency d i s t r i b u t e d .  

3 .3 .3  Engine exhaust s e c t i o n  n o i s e  is  predominately low-frequency. 

4 .  OPERATIONAL NEED 

4 . 1  General: 
is usua l ly  based upon t h e  time-reduced c a p a b i l i t y  of t h e  s ta te -of - the-ar t  
equipment t o  func t ion  e f f e c t i v e l y .  
engine exhaust t o t a l  flow energy and propor t iona l  a c o u s t i c  energy - e s p e c i a l l y  
i n  high-performance, a f t e rbu rn ing  m i l i t a r y  engines - have increased  beyond t h e  
c a p a b i l i t y  of n o i s e  suppression equipment which can func t ion  without  ex tens ive  
maintenance, replacement of components and reduced l i f e - c y c l e  expectancy. 

The need f o r  advanced technology i n  a s p e c i f i c  commodity area 

I n  t h e  gas t u r b i n e  engine test ce l l / sys tem,  

4 . 2  M i l i t a r y  Procurements: P a s t  equipment procurements and design s t u d i e s  have 
been l imi t ed  t o  t h e  s ta te -of - the-ar t  hardware and technology, which have no t  y e t  
been developed f o r  prolonged d u r a b i l i t y  a g a i n s t  t h e  adverse  e f f e c t s  of engine 
exhaust; v iz  high impact fo rces ,  excess ive  temperatures  and en t r a ined  con- 
taminants. Consequently, procurements of n o i s e  suppression equipment o r  tes t  
ce l l / sys t em acous t i c  b a f f l e s  have been d ive r se  i n  o r i g i n  and o b j e c t i v e s ,  so 
t h a t  t h e  e x i s t i n g  a c o u s t i c  support gear is no t  interchangeable.  Despi te  
procurement of suppressors  designed f o r  only one engine, t h e  need e x i s t s  f o r  
multi-engine usage. A d i v e r s i t y  of equipment from d i f f e r e n t  c o n t r a c t o r s  l a c k s  
commonality t o  permit a p r a c t i c a l ,  e f f i c i e n t  l o g i s t i c s  p l an  f o r  support  and 
replacement of d e t e r i o r a t i n g  p a r t s .  The b u i l t - i n  replacement requirements of 
a c o u s t i c  abso rp t ive  elements, and disadvantages i n  t h e  s ta te-of- the-ar t  equip- 
ment due t o  cor ros ion  requi red  an improvement i n  n o i s e  reduct ion  technology. 

4 . 3  Disadvantages: Severa l  c h a r a c t e r i s t i c s  which tend t o  reduce t h e  l i f e - c y c l e  
e f f e c t i v e n e s s  of t h e  s ta te -of - the-ar t  exhaust n o i s e  suppressors  are: 

4 . 3 . 1  
and pe r fo ra t ed  co l l ande r s  t o  d i r e c t  t h e  ho r i zon ta l ,  h igh  temperature j e t  exhaust 
upward, 
forces .  Most i n t e r n a l  components ( inc luding  acous t i c  abso rp t ive  b a f f l e s )  are 
sub jec t  t o  d e t e r i o r a t i o n  and f requent  maintenance. 

Current ground run-up n o i s e  suppressors  u t i l i z e  instream tu rn ing  vanes 

This equipment r e q u i r e s  heavy s t r u c t u r e s  t o  withstand t h e  j e t  exhaust 

4 . 3 . 2  A necessary func t ion  of t h e  ground run-up suppressor is t o  reduce t h e  
hot  exhaust gas v e l o c i t y  t o  t h e  ex ten t  t h a t  t h e  n o i s e  c rea t ed  by t h e  flow e x i t i n g  
from t h e  suppressor is below t h e  design cri teria.  
equipment, t h e  necessary energy t r a n s f e r  is accomplished by t h e  use of per fo ra t ed  
co l l ande r s  t o  break up t h e  flow and m i x  it wi th  cooler  induced a i r ,  o r  by 
i n j e c t i n g  l a r g e  volumes of water i n t o  t h e  exhaust plume. Both of t h e s e  methods 
are poor f o r  use  wi th  a f t e rbu rn ing  engines, because t h e  flow damages suppressor 
components and because excess ive ly  l a r g e  amounts of water are requi red  t o  reduce 
t h e  exhaust temperature t o  acceptab le  levels. 

I n  t h e  s ta te-of- the-ar t  

5. THE COAMIA/REFRACTION CONCEPT 

5.1 General: The COANDA/REFRACTION concept f o r  gas t u r b i n e  engine exhaust 
n o i s e  reduct ion  depends, e s s e n t i a l l y ,  on a combination of aerodynamic/acoustic 
phenomena which occur s imultaneously downstream from t h e  engine exhaust nozzle. 
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5.2 Concept Def in i t ion :  The concept combines, f o r  t h e  f i r s t  a t tempt  i n  no i se  
reduct ion  app l i ca t ions ,  an aerodynamics phenomenon - The Coanda Effec t  - f o r  
j e t  exhaust bending/cooling without excessive s t r u c t u r a l  requirements o r  t u rn ing  
vanes, and an acous t i c  p r i n c i p l e  - no i se  r e f r a c t i o n  by temperature/veloci ty  
g rad ien t s  - f o r  low-frequency tuned absorpt ion.  

