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SUMMARY 

The P r a t t  & Whitney A i r c r a f t  s t u d y  engine  c o n c e p t  f o r  a second- 
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 ,  t h e  Variable Stream C o n t r o l  Engine (VSCE), 
h a s  been updated i n  terms o f  mechanical  d e s i g n  d e f i n i t i o n  and estimated per- 
formance. The d e s i g n  d e f i n i t i o n  r e f l e c t s  technology advancements p r o j e c t e d  for 
t h e  l a t e  1980 time period t h a t  improve system e f f i c i e n c y ,  d u r a b i l i t y  and 
envi ronmenta l  performance. On t h e  basis of  t h e  d e s i g n  update ,  technology 
requi rements  were e s t a b l i s h e d .  The components unique to t h e  VSCE concept ,  a 
h igh  performance d u c t  burner  and a low n o i s e  coannular  n o z z l e ,  and  t h e  h igh  
tempera ture  components are i d e n t i f i e d  as c r i t i c a l  t e c h n o l o g i e s .  Technology 
advances f o r  t h e  h i g h  t e m p e r a t u r e  components (main combustor and t u r b i n e s )  are 
n o t  e x c l u s i v e  to  t h e  VSCE, b u t  a r e  e q u a l l y  a p p l i c a b l e  to any advanced super- 
s o n i c  p r o p u l s i o n  system whether a l o w  bypass e n g i n e ,  i n v e r t e d  f low e n g i n e  or 
o t h e r  v a r i a b l e  c y c l e  engine  c o n f i g u r a t i o n .  To a d d r e s s  t h e  requi rements  i n  t h i s  
area, t h e  t e c h n i c a l  approach for under tak ing  a High Temperature V a l i d a t i o n  
Program h a s  been d e f i n e d .  The multi-phased e f f o r t  would i n c l u d e  a s s o r t e d  r i g  
and l a b o r a t o r y  tests, t h e n  c u l m i n a t e  w i t h  t h e  demonst ra t ion  of a f l i g h t - t y p e  
main combustor and s i n g l e - s t a g e  h igh-pressure  t u r b i n e  a t  o p e r a t i n g  c o n d i t i o n s  
e n v i s i o n e d  f o r  a VSCE. 

INTRODUCTION 

For t h e  p a s t  seven  y e a r s ,  P r a t t  & Whitney A i r c r a f t  h a s  been conduct ing  
a n a l y t i c a l  and e x p e r i m e n t a l  t echnology programs under NASA s p o n s o r s h i p  i n  t h e  
area of  advanced s u p e r s o n i c  technology.  A r e s u l t  of e a r l i e r  p a r a m e t r i c  c y c l e  
s t u d i e s  (refs.  1-4) was i d e n t i f i c a t i o n  o f  t h e  V a r i a b l e  Stream C o n t r o l  Engine 
(VSCE) concept  as having t h e  g r e a t e s t  p o t e n t i a l  to  meet performance,  environ-  
mental and economic r e q u i r e m e n t s  f o r  a second-generat ion s u p e r s o n i c  c r u i s e  
v e h i c l e .  The variable Stream C o n t r o l  Engine is based on two unique components 
-- a high  performance d u c t  burner  for t h r u s t  augmentat ion and a l o w  n o i s e  
coannular  nozzle .  

A s  t h i s  e n g i n e  c o n c e p t  h a s  evolved (refs. 5-7) ,  s u b s t a n t i a l  progress 
h a s  been made i n  r e f i n i n g  t h e  basic mechanical  c o n f i g u r a t i o n  a s  w e l l  a s  system 
aerothermodynamic and envi ronmenta l  performance. The VSCE d e s i g n  h i s t o r y  i s  
i l l u s t r a t e d  i n  F i g u r e  1 showing p r o g r e s s  made s i n c e  its i n c e p t i o n  to t h e  most 
r e c e n t  s t u d y  c o n f i g u r a t i o n ,  t h e  VSCE-515. 

* Work performed under NASA C o n t r a c t  NAS3-21389 
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The VSCE-515 r e f l e c t s  t h e  l a t e s t  technology p r o j e c t i o n s  i n  t h e  areas of 
advanced aerodynamics,  m a t e r i a l s  and s t ruc ture-mechanics .  A s  d e f i n e d ,  t h e  
technology i n  t h e  VSCE-515 could  be a t t a i n a b l e  to be commensurate w i t h  an 
e n g i n e  development program i n  t h e  l a t e  1980 time period. T h i s  c o u l d  l e a d  t o  
engine c e r t i f i c a t i o n  i n  t h e  m i d  1990's. 

T h i s  paper d e s c r i b e s  t h e  VSCE-515 and a l s o  o u t l i n e s  p l a n s  f o r  a f u t u r e  
technology program, t h e  High Temperature v a l i d a t i o n  Program, which is a major 
step i n  r e a l i z a t i o n  o f  a mid 1990 c e r t i f i c a t i o n  d a t e .  

