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SUMMARY 

Under NASA s p o n s o r s h i p ,  P r a t t  & Whitney A i r c r a f t  h a s  been e v a l u a t i n g  
and s u b s t a n t i a t i n g  t w o  of t h e  most c r i t i ca l  and unique components of  an ad- 
vanced p r o p u l s i o n  sys tem f o r  a f u t u r e  s u p e r s o n i c  c r u i s e  v e h i c l e .  These com- 
ponents ,  a h igh  performance d u c t  burner  for t h r u s t  augmentat ion and a l o w  
j e t  n o i s e  coannular  e x h a u s t  n o z z l e ,  are par t  of t h e  V a r i a b l e  Stream C o n t r o l  
Engine (VSCE). S t u d i e s  have i d e n t i f i e d  t h i s  e n g i n e  as having t h e  g r e a t e s t  
p o t e n t i a l  f o r  an  advanced s u p e r s o n i c  commercial cruise v e h i c l e ,  when consid-  
e r i n g  t h e  o v e r a l l  environmental .  and economic requi rements .  An e x p e r i m e n t a l  
test  program i n v o l v i n g  b o t h  isolated component and complete e n g i n e  tests h a s  
been conducted f o r  t h e  h i g h  performance,  l o w  e m i s s i o n s  d u c t  burner  w i t h  ex- 
cellent , r e s u l t s .  Nozzle model tests have also been completed which s u b s t a n t -  
iate t h e  i n h e r e n t  j e t  noise b e n e f i t  a s s o c i a t e d  w i t h  t h e  unique v e l o c i t y  pro- 
f i l e  possible of a coannular  e x h u a s t  n o z z l e  system on a V a r i a b l e  Stream Con- 
trol  Engine. A d d i t i o n a l  nozz le  model performance tests have e s t a b l i s h e d  h igh  
t h r u s t  e f f i c i e n c y  l e v e l s  a t  t a k e o f f  and s u p e r s o n i c  c r u i s e  f o r  t h i s  n o z z l e  
system. Large scale t e s t i n g  of  t h e s e  two c r i t i ca l  components is be ing  con- 
duc ted  us ing  an  FlOO e n g i n e  as the testbed for  s i m u l a t i n g  t h e  Variable Stream 
C o n t r o l  Engine. 

INTRODUCTION 

For t h e  past  s i x  y e a r s ,  P r a t t  & Whitney Aircraft  h a s  p a r t i c i p a t e d  i n  a 
series o f  NASA-sponsored programs aimed a t  e s t a b l i s h i n g  t h e  technology base 
f o r  a f u t u r e  s u p e r s o n i c  c r u i s e  t r a n s p o r t ,  w i t h  special emphasis on improving 
envi ronmenta l  and economic c h a r a c t e r i s t i c s .  During t h i s  p e r i o d ,  over  100  
d i f f e r e n t  engine  c o n c e p t s  and c y c l e  c o n f i g u r a t i o n s  were s tud ied ,  i n c l u d i n g  
Variable Cycle  Engines  (refs.  1-4). The most a t t r a c t i v e  e n g i n e  c o n f i g u r a t i o n  
i d e n t i f i e d  from t h i s  m a t r i x  was t h e  Variable Stream C o n t r o l  Engine (VSCE). 
T h i s  c o n c e p t  shows t h e  p o t e n t i a l  fo r  v e r y  s i g n i f i c a n t  improvements i n  range ,  
noise and e m i s s i o n s  r e l a t i v e  t o  t h e  f i r s t - g e n e r a t i o n  s u p e r s o n i c  t r a n s p o r t  
(SST) engines .  F i g u r e  1 shows t h e  b a s i c  mechanical  arrangement  of t h i s  en- 
g i n e .  The la tes t  update  of t h i s  engine  c o n c e p t ,  i n c l u d i n g  its m o d e  o f  opera- 
t i o n ,  is c o n t a i n e d  i n  r e f e r e n c e  5. 

* Work performed under NASA C o n t r a c t s  NAS3-20048 , NAS3-20061 and 
NAS3- 2060 2 
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A t t a i n i n g  t h e  p o t e n t i a l  b e n e f i t s  o f  t h e  V a r i a b l e  Stream C o n t r o l  Engine 
is c o n t i n g e n t  on e x t e n s i v e  r e s e a r c h  and e v a l u a t i o n  i n  many a r e a s  of advanced 
technology. The most c r i t i c a l  of t h e s e  technology r e q u i r e m e n t s  are t h e  f o l -  
lowing: (1) l o w  noise /h igh  performance coannular  n o z z l e ,  ( 2 )  l o w  emiss ions /  
h igh  performance burner  sys tems,  ( 3 )  high tempera ture  component technology,  
( 4 )  v a r  iable-geometry components (nozzle/e  j ec t o r / r e v e r s e r  , i n l e t ,  f a n ,  com- 
pressor),  (5) e l e c t r o n i c  c o n t r o l  system, and ( 6 )  a n  i n t e g r a t e d  p r o p u l s i o n  
sy  s tern. 

C o n c e n t r a t i n g  on t h e  t w o  most unique components i n  t h e  VSCE -- a low 
noise, v a r i a b l e  geometry coannular  nozz le  and a low-emissions,  h i g h  perform- 
ance d u c t  burner  -- e x p e r i m e n t a l  component technology programs are  b e i n g  
conducted by P r a t t  & Whitney A i r c r a f t  under NASA d i r e c t i o n .  The programs in-  
c l u d e  a Coannular Nozzle Model Technology Program and a Duct Burner Rig 
Technology Program. R e s u l t s  from t h i s  w o r k  have provided  t h e  b a s i s  f o r  t h e  
VCE Testbed Program, which i n v o l v e s  l a r g e  scale t e s t i n g  of t h e s e  components 
a t  rea l i s t ic  VSCE c o n d i t i o n s .  T h i s  paper  reviews t h e  t e c h n i c a l  accomplish- 
ments and p r o g r e s s  made i n  t h e s e  programs. 

COANNULAR NOZZLE MODEL TEHNOLOGY PROGRAM 

Over view 

The purpose of  t h e  Coannular Nozzle Model Technology Program is to 
i d e n t i f y  and i n v e s t i g a t e  aerodynamic and a c o u s t i c  n o z z l e  technology for an 
advanced powerplant  i n  a second-generat ion s u p e r s o n i c  cruise v e h i c l e .  More 
s p e c i f i c a l l y ,  t h e  major areas of t h e  o v e r a l l  program, which have been com- 
p l e t e d  or a r e  i n  p r o g r e s s ,  i n c l u d e :  

o E s t a b l i s h i n g  aerodynamic and a c o u s t i c  performance c h a r a c t e r i s t i c s  
o f  b o t h  unsuppressed and suppressed  coannular  n o z z l e  models over  
a l a r g e  range  of o p e r a t i n g  c o n d i t i o n s .  

o Determining t h e  e f f e c t  o f  f l i g h t  v e l o c i t y  on c o a n n u l a r  jets.  

o Developing an  aerodynamic/acoust ic  p r e d i c t i o n  procedure  f o r  re- 
f i n i n g  c o a n n u l a r  j e t  n o z z l e s  w i t h  i n v e r t e d  v e l o c i t y  p r o f i l e s .  

o C a l i b r a t i n g  m o d e l  d a t a  w i t h  acoustic d a t a  to b e  o b t a i n e d  from t h e  
VCE Tes tbed  Program, and e v a l u a t i n g  t h e  performance of t w o  super -  
s o n i c  coannular  n o z z l e  systems t h a t  combine l o w  n o i s e  and h igh  
aerodynamic performance. 