5.3 The Coanda Ef fec t :  A non-rigorous t echn ica l  s ta tement  of t h e  Coanda 
Ef fec t ,  based upon t h e  o r i g i n a l  work of D r .  Henri  Coanda, A Rumanian aerodynamicist ,  
i s  presented as follows: 

5.3.1 A tu rbulen t  j e t ,  e x i t i n g  from a rec tangular  nozzle  i n t o  a n  ambient f l u i d ,  
e n t r a i n s  f l u i d  from t h e  ambient f i e l d .  A su r f ace  placed near  t h e  e x i t i n g  jet 
i n h i b i t s  entrainment on t h a t  s i d e  of t h e  j e t ,  causing a low p res su re  reg ion  t o  
e x i s t  between t h e  j e t  and t h e  sur face .  With a pressure  grad ien t  thus imposed 
across  the  j e t ,  i t  d e f l e c t s  toward t h e  su r face ,  thereby decreasing t h e  s u r f a c e  
p re s su re  even more, u n t i l  t h e  j e t  eventua l ly  a t t a c h e s  t o  t h e  sur face .  I f  t h e r e  
is  a step-gap between the  j e t  and t h e  d e f l e c t i o n  su r face ,  a trapped vo r t ex  w i l l  
form between j e t  and surface.  This phenomenon i s  known as t h e  Coanda Effec t .  

5.3.2 Coanda-deflected j e t s  e n t r a i n  g r e a t e r  q u a n t i t i e s  of secondary-air than 
undeflected jets.  Due t o  t h e  lower s t a t i c  pressure  on t h e  bounded s i d e  of t h e  
j e t ,  t h e  p re s su re  drop across  t h e  nozzle  is  g r e a t e r ,  thereby inc reas ing  t h e  j e t  
v e l o c i t y  on t h a t  s i d e  -- t h e  v e l o c i t y  of t h e  bounded s i d e  being equal  t o  t h a t  of  
t h e  undeflected j e t .  
g r e a t e r  than t h e  undeflected j e t ,  assuming equal  nozz le  exhaust pressure .  Con- 
sequent ly ,  t h e  de f l ec t ed  j e t  a l s o  possesses  g r e a t e r  average momentum and g r e a t e r  
educt ion pumping e f f i c i e n c y  than t h e  f r e e - j e t  mixing c a p a b i l i t y .  
t o  t h i s  greater-mass-airflow-entrainment, Coanda flow enhances j e t  e j e c t o r  
opera t ion  with lower e j e c t o r  e x i t  temperatures.  

The r e s u l t a n t  average v e l o c i t y  i n  t h e  de f l ec t ed  j e t  is 

A s  a s ide -e f f ec t  

5.4 Acoustic Refract ion:  Ref rac t ion  of acous t i c  energy occurs  n a t u r a l l y  i n  
a l l  gas  tu rb ine  engine exhaust streams. Noise r e f r a c t s ,  o r  r a d i a t e s ,  o u t  
of t h e  exhaust along pa ths  which are perpendicular  t o  c h a r a c t e r i s t i c  contours 
of equal  flow v e l o c i t y  and equal  temperature. 

5.4.1 Locations of r e f r a c t e d  no i se  p a t t e r n s ,  re la t ive  t o  t h e  de f l ec t ed  j e t  
flow, are geometr ical ly  p red ic t ab le  f o r  e x p l o i t a t i o n  i n  no i se  reduct ion  at tempts .  

5.5 Applicat ion t o  Noise Suppression: Several  f a c t o r s  f o r  understanding t h e  
aerodynamics, thermodynamics and acous t i c s  b e n e f i t s  der ived from a p p l i c a t i o n  
t o  suppression of  gas tu rb ine  engine exhaust n o i s e  i n  test  cells  are: 

5.5.1 An a d d i t i o n a l  f e a t u r e  of t he  Coanda Effec t  is t h a t  i t  i s  a n a t u r a l  f l u i d  
ampl i f i e r  - t h e  curved j e t  flow has a g r e a t e r  c a p a b i l i t y  than normal jets f o r  
educt ing l a r g e  volumes of ambient a i r  from t h e  immediate v i c i n i t y  a t  t h e  o u t e r  
boundary of t h e  de f l ec t ed  je t .  
t h a t  n a t u r a l  cool ing of t h e  superheated j e t  exhaust (caused by mixing and 
enthalpy exchange of educted ambient a i r  wi th  t h e  rec tangular  j e t  core)  is 
poss ib l e  without  t h e  need f o r  a d d i t i o n a l  s t r u c t u r a l  requirements of secondary 
a i r  chambers. More important,  i t  eliminates t h e  need f o r  cool ing  w a t e r  and 
assoc ia ted  pump and p ip ing  systems. 
a i r  w a s  l imi t ed  t o  ten-to-one i n  t h e  experimental  model tests. 

I n  r e l a t i o n  t o  j e t  engine t e s t i n g  t h i s  means 

The a c t u a l  r a t i o  of cooling-to-primary- 

3 
~ 
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5.5.2 Due t o  t h e  proximity of a s u r f a c e  t o  t h e  j e t ,  a p re s su re  grad ien t  is 
formed which causes t h e  j e t  t o  tu rn .  This means t h a t  t h e r e  are no components 
i n  t h e  f low t o  create j e t  exhaust s t agna t ion  temperatures and pressures .  The 
d e f l e c t i o n  s u r f a c e  may be film-cooled wi th  en t ra ined  a i r  from a i r  s l o t s  along 
t h e  sur face .  

