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The ::ational Aeronau t ics  and Space Admin is t ra t ion  (NASA) i s  engaged i n  a 
s t u d y  of t h e  a p p l i c c a t i o n  of ~ d v a n c e d  technology t o  long-range,  s u p e r s o n i c ,  
commercial r t a n s p o r t  a i r c r a f t  under t h e  Supersonic  C r u i s e  A i r c r a f t  Research 
(SCAR) program. A s  p a r t  of t h i s  prcgram, t h e  General  E l e c t r i c  Company 
has  been conduct ing advanced superson ic  p r o p u l s i o n  s t u d i e s  w i t h  t h e  o v e r a l l  
o b j e c t i v e  o f  i d e n t i f  y i n g  t h e  most promising advanced eng ine  concep t s  and 
r e l a t e d  technology programs necessa ry  t o  p r o v i d e  a s o ~ n d  b a s i s  f o r  d e s i g n  
and p o s s i b l e  f u t u r e  development of an  advanced s u p e r s o n i c  p r o p u l s i o n  system. 
Phases  I and  I1 o f  t h i s  e f f o r t  were conducted under NASA Cont rac t  NAS3-16950 
and wcre r e p o r t e d  i n  NASA CR-143634 and NASA CR-134913, r e s p e c t i v e l y .  GE 
Phase I11 effort, conducted under NASA Cont rac t  NAS3-19544 and i n c i u d i n g  
a i r f r a m e  i n t e g r ~ t i o n  s t u d i e s ,  i s  t h e  s u b j s c t  of t h i s  r e p o r t .  

Phase  I s t u d i e s  i n c l u d e d  cne d e s i g n  and a n a l y s i s  of s e v e r a l  c o n v e n t i o n a l  
s u p e r s o n i c  engines and s e v e r a l  s u p e r s o n i c  engines  having v a r i a b l e  c y c l e  
f e a t u r e s .  Phase I1 w a s  a fo l low-on  s t u d y  i n  which s p e c i f i c  v a r i a b l e  c y c l e  
f e a t u r e s  or arrangements  (bo th  dual-cycle  and double-bypass) wcre i n c o r p o r a t e d  
i n  a  mixed-flow t u r b o f a n  cycle. The eng ines  were modif ied t o  I n c o r p o r a t e  
a n n u l a r  n o z z l e s  s o  a s  t o  t a k e  advantage of t h e i r  s i m p l i c i t y  and light 
weight  and t h e i r  i n h e r e n t  a c o u s t i c  s u p p r e s s i o n  c h a r a c t e r i s t i c s .  Phase I1 
s t u d i e s  i d e n t i f i e d  a  double-bypass v a r i a b l e  c y c l e  eng ine  having high-flowed 
f a n  and annular n o z z l e  a s  t h e  most a t t r a c t i v e  of t h o s e  s t u d i e d ,  c o n s i d e r i n g  
range performance and noise. 

R e s u l t s  of Phase  I1 s t u d i e s  a l s o  i n d i c a t e d  t h a t  f u r t h e r  r e f i n e m e n t s  i n  
engine c y c l e  and n o z z l e  d e s i g n  and f u r t h e r  n a c e l l e  i n t e g r a t i o n  s t u d i e s  
would be  r e q u i r e d .  

The  overall o b j e c t i v e  of Phase III was t o  p r o v i d e  p a r a m e t r i c  and 
r e f i n e d  p r e l i m i n a r y  d e s i g n  s t u d i e s  and t o  i d e n t i f y  c r i t i c a l  technology 
requ i rements  f o r  a t t r a c t i v e  engine d e s i g n s  which would r e s u l t .  Ernphasis 
was p laced  on unique e n g i n e  components, such  as an  a n n u l a r  nozz le ,  a main 
combustor having low emiss ions ,  and a high-flowed fan. In a d d i t i o n ,  d e f i n i -  
t i o n s  of t h e  most promising engines  were provided t o  NASA SCAR a i r f r a m e  
c o n t r a c t o r s  i n  t h e  form of data packs f o r  t h e i r  a i r p l a n e  sys tem assessments .  
The e n g i n e  concep t s  were eva lua ted  i n  terms of a i r c r a f t  r ange  performance 
and environmental  c h a r a c t e r i s t f c s  (i.e., n o i s e  and emiss ions ) .  

In Phase 111 t h e  double-bypass v a r i a b l e  c y c l e  eng ine  was i d e n t i f i e d  a s  
t h e  most promising concep t .  The improved double-hypass v a r i a b l e  c y c l e  
e n g i n e  i n c o r p o r a t e s  advanced technology f e a t u r e s ,  i n c l u d i n g :  

e Mechanical. d e s i g n  improvements 

a Annular a c o u s t i c  nozzle  

Reduced l e v e l s  of t u r b i n e  c o o l i n g  air  



a S p e c i a l  v a r i a b l e  geoinctry components 

Improved fan and co~nprcssor aerodynamics 

Lightweight components 

Improved aerodynamic flowpaths 

a Nigh-flowed f a n s  

Low emissions comb~lstor 

Advanced e l e c t r o n i c  c o n t r o l s  

The engine a l s o  provides good performance a t  both supersonic c r u i s e  and 
subsonic c r u i s e  and the  emission c h a r a c t e r i s t i c s  are acceptab le .  The 
advanced technology double-bypass v a r i a b l e  cyc le  engine o f f e r s  an improvement 
i n  a i r c r a f t  range performance r e l a t i v e  to  e a r l i e r  s u p e r s o n i ~  jet engine 
designs and wich a lower l e v e l  of engine noise.  

Cooperative s t u d i e s  w i t h  a i r c r a f t  systems c o n t r a c t o r s  have i d e n t i f i e d  
a  cycle  which b e s t  matched their a i r c r a f t  with t he  fol lowing r ep resen ta t ion  
parameters: 

Fan high-flowed 10% 

PRF 3 . 7  

P k ~  15 t o  1 7  

BPR 2 .5  t o  0.35 

T 4  l ~ a x .  1538" C (2800" F) 

T 4 1 ~ u p e r c r u i s e  1482" C (2700' F) 

Studies  show t h a t  range improvements from 555 t o  926 km (300 t o  500 nmi) 
r e s u l t e d .  

S tudies  of low emission combustors have i d e n t i f i e d  a double-annular 
combustor which provides s i g n i f i c a n t  ernissLoa reduct ions  and meets t h e  1984 
EPA proposed a i r p o r t  s tandard .  

S tud ie s  i n d i c a t e  t h a t  final emission s tandards  may have a major impact 
on the AST a i r c r a f t  and i t s  proplllsion system. 

The Lockheed-California Company was subcontracted t o  eva lua t e  i n l e t  
concepts f o r  a t y p i c a l  v a r i a b l e  c y c l e  engine. There were a d d i t i o n a l  sub- 
con t r ac t s  w i t h  the th ree  major SCAR a i r f r a m e  companies (McDonnell Douglas, 
Lockheed-California, and Boeing) f o r  the purpose of conducting n a c e l l e  
i n t e g r a t i o n  s tud ie s .  



Data packs were provided f o r  s e l e c t e d  engines and cons is ted  of engine 
d e f i n i t i o n s  i n  terms o f  performance, no i se ,  and i n s t a l l ; ~ t i o n  character is t ics .  
From the  r e s u l t s  of t h e s e  a i r f rame s t u d i e s  i t  is concluded t h a t :  

S a t i s f a c t o r y  i n l e t s  can be  designed t o  match flow and o the r  
performance c h a r a c t e r i s t i c s  of General E l e c t r i c  v a r i a b l e  cyc le  
engines. 

8 Acceptable n a c e l l e  designs can be achieved for General E l e c t r i c  
GE21/J11 double-bypass variable cycle engines wi th  only minor 
engine conf igu ra t ion  changes which r e s u l t  i n  a minimum impact on 
a i r c r a f t  drag. 

Engine s i z e  selection i s  g r e a t l y  a f f e c t e d  by j e t  nozzle  acous t ic  
c h a r a c t e r i s t i c s ,  take-off requirements ,  and a i r c r a f t  s i z e .  

General E l e c t r i c  GEZJ./Jl l  engices  wi th  annular  nozzles  are estimated 
t o  meet FAR 36 noise  requirements without  the need for a mechanical 
suppressor.  

Data packs of m i l i t a r i z e d  vers ions  of s e l e c t e d  engines were prepared and 
provided t o  NASA-Lewis f o r  o v e r a l l  mission s t u d i e s .  

S tud ie s  of th ree  additional unconventional engine concepts were conducted, 
The concepts s tud ied  included a  modified ve r s ion  of a VCE f o r  an  a i r p l a n e  
u t i l i z i n g  flap-blowing, a supersonic inf low f a n  engine, and use of power 
managernen t techniques dur ing  take-of f and climb-out . 

Technology requirements f o r  t he  VCE include:  

Combustors having low emissions 

Annular nozz le  

High-f low fans 

Specia l  v a r i a b l e  geometry components 

Acoustics 

Elec t ronic  c o n t r o l s  

In l e t / eng ine /nace l l e  i n t e g r a t i o n  

The multi-year NASA AST/SCAR Test-Bed Program, i n  whfch GE is  a p a r t i c i p a n t ,  
w i l l  p rovide  f o r  some of t h e  required technology development a r e a s .  



2.0 INTRODUCTION 

As part of t h e  NASA Superson ic  C r u i s e  A i r p l a n e  Research (SCAR) program, 
The General  Electric Company has been conduc t ing  advanced supersonic propu l -  
s i o n  s t u d i e s  under NAS3-16950 (Phases I and 11) and NAS3-19544 (Phase 111). 
The o v e r a l l  o b j e c t i v e  of t h i s  s t u d y  program was t o  i d e n t i f y  t h e  technology 
n e c e s s a r y  t o  p r o v i d e  t h e  ba s i s  f o r  d e s i g n  and p o s s i b l e  f u t u r e  development of  
an advanced s u p e r s o n i c  p r a p u l s i o n  system,  

2 . 1  BACKGROUND 

Phase I s t u d i e s  invo lved  t h e  d e s i g n  and a n a l y s i s  of s e v e r a l  conven t iona l  
s u p e r s o n i c  eng ines  and s e v e r a l  s u p e r s o n i c  e n g i n e s  havlng v a r i a b l e  cycle 
features. Engine dimensions,  weight ,  and performance c h a r a c t e r i s t i c s  were 
e s t i m a t e d  from p r e l i m i n a r y  d e s i g ~ i  a c t i v i t y .  Each engine was "sized" f o r ,  
and "flown" i n ,  a h y p o t h e t i c a l  supersonic t ranspor t :  a i r c r a f t  on a s p e c i f i e d  
s u p e r s o n i c  t r a n s p o r t  miss ion.  Engine types s t u d i e d  i n c l u d e d  some with 
mechanical  s u p p r e s s o r s  and some w i t h o u t  mechanical  s u p p r e s s o r s .  

Phase I s t u d y  r e s u l t s  i n d i c a t e d  t h a t  t h e  low bypass  r a t i o ,  mixed flow, 
sugmented t u r b o f a n  c y c l e  gave the best  range  performance.  I n  a d d i t i o n ,  it 
was determined t h a t  a je t  noise s u p p r e s s o r  would be r e q u i r e d  i f  a n  a c c e p t a b l e  
AST a i r c r a f  t was t h e  desired goal ,  

Phase I s t u d i e s  a l s o  i n d i c a t e d  that the modulating a i r f l o w  3-rotor 
e n g i n e  design had some d e s i r a b l e  f e a t u r e s .  A new eng ine  was dev i sed  which 
was b a s i c a l l y  a mixed-flow t u r b o f a n  b u t  comblned with t h e  d e s i r d b l e  fea tures  
of the +rotor  engine.  

The Phase  I s t udy  i l l u s t r a t e d  t h a t  n o i s e  c o n s t r a i n t s  had a d e f i n i t e  
impact  on t h e  s e l e c t i o n  of eng ine  types and c y c l e  pa ramete rs .  It was a l s o  
shown t h a t  a n  advanced s u p e r s o n i c  t r a n s p o r t  would b e n e f i t  from t h e  a p p l i c a -  
t i o n  of advanced eng ine  technology.  

Phase  11was  a follow-on s t u d y  i n  which specific variable c y c l e  f e a t u r e s  
o r  arrangemen's were e v a l b a t e d  u s i n g  a mixed-flow t u r b o f a n  cycle a s  a b a s i s .  
Bath dual-cvcle  and double-bypass t y p e s  were analyzed.  Phase  11 a l s o  sought  
t o  i d e n t i f y  what new o r  advanced technology would have to  bc developed t o  
a s s u r e  s u c c e s s  o f ,  o r  o t h e r w i s e  e x p l o i t  the p o t e n t i a l  advantages o f ,  t h e  
variable cycle cngine (VCE). I n  t h e s e  s t u d i e s  n o i s e  g o a l s  were  between 
FAR 36 and FAR 3 6  minus 5 dB, 

During t h e  Phase I1 s tud ie s  the a c o u s t i c  b e n e f i t s  of the a n n u l a r  nozzle  
became b e t t e r  unders tood.  A s  a consequence,  t h e  VCEts were modif ied t o  
i n c o r p o r a t e  annular  nozzles i n  o r d e r  t o  t a k e  advantage of t h e i r  s i m p l i c i t y ,  
light weight,  and i n h e r e n t  a c o u s t i c  s u p p r e s s i o n  characteristics, A d d i t i o n a l  
i n f o r m a t i o n  on t h e  f o r w a r d - f l i g h t  e f f e c t s  on the a c o u s t i c  c h a r a c t e r i s t i c s  of 
mechanical  s u p p r e s s o r s  was o b t a i n e d  i n  t h i s  time per fod  and was factored 



i n t o  the  a n a l y s i s .  Engine de s igns  were i d e n t i f i e d ,  some with mechanical 
s u p p r e s s o r s  and some w i t h  annular n o z z l e s  having no nlccllanical s u p p r e s s o r s .  

