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Since 1973, the NASA Leuis Research Center has been conducting s t u d i e s  of  a d n n c t d  
c l r i l  supersonic  engines,  including Vuiat le  Cycle Engines or VCE's, as one part of the 
Super8onle cruise hlrcnft Research (SCAR) pro&ram. This paper r ev ieus  the progress  and 
CurrYnt St8tiu Of tbc englne sttidy uork t o  date. 

YCE mtionale is f i r s t  revlcuzd. It is pointed out that the VCE is a p o s s i b l e  muto 
of m o n c l l l n g  the necessary but sactiwr con t rzd fc to ry  PerfbCIUICe. -OB& urd en- 
*%-.tal r e q u l n r m t s  that apply t o  rmdern supe r smic -c ru i se  aircraft. Early cxperi- 
en- sho*td, houcrer, that VCE*a may be excess ive ly  coinplex. bavy and expensive un les s  3 s l g a l f l c ~ t  technology rdrurces vc acCorpliShed. The SCAR engine studies uert, there- 
fire, designed t o  i d e n t i f y  the .oat proazially: VCE conceptss s l rapl i fy  thelr dealgns t o  a 
WrC p r a c t i c a l  St8te, and Ueflne their advanced technology requirements. 

Thr s t u d i e s  were conducted p r i u r i l y  v i a  con t r ac t s ,  supplement& by a lesser uOunt 
of NASA in-house w r k .  I n i t i a l  efforts involved analyzing, optimistically but  i n  l i t t l e  
depth. a 1- v a r i e t y  of VCE concepts. I n  subsequent phases. 8 p r o g r s s i v e l y , - g u 8 t e r  
depth of w l y s l s  was app l i ed  t o  a decreasing nuarber of su rv iv ing  candidates.  
of  d t r e l o p r n t  leading from ini t ia l  t o  f i n a l  concepts Is r tv i eued  r i t h  caphasis on t h e  
dual Smpact of technology advancements and d t s lgn  s i s lp l i f ica t ion .  The presently-i.vorcd 
WE'S (tw PIY concepts derived from 8 duct-burning turbofan 8nd tro GE engines b a r n  on 
a alxM-flou turbofan)  are then reviewed. It is rhwn that a11 have b e n e f i t t e d  S i g w l -  
c u l t l y  from recen t  SCAR technology advances, such a s  t he  wco-annular no i se  b e n e f i t g  
effect. Tbe l a p a c t  of each technology a rea  is discussed. It is a l s o  shown that these 
sirplified VCE cycles  a r 3  technology adwance?, taken toge the r ,  offer WOr PerformnCt ,  
econopic and environmental lmprovtrmcnts r c l a ~ i r e  t o  t h e  1970 U.S. SST p r e d i e t i m s .  

It is concluded that f i n a l  cholees among the cu r ren t  VCE can0id8tes u l l l  depend on 
a p p l i c a t i o n  and i n s t a l l a t i o n  f a c t o r s  a s  well as fu r the r  engine atudy/deaign and technology 
efforts. 
t i o n  of the  paper. 

INTRODUCTION 

The l i ne  

NASA's t e n t a t i v e  plans i n  these latzer r e s p e c t s  are rcvieued i n  the final stc- 

Since e a r l y  1973, t h e  NASA and i ts  Contractors  have been conducting s t u d i e s  of ad- 
m e e d  supersonic Variable Cycle Engines (WE*$) as part  of t he  Supersonic Cruise Aircraf t  
Research (SCAR) progrun. This paper surveys t h e  pzogress and cu r ren t  a t a t u s  of r ecen t ,  
unc la s s i f i ed  eng ln t  s tudy  work. 

Technical,  economlc and environmental problems were sources  of major concern which 
even tua l ly  l e d  t o  t h e  c a n c e l l a t i o n  of t h e  U.S. SST program i n  1970. Malor environufental 
concerns were primarily focussed UFT t h e  eng ine*s  no i se  and exhaust emissions,  a s  il- 
l u r t m t e d  i n  Fig. 1. Other  t echn ica l  an4 economic problems uere a t t r i b u t a b l e  p a r t l y  to  
t h e  propulsion system and p a r t l y  t o  the  a i r p l a n e .  
and eost of the a l q l s n e ,  t oge the r  with high f u e l  consumption and inadequate range. 
Consequently, t h i s  a i r p l a n e  would have been unable t o  serve many of the  economically 
d e s i r a b l e  c i t y  p a i r  coablna&ions.  
Costly t o  opera t e  and t o  offer a r e l a t i v e l y  poor r e t u r n  on its investment. 
t cge the r  w i t h  recent  i nc reases  i n  the  p r i c e  of  f u e l  would have made the  s i t u a t i o n  even 
mrse today. 

The one unmistakrble lesson t o  be learned from t h i s  experience is t h a t  any f u t u r e  
U.S. c i v i l  supersonic a i r p l a n e  muat be environmentally acceptable  and economically 
viable .  The sometimes-conflicting requirements of  economic v i a b i l i t y  and environmental 
a c c e p t a b i l i t y  c r e a t e  mafor problems for the  propulsion system. 
neer ing s o l u t i o n s  e n t a i l  e s s e n t i a l l y  con t r ad ic to ry  design t r ends ,  e.g., high typasa VI. 
low bypass. The U.S. 
J58 and 593,  althouqh capable of c r u i s i n g  a t  Hach 3 or above, a r e  r e l a t i v e l y  o ld  designs 
and are not s u i t a b i c  for an advanced supersonic t r a n s p o r t .  Modern U.S. m i l i t a r y  engines  
such a6 t h e  FlOO, .~101, and FlOl were e s r e n t l a l l y  dcrigned lor sustained subsonic c r u i s e  
e f f i c i ency  wi th  only a high Mach number dash c a p s b l l i t y .  
l i f e  c h a r a c t e r i s t i c s  f o r  austained supersonic cruise would be unacceptable fa t  the  
a p p l i c a t i o n s  envisioned now. 

t h e  e a r l y  idea r  a r e  dcacribed in refs. 1 & 2. For t h i s  d i scuss ion ,  h m e w r ,  a VCE Is best 
deflncd by what it does rather than how i t  is b u i l t .  Funct ional ly ,  it 1s an engine which 
accoll.odates at  least two d i s t i n c t  modes of operat ion:  (1) a hlgh a i r f low,  low J e t -  
ve loc i ty  laada for low no i se  t akeof f  and/or e f f i c i e n t  subsonic c r u i s e ;  and (2) a tu rbo jc t -  
l i k e ,  higher j e t  v e l o c i t y ,  lower a i r f low made for good supersonic cruise. 

These r e s u l t e d  ir. excessive m i g h t  

These f a c t o r s  Would have caused t h e  a i r p l a n e  t o  Be 
I n f l a t i o n  

Their p r a c t i c a l  engi- 

Unfcrtunately we CAnnOt t u r n  t o  contcmporaty engines  for relief. 

Their perfo'olraance and s e r v i c e  

There are Puny ways t o  bui ld  a VCE and, as a matter of h i s t o r i c a l  i n t e r e s t ,  some of 



b techleal ter88, the motivation Tor t h l s  *turbof&n-convertibl+ to-twbojrt' 
ckflttltlm Y b. md*rstoob by ? 8 h m W  t o  me. 2. Ihci.a, *clght and c n r i ~ - 5 t ( :  tnnd8 
for caarmtlomal supersonic mglner are rmesent@d ln tecII oT b-8 r a t i o .  
both rl8ht md subsonic fkel economy Tawr m ? & l r l y  hlgh bypass r a t i o ,  about 1.5 (turbo- 
fan -). suP.rsonic c r u l s e  on the other hnb calls Tor n l o w  bypass -, 0.3 or be- 
IW rbra he1 .Con- 18 Cm8ldercd, but t h l s  18 t-nd s0ILIICt.t by t& adverse rr-t 
trend. Ulth a cm*cmtio?ml en6lne. 8 c o q r a i s e  bypass ratio (usua l ly  In tbe 0.5 to  1.5 -. depeadinf on the 8ubsonic/8upcnonic mls8ion mix) must be chosen, uhich 18 not 
rnlU optirur! for e i t h e r  requlmmtnt.  The rationale Tor a VCE, then,  is Its p o t e n t i a l  
8 b l l l t y  t o  81- We better comprarlse. For thls reason. the SCAR propulsion p r o l p u  
am8 or i en ted  t o  h e l u c k  YCE concepts and related technologies  i n  a d d i t i o n  t o  advanced 
c o n ~ t i ~ l  crylrm. It c o a s i s t s  OT s t u d i e s  ulb related tecbnology subprograms which, 
coll.t:lvelJ, were de8ianta t o  i d e n t i f y ,  develop, and i n t e g r t e  together the tecbnolotie8 
nacdcd Tor a 8uccessful  RE. The study phase OT the p r o g u  is oT primary concern In 
:his p&per. 