VARIABLE STREAM CONTROL ENGINE - AN OVERVIEW 

The V a r i a b l e  Stream C o n t r o l  Engine is an  advanced, moderate bypass  
r a t i o  t u r b o f a n  c o n f i g u r a t i o n  t h a t  u s e s  d u c t  burner  t h r u s t  augmentat ion,  a long  
w i t h  a coannular  n o z z l e  f o r  j e t  n o i s e  r e d u c t i o n .  A distinctive o p e r a t i n g  fea-  
ture  is t h e  independent  c o n t r o l  o f  bo th  core and f a n  stream tempera ture  and 
v e l o c i t y  l e v e l s  f o r  i n - f l i g h t  c y c l e  matching. Cycle  matching is f u r t h e r  en- 
hanced by a technique  r e f e r r e d  to as t h e  i n v e r s e  t h r o t t l e  schedule .  The 
i n v e r s e  t h r o t t l e  s c h e d u l e  o f f e r s  t h e  f o l l o w i n g  advantages:  

0 Meeting t h e  unique t h r u s t  s c h e d u l e  of advanced s u p e r s o n i c  
c r u i s e  a i r c r a f t  over  t h e  e n t i r e  f l i g h t  spectrum, 

0 P r o v i d e s  low core e x h a u s t  v e l o c i t y  a t  t a k e o f f  to  o b t a i n  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  and a s s o c i a t e d  n o i s e  b e n e f i t ,  and 

0 Minimizing f u e l  consumption a t  s u p e r s o n i c  c r u i s e  by h igh  f lowing 
t h e  core e n g i n e  to  c o n t r o l  t h e  c y c l e  bypass  r a t i o .  

Thus, t h e  i n v e r s e  t h r o t t l e  s c h e d u l e  is a f e a t u r e  t h a t  e n a b l e s  s i z i n g  t h e  VSCE 
f o r  optimum s u p e r s o n i c  c r u i s e  performance,  w h i l e  also meet ing FAR ( F e d e r a l  
A v i a t i o n  R e g u l a t i o n )  Par t  36 n o i s e  l e v e l s  a t  t h e  o t h e r  end of t h e  o p e r a t i n g  
spectrum by means o f  t h e  coannular  n o i s e  b e n e f i t . ' F i g u r e  2 i l l u s t r a t e s  t h e  i n  
f l i g h t  f l e x i b i l i t y  of t h e  VSCE w i t h  t h e  i n v e r s e  t h r o t t l e  s c h e d u l e  a t  t h r e e  key 
f l i g h t  c o n d i t i o n s  -- takeoff, s u b s o n i c  cruise and s u p e r s o n i c  cruise. 

A s  i n d i c a t e d  d u r i n g  t a k e o f f ,  t h e  main burner  is t h r o t t l e d  to an  i n t e r -  
media te  power s e t t i n g  so t h a t  j e t  n o i s e  from t h e  core s t r e a m  is low. However, 
t h e  d u c t  burner  is o p e r a t e d  a t  a maderate tempera ture  l e v e l  to  p r o v i d e  b o t h  
t h e  r e q u i r e d  t a k e o f f  t h r u s t  and i n v e r t e d  v e l o c i t y  p r o f i l e .  For climb o u t  over  
t h e  community, bo th  streams are t h r o t t l e d  back,  and t h e  i n v e r t e d  v e l o c i t y  pro- 
f i l e  is r e t a i n e d .  R e l a t i v e  t o  m i l i t a r y  a f t e r b u r n e r  sys tems,  t h e  peak d u c t  
burner  tempera tures  are l o w  f o r  t h e  VSCE. 

A t  t h e  t a k e o f f  power s e t t i n g s  cor responding  to FAR P a r t  36 s i d e l i n e  and 
community n o i s e  l e v e l s ,  t h e  v a r i a b l e  components ( f a n ,  h igh-pressure  compres- 
sor, n o z z l e  e x h a u s t  system) and t h r o t t l e  s e t t i n g s  a r e  matched to "high flow" 
t h e  engine.  High f lowing is t h e  c a p a b i l i t y  to  m a i n t a i n  maximum d e s i g n  f low 
d u r i n g  par t  power o p e r a t i o n  f o r  low n o i s e .  T h i s  c a p a b i l i t y  complements t h e  
coannular  n o i s e  b e n e f i t  to enhance o v e r a l l  n o i s e  c h a r a c t e r  istics of  t h e  VSCE. 
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The e n g i n e  operates as a moderate bypass  r a t i o  t u r b o f a n  d u r i n g  s u b s o n i c  
c r u i s e .  A s  a r e s u l t ,  it has f u e l  consumption c h a r a c t e r i s t i c s  t h a t  are s i g n i f i -  
c a n t l y  improved r e l a t i v e  to  a turbojet c y c l e  a t  t h i s  c o n d i t i o n .  F i g u r e  2b 
shows t h e  engine  c o n f i g u r a t i o n  t h a t  a c h i e v e s  a f l a t  e x i t  v e l o c i t y  prof i le  for 
t h e  a t t e n d a n t  f u e l  economy b e n e f i t s .  The main burner  o p e r a t e s  a t  a low e x i t  
t empera ture  and t h e r e  is no d u c t  augmentation. Again,  t h e  v a r i a b l e  geometry 
components are  matched to h igh  flow t h e  e n g i n e  so t h a t  t h e  e n g i n e  a i r f l o w  can  
be matched a lmost  e x a c t l y  w i t h  t h e  i n l e t  a i r f l o w .  T h i s  g r e a t l y  reduces  i n l e t  
s p i l l a g e  and bypass  losses and also improves n o z z l e  performance by working 
w i t h  t h e  ejector to f i l l  t h e  nozz le  exhaus t  area. I n  t u r n ,  i n s t a l l a t i o n  
losses, i n c l u d i n g  b o a t t a i l  d r a g ,  a r e  reduced. 