E f f o r t  i n  t h e  f i r s t  t h r e e  areas of  t h e  program (refs. 6-8) was com- 
p l e t e d  during or p r i o r  to 1977, and t h e  s i g n i f i c a n t  resul ts  of t h i s  work  
w i l l  be  d i s c u s s e d  b r i e f l y .  Exper imenta l  model t e s t i n g  on t h e  f o u r t h  a r e a  h a s  
j u s t  been completed,  and w o r k  f o r  a follow-on e f f o r t  h a s  s t a r t e d .  
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E a r l y  E f f o r t s  

During t h e  f i r s t  phase of  t h e  program, scale models r e p r e s e n t i n g  un- 
suppressed  and suppressed  coannular  e x h a u s t  systems were e v a l u a t e d  s t a t i -  
c a l l y  under v a r y i n g  e x h a u s t  c o n d i t i o n s .  Ejectors wi th  both hardwal l  and 
a c o u s t i c a l l y -  treated i n s e r t s  were also e v a l u a t e d .  The unsuppressed coannular  
c o n f i g u r a t i o n s  were found to  be a s  much as  11 PNdB quieter  than  p r e d i c t i o n s  
of t h a t  t i m e  when scaled to a 2.62 m (50 i n )  e q u i v a l e n t  diameter s i z e .  A t  
t y p i c a l  VSCE o p e r a t i n g  c o n d i t i o n s ,  n o i s e  r e d u c t i o n s  of approximate ly  8 PNdB 
were demons t ra t ed . 

I n  Phase 11, wind t u n n e l  tes ts  showed t h a t  j e t  n o i s e  l e v e l s  of t h e  co- 
annular  n o z z l e s  were reduced,  due to  t h e  s imula ted  f l i g h t  speed,  by approxi-  
mate ly  t h e  same amount a s  found f o r  s i n g l e  stream n o z z l e s .  Thus, t h e  coannu- 
l a r  n o i s e  b e n e f i t s  i d e n t i f i e d  dur ing  t h e  preceding  Phase I s t a t i c  t es t  were 
e s s e n t i a l l y  r e t a i n e d  i n  t h e  s imula ted  f l i g h t  environment.  The n o i s e  reduc- 
t i o n  r e s u l t i n g  from f l i g h t  effects was a f u n c t i o n  of  n o z z l e  stream v e l o c i -  
t i e s  and s imula ted  f l i g h t  speed. 

The t h i r d  p a r t  c o n t i n u e d  t h e  e x p e r i m e n t a l  and a n a l y t i c a l  w o r k  mention- 
ed above and was d i r ec t ed  towards i d e n t i f y i n g  and i n v e s t i g a t i n g  aerody- 
namic/acoust ic  technology r e l a t i n g  to t h e  coannular  n o z z l e  d e s i g n .  T h i s  e f -  
f o r t  was d i rec ted  toward t h e  a c q u i s i t i o n  of s t a t i c  a c o u s t i c  and aerodynamic 
performance data which were combined w i t h  e x i s t i n g  data to s u p p o r t  an  aero-  
dynamic/acoust ic  p r e d i c t i o n  procedure f o r  i n v e r t e d  v e l o c i t y  p r o f i l e  coannu- 
l a r  j e t  nozz les .  A procedure  was developed to  predict  j e t  n o i s e  sound p r e s -  
sure l e v e l  s p e c t r a  for coannular  nozz les  w i t h  i n v e r t e d  v e l o c i t y  p r o f i l e s  a t  
a l l  a n g l e s  a s  a f u n c t i o n  o f  n o z z l e  geometry, o p e r a t i n g  c o n d i t i o n  and f l i g h t  
v e l o c  i t y  . 

Recent Work 

The r e c e n t l y  completed e f f o r t  involved  t w o  programs. I n  one program, a 
scale model o f  t h e  VCE testbed nozz le  system was fabricated and t e s t e d  f o r  
a c o u s t i c  performance. I n  t h e  o t h e r  , two p o t e n t i a l  s u p e r s o n i c  n o z z l e  systems 
for t h e  VSCE s t u d y  e n g i n e  were e v a l u a t e d  over  a wide range  of  o p e r a t i n g  con- 
d i t i o n s  i n  t h e  NASA-Lewis 8 x 6 foot s u p e r s o n i c  wind t u n n e l .  

The purpose of t e s t i n g  t h e  VCE t e s t b e d  n o z z l e  m o d e l  was to  o b t a i n  
model a c o u s t i c  data t h a t  can  b e  s c a l e d  d i r e c t l y  to l a r g e  scale engine  d a t a  
a t  t h e  same aerothermodynamic c o n d i t i o n s  and so permi t  d e f i n i t i o n  of  s c a l i n g  
e f f e c t s  whi le  a t  t h e  same time p r o v i d e  test data f o r  e v a l u a t i o n  of t h e  cur -  
r e n t  a c o u s t i c  p r e d i c t i o n  procedure. A one-s ix th  scale model of t h e  tes tbed 
e x h a u s t  nozz le  system w i t h  a f a n  t o  pr imary j e t  area r a t io  o f  0.65 and 0.82 
f a n  r a d i u s  r a t io  was f a b r i c a t e d  and t e s t e d  i n  t h e  P r a t t  c Whitney A i r c r a f t  
Anechoic J e t  Noise T e s t  Chamber. This  test f a c i l i t y ,  a s  shown i n  Fig.  2 ,  i s  
l i n e d  w i t h  a c o u s t i c  a b s o r b e n t  wedges to p r o v i d e  an  anechoic  environment a t  
f r e q u e n c i e s  above 150 Hz. The model was des igned  f o r  t e s t i n g  b p t h  w i t h  or 
w i t h o u t  an  ejector. A c o u s t i c  d a t a  were obtained a t  o p e r a t i n g  c b n d i t i o n s  t h a t  
b r a c k e t  t h e  testbed engine  o p e r a t i n g  p o i n t s .  
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The t e s t b e d  model a c o u s t i c  test r e s u l t s  are c o n s i s t e n t  w i t h  t h e  e x i s t -  
i n g  p r e d i c t i o n  procedure ,  as  shown i n  Fig.  3 ,  i n d i c a t i n g  t h a t  t h e  resu l t s  
are similar to  d a t a  o b t a i n e d  w i t h  models t e s t e d  p r e v i o u s l y .  With t h e  i n v e r t -  
ed v e l o c i t y  p r o f i l e ,  c h a r a c t e r i s t i c  double  hump spectra are p r e s e n t .  The 
h igh  frequency r e g i o n  is c o n t r o l l e d  l a r g e l y  by t h e  f a n  stream, w h i l e  t h e  l o w  
f requency  reg ion  is c o n t r o l l e d  by t h e  merged f a n  and pr imary  j e t  s t ream. 