pbc SCM Propulsion studies uere conducted prlmrily via contracts to  OE urd P&U, 
u l t h  (I -Or 8ubcOntnc t  t o  Wing. E v l y  phase8 of t h e  s t u d i t 8  in*ol*cd uuly~lng, op- 
t l m l s t l c a l l y  but i n  l i t t le depth,  a lwge variety OT VCE concepts. me r t s u l t s  8ba*ad 
that E E ' s  aw be Proh lb i t i veD Complex, heavy and expensive unle8s s l g n i f l c m t  h l 6 n  
urd ttehnolo(pr advances Urc 8 C C o g l l 8 h c d .  Th+ f i n a l  p h u e s  W ! n B  t h e r d o r e ,  htsndrd to  
i d e n t i f y ,  retine mb c a q m  the 10.t proa f s lng  VCE concepts,  sirplify their de.-8 to- 
uard RractlcalitY and d e f i n e  their advanced technology requirements. 
hnmd and runner-up e m n e s  (a PIU advanced duct-burning turbofan, a PW valved derlv&- 
ti= OT the duct-burner and two QE engines  based on a rixed-Tlou tu rbofan )  are flrst re- 
rlmb. Their perfoomnce In t n i c a l  adv8nced supersonic  t r a n s p o r t  a i r t ruus is tbMI 
coIpL?ed t o  that p r o d d e d  by f i r s t - g e n e r a t l o n  SST englnes.  
n o l o q  a r e a  18 discu8sed and the technology needs of t h e  preferred engines are reviewed. 

Th+ T l n a l  Tate of t he  VCE i dea  w i l l  depend on a p p l i c a t i o n  and i n s t a l l a t i o n  Tactors ,  
further englne design and technology eTTorts, and t h e  poss ib l e  clatrgence of even @are 
a t t r a c t i v e  VCE cyc le s  f r o m  cont inuing s t u d i e s .  P u t w  i s s u e s ,  opt ions,  and p o t e n t i a l  
p r o m  plans i n  these m e a s  are b r i e f l y  reviewed i n  t h e  T i n i l  s e c t i o n  OT the paper. 

C l e v l y ,  

'ph. present ly-  

fht impact OT each -or tcch- 

SUPERSOYIC CRUISE AIRCMFT RESEARCH PROGRAU 

The NASA SUperSOnlC Cruise A i r c r a f t  Research (SCAR) program was i n s t i t u t e d  i n  e a r l y  
1973 and is expected t o  continue i n t o  the 1980's. 
t h e  SCAR work is not aimtd toward a production a i r p l a n e ,  but rather, it is intended t o  
establish a data base of advanced technolomr t o  be a v a i l a b l e  f o r  the design of Tuture 
supersonic c r u i s e  aircraft if and When the U.S. determtnes it is desirable t o  b u i l d  them. 
%e Various elements of the program are re l even t  i n  varying degves t o  both p o t e n t i a l  
c i v i l  and military app l i ca t ions .  Elements of t he  program apply both t o  t h e  a i r p l a n e  s t r d c -  
ture and aerodynamics and t o  the propulsion system; however, only the propuls ion related 
aspec t s  vi11 be discussed here.  As shown or: Fig. 3, t he  SCAR prepuls ion program c o n s i s t s  
OT tro Illjor. i n t e r r e l a t e d  eltnrelrts; namely, engine studles and technology 8Ub-prOgP€tfES. 
These are so s t r u c t u r e d  that one supports  t h e  o the r .  The engine s t u d i e s  d e f l n e  t h e  ob- 
j e c t i v e s  and d i r e c t i o n s  of r e sea rch  for t he  technology sub-program. 
t e c h n o l o g  sub-programs l n  t u r n  feed back i n t o  t h e  engine s t u d i e s  and regenerate them. 
As i nd ica t ed  above, the  engine s t u d i e s  have been conducted p r imar i ly  by means of a con- 
t i n u i n g  series of c o n t r a c t s  t o  t h e  h a t t  C Whitney Co. ( r e f s .  3 and 4) and the General 
E l e c t r i c  Co. (refs. 5 and 61, w l t h  a major sub-contract between PIN and The Bocing Co. 
(described i n  refs. 4, 7-9). Technology sub-programs involving these c o n t r a c t o r s  as w e l l  
a s  o t h e r s  have been launched i n  t h e  areas of n c i s e  abatement (refs. 10-131, p o l l u t i o n  re- 
duction (refs. 14-16), i n l e t  s t a b i l i t y  (ref. l?), and supportLng component and mattrial 
programs (e.&, ref. 18). ReTerences 19 and 20 survey t h e  SCAR propulsion and a i r p l a n e  
technolow progr.ms sponsored by the NASA Lewis  and Langley Research Centers.  

vancements a r e  a r c  considered poss ib l e  now, based on r e s u l t s  t o  d a t e  from t h e  SCAR pro- 
gram. I n  Fig. 4 ,  we have p l o t t e d  airp!ane r e l a t i v e  gross  weight vs. r e l a t i v e  no i se  foot-  
p r i n t  a r e a  (a t y p i c a l  measure of noise  annoyance) f o r  r e p r e s e n t a t i v e  supersonic  t r a n s p o r t  
a i r p l a n e s  with d i f f e r e n t  kinds of engines.  These a r e  approximate r e s u l t s  taken from 
ret. 21 but are i l l u s t r a t i v e  of the major t r ends .  For r e fe rence ,  we have ind ica t ed  on 
the ho r i zon ta l  axis t h e  noise  annoyance f a c t o r s  t y p i c a l  of t h e  1970 U.S. SST (at t h e  
r i g h t  hand p a r t  oT t h e  s c a l e )  and a l s o  of  a r e p r e s e n t a t i v e  wide body subsonic t r a n s p o r t .  
The perTormance OT t h e  1970 technology t u r b o j e t  powered a i r p l a n e  is i l l u s t r a t e d  by t h e  
r i g h t  hand band on the  figure. As mentioned previously,  t h i s  was a heavy a i r p l a n @  and 
would have c rea t ed  a severe no i se  impact. 
by s c a l i n g  the engine up i n  sire  and t h r o t t l i n g  it  back Tor t a k e o f f ,  t h i s  e n t a i l s  a sub- 
s t a n t i a l  weight penal ty  as ind ica t ed .  This i n  t u r n  makes an already dubious economic 
payoff e n t i r e l y  unacceptable.  But by t ak ing  advantage of  t h e  technology breakthrough 
teracd t h e  'eo-annular noise  reduct ion bene f i t "  i d e n t i f i e d  during t h e  SCAR PrOpUlslOn 
program, combined wlth v a r i a b l e  cyc le  engine concepts t o  be discussed l a t e r ,  it now ap- 
pears  that t h e  noise  annoyance due t o  t h i s  type of an a i r p l a n e  can be reduced by a 1-e 
f a c t o r  compared t o  t h e  1970 U.S. SST. A less dramatic but s t i l l  s i g n i f i c a n t  improvement 
i n  gross weight and a i r p l a n e  economics is a l s o  ind ica t ed  and Is due t o  a combination of 
aany technology advances, i n  both t h e  propulsion and airframe a r e a s ,  t h a t  are considered 
possible .  

I n  c o n t r a s t  t o  t he  earlier SS" project, 

The r e s u l t s  TrCm t h e  

&fore e labora t ing  on these programs, w e  would l i k e  t o  i l l u s t r a t e  t h e  type of ad- 

Although t h e  no i se  impact could be decreased 
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kcaurr of thest pro~i . in (  &vetoplan ts  we  now feel, for the tlrst tirr, that the 
miH ob$WtlOM that Wre l eve led  a g a i n r t  t h e  1970 SST program can be met without incur- 
r 4  erohialtive economic p.ruitie8. An e q u i r r l e n t  s ta tarnt  cannot y e t  be made i n  the 
exh.urt emt88ion8 -a. b t 8 p i t e  the achlemment of sigliricutt i q r o r r m t s ,  because re- 
.%-tie 8t-8 a p p l i c a b l e  to  m SST do not  e x i s t  a t  pre8ent.  