Phasc I1 s t u d i e s  i d e n t i f i e d  a double-bypass variable cyc le  eng ine  
having a high-flowed fan  and a n  a n n u l o r  nozzle a s  t he  most promis ing conrcpt: 
a f  rhosc s t u d i e d ,  considering rangc performance and noise. The ndv~ntagcs 
of  t h i s  p a r t i c u l a r  eng ine  were: 

B e t t e r  subsonic sEc 

T h r u s t  modula t i o n  f c a t u r e s  

Reduced s p i l l a g e  drag 

B e t r c r  rnatrll between t a k e o f f  t h r u s t  and n o i s e  

I i c su l t s  of t h e  Pllasr 11 s t u d i e s  also i n d i c a t e d  that f u r t h e r  r e f i n c ~ n c r l t s  i n  
engine  cycle,  i ~ o z z l c  d e s i g n ,  and n a c e l l e  i n r e g r a t i o n  would be r e q u i r e d ,  and 
t h e s e  a r e a s  were inc luded  i n  Phase 111 work. 

2.2 UESCRIPTION OF PlUSE 111 STUDY TASKS 

The overal l  o b j e c t i v e  of Phasc 111 was t o  c o n t i n u e  p a r a m e t r i c  r e f i n c -  
mcnt and p r e l i m i n a r y  design s t u d i e s  of the most promis ing variable cyc l e  
engine c o n c e p t s  and t o  i d e n t i f y  c r i t i c a l  technology r e q r ~ i r c m e n t s  f o r  t h e s e  
engines.  These concep t s  were  evaluated on an o v e r a l l  basis by GE i n  t e r n s  
of rangc and environment character is t ics  ( n o i s e  and emiss ions ) .  I n  a d d i t i o n ,  
d e f i n i t i o n  of t h e  most p romis ing  eng ines  were provided t o  NASA SCAR a i r f r a m e  
c o ~ l t r n c t o r s  i n  tho  form of  data-packs f o r  t h e i r  a i r p l a n e  sys tern assessments .  

The  f o l l o w i n g  t a s k s  were conducted Po meet t h e s e  program objec t ives :  

'This t a s k  included the re f inement  of t h e  double-bypass VCE concept 
i n c l u d i n g  USE oE a n  a n n u l a r  n o z z l e  For n o i s e  b e n e f i t s .  In  a d d i t i o n ,  n low- 
bypass,  mixed-Elow eng ine  was s ~ u d i c d .  

Task B - Airframe Rela red  S t u d i e s  

A s u b c o n t r a c t  was established w i t h  the  Lockhced-Calif o r  rlia Co. t o  
e v a l u a t e  i n l e t  i n t e g r a t i o n  f o r  a t y p i c a l  variable c y c l e  e r ~ ~ i n e .  A d d i t i o n a l  
s u b c o n t r a c t s  were l e t  ro t he  three major SCAR airframe companies, McDonncll 
Douglas Corp. (Douglas A i r c r a f c  Company), Lockheed-Cal i fornia  Cu., and the 
Bocing Conimcrcial A i r p l a n e  Company f o r  t he  purpose  o f  conduc t ing  n a c e l l e  
i n t e g r a  t i u n  s t u d i c s .  



Data-packs were prov ided  Ear se l ec t ed  engfnes which c o n s i s t e d  of engine 
d e f i n i t i o n  i n  terms of performance, n o i s e ,  and i n s t a l l a t i o n  c h a r a c t e r i s t i c s .  

Task C - Specia l  S t u d i c s  

S t u d i e s  of three a d d i t i o n a l  engine concep t s  werp cunductcd, The r o n c c p t s  
i n c l u d e d  il modif ied v e r s i o n  of a VCE f o r  a blown-flap a i rp lane ,  a s u p e r s o n i c  
i n t l o w  f a n  e n g i n e ,  and t h e  use  uf power managcnirnt techniques d u r i n g  tske- 
o E f and c limb-ou t . 

Task D - P r e l i m i n a r y  Design 

Thc p r e l i m i n a r y  design s t u d i e s  I n i t i a t e d  in Phase I1 wcrc con t inued  
under this task. Emphasis w a s  p l a c e d  on unique eng ine  components, such  a s  
t h e  a n n u l a r  acoustic n o z z l p  and the main combustor having low emiss ions .  

Task E - M i l i t a r y  A p p l i c a t i o n s  

Data-packs of m i l i t a r i z e d  v e r s i o n s  of selected engines were prepared 
and provided tc NASA-Lewis  f o r  overal l  m i s s i o n  s t u d i e s .  

Task F - Technology Recommendations 

Based on the r e s i l l t s  of the  Pilase I11 s t u d i e s ,  t he  c r i t i c a l  technology 
requ i rements  wcrc i d e n t i f i e d  and recommtt~dat ions  were made. 



Measurement values used i n  t h i s  report are stared i n  SI units followed 

by English units in parentheses. The study was conducted u s i n g  customary 

Engl i sh  u n i t s  for the  principal measurements and c a l c u l a t i o n s .  

Symbol Def in i t ion  - 
English 

S I  Uni t s  Units  

Ac I n l e t  Capture Area rn 
2 ft2 

ADEN Augmented Def lec t ing  Exhaust 
Nozzle 

'i I n l e t  Capture Area 

ALT, a1 t Al t i t ude  m f t 

AST-2 Advanced Supersonic Transport  - 
AST Advanced Supersonic Technology - 
ATEGG Advanced Turbine Engine Gas 

Generator - - 
Advanced Technology Laborator- 
ies, Inc. - 

atm Atmosphere - - 

Aux Auxiliary - - 

Avg Average - - 

Exhaust Nozzle Throat Area m2 f t 
2 

Exhaust Nozzle Exit  Area m 
2 

f r 2 A9 

Inlet Mass Plow o r  Area Ratio 

BFL Balanced F i e l d  Length m f t 

BPR Bypass Pressure R a t i o  - .. 

B tu B r i t i s h  Thermal Unit J Et-lbf  



SYMBOLS AND NOblENCLATURE ( ~ o n t  inued) 

English 
Units Symbol Definition ST Units 

Degree Celsius 

Drag Coefficient 

Nozzle Thrust Coefficient 

Center o f  Gravity cmg. 

CIAP Climatic Impact Assessment Program - 
Lift Coefficient - 
Lift Coefficient at Takeoff - 

Centimeter(s) - 
Carbon Monoxj dc - 
Unburned Hydrocarbons - - 

lbf 

- 
Drag N 

DBTF Duct-Burning Turbofan (Ph I, 11) - 
Decibel, Unit of Noise Pressure 
Level - - 

nmi 

- 
- 

kn 

DIST 

DOT 

Distance km 

Department of Transportation - 

D / A  

EAS 

ECCP 

Dauble-Annular - 

Equivalent A i r s p e e d  

Experimental Clean Combustor 
Program 

ECS Environmental Control System(s) - 
Environmental Protection Agency - 

Unit of Naise  Measurement dB 

Degree Fahrenheit - 



SYMBOLS & NOMENCLATURE (Continued) 

English 
U n i t s  Definition 

Fedcral Aviation Agency 

ST Units Symbol 

F M  

FAR 

FAR 36 

F e d e r a l  Air Regula t ion  

F e d e r a l  A i r  Regulation Part 36 
Noise Level 

Feet: - 
- 

l b f  

- 

F l t  Flight 

Fn 

Fwd 

T h r u s t  

Forward 

Acceleration of Gravi ty  

General Electric Company 

Height of l n l e t  Duct 

High P r e s s u r e  

HPT High P r e s s u r e  Turbine 

Hour 

I n l e t  Guide Vane 

Inch(es)  

IGV 

i n .  

in. 
2 

Square Incl~es 

Temperature of the International 
Standard Atmosphere 

JENOTS Genera l  Electric J e t  Noise Tes t  
Faci l f  t y  

Kilogram 

Knots 

Kilowatts 



SYMBOLS AND NOMENCLATURES (Continued) 

English 
U n i t s  ------ Symbol 

l b  

LP 

LPT 

LT 

LID 

Definition 

pound (s) 

Low Pressure 

SI  Units, 

Low Pressure Turbine 

Length of I n l e t  Duct  

Lift-to-Drag Ratio 

~ e t c r  ( s )  

Mach Number 

Elc Air McDonnell Aircraft Company 

mi le  (s )  

Minute ( s )  min 

Min . Minumum 

Local Mach Number 

Free-Stream Mach Number 

Roll ing Moment 

- 

f t - l b  

- 

lb 

- 

Mount 

Maximum Taxi Weight 

Inlet Mass-Flow Ratio 

Newtons 

NASA Nat iona l  Aeronautics and Space 
Adain isera t ion  

Corrected Engine r p m  

Nautical  Mile(s) 

Oxldes aE NiLrogen 



SYMBOLS AND NOMENCLATURE (Continued) 

Engl i s h  
Units Symbols 

OAT 

Def~nirion 

Outside Air Temperature 

Ob j ec tive 

One-Engine-Out 

Operating Weight Empty 

Outlet Guide Vane Trailing Edge 

Ambient Pressure 

Maximum lnlet Cowl Total Pressure 

PNL in dB Units 

N o i s e  P r e s s u r e  L e v e l  

Pounds p e r  Second 

Pressure RaEio 

SI Units 

C 

OBJ 

OEO 

OEW 

OGV TE 

P max I 

PNdB 

PNL 

Fan Pressure Ratio 

Overall Engine P r e s s u r e  Ra t i o  

Pounds per  Square Foot  

Pounds per Square Inch 

Power Takeoff 

T o t a l  P r e s s u r e  a t  Pan Face 

T o t a l  P r e s s u r e  Free-Stream 

T o t a l  Pressure at Inlet of Core 

Compressor Exit Total Pressure 

Fan Pressure Ra t io  

Inlet Ram Recovery (Ratio) 

p s i  

PTO 



SYNBOLS AND NOMENCLATURE (Cant inued) 

Symbols 

SAE SN 

SCAR 

SCAT 

SI 

SL 

S LS 

Spec 

SR 

SST 

Stat mi 

s t d  

Def in i t i on  SI U n i t s  

Free-Stream Dynamic Pressure ~ / r n ~  

Radian (s) - 
Range Factor km 

Radius of Inner Wall of Annulus m 

Radius of Outer Wall of Annulus m 

Engine R o t a t i n g  Speed I /min 

S o c i e t y  of  Automotive Engineers 
Smoke Number - 
Supersonic  Cruise Airplane Research - 

Supersonic  Cruise Air Transpor t  - 
Second (s) - 
S p e c i f i c  Fuel Consumption kg/hr/N 

S p e c i f i c  Range -'actor km/kg 

I n t e r n a t i o n  System of U n i t s  - 

Sea Level - 
Sea Level Static 

Specification, Specified 

Specific Range km/kg 

Supersonic Transport 

Statute Mile(s) 

Standard 

Thr us t 

Ambient Air Temperature " C 

Englf sh 
U n i t s  

1b/ft2 

nmi 

f r  

f c 

1 /min 

- 
l b / h r / l b f  

nmi llb 

- 

- 

I b f  

O I? 



SYMBOLS AND NOMENCLATURE (Continued) 

Definl t i o n  --- 7 - .--- 
Temperature 

ST Units --. 

- Temp 

Turbine Nozzle Diaphragm Leading 
Edge 

TND LE 

Takeoff 

TOFL Takeoff Field Length 

TOGW Takeoff Gross Weight 

TSEN Two-Stage Ejector Nozzle 

Total Temperature 

Ambient Temperature 

Compressor Exit Temperature 

Turbine Rotor Inlet Temperature 

Tailpipe Augmentor Temperature 

Aircraft Thrust-to-Weight Ratio 

Valoci t y  

Variable Area Bypass Injector 

Aircraft Approach F l i g h t  Velocity v 
aP P 

VCE Variable Cycle Engine 

Exhaust Jet Velocity mlsec 

m/sec 

kg 

cm, m 

kg/sec 

kg /sec 

f t / s e c  

f t /sec  

lb 

in., ft 

lb /sec  

lblsec 

v 
j 

Vj nax. 

W 

Maximum Exhadst Jet Velocity 

Installed Weight 

I n l e t  Internal Width 

Engine Airflow 

Total Fan Airflow 



SYMBOLS AND NOMENCLATURE (Concluded) 

Engl ish 
Units Symbols 

Wcool 

WE 

14-L 

Definition 

Cooling A i r E l o w  

SI Units 

kg/sec 

kg 

- 
kg 

- 

Engine Weight 

Water L i n e  

Weight 

Warmup and Takeoff 

To al Pan Airflow 

Airc ra f t  Wing-Loading 

Twn-Dimensional 

I n i t i a l  Wedge Angle r a d i a n  

r ad ian  

radian  

radian 

radian 

degree 

Final Wedge Angle degree 

degree Shock Ref l ec t ion  P o i n t  Angle 

Cowl I n t e r n a l  Angle degree 

Inlet Duct Throat Angle degree 

Ratio of T o t a l  P r e s s u r e  t o  Sea 
Level Ambient P r e s s u r e  

Denotes a Difference ,  or an 
Addition 

Difference Between Ambient 
Temperature and ISA Temperature O F 

degree 

- 

Inlet Ramp Angle radian 

E f f i c i e n c y  

Rntio  of Total Temperature at Pan 
Inlet to Ambient. - - 

radian degree Sidel ine  Angle 



4.0 RESULTS AND DISCUSSION 

The fol lowing s e c t i o n s  desc r ibe  the t a sk  a c t i v i t y  accomplished i n  t he  
Advanced Supersonic Propulsion Studies ,  Phase 111, under Contract NAS3-19544. 