The second aspect of t h e  program involved an  e v a l u a t i o n  o f  t h e  t w o  po- 
t e n t i a l  VSCE n o z z l e  systems shown i n  Fig.  4 .  The main d i f f e r e n c e  between t h e  
t w o  c o n f i g u r a t i o n s  is t h a t  one u s e s  a s h o r t  f l a p  n o z z l e  f o r  t h e  f a n  s t ream 
w i t h  an i s o t r o p i c  s p l i t t e r ,  w h i l e  t h e  o t h e r  employs an iris fan nozzle with 
a c o n i c a l  s p l i t t e r .  Both c o n f i g u r a t i o n s  have p l u g s  i n  t h e  pr imary  stream. 

S i x  one-tenth scale models of t h e  t w o  e x h a u s t  systems were f a b r i c a t e d  
and tested i n  t h e  NASA-Lewis 8 x 6 f o o t  wind tunnel .  I n  F ig .  5, one o f  t h e  
models is shown i n s t a l l e d  i n  t h e  wind t u n n e l .  The models s i m u l a t e d  a c t u a l  
f l i g h t  d e s i g n s  a t  t a k e o f f  , s u b s o n i c  cruise and Mach 2.0 s u p e r s o n i c  cruise. 
Over 200 data p o i n t s  were a c q u i r e d  a t  wind t u n n e l  Mach numbers o f  0 .36 ,  0.9 
and 2.0 f o r  a wide range  o f  n o z z l e  o p e r a t i n g  c o n d i t i o n s .  Fan and pr imary  
nozz le  areas were v a r i e d  to  match d e s i r e d  o p e r a t i n g  c o n d i t i o n s ,  w h i l e  f a n  to  
pr imary p r e s s u r e  l e v e l s  were v a r i e d  a long  w i t h  t h e  ejector i n l e t  area and 
c l a m s h e l l  r e v e r s e r  p o s i t i o n .  I n  a d d i t i o n ,  t h e  s u p e r s o n i c  c o n f i g u r a t i o n  was 
t e s t e d  w i t h  0 ,  2 and 4 p e r c e n t  corrected secondary f l o w ,  which was released 
behind t h e  d u c t  t h r o a t  i n  t h e  g a p  formed by t h e  r e v e r s e r  buckets .  

Both n o z z l e  c o n f i g u r a t i o n s  produced similar resul ts  a t  t h e  same oper- 
a t i n g  c o n d i t i o n s .  A t  t a k e o f f  and s u p e r s o n i c  c r u i s e ,  n o z z l e  performance ap- 
proached or met t h e  desired performance goals (F ig .  6 ) .  However, s u b s o n i c  
c r u i s e  performance f e l l  s h o r t  of t h e  t a r g e t .  D i a g n o s t i c  tests of t h e  sub- 
s o n i c  cruise c o n f i g u r a t i o n s  showed t h a t  lower performance was a r e s u l t  o f  
ejector i n l e t  f low s e p a r a t i o n .  The follow-on w o r k  is a d d r e s s i n g  t h i s  e f f o r t .  

I n  e v a l u a t i n g  t h e  n o z z l e s ,  t h e  a d d i t i o n  of secondary  f low i n  t h e  
amount o f  2 and 4 p e r c e n t  improved nozz le  performance by approximate ly  2 .5  
and 3 . 8  p e r c e n t .  The effect  of v a r y i n g  t h e  f a n  to pr imary  p r e s s u r e  r a t io  was 
n e g l i g i b l e .  

F u t u r e  Program P l a n s  

I n  f u t u r e  w o r k ,  t h e  n o z z l e  d e s i g n s  w i l l  be r e f i n e d  by a p p l y i n g  know- 
l e d g e  ga ined  from t h e  p r e c e d i n g  phases .  Work is also planned to  improve ana- 
l y t i c a l  t echniques .  T h i s  i n v o l v e s  modifying e x i s t i n g  computer programs f o r  
s u p e r s o n i c  f law f i e l d s  so t h e y  can  be a p p l i e d  to  coannular  n o z z l e  geome- 
tries. U l t i m a t e l y ,  i n t e g r a t e d  a i r f r a m e  nozz le  c o n f i g u r a t i o n s  w i l l  have to be 
s t u d i e d  , des igned  and t e s t e d .  
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DUCT BURNER RIG TECHNOLOGY PROGRAM 

Overview 

The o b j e c t i v e  o f  t h e  Duct Burner Rig Technology Program is to i d e n t i f y  
and s u b s t a n t i a t e  t h e  required technology to e v o l v e  a d u c t  burner  c o n f i g u r a -  
t i o n  w i t h  t h e  n e c e s s a r y  h i g h  performance and l o w  e m i s s i o n s  f o r  second-gener- 
a t i o n  s u p e r s o n i c  p r o p u l s i o n  systems. The e f f o r t s  conducted under t h i s  pro- 
gram a r e  d i r e c t e d  a t  t h e  d u c t  burner  a p p l i c a t i o n  i n  t h e  VSCE s t u d y  engine.  
Three augmented o p e r a t i n g  c o n d i t i o n s  were e s t a b l i s h e d  a s  b e i n g  most c r i t i c a l  
to  t h e  d u c t  burner  des ign:  (1) s u p e r s o n i c  c r u i s e  a t  which t h e  d u c t  burner  
f u e l / a i r  ra t io  is l o w ,  b u t  p r e s s u r e  loss and t h r u s t  e f f i c i e n c y  are most cri-  
t i c a l  to  f u e l  consumption; ( 2 )  a c l imb c o n d i t i o n  a t  which a modest l e v e l  of 
augmentation would be r e q u i r e d  to accelerate through t h e  t r a n s o n i c  f l i g h t  
regime; and ( 3 )  t h e  t a k e o f f  c o n d i t i o n  a t  which t h e  a i r c r a f t  would be s u b j e c t  
to a i rpor t  v i c i n i t y  n o i s e  and e m i s s i o n s  r e g u l a t i o n s .  

Cr i t ica l  performance g o a l s  e s t a b l i s h e d  f o r  t h i s  program i n c l u d e  t h r u s t  
e f f i c i e n c y  a t  s u p e r s o n i c  c r u i s e  equal to 94 .5  p e r c e n t ,  f a n  d u c t  t o t a l  p r e s -  
sure loss a t  s u p e r s o n i c  c r u i s e  e q u a l  t o  4 . 5  p e r c e n t  and a maximum i g n i t i o n  
f u e l / a i r  ra t io  o f  0 .002 .  

The l o w  i g n i t i o n  f u e l / a i r  r a t i o  is d i c t a t e d  by o p e r a t i o n a l  con- 
s t r a i n t s .  Experience w i t h  c o n v e n t i o n a l  t h r u s t  augmentors i n d i c a t e s  t h a t  i f  
i g n i t i o n  o c c u r s  a t  a f u e l / a i r  r a t i o  o f  0.002 or lower, t h e  p r e s s u r e  p u l s e  is 
s u f f i c i e n t l y  l o w  to avoid  p r e s s u r e  p u l s i n g  t h e  engine .  