Studl.8 

kt U 8  n w  t u r n  t o  t h e  SCAR e q i n e  s t u d i e s  themselves. Btglnnlng ¶n 1973, t h e  
8tubiW have brm div ided  i n t o  4 d i s t i n c t  phases as 1ndicateC i n  Pig. 5. Phase 1 w a s  
-red in such a w a y  a8 t o  exclude no reasonable  candida te  en&ine from cons ldera t ion .  
knr m e 8  -re studied o p t i d s t i c a l l y  but i n  very little depth,  see refs. 3 and 5. &u tho8e uhlch  were obvioualy umccep tab le  under t h i s  o p t l a i s t i c  approach rere 
e 1 C l r d . d  from fkrther cons idera t ion .  
Cyele Byline It8 day i n  court. 
.r.ller number of surri~orr received a more r e f ined  ana lya i s  i n  Phase 2 (refs. I and 6).  

un:ubll8h.d. 
prerllmlrary des ign  actititlea. Baaed on the r e s u l t a ,  u t  have now t e n t a t i v e l y  i d e n t i f i e d  
tw eights which appear t o  be most proa is ing .  (Their margins o f  s u p e r i o r i t y ,  however, 
.rc not orrrwhelmlngly large; the numen-up  are being r e t a i n e d  as backups and w i l l  a180 
be dercribed.) In Parae 4 we are i n i t i a t i n g  a i r f rame i n t e g r a t i o n  a c t i v i t i e s ,  c o n t i n u i w  
with p r e l l n l n a r y  desi@ and developing a series of technology mconsuendations r G l 8 t i V e  t o  
the favored enginer. 
flrm, for l@hsA*8 conr1der8tion, uhat is needed i n  term8 of f u t u r e  technology programs i n 0  Tp 
order t o  bring these paper englnea i n t o  being. As i l l u s t r a t e d  by t h e  arrow I n  the upper V, 
right we expect that theae a c t i v i t i e r  w i l l  even tua l ly  r e s u l t  i n  demonstrator engines  
rhich *ill prove the ccncept6 that  art being contemplated. 

p r i a t e  to  b r i e f l y  review the evolu t ion  of t he  VCE idea and desc r ibe  how it may be im- 
pacted by two &or technology a n a .  

Early VCE Concepts 

'pbc n n y  a t tempts  th&t have been made t o  a c t u a l l y  des ign  one may be-broadly c l a s s i f i e d  
into t w o  gene r i c  approaches. One would r e l y  upan va lves  or equiva len t  means t o  c r e a t e  
two or more discrete flowpaths upon demand wi th in  the same engine s t r u c t u r e  - each f l o r  
pa th  p r e 8 r u p b 4  being t a i l o r e d  t o  t h e  f l i g h t  condi t ion  a t  hand. The a l t e r n a t i v e  approach 
would r e l y  p r i w i l y  upon component v a r i a b i l i t y  and spool speed v a r i a t i o n s  t o  achieve 
equiva len t  results. 

A t y p i c a l  early example ( W a t t  L Yhitney, r e f .  3 )  of the  changing-flowpath approach 
is shown i n  Pig. 6. 
otherwise-conventional 2-shaft machine. I n  t h e  " turboje t"  mode, the valve is set i n  i ts  
straight-throu&h pos i t i on .  The fan and compressor flow i n  series, and we have i n  e f f e c t  
a two-spool, high overa l l -pressure- ra t io  (OPR) t u r b o j e t .  A s  such, i t  can provide very 
good supersonic perfontance.  
the "croaaover" p o r i t i o n  suggested by the lower sketch. Fan a i r  suppl ied  by t h e  normal 
i n l e t  l a  bypparsed around t h e  compres6or and in to  an a u x i l i a r y  bypass duct.  Ueanwhile, 
a d d i t i o n a l  air f r o m  an a u x i l i a r y  i n l e t  is drawn through a second set of channels in t h e  
valve, i n t c  the coIIpressor, and hence, through the combustor and tu rb ines .  Thus, the 
engine is now ope ra t ing  at a much h igher  (up t o  2x1 a i r f l o w  than  be fo re  and without aug- 
mentation i t 8  jet ve loc i ty  is s i g n i f i c a n t l y  decreased. In t h i s  mode, t h e  engine provides 
a low-noise takeoff  mode and p o t e n t i a l l y  good subsonic SFC. 

Nwerous ob jec t ions ,  however, Were found upon c l o s e r  examination. Prom an engine manu- 
f a c t u r e r ' s  viewpoint, it developed tha t  the weight and pressure- loss  p e n a l t i e s  a s soc ia t ed  
with t h e  valve were s i g n i f i c a n t l y  l a r g e r  than  had been expected. Since t h e  core  Is d t -  
aupercharged i n  t h e  turbofan  ( p a r a l l e l )  mode, t h e  OPR l a  considerably below the optimum 
value f o r  subionic  cruise. For the  same reason a va r i ab le  (and probably mul t i - s tage)  lou- 
presaure  t u r b i n e  would be needed t o  provide h igh  F e l a t i v e  work e x t r a c t i o n  i n  t h e  turbofan  
mode, and lower e x t r a c t i o n  i n  the t u r b o j e t  mode. 
obrerved that the requirement for an e f f l c i e n t  a u x i l i a r y  i n l e t  implied a major design and 
development task and a s i g n i f i c a n t  a d d i t i o n a l  ins ta l led-weight  pena l ty  (above 
qui red  t o  enc lose  the engine'a greater length  and diameter).  
a l s o  would e n t a i l  a s izable  base or b o s t t a i l  d rag  penal ty  dur ing  aupersonlc c ru i se .  

As 
described i n  ref. 4 ,  many a l t e r n a t i v e s  involving f r o n t  va lves ,  rear va lves ,  f r o n t  and 
re.r valves,  and improved valve concepts were eva lua ted  i t e r a t i v e l y  by Pratt L Yhitney 
and Boelng. An h i s t o r i c a l  review of t h i s  process  is given i n  ref. 22, where it is shown 
tha t  t h e  l e s sons  learned a l s o  apply,  t o  some degice, t o  more conventional engines.  The 
rear-valved VCE t o  be descr ibed  l a t e r  he re in ,  is ?he latest and apparent ly  beat example 
of t h i s  p a r t i c u l a r  l i n e  of VCE evolu t ion ,  but probably not i t s  end-point. 

The variable-component/varlable speed approach is moat a t t r a c t i v e l y  represented  by 
the Pratt 6 Uhitney Variable Stream Control Engine. E s s e n t i a l l y  a high-technology duct 
burning turbofan  inco rpora t ing  some of the  component and con t ro l  f e a t u r e s  discussed i n  

Our d e l i b e r a t e  i n t e n t  war t o  g ive  the Y u i a b l e  
After t he  u n p r o d s i n g  concept8 had been aereened out.  a 

?laallst8 aurvlved i n t o  Phase 3 which has J u s t  r e c e n t l y  been completed and l a  as-yet 
In thi8 p b u e  a greater depth of a n a l y r l r  w u  accomplished end ue i n i t i a t e d  

e Them provide t h e  e n g h e  manufacturers w i th  an oppor tuni ty  t o  de- 

"s! 
BafOort proceeding t o  a d i s c u s i o n  of the currently-favored engines ,  i t  seema appro- @ 

cod 
C P  
'SC 

F, 
According t o  our  previous d e f i n i t i o n ,  a W E  is an engine tha t  does t h e  r i g h t  th ings .  2 G  

Here a valve is i n s e r t e d  between the f an  and compressor of an 

I n  t h e  "turbofan" mode, the valve mechanism is moved t o  

By t h e  r t anda rd r  of our  func t iona l  d e f i n i t i o n ,  t h i s  engine does t h e  r i g h t  t h ings .  

From the a i r f rame poin t  of view it was 

The closed-off bypass duct 
:at re- 

Subsequent e f f o r t s  were aimed a t  removing or minimizing these  contpllcations. 
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ref= 22, It 1s C W e n t l p  t h e  favored PLY VCE and w i l l  be  IT f u l l y  descr ibed  later. 

Another h i s t o r i c a l l y - s i g n i f i c a n t  and perhaps 'dore spec tacu la r  example is the General- 
Electric 3-Spool Double Bypass or Modulating A i r f 4 r w  Engine (ref. 51 depictad i n  Fig. ?. 
It is a rep resen ta t ive  sample of t h e  early variable-component approach, although t h e r e  are 
larnY others .  It 1s of p a r t i c u l i ?  i n t e r e s t  here because it was not oniy the  bes t  VCE 
i d e n t i f i e d  i n  t h e  i n i t i a l  GE s t u d i e s  (ref. 51, but also because many of it: c h a r a c t e r i s t i c  
features have surv ived  i n t o  their currently-favored. much-simplified ve r s i an  of the 
Double Bypass VCE. 

The d e s i m  approach for t h i s  eng:ne was t o  incorpora te  t h e  maximum p r a c t i c a b l e  amount 
of  turbomachinery v a r i a b i l i t y  i n t o  a bas i c  duct-burning turbofan. By u t i l i z1 r .g  dirfcr- 
e n t i a l  speed con t ro l  usong the  three r o t o r s ,  vh r i ab le  stator geometry and proper ly  con- 
troll ln6 t h e  three v a r i a b l e  nozzle e x i t  areas, it provides (1) a high-airflow, unaugmented 
mode for  low-noise takeoff ;  ( 2 )  a constant-airflow t h r o t t l i n g  mode for e f f i c i e n t  subsonic 
c ru ise ;  urd (3 )  a r e l a t i v e l y  low-bypass augmented mode f o r  good supersonic performance. 