4.1 ENGINE STUDIES 

The double-bypass Var iab le  Cycle Engine (VCE) repor ted  i n  Phase I1 was 
t h e  G E Z ~ / J ~  Study B1 with t h e  phys ica l  c h a r a c t e r i s t i c s  a s  shown i n  Table  1, 
The J9B1 engine has a  mechanical jet noise  suppressor which provided 15-PNdB 
suppression a t  takeoff .  Near t h e  end of the Phase I1 study e f f o r t ,  s i g n t f i -  
can t  amounts of suppression with annular exhaust systems had been i d e n t i f i e d  
through t e s t s  conducted a t  the  GE noise  t e s t i n g  f a c i l i t y ,  (JENOTS) under t he  
Duct-Burning Turbofan (DBTP) Contract with NASA (NAS3-18008). Phase 111 s tu-  
d i e s  of double-bypass Var iab le  Cycle Engines u t i l i z e d  the  inherent  annular  
suppression of an annular  nozzle  wi th  a cen te r  plug. 

The Phase 111 double-bypass VCE s t u d i e s  included l o x ,  20%, and 30% high- 
f lowed fans ,  whereas the  Phase  I1 J9Bl engine had a 20% high-flowed fan. 

The f a n  percent  hrgh flow i s  defined by taking the r a t i o  of f a n  f l o w  a t  
takeoff (us ing  the a u x i l i a r y  i n l e t )  t o  t h e  f an  flow with a nominal inlet 
flow a t  100% speed, sub t r ac t ing  1 .0  and expressing the r e s u l t i n g  decimal a s  a 
percentage quan t i t y .  

4 . 1 . 1  Var iab le  Cycle Engine Descript ion 

The AST v a r i a b l e  cyc le  engine (VCE) is  b a s i c a l l y  a v a r i a b l e  bypass r a t i o  
(0.25 t o  0 .60)  dual  r o t o r  turbofan cngine with a low temperature augmenror, 
designed f o r  dry power supersonic c r u i s e ,  using the  afterburner f o r  t ransonic  
climb and a c c e l e r a t i o n  only. The c r u i s e  Mach nlJrnb:- range of 2.2  t o  2.4 
al lows s e l e c t i o n  of a high cyc le  pressure  r a t i o .  Tlie higher t u rb ine  i n l e t  
temperatures and component e f f i c i e n c i e s  pred ic ted  f o r  t he  1980's allow use  of 
a  bypass cyc l e  with improved subsonic and supersonic s p e c i f i c  f u e l  consump- 
t i o n .  

F igure  1 is a  schematic of t h e  double-bypass VCE concept.  The b a s i c  
d i f f e r e n c e  between a VCE and a conventional turbofan engine is t h e  s e p a r a t i c n  
of the f a n  i n t o  two blocks w i -  t an ou te r  bypass duct  between the  f a n  blocks 
and the  normal bypass duct  after the second f a n  block, i . e . ,  double bypass. 
The a i r f l o w  s i z e  of the f r o n t  block is  larger  than would be poss ib l e  wi th  a 
convent ional  turbofan using t h e  same core  s i z e .  

Oversizing the  f r o n t  block i s  accomplished by using the same core s i z e  
b u t  i nc reas ing  the phys ica l  s i z e  (diameter) of the fan .  High flowing is 
accomplished with higher  spool  speed and v a r i a b l e  i n l e t  guide vanes. The 



T a b l e  1. G ~ 2 l / J 9  Study I31 Double-Bypass Variable Cycle Engine, 

Takeoff Thrust , N,  ( l b )  273,107 (61 ,400)  

Fan P r e s s u r e  R a t i o  4 .0  

Overall P r e s s u r e  Ratio 22.5 

Maximum T u r b i n e  Inlet 
Tcr perature, C, (" F) 

Supersonic Cruise T u r b i n e  Inlet 
Tempera tu re ,  O C, ( *  P) 

Mechanical Je t  Noise  Suppression, PNdE 15 

Suppressor Design P o i n t ,  m/sec, (Et /sec)  762 (2500 

T a k e o f f  Jet Velocity, m/sec, (Et/sec) 765 (2510) 

FAR P a r t  36 Noise  Level, EPNdB -25 

Engine Weight, kg, (lb) 9072 (20,000) 

Maximum Diameter, crn, ( i n c h e s )  214.4 (84.4) 

Engine Lecgth ,  c m  , (inches) 815.1 (320 .9)  



Fol~vard VARI 7 

Low Pressure  
Turbi nc 

Figure 1. Variable Cycle Engine. 



percent  high flow is  the r a t i o  of the a i r f l o w  i n  t h e  high-flow mode at tnke- 
off  t o  the  sea  l c v c l  s t a t i c  a i r f l ow a t  100X fan  corrected speed minus 1 
expressed as a percentage quant i ty .  

,For t h c  low no i se  takeoff mode the f r o n t  block of the  f a n  is s c t  .it: i t s  
lligh-flow flow canf igura t ion .  The second fan  black is operated to ' ' taiI~.rr ' '  
the  je t  exhaust v e l o c i t y  and flow so as t o  produce the desired ch rus t /no i se  
r e l a t i o n s h i p  f o r  takeoff .  

The VCE e x p l o i t s  t he  concept o f  coannular suppression by al lowing ad jus t -  
ment of t h e  v e l o c i t i e s  and flows of the  inner  and ou te r  streams t o  meet 
takeoff t h r u s t  and no i se  requirements.  

During subsonic cruise ope ra t ion  the f r o n t  fan block is s e t  t o  provide 
the  best match between i n l e t  s p i l l a g e  and incernnl  performance. In  t h i s  mode 
the  second f a n  block is  s e t  t o  provide the proper c r u i s e  t h r u s t .  A high 
i n l e t  a i r f l o w  can be  maintained down t o  the requi red  subsonic c r u i s e  t h r u s t  
requirement,  which p r a c t i c a l l y  r l i m i n a t e s  i n l e t  s p i l l a g e  drag,  and a l s o  
reduces t h e  af terbody drag.  

In  the c l imb/acce lera t ion  and supersonic c r u i s e  modes, the f r o n t  b lack  
f an  is s e t  t o  s a t i s f y  the aircraft  i n l e t  flow supply, the r e a r  block fan and 
high pressure  compressor a r e  s e t  t o  pass a l l  of the front: block fan flow, and 
t h e  engine opera' *s  the same as a conventional low bypass r a t i o  turbofan 
engine. 

Another advantage of t h e  split :  f an  conf igura t ion  is t h a t ,  f o r  high 
takeoff airflow s i z i n g ,  only the f r o n t  block f a n  and low pressure  turb ine  arc 
af fec ted .  Thus, a l a r g e  we igh t  saving i s  r ea l i zed  aver the  weight of a 
convent ional  turbofan engine s i zed  f o r  the same takeoff a i r f l ow and noise  
l e v e l .  

F igure  1 i . l l u s t r a t e s  t he  four  v a r i a b l e  cycle  f e a t u r e s  t h a t  g ive  the  
double-bypass VCE i t s  f l e x i b i l i t y  when compared t o  mixed-flow turbofans.  

Split fan bypass duct  between the higher flow f r o n t  block and rear 
b lack  with its v a r i a b l e  s t a t o r s  

m Exhaust vziriable a r e a  bypass i n j e c t o r  ( r e a r  VABI)  

Fan v a r i a b l e  typass  i n j e c t o r  (forward VABI)  

V a r i a b l e  a r e a  low pressure  t u rb ine  

These fou r  VCE f e a t u r e s  a l low the  independent con t ro l  of t he  high and low 
pressure  r o t o r  speeds to  provide higher  a i r f l ow levels a t  subsonic,  pa r t -  
t h r o t t l e  condi t ions  and a t  t ransonic/supersonic high t h r u s t  condi t ions  than 
poss ib le  w i t h  mixed-flow turbofans, thus  r e s u l t i n g  i n  a variable bypass r a t i o  
engine. 



The ll,,;I~-flow f ron t  f a n  block provides the high-takeoff and subsonir-  
t ransonic  a i r f l o w  c a p a b i l i t y  of t h e  VCE without: having tlic weight pena l ty  of 
ovcrs iz ing  t h e  complete engine. The maximum dry-power a i r f l o w  can be main- 
ta ined  down t o  the  c r u i s e  t h r u s t  requirement,  and t h i s  eliminarias t h e  s p i l l -  
age drag t h a t  i s  present when a nixed-flow turbofan is  throcr led  hack. A s  
t h e  VCE subsonic c r u i s e  t h r u s t  is obtained a t  constant  i n l e t  a i r f l o w ,  the  
v a r i a b l e  s t a t o r s  on the r e a r  fan block a r e  modulated t o  reduce t h e  flaw i n t o  
t h e  HP compressor and the excess a i r  is bypassed around the  engine. The 
improvement i n  cycle performance due t o  the VCE's higher  opera t ing  bypass 
r a t i o ,  and t h e r e f o r e  h igher  p r o p u l s i v e  e f f i c i ency ,  toge ther  wi th  the  reduced 
i n s t a l l a t i o n  l o s s e s  caused by t h e  e l imina t ion  of i n l e t  s p i l l a g e  drag and 
reduced af te rbody drag, reduces i n s t a l l e d  subsonic s f c  by about 15% compared 
t o  a convenrional mixed-flow turbofan.  

W i t 1 1  a c o r r e c t l y  sized VCE f a n  t h a t  provides the  requi red  supersonic 
c r u i s e  a i r f l ow,  the i n l e t  s u p p l y  curve can be met. This  r e s u l t s  i n  minimum 
s p i l l a g e  d r a g  and a l s o  an i n c r e a s e  i n  a c c e l e r a t i o n  t h r u s t  from the higher 
engine a i r f l ow.  

The exhaust v a r i a b l e  a r e a  bypass i n j e c t o r  ( r e a r  V A B I )  a l lows the indepen- 
dent  v a r i a t i o n  of high and l o w  r o t o r  speeds by e l iminat ing  the  normal mlxed- 
flow turbofan dependence on matching s t a t i c  pressures  of the primary and 
bypass s t reams i n  the t a i l p i p e .  The rear VABI  v a r i e s  t he  Mach number i n  the 
bypass stream t o  t h e  c o r r e c t  v a l u e  f o r  the flow and t o t a l  p re s su re  t o  o b t a i n  
t h e  s t a t i c  p re s su re  balance f o r  mixing the  flows, This  same concept i s  a l s o  
used i n  t h e  f r o n t  VABI and e l imina te s  the need f o r  s e p a r a t e  fu l l - l eng th  
bypass duc t s  f o r  the  two bypass streams. 

The v a r i a b l e  a r ea  low p res su re  t u rb ine  s t a t o r  helps accommodate the  
l a r g e  swings i n  LP t u rb ine  power e x t r a c t i o n  caused by the  higher flow f r o n t  
f a n  b lock .  The v a r i a b l e  LP t u r b i n e  a l s o  inc reases  the  f l e x i b i l i t y  i n  HP and 
LP speed v a r i a t i o n s  beyond t h a t  of the r e a r  VABI a lone .  

4.1.2 Parametr ic  Cycle Optimization 

A double-bypass VCE parametr ic  cycle  s t u d y  was conductcl  which i n c l u d e d  
an  eva lua t ion  of engine performance, dimensions, weight ,  and mission range. 
The engine conf igura t ion  was: 

S p l i t  f an ,  double-bypass 

Fan f r o n t  block 30% high-flowed 

s Mid-nacelle exhaust nozzle  f o r  takeoff  

High r ad ius  r a t i o  primary exhaust nozzle  f o r  annular  suppression 
ef f e c r  

a Low temperature-r ise  augmentor 



The  matr ix of prime cyc lc parameters s t ~ l d i c d  w a s  : 

9 Fan p re s su re  r a r i o  3.7 to  4.5 

O\ .eral l  p ressure  ratio 1 4  t o  20 

Bypass r a t i o  0.2 tu  0 .5  

Engine cycle  c o n s t r a i n t s  imposed on the s tudy  were: 

Engine size, airflow 408-531 kg/sec (900-1170 l b / s e c )  

Turbine r o t o r  inlet temperature, T41 1538' C (2800' F) maximum; 
1482' C (2700" F) a t  supersonic  c r u i s e  

Compressor d ischarge  t empera tu re ,  T3 621-649' C (1150-1200~ F) 
maximum 

a T a i l p i p e  augmentor temperature,  T8 1038" C (1900" F) maximum 

Climb/acccl i n l e t / e n g i n e  airflow matched 

Evaluat ion based on i n s t a l l e d  performance (inlet and af te rbody 
drags  included) 

r Supersonic cruise des ign  f l i g h t  condi t ion 

2.32 Mach No. 
16 ,319  rn (53,540 ft) a l t i t u d e  
Temperature, s tandard  day +go C (4-14.4' F)  

4 . 1 . 3  Engine S i z e  Select ion and Acoust ics  

Engine airkLow s i z e  i s  dependent p r imar i ly  on t h r u s t  requirements and 
power s e t t i ng  a t  s e v e r a l  f l i g h t  condi t ions ,  such as takeoff,  accelerated 
climb, and supersonic  c r u i s e  (ob jec t ive  is  supersonic c r u i s e  without  augmen- 
t a t i o n ) .  

A f u r t h e r  r e s t r i c t i o n  i s  t h a t  c e r t a i n  noise  l e v e l s  must not  be exceeded.  
Resul t s  of prev ious  supersonic t r anspor t  s t u d i e s  have i nd i ca t ed  t h a t  takeoff  
is  u s u a l l y  the c r i t i c a l  cond i t i on  for t h r u s t  sizing. 

The takeoff t h r u s t  s i z i n g  ~ o n d i t i o n  has been analyzed us ing  a time- 
sha r ing  computer program which accepts information on aircraft  aerodynamics 
and weight c h a r a c t e r i s t i c s ,  engine t h r u s t  v a r i a t i o n  wl th  f l i g h t  v e l o c i t y ,  and 
takeoff  d is tance  s t a t e d  In terms of a balanced f i e l d  length .  It then so lves  
the  cquatisns of motion for both takeoff d i s t a x e  with engine f a i l e d  and f o r  
aborted takeoff  d i s t ance  w i t h  engine fa i led  a l s o ,  This permits  t he  determina- 
t i o n  of requi red  t h r u s t  f o r  a given balance field length, o r  the  f i e l d  l eng th  
c a p a b i l i t y  f o r  an engine of a given thrust s i z e .  