Exhaust e m i s s i o n s  g o a l s  e s t a b l i s h e d  f o r  t h i s  program by NASA are list- 
ed i n  Table  I .  The g o a l s  f o r  carbon monoxide (CO) and unburned hydrocarbons 
(THC) emiss ions  i n d i c e s  are r e p r e s e n t a t i v e  i n  t h a t  t h e y  are t y p i c a l  o f  t h o s e  
necessary  to a c h i e v e  t h e  more g e n e r a l  combustion e f f i c i e n c y  g o a l .  These 
g o a l s  a r e  in tended  o n l y  as a s t a n d a r d  f o r  comparison and are n o t  r e l a t e d  to  
any proposed or e s t a b l i s h e d  r e g u l a t i o n s  f o r  advanced s u p e r s o n i c  a i r c r a f t .  

Under t h e  f i r s t  phase of t h e  D u c t  Burner Rig Technology Program, an  
a n a l t y i c a l  s c r e e n i n g  and d e f i n i t i o n  s tudy  was completed. A t  present, experi- 
menta l  r i g  development t e s t i n g  is c o n t i n u i n g  under t h e  second and t h i r d  
p h a s e s  of  t h e  program. 

E a r l y  E f f o r t  

The f i r s t  phase  of t h e  program was conducted under NASA L e w i s  Research 
Center  C o n t r a c t  NAS3-19781 ( r e f .  9 ) .  The o b j e c t i v e  of t h i s  s t u d y  was, 
through s y s t e m a t i c  a n a l y t i c a l  s c r e e n i n g  of EBmbustor c o n c e p t s ,  to  i d e n t i f y  
d u c t  burner  c o n c e p t s  w i t h  t h e  p o t e n t i a l  f o r  h igh  performance and l o w  emis- 
s i o n s .  Combustion c o n c e p t s  were c o n s i d e r e d  t h a t  ranged from improved ver -  
s i o n s  o f  c u r r e n t  s t a t e - o f - t h e - a r t  d u c t  b u r n e r s  through t h e  technology l e v e l s  
demonstrated i n  t h e  NASA-sponsored Experimental  Clean Combustor ( r e f .  1 0 )  
and P o l l u t i o n  Reduct ion Technology Programs, to  such advanced c o n c e p t s  a s  
v a r i a b l e  geometry premixed-prevapor ized  combustors.  The c o n c e p t s  were used  
to d e f i n e  a number of d u c t  b u r n e r  c o n f i g u r a t i o n s .  
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A s  t h e  s t u d y  p r o g r e s s e d ,  it became e v i d e n t  t h a t  technology d e r i v e d  
from advanced, law-emissions main combustor programs such a s  t h e  NASA/P&WA 
Experimental  Clean Combustor Program would b e  r e q u i r e d  to a c h i e v e  t h e  d e s i r -  
ed h igh  performance and l o w  e m i s s i o n s  l e v e l s  over  t h e  e n t i r e  o p e r a t i n g  
range. Analyses  i n d i c a t e d  t h a t  a t h r e e - s t a g e  Vorbix ( v o r t e x  mixing and burn- 
ing)  d u c t  burner  c o n c e p t  h a s  t h e  p o t e n t i a l  to  meet t h e  overal l  engine  re- 
qui rements ,  i n c l u d i n g  p r e s s u r e  loss, t h r u s t  e f f i c i e n c y  and i g n i t i o n  margin 
and is compat ib le  w i t h  t h e  geometry of  t h e  VSCE. A s c h e m a t i c  of  t h e  t h r e e -  
s t a g e  c o n f i g u r a t i o n  i n  t h e  f a n  d u c t  of  a VSCE is p r e s e n t e d  i n  F i g .  7 .  

I n  t h e  b a s i c  mechanical  c o n f i g u r a t i o n  t h e  p i l o t  secondary s t a g e s  a r e  
enc losed  by a hood to e n s u r e  a p o s i t i v e  a i r  management f o r  combustion. A i r  
e n t e r s  t h e  p i l o t  secondary s t a g e  through a row of s w i r l e r  t u b e s  t h a t  pro- 
motes r a p i d  mixing o f  a i r  w i t h  combustion g a s e s  e x i t i n g  t h e  prechamber 
s t a g e .  The r a p i d  t u r b u l e n t  mixing produced by t h e  s w i r l i n g  j e t s  enhances 
complete combustion to reduce  exhaus t  p o l l u t a n t s .  A s imilar  arrangement  is 
used i n  t h e  t h i r d  combustion zone or h i g h  power s t a g e .  The f u e l  i n j e c t o r s  
f o r  t h e  secondary h i g h  power s t a g e s  a r e  l o c a t e d  a t  t h e  e x i t  o f  t h e  p r e v i o u s  
s t a g e  so t h a t  f u e l  may be r a p i d l y  vapor ized  i n  t h e s e  h o t  combustion pro- 
d u c t s .  Combustor l i n e r s  i n  both  l o w  and high power s t a g e s  are a c o n v e n t i o n a l  
louvered  des ign .  

Recent  E f f o r t  

I n  t h e  c u r r e n t  r i g  test e f f o r t  under NASA L e w i s  Research Center  Con- 
t r a c t  NAS3-20602, t es t s  are b e i n g  conducted to  s u b s t a n t i a t e  and r e f i n e  emis- 
s i o n s  and performance c h a r a c t e r  istics of t h e  t h r e e - s t a g e  Vorbix duc t  burner  
as w e l l  as  r e s o l v e  any p o t e n t i a l  o p e r a t i o n a l  problems i n  t h e  VCE Testbed 
Program. For t h i s  w o r k ,  t h e  test  r i g  was s i z e d  to d u p l i c a t e  a 60-degree sec- 
tor o f  t h e  a n n u l a r  burner  c o n f i g u r a t i o n  r e q u i r e d  for t h e  VCE Testbed Pro- 
gram. An exploded view o f  t h e  d u c t  burner  r i g  is shown i n  F ig .  8. 

A t o t a l  of  t h i r t e e n  d u c t  burner  c o n f i g u r a t i o n s  have been t e s t e d .  Data 
were o b t a i n e d  f o r  e m i s s i o n s ,  s m o k e ,  and t o t a l  p r e s s u r e  loss a t  both  s imula t -  
ed sea l e v e l  takeoff and s u p e r s o n i c  c r u i s e .  A l s o ,  measurements were made to  
e v a l u a t e  l i g h t i n g  and blowout c h a r a c t e r  istics and de termine  e m i s s i o n s  char-  
ac te r i s t ics  a t  o t h e r  o p e r a t i n g  c o n d i t i o n s .  T h i s  work  h a s  s u c c e s s f u l l y  sub- 
s t a n t i a t e d  t h e  t h r e e - s t a g e  c o n f i g u r a t i o n .  Some of  t h e  more impor tan t  r e s u l t s  
and o b s e r v a t i o n s  from r e c e n t  t e s t i n g  are p r e s e n t e d  i n  t h e  f o l l o w i n g  para-  
graphs .  