A t  s u p e r s o n i c  c r u i s e ,  f u e l  consumption c h a r a c t e r  ist ics approach t h o s e  
o f  a c y c l e  des igned  e x c l u s i v e l y  for s u p e r s o n i c  o p e r a t i o n .  The main burner  
tempera ture  is i n c r e a s e d  ( r e l a t i v e  to t a k e o f f ) ,  and t h e  h i g h  spool speed  is 
also i n c r e a s e d .  T h i s  is accomplished w i t h  t h e  i n v e r s e  t h r o t t l e  s c h e d u l e  by 
matching t h e  v a r i a b l e  engine  components to a h i g h e r  main burner  tempera ture  
and h igh-pressure  spool f low rate .  The h i g h  f low c o n d i t i o n  r e d u c e s  t h e  c y c l e  
bypass ra t io  so t h e  l e v e l  of d u c t  burner t h r u s t  augmentat ion r e q u i r e d  d u r i n g  
s u p e r s o n i c  o p e r a t i o n  can  be decreased .  A s  shown i n  F i g u r e  2c, t h e  exhaus t  
temperatures from b o t h  coannular  streams are a lmost  e q u a l ,  and t h e  v a r i a b l e  
n o z z l e  areas are set f o r  a f l a t  v e l o c i t y  p r o f i l e  to r e a c h  peak p r o p u l s i v e  
e f f i c i e n c y  . 

VARIABLE STREAM CONTROL ENGINE DESIGN UPDATE 

Updating t h e  Variable Stream C o n t r o l  Engine d e s i g n  d e f i n i t i o n  involved  
surveying  p r o j e c t e d  technology advancements t h a t  o f f e r  improvements i n  c y c l e  
e f f i c i e n c y ,  weight ,  d u r a b i l i t y  and envi ronmenta l  performance. The technology 
p r o j e c t i o n s  were based on t h e  fo l lowing:  

0 T e s t  r e s u l t s  and e x p e r i e n c e  a c q u i r e d  from t h e  c u r r e n t  NASA spon- 
sored VCE Technology Programs -- t h e  Duct Burner Segment Rig 
Program, t h e  Coannular Nozzle Model Program and t h e  VCE Testbed 
Program 

0 A technology f o r e c a s t  t h a t  e x t e n d s  component technology levels i n  
t h e  areas of aerodynamics,  m a t e r i a l s / c o o l i n g  and s t r u c t u r e  mech- 
a n i c s  f i v e  y e a r s  beyond t h a t  i n  t h e  N A S A / P r a t t  E, Whitney A i r c r a f t  
Energy E f f i c i e n t  Engine Program. 

0 Technology r e a d i n e s s  a t t a i n a b l e  by t h e  la te  1980 t i m e  period w i t h  
engine  c e r t i f i c a t i o n  to f o l l o w  i n  t h e  mid 1990's. 

Engine General  Description 

The updated Variable Stream C o n t r o l  Engine,  s t u d y  d e s i g n a t i o n  VSCE-515, 
r e t a i n s  t h e  same basic c o n f i g u r a t i o n  as  t h e  preceding  e n g i n e  d e f i n i t i o n ,  t h e  
VSCE-502B. A cross-sectional view of  t h e  VSCE-515 is p r e s e n t e d  i n  F i g u r e  3 .  
The d u a l  spool c o n f i g u r a t i o n  is des igned  f o r  an  i n l e t  mass f low of 340 kg/sec 
(750 lb/sec) a t  sea l e v e l  s t a t i c  c o n d i t i o n s .  A l l  components are ar ranged  i n  a 
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close-coupled manner to provide an optimum flowpath by avoid ing  t r a n s i t i o n  
d u c t s  i n  e i t h e r  t h e  core or f a n  stream. S t r u c t u r a l l y ,  t h e  low-pressure spool  
is supported by t h r e e  main bea r ings  and t h e  high-pressure spool is supported 
by t w o .  This  f i v e  bear ing  arrangement povides  a s h o r t ,  s t i f f  rotor system f o r  
optimum blade t i p  c l ea rance  c o n t r o l .  

In  t h e  mechanical des ign ,  t h e  low-pressure spool c o n t a i n s  a three-s tage  
fan  dr iven by a two-stage tu rb ine .  The high-pressure spool uses a s ing le - s t age  
t u r b i n e  to  d r i v e  a f ive - s t age  compressor. The main combustor is an annular ,  
s taged  system similar i n  concept  and ope ra t ing  p r i n c i p l e  to  t h e  duc t  burner.  
Both combustion systems are based on t h e  Vorbix (vo r t ex  burning and mixing) 
technology demonstrated under t h e  N A S A / P r a t t  & Whitney A i r c r a f t  Experimental  
Clean Combustor Program. The exhaus t  nozzle  system is a coannular  configura-  
t i o n  t h a t  inc ludes  an ejector wi th  acoustic t rea tment  and a t h r u s t  r eve r se r .  
Management and c o n t r o l  o f  i n t e g r a t e d  e n g i n e / a i r c r a f t  ope ra t ing  func t ions  is  
accomplished wi th  a f u l l - a u t h o r i t y  e l e c t r o n i c  c o n t r o l  system. Components wi th  
v a r i a b l e  geometry c a p a b i l i t y  are t h e  fan ,  t h e  high-pressure compressor and t h e  
coannular nozzle.  A more d e t a i l e d  d e s c r i p t i o n  of t h e  i n d i v i d u a l  component 
des igns  is presented  i n  a subsequent s e c t i o n  of  t h i s  paper. 