5.5.3 The a c o u s t i c  energy w i l l  now be  r e f r a c t e d  out of t h e  exhaust flow. 
Acous t ica l ly  tuned resonant chambers f o r  absorp t ion  of s p e c i f i c  frequency bands 
can be loca ted  ad jacent  t o  t h e  high energy exhaust flow, in s t ead  of being 
loca ted  d i r e c t l y  i n  t h e  stream. 
opera t ing  l i f e ,  and provides  a method f o r  a t t e n u a t i n g  low f requencies .  

This r e s u l t s  i n  a s i g n i f i c a n t  i nc rease  i n  

5.5.4 
n o i s e  r e f r a c t i o n  p r i n c i p l e  is shown i n  Figure 1. This conf igu ra t ion  c o n s i s t s  
of an a d a p t e r / t r a n s i t i o n  s e c t i o n  and a Coanda flow tu rn ing  sec t ion .  
a d a p t e r / t r a n s i t i o n  s e c t i o n  serves as an e j e c t o r  -- it conver t s  t h e  round p r i -  
mary je t  exhaust, mixed .with en t r a ined  cool ing  a i r  a t  t h e  i n l e t ,  i n t o  a 
r ec t angu la r  shee t  of ho t  gasses a t  i ts  e x i t .  The curved d e f l e c t i o n  s u r f a c e  
then t u r n s  t h e  r ec t angu la r  s h e e t  flow upward 90 degrees,  while  reducing t h e  
f low v e l o c i t y  and r e f r a c t i n g  a l a r g e  p o r t i o n  of t h e  i n t e r n a l l y  generated n o i s e  
downward and t o  t h e  rear where a c o u s t i c  resonant chambers are loca ted .  

The i n i t i a l  concept of a n o i s e  suppressor us ing  t h e  Coanda Ef fec t  and 

The 

6. PROGRAM RESULTS 

6.1 General: A s  a r e s u l t  of t h e  o v e r a l l  developmental program, an advanced 
technology concept was proven f e a s i b l e  and p r a c t i c a l  f o r  suppression of gas 
t u r b i n e  engine exhaust n o i s e  i n  tes t  ce l l s / sys tems.  
an explana t ion  of t h e  Coanda/Refraction concept and a d e s c r i p t i o n  of t h e  
r e sea rch  work. 
t o  be presented he re in ,  bu t  are a v a i l a b l e  i n  t e c h n i c a l  r e p o r t s ,  as ind ica t ed  
i n  t h e  l i s t i n g  of r e fe rences .  

This r e p o r t  has  presented 

The t abu la t ed  da ta ,  c h a r t s  and graphs are too ex tens ive  

6.2 T e s t  C e l l  Exhaust ,System: 
t u r b o j e t / f a n  !engine exhaust n o i s e  suppressor which is  a t tached  t o  t h e  a f t  
w a l l  of an  engine test cell .  
as follows: 

The Coanda/Refraction system is an air-cooled, 

The main components of t h e  system are descr ibed 

6.2.1 
t r o l  t h e  amount of cooling air which is pumped through t h e  engine chamber, 
a c r o s s  t h e  engine and i n t o  t h e  f i r s t  s t a g e  e j e c t o r .  
a f t  test ce l l  w a l l ,  concent r ic  wi th  t h e  engine l o n g i t u d i n a l  c e n t e r l i n e  and a t  
t h e  i n l e t  of t h e  f i r s t  s t a g e  e j e c t o r .  The I R I S  is a d j u s t a b l e  f o r  each engine 
type.  The IRIS is  no t  needed i n  t h e  standard design Coanda system. However, 
t h e  adapter  is  recommended €or  use  i n  l a r g e r ,  turbofan-type exhaust systems and 
smaller t u r b o j e t  engines. 

Iris Adapter -- an a d j u s t a b l e  ope ra t ive  device  which can be used t o  con- 

The IRIS is  loca ted  on t h e  

6.2.2 
ho t  engine exhaust from a round j e t  t o  a r ec t angu la r  shee t  flow s u i t a b l e  f o r  
i n t roduc t ion  i n t o  t h e  Coanda sur face .  The curve is  logar i thmic ,  i n s t ead  of a 
cons tan t  r a d i u s  t o  a l low f o r  b e t t e r  cooling a i r  mixing wi th  t h e  primary engine 
exhaust  core.  

E jec to r s  -- a three-s tage  set of augmentor devices  which t r a n s i t i o n  t h e  
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6.2.3 Coanda Deflect ion Surface -- a curved s u r f a c e  d i r e c t l y  downstream from 
t h e  e x i t  t o  t he  t h i r d  e j e c t o r  s tage .  The curve i s  a logar i thmic ,  i n s t ead  of 
a cons tan t  rad ius .  This design allows f o r  b e t t e r  c o l l i n g  because of t h e  more 
e f f i c i e n t  mixing between hot  exhaust gases and cool  ambient a i r .  

6.2.4 Acoustic Enclosure -- a s t r u c t u r e  which surrounds t h e  e j e c t o r s  and 
Coanda su r face  while  a l s o  support ing t h e  secondary air  in t ake  and t h e  exhause 
s tack .  The hollow-design w a l l s  c o n s i s t  of an i s o l a t e d  inner  w a l l  and an  o u t e r  
w a l l  which are designed t o  prevent excessive no i se  t ransmission through t h e  
s t r u c t u r e .  The s i d e  walls and back w a l l  of t h e  a f t  s e c t i o n  (below t h e  s t a c k )  
of t h i s  enc losure  should be a c o u s t i c a l l y  t r e a t e d  wi th  t h e  broadband absorber 
panels  set i n s i d e  the  i s o l a t e d  inner  wall. 