H i s t o r i c a l l y ,  a c o u s t i c  i n s t a b i l i t y  -- p r i m a r i l y  h i g h  f requency  s c r e e c h  
a s s o c i a t e d  w i t h  r a d i a l  o s c i l l a t o r y  modes -- h a s  been a c o n c e r n  i n  t h e  d e s i g n  
of  augmentors. N o  such i n s t a b i l i t y  was encountered d u r i n g  r i g  t e s t i n g .  

The a b i l i t y  to i g n i t e  t h e  d u c t  burner  a t  l o w  f u e l / a i r  rat ios is neces- 
s a r y  to  avoid  p r e s s u r e  p u l s e s  t h a t  might  a d v e r s e l y  a f f e c t  o p e r a t i n g  s t a b i -  
l i t y .  A v e r y  low i g n i t i o n  f u e l / a i r  r a t io  o f  0.002 was e s t a b l i s h e d  a s  a l i g h t  
o f f  g o a l  based on e x p e r i e n c e  from o t h e r  augmentor programs. T h i s  g o a l  was 
s u r p a s s e d  dur ing  i g n i t i o n  tes ts  w i t h  f u e l / a i r  ratios of 0.0014 to 0.0018. 
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A s  a tool s t r i c t l y  f o r  technology e v a l u a t i o n ,  t h e  d u c t  burner  r i g  does 
n o t  i n c o r p o r a t e  commercial l i f e - r e l a t e d  d e s i g n  features  and m a t e r i a l s .  Thus, 
minor c o o l i n g  and b u c k l i n g  problems w i t h  l i n e r  h i g h  t e m p e r a t u r e s  encountered  
dur ing  i n i t i a l  tests were e l i m i n a t e d  i n  subsequent  stages of t e s t i n g .  Inade- 
quate l i n e r  c o o l i n g  occurred i n  l imited areas immediately downstream o f  t h e  
s w i r l e r  tubes i n  t h e  p i l o t  secondary and h i g h  power s t a g e s .  T h i s  was a t t r i -  
buted to  margina l  f i l m  i n t e g r i t y  on t h e  louver  caused  by h igh  t u r b u l e n c e  
g e n e r a t e d  by t h e  s w i r l i n g  flow. A double louver scheme was i n c o r p o r a t e d  i n  
t h e s e  a r e a s  to improve f i l m  i n t e g r i t y .  T y p i c a l  louver  t e m p e r a t u r e s  such as  
t h o s e  i n d i c a t e d  i n  Fig. 9 are used to h e l p  e v a l u a t e  c h a r a c t e r i s t i c s  o f  t h e  
d u c t  burner .  I n  t h i s  case, a comparison is shown which i l l u s t r a t e s  t h e  in- 
f l u e n c e  of swirler o r i e n t a t i o n  on l i n e r  tempera ture .  

Table  I1 p r e s e n t s  t h e  d u c t  burner  e m i s s i o n s  c h a r a c t e r i s t i c s .  These re- 
s u l t s  i n d i c a t e  t h a t  t h e  combustion e f f i c i e n c y  exceeds  b o t h  t h e  NASA c o n t r a c t  
g o a l s  and p r e d i c t e d  l e v e l s  a t  a l l  o p e r a t i n g  c o n d i t i o n s .  While NO, emis- 
s i o n s  a r e  above t h e  g o a l  and p r e d i c t e d  l e v e l s ,  t h e y  a r e  c o n s i s t e n t  w i t h  t h e  
p r o j e c t e d  e m i s s i o n s  c h a r a c t e r i s t i c s .  I t  should  be noted  t h a t  t h e  p o t e n t i a l  
e x i s t s  f o r  t r a d e o f f s  between combustion e f f i c i e n c y  and NO, e m i s s i o n s  by 
reducing r e s i d e n c e  time, i .e.,  t h e  l e n g t h ,  of t h e  d u c t  burner .  

The SAE s m o k e  number was w e l l  below t h e  g o a l ,  on t h e  order of 2 ,  dur- 
i n g  high f u e l / a i r  r a t io  o p e r a t i o n  w i t h  a l l  c o n f i g u r a t i o n s  e v a l u a t e d .  

D e s p i t e  t h e  e x t e r n a l  p r e s s u r e  d i s t r i b u t i o n  around t h e  d u c t  burner  and 
t h e  a i r f l o w  d i s t r i b u t i o n  b e i n g  close to t h e  d e s i g n  i n t e n t ,  t h e  o v e r a l l  t o t a l  
p r e s s u r e  loss across t h e  d u c t  burner  was i n i t i a l l y  h i g h e r  t h a n  projected. 
Analyses  and flow v i s u a l i z a t i o n  s t u d i e s  i d e n t i f i e d  t h e  mechanism c a u s i n g  t h e  
h igher  losses, and subsequent  tests w i t h  a r e v i s e d  swirler geometry demon- 
s t r a t e d  a s u b s t a n t i a l  r e d u c t i o n  i n  p r e s s u r e  loss w i t h o u t  s i g n i f i c a n t l y  a l -  
t e r i n g  e m i s s i o n s  or o t h e r  performance c h a r a c t e r i s t i c s .  

T h r u s t  e f f i c i e n c y  is related to t h e  u n i f o r m i t y  of t h e  g a s  tempera ture  
d i s t r i b u t i o n  a t  t h e  d u c t  n o z z l e  e x i t  p lane .  T e s t  resul ts  have demonstrated 
minimal c i r c u m f e r e n t i a l  v a r i a t i o n  of  t h e  g a s  tempera ture  a t  t h e  duc t  burner  
e x i t .  T y p i c a l  radial  t e m p e r a t u r e  p r o f i l e s  are shown i n  Fig.  10.  The p r o f i l e  
a t  s u p e r s o n i c  c r u i s e  is ext remely  uniform, t h e r e b y  conducive  to  a h i g h  
t h r u s t  e f f i c i e n c y  r e q u i r e d  a t  t h i s  c o n d i t i o n .  A n a l y s i s  of t h e s e  p r o f i l e s ,  
i n c l u d i n g  t h e  e f f e c t  of assumed nozz le  c o o l i n g  a i r  and t h e  e x i s t i n g  circum- 
f e r e n t i a l  v a r i a t i o n s ,  i n d i c a t e s  t h a t  i n  a f l i g h t  e n g i n e  t h e  t h r u s t  e f f i c i e n -  
cy a t  s u p e r s o n i c  cruise would b e  i n  t h e  96-98 p e r c e n t  range  -- w e l l  above 
t h e  94.5 p e r c e n t  g o a l .  A t  t h e  h igher  f u e l / a i r  ra t ios  of t a k e o f f  and t r a n -  
s o n i c  climb, t h e  t h r u s t  e f f i c i e n c y  is computed to  be 92 to 9 4  p e r c e n t ,  which 
also exceeds t h e  proj ec ted l e v e l s .  