Once t h r u s t  requirements f o r  rakeoif are determined,  a f l i g h t  p a t h  For 
normal (i.e., a l l  e n g i n e s  o p e r a t i n g )  takeoff and climb-out 4'311 b e  cnlculatcd 
u s i n g  the same timta-sharing computer program. An n c o u s t i r  s t u d y  is c a r r i e d  
o u t  to  de te rmine  t l l c  c r i t i c a l  o p e r a t i n g  c o n d i t i o n  of the t h r e e  s p e c i f i e d  i n  
Federa l  A v i a t i o n  Regula t ion  36: 

S i d e l i n e  ( t a k e o f f )  

Community (wi th  cu tback)  

Approach 

P a s t  s t u d i e s  of s u p e r s o n i c  t r a n s p o r t s  and t h e i r  powerplants  have i n d i -  
c a t e d  t h a t  t h e  s i d e l i n e  c o n d i t i o n  is  g e n e r a l l y  c r i t i c a l  from a n o i s e  s tand-  
p o i n t  and t h a t  t h e  c r i t i c a l  c o n d i t i o n  o c c u r s  a t  a power s e t t i n g ,  a i r  speed 
and a l t i t u d e  n o t  Ear from t h e  take-off  c o n d i t i o n  (which i s  a l r e a d y  c r i t i c a l  
f o r  t h r u s t  r equ i rements ) .  

The take-off t h r u s t  requirements and the  d e s i r e d  no i se  l e v e l s  t h e r e f o r e  
combine t o  f i x  a je t  v e l o c i t y  and f i n a l l y  an a i r f l o w  s i z e  a t  t h e  take-off  
power s e t t i n g .  T h i s  s e l e c t i o n  then r e s u l t s  i n  a n  engine s i z e  and cyc le  match 
which p r o v i d e s  the  c o r r e c t  t h r u s t  t o  meet a11  flight requ i rements  ( i n c l u d i n g  
t a k e o f f )  and a l s o  has n o i s e  c h a r a c t e r i s t i c s  which s a t i s f y  t h e  n o i s e  goals o f  
t h e  s tudy .  A n e c e s s a r y  i n g r e d i e n t  i n  t h i s  s o l u t i o n  is t h e  d e f i n i t i o n  of a 
n o i s e  s u p r c s s i o n  dev ice  t o  be used ( i f  any) and a knowledge of i ts aerody- 
namic and a c o u s t i c  performance c h a r a c t e r i s t i c s  when deployed and when stowed. 

It shou ld  be no ted  t h a t  a lmost  any n o i s e  g o a l  can be m e t  wi thou t  a 
n o i s e  s u p p r e s s o r .  The je t  v e l o c i t y  w i l l  have to be low i n  o r d e r  t o  meet a 
low-noise requirement  o r  g o a l .  Tf a  s u p p r e s s o r  is used the a l l o w a b l e  j e t  
v e l o c i t y  increases. If a s u p p r e s s o r  is  used, t h e  eng ine  a i r f l o w  s i z e  s h r i n k s  
due t o  the h i g h e r  a l l o w a b l e  j e t  v e l o c i t y .  

The ground r u l e s  f o r  t h i s  s t u d y  were s p e c i f i e d  by NASA and arc  b r i e f l y  
summarized h e r e ,  The aircraft c o n f i g u r a t i o n  and azrodynamic c h a r a c t e r i s t i c s  
(both  low-speed and h igh-speed)  are chose presented i n  t h e  LTV Report ,  
"Advanced Supersonic  Tecl~nology Concept Study - Reference C h a r a c t e r i s t i c s  , " 
Dec, 2 1 ,  1973 ,  ( i s s u e d  as NASA CR-132374). The balanced f i e l d  l e n g t h  is 
taken as 3200 m (10,500 f t )  f o r  a t a k e o f f  on a h o t  day w i t h  OAT a t  ISA p l u s  
15" C (27' F) .  Engine t h r u s t  c h a r a c t e r i s t i c s  a r e  from General E l e c t r i c  AST 
eng ine  s t u d i e s .  Noise l e v e l  g o a l s  a r e  t o  a c n i e v e  a t r a d e d  average  noise 
cor responding  t o  103 dB t o  108 dB EPNL. These  l e v e l s  are o f t e n  denoted as 
FAR 36 minus 5 t o  FAR 36. Conversion of engine n o i s e  c h a r a c t e r i s t i c s  which 
vary a c c o r d i n g  t o  aspect a n g l e  ( i . e . ,  the a n g l e  r e l a t e d  t o  t h e  exhaust  v e c t o r  
d i r e c t i o n )  from PNL t o  EPNL arc c a r r i e d  o u t  u s i n g  s t a n d a r d  p rocedures  devcl-  
oped by t h e  General  Electric Company. 

The General  E l e c t r i c  Acous t i cs  g roup  a t  the Evendale p l a n t  has c r e a t e d  
c a l c u l a t i o n  procedures  f o r  e s t i m a t i n g  eng ine  n o i s e  and h a s  updated t h e s e  
procedures  based on r e s u l t s  of t e s t i n g  work and r e f i n e d  a n a l y s i s  of eng ine  
a c o u s t i c  phenomena. These t e s t i n g  and a n a l y s i s  a c t i v i t i e s  have inc luded  
e v a l u a t i o n  o f :  



Engine component no ise  

a P a n n o l s e  

I n l c t  n o i s e  suppression 

J e t  no i se  

J e t  suppressors  

Coaxial nozzle canf igura t ions  

Time-sharing computer programs were devised f o r  use i n  Prel iminary Des ign  t o  
p e r m i t  engine no i se  pred ic t ions .  

Program STNOIE - c a l c u l a t e s  noise  per  4 /7 /75  assumptions 
- uses STNOT3, STNO14 subrout ines  

Noise prediction assumptions and methods a r e  cons t an t ly  being updated a s  more 
t e s t  r e s u l t s  become a v a i l a b l e ,  p a r t i c u l a r l y  r e l a t i n g  to :  

r e l a t i v e  v e l o c i t y  e f f e c t s  

e f f e c t s  of jet shock no i se  

a coannular nozzle  acous t i c s  

d i r e c t i v i t y  of nozzle  no i se  

P red ic t ion  methods have been discussed wi th  NASA personnel and information 
has been t ransmi t ted  i n  the  Phase 11 Study Comprehensive Data Report. 

The  bulk of s t u d i e s  have been based on the use of an annular  nozzle  with 
assumed inherent  n o i s e  suppressor  c h a r a c t e r i s t ? . ~ ~ .  A f m  engines wi th  chritt:- 
type o r  spoke-type mechanical suppressors  were studied. Annular nozzie .:oise 
suppression c h a r a c t e r i s t i c s  a r e  based i n  - .  *t on r e s u l t s  of t e s t  carried o u t  
i n  connect ian wi th  NASA Contract NAS3-1971., "Acousric and Performance Inves- 
t i g a t i o n  of Coannular P l u g  Nozzles." 

One f u r t h e r  f a c t o r  r e l a t i n g  t o  engine s i z i n g  i s  the f a c t  t h a t  c e r t a i n  
engine types ( i . e . ,  those wi th  high-flow fans i n  which such a fea ture  used 
only during low-speed a i r c r a f t  opera t ions)  have two engine a i r f l o w  s i z e  
d e f i n i t i o n s :  

Nominal s i z e  (high-flow f e a t u r e  no t  i n  use) 

"High F low"  s i z e  (high-flow f e a t u r e  being used) 

The s tudy  procedure out l ined  above yields r e s u l t s  somewhat d i f f e r e n t  
from r e s u l t s  of airframe manufacturers.  For example, engine s h e  of airfram- 



F i g u r e  2 ,  NASA Reference Airc rn f  t d 

ORIGINAL PAGE 
OF POOR Q U A L ~  



I1 -- Ill 

- 1438.533 
I/&¶ Wing Iicf hlAC 

- 2 1 2 H  (:it 0.597 hWC fief) 

- 1727,218 (wf Wine) 
... .. . 

- .  - --._ J:;i;i ,;fIprlc 

i 

326. o 
Nose Gt.;jr - ...- I - - - - 

I 
t 

DO. ont1- 

Reference Aircraft Configuration. 



cr ' s  s ~ u c l  i cab: 3rfA g : ~ . r ~ t r ; ~ l  l y s n i i l l  lcr tiiiir~ t.l~o:;r! rjf (:I,: stridy rt~s11.1 ts. '1'11i s 
~i l -oh ;~b l  y is tluca Lu diiir.r-t . l~c*c:-;  i n  ; i i  ririi~r~t* ;zt!r t~dyn;i i~~i  k7:;, i n  oIlc,r;it iu1i~i1 
gro~tr ld r r i l c ? s  in tlit* cal c:uli~t-ir~n c r f  L;il:irlc:c.r! f i c  Id lorit:t 1 1 ,  : m i  i n  b:il arrt.c.iI 

E i c \ I c l  I t ~ i ; t h  ~:o:ils. ?'tic. of snl;il l t ~ r  c ~ n ~ i n k ,  six<, (i11 t l ~ c ,  (.;I:;c~ u f  t i ~ t .  

airf-ri irru~rs) prorlr~c.c?s a rnf>rcA sI1ai1rn.i c l  imL-c.tut t r a j ~ ~ r t o r y ,  w i t h  the result 
that- n i  rfrauicr nirplnrlrxs f i n d  tlicm:.;t~lvr~:-; a t .  I ( ~ w t a r  ill t. i t 11rIi':: ;it ~ 1 1 ~ '  L ilnca pL1iqlcbr 

cut  hack is made. Tiius, romoiuni t y nui:;r~ Ic:vt~ls . ~ f  ;ilrfrilntr~r I:; ;iirr.r;if I tvnd 
ti, hc r~ . l a t iv t . l .y  liighrtr, Traded Ftll.: Irvc.1:; of nirfr;iriit%rs ntay bc 1iif:I.lr.r c~r 
n o t ,  dcpendirlg on the mctliud:; uscd i11 no l sc  aniily:; is. 'i iiu p o i l l ~  i s  t i i i i ~ ,  

v~liat ;zppcar t o  bc  r a t l ~ c r  s u b t l e  or stoall dif fcrcrrr:c*s i n  assun~pLiuns  and 
ground rrrlcs car1 lial~e major e f f e c t s  on tht? s t u d y  r c s u l  t s  w i ~ l i  regard t o  c.yl.lrZ 
sc l  c r t  ion  a n d  cnginc s i z e .  

T h e  evaluation of rnginc c y c l e s  was mdde by " f l y i n g t 1  cai.11 o n ~ '  i t ~  a i r -  
c r z f  L 3 r d  mis:;ions drf incd  i n  NASA C R - 1 3 2 3 7 4 .  Thc b a s i c  a i r c r a f t  cl~arac. Lcr- 
i s t ics  a re  sl~own on F igure  2.  TIic a j r r ra f t  drag po la r  was input  i n t o  thr, 
missinns a n a l y s i s  program w i t 5  d r a g  vnr ia t  i o n s  f o r  changing wing Irradinj: and 
a i r c r a f t  takeoff  gross weight .  Two m i s s i o n  p r o f i l e s  wrbre t i s e d .  TIlr first 
is a n  a l l - s a p c r s o n i c  m i s s i o n  (S?c Pigurc 3 )  i n  wlliclt tllca a i r c r a f t  r l i m l ~ s  t o  
s t ~ p c r s o n i c  cruise afLcr takeoff, c r u i s e s ,  and descends t o  t h e  l a n d i n g .  'I'lte 
second m i s s i o n  h a s  a 1111 Zun (600 nmi) s u b s o n i c  l e g  whirl1 is flubn aL thc. 
s t a r t  of the  miss ion.  

Each cnginc was inscalled us ing  a c a l r u l n t i o n  procedure t o  s i z e  an 
i n l e t  and dr te rmlne  the i n l e t  and a f t e r b o d y  drag.  Thc e f f e c t s  of varying the 
nace l l e  y i z r  or shape were not calculated s i n c e  i n  mosL cases t h e  pcrformrlnc.e 
d i f f e r e n c e  i s  minimal. 

ParameLric eng ine  de s igns  were l u n  through the rniss ior~ t o  dctcrmino 1 1 1 t h  

bes t  combinat ion of e n g i n e  cyc le  pa ramele rs  sucli a s  uvcrall prer:surc r a t i o ,  
b y p a s s  ratio, f a n  pressure r a t i o  and tur5inc t c r n p ~ r a t u r c .  Wi t l l  t l i ~  b e s ~  
enginc raycle, t h e  method 01 cnginp o p e r a t i o n  was evaluated t o  dcturrninta 
potential payof f .  The basic prcl1:lcm was one of matching t h e  supersonic  
c r u i s c  t h r u s t  a t  a d r y  power setting and p r o v i d i n g  a l o w  enough exhaust  
v e l o c i t y  a t  sea l e v e l  takeoff  t o  meet the FAR 36 no i se  l eve l  r e q u i r e d .  A 
series of eng ines  having 1ligE;-flowed fans were r u n  t o  de te rmine  t he  miss ion  
range w i t h  up t o  307 high-flow. The r c a u l  t is t h a t  the n o i s e  sets  t h e  S1.S 
airflow and rhe s u p e r s o n i c  crriisc s e t s  the nrnriunt of fan high-flowing. A n  
engine cyc le  having greater  t-llrust for supersonic. c r u i s e  by overspetld ( o r  
e f f i c i e n c y  i n r r e a s c s  o r  d r n ~  derreascs) h a s  a smnllrr basic  eng inc  size and 
g r e a t e r  m i s s i o n s  range. High-flawing the fan  inrreascs a i r f l o w  and inrrcascs 
t h r u s t  a t  t a k r n f f ,  l e n d i n g  t o  s m a l l e r  a i r f l c l r ~  s i z e  Lo rnccdt t h e  takeoff t h r u s t  
r equ i rement ,  Overspecding a l s o  d c c r e n s ~ s  bypass r a t i o  and l e a d s  t o  inrrcasr td  
t h r u s t  and 1 o~rcr supersonic sf c .  