A t  takeoff, t he  f ront  fan block or group of stages was high flowed by means of va r i -  
able IeaEetrY, speed con t ro l  (1.e. speeding-up t h e  inne r  spool )  and opening the  o u t e r  by- 
p.88 stream's e x i t  area. The duct burner is not lit. Without us ing  e i t h e r  a nechan:cal 
suppressor or tke "co-annular bene f i t "  (which was unknown at t h e  time), the  Modulating 
Airflow engine uas capable of meeting FAR 36 when s i z e d  t o  be compet i t ive  u i th  a conven- 
t i o n a l  r e fe rence  engine. 

constant speed; t h e  f ron t  f an  block than  maintains Its constant nominal a i r f l c w  over a 
Vide ranue of condi t ions .  The in te rmedia te  and high p res su re  r o t o r  speeds are var ied  t o  
modulate t h e  t h r u s t .  The excess  air provided by the  f r o n t  block (above the in te rmedia te  
block's air-swallowing Capacity) passes through the o u t e r  duct t o  the t h i r d  noz r l e  e x i t .  
The duct burner is not l i t .  I n  t h i s  fash ion ,  cons tan t  a i r f l o w  could be maintained down 
t o  approximately 50% of  maximum d r y  t h r u s t .  T h i s  provided a s i g n i f i c a n t  (-155) iuiprove- 
mcnt i n  subsonic SFC. 

A t  SUPePSOnlC c ru i se .  t h e  r o t o r  speeds and v a r i a b i e  geometry f e a t u r e s  are modulated 
t G  approach t u r b o j e t  opera t ion  as c lose ly  as poss ib l e .  That is, t h e  h igh  pressure and 
in te rmedia te  rotors are run a t  maximun, speed t o  swallow most of  the f r o n t  b lock ' s  a i r f low.  
The ou te r  nozzle meanwhile is a t  or near  t h e  c losed  p o s i t i o n  t o  minimize the o u t e r  bypass 
flow. The core  is run a t  maximum speed and is high-flowed t o  swallow as much as poss ib l e  
of  t h e  in te rmedia te  b lock ' s  air .  This reduces t h e  bypass r a t i o  c f  t h e  duct-burner por t ion  
of the engine and hence t h e  need f o r  augmentation. When run i n  t h i s  manner, the  engine ' s  
supersonic c r u i s e  performance was found t o  be wi th in  1 or 2% of  that  of the  r e fe rence  
tu rbo je t .  

S:milar measures app l i ed  dur ing  the mission's cllmb/accel segment r e s u l t e d  i n  a con- 
s i s t e n t l y  good match t o  t h e  i n l e t ' s  flow schedule and hence f u e l  savir.gs v i a  reduct ion  of  
i n s t a l l a t i o n  drags.  

required of a VCE: low no i se  takeoff ;  f u e l  savings subsonica l ly  and d u 2 K t h r  climb/ 
acce l  phase; and competit ive supersonic performance. Unfortunately,  t hese  des i r ab le  
features were e s s e n t i a l l y  o f f s e t  by a major weight pena l ty  (amounting t o  over 20,000 l b s  
per  a i rp l ane ,  when i n s t a l l e d ) .  
plane's performance ranged from j u s t  competit ive t o  somewhat poorer.  Because of t h e  
weight penalty toge the r  w i t h  very legitimate concerns over t he  engine's  complexity, t h e  
3-rotor approach was not continued pas the  Phase I SCAR s tud ie s .  Ins tead ,  an e f f o r t  was 
made t o  incorpora te  i t s  most d e s i r a b l e  f e a t u r e s  i n t o  a l i g h t e r ,  less complex and more 
conventional 2-shaft machine. 
t i n c t  blocks o r  groups of stages, with t h e  in t e rb lock  reg ion  v e n t i l a t e d  by an a u x i l i a r y  
bypass duct. A s  w i l l  be seen, t h i s  progress i n  design s i m p l i f i c a t i o n ,  coupled w i t h  t h e  
technology advances discussed i n  t h e  next two s e c t i o n s ,  has f i n a l l y  r e s u l t e d  i n  a h ighly  
a t t r a c t i v e  VCE. 

The Co-annular Noise Benef i t  

As previously implied, t h e  "Co-annular Noise Benefit" e f f e c t  is considered t o  be t h e  
major "break through" i n  t h e  SCAR propulsion technology program. 
what is meant. At ten t ion  is first d i r e c t e d  t o  t h e  lower r i g h t  hand corner  of t h e  f igu re .  
In  brief, i t  h a s  been found t h a t :  ( a )  if t h e  flow streams of a two stream coaxia l  nozzle 
are so arranged t h a t  t h e  high ve loc i ty  stream is one t h e  ou t s ide  and t h e  low Velocity 
stream 1s on t h e  in s ide ;  and ( b )  if i n  add i t ion  t h e  o u t e r  nozzle has a high annular  
rad ius  r a t i o ;  then t h e  noise  produced by t h i s  arrangement is s i g n i f i c a n t l y  lower than 
would be predic ted  f o r  two conventional conica l  nozz les  which ind iv idua l ly  have t h e  same 
a i r f lows  and v e l o c i t i e s  a s  i n  t h e  two coax ia l  streams. T h i a  e f f e c t  was f i r s t  noted by 
Prate L Whitney dur ing  SCAR parametric acous t i c  t e s t i n g  t h a t  commenced i n  1974 (refs. 10- 
13) and was l a t e r  confirmed by p a r a l l e l  independent t e s t i n g  a t  General E l e c t r i c  (as-yet 
unpublished). 
en t ly  involve (or can be so arranqed a s  t o  p m v i d e )  a coax ia l ,  high r ad ius  r a t i o  two 
stream nozzle flow conf igura t ion  a t  t akeof f .  

rad ius  r a t i o  a r e  necessary t o o b t a i n  t h e  maximum b e n e f i t .  
t he re fo re ,  used as a reminder of t h i s  f a c t .  

Subsonic c r u i s e  t h r o t t l i n g  is accomplished by running the inne r  r o t o r  a t  e s s e n t i a l l y  

Thus, t h e  3-Rotor Double Bypass or Modulating Airflow englne a l s o  does everything 

Depending upon t h e  f l i g h t  Xach number, t h e  r e s u l t i n g  air- 

The concept was r e t a ined  of d iv id ing  t h e  fan  i n t o  two d i s -  

Figure 8 i l l u s t r a t e s  

It is of' t h e  utmost s ign i f i cance  f o r  SCAR VCE concepts s i n c e  these  inher- 

It should be noted t h a t  both t h e  coaxia l  flow conf i cu ra t ion  and t h e  high annular 
The term"co-annular" 1 8 ,  
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"be re8t of t h e  c h a r t  illustrates the s i d e l i n e  noise  produced by either convent ional  

Or CO-8nnul8r nozzles  as a func t ion  of t h e  jet  v e l o c i t y  averaged over  t he  two streams. 
-0 bands 8re shown, the upper one for conventional nozzles  and the lower one f o r  co- 
u u l u l a r  nozzles .  As ind ica ted  by t h e  v e r t i c a l  l i n e ,  t h e  1970 t u r b o j e t  operated at a rela- 
t1*.1y hlgh je t  v e l o c i t y  and crea ted  a noise  s i g n a t u r e  12 t o  15  dB above t h e  FAR 36 re- 
quirement. Thi8 could be reduced t o  some degree by o v e r s i r i n g  t h e  engine and Operating 
it throttled back t o  lower jet  v e l o c i t i e s  for takeoff  purposes. 
however. t h l s  r e s u l t s  i n  severe  airplane weight and economic performance p e n a l t i e s ;  so 
Severe, i n  f a c t ,  as t o  be unacceptable.  When a co-annular nozzle is used, on the o t h e r  
huld, it Is l a r d l a t e l y  seen that the noise  siCrnature is 8 t o  10 dB lower than t h a t  of 
the con*entlon81 model. If i n  a d d i t i o n ,  t h e  engine is a v a r i a b l e  cyc le  engine which is 
c 8 ~ 8 b l e  of t8klng-off at reduced jet v e l o c i t i e s  without otherwise pena l iz ing  t h e  k i r p l l n t ,  
it m y  be seen that a noise  s i g n a t u r e  below FAR 36 can be a n t i c i p a t e d .  The combination 
Of the two concepts,  namely, the co-annular nozzle  and t h e  v a r i a b l e  cyc:e engine,  results 
i n  Perh8pS 10 - 12 dB l o n e r  no ise  than t h a t  of t h e  conventional nozzle  combined with the 
conventional t u r b o j e t  engine.  This, it is f e l t ,  w i l l  have a d e c i s i v e  impact on t h e  en- 
vironmental a c c e p t a b i l i t y  of any f u t u r e  SST. 