F u t u r e  Program P l a n s  

F u r t h e r  e x p e r i m e n t a l  t e s t i n g  is scheduled w i t h  t h e  d u c t  burner  r i g .  
F u t u r e  tests would be conducted i n  an e f f o r t  to reduce t h e  toea1 pressure 
loss to  t h e  d e s i g n  l e v e l ,  o p t i m i z e  t h e  e m i s s i o n s  c h a r a c t e r i s t i c s ,  i n v e s t i -  
gate r e d u c t i o n s  i n  s t a g e  l e n g t h ,  and reduce burner  s e n s i t i v i t y  to t h e  f u e l  
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s p r a y  c h a r a c t e r i s t i c s  of  t h e  h igh  pcwer s t a g e  f u e l  i n j e c t o r s .  A d d i t i o n a l  e f -  
f o r t s  are  planned to a s s e s s  a s i m p l i f i e d  v e r s i o n  of t h e  t h r e e - s t a g e  des ign .  

VCE TESTBED PROGRAM 

Overview 

The VCE Testbed Program, be ing  conducted under NASA L e w i s  Research 
Center  C o n t r a c t  NAS3-20048, p r o v i d e s  an  e f f e c t i v e  method to e v a l u a t e  and 
v e r i f y  t h e  VSCE unique d u c t  burner  and coannular  n o z z l e  t e c h n o l o g i e s .  By 
t e s t i n g  a l a r g e  scale d u c t  burner  and coannular  nozz le  i n  a r ea l i s t i c  opera- 
t i n g  environment,  t h e  program w i l l  demonstrate:  

o The c o a n n u l a r  n o i s e  b e n e f i t  w i t h  i n v e r t e d  v e l o c i t y  profile 

o A high  performance and l o w  emiss ions  d u c t  b u r n e r  

o E f f e c t i v e n e s s  of acoustic t r e a t m e n t  on t h e  ejector 

o VSCE c h a r a c t e r  istics ( i n v e r t e d  t h r o t t l e  schedule)  

I n  a d d i t i o n , '  t h e  testbed p r o v i d e s  t h e  o p p o r t u n i t y  to e v a l u a t e :  

o Duct burner  combustion n o i s e  

o F a d d u c t  burner  n o i s e  i n t e r a c t i o n s  

o Fan/duct burner /nozz le  s t a b i l i t y  

o Fan and core n o i s e  s o u r c e s  

o V a l i d i t y  o f  n o i s e  p r e d i c t i o n  based on model tes t  d a t a  

o Improvements to advanced s u p e r s o n i c  v e h i c l e  j e t  n o i s e  p r e d i c t i o n  

The VCE t e s t b e d  c o n f i g u r a t i o n  is shown i n  F ig .  11. A Pra t t  & Whitney 
A i r c r a f t  FlOO engine  was s e l e c t e d  a s  t h e  g a s  g e n e r a t o r  f o r  t h e  testbed s i n c e  
it h a s  t h e  potent ia l  t o  s i m u l a t e  t h e  desired exhaus t  c o n d i t i o n s  o f  t h e  VSCE 
s t u d y  engine.  Furthermore,  it d i d  n o t  require e x t e n s i v e  m o d i f i c a t i o n  to in-  
corporate t h e  d u c t  b u r n e r ,  a v a r i a b l e  exhaus t  n o z z l e  and a n  ejector t h a t  c a n  
accommodate b o t h  a hard  w a l l  s u r f a c e  and a c o u s t i c  t r e a t m e n t .  

The program p l a n  i n c l u d e s  t w o  major series of tests: a d u c t  burner  
e m i s s i o n s  and performance e v a l u a t i o n ,  and a comprehensive aero/acoustic 
e v a l u a t i o n .  Three d i f f e r e n t  test  s i tes  a r e  be ing  employed f o r  conduct ing  
t h e s e  and o t h e r  associated tests. C a l i b r a t i o n  of t h e  F l O O  e n g i n e  was per- 
formed a t  t h e  P ra t t  & Whitney Aircraf t  Government P r o d u c t s  D i v i s i o n  i n  
Florida. A checkout  o f  t h e  FlOO/testbed system and e m i s s i o n s  e v a l u a t i o n  is 
be ing  performed a t  t h e  P r a t t  & Whitney A i r c r a f t  Commercial P r o d u c t s  D i v i s i o n  
i n  Connect icu t .  The Boeing Boardman f a c i l i t y  i n  Oregon was selected a s  t h e  
s i t e  for complet ing t h e  a e r o / a c o u s t i c  t es t .  
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D e  s ign  Ph i losophy 

Since  t h e  i n t e n t  of t h i s  program is to evaluate c r i t i ca l  concepts and 
demonstrate VSCE o p e r a t i o n a l  c h a r a c t e r i s t i c s ,  t h e  testbed does no t  r ep resen t  
f l i g h t  type hardware nor is it designed for long l i f e .  Standard coo l ing  
techniques and a v a i l a b l e  materials w e  e employed i n  t h e  d u c t  burner  and no7- 
z l e  systems, r e a l i z i n g  t h a t  f u t u r e  F 3grams would be r equ i r ed  to develop 
long term coo l ing  methods and struc J r a l  approaches.  

Duc t  Burner 

The duct  burner for t h e  testbed is based on t h e  aerothermal  and mech- 
a n i c a l  concepts  desc r ibed  i n  t h e  prev ious  d i scuss ion  of t h e  Duct Burner Rig 
Technology Program. I n  t h e  des ign  process ,  p a r t i c u l a r  emphasis was placed to 
ensure  a s i m i l a r i t y  a s  close as  possible between t h e  t e s t b e d  and t h e  des ign  
concept  f o r  t h e  f l i g h t  engine. Design parameters  t h a t  are i d e n t i c a l  to t h e  
VSCE study engine include:  

o Local v e l o c i t i e s  and Mach numbers 

o Stage  l e n g t h s  

o Mixing zone parameters such a5 t h e  ratios of swirler diameter to 
r a d i a l  he igh t  and f u e l  i n j e c t o r  spacing to r a d i a l  h e i g h t  

o Percent  a i r f l o w  and f u e l / a i r  ra t ios  a t  end o f  s t ages .  

The major v a r i a t i o n s  between the  t e s tbed  and a possible f l i g h t  engine 
d u c t  burner are t h e  r educ t ion  i n  duc t  h e i g h t  and mean diameter  by approxi- 
mately 50 pe rcen t  to match t h e  FlOO engine s i z e .  

Coannular Nozzle 

The exhaust  nozz le  system used i n  t h e  VCE t e s t b e d  to e v a l u a t e  t h e  co- 
annular  no ise  e f f e c t  is similar to the  nozzle  cons idered  f o r  t h e  VSCE s tudy  
concept.  The a x i a l  o r i e n t a t i o n  of the  duc t  burner and primary nozz les  i n  t h e  
testbed is n e a r l y  i d e n t i c a l  to  t h a t  i n  t h e  f l i g h t  concept.  Also,  t h e  ejector 
system is near ly  t h e  same. 