Results of a t y p i c a l  range c n l r ~ u l a t i o n  f o r  t w o  different AS?' missions 
arc p r e s e n t e d  in F i g u r e  4 .  These r e s u l t s  indicate t h a t  there is m e r i t  in 
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using some amount of high-flowing (say 10% t o  20%) i n  missiori. Howcvcr, a 
point  of diminishing r e t u r n s  i s  reached as f u r t h e r  high-flawing is used. The 
optimum amount of high-flowing w i l l  be s e n s i t i v e  t o  the engine t o t a l  a i r f l o w  
s f ze ,  which i n  tu rn  is  dependent somewhat on the no i se  l e v e l  goal  used i n  the 
s tudy,  The lower t h e  n o i s e  goal  ( i . e . ,  the q u i e t e r  the engine is supposed t o  
be),  t h e  l a r g e r  the  a i r f l o w  s ize  r e s u l t i n g ,  and the g r e a t e r  the payoff f o r  
using larger amounts of the  high-flowing (see Figure 4 ) .  

4.1.5 Parametrfc Cycle Analysis 

Igu res  5 through 1 9  p re sen t  r e s u l t s  of a parametric analysis  of a 
family of v a r i a b l e  c y c l e  engines having 30% high-flow fans.  The 30% high- 
flow fan was se l ec t ed  based on r e s u l t s  of studies conducted i n  Phase I T  (see 
NASA CR-134913 "Advanced Supersonic Propulsion System Technology Serldy - 

Phase 11 - F i n a l  Report") . 
The supersonic c r u i s e  i n s t a l l e d  maximum dry  t h r u s t s  f o r  t he  VCE matr ix 

are  shorn f o r  engine design BPR's of 0.35, 0.2, and 0.5 (F igures  5, 6 ,  and  
7 ) .  The t h r u s t  t rend is  t o  i nc rease  wi th  the  lower BPR, l o ~ r e r  fan  pressure  
r a t i o  ( r e l a t i v e l y  smal l  e f f e c t ) ,  and lower o v e r a l l  p ressure  r a t i o ,  The 
engine s e l e c t e d  from t h e  matrix f o r  f u r t h e r  s tudy i s  ind ica t ed  by the  dark 
c i r c l e  I n  Pigtire 5, 

The corresponding supersonic c r u i s e  i n s t a l l e d  s f c ' s  (Figures  8 ,  9 ,  and 
10) e x h i b i t  an sfc t rend  which decreases  wi th  lower BPR, lower fan pressure  
ratio, and higher o v e r a l l  p ressure  r a t i o .  

The subsonic c r u i s e  i n s t a l l e d  s f c ' s  f o r  a t y p i c a l  c r u i s e  t h r u s t  a r e  
shown f o r  t h e  same engine designs i n  F igures  11, 12 ,  and 13. The s f c  t rend 
is  t o  decrease with higher BPR, lower f a n  p re s su re  ratio, and higher  o v e r a l l  
p ressure  r a t i o .  

The r e l a t i v e  engine weights  are shown on Figures  14, 15, and 16. The 
engine weight  t rend is  t o  decrease wi th  higher  BPK, higher  fan pressure  
r a t i o ,  and higher  o v e r a l l  p ressure  r a t i o .  

The engine data ,  toge ther  wi th  hold and c l imb/acce lera t ion  i n s t a l l e d  
performance data,  were incorporated i n  t he  mission a n a l y s i s  (descr ibed i n  
Sec t ion  2.1.3).  The mission r e l a t i v e  ranges a r e  shown f o r  Blission B,  which 
has a subsonic 1111 km (600 nmi) initial l e g  be fo re  supersonic  cruise (Fig- 
ures  17 ,  18,  and 19) .  The conf igura t ion  l i m i t  shown on Figure  17 is an 
engine LP tu rb ine  loading l i m i t  f o r  a one-stage tu rb ine ,  The range t rend i s  
bes t  w i t h  BPR = 0.35 t o  0 , 5 ,  lower f a n  p re s su re  r a t i o ,  and higher o v e r a l l  
p ressure  r a t i o .  

The performance chaxacteristics of this VCE matrix (Figure 17 through 
19) ' i n d i c a t e  t h a t  o v e r a l l  performance is achieved with values  of BPR's i n  the 
0.35 t o  0.5 range f o r  missions having some subsonic c r u i s e .  A s  missions vary 
toward sn a l l - supersonic  mission, the va lue  of the b e s t  BPR will decrease and 
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Figure 11, Subsonic Cruise SFC Comparisons, BPF = 0.35. 
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Figure 13. Subsonic Cruise SFC Comparisons, BPR = 0.5. 
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Figure 18. Relative Range Potential, BPR = 0.2, 1111 km 
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0.35 looks b e s t  for an a l l - supersonic  mission. For t h i s  reason a BPR aE 0.35 
was selecLed f o r  f u r t h e r  analysis. The engine s e l e c t e d  from the mat r ix  which 
exhibi ted t h e  b e s t  mission range is  descr ibed on Table 2. 

Addit ional  double-bypass v a r i a b l e  cycle engines with  f an  high-flow of 
OX, lo%, and 20% were deEined t o  complement the 30% high-flowed fan VCE 
s e l ec t ed  from t h e  previously descr ibed matrix s t u d ) ,  The BPR of  0.35 and  fan 
p re s su re  r a t i o  of 4.0 were maintained. However, t h e  overall pressure  r a t i o  
was : .duced from 20 (30Xhigh-flowed fan)  t o  17.5. 

I n s t a l l e d  engine performance and weights were input i n t o  the miss ion 
a n a l y s i s  program. The results are shown on Table 3.  Mission range increases  
wi th  increased fan high-flow a t  a s p e c i f i e d  FAR 36 noise l e v e l ,  A s  t he  
required TAR 36 noise l e v e l  is reduced, the range decreases .  For a rotation, 
0.3 bI/SL, t h r u s t  of  approximately 253,500 N (57,000 Lb), the FAR 36 no i se  
l e v e l  i s  reduced approximately 1.5 dB f o r  a VCE fan  high-flow from 10% t o  20% 
and approximately 1 .0  dB f r o m  20% t o  30% (Table 4 ) .  

The influence of vary ing  the  arnoune of fan  hlgh-flow is i l l u s t r a t e d  i n  
F igure  4 and i s  the  r e s u l t  of an  i n t e r p l a y  between installed powerplant 
weight and c r u i s e  t h r u s t  sfc matching. A s  engine s i z e  becomes i a r g e r ,  the 
c r u i s e  mismatch becomes p rog res s ive ly  worse and t h e  penal ty  f o r  a nonover- 
s i zed  f a n  inc reases  (or t o  put i t  another way, the advantages of an ove r s i ze  
fan a r e  increased). 

4.1.6 Double-Bypass Study Engine Definit ion for A i r f r ~ m ~  
Companies and NASA 

Detai led eva lua t ion  of a i r c r a f t  company a i r c r a f t  c h a r a c t e r i s t i c s  revealed 
t h a t  our previous v a r i a b l e  c y c l e  engines w e r e  nor matched proper ly  t o  the  
a i r c r a f t  companfes' a i r c r a f t .  P a r  example, i n  some cases  less take-off 
t h r u s t  was r equ i r ed ,  In our  aircraft s t u d i e s ,  climb rhrusr was not con- 
s ide red  t o  be important and t h e r e f o r e  we did not  a t t empt  t o  get maximum 
r h r u s r  during climb. Also, i n  o u r  s t u d i e s  c r u i s e  t h r u s t  was not  a s  important 
a s  with t he  a i r c r a f t  companies. Evaluation of these  d i f f e r ences  ind ica ted  
t h a t  a VCE w i t h  high-flowing of 10% o r  20% would be  satisfactory. Therefore,  
t h e  V C E t s  w i t h  the 10% and 20% high-flowed fans were redef ined  to match each 
a i r f rame company's airflow schedule and t h r u s t  requirements a t  t he  appro- 
p r i a t e  supersonic c r u i s e  des ign  lifach number. 

A VCE w i t h  a 20% high-flowed fan  was defined f o r  NASA Studies  a t  2.62 
design Nach number. Engine performance, dimenstons, and weights  were prc- 
vided t o  t h e  airframe companies and t o  NASA i n  brochures and card packs 
(Table 5). The J l lB9,  J11B11, and J 1 1 B 1 2  VCE1s inc lude  changes i n  fan acd 
compressor e f f i c i e n c i e s  and i n  tu rb ine  cool ing flow r e l a t i v e  to the pricr 
VCE1s t o  b e  c o n s i s t e n t  wi th  con f igu ra t ion  changes. These engines were a1$:.- 
def ined  a t  a lower BPR of 0.25 ( t h e  o t h e r  VCE'S were 0.35) and a lower 1st 
p r e s su re  r a t i o  of 3 . 7  ( t h e  o ther  V C E ' s  were 4.0) t o  better match the 9 ~ * ~ - ' .  , 

and Lockheed i n l e t  c h a r a c t e r i s t i c s  and t h r u s t  requirements.  A l l  VCE's ' .i.r. 

pora te  cornponeat design and m a t e r i a l s  of 1985 technology l e v e l ,  improvtld 



Tabie 2. Selected VCE at 30% High-Flowed Fan. 

Engine Cycle 

Airflow, kg / sec ,  (lb/sec) 

Fan Pressure Ratio 

Overall P r e s s u r e  Ratio 

Bypass Ratio 

Max. Turbine Rotor Inlet 
Temperature, Tql O C, ( O  F) 

w Pngine Design, 2.4 M 

2.32 M Elax. Dry Uninstalled 
Thrust, N (lb) 

2.32 M Corrected Airflow 
kg/sec (Ib/sec) 

0.3 ~ / S ~ / 3 - 2 7 "  P Thrust at 
FAR 0, N (Ib)  



Table 3. Efission Results of High-Flowed Fans. 

Ground Rules - 1111 km (600 nmi) I n f t i a l  Subsonic Leg 
NASA M = 2.4 Aircraft TOGW 
of 345,643 kg, (762,000 lb) 

Ef fec t  on Range 

408 kg/sec (900 Ibjsec) Total Takeoff Flow 
Noise % FAR 36 + 4 
Range km, (nrni) 

490 kg/sec (1080 lb/sec) Total Takeoff Flow 
Noise % FAR 36 
Range km, (nmi) 

Fan High-Flow 

0% 

6907 (3730) 

5778 (3120) 

+30% 

7204 (3890) 

6926 (3740) 

+lo% 

7111 (3840)  

6463 (3490)  

+20% 

7185 (3880) 

6797 (3670)  



Table 4. Tan High-flow Study. 

(-Equivalent Thrust - Lower Noise) 

A t  Rota t i on  

I ?  kglsec (ll>/sec) 

S e t  hot kg/scc (lb/sec) 

' j e t  h o t  m/sec ( f  t/ sec) 

cold kg/sec (lb/sec) 

c o l d  m/sec (ft/sec) 

/ v V j  cold j hot: 

/IJ Nj cold j hot 

Thrust N (lbf) 

Relative FAR 36 Noise 

Range km (nmi) 

r 
% Fan High-Fltlw 

10% 

4 4 9  (990) 

366 (806) 

750 (2460) 

88 (194) 

478 (1570) 466 (1530) 460 (1510) 

0.64 0.63 0,62 

0.24 0.59 0.85 

3-1.5 dB 

:.- 

2 OX 

490 (1080) 

313 (690) 

738 (2420 )  

184 (405)  

30% 

531 (1170) 

289 (637)  

741 (2430) 

245 ( 5 4 1 )  



Company 

Douglas 

Boeing 

Lockheed 

Table 5. AST Engine Study Uata. 

Engine Description 

VCE, 2.2 M, +20% Fan 
VCE, 2.2 M, +lo% Fan 
VCE, 2.2 M, +LO% Fan 

VCE, 2.32 M, +20% Fan 
VCE, 2.32 El, +1OX Fan 
VCE, 2.32 $1, +lo% Fan 

VCE, 2.55 M, +20% Fan, I n l e t  No. 1 
VCE, 2.55 M, f20X F*, I n l e t  No. 2 
VCE, 2.35 M, +lo% Fan, I n l e t  No. 2 
VCE, 2 .55  M, +20% Fan, Inlet  No. 3 
VCE, 2.55 PI, +10% Fan, In l e t  No. 2 
VCE, 2.55 M, f10% Fan, Inlet No. 1 

NASA J l lB7 VCE, 2.62 EI, f 2 0 %  Fan 

Data was provided in Brochures acd Card Packs during NASA Phase 111 
and Engine Airframe Integration Studies .  



aerodynamic f lowpatrhs, and advanced e l c r t r o n i c  r :ontrols  . Curren t  t c ~ r l l n r ~ l o ~ y  
dual-cycle  e n g i n e s ,  510B1 and J10B2, were pruvidcd t o  Bocing and Douglas 
f o r  c o n s i d e r a t i o n  as  base l ine  eng ines  i n  tlicir s t u d i e s .  