6.2.5 Secondary A i r  In take  -- t h e  secondary a i r  i n t a k e  is loca ted  i n  t h e  
upper p a r t  of t he  enc losure  j u s t  forward of t h e  exhaust s t ack .  It permits  
t h e  flow of ambient a i r  i n t o  t h e  enc losure  f o r  t he  purpose of mixing wi th  
and cool ing the  hot  j e t  exhaust.  The i n l e t s  are l i n e d  wi th  acous t i c  pane ls ,  
t o  l i m i t  a i rbo rne  no i se  propagation from wi th in  t h e  enclosure.  Moreover, 
t h e  i n l e t s  are s i zed  t o  maintain acceptab le  pressures  wi th in  t h e  enclosure.  

6.2.6 Exhaust Muffler (Stack) -- a c o u s t i c a l l y  l i n e d  and loca ted  a t  t h e  a f t  
end of t h e  muff ler  s e c t i o n ,  t h i s  system provides  t h e  necessary n o i s e  a t tenua-  
t i o n  f o r  t h e  mixed exhaust flow e x i t i n g  i n t o  t h e  atmosphere. A broadband 
acous t i c  absorber  is used i n  the  s t a c k  w a l l  behind a mult i - layered,  per fora ted  
face shee t .  The broadband absorbers ,  loca ted  i n  t h e  a f t  end of t h e  enc losure  
extending from t h e  s t a c k  t o  t h e  f l o o r ,  are requi red  t o  absorb no i se  r e f r a c t e d  
from t h e  Coanda flow. The exhaust s t a c k  he igh t  may be designed t o  provide any 
des i r ed  f a r - f i e l d  acous t i c  performance (within l o c a l  s i t e  cons t ruc t ion  con- 
s t r a i n t s ) ,  as explained i n  Reference 8.3. 

6.3 Applicat ions:  

6.3.1 A s  a r e s u l t  of t he  f i n a l  a n a l y t i c  design s t u d i e s ,  func t iona l  n o i s e  
suppression systems conf igura t ions  have been i d e n t i f i e d  f o r  usage i n  ground 
run-up test f a c i l i t i e s  f o r  Navy/Marine Corps t u r b o j e t / f a n  engines.  These 
systems are a l s o  app l i cab le  i n  the  present  design form t o  USAF engines which 
are of t h e  same types,  but  which d i f f e r  only i n  model number from t h e i r  counter- 
p a r t s  i n  t h e  Navy inventory.  

6.3.2 
c e l l  i s  shown i n  Figure 5.  This conf igura t ion  is  s p e c i f i c a l l y  designed t o  
accommodate t h e  exhaust a i r f low,  temperature and pressure  r a t i o  parameters 
of t h e  552, 557 A/B, 579 A / B ,  TF30, TF30 A/B and TF41 engines.  It is noted 
t h a t  t h e  rear w a l l  of t h e  test c e l l  engine enc losure  is  t h e  forward w a l l  and 
e j e c t o r  i n l e t  plane of t he  exhaust system. A l s o  see Figures  2 ,  3 ,  and 4. 

The s tandard exhaust system f o r  a prefabr ica ted  demountable type  test 

6.3.3 Figure 6 shows the  s tandard conf igura t ion  which has been developed 
s p e c i a l l y  as a r e t r o f i t  f o r  replacement of d e t e r i o r a t e d  water-injection-type 
exhaust systems f o r  t h e  Navy s tandard concre te  Class "C" test cel l .  

6.4 Advanced Technology; I n  add i t ion  t o  these  design conf igura t ions ,  a working 
technology has  been formulated and presented i n  a Design Configuration Handbook. 
(For d e t a i l s  r e f e r  t o  Reference 8.2) 
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6.4.1 
n o i s e  suppressor f o r  any engine, o r  c lose ly - re l a t ed  group of engines, i n  any 
type  of ground run-up test  cel l  enclosure,  inc luding  Navy/Air Force test cells/  
systems and Naval A i r  Rework F a c i l i t y  test cells (which have a v a r i e t y  of non- 
standard,  unique conf igu ra t ions ) .  

This technology is adequate f o r  designing a s p e c i f i c  "tailor-made" 

6.4.2 
f o r  l a r g e r ,  high by-pass r a t i o  turbofan engines, as w e l l  as t h e  "PEGASUS" o r  
F-402-RR-404 engine f o r  t h e  AV-8 Harrier a i r c r a f t .  

This i s  considered e s s e n t i a l  f o r  design s t u d i e s  l ead ing  t o  a conf igu ra t ion  

6 . 4 . 3  
test cel ls  and engine manufacturers tes t  c e l l s .  

This technique is equal ly  app l i cab le  t o  commercial a i r l i n e s  engine 

7. APPLICATION TO AIRCRAFT HUSH-HOUSES 

7 . 1  General: Recent developmental work by t h e  U. S. Navy has been suc- 
c e s s f u l  i n  applying t h e  proven technology as an exhaust suppressor system 
f o r  a i r c r a f t  a c o u s t i c a l  enc losures  -- hush houses -- where t h e  e n t i r e  a i r c r a f t  
is  enclosed i n  a test ce l l  during ground run-up engine checks. 
t h e  b a s i c  a p p l i c a t i o n  i s  similar t o  t h e  test ce l l  system, t h e  a c t u a l  des ign  
development f o r  s i n g l e  and dual-engine a i r c r a f t  is  considerably more compli- 
cated.  A b r i e f  summary of t h i s  program is presented below. 