One d i s s i m i l a r i t y ,  however, is i n  t h e  primary nozz le  conf igu ra t ion .  
The study engine shows t h e  p o t e n t i a l  f o r  a v a r i a b l e  t h r o a t ,  convergent  d i -  
vergent  nozzle  system, wh i l e  t h e  testbed u t i l i z e s  a f i x e d  convergent  primary 
nozzle .  This  d i f f e r e n c e ,  however, w i l l  no t  produce any s i g n i f i c a n t  e f f e c t s  
on t h e  experimental  data d e s i r e d  i n  t h e  program. S e v e r a l  d i f f e r e n t  s i z e s  of 
f ixed  primary nozz les  are u s e d  during t e s t i n g  to permit a t t a inmen t  of a 
v a r i e t y  of  primary stream e x i t  v e l o c i t i e s .  
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Testbed Control  System 

The c o n t r o l  system i n  t h e  VCE t e s tbed  was designed to maintain control 
of a l l  F100, duc t  burner and nozzle control v a r i a b l e s  i n  order  to o b t a i n  t h e  
desired ope ra t ing  p o i n t s  f o r  a c q u i s i t i o n  of aero /acous t ic  and emissions 
data .  For r e p e a t a b i l i t y  o f  ope ra t ing  p o i n t s ,  it was d e s i r a b l e  t h a t  t h e  sys- 
t e m  r egu la t e  t he  engine and testbed components such t h a t  actual  d u c t  a i r f low 
v a r i a t i o n s  were accurate to  1 percen t  of t h e  set  po in t .  

In  add i t ion ,  t h e  c o n t r o l  is capable  of  independently meter ing the  duc t  
burner f u e l  f law to t h e  t h r e e  combustion s t ages  as  w e l l  a s  sequencing t h e  
s t a g e  opera t ion .  F i n a l l y ,  t h e  c o n t r o l  system p r o t e c t s  t h e  test veh ic l e  from 
c o n t r o l  system f a i l u r e s  such a s  sensor malfunction and permi ts  ease of oper- 
a t i o n  to  e s t a b l i s h  ope ra t ing  p o i n t s  f o r  da t a  a c q u i s i t i o n .  

Recent E f f o r t  

Tes t ing  accomplished to da te  includes a checkout of t h e  i n t e g r a t e d  
FlOO/testbed system and a series of  eva lua t ions  to demonstrate d u c t  burner 
aerothermal/mechanical performance and acquire emissions da t a .  Aero/acoustic 
t e s t i n g  is planned i n  1980. 

The t e s tbed  demonstrator v e h i c l e  became o p e r a t i o n a l  dur ing  mid 1978. 
The tes t  conf igura t ion  is shown i n  Fig. 1 2  i n s t a l l e d  i n  a test  s tand  a t  t h e  
Commercial Products  Div is ion  p r i o r  to emissions t e s t i n g .  The  high perform- 
ance/low emissions d u c t  burner  , i n i t i a l l y  demonstrated i n  t h e  companion r i g  
program, has been s u b s t a n t i a t e d  through tes tbed  opera t ion .  A l s o ,  t h e  VSCE 
concept ,  i n  which t h e  e x i t  v e l o c i t y  p r o f i l e s  are v a r i e d  and c o n t r o l l e d ,  has 
been demonstrated whi le  maintaining good engine/duct burner/nozzle s t a b i l i t y  
charac te r  istics. 

Approximately 100  hours of t e s t i n g  has  been completed, and no major 
problems have been encountered wi th  respec t  to d u c t  burner  ope ra t ion .  A 
photograph of t h e  t e s tbed  exhaust  plume with the  duc t  burner ope ra t ive  is 
presented  i n  Fig. 13. Veloc i ty  r a t i o s  ( f an  veloci ty/pr imary v e l o c i t y )  be- 
tween 1 .0  and 1.9 have been obta ined  a t  s t eady- s t a t e  condi t ions .  The devel- 
opment breadboard c o n t r o l  system, which is computer c o n t r o l l e d ,  has  success- 
f u l l y  maintained s a f e  and s tab le  ope ra t ion  of t h e  test  v e h i c l e  throughout 
t h e  opera t ing  range. 

An element related to  VSCE ope ra t ion  is fan/duct  burner/nozzle  s t a b i l -  
i t y .  A t  duc t  burner l i g h t  o f f ,  upstream p res su re  pulses were expected to  be 
on the  order of 1 to  3 percen t ,  b u t ,  i n  f a c t ,  i n s t a b i l i t i e s  have n o t  been 
observed during t e s t i n g .  Moreover, i n t e n t i o n a l  v a r i a t i o n  of t h e  f an  nozzle  
area d id  n o t  produce any i n s t a b i l i t i e s  i n  t h e  system. A l s o ,  a v a r i a t i o n  i n  
f u e l  flaw to any of  t h e  duc t  burner s t ages  has been l i m i t e d  by wal l  tempera- 
tures  and n o t  s t a b i l i t y  problems. The t r a n s i t i o n  from one to  t w o  to t h r e e  
combustion zones over a v a r i e t y  of f u e l  flow s p l i t s  has  proven t h e  s t a b i l i t y  
of t h e  in t eg ra t ed  engine,  duc t  burner  , and nozzle  system. 
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For an a c c u r a t e  c h a r a c t e r i z a t i o n  of d u c t  burner  exhaus t  emiss ions ,  g a s  
sampling i n s t r u m e n t a t i o n  is e s p e c i a l l y  c r i t i c a l .  The e m i s s i o n s  sampling sys- 
tem des igned  f o r  t h i s  program is comprised of f o u r  probes  l o c a t e d  a t  t h e  
duc t  burner e x i t  p l a n e .  Three of  t h e  probes  are f i x e d  and each of t h e s e  con- 
t a i n s  n i n e  sampling e lements .  The f o u r t h  probe is a t r a v e r s i n g  u n i t  wi th  a 
s i n g l e  s e n s i n g  e lement  c a p a b l e  of b o t h  r a d i a l  and c i r c u m f e r e n t i a l  movement. 

A l l  probes i n  t h e  system are steam cooled .  A s  e m i s s i o n s  samples are 
e x t r a c t e d  by t h e  probe  s e n s i n g  e lements ,  t h e  samples  are p a s s e d  through 
hea ted  t u b e s  to  a c o l l e c t i o n  chamber t h a t  is e x t e r n a l  t o  t h e  test v e h i c l e .  
From t h i s  p o i n t ,  t h e  sample is t r a n s f e r r e d  to  t h e  P r a t t  & Whitney Aircraft  
mobile emiss ions  l a b o r a t o r y  for a n a l y s i s .  The g a s  sampling system d e s i g n  ad- 
d r e s s e d  t h e  mounting and p o s i t i o n i n g  of s e n s o r s ,  i n  a d d i t i o n  to quenching 
t h e  sample w i t h o u t  condensa t ion  through t h e  s w i t c h i n g  and mixing prior to 
a n a l y s i s  i n  t h e  mobile  l a b o r a t o r y .  Sampling probes and e m i s s i o n s  sampling 
equipment were des igned  to  conform w i t h  t h e  s p e c i f i c a t i o n s  d e s c r i b e d  i n  
Federal R e g i s t e r  V o l .  3 8 ,  No. 136, Par t  11, July  1 7 ,  1973, "Cont ro l  of A i r  
P o l l u t i o n  from Aircraft  and A i r c r a f t  Engines".  