The Douglas VCE's r i t i l i z e d  fans of 202 and 10; 111g11flow a t  n bypass 
r a t i o  of 0.35 (Table  6 ) .  The Douglas axisymmetr ic  i n l e t  airflow was 
matclied d u r i n g  c l i m b / a c c e l c r n t i o n  o p e r a t i o n  w i t h  the .Jlll32 and .JLlUh 
eng ines  (F igure  20). The J l l R l O  c o r r e c t e d  a i r f l o w  .it 2 . 2  li  is 17? 
h igher  t l ~ a n  t h e  J11B2 and 51106 and consequen t ly  t h e  i n l e t  c ap tu re  area 
is 1 7 %  l a r g e r .  The J111310 e n g i n e  a i r f l o w  is less than  t h e  i n l e t  a i r f l o w  
s u p p l y  a t  f l i g h t  Mach numbers below 1 . 9  as a r e s u l t  of this s u p e r s o n i c  
s i z i n g .  The s l i g h t  i n c r e a s e  i n  i n l e t  drag is n o t  impor tan t  or s i ~ n i f i r n n t .  
At superson ic  c r u i s e ,  2.2 bI/18288 m (60000 f t ) /  Standard Day, the  J I 1 B 2  and 
J11B6 have essentially -he same i n s t a l l e d  thrust: and s p e c i f i c  f u e l  consump- 
t i o n ,  (F igure  21). The J l l B l O  p rov ides  15X a d d i t i o n a l  d r y  t h r u s t  a t  2 . 2  M 
at: 4.6% l e s s  s f c .  The Douglas a i r p l a n e / m i s s i o n  performance improved 1 3 h n  
r a n g e  wi th  the J l l B l O  eng ine  relative t o  the  J l l B 2  eng ine .  

The eng ines  s t u d i e d  by Boeing had f a n s  of 102 and 207' l l ighflow and 
bypass r a t i o s  o f  0 .35 and 0.25 a s  shown i n  Table 7. The .311B3, .Tl lB5,  and 
J l l B 9  engine a i r f l o w s  and l joeing i n l e t  were matched over the range of climb/ 
a c c e l e r a t i o n  Mach numbers (F igure  22) .  A t  s u p e r s o n i c  c r u i s e ,  3.32 ~/16319 m 
(53540 ft) Standard  Day +8" C (-l-14.4° F), the  i n s t a l l e d  t h r u s t  and s f c  oi 
t h e  J l l B 3  (20% high-flowed fan) and J l l B 5  (10% high-flowed 1 . m )  are nppruxi- 
mate ly  equal ( F i g u r e  23) .  The J l l B 9  p r o v i d e s  23% more t h r u s t  and 3.4;' less 
s f c  a t  t h e  maximum dry  power s e t t i n g .  The b e t t e r  s u p e r s o n i c  c r u i s e  perfor- 
mance of the  JllB9 i s  a t t r i b u t e d  p r i m a r i l y  t u  the lower d e s i g n  BPR (0.25) 
and  increased a i r f l o w ,  231 k g l s e c  (510 Ib j sec) ,  which resul ted  i n  eng ine  
o p e r a t i o n  a r  2.32  M a t  a  BPR n e a r e r  t o  that of a t u r b o j e t .  Ar 2.32  M, each 
o f  the eng ines  o p e r a r e  t o  a compressor d i s c h a r g e  t empera tu re  less  tha t  649" 
C (1200" F) and a t  a t u r b i n e  rotor i n l e t  temperature af 1482" C (1700" F) .  
The Boeing a i r p l a n e / m i s s i o n  r a n g e  Improved appraxinlnte ly  852 km (460 nmi) 
w i t h  the 51109 over  the range with the J l I B S .  

The double-bypass VCE's s t u d i e d  by Lockhedd were n i t ched  t o  2-C uver- 
wing and under-wing in le t :  c h a r a c t e r i s t i c s .  The . J l l E i l  and . l l lB4 a r e  the same 
e n g i n e  o p e r a t i n g  t o  t h e  two r e s p e c t i v e  i n l e t  c h a r a c t e r i s t i c s .  A similar 
r e l a t i o n  e x i s t s  between t h e  J 1 1 B 1 1  and J l l B 1 2  engiiics and i n l e t s .  

The J l l B l  and J l l B 4  e n g i n e s  have a 20% high-flowed f an  and dtsign BPR 
of 0.35 (Table 8). The s u p e r s o n i c  c r u i s e ,  2.55 F1/18288 m (60000 f t ) / ~ t n n d ; r r d  
Day +€la C (-t-14.4' I?), bet ter  performance of t h e  J l l B 4  r e l a t i v e  t o  the  J l l B l  
i s  due  t o  the h i g h e r  i n i e t  ram recovery  of the under-wing i n l e t :  (Figure 2 4 ) .  
The i n l e t / e n g i n c  a i r f l o w s  were matched over tlic range of r l i m b / a c c e l e r a t i o n  
Mach numbers ( F i g u r e  25) .  The over-wing i n l e t l e n g i n e  performarlee provided 
approximately  20% more c l i m b / a c c e l e r a t i o n  t h r u s t  than the under-wing i n l e t  
( F i g u r e  26 ) .  A t  subson ic  x u i s e ,  0.35 M/10668 m (35000 i t ) ,  use of t h e  
over-wing i n l e t  r e s u l t e d  i n  a 2 .22  lower i n s t a l l e d  s f c  (Figure 2 7 ) .  A t  
ho ld ,  0.5 11/4572 m (15000 f t ) ,  u s e  of both i n l e t s  r e s u l t e d  i n  the same 
i n s t a l l e d  performance (Figure 28), 



Table 6. Engines Studied by McDonnell Douglas. 

*Base Thrust  = 57,895 N (13,016 l b f )  

J l l B l O  

317/349 (700/770) 

3.7 

17 .4  

0.35 
.. - 

J l l B 6  

317/349 (7[10/770) 

4.0 

17.3  

0.35 

GE21 Engine 

Sea Lzvel  S ta t ic  

WlR, kg/sec (lb/sec) 

Fan P4 

Overall PR 

BPR 

J l l B 2  

317/381 (700/840) 

4.0 

17.3 

0.35 

2 . 2  M/lq290 m (60,000 ft) / S t d  Day 

WlR, kg/sec (lb/sec) 
t 

222 (490) 222 (490) 260 (573) 

Relative Inst. Fn Dry 

Relative In s t .  sfc Dry 

0.3 M/SL/-I-~O" C (18' E) 

WlR, kg/sec (lb/sec) 

Inst.  Fn Dry, N(1bf) 
z 

Base* 

Base 

381 (840) 

201,230 (45,240) 

1.025 

1.00 

349 (770) 

199,890 (44,940) 

1.182 

0.954 

349 (770) 

219,060 (49,250) 



1.0 1.4 1.8 

+l ! zbt Mach Number 

Figure 20. hlcDonncl1 Douglas Axisjmctric Inlet /Engine  Airflow Match. 



Thrus t ,  F,, 16 

Figure 21. IIcDonnell Douglas Supersonic Cruise SFC. 



Table 7 .  Engines Studied  by Boeing. 

*Base = 73,392 N (16,500 l b f )  

GI21 Engine 

Sea Level Static 

WlR, kg/sec ( Ib / sec )  

Fan PR 

Overall PR 

BPR 

2.32 M/16,320 rn (53,540 ft) / 
+8* C (+14" F) 

WlR, kg/sec  ( l b / s e c )  

Relative Tnst. Fn Dry 

Relat ive Ins t .  s fc  Dry 

0 . 3  PI/sL/+~~" C (-+27' F) 

W l R ,  kg/sec ( lb lsec)  

I n s t .  Fn Dry N, ( l b f )  

JllB3 

317/381 (700/770) 

4.0 

17.3 

0.35 

214 (472) 

Base* 

Base 

381 (840) 

196,960 (44 ,230 )  

J l l B 5  

317/349 (700,840) 

4 . 0  

17 .3  

0.35 

214 (472) 

1.001 

0.997 

349 (770) 

198,070 (44,530) 

51189 

3171349 (700/770)  

3 . 7  

16.1 

0.25 
J 

231 (510) 

1 .228  

0.963 

349 (770) 

212,930 ( 4 7 , 8 7 0 )  



1.4 1.8 

Flight Mach Number 

: 

Figure 22. Boeing Axisymmctric I n l e t  ..'%ngine Airf low $latch. 

I 

and JllB5 
and J l l B 9  

- - 



Thrust, l b f  
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I 

Mach = 2.32, Altitude = 16,319 rn - 
153,540 f t), I S A  +a0 C (+14. 

.150 
. 

- 

- 

50,000 70,000 110,000 7 30 ,  

Thrust, N 

Figure 23. Boeing Supersonic Cruise SFC. 



Table 8. Engines Studied  by Lockheed. 

Inlet 

GE21 Engine 

Sea Level Stat ic  

WIR, kg/sec ( lb/sec)  

Overall PR 

Overwing 

JllBl 

317/381 (700/840, 

4.0 

17.3 

0.35 

Underwing 

JllB4 

3171381 (700/840) 

4.0 

17.3 

0.35 

179 (395) 

1.058 

0.9797 

2 .:s M/18,290 rn (60,000 ft/)!-!-8' c (-1-14'' F) 

WIR,  kg/sec ( lb/sec)  

Re:&tive I n s t .  Fn Dry 

Relative Insr. s f r  Dry 

179 (395) 

Base* 

Base 

0.3 bl/SL/+15" C (+27O F) 

WlR, kg/sec (lb/sec) 

Inst. Fn Dry N (lor) 

381 (840) 

201,630 (45,330) 

381 (8401 

201,630 (45,330) 



Figure 24 .  Lockheed Two-Dimensional Inlet Rec~Very. 
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Figure  25. Lockheed Inlet/~ngine Airflow Match. 
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Figu re  26.  1,orkheed Climb/Accelerat i o n  Thrus t .  
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Figure 27. Lockheed Subsonic Cruise SFC. 
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The Engine cyc l e  and performance f o r  the under-wing in l c t / eng ines  
J l l B 4 ,  J l lB8 ,  and J l l B l l  a r e  shown on Table 9 .  The J l lB4 and J l l B 8  i n l e t /  
engine a i r f l ows  were rnatt~hed dur ing  c l inb /acce l e ra t ion  opera t ion  ( ~ i g u r e  
29) .  Lockheed l a t e r  provided an i n l e t  maximum a i r f low,  and the J11P5 eng ine  
airflow was matched t o  i t ,  The J l l B l l  engine a i r f l ow d i d  no t  match t h e  
i n l e t  maximum a i r f low,  however, i t  could match the i n l e t  supp ly  airflow 
f i r s t  provided by Lockheed. Re la t ive  to  the  a i r f l ow march, it i s  s i g n i f i -  
c a n t  t h a t  the  2.55 E.1 co r rec t ed  a i r f l o w  of t h e  J11811 engine 199.6 kg/sec 
(440 lb /sec)  i s  11.4% g r e a t e r  than the  J l l B 8  engine 179 kg/sec ( 395  lb / sec ) .  
Thus, the  l a r g e r  i n l e t  capture a r e a  has t h e  c a p a b i l i t y  of supplying mere 
a i r f l o w  than the  engine demand a t  t ransonic  Mach numbers. 

A t  supersonic cruise, 2.55 ~/18288 m (60000 f t ) /S t anda rd  Day 3 - 8 O  C 
(+14.4* F ) ,  t h e  i n s t a l l e d  performance of the  51104 (20X high-flowed fan) and 
J l l D 8  (10% high-flowed fan)  a r e  approximately equal  (Figure 30). The J 1 1 B 1 1  
p rovides  30% more t h r u s t  a t  2.9% l e s s  s f c  a t  t h e  maximum dry  power s e t t i n g .  
The improved performance i s  p r imar i ly  a t t r i b u t e d  t o  the lower  design BPR 
(0.25) and increased supersonic c r u i s e  a i r f l ow 199.6 kg/sec (440 lb / sec) .  

The lower over-wing i n l e t  ram rscovary (0.578 ve r sus  0.913) reduced t h e  
engine  2.55 M t h r u s t  by 5% (Figure 30j. A range improvement af approxi- 
mately 926 km (50G nmi) was i d e n t i f i e d  with the  J11Bll engine r e l a t i v e  to 
t h e  31134 engine. 

Engine brochures and card  packs tre:r;! provided t o  NASA f o r  requested 
engines. The double-bypass VCE J l l E 7  WF d e f i n e d  f o r  s tudy by NASA with a 
supersonic c r u i s e  design Mach number ;%; 1.62, It has a  20% high-flowed f a n  
and a design DPR of 0.35. The i n l e t  ~ h h r a c t e r i s t l i c s  provided by NASA were 
f o r  t h e  NASA "PI' i n l e t  w i t h  r e f e rence  t o  NASA CR-1977 lated March, 1972. 

The J11B7 engine c h a r a c t e r i s t i c s  a r e  conlpared t o  the J11133 and JllB5 
engines  which were also s tud ied  by NASA (Table 10) .  The 311B7 compressor 
discharge  maximum temperature is  621' C (1150° F) and the s u p e r s o n i c  c r u i s e  
turbine r o t o r  i n l e t  temperature i s  1482" C (2700" F), The J l l B 7  2 . 6 2  Ei 
t h r u s t  49043 N (11026 Ib) s ca l ed  down by t h e  a i r f l o w  r a t i o  of 317/363 
(700/800) is  42914 N (9648 l b ) ,  which is  2.7% more than the  J l lB3.  No 
mission a n a l y s i s  was conducted with the  J l lB7  engine by General E l e c t r i c .  
The GE in-house s t u d i e s  were conf ined  t o  engines w i t h  M = 2.4 mission 
des lgn  points. 

4 .1 .7  Low Bypass, Mixed-Flow Study Engine 

An advanced technology (1985) convent ional  cyc le  engine was def ined  for 
a supersonic c r u l s e  deslgn Mach number 2.32. I t  was a dua l  r o t o r  crkgine, 
single-bypass conf igura t ion ,  wit11 a f ixed LP tu rb ine  n ~ z z l e  diaphragm, and 
incorpora ted  a n  annuldr exhaust  .ys tern  f o r  low takeoff  noise ,  The design 
BPR was 0.35 a t  a fan pres su re  r a t i o  of 4.0, and overall pressure  r a t i o  of 
17 .5  (Table 11). The engise  was matched t o  and operated t o  t h e  Boeing i n l e t  
c h a r a c t e r i s t i c s .  Figure 31 p resen t s  a comparison of supersonic s f c  charac- 
teristics of t h i s  engine a s  compared t o  rhree VCE's a l s o  matched t o  Boeing's 
i n l e t  curve taken from F i g u r e  2 3 ) .  