Although 

7.2 One-Sixth-Scale Model Configuration; 

7.2.1 The model conf igu ra t ion  shown i n  F igure  7 i s  t h e  experimental Set-up 
f o r  t h e  a i r c r a f t  run-up enc losure  (Hush-House) series of tests. 

7.2.2 I n  order  t o  a l low f o r  t h e  phys ica l  p r o p e r t i e s  of s i n g l e ,  as w e l l  as 
dual ,  engine a i r c r a f t ,  t h i s  f l a t - p l a t e  type  e j e c t o r  system was  developed as 
another  advanced technology f e a t u r e  t o  a s su re  t h a t  t h e  CoandalRefraction 
concept was adaptab le  t o  t h e  complex geometr ical  requirements of an exhaust 
system f o r  a m u l t i - a i r c r a f t  Hush-House. 

7.3 F la t -P la t e  E jec to r s ;  

7.3.1 The hush-house exhaust system d i f f e r s  from t h e  test ce l l  exhaust system 
wi th  respect t o  t h e  bas i c  t r a n s i t i o n / e j e c t o r  conf igura t ion .  
round-to-rectangular e j e c t o r  geometry of t h e  test  cel l  system, t h e  hush-house 
system incorpora tes  an advanced technology f l a t - p l a t e  type  e j e c t o r  configura- 
t ion. 

Ins tead  of t h e  

7.3.2 
a i r c r a f t  t a i l p i p e  movement during power-change surges  of ground run-up tests,  
and dual-engine, as w e l l  as single-engine, a i r c r a f t  can be accommodated on 
t h e  same exhaust system without  unnecessar i ly  s t r i n g e n t  and pa ins tak ing  air- 
c r a f t  al ignment/posit ioning. 

Advantages are t h a t  t h e  f l a t - p l a t e  e j e c t o r s  are less s e n s i t i v e  t o  

7.3.3 The f l a t - p l a t e  system a l s o  a s s u r e s  t h a t  t h e  mixed flow from two 
d i s t i n c t  exhaust nozzles of twin-engine a i r c r a f t  (e.g. one engine a t  i d l e  
power and one engine a t  a f t e rbu rne r )  w i l l  a t t a c h  t o  t h e  curved su r face  and 
d e f l e c t  upward. 
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7.4 Summary of Resul t s :  

7.4.1 For complete a i r c r a f t  ground run-up tests (in-airframe i n s t a l l e d  
engines) ,  a standard design conf igura t ion  has been developed as a r e s u l t  of 
a n a l y t i c  s t u d i e s ,  s c a l e  model tests and design s t u d i e s .  

7.4.2 This exhaust system f o r  a i r c r a f t  run-up enc losures  (Hush-Houses) is 
shown i n  Figure 8. Here aga in ,  t h e  exhaust system a t t a c h e s  t o  t h e  rear w a l l  
of t h e  s tandard  a i r c r a f t  a c o u s t i c a l  enclosure.  The range of Navy/Marine 
Corps s i n g l e  and d u a l  engine a i r c r a f t  f o r  which t h i s  exhaust system configura- 
t i o n  has  been developed inc ludes  A-4, A-6, A-7,  F-4, and F-14. 

7.4.3 It i s  planned t o  develop a design conf igu ra t ion  handbook f o r  t h e  hush- 
house f l a t - p l a t e  e j e c t o r  system. Exhaust systems f o r  o t h e r  Navy, Marine Corps 
and A i r  Force a i r c r a f t  types can be r e a d i l y  designed by us ing  t h e  technology 
from t h e  handbook. 

7.4.4 Hush-house exhaust no i se  suppressor systems f o r  use during ground run- 
up tests, o r  in-airframe i n s t a l l e d  engine p re - f l i gh t  t r i m  checks, f o r  commer- 
c i a l  a i r l i n e s  and a i r c r a f t  manufacturers can a l s o  be r e a d i l y  designed by 
us ing  t h e  technology from t h e  handbook. 
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10. APPENDIX A - THE DEVELOPMENTAL PROGRAM 

10.1 General: The development of t h e  Coanda/Refraction concept, from an 
u n t r i e d  combination of n a t u r a l ,  phys i ca l  phenomena t o  a proven, f u n c t i o n a l  
test ce l l  exhaust n o i s e  suppressor system, requi red  an ex tens ive  research  
program. In-depth ana lyses  i n  aerodynamics, thermodynamics and acous t i c s  
were in t eg ra t ed  wi th  r e a l i s t i c  model tests t o  genera te  conceptua l .des ign  
conf igu ra t ions  and technology gu ide l ines  which are v a l i d  i n  t h e  harsh,  t u r -  
bu len t  environment of gas  t u r b i n e  engine exhaust flow. 

10.2 Overa l l  Objectives;  Based upon t h e  ope ra t iona l  need f o r  improved 
n o i s e  suppression equipment, and based upon t h e  p o t e n t i a l  t h r e a t  of reduced 
a i r  defense c a p a b i l i t y  due t o  non-ava i l ab i l i t y  of environmentally compatible 
engine test  f a c i l i t i e s ,  t h e  Naval Material Command sponsored a mul.ti-year 
comprehensive program of Exploratory and Advanced Development Phases. 
ob j ec t ives  were : 

The 

10.2.1 
applying t h e  Coanda/Refraction Concept t o  t h e  a t t e n u a t i o n  of r ad ia t ed  engine 
exhaust n o i s e  from t u r b o j e t / f a n  engine ground run-up t e s t i n g .  
w a s  o r i g i n a l l y  formulated by t e c h n i c a l l y  cognizant personnel  from t h e  Naval 
A i r  Systems Command Headquarters and t h e  Naval A i r  Engineering Center. 