VSCE-515 Performance Re la t ive  to F i r s t s e n e r a t i o n  
Supersonic  Propuls ion System 

The performance improvements o f f e red  by t h e  VSCE-515 r e l a t i v e  to  t h e  
f i r s t - g e n e r a t i o n  supe r son ic  t r a n s p o r t  engine are presented  i n  Table  I. The re- 
duc t ion  i n  takeoff  no i se  by 8 dB resul ts  from t h e  j e t  no i se  suppress ion  pro- 
duced by t h e  coannular exhaus t  nozzle .  For a cons t an t  engine  flow s i z e ,  a 23 
percent  weight reduct ion  resul ts  from t h e  two-stream engine conf igu ra t ion  
where as much a i r f l o w  bypasses t h e  core as passes through it ,  thereby  reducing 
core s i z e  and weight.  A l s o ,  t h e  advanced component des igns  and materials con- 
t r i b u t e  s u b s t a n t i a l l y  to  t h i s  weight  improvement. 

The c a p a b i l i t y  of a VSCE to operate as a convent iona l  tu rbofan  dur ing  
subsonic  cruise o f f e r s  a s i g n i f i c a n t  20 pe rcen t  improvement i n  f u e l  e f f i c i e n c y  
compared to f i r s t - g e n e r a t i o n  engines.  These improvements i n  subsonic  f u e l  con- 
sumption, no i se ,  and engine  weight are ob ta inab le  wh i l e  s t i l l  main ta in ing  good 
supersonic  f u e l  consumption c h a r a c t e r i s t i c s .  Improvements i n  subsonic  f u e l  
consumption are p a r t i c u l a r l y  important  wi th  respect to  meeting environmental  
performance g o a l s  s i n c e  VSCE-powered a i r c r a f t  w i l l  be capable of  c r u i s i n g  
subson ica l ly  over land  wi thout  a loss i n  range where supe r son ic  c r u i s i n g  is 
p roh ib i t ed  by noise  c o n s t r a i n t s .  

The o v e r a l l  e f f e c t  o f  VSCE c h a r a c t e r i s t i c s ,  based on t h e  l e v e l  of 
technology i n  t h e  updated engine,  is very s i g n i f i c a n t  on advanced supe r son ic  
a i r p l a n e  performance, as shown i n  F igure  4 .  The VSCE-515 o f f e r s  both a 25 per- 
c e n t  improvement i n  a i r p l a n e  range and an 8 dB reduc t ion  i n  takeoff  noise .  
Thus, t h i s  engine c o n f i g u r a t i o n  provides  t h e  p o t e n t i a l  f o r  pract ical  a i r p l a n e  
range while  maintaining acceptable noise  l e v e l s .  



VSCE-515 Component D e f i n i t i o n  

Fan 

The f an  i n  t h e  VSCE-515 is an advanced three-s tage  u n i t ,  and the  design 
concept emphasizes high e f f i c i e n c y  a t  supersonic  cruise, compa t ib i l i t y  wi th  
supersonic  i n l e t s  and compa t ib i l i t y  wi th  t h e  d u c t  burner .  Compat ib i l i ty  wi th  
the  duct  burner n e c e s s i t a t e s  high d i f f u s i o n  c a p a b i l i t y .  The aerodynamic design 
is based on a low e l e v a t i o n  (low hub to  t i p  ratio) to  meet n a c e l l e  envelope 
dimensions e s t a b l i s h e d  by t h e  Supersonic C r u i s e  Research (SCR) a i r p l a n e  con- 
tractors f o r  good i n s t a l l e d  performance and provide space f o r  packaging acces- 
sories around the  case. A t i p  speed of approximately 487 m/sec (1600 f t / s e c )  
has  been e s t a b l i s h e d  a s  optimum on t h e  b a s i s  of  low-pressure t u r b i n e  blade 
stress cons ide ra t ions ,  i n  add i t ion  to  t h e  emphasis f o r  high e f f i c i e n c y  and l o w  
noise.  

In  t h e  mechanical des ign ,  t he  f i r s t  two r o t a t i n g  s t a g e s  con ta in  l o w  
a spec t  r a t io  b lades  made of an advanced composite material. The high s t r e n g t h  
p r o p e r t i e s  of  composite materials e l imina te  the  requirement f o r  p a r t  span 
shrouds.  Conventional t i t an ium material blades are required i n  t h e  t h i r d  s t a g e  
because of  t he  higher  temperature  environment. The t r a i l i n g  edge of the  i n l e t  
guide vane and leading  edge of t h e  fan  e x i t  guide vane a r e  va r i ab le .  For noise 
suppression,  a x i a l  spacing between the  b lades  and vanes i n  each s t a g e  is 
increased  i n  a graduated manner. 