Table 9. Engines Stud ied  by Lockheed. 

Two-Dimensional Under-wing Inlet 

JllB11 

317/349 (700/770) 

3.7 

15.1 

0.25 

(440)  

1.311 

0.9692 

349 (770) 

220,221 (49,510) 

GE21 Engine 

Sea Level Static 

W l R ,  kg/sec ( lb /sec)  

Fan PR 

Overall PR 

BPR 

2.55 M/18,290 rn (60,000 f t) /+&" C 
(4-14" F) 
WlR, kg/sec (Ib/sec) 

Relative Inst. Fn Dry 

Relative I n s t .  sfc Dry 

J l l B 4  

3171381 (700/840)  

4.0 

17.3 

0.35 

179 (395) 

Base* 

1 Base 

311B8 

317/349 (700/770) 

4.0 

17.3 

0 . 3 5  

179 (395 )  

1.0063 

0.9973 

349 (770) 

198,660 (44,650) 

0 .3  N/sL/+~~" C (+27" F) 

WlR, kg/sec ( l b / sec )  

Ins t .  Fn Dry, N ( I b f )  

381 (840) 

201, G30 (45,330) 



I n l e t  Maximunl 

and JllB4 
and JllB8 

1.4 1.8 

Flight hlach Number 

Figure 29 .  Lockheed Two-Dimensional Under Wing Inlet/Engine 
Airf low Hatch. 
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F igu re  30. Lockheed Supersonic Cruise SFC. 



Table  10. Engines S t u d i e d  by NASA. 

J l l B 7  

3631435 (800/960) 

4 . 0  

1 7 . 3  

0 .35 

2.62 

0.907 

194 (427) 

1 .173  

1 .01  
Y 

435 (960) 

1 
229,413 (51,593) 

J l l B 3  

317/349 (700/770) 

4 .0  

1 7 . 3  

0 .35  

2.32 

0 .932  

214 (472) 

1 .001 

0 .9964 

349 (770) 

198,070 (44,530)  

GE21 Engine 

Sea Level  Static 

WlR, kg/sec (lb/sec) 

Fan PR 

Overal PR 

BPR 

19,812 m (65,000 f r) /+8" C(4-14.4' F) 

Mach No .  

Inlet: nr 

TJIR, k g l s e c  ( l b l s e c )  

I~e l a t ive  Ins t .  Fn Dry 

Relae ive  I n s t .  sfc Dry 

0 . 3  M/SL/+15" C (+27" F) 

NiR, kg/sec ( I b l s e c )  

- rns t .  Fn Dry, N ( l o f )  

311B3 

317/381 (700/840) 

4 . 0  

1 7 . 3  

0 .35  

2 .32 

0 .932 

214 (472) 

Base* 

Base 

381 r 40) 

196,960 C44,250) 



Table 11. Baseline Turbofan. 

Updated t o  VCE Cycle Parameters 

New (Phase 111) - Old (Phase 11) - 

- P R ~ ~  
17.5 22.0 

- P% 4 . 0  4 . 0  

- BPR 0 .35  0.40 

- 
T41 ma*. 

1538' ~ ( 2 8 0 0 '  F) 1538' ~ ( 2 8 0 0 ~  F) 

New Feature 

- Annular Acoustic Exhaust Nozzle 

Baseline is now Dual Cycle VCE 



Thrust, 1bE 

Figure 31. Supersonic Cruise SFC Comparison. 



Brochures and card packs for this engine were not provided t r l  .~irfr.lalr~ 
companies or NASA. Engine performance data.  and engine wcight  w c a r ~ >  i 1 1 ~ . ~ \ r p ~ ~ -  

ratcd in the AST-2 airplane/mission program and mission r.ingt. was calculaccd. 
The  engine airflow size of 485 kg/src (1070 lb/sec) resulted in a noise  of 
traded FAR 36 and an all-supcrsonic mission rangc of 6480 km (3500 nmi) 
(Table  12) .  This cnginc was an updated version of the Phase I I  baseline 
turbofan, used as a basa cycle for the early variable cycle engines. Poor 
range performance is largely due to the high engine weight and large engine 
size. AST range performance is very sensitive to cnginc size (see Figure 
4 )  

4.1.8 Engine Cycle  Effects on Main Combustor Emissions 

The Environmental Protection Agency (EPA) has proposed emission stand- 
ards For newly certificated EST engines which would be effective January 1, 
1984. These standards apply to operation around the airport and are shown 
in Table  13. The high-altitude cmission of oxides of nitrogen (NOx has 
alsa been a source of serious concern. The U.S. Department of Transporta- 
tion (DOT) Climatic Impact Assessment Prhgram (CIAP) has suggested (see 
Table 14) that the NOx emissioc target far operation above 12 km (-39000 ft) 
altitude is approximately 3 kg/lOOO kg ( 3  lb/11)00 lb )  of fuel, Ofher 
studies currently in progress are also investigating ttlc NOx emission prn-  
blcm (Table 15). 

The airport emissions consist of unburned hydrocarbons (CxHy), carbon 
monoxide (CO) and oxides of nitrogen (NOx). T11c C,Hy and CO emissions arc 
primarily caused by low combustion pressures and temperatures at low power 
conditions accornpafiied by low combustion efficiency (see Figure 32). Figure 
33 shows the relationship between combustion efficiency and C,Hy end CO 
emissions. High Nux emissions, however, are caused by high combustor flame 
temperatures and long combustion zone gas dwell times (Figure 34). Low 
flame temperature and resulting l o w  NO, formation rates can be o'otained with 
lob fuel-air equivalence ratios (lean mixtures) as shown on Figure 35. 
Figure 35 also shows the importance of low combustor inlet temperature on 
the NOx f r rmation rate. 

Because the combustor emissions around the airport and NOx emissions at 
high-altitude cruise are affected by the engine cycle selection and t h e  
resulting high-pressure compressor discharge temperature and pressure I T 3 ,  
P3), a study (covering a range of overall pressure ratios from about 14 to 
20) was performed using the VCE engine matrix from Section 2.1.1. For each 
engine cycle, the EPA emissions indices and altitude NOx emissions were 
calculated, and the effects of the different cycles on emissions levels were 
found. The baseline combustor used in the General E1ectri.c VCE engines is a 
double-annular design (Figure 36) based an the NASA Experimental Clean 
Combustor Program (ECCP). This work was done in connection with NASA Con- 
tracts NAS3-16830 and NAS3-18551 entitled "~xperimental Clean Combustor 
Program." This combustor design provides excellent low power performance by 
providing fuel only to the outer annulus swirl cups at thrse conditions and, 



Table 12.  3ase:i.a~ Turbofan Noise and Range. 

AST-2 Airplane-TOGW 34,564 kg (762,000 Ib) 
Balanced F i e l d  Length 3,200 m (10,500 fc) 

Opt imized Subsonic and Transonic Climb/Acceleration 

New 
Baseline 

485 (1,070) 

273,110 (61,400) 

0 

5 ,140  (15) 

6 ,480 (3 ,500)  

5 ,960  (3 ,220)  

4 ,630 (2,500) 

A i r f l o w  kg/sec (Ib/sec) 

Takeoff Thrust N ( l b f )  

Traded FAR 36 EPNL 

2 
90 PNdB Takeoff f o o t p r i n t  area ha (nmi ) 

Range 

All-Supersonic 'a (nmi) 

600 n m i  In i t i a l  Subsonic km ( n m i )  

A l l  Subsonic km (nrni) 

Old  
Baseline 

485 (1,370) 

273,110 (61,400)  

-2.5 

6 , 1 7 0  (18) 

6 ,430 (3,470) 

5 , 8 7 0  (3,170) 

4 ,390 (2,370) 



Table 13. EPA Proposed Emisr+ons Standards on Newly Certificated SST Engfnes. 

For Operations Around A i r p o r t s .  

Effecrive Date - January 1, 1984 

Standards:  

C H 2. U(1. C) kg/L000 N-hr!Cycle (1b/l000 lbf-hr/Cycle) 
X Y  

C3 15.8 (7.8) k~/1000 N-1:. , Cycle ( lb/ l000 lbf-hr/Cycle) 

NUx 10.1(5.0) kg/1000 N-hr/Cgcle (lb/10OJl lbf-hr/Cycle) 

Smoke (SAE SN) Same as for Class T ~ / T ~  Engines 

* Prescribed Cycle 

% Power 3iinutes 

Tax:.-Idle Ground Idle 19.0 

Takeoff  100 1 . 2  

Climb-Out 65 

Descent 15 

Approach 34 2.3 

Taxi-Idle Ground Idle 7.0 



Table 1 4 .  U.S. DOT CIAP Findings Concerning Nox Emissions. 

NOx In t roduct ion  i n t o  S t r a tosphe re  Above 11,890 m (39,000 f t )  is  of 
concern 

NO, from 100 AST's W i l l  Reduce S t r a tosphe r i c  Ozone i n  Northern 
Hemisphere by: 

-1.7% - a t  Cruise A l t i t u d e  of 19,510 rn (64,000 ft) 
-1.0% - a t  Cruise  A l t i t u d e  of 16,460 m (54,000 ft) 

a Engines for AST and Future Subsonic Transport  Appl ica t ions  
Should Be Developed t o  Have Low Cruise  NO, Levels :  

1 - Suggested Target  i s  - of NOx Levels of Current 
Operat ional  Engines 6 

- Kssulting Suggested Target f o r  AST Engines is 
-3kg/1000kg (3 l b / l 0 0 0  Ib) Fuel  

Table IS. U.S. DOT/FAA High-Altitude Pollution Progran. 

- Determine Needed Reductions, i f  Any, i n  Emissions Levels 
a t  High A l t i t u d e  Cruise  Operating Conditions 

- Define Appropr ia te  Aircraf t  Englne R e g u l a t i o n s ,  i f  Needed 

b Key Mj"lestones 

- I n i t i a l  Assessments 

End of 

1976 

- In te r im Assessments 1978 

- S t r u c t u r e  A p p r o ~ r i a t e  Regulatfons 1980 



P r i m a r i l y  Occur at Low Power 

P r i m a r i l y  Due to: \ \ 
- Relatively Low T 

3 & P 3  - 
- Relatively Poor  F u e l  Atomization 

- Low Combustion Zone F/A's \ 

F i g u r e  32. C H and CO Emissions. 
X Y  



As Is Control Features 

to meet 19 79 - 
Class T2 En~;i.r= 

eE 
3 

0 

Uouhlc Annular 

Dome CF6-50 

80 120 160 

CO, kg/1000 kg of Fuel 

Figu re  3 3 .  Combustion Efficiency and CO and C H Levels wiLh Engines at Low Thrust. 
X Y  



P r i m a r i l y  Occur at High Poser 

- Inlet T S 
3 

- Flame Temperature i n  Combus:ion Zone 

- Gas Dwell Time in Combustion Zone 

r Primarily Influenced by: 

Figure 34. NO Ernirsfons. 
X 



Initial Mixture C o n d i t i c s  

477" C (891' F) 
2,026,500 ~ / m 2  (26 atm) 

477" C (891" F) -- 

1,013,250 ~ / r n ~  (10 atm) 
500 . 

227" C ( 4 4 1 "  F) 
2,026,500 ~ / r n ~  (20 atm) 

I -  

0 .6  1.0 1.4 1.8 7 0 . 2  & 

r'rle l-A<r Equivalence Ratio 

Figure  35. N i t r i c  Oxide Formation Rate. 



Figure 38. Duublu-Annular Combustor Design - AST GE21 YCE. 



as power is incrcascd, adding f u e l  t o  tho  i n n c r  annulus. A t  high power 
s e t t i n g s  both inner  and ou te r  annulus swirl cups art? used. A complete 
d e s c r i p t i o n  of t h e  operat ion of Lhis cambustor is covered in Sect ion  4 .4 .2 .1 .  
A convent ional ,  cu r r en t  s ingle-annular  combustor design was used as a base, 
so  t h a t  improvements obtained wi th  the low emissions combustors could be 
eva lua ted .  

The NOx CO and CxHy a i r p o r t  emission3 f o r  t he  complete VCE matrix arc 
shown on F igu re s  37, 38 ,  and 39,  Irt a l l  . c a ses  t h e  double-annular (D/A) combus- 
t o r  has provided a large irnproveme~t i n  emissions l e v e l s  over the conven- 
t i o n a l  single-annular combustor. In the range of cyc l e  p re s su re  r a t i o  t h a t  
showed the best  AST a i r p l a n e  range (17-20), the double-annular combustor 
emissions level estimates are a c t u a l l y  lower than the  EPA-proposed 1984 
a i r p o r t  standards. These r e s u l t s  i n d i c a t e  t h a t  a VCE cyc le  d e f i n i t i o n  
s p e c i f i c a l l y  t a i l o r e d  to meet a i r p o r t  emissions s tandards  is no t  requi red .  

The NOx high-a l t i tude  emissions c a l c u l a t i o n s  are shawn on Figure 40 and 
ind ica te  t h a t  a combustor technology beyond t h a t  of t he  double-annular com- 
bustor w i l l  b e  required t o  meet the  suggested CTAP t a r g e t .  The double- 
annu la r  combustor gives a major improvemenr over  the convent ional  combustor. 
However, a technology improvement: beyond it i s  requi red .  Again, i r  is appar- 
e n t  t h a t  use  of very low combustor i n l e t  temperatures has  no large payoff.  
Even a t  temperatures of 538' C (1000° P) t he  NOx emission l e v e l s  would have 
t o  be  reduced by 3 t;l 4 t imes to meet thc suggested t a r g e t  l e v e l .  