To determine t h e  f e a s i b i l i t y  and conf igu ra t ion  c h a r a c t e r i s t i c s  f o r  

The concept 

10.2.2 
based upon t h e  concept, which would be a workable technique f o r  usage i n  
f u t u r e  e n g i n e / a i r c r a f t  test f a c i l i t y  des ign  p r o j e c t s .  

To develop/def ine an advanced technology f o r  n o i s e  suppression, 

10.2.3 To genera te  func t iona l  conf igu ra t ions  f o r  exhaust no i se  suppression 
systems, based upon t h e  proven technology, which are compatible wi th  Navy/ 
Marine Corps ope ra t iona l  procedures f o r  in-airframe and out-of-airframe engin1 
ground run- tes t s .  

10.3 Technical  Aspects/Considerations: 

10.3.1 A s  a d e f l e c t i o n  technique f o r  gas t u r b i n e  engine exhaust, t h e  Coanda 
E f f e c t  r e q u i r e s  optimum geometric conf igu ra t ion  of t h e  t r a n s i t i o n / e j e c t o r  
s e c t i o n  and t h e  d e f l e c t o r  su r face .  
t h e  c i r c u l a r  jet  flow i n  t h e  bellmouth i n l e t  and ejects it from a rec t angu la r  
exhaust nozz le  s l o t  a t  t h e  a f t  end. 
configured i n  t h e  form most conducive t o  e f f i c i e n t  Coanda flow, a t t a c h e s  
t o  a curved sur face ,  o r  series of success ive ly  included f l a t  p l a t e s ,  which 
is immediately downstream of t h e  exhaust nozzle,  but separa ted  from t h e  
nozz le  s l o t .  This t u r n s  the . f low i n t o  an  eddy, o r  vo r t ex ,  which genera tes  
a low-pre.ssure zone, causing t h e  stream from t h e  s l o t  t o  bend and thus  
fo l low t h e  contour of t h e  d e f l e c t i o n  sur face .  

The t r a n s i t i o n / e j e c t o r  device  c o l l e c t s  

This rectangular-shaped je t  shee t ,  

10.3.2 Thus t h e  need is e l imina ted  f o r  massive s t r u c t u r a l  frames t o  with- 
s tand  j e t  impact f o r c e s  and support t u rn ing  vanes. 
d e f l e c t i o n  su r face  by educted ambient a i r  e l imina te s  requirement f o r  water 
spray r i n g s  and a s soc ia t ed  piping, s i n c e  t h e  hot  exhaust j e t  does not  

. touch t h e  sur face .  The.mixing of l a r g e  q u a n t i t i e s  of ambient a i r  wi th  t h e  
o r i g i n a l  j e t  g r e a t l y  d i s s i p a t e s  t h e  t o t a l  energy i n  t h e  f l o w ,  and allows 
f o r  l ight-weight  a c o u s t i c a l  panels f o r  r educ t ion  of t h e  c h a r a c t e r i s t i c  
n o i s e  spectrum t o  s a t i s f a c t o r y  levels. 

Film cooling of t h e  
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10.3.3 Research investigations were directed toward refining this flow 
phenomenon into a configuration to meet the extreme mass airflow and tempera- 
ture requirements of jet engine exhausts. A stable Coanda flow effect depends 
on the appropriate adjustment of many factors, including the texture of 
the deflecting surface. The primary factor is the maintenance of the balance 
between the centrifugal force and the suction force as the stream flows from 
the afterbody of the nozzle around the shoulder. Particularly crucial for 
this balance is the slot aspect ratio of nozzle exhaust jet sheet width to 
thickness. It is this ratio which establishes the rectangular dimensions 
of the nozzle slot, which makes possible the attachment of the jet sheet to 
the deflector surface. An optimum ratio of 6 : l  was experimentally determined. 

10.4 Technical Approach; The overall developmental program consisted 
essentially of various analytic studies and model tests. 

10.4.1 The initial phase was an exploratory development effort to determine 
feasibility of the concept application to noise reduction and to conduct 
initial configuration sizing studies. This work consisted of analytic 
studies/calculations and breadboard hardware experiments. 
equations, scientific assumptions and Navy noise suppression requirements 
were considered in the anlytic studies to define feasibility and to 
determine possible limitations in future designs or operating character- 
istics. 

The theory 

10.4.2 Results and conclusions from the initial phase were integrated 
with an experimental sequence utilizing breadboard, parametric, one-sixth 
scale models to verify initial calculations and to experimentally demon- 
strate the feasibility of adapting the two scientific principles to resolve 
the military problem of engine ground run-up noise reduction. 

10.4.3 The model test plan consisted of using simulated engine air flows 
and real temperatures in conjunction with scaled, parametric configurations 
of Coanda adapters and Coanda curved deflection surfaces to determine the 
optimum set of adapter/deflector most conducive for jet bending and noise 
reduction. Dimensions for these parametric models were derived during the 
initial configuration sizing studies. 

10.5 One-Sixth-Scale Model Phase: 

10.5.1 The first five model tests were to establish the feasibility of 
using the Coanda flow turning and resulting noise refraction principles 
in a jet deflector/noise suppressor and to improve the system cooling and 
flow attachment. 