The a p p l i c a t i o n  o f  t h i s  revolu t ionary  concept t o  a duct-burning t u r b o f u  engine is 
st raightforward.  The flow stream conf igura t ion  is a l ready  t h e  proper one, it is only 
necess8ry t o  t a i l o r  t he  cyc le  t o  provide the c o r r e c t  v e l o c i t y  and r a d i u s  r a t i o s .  It is 
also adaptable  t o  some mixed-flow engines  v i a  t h e  use o f  a v e n t i l a t e d  plug nozzle  o f  the 
general  type  dl8cussed i n  refs. 23-75. I n  essence,  fan  a i r  or i n l e t  ram air  is ducted 
t o  t h e  plug by soow wtans and exhausted from an annular  s l o t  i n  t he  afterbody. The above- 
lrcntioncd k n e r a l  E l e c t r i c  acoust i r la l  research  program has shown that ,  depending on r a d i u s  
r a t i o  and flow condi t ions ,  most of t h e  benef i t  i l l u s t r a t e d  i n  Fig. 4 may be achieved by 
t h i s  arrangement. 

Pol lu t ion  - Reduction Technology 

A s  previously mentioned, 

k t  us now turn t o  the second area of environmental  concern, namely, exhaust e m i s -  
siOn8. Of t h e  var ious emission cri teria,  t h a t  of high a l t l t u d e  c r u i s e  NOX is of g r e a t e s t  
concern f o r  t h e  supersonic t r a n s p o r t .  I n  Fig.  9, we i l l u s t r a t e  the comparative perform- 
8nce of  s e v e r a l  C O m b U s t O r  concepts i n  terms of i ts  r e l a t i v e  NOX emission index at  super- 
sonic  c r u i s e .  A s  ind ica ted  by t h e  top  bar, a convent ional  combustor such as was used i n  
t h e  1970 SST and is s t i l l  used today i n  cur ren t  a i r p l a n e s ,  shows the h ighes t  emission 
l e v e l  and is normalized t 1.0 on t h i s  r e l a t i v e  s c a l e .  
fFm about 20 &kg t o  50  gm/ dependin on cyc le  condi t ions . )  This may be compared t o  

p r o p r i a t e  for t h e  avoidance of apprec iab le  s t r a t o s p h e r i c  p o l l u t i o n  by a f u t u r e  SS' f l e e t .  
The c lean  combustor concepts 3eveloped by P r a t t  & Whitney and General E l e c t r i c  under cnr 
recent  SCAR Experimental Clean Combustor Program (refs. 1 4  L I S )  show r e l a t i v e  emission 
ind ices  of approximately 0.4 t o  0.5, on t h e  .-?ne s c a l e ,  i n  burner-rig experiments. This 
l e v e l  of performance could be incorporated 21 3 new engine program s t a r t i n g  now. Fur ther  
h p r o v e m n t  is predic ted  for  NASA's swirl can combustors and var ious  l e a n  combustor con- 
cepts .  Probably t h e  most hopeful concepts f o r  t h e  f u t u r e ,  however, a r e  i n  t h e  area of 
pre-mix combustors and t h e  c a t a l y t i c  combustor concept (e.&., r e f .  16). NOX i n d i c e s  a s  
low as 1 @kg (0.05 t o  0.02 r e l a t i v e )  have been demonstrated i n  small  s c a l e ,  i d e a l i z e d  
laboratory experlnients. But it is c l e a r  that a large, lengthy and probably expensive pro 
grim, lnc ludlng  both fundamental research  work and appl ied  development, w i l l  b e  requi red  
t o  t r a n s l a t e  these promising concepts i n t o  r e a l i t y .  Assuming that  t h e  necessary programs 
w i l l  be forthcoming, we a n t i c i p a t e  tha t  r e l a t i v e  va lues  as low as 0.25 may eventua l ly  be 
a t t a i n a b l e  i n  p r a c t i c a l  engines.  idbsolut ,  l e v e l s  of course w i l l  a l s o  depend upon t h e  
s p e c i f i c  c y c l e s  chosen.) It should be recognized, however, that  t h i s  involves  our enter -  
ing  a new and r e l a t i v e l y  unknown area of technology, and t h l s  has yet  t o  be done i n  a 
s e r i o u s  way. The above es t imates  are t h e r e f o r e  uncer ta in ,  a s  a r e  t h e  pro jec ted  requi re -  
ments; e i t h e r  or both may change s i g n i f i c a n t l y  I n  the f u t u r e .  

(The normalizing f a c t o r  v a r i e s  

a value of  3 gmlkg (0.16 $ $  t o  0.0 r e l a t i v e ?  whick ref. 26 t e n t a t i v e l y  sugges ts  may ' 0  ap- 

Although NOX emissions a r e  most c r i t i c a l  for an SST, i t  must be recognized tha t  
l o c a l  (a i rpor t -a rea)  emissions must a l s o  be environmentally acceptable .  It is bel ieved,  
however, that  a l l  of t h e  advanced technology primary burner concepts would be capable of 
m e t i n g  the "proposed" s tandards for f u t u r e  SST's. 

acceptable  augmentor w i l l  again require us t o  e n t e r  an unchart,od technology a r e a ,  

CURRENT VCE'a 

now appropr ia te  t o  t u r n  t o  t h e  c u r r e n t l y  favored VCE's  themselves. 
a r e  the " f i n a l  product" of t h e  SCAR engine s t u d i e s .  
these  engines must await  t h e  outcoltre o f  hardware or ien ted  programs. 

Pratt & Wnitney Concepts 

Stream Contra: Engine (VSCE) has t h e  flow pa th  of a ccnvent lonal  duct  burning turbofan.  
B u t  it incorpora tes  an unique main combustor power schedule and makes ex tens ive  use of  
r o t o r  speed c o e t r o l  and v a r i a b l e  geometry i n  t h e  f a n ,  compressor, primary nozzle ,  and 
secondary nozzle  t o  c o n t r o l  its opera t ing  bypass  r a t i o .  
VSCE q u a l i f l e s  t o  be termed a v a r i a b l e  cycle  englne.  Yet i t  Is of  s t r i k i n g  s i m p l i c i t y  irr 
comparison with t h e  approaches i l l u s t r a t e d  previously i n  Figs. 6 and 7. 

This is not  n e c e s s a r i l y  t h e  caae for augmentors, however. The search  f o r  a l o c a l l y -  

Having reviewed eariy \rCE concepts and two major impacting technology a r e a ,  it is  
These "paper" engines 

Further ,  more r e f i n e d  d e f i n i t i o n s  of 

The current ly-favored Pratt & Whitney VCE is i l l u s t r a t e d  i n  Flg.  13. T h i s  Variable  

Because OT t h i s  c a p a b i l i t y ,  t h e  
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c i s e l y  a conventional s epa ra t e  flow medium bypass turbofan  engine  (bypass - 1.5) and it 
provides  relatively good subsonic c r u i s e  performance. 

For t akeoff ,  acce l e ra t ion  and super ionic  c ru i se .  however, a d d i t i s n a l  t h r u s t  1s re- 
quired. This is obtained by l l g h t i n g  t h e  duct burner.  During t a k e o f f ,  t h e  a d d i t i o n a l  
enerw suppl ied  by the duct burner  r e s u l t s  i n  h igher  v e l o c i t y  i n  t h e  nozzle 's  o u t e r  annu- 
lar stream. But t h e  a d d i t i o n a l  no i se  implied by t h i s  condi t ion  ls o f f s e t  by t h e  co- 
annular  no i se  reduct ion  bene f i t  t h a t  was d iscussed  e a r l i e r .  Thus. the  engine,  when t ak ing  
off. should sound .ore like a conventional turbofan engine than  l i k e  a high-performance 
supersonic engine. During supersonic  c r u i s e  opera t ion  t h e  co re  Is speeded up by increas-  
i n g  t h e  temperature i n  t h e  main combustor and by  manipulating v a r i a b l e  geometry f ea tu res .  
Therety,  t h e  bypass r a t io  is decreased al?d t h e  need f o r  augmentation is decreased, result- 
i n g  i n  s p e c i f i c  f u e l  consumption approaching t h a t  of a w e l l  designed t u r b o j e t  engine. 

The second W a t t  I Vhitney VCE is depic ted  i n  Fig.  11. This  Rear Valve VCE (VCE- 
112C) is der ived  from t h e  duct burning turbofan through t h e  a d d i t i o n  of a mixer/crossover 
va lve  followed by an a d d i t i o n a l  a f t  t u r b i n e  s t a g e  - both loca ted  downstream of t h e  normal 
LPT. The VCE-112C h a s  two d i s t i n c t  ope ra t ing  modes depending on t h e  va lve  pos i t i on .  "or 
t akec f f ,  a c c e l e r a t i o n  and supersonic  c r u i s e ,  t h e  va lve  is i n  t h e  "crossover" pos i t i on .  
I.e., core  a i r  bypasses around the  a f t  t u r b i n e  and exits through t h e  O U ' ? ~  annulus of t h e  
nozafe. Thus, the  co re  c y c l e  is t h a t  o f  a t u r b o j e t .  