For e m i s s i o n s  a s s e s s m e n t ,  t h e  t e s t b e d  h a s  been o p e r a t e d  over  a wide 
range  o f  o v e r a l l  f u e l / a i r  ( f / a )  ra t ios  from 0.005 t o  0.030". V a r i o u s  o p e r a t -  
i n g  c o n d i t i o n s  were e v a l u a t e d  as  t h e  o p e r a t i n g  range and l i m i t s  o f  t h e  duc t  
burner  were i n v e s t i g a t e d .  A l s o ,  d i f f e r e n t  pressure l e v e l s  were run a t  var- 
i o u s  r e p r e s e n t a t i v e  p o i n t s  i n  order to d u p l i c a t e  t h e  n o z z l e  model a c o u s t i c  
data t h a t  were discussed p r e v i o u s l y .  

Typical e m i s s i o n s  r e s u l t s  f o r  CO, THC and NOx a r e  shown i n  Fig.  1 4 .  
A l s o  shown are r e s u l t s  from t h e  companion r i g  program and t h e  predicted d a t a  
s c a t t e r  band t h a t  is based on P r a t t  & Whitney Aircraft 's burner  exper ience .  
The testbed r e s u l t s  tend  to d u p l i c a t e  r i g  data, t h e r e b y  c o r r o b o r a t i n g  t h e  
h igh  o v e r a l l  performance of t h e  basic d u c t  burner  des ign .  As demonstrated 
dur ing  r i g  t e s t i n g ,  t h e  h i g h e r  t h a n  expec ted  combustion e f f i c i e n c y  due to 
t h e  e x c e l l e n t  mixing c h a r a c t e r i s t i c s  y i e l d e d  l o w  CO and THC l e v e l s .  A com- 
p a r i s o n  of t h e  t e s t b e d  d u c t  burner  combustion and t h r u s t  e f f i c i e n c y  a t  t h e  
t h r e e  f u e l / a i r  r a t i o s  v e r s u s  t h e  predicted e f f i c i e n c y  is p r e s e n t e d  i n  Table 
111. The resul ts  are based on data a v a i l a b l e  a t  t h e  time of t h i s  w r i t i n g .  
F u r t h e r  work is e x p e c t e d  to improve t h e s e  i n i t i a l  e m i s s i o n s  and performance 
c h a r a c t e r i s t i c s .  

F u t u r e  Program P l a n s  

A c q u i s i t i o n  of a c o u s t i c  data and t h e  e v a l u a t i o n  of t h e  coannular  e f -  
f e c t  a r e  planned.  A l s o  t h e  t e s t b e d  demonstrator  w i l l  be used to tes t  and 
e v a l u a t e  des ign  r e f i n e m e n t s  from t h e  companion r i g  program. Follow-on p l a n s  
may i n c l u d e  t e s t i n g  t h e  VCE testbed i n  a wind t u n n e l  t o  e v a l u a t e  f l i g h t  ef- 
f e c t s  on t h e  coannular  nozz le  acousti 'c  r e s u l t s  and t e s t i n g  a s i m p l i f i e d  d u c t  
burner  c o n f i g u r a t i o n .  

* F u e l / a i r  r a t i o  refers to t h e  f u e l  p a s s i n g  through e i tner  a l l  or a 
p a r t i c u l a r  set o f  n o z z l e s  ratioed to t h e  t o t a l  a i r f l o w  p a s s i n g  through 
t h e  b u r n e r ,  i n c l u d i n g  a i r  t h a t  a c t u a l l y  bypasses t h e  burner  and is 
used to cool t h e  nozz le .  
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TABLE I - DUCT BURNER EMISSIONS GOALS 

Pol 1 u tan t 

co 
THC 

Emissions Index 
( e l  utant/ kg fuel ) 

1.0 
30.0 
2.5 

Note : Combustion efficiency at all operating conditions = 99 
percent 

TABLE I1 - DUCT BURNER RIG EMISSIONS CHARACTERISTICS 

CO (EI) THC (EI) COMB. NOx (EI) 
gm/kq EFFIC. gm/kg -¶In& 

Super sonic 
Cruise 

Meas. 1.6 0.03 99.9 5.7 
Anal. 30 3 99.0 2.8 
Goa 1 30 3 99 .o 1.0 

Transonic 
C1 imb 

Meas. 7.4 0.04 99 .8 4.0 
Anal. 225 22.5 92.5 1.2 
Goa 1 30 3.0 99 .o - 

Takeoff 
Meas. 

(f/a = 0.035) 13.7 0.001 99.7 2.7 
Pred. 

(f/a = 0.0385) 30 3 99 .o 1.8 
G o a l  30 3 99.0 1.0 

TABLE I11 - W E  TESTBED DUCT BURNER COMBUSTION AND THRUST EFFICIENCY 

Combustion efficiency Thrust Efficiency 

Pred. Meas. Meas. Pr ed . - 
Fuel/Air Ratio .013 
Fuel/Air Ratio .019 
Fuel/Air Ratio .030 

99.6 99.0 97.3 94.5 
98.5 
99.3 99.9 96.8 86.0 

-- 96.0 -- 
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Variable f emissions L 

Figure 1.- Conceptual configuration of Variable Stream Control Engine (VSCE). 

Figure 2.- Test nozzle model installed in Anechoic Jet Noise Facility. 
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Figure 3.- Comparison of VCE coannular nozzle model test prediction and test 
data. 
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Figure 4 . -  Cross sections of potential VSCE nozzle configurations evaluated 
for aero/acoustic performance during Phase IV Program. 
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Figure 5.- Test nozzle installed in NASA-Lewis wind tunnel. 
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Figure 6.- Comparison of test results with advanced supersonic propulsion 
study nozzle performance. 
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Pilot secondary’ 
f we1 injectors 

\High powe 
fuel inject 

Figure  7.- Three-stage Vorbix duct burner c o n f i g u r a t i o n  shown with f a n  ex- 
haust nozzle .  

F igu re  8.- Exploded view of duc t  burner  r i g .  
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Figure 9.- Influence of swirler orientation on liner temperature. 
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Figure 10.- Typical radial temperature profiles at duct burner exit plane 
for selected operating conditions. 
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Coannular nozzle 
with treated sjectar 

Figure 11.- VCE testbed demonstrator configuration using a Pratt & Whitney 
Aircraft FlOO engine as gas generator to develop proper environment of 
testbed components - the duct burner and coannular nozzle. 

Figure 12.- VCE testbed demonstrator installed in test stand at Pratt & 
Whitney Aircraft Commercial Products Division in East Hartford, 
Connecticut. 
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Figure 13.- VCE testbed demonstrator exhaust plume at duct burner augmentation. 
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Figure 14.- Typical emissions results acquired from VCE testbed emissions 
testing e 
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