10.5.2 The first model test was a parametric test with model variations 
such as transition ejector area ratio, exit aspect ratio, Coanda surface 
radius, and cooling slot size. The analytical study output was used to 
determine the ranges for these parameters to assure a span that encompassed 
the optimum value for each parameter. The results of this test were used to 
size models for subsequent tests. 

10.5.3 The second, third, fourth and fifth series of tests were conducted 
on the experimental configurations which were iterations in design improve- 
ment between successive models in an attempt to streamline the internal 
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model su r faces  and e l imina te  "square" corners  where gas  flow s t agna t ion  
zones may develop. 

10.5.4 
improving Coanda su r face  temperatures. 
s idewa l l  conf igu ra t ion  w a s  a l s o  s tud ied .  

The second scale model incorporated staged e j e c t o r s  as a means of 
The e f f e c t s  of Coanda s u r f a c e  

10.5.5 
from t h r e e  t o  two while  r e tu rn ing  t o  a t r a n s i t i o n  of t h e  flow wi th in  t h e  
e j e c t o r s  from round t o  r ec t angu la r  a t  t h e  Coanda en t rance .  
area r a t i o s  were a l s o  reduced from t h a t  of t h e  previous tes t .  An enc losure  
w i t h  i n l e t  panels w a s  provided t o  determine t h e  e f f e c t  on flow attachment 
and system cooling. 

The t h i r d  model test conf igu ra t ion  reduced t h e  s taged  i n l e t  e j e c t o r s  

The e j e c t o r  

10.5.6 The f o u r t h  model tes t  conf igua t ion  incorporated what w a s  learned 
from t h e  r e s u l t s  of t h e  previous tests relative t o  flow t r a n s i t i o n i n g ,  
system cooling, and flow attachment. 

10.5.7 
ind iv idua l  system n o i s e  sources t o  determine t h e  necessary a c o u s t i c  treat- 
ment conf igura t ion .  

The f i f t h  model test  o b j e c t i v e  w a s  t o  i s o l a t e  and measure t h e  

Four p o s s i b l e  n o i s e  sources were: 

a. Noise t r ansmi t t ed  through t h e  w a l l s .  

b. Noise emi t t ing  from t h e  secondary a i r  i n l e t s .  

c. Noise r e f r a c t i n g  out  t h e  exhaust opening from i n s i d e  t h e  enclosure.  

d. The r e s i d u a l  n o i s e  generated beyond t h e  e x i t  by t h e  e x i t  flow. 

10.5.8 
were conducted on a des ign  which represented  a progress ion  of flow stream- 
l i n i n g  a t tempts  re la t ive t o  e j e c t o r  and d e f l e c t o r  geometry. The curved 
s u r f a c e  w a s  a logar i thmic  s p i r a l  r a d i u s  of curva ture  in s t ead  of a continuous 
rad ius .  This f i n a l  model des ign  represented  t h e  acceptab le  geometry, which 
would be developed as t h e  f u l l - s c a l e  experimental model, and which had been 
success ive ly  "formed" t o  accommodate t h e  552, 557 A/B,  579 A/B, TF30, 
TF30 A/B and TF41 engines. A l l  t h e s e  engines exhaust parameters w e r e  
simulated during each series of model tests t o  a s s u r e  a l l  engine compati- 
b i l i t y .  

Based upon t h e  r e s u l t s  of a l l  previous tests, t h e  f i n a l  model tests 

10.6 Ful l - sca le  Model Phase: A f u l l - s c a l e  experimental model of a test ce l l  
exhaust suppressor system w a s  developed based upon t h e  success fu l  test phases 
wi th  t h e  evolu t ionary  one-sixth-scale model conf igura t ions .  
f ab r i ca t ed ,  assembled and t e s t e d  wi th  a 5-57 a f t e rbu rn ing  engine i n  an exten- 
sive eva lua t ion  test phase. 

This model w a s  

10.6.1 Aerodynamic, thermodynamic and a c o u s t i c  opera t ing  c h a r a c t e r i s t i c s  
f o r  t h i s  model were based upon t h e  most demanding exhaust flow parameters 
from t h e  list of Navy engines; v i z ,  t h e  TF30-P-412 a f t e rbu rn ing  turbofan 
engine wi th  240 l b s / s e c  mass a i r  flow and exhaust core  temperature of 3100'F. 
Model phys ica l  dimensions were s i z e d  appropr i a t e ly  so t h a t  t hese  cri teria 
f o r  i n f e r n a l  su r f ace  cooling and low drag  gas  flow would be m e t  wi th  neg l i -  
g i b l e  e f f e c t s  on engine performance. 
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10.6.2 Acoustic performance goals  f o r  t h e  experimental  model design were: 

Far F ie ld :  90 dBA along a semi-circle  of 250 f e e t  rad ius  
from the  engine cen te r l ine .  

Near F ie ld ;  110 dBA along a r ec t ang le  of 20 f e e t  d i s t ance  
from the  engine c e n t e r l i n e  and t h e  exhaust 
nozzle  plane.  

10.7 System Descript ion;  

10.7.1 The fu l l - sca l e  Coanda/Refraction exhaust no i se  suppression system, 
r e s u l t i n g  from a l l  t h e  previously discussed a n a l y t i c  and experimental  s t u d i e s ,  
was approximately 49 f e e t  long, 23 f e e t  wide, and 40 f e e t  high t o  t h e  top of 
t h e  exhaust s tack.  P r inc ipa l  components of t h e  suppressor  system are t h e  
j e t  d e f l e c t o r  system and t h e  acous t i ca l  enclosure bui lding.  