High-pressure Compressor 

The high-pressure compressor i n  t h e  VSCE-515 is unique compared to  
o ther  advanced subsonic  commercial engines  because it ope ra t e s  a t  a high e x i t  
temperature of  649OC (1200OF) during supersonic  cruise as w e l l  as a t  a low 
pressure  ra t io  and high r o t a t i o n a l  speed. As def ined ,  t h e  compressor is a 
f ive-s tage ,  drum-type rotor wi th  i n t e g r a l  abradable  t rench  t i p  r u b s t r i p s .  The 
blades are mul t ip l e  c i rcular  arc con t ro l l ed -d i f fus ion  a i r fo i l s  and the  vanes 
i n  the  f i r s t  t w o  s t a g e s  have v a r i a b l e  geometry c a p a b i l i t y .  A l l  a i r f o i l s  are 
coated with an advanced eros ion  r e s i s t a n t  coa t ing .  I n t e r s t a g e  c a v i t i e s  are 
designed f o r  l o w  volume and mul t ip l e  knife-edge seals provide e f f e c t i v e  
i n t e r s t a g e  s e a l i n g  t o  reduce r e c i r c u l a t i o n  l o s s e s .  

Main Combustor 

Because of environmental  c o n s t r a i n t s ,  compounded by prolonged high 
temperature ope ra t ion  a t  supersonic  cruise , design requirements f o r  t he  main 
combustor i n  a VSCE r e f l e c t  a s u b s t a n t i a l  depa r tu re  from requirements  f o r  
c u r r e n t  subsonic  a p p l i c a t i o n s .  A combustor conf igu ra t ion  considered f o r  t h e  
VSCE-515 is an annular  two-stage design; based on t h e  Vorbix ope ra t ing  p r in -  
c i p l e .  However, another  design concept,  der ived  from more convent ional  lw 
emissions combustion systems, was a l s o  considered a s  p a r t  of t h i s  design 
update. ? 

In  t h e  two-stage conf igu ra t ion ,  t h e  f i r s t  s t a g e  is a p i l o t  premixing 
zone where combustion is i n i t i a t e d .  Combustion is completed i n  t h e  second 
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s t a g e  or main combustion zone. Each s t a g e  has a sepa ra t e  f u e l  supply system, 
and a i r  fo r  combustion is introduced i n t o  t h e  main combustion zone through a 
series of  swirler tubes. 

The l i n e r s  are a double w a l l  s t ructure  with an e f f i c i e n t  impingement 
t r a n s p i r a t i o n  cool ing  scheme. For a d d i t i o n a l  thermal p r o t e c t i o n ,  t he  i n t e r i o r  
l i n e r  surfaces are coated wi th  a thermal b a r r i e r  ceramic coa t ing .  

High-pressure Turbine 

The high-pressure tu rb ine ,  as i n  preceding gene ra t ions  of VSCEs, is an 
advanced s ingle-s tage  system. This  conf igu ra t ion  is designed f o r  sus t a ined  
high temperature ope ra t ion  a t  high r o t a t i o n a l  speeds and high mechanical 
loadings.  

The design concept  s p e c i f i c a l l y  addresses e f f e c t i v e  coo lan t  management 
and t h e  use of advanced materials wi th  high temperature c a p a b i l i t y .  Airfoils,  
both r o t a t i n g  and s t a t i o n a r y ,  are designed with i n t e r n a l  coo l ing  passages to  
promote a high heat t r a n s f e r  rate and cooled with advanced convec t ive  and f i l m  
cool ing  techniques.  One feature of t h e  tu rb ine  cool ing  system is t h e  u s e  of a 
heat exchanger to reduce t h e  coo lan t  temperature so t h a t  a smaller percentage 
of cool ing  a i r  is rehui red .  The hea t  exchanger uses f an  a i r  as the  cool ing  
medium of t h e  t u r b i n e  coo lan t .  

The a i r f o i l s  are made from materials t h a t  offer supe r io r  c r eep  s t r e n g t h  
p r o p e r t i e s ,  along wi th  a good r e s i s t a n c e  to thermal f a t i g u e .  Both t h e  vanes 
and t h e  b lades  are coated wi th  a d u a l  coa t ing  t h a t  c o n s i s t s  of a high grade 
ceramic material f o r  added thermal  p r o t e c t i o n ,  p l u s  a s u b s t r a t e  ox ida t ion  
coa t ing .  

Law-Pressure Turbine 

Many of t h e  design f e a t u r e s  used i n  t h e  high-pressure t u r b i n e  have been 
adapted for t h e  law-pressure turb ine .  Bas i ca l ly ,  the , low-pressure  t u r b i n e  is 
designed for e f f i c i e n t  ope ra t ion  a t  a high r o t a t i o n a l  speed. The high speed 
c a p a b i l i t y  allows a two-stage conf igu ra t ion  and provides  a l o w  e l e v a t i o n  flow- 
pa th  f o r  t h e  three-s tage  fan.  The flawpath also has a l o w  p r o f i l e  to minimize 
t h e  duc t  burner diameter. This  is a key design cons ide ra t ion  s i n c e  t h e  low- 
p re s su re  tu rb ine  and d u c t  burner together  set  t h e  maximum nozzle  diameter. 