The f an  a i r  meanwhile passes  through t h e  duct burner  (which Is l i t) .  and is d i r e c t e d  
by t h e  c rossover  va lve  i n t o  t h e  a f t  t u rb ine ,  where a s i g n i i i c a n t  amount of energy Is ex- 
t r a c t e d  t o  h e l p  d r i v e  t h e  LP system. Tke f a n  a i r ' s  cyc le  is a l s o  t h a t  of a t u r b o j e t ;  
hence, t h i s  mode of opera t ion  is refer+d t o  as t h e  "twin-turbojet  mode." Its supersonic 
performance, however, is not q u i t e  as  favorable  as t h i s  name impl ies ,  because n e i t h e r  
" turboje t"  cyc le  is of t h e  optimum pressure  r a t i o  and because o f  p re s su re  l o s s e s  and 
weight/volume p e n a l t i e s  due t o  the va lve  and ef t  tu rb ine .  I ts  advantages are r e l a t i v e l y  
low weight (due t o  t h e  high "bypass" r a t i o  o f  about 2.5) and an advantageously-shaped 
supersonic t h r o t t l e  curve.  I.e., s ince  t h e  duct burner  is upstream of  a t u r b i n e  s t age ,  
high augmentations can be ac:omplished f o r  s i g n i f i c a n t l y  less SFC pena l ty  than  i n  t h e  
VSCE's case.  The r e s u l t i n g  f l a t "  t h r o t t l e  curve i n  t u r n  provides  t h e  a i r p l a n e  des igner  
wi th  a d d i t i o n a l  f l e x i b i l i t y  i n  terms of engine s i z i n g .  

Subsonica l ly ,  t h e  va lve  is i n  the "mix" p o s i t i o n  and t h e  duc t  burner  is not lit. 
The combined fan  and core  streams pass  through t h e  a f t  t u rb ine .  The cor rec ted  flow is 
about t h e  same as t h a t  provided by  t h e  augmented f a n  stream a lone  in t h e  supersonic twin- 
t u r b o j e t  mode. The a f t  t u rb lne ,  however, e x t r a c t s  r e l a t i v e l y  l i t t l e  power. The engine 
thus  behaves as i f  it Were a conventional mixed flow turbofan  f o r  subsonic c r u i s e .  

A maJor disadvantage of  t h e  VCE-112C is that  t he  ear l ier-discussed coannular no i se  
Lenef i t  may not  apply f u l l y .  That is, t h e  nozz le ' s  c e n t r a l  stream a t  takeoff  (which 
o r ig ina t ed  i n  t h e  duct bu rne r )  is r e l a t i v e l y  'L:rge and of high v e l o c i t y  compared t o  t h a t  
of t h e  VSCE. There is heme a core  j e t  no i se  f l o o r "  which w l l l  probably l i m i t  t h e  co- 
annular  b e n e f i t  t o  no more than  50% of  t h a t  shown i n  Fig. 5. 

i zed  conventional m'xed flow turbofan  w?th a r e l a t i v e l y  low ( 0 . 4 )  bypass r a t i o  know as 
LBE-430. Although lacking  obvious VCE f e a t u r e s  such as va lves  o r  coaxial flow StreBml, 
it inco rpora t e s  t h e  i d e n t i c a l  genera l  technology assumptions (materials, temperatures,  
component e f f i c i e n c i e s ,  stresses, cool ing  techniques ,  e t c . )  t h a t  were b u i l t - i n t o  t h e  
P r a t t  8 Whitney VCE's .  It a l s o  u t i l i z e s  r o t o r  speed con t ro l  and v a r i a b l e  geometry fea- 
t u r e s  ( t o  t h e  ex ten t  poss ib l e )  as i n  t h e  VSCE-502B, t o  maintain a degree  of  con t ro l  over 
t h e  ope ra t ing  bypass r a t i o .  As w i l l  be seen l a t e r ,  It provides exce l l en t  performance a t  
low a l r f low s i z e s  i f  no i se  c o n s t r a i n t s  are ignored. Unfortunately,  t h e  coannular bene r i t  
does not apply t o  t h i s  engine I n  Its present  form. Hence, t h i s  engine,  a lone  among those  
considered he re in ,  would r e q u i r e  e i t h e r  t h e  use  of  a mechanical no i se  suppressor  (with 
i t s  a t t endan t  risks and p e n a l t i e s )  or a great ly-oversized engine f o r  +:xttled-back take- . 
o f f .  It is a use fu l  ya rds t i ck ,  however, f o r  eva lua t ing  t h e  merits of  t h e  coaxial-stream 
VCE concepts.  

General E l e c t r i c  Concepts 

The o t h e r  p re fe r r ed  VCE concc:+ is t h e  General E l e z t r l c  Double Bypass Engine ( D E E )  
shown i n  Fig.  12. Like t h e  P r a t t  5 ii:itney engine,  i t  is  designed t o  t a k e  f u l l  advantage 
of t h e  annular/coannular no i se  b e n e f i t ,  c lean  primary burners and augmentors, advanced 
materials and o the r  SCAR technology developments. But where t h e  Pratt  & Whitney engine 
o r ig ina t ed  as  a duct burning turbofan ,  t h e  double bypass enpine Is der ived  from a con- 
ven t iona l  mixed flow turbofan  by  adding f e a t u r e s  from t h e  3-rotor engine previous ly  
d iscussed .  

is prone t o  be excess ive ly  heavy when i t s  ai;*flow is s i zed  f o r  low no i se  t akeof f .  A S  
with a l l  conventional tu rbofans ,  i t  a l s o  s u f f e r s  from a s i g n i f i c a n t  t h r o t t l e  dependent 
drag pena l ty  a t  p a r t  power subsonic c r u i s e  because a i r f l o w  decreases  a long  with t h r u s t  
when t h e  engine Is t h r o t t l e d  back. To o f f s e t  t h e s e  p e n a l t i e s ,  t h e  CTcble t y 7 a S S  engine 
provides a temporary high a i r f l o w  mode f o r  low no i se  takeoff  and t h e  c s p a b j l l t y  t o  
t h r o t t l e  a t  cons tan t  a i r f low f o r  p a r t  power subsonic c r u i s e .  

Under subsonic cruise cond i t ions  t h e  duct burner  is not lit. The engffle then Is pre- 

A t h i r d  Pratt L Whitney engine of  i n t e r e s t  (but not i l l u s t r a t e d  h e r e i n )  Is a modern- 

The low bypaus mixed flow engine can provide exce l l en t  supersonic performance, b u t  



A s  t h e  figure sugges ts ,  t h l s  is phys ica l ly  accomplished by d i v i d i n g  t h e  f a n  i n t o  two 
d i s t i n c t  b locks  or groups of s t a g e s ,  and providing an a u x i l i a r y  duct l ead ing  from t h e  in- 
t e rb lock  region. The r e s u l t i n g  flow pa th  is similar t o  that of the + r o t o r  e q i n e ,  bu t  
Wor progress  i n  des ign  s i m p l i r i c a t i o n  has  been achieved - as may be i n f e r r e d  by c,ompar- 
i n 6  Fig .  12 wi th  Fig. 7. Although not  i l l u s t r a t e d  here, some of t h e  a u x i l i a r y  flow can 
d ischarge  in to  t h e  plug and e x i t  f'rom t h e  a f t  su r face  through an annular  s l o t ,  This  pro- 
Vlde8 t h e  flow configurat ion and geometry needed t o  o b t a i n  t h e  coannular no i se  b c n c f i t  
d i s c u s m d  earlier. 

Three d i s t i n c t  ope ra t ing  modes may be recognized, depending on the  f a n  block flow 
Setting8 and whether t h e  a u x i l i a r y  duct is open or closed. 

In  the  low no i se  t akeof f  mode, t h e  a u x i l i a r y  duc t  is open, the  f r o n t  ,Can block is i n  
its high flow s e t t i n g ,  t h e  co re  is opera ted  a t  maximum takeoff power, and maximum energy 
18 e x t r a c t e d  by t h e  low p res su re  tu rb ine .  The t a i l p i p e  heater is not lit. I n  t h i s  mode, 
t h e  double bypasa eng4ne provides  t h r u s t ,  a i r f low and jet  v e l o c i t y  c h a r a c t e r i s t i c s  that  
would be t y p i c a l  of a Arger but t h r o t t l e d  back conventlorial engine,  or a h igher  bypass 
engine. Note, however, that  only  t h e  f r o n t  block is high  flowed. Hence, there is sig- 
n i f i c a n t  weight sav ingr  compared t o  a n  equal  no i se  conventional engine.  The combination 
of lower mean Jet v e l o c i t y  w i t h  the coannular no i se  b e n e f i t  r e s u l t s  i n  an  engine that  is 
remarkably q u i e t  for i ts  power. 

c e s s  airflow provided by the  f r o n t  block. I n  t h i s  fash ion ,  a wide range of  t h r o t t l i n g  
may be accomplished a t  cons tan t  a i r f low,  thereby e l imina t ing  or minimizing spillage, boat- 
t a l l ,  and other t h r o t t l e  dependent drags. 