10.7.2 Within the  bas i c  bui ld ing ,  t h e  j e t  d e f l e c t o r  system c o n s i s t s  of t h e  
three-s tage e j e c t o r ,  Coanda sur face ,  and support  s t r u c t u r e .  This assembly i s  
shown on Figure 2. A l l  components were fab r i ca t ed  from A36 mild steel. The 
forward end of t h e  Coanda su r face  is  supported on t h e  e j e c t o r  s tand.  The 
Coanda su r face  and e j e c t o r s  conta in  provis ions  f o r  thermal growth. The Coanda 
s u r f a c e  i s  segmented i n  t h r e e  s e c t i o n s  f o r  handling ease and supported by a 
t r i p o d  assembly. 

10.7.3 The Coanda exhaust system f u l l - s c a l e  test se tup  is  shown on Figure 3. 
The conf igura t ion  c o n s i s t s  of t he  Coanda exhaust suppressor  and 557-P-21 a f t e r =  
burning t u r b o j e t  test engine. 

10.7.4 The f i n a l  assembly i s  shown i n  Figure 4 .  Since t h e  forward po r t ion  
of a t e s t  c e l l  would normally have t h e  engine enclosed and suppressed, an  
18-foot acous t i ca l ly  t r e a t e d  b a r r i e r  w a s  e rec ted  t o  block engine case and 
i n l e t  no i se  r ad ia t ed  i n t o  t h e  f a r  f i e l d .  A i r  i n l e t s  are requi red  t o  provide 
cool ing a i r  t o  t h e  e j e c t o r s  and Coanda su r face  t o  maintain temperatures below 
1000 F. 

10.7.5 The design of t h e  enclosure w a l l s ,  t o  prevent acous t i c  t ransmission 
a t  low frequency, w a s  one of t h e  most important t echn ica l  chal lenges of t h e  
program. Using s t r i c t l y  mass t o  prevent low frequency acous t i c  t ransmission 
would make t h e  modular cons t ruc t ion  required of a demountable u n i t  somewhat 
untenable. One might use  less m a s s  by l i n i n g  t h e  i n t e r i o r  of t h e  enc losure  
wi th  sound absorber t o  lower t h e  i n t e r i o r  acous t i c  levels. However, t h i s  
would be very cos t ly .  
w a s  no t  required t o  m e e t  f a r  f i e l d  no i se  goa ls  i f  t h e  acous t i c  energy t ransmission 
through the  s t r u c t u r e  could be el iminated.  The enc losure  w a l l s  and c e i l i n g  
design c o n s i s t  of a double-walled steel panel  system weighing 20 pounds pe r  
square  foot .  The ou te r  w a l l  is  constructed from one-quarter i nch  steel f l a t  
panels  a t tached  t o  8-inch deep channel frames. The inne r  w a l l ,  constructed 
from one-quarter inch  steel panels ,  i s  v i b r a t i o n  i s o l a t e d  from t h e  channel. 
frames with neoprene i i o l a t o r s .  
such t h a t  t h e i r  resonant  f requencies  are less than 30 Hz. This ensures  t h a t  
t h e  panel w i l l  be i n  the  m a s s  low frequency range a t  t h e  lowest frequency 
of interest (63 Hz oc tave  band). The 10-inch a i r  .gap is sea led .  The com- 
bined double-wall s t r u c t u r e  with confined a i r  gap e x h i b i t s  t ransmission 
l o s s  c h a r a c t e r i s t i c s  super ior  t o  an equivalent  20 l b / f t .  s ingle-wal l  s t r u c t u r e .  

The scale model r e s u l t s  ind ica ted  i n t e r i o r  l i n i n g  

Inner  and ou te r  panel  s i z e s  w e r e  chosen 
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10.8 Comparison of State-of-the-Art Equipment With Coanda/Refraction Type: 

The sub jec t  advanced technology n o i s e  suppression equipment inco rpora t e s  
des ign  f e a t u r e s  t o  enhance transportability/interchangeability, d u r a b i l i t y ,  
and complete frequency spectrum n o i s e  a t t e n u a t i o n  c h a r a c t e r i s t i c s .  
impact of such equipment on engine test f a c i l i t y  des ign  and l o g i s t i c s  
support  planning is as follows: 

The 

10.8.1 

10.8.2 
a t  air s t a t i o n s  in dry l o c a t i o n s  where water i s  a c r i t i ca l  commodity. 

No cooling water requirements a t  test sites. 

No need t o  support test f a c i l i t y  wi th  base  water supply, e s p e c i a l l y  

10.8.3 

i n  t h e  v i c i n i t y  of test f a c i l i t i e s ,  where t h e r e  are numerous complaints of 
damage t o  housing, ground support  equipment and automobiles. 

10.8.4 
system exhaust emissions p o l l u t i o n  c o n t r o l  programs, by inducing r educ t ion  
of v i s i b l e  smoke. This r e q u i r e s  f u r t h e r  co,nsideration. 

A dry  system w i l l  e l imina te  t h e  v i s i b l e  plume and harmful f a l l o u t  of 
soggy soot" from proposed test cel l  exhaust s t a c k s  - t h i s  problem is  preva len t  I I  

This  concept is favorab le  f o r  c u r r e n t ,  r e l a t e d  e f f o r t s  i n  test c e l l /  

PREPARED BY 
SAE C m I T T E E  EG-1 

AEROSPACE PROPULSION SYSTEMS SUPPORT EQUIPMENT 
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