Both s t a g e s  are a i r  cooled. However, l i k e  i n  t h e  high-pressure tu rb ine  
design,  cool ing  losses are minimized by t h e  a p p l i c a t i o n  of advanced materials, 
coa t ings  and cool ing  a i r  management techniques.  I n t e r s t a g e  s e a l i n g  is accom- 
p l i shed  with convent iona l  p la t form s i n g l e  knife-edge seals. The blade t i p s ,  
which incorpora te  mini shrouds,  also have a knife-edge s e a l i n g  arrangement. 

D u c t  Burner 

The duc t  burner ,  one of t h e  unique components i n  t h e  Var i ab le  Stream 
Cont ro l  Engine concept ,  is a s impl i f i ed  two-stage ve r s ion  of t h e  three-s tage  
conf igu ra t ion  c u r r e n t l y  undergoing experimental  t e s t i n g  i n  t h e  Duct Burner Rig 
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Technology Program and VCE Testbed Program. R e s u l t s  from these effor ts  w i l l  be 
ins t rumenta l  i n  improving t h e  design d e f i n i t i o n .  

The aerothermal  d e f i n i t i o n  is based on t h e  Vorbix technology, and t h e  
design employs many o f  t h e  technology features i n  t h e  main combustor. The 
f i r s t  combustion zone, or pilot/low power s t age ,  is a double w a l l  geometry. 
This  s t a g e  is enclosed by a hood to ensure  p o s i t i v e  a i r  management for combus- 
t i o n  and d i l u t i o n .  The second zone, t h e  high power s t a g e ,  resembles t h e  
primary combustion zone i n  t h e  main burner.  The l i n e r  is a l s o  a double w a l l  
cons t ruc t ion ,  and a series of aerodynamically-designed swirler tubes  i n t r o -  
duces t h e  combustion a i r .  An i n s u l a t i n g  ceramic c o a t i n g  is used i n  t h i s  s t a g e  
f o r  a d d i t i o n a l  temperature  c a p a b i l i t y .  

Exhaust Nozzle System 

The exhaus t  nozzle  is t h e  o ther  unique component i n  a VSCE. The nozz le  
is comprised o f  t h r e e  main components: t h e  nozz le  proper, t h e  e j e c t o r  and t h e  
r eve r se r .  If a mechanical j e t  noise  suppressor is required, it w i l l  be in- 
cluded only  i n  t h e  d u c t  stream and t h e  main engine stream w i l l  be designed 
w i t h  a l o w  e x i t  v e l o c i t y  which w i l l  not  require suppression.  P rogres s  from t h e  
p r e s e n t  a n a l y t i c a l  e f f o r t  and from a n t i c i p a t e d  follow-on model tests w i l l  have 
a l a r g e  in f luence  i n  opt imiz ing  t h e  aerodynamic and acoustic des ign  of t h e  
exhaust  nozz le  system. 

The nozz le  is coannular  i n  design wi th  v a r i a b l e  geometry c a p a b i l i t y  i n  
both fan  and core streams. An i r i s  system is employed f o r  varying t h e  f a n  
stream e x i t  area. I n  t h e  core s t ream, area v a r i a t i o n s  are achieved by a t r ans -  
l a t i n g  plug. The nozzle  is cons t ruc t ed  from a l i gh twe igh t  material ,  and a 
small percentage o f  coo l ing  is used to maintain acceptable metal temperature 
l e v e l s .  The ejector and r eve r se r  are also cons t ruc t ed  from a l i gh twe igh t  
material. For added n o i s e  suppress ion ,  t h e  ejector is l i n e d  wi th  an acoustic 
t rea tment  . 

E l e c t r o n i c  Cont ro l  System 

A l l  engine o p e r a t i n g  f u n c t i o n s  such as  a i r  and f u e l  flows are coordin- 
ated and c o n t r o l l e d  by a f u l l - a u t h o r i t y  e l e c t r o n i c  c o n t r o l  system. The u s e  of 
e l e c t r o n i c s ,  i n  comparison to hydromechanical u n i t s ,  enables  responsive and 
accurate management o f  t h e  engine  components to match t h e  ope ra t ing  require- 
ments of t h e  f l i g h t  cond i t ion .  In  a d d i t i o n ,  t h e  p h y s i c a l  s i z e  and weight of 
t h e  u n i t  are g r e a t l y  reduced. Input  for c o n t r o l  is provided by advanced sens- 
ing  devices  which monitor key ope ra t ing  parameters. Sensing redundancy is 
provided to ensure  f a i l s a f e  opera t ion .  

TECHNOLOGY REQUIREMENTS AND FUTURE PROGRAM CONSIDERATIONS 

VSCE Technology Requirements 

Technology requirements  f o r  a VSCE propuls ion  system are i d e n t i f i e d  i n  
F igure  5. Of t h e s e  requirements ,  t h e  d u c t  burner ,  coannular  nozz le  and high 
temperature components -- t h e  t u r b i n e s  and combustor -- are t h e  areas most 
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cr i t ical .  A t  p r e sen t ,  w o r k  under NASA sponsorship is proceeding wi th  t h e  com- 
ponents unique to the  VSCE concept.  E f f o r t s  have been s u c c e s s f u l  i n  demonstra- 
t i n g  t h e  des ign  f e a s i b i l i t y  and performance p o t e n t i a l  o f  both t h e  d u c t  burner 
and coannular nozzle.  However, t h e  demonstration of technology should be 
expanded to inc lude  t h e  h igh  temperature  components. 