In t h e  h igh  power mode f o r  climb, a c c e l e r a t i o n  and supersonic  c r u i s e ,  the  a u x i l i a r y  
duct is c losed ,  t h e  co re  is a t  o r  nea r  maximum continuous power, and t h e  t a i l p i p e  heater 
1s used as  needed. I n  t h i s  mode, t h e  double bypass cyc le  is i d e n t i c a l  t o  that  of  t h e  con- 
vent iona l  low bypass engine,  and o f f e r s  e s s e n t i a l l y  t h e  same performance. 

(no t  l l l u s t r a t t d  he re in ) .  It is a l s o  a d e r i v a t i v e  o f  t h e  low-bypass mixed ~ A O W  tu rbofan ,  
but i n  t h i s  case  a r e l a t i v e l y  s i m p l e  one. A s  i t s  name implies it has two modes o f  
opera t ion  - mixed flow and separate flow. "he conventional mixed flow mode is used f o r  
cllmb, a c c e l e r a t i o n  and supersonic c ru i se .  For t akeof f  or subsonic c r u i s e ,  the bypass 
stream is  d ive r t ed  from t h e  normal mixer end in s t ead  e x i t s  through a separate nozzle open- 
ing. This  allows the engine t o  t h r o t t l e  a t  cons tan t  a i r f low over  a range about midway 
between the conventional tu rbofan  and t h e  D6E. Since t h e  separated bypass flow could a l s o  
be led  t o  t h e  p lug  as i n  t h e  DBE, t h e  coannular b e n e f i t  is bel ieved t o  be appl icable .  A s  
w i l l  be seen, t h i s  less-complex VCE is f a i r l y  a t t r a c t i v e  a t  small  a i r f lows  but is of less 
i n t e r e s t  i n  a high-airflow, low no i se  s e t t i n g .  

ENGINE COMPARISONS 

that  is, developed sepa ra t e ly  from each o the r .  The i n t e n t  oi engine and a i r p l a n e  s t u d i e s  
has been t o  cause innovat ion  by i d e n t i f y i n g  problems i n  missions,  i n s t a l l a t i o n s ,  engine 
t echn ica l  c o n s t r a i n t s ,  and f i n a l l y  a i r c r a f t  performance and range. F igure  13 shows t h e  
flow-path of  t he  s t u d i e s  conducted under t h e  SCAR program; ref. 27 e l abora t e s  upon t h e  
method of a n a i y s i s  and p resen t s  some prel iminary NASA r e e u l t s .  We have demonstrated sig- 
n i f i c a n t  progress  by t h i s  approach. Subsequent c h a r t s  w i l l  show t h a t  both t h e  Pratt & 
Whitney and Oeneral E l e c t r i c  engines have improved s i g n i f i c a n t l y  as t h e  SCAR s t u d i e s  pro- 
gressed. I n  each case ,  t h e  engine concepts have changed s i g n i f i c a n t l y ,  d r iven  a t  least 
i n  p a r t  by t h e  a i r p l a n e  requirements.  It w i l l  be r e c a l l e d  that  a t  t h e  s t a r t  of t h e  engine  
s t u d i e s ,  there were many engine concepts;  but i n  all cases  t h e  requirements have tended 
towards v a r i a b l e  cyc le  engine concepts as t h e  best  o v e r a l l  so lu t ion .  

Pratt & Whitney Resu l t s  

have p l o t t e d  t o t a l  range t s  a func t ion  of  engine co r rec t ed  a i r f low.  
lower curve label led "CTJ shows the  performance obtained by a hypo the t i ca l  cur ren t -  
technology t u r b o j e t  engine. The airframe, i n  th:s case ,  is r e p r e s e n t a t i v e  of  modern NASA 
and con t r ac to r  t h ink ing  der ived  from t h e  SCAR program. It is an arrow-wing configurht lon 
weighing approximately 700,000 pounds a t  telreoff and would ca r ry  275 t o  300 passengers 
over ranges  up t o  4,000 or 4,500 n a u t i c a l  R es. The curve label led "LBE-430S" is for t h e  
modern Pratt & Whitney conventional low bypabs mixed-flow engine which embodies SCAR tech- 
nology advances, but no v a r i a b l e  cyc le  engine f ea tu res .  It r ep resen t s  a major advance 
over  t h e  e a r l y  engine.  I n  unsuppressed form ( the  dashed curve)  i t  would appear t o  be  a 
"winner" at low airflows, but is less a t t r a c t i v e  a t  high a i r f lows .  Unfortunately,  t h i s  
engine i n  i t s  present  form would r e q u i r e  a mechanical sound suppressor ;  i t s  suppressed 
performance i l l u s t r a t e d  by t h e  s o l i d  curve,  is s i g n i f i c a n t l y  degraded. I l l u s t r a t e d  next 
is t h e  pcrfor;.snce of  t h e  v a r i a b l e  stream c o n t r o l  engine,  YSCE-5028. Clearly, it provides  
exce l l en t  performance even a t  low engine a i r f lows .  I t s  major advantage, however, occurs 
a t  h igher  a i r f l o w  l e v e l s  t h a t  correspond t o  lower no i se  performance. F i n a l l y ,  t h e  rear 
valve WE-112C is a l s o  f a i r l y  competit ive a t  low a i r f lows  but less a t t r a c t i v e  i n  l a r g e r  
sizes, AB prev ious ly  mentioned, t h i s  engine because of  i t s  inhe ren t  cyc le  and nozz le  
geometry c h a r a c t e r i s t i c s  does not r ece ive  t h e  full coannular no i se  b e n e f i t .  
is less a t t r a c t i v e  than  t h e  curve might suggest fa r  c i v i l  uses .  For o t h e r  app l i ca t ions ,  

For pa r t  power subsonic c r u i s e ,  t h e  a u x i l i a r y  duct is again  open, and pa t se s  t h e  ex- 

A second General. E l e c t r i c  VCE of p o t e n t i a l  i n t e r e s t  is the  Dual Cycle Engine o r  DCE 

Experience has taught  t h a t  t h e  engine and a i r p l a n e  cannot b e  c rea t ed  i n  a vacuum, 

The performance of t h e  Pratt & Whitney engines is i l l u s t r a t e d  i n  Fig. 1 4 .  Here we 
For r e fe rence ,  t h e  

It t h e r e f o r e  



8 

however, o r  if a 8OlUtlOn t o  t h i s  problem Is found, It could well merit f u r t h e r  consld- 
erat ion. 

The o v e r a l l  r e s u l t s  are summarized i n  bar  c h a r t  form on t h e  o t h e r  p a r t  of t h e  f igure .  
Here we have shown t h e  range obta inable  f o r  s e v e r a l  d i f f e r e n t  engines as a turrctlon or 
s i d e l i n e  noise  (estimated by t h e  s impl l f led  methods of r e f .  27) and takeoff  f i e ld  length  
c o n s t r a i n t s .  The r e s u l t s  are shown f o r  a long and s h o r t  f i e l d  length  and f o r  no ise  l e v e l s  
of FAR 36 and FAR 36 minus 5. 
430 have been c r e d i t e d  with a mechanical suppressor  which confers  a 8-dB noise  reduct ion 
(about t h e  same l e v e l  as obtained v i a  t h e  coannular b e n e f i t ) .  I n  both cases  it is c l e a r  
t h a t  t h e  SCAR conventional engine represents  a s i g n i f i c a n t  advance over t h e  early t u r b o j e t  
and t h a t  t h e  v a r i a b l e  stream c o n t r o l  engine,  the prefered  PLW VCE, represents  a f u r t h e r  
advance over  the modern convent ional  engine a t  a i r f l o w s  corresponding t o  low takeoff  noise.  

Qeneral  E l e c t r i c  Results 

are p l o t t e d  the t o t a l  range as a funct ion of cor rec ted  a i r f low f o r  the 1970 OE-4 SST 
engine,  f o r  t h e  QE Dual Cycle Engine (which, bu t  f o r  i t s  presumed a b i l i t y  t o  use a co- 
annular  nozzle ,  l a  e s s e n t i a l l y  a modernized low bypass mixed flow turbofan engine)  and 
f o r  t h e  Double Bypase Engine. 
8 dB high-;)erformance suppressor ,  while t h e  two VCE's  presumably r e c e l v e  about t h e  same 
b e n e f i t  from the  coannular e f f e c t .  A s  was the case  w i t h  P r a t t  & Whltney engines it is 
c l e a r  t h a t  t h e  modernized turbofan or Dual Cycle engine has achieved a s i&nif icant  im- 
provement over t he  1970 SST engine,  but t h e  Double Bypass engine i n  t u r n  r e p r e s e n t s  a 
major f u r t h e r  advance - e s p e c i a l l y  i n  t h e  high a i r f low regime which corresponds t o  low 
takeoff  noise .  The bar c h a r t  i n  t h i s  f i g u r e  I l l u s t r a t e s  exac t ly  the same t rends .  Range 
again is shown f o r  long and s h o r t  t akeoff  f i e ld  lengths  and f o r  FAR 36 s i d e l i n e  noise  and 
FAR 36 minus 5Db. Noise Is again  computed by t he  s i m p l i f i e d  NASA method of ref. 27, ln-  
d l v l d u a l  c o n t r a c t o r ' s  estimates may vary somewhat. It Is c l e a r l y  ev ident  that  t h e  Double 
Bypass v a r i a b l e  cyc le  engine r e p r e s e n t s  t h e  major advance, although t h e  Dual Cycle is 
f a i r ly  competi t ive a t  t h e  lower a i r f l o w s  t h a t  correspond t o  g r e a t e r  f i e l d  lengths  and 
higher  noise .  

TECHNOLOQY REQUIREMENTS AND PROGRAMS 

Mentioned earlier was the f a c t  tha t  one a b j e z t i v e  of t h e  SCAR englne s t u d i e s  was t o  
def ine  the technology requirements f o r  making t h e s e  paper engines r e a l .  Figure 16 Is a 
summary of t h e  major technology recommendations presented by Pratt  & Whitney and General 
E l e c t r i c .  Clear ly  needed are q u i e t  coannular nozzles ,  underl ined on t h e  f i g u r e  because 
they a r e  not only c r i t i c a l l y  needed b u t  a r e  unique comments for these  engines and not  
l i k e l y  t o  be developed under o t h e r  programs. I n  t h e  same category i s  t h e  low emmlsslons, 
e f f i c i e n t  duct  burner which i s  c h a r a c t e r i s t i c  of  t h e  P r a t t  & Whltney engines a lone.  Also 
needed are v a r i a b l e  geometry f a n s ,  flow c o n t r o l  valves ,  advanced low pressure  t u r b i n e s  
and advanced I n l e t s .  There Is a major need f o r  low-emmissions primary burners  as wel l  a s  
f o r  advancement I n  hot s e c t i o n  technology I n  genera l .  As previously mentioned, the 
favored engines obta in  improved supersonic performance by IncreaRIng the  primary burner  
temperature and speeding up t h e  core  as t h e  engine a c c e l e r a t e s  toward supersonic  c r u i s e  
operat ion.  A consequence of t h i s  Inverted temperature p r o f i l e ,  is an inver ted  duty cycle  
i n  which t h e  engines must spend perhaps 80% of t he i r  l i f e  times opera t ing  a t  o r  near  t he  
maximum poss ib le  turb ine  i n l e t  temperature.  By ccmparlson, a conventional subsonic engine 
would take  o f f  a t  maximum temperature and then t h r o t t l e  back s e v e r a l  hundred degrees  when 
it reaches c r u i s e  condi t ions.  Thus, advanced cool ing techniques and advanced high temper- 
a t u r e  m a t e r i a l s  are of the  w e a t e s t  importance i n  t h e s e  engines.  F i n a l l y ,  because of t h e  
engines '  many a d j u s t a b l e  f e a t u r e s  t h a t  m u s t  be cont inuously monitored and c o n t r o l l e d  i n  
f l i g h t  f o r  s a f e  and e f f i c i e n t  opera t ion ,  t h e r e  is a l s o  a need f o r  advanced d i g i t a l  e lec-  
t r o n i c  c o n t r o l s  a s  Indicated.  

both Pratt & Whitney and Qenera l  E l e c t r i c .  The cur ren t  pro&-am Is a u s t e r e  and Is r e l a -  
t i v e l y  slow paced. Tke bas ic  P r a t t  8 Whitney t e s t  i tem la a r e a r  end assembly comprising 
a duct burner and a coannular nozzle .  I n  l i e u  of a l a r g e  f a c i l i t y  a i r  s u p p l y ,  t h i s  as- 
sembly w l l ? .  be dr iven by an F10G engine rematched t o  approach the  Variable  Stream Control 
Engine cycle .  
screening s t u d y  followed by segment-rig t e s t s  of t h e  most promising conf igura t ions ,  b e f o r e  
t h e  boi le r -p la te  burner is assembled. S imi la r ly ,  t h e  q u i e t  coannular nozzle  will be eval-  
uated by means of aerodynamic performance and a c o u s t i c  model t e s t s  before  t h e  b o i l e r - p l a t e  
nozzle i s  constructed.  

For ease of comparison, both t h e  early t u r b o j e t  and the  LBE- 

S imi la r  r e s u l t s  f o r  the Qenera l  E l e c t r i c  engines  are I l l u s t r a t e d  i n  Fig. 15. Here 

Again f c r  ease of  comparison, the QE-4 is c r e d i t e d  w i t h  an 

To address  some of these  needs,  NASA has i n s t i t u t e d  tes t  bed engine programs w i t h  

The duct burner conf igura t ion  w i l l  be s e l e c t e d  on t h e  basis of an a n a l y t i c a l  

NASA is a l s o  aadrcseing t h e  Qeneral  E l e c t r i c  technology needs by a t e s t  bed englne 
program. 
cepts .  Following p a r a l l e l  l o g i c  with che P r a t t  & Whltney w m k ,  an e x i s t i n g  military en- 
gine (5-101 ' e r i v a t l v e )  w i l l  be  used es an a i r  supply t o  t e s t  R new aft-end assembly i n -  
corpora t ing  a q u i e t  coannular nozzle .  The m i l i t a r y  demonstrator inc ludes  o r  can be m d e  
t o  s imulate  some but not a13 of t h e  d e s i r a b l e  Double Bypass f e a t u r e s  I d e n t i f i e d  by t h e  
SCAR s t u d i e s .  It can be rematched t o  provide an e x c e l l e n t  s imulat ion of t h e  s e l e c t e d  Cycle 
a t  takeoff' condi t ions ,  and a more l imi ted  s imulat ion a t  o t h e r  condi t ions .  The design of 
t h e  q u i e t  nozzle w i l l  be e s t a b l i s h e d  by  f u r t h e r  a n a l y s i s  and aeroacous t ic  model tests be- 
f o r e  t h e  f u l l - s i z e d  assembly is constructed.  IF a d d i t i o n ,  a new v a r i a b l e  geometry f r o n t  
fan w i l l  be r i g  t e s t e d  s e p a r a t e l y  from t h e  engine/nozzle t e a t .  The fan rig test  assembly 
w i l l  b e  s i z e d  t o  be compatible with a f u t u r e ,  more advanced t e s tbed  engine embodying all 

This Is being c l o s e l y  coordinated w i t h  m i l i t a r y  programs Involving r e l a t e d  con- 
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significant features of  the Double Bypass Engine concept. 

It suwnary, the presently planned testbed programs will accomplish several objectives; 
nrrm.ly, to test for each co~pany - Oeneral Electric and Pratt I Whitney - the two mprt 
Critical, most Unique technology requirements identified by their SCAR engine studies. 
P m t t  YhitneY this comprises a clean, efficient duct burner and a quiet.coannular noatlc. 
For General Electric it includes a variable-flow front fan block and a quiet annular not- 
ele .  It 1s emphasized that these are critical items, unique to the favored engines, and 
not likely to be developed elsewhere. Hopefully, additional needs appearing in Fig. 16 
Will be at least partially addressed by other NASA or military programs. If not, a size- 
able augmentation of the testbed and related SCAR programs may be necessary in the future. 

CONCLUDING RElcARKS 

how they have been favorably impacted by design simplification and by technology advance- 
mtnts in many areas - particularly in the area of acoustics. 
been achieved in the airframe area by other parts of the SCAR program. 

Whet is the overall payoff from these developments? In Fig. 17 is shown a plot of 
subsonic mission leg length versus the airplane's total range capability. 
pair combinations of economic interest are spotted on the figure. The line at the left 
indicates the estimated performance of the 1970 United States SST at one point near the 
close of that program. The nearly vertical band at the right indicates the performance 
now predicted for an advanced supersonic transport using variable cycle engine concepts 
and taking advantage of the SCAR technology advancements that have been discussed. As 
indicated by the arrows between the lines, these advancements are due to improved engine 
technology, aercdynamlc and structural technology advances and the variable cycle concepts. 
Clearly, a major improvement in the airplane's ability to serve potentially attractive 
markets has been identified on paper. 

that we are identifying what needs to be done to develop a viable option for some future 
date. By the testbed programs we are addressing the unique and most critical components 
for each of the favcred VCEs. Admittedly, there are other needs which are not now being 
addressed. But we believe that if the testbed programs are steadfastly pursued to their 
successful conclusions, the logical next steps will be forthcoming. 
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