To i n d i c a t e  t h e  n e c e s s i t y  f o r  advancements i n  t h e  area o f  main engine 
h igh  temperature  technology, F igure  6 p r e s e n t s  a comparison of  VSCE ope ra t ing  
temperatures  wi th  another  advanced engine des ign ,  t h e  Energy E f f i c i e n t  Engine, 
which is r e p r e s e n t a t i v e  o f  t h e  next  genera t ion  o f  subsonic  engines .  The tem- 
p e r a t u r e  l e v e l s  correspond to c r u i s e  ope ra t ion  which comprises a t  l ea s t  50 
percent  of t h e  t o t a l  engine  ope ra t ing  time. As shown, VSCE h o t  s e c t i o n  temper- 
atures are e l eva ted  apprec i ab ly  over  t h e  Energy E f f i c i e n t  Engine l e v e l s .  For 
f u r t h e r  comparison, F igure  7 shows t h e  c o n t r a s t  among t h e  VSCE, t h e  Energy 
E f f i c i e n t  Engine and a c u r r e n t  technology subsonic  engine,  t h e  J T 9 D .  I n  
a d d i t i o n  to e l eva ted  t u r b i n e  and cool ing  a i r  temperatures, t h e  VSCE is matched 
to  high-flow t h e  core dur ing  supersonic  c r u i s e  f o r  low f u e l  consumption. 
However, t h i s  produces t h e  maximum r o t a t i o n a l  speeds and a t t e n d a n t  stress 
l e v e l s .  Thus,  t h e  combination of ope ra t ing  a t  high temperatures, high stress 
l e v e l s  and extended o p e r a t i n g  times makes high temperature  technology a 
c r i t i c a l  requirement.  

Future  Program Cons idera t ions  

Continued work  i n  t h e  D u c t  Burner Technology Program, Coannular Nozzle 
Technology Program, and VCE Testbed Program is requi red .  Because of t h e  impor- 
tance  of high temperature  technology, a High Temperature Va l ida t ion  Program 
has  been def ined  as t h e  next  major technology program. The fo l lowing  para- 
graphs  p r e s e n t  an overview of t h e  High Temperature Va l ida t ion  Program. 

High Temperature Va l ida t ion  Program 

The o v e r a l l  o b j e c t i v e  of  t h e  High Temperature Va l ida t ion  Program is to  
s u b s t a n t i a t e  t h e  c r i t i c a l  technology f o r  a main combustor and s ing le - s t age  
high pressure t u r b i n e  t h a t  reflects t h e  requirements  f o r  a second-generation, 
commercial supersonic  propuls ion  system. This  o b j e c t i v e  would be  accomplished 
by f i r s t  v e r i f y i n g  i n d i v i d u a l  concepts  i n  t h e  areas of  ma te r i a l s / coo l ing ,  
aerodynamics and s t r u c t u r e s  through a series o f  component r i g  eva lua t ions ,  
followed by a c o l l e c t i v e  demonstrat ion of t h e  d i f f e r e n t  technologies  i n  real  
engine environment us ing  a high-pressure spool as  t h e  t e s tbed .  A s  planned, t h e  
program is organized i n t o  t h r e e  phases ,  as  i n d i c a t e d  i n  F igure  8 .  

The i n i t i a l  phase o f  t h e  program involves  t h e  concept  s e l e c t i o n  and t h e  
pre l iminary  design d e f i n i t i o n .  A s  par t  of t h i s  e f f o r t ,  advanced component con- 
cepts f o r  t h e  combustor and t u r b i n e  would be eva lua ted  a n a l y t i c a l l y  i n  terms 
of  design f e a s i b i l i t y ,  performance p o t e n t i a l ,  t e c h n i c a l  r i s k ,  f a b r i c a b i l i t y ,  
and o v e r a l l  cost. 

Phase I1 star ts  t h e  des ign  v e r i f i c a t i o n  and component ref inement  pro- 
cess. Technologies s e l e c t e d  f o r  High Temperature v a l i d a t i o n  Program would be  
combined and r i g  tested f o r  o v e r a l l  c o m p a t i b i l i t y  and s u i t a b i l i t y .  Material 
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c h a r a c t e r i z a t i o n  t e s t i n g  would be conducted f i r s t .  This would be followed by a 
series of  spec ia l i zed  cascade and r i g  tests to demonstrate s p e c i f i c  
aerodynamic and cool ing  technologies .  

The t h i r d  phase of t h e  program focuses on a technology v a l i d a t i o n  test. 
In  t h i s  e f f o r t ,  t h e  conf igu ra t ion  of t h e  main combustor and s ingle-s tage  
high-pressure tu rb ine ,  as  der ived  from the  preceding work,  would be tested i n  
a high-pressure spool  arrangement. Test ing would be completed over a range of 
ope ra t ing  cond i t ions ,  inc luding  simulated high a l t i t ude ,  envis ioned f o r  a 
VSCE. The test program would c o n s i s t  of a ser ies  o f  d i a g n o s t i c  eva lua t ions  to 
a s s e s s  a l l  aspects of performance as w e l l  as d u r a b i l i t y .  

CONCLUDING REMARKS 

The b a t t e r y  of s t u d i e s  completed dur ing  the  p a s t  s e v e r a l  yea r s  has  
corroborated t h e  economic and environmental a t t r a c t i v e n e s s  of t h e  Var iab le  
Stream Cont ro l  Engine concept  for a second-generation supersonic  c r u i s e  
vehic le .  In  a d d i t i o n  t h e  technology requirements have been e s t ab l i shed .  This  
leads t o  t h e  next  l o g i c a l  step, technology demonstrat ion as t h e  p r e r e q u i s i t e  
to achieving technology readiness .  

In  t h i s  r e s p e c t ,  technology development has  been l i m i t e d  to the  unique 
components i n  t h e  VSCE conf igu ra t ion ,  namely t h e  duc t  burner and coannular 
nozz le  system. Although cont inuing  these  efforts,  p a r t i c u l a r l y  t h e  w o r k  under 
t h e  VCE Testbed Program, is e s s e n t i a l ,  work should be expanded to o the r  key 
areas i f  engine c e r t i f i c a t i o n  by the  mid 1990's is a r ea l i s t i c  goal .  

On t h e  b a s i s  of technology requirements,  t h e  main combustor and t u r -  
b ines  should be the next area of concentration. 
s ince  it is noncommittal to any p a r t i c u l a r  engine conf igu ra t ion ,  has a wide 
a p p l i c a t i o n  and o f f e r s  t h e  g r e a t e s t  r e t u r n  i n  technology f o r  a given program 
investment. For example, t h e  High Temperature Va l ida t ion  Program, as  o u t l i n e d  
i n  t h i s  paper,  would address  VSCE requirements bu t  also provide t h e  technology 
base f o r  o ther  advanced supersonic  engine concepts  such as  t h e  l o w  bypass 
engine and inve r t ed  f l a w  engine.  Also, t h e  t e c h n i c a l  achievements would be 
app l i cab le  to advanced commercial t r anspor t  and m i l i t a r y  engines.  

High temperature technology, 

365 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

S a b a t e l l a ,  J. A.: Advanced Supersonic Propuls ion Study Phase I F i n a l  
Report. NASA CR-134633, Jan.  1974. 

H o w l e t t ,  R. A.; S a b a t e l l a ,  J. A.; Johnson, J. A.; Aronstramm, G.: 
Advanced Supersonic  Propuls ion Study Phase I1 F i n a l  Report. NASA 
CR-134904, Sept.  1975. 

H o w l e t t ,  R. A.; S a b a t e l l a ,  J. A.; Johnson, J. A.; Sewall ,  T.: Advanced 
Supersonic Propuls ion Study Phase I11 F i n a l  Report. NASA CR-135148, 
Dec. 1974. 

H o w l e t t ,  R. A.; S t r e i c h e r ,  F. D.: Advanced Supersonic  Propuls ion Study 
Phase I V  F i n a l  Report .  NASA CR-135273, Dec. 1974. 

Lohmann, R. P; Mador R.: Experimental Evaluation of a Low Emissions 
High Performance D u c t  Burner  f o r  Var iab le  Cycle Engines (VCE). NASA 
CR-159694, Sept.  1979. 

6. Larson, R. S.; Nelson, D. P.; Stevens,  B. S.: Aerodynamic and Acoustic 
I n v e s t i g a t i o n  of Inve r t ed  Veloc i ty  P r o f i l e  Coannular Exhaust Nozzle 
Models and Development of  Aerodynamic and Acous t ic  P r e d i c t i o n  
Procedures.  NASA CR-3168, May 1979. 

7. Westmoreland, J. S.; Godston, J.:VCE Testbed Program - Planning and 
Def in i t i on  Study F i n a l  Report .  NASA CR-135362, Jan.  1978. 

TABLE I - IMMPROVEMENTS PROVIDED BY VSCE 
RELATIVE TO FIRST-GENERATION SUPERSONIC TURBOJET ENGINES 

Takeoff Noise 8 EPNdB Reduction 

Spec i f  ic  Fuel  Consumption 
Subsonic C r u i s e  
Super sonic C r  u ise 

20 Percent  Reduction 
1 Percent  Increase 

Engine Weight 23 Percent  Reduction 

Note: Comparisons made by s c a l i n g  f i r s t  gene ra t ion  
turbojet engine to  flow s i ze  of  VSCE 
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VSCE-515 
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Figure 1.- Var i ab le  stream c o n t r o l  engine evolu t ion .  

Figure 2.- VSCE wi th  inve r se  v e l o c i t y  p r o f i l e  a t  c r i t i ca l  f l i g h t  condi t ions.  
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low emissions 
duct burner 

Figure 3. -  Cross s e c t i o n a l  view of the VSCE-515. 
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Figure 4 . -  VSCE performance improvement r e l a t i v e  t o  f i r s t - g e n e r a t i o n  t u r b o j e t .  
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Duct burner 

Coannular nozzle 

High temperature components 
- Main combustor 
- Turbines 

Stowable jet noise suppressor 

Variable geometry components 
- Fan 
- Compressor 

Integrated electronic control system 

Figure 5.- VSCE critical technology requirements. 
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Figure 6 .- VSCE operating temperature levels compared to the advanced 
technology energy efficient engine. 
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Figure 7.- Temperature l e v e l s  a t  c r u i s e .  
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Figure  8.- High temperature v a l i d a t i o n  program schedule.  
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