The double-annular low- missions combustor is predic ted  t o  meet t h e  EPA- 
proposed 1984 a i r p o r t  s tandards  wi th  no compromise t o  t h e  engine cycle. The 
altitude NOx suggested t a r g e t  cannot be met wi th  t h i s  combustor design even 
with cycle changes. A new high-technology, low-emissions combustor w i l l  be 
r equ i r ed ,  t he re fo re ,  to  meet o r  exceed the C I A P  suggested t a r g e t  fo r  a l t i t u d e  
c ru i se  condi t ions .  

The E e a s i b i l i P j  of an advanced low emission burner  concept has heen 
demonstrated by NASA under labora tory  conditions. Figure 4 1  shows tha t  KOx 
a l t i t u d e  emissions may be  reduced by urilizing premixing burners  wi th  low 
equivalence r a t i o s .  T h i s  w i l l  r equ i r e  thorough mixing of t h e  f u e l  and a i r  
before combustion, t o  ensure t h a t  t h e  f u e l - a i r  r a t i o  i s  uniform. T h i s  w i l l  
allow the  l e a n  mixtures and low flame temperatures requi red  f o r  low NOx emis- 
s ions .  w n c e p t  of a premixing lor?  cmisslon combustor f o r  t h e  AST v a r i a b l e  
c y c l e  engines is  shown on Figure  42. I n  t h i s  combustor f u e l  is i n j e c t e d  i n t o  
a preinixing section f o r  high-power opera t ion ,  and variable geometry is 
requi red  t o  bypass a i r  around t h e  combustor f o r  goo2 low-power operat ion.  A 
d e s c r i p t i o n  of t h e  opera t ion  of t h i s  combustor concept is  given i n  Sec t ion  
4.4.2.1. 

Estimates of a i t i t u d c  c r u i s e  NO, emissions f o r  the premixing combustor 
i n  t h e  VCE a re  shown on T ' : \  Are 4 3 .  It i s  estiniated t h a t  NO, emissions c lose  
t o  the C U P  suggested t a r g e t  can be obtained a t  equivalence r a t i o s  of about 
0.5. The e f f e c t  of combustor i n l e t  temperatures on NO emissions can a l s o  be Y seen on this f igure .  A s  combustor i n l e t  temperatures Inc reases ,  t h e  equiva- 
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Figure 37. Nu 1-evcls of AST VCE. 
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Figure 38. CO Levels of AST VCE. 



F i g u r e  39. C H Levels of AST VCE. 
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Figure 40. NO Levels of AST VCE, Mach = 2.32. 
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l e n c e  r a t i o s  requlired f o r  low NOx emission must a l s o  d e c r e a s e ,  increastng tho  
p o s s i b i l i t y  of combustion stability. The c u r r e n t  VCE combustor i n l e t  ternperil- 
t u n s  are k e p t  below 627' C (1160" F), which shou ld  maintain e q u i v a l e n c e  
ra t ios  s a f e l y  above the  combustor s t a b i l i t y  l i m i t s .  

The premixing combustor may prov ide  a means f o r  reducing main combustor 
h i g h - a l t i t u d e  NOx emiss ions ,  However, much r e s e a r c h ,  development,  and t es t -  
ing  w i l l  b e  required t o  de te rmine  if i t  is  a concept which can p r o v i d e  t h e  
necessa ry  s a f e t y ,  r e l i a b i l i t y ,  and performacce r e q u i r e d  f o r  a commercial air-  
plane.  

The ~E21/Jll Study I33 was s e l e c t e d  as a r e p r e s e n t a t i o n  v a r i a b l e  c y c l e  
engine early i n  t h e  Phase 111 s t u d y  ( b e f o r e  a i r f r a m e r  s t u d i e s  had been 
completed). The estimated emiss ions  levels for  t h e  Mach 2 .4  c r u i s e  GE211J11 
Study B 3  aTs shown on Table  16 f o r  t h e  double-annular  combustor and Tab le  1 7  
f o r  t h e  premixing combustor. The double-annular combustor i s  e s t i m a t e d  t o  
meet t h e  EPA-proposed 1984 a i r p o r t  s t a n d a r d s ,  b u t  has h i g h e r  than d e s i r e d  
cruise NO, emiss ion  levels .  The premixing combustor p r o v i d e s  lower cruise 
NOx l e v e l s ,  b u t  may cause problems i n  meeting t h e  EPA CO r e q u i r e d  levels. 
F u r t h e r  r e s e a r c h  will b e  r equ i r ed  t o  come up w i t h  a design which w i l l  show 
f u r t h e r  r educ t ions  i n  a l t i t u d e  c r u i s e  NOx l e v e l s .  



Table  16.  Double-Annular Combustor Estimated Emissions. 

GE21/ 1984 Standard % Reduction 
J l l B 3  T5  Ilngines Required 

C H (lb/1000 lbf hr/Cycle) 
X Y  

l.G(O.8) 2.0(1.0) 0 

Estimated Cruise NOx = 13.5 kg/1000 kg of F u e l  (13.5 lb/lO00 lb of 
Fuel) 

Table 1 7 .  Premixing Combustor Estimated I3nissions. 

GE21 1984 S tandard  Z Reduction 
J l l B 3  T5 Engines Required 

CO kg/1000 N T h r u s t  - hx/Cycle 17.8(8.8) 15.7(7.8) 12  

Est imated Cruise NOx = 4 .4  kg/1000 kg of Fuel (4.4 lbllOO0 l b  of Fuel) 



4.2  EIILITARY APPLICATIONS 

4 .2 .1  M i l i t a r y  V a r i a b l e  Cycle Engine Data 

Data-packs f o r  seven d i f f e r e n t  double-bypass variable c y c l e  engines  were 
s u p p l i e d  t o  NASA f o r  t h e i r  use i n  s t u d i e s  of m i l i t a r y  a i r c r a f t ,  The eng ines  
u E i l i z e  t h e  same design concep t s  a s  those used i n  AST VCE d e s i g n s  and thc 
component technology 1s similar. The eng ine  thermodynamic c y c l e s  a r e  some- 
what d i f f e r e n t  due t o  d i f f e r e n c e s  i n  m i l i t a r y  requ i rements .  

The m i l i t a r y  engines  have the  f o l l o w i n g  general c h a r a c t e r i s t i c s :  

F u l l  af t e rburn ing  c a p a b i l i t y  

Flow s i z e  68-130 kg/sec (150-300 l b / s ec )  

Single-flow nozzle  (no noise s u p p r e s s i o n  d e v i c e s )  

Both conven t iona l  c r u i s e  nozzles and vec to red  t h r u s t  nozzles 
(two t y p e s  of l a t t e r ,  block-and-turn and ADEN) 

O v e r a l l  p r e s s u r e  rat io of 20 t o  28 

Fan p r e s s u r e  r a t i o  of 3.5 t o  4,5 

Turb ine  r o t o r  i n l e t  t empera tu re ,  T41, 1538°-17600 C (2900'-3200' F) 

4 . 3  SPECIAL STUDIES 

A s  p a r t  of t h i s  contract NASA r e q u e s t e d  that s e v e r a l  s p e c i a l  s t u d i e s  be 
c a r r i e d  o u t  by t h e  General  E l e c t r i c  Company. These s t u d i e s  are l i s t e d  below: 

0 F l a p  blowing a t  t a k e o f f  

0 Power management f o r  takeoff 

m V a r i a b l e  bypass eng ine  ( s u p e r s o n i c  i n f l o w  fan) 

These s t u d i e s  are d e s c r i b e d  and the r e s u l t s  are presented i n  the f o l l o w i n g  
d i s c u s s i o n s .  

4 . 3 . 1  Flap Blowing a t  Takeoff 

A s h o r t  s tudy  was under taken i n  o rde r  to determine whether  t h e  use  of 
f l a p  blowing would s i g n i f i c a n t l y  improve t h e  performance of t h e  base l ine  AST 
a i r c r a f t  (AST-2) current ly  be ing  used i n  General E l e c t r i c ' s  AST s t u d i e s .  The 
s t u d y  examined t h e  i n t e r a c t i o n  between takeof f  aerodynamics of f lap-blowing 
systems,  e n g i n e  s i z e ,  n o i s e  c h a r a c t e r i s t i c s ,  and m i s s i o n  performance.  Many 
s i m p l i f y i n g  assumptions w e r e  used - g e n e r a l l y  f a v o r i n g  t h e  f lap-biowing 



system. A d e t a i l e d  p re sen ta t ion  of t h i s  study, including methods and r e s u l t s ,  
i s  given below. 

4.3.1.1 Assumptions 

The assumptions used in t h e  ana lys i s  are l i s t e d  with l i t t l e  ox  no d i s -  
cussion.  

Airplane layout  - base l ine  AST-2 a i r c r a f t  

- no changes i n  p lan  form o r  wing area 

A i r c r a f t  TOGW - 345,643 kg (7G2,OOO lb) 

- no change due t o  use of flap-blowing 

- no weight penalty f o r  flap-blowing system and 
equipment 

Empty Weight - only change is due to engine weight change 
- engine weight is  f (engine airflow s i z e )  

- Wz - (airf low) 1 - 2  

- no weight penal ty t o  airframe s t r u c t u r e  due t o  in-  
s t a l l a t i o n  of flap-blowing system o r  due t o  ex i s te i~ce  
of ocher s p e c i a l  equipment requi red  i n  connection 
with f lap-blowing 

Flap-Blowing - used for takeoff only 

- uses f an  a i r  67.6 kg/sec (149 l b / s e c  ) p e r  engine 

Takeoff BPL - held f i x e d  a t  3200 m (10,500 ft) 

Landing - Speed held fixed 

- flap-blowing not used 

Drag - NASA statement  regarding drag c h a r a c t e r i s t i c s  was 
Characteristics used ACL = 0.1, ACD = 0.019 
Takeoff 

- two d i f f e r e n t  i n t e r p r e t a t i o n s  are p o s s i b i s  and were 
evaluated (see Figare  44) 

- two sets of study r e s u l t s  followed ical'~*.l CASE I 
and CASE 11) 

- no drag penal ty as engine s i z e  is increased  

- no c r e d i t  f o r  bleed a i r  l i f t  and t h r u s t .  Assumed t o  
be included i n  ACL, ACD assumptions (Case Ia i s  an 
exception) 



I Landing Gear Up - Out of Ground Effect I 

Drag Coefficient, C~ 

F i g u r e  .:4. Assumed Takeoff Aerodynamics AST -2 Aircraf t , 



Noise - l a t e s t  in-house GE noisc ca l cu ln t ions  
C h a r a c t e r i s t i c s  

- no  penal ty f a r  p o s s i b l e  added no i sc  of b l e e d  a ir  
impinging on, and scrubbing ovcr, f l a p  surfaces  

- b leed  a i r  noise assumed equal t o  that of normal fan 
a i r  exllausting through the fa11 nozzle 

- 7.5 dB noise c r e d i t  a p p l i e d  t o  j e t  noisc dtlc t o  
annular  and r ad ius  r a t i o  nczz lc  e f f e c t s  (at high  
power s e t t i n g  only) 

4.3 .1 .2  Analysis  

The process  used to analyze the problen  :md to calculate r e s u l t s  is out- 
l ined  here.  

1. B a s e l i n e  was es t ab l i shed  - AST-2 a i r c r a f t  

- 4 GE2l/varinble cyc le  engines 

- 408 k g l s c c  (900 l b / sec )  nominal airf low 
size each 

2. Assumptions were made (see previous ~ i s r u s s i c j n ) .  

Two d i f f e r e n t  drag p o l a r s  were defined,  each y i e l d i n g  ACL = 0.1 and 
ACD = 0.019 (see Figure 4 4 ) .  The curve l a b e l e d  Case I1 i s  con- 
structed by adding ACD = 0.019 t o  a11 poin ts  on t h e  o r i g i n a l  curve. 
This  resu l t s  i n  an equal displacement of tile whole curve t o  the 
r i g h t .  The curve l a b e l e d  Case I i s  c o n s t r u c t e d  by holding Cn 
at CL = 0.0 unchanged and by decreasing the induced drag co- 
e f f i c f e n t  so t h a t  the  curve i s ,  i n  e f f ec t ,  r o t a t e d  t o  the  Left.  
The r e s u l t  is  that  t h e  drag c o e f f i c i e n t  of Case I a t  CL = 0.6 
i s  higher  than the  base l ine  drag  c o e f f i c i e n t  at CI, = 0.5 by a 
hCD = 0.019,  Thus, both  curves meet the  requirement t h a t  ACD = 0.019 
and DCL = 0.1 by d i f fe ren t  i n t e r p r e t a t i o n s ,  

4. Takeoff CL was assumed to i nc rease  by 0.1  when f l a p  blowing was 
used.  

5. Takeoff computer program was used t o  e s t a b l i s h  engine t h r u s t  re- 
quj-red t o  meet 3200 m (10,500 ft) Balanced Field Length f o r  the two 
cases.  

6 Takeoff computer program was used t o  e s t a b l i s h  the  climb-out path 
w i t h  spec i f i ed  aerodynamics and engine s i z e  f o r  two cases. Program 
a l s o  e s t ab l i shed  noise  cutback po in t  and the t h r u s t  required f o r  
cutback operat ion.  

7.  Approach c h a r a c t e r i s t i c s  were l e f t  unchanged. 



8. Acoustic c a l c u l a t i o n s  were c a r r i e d  out t o  e s t a b l i s h  cnginc ua i se  
characterisrics f o r  t y p i c a l  opera t ing  condit ions.  

9 .  Engine t h r u s t  losses (due t o  removing fan a i r  f o r  f l a p  bleed)  were 
ca l cu la t ed ,  Two d i f f e r e n t  assumptions were u b l , i  (Case 1/11 and Ia). 

10. Required nominal engine a i r f l ow s i z e  was determined f o r  the two 
cases .  

1 Noise c h a r a c t e r i s t i c s  a t  actual  opera t ing  condit ions and f o r  a c t u a l  
engine s i z e s  were est imated by i n t e r p o l a t i o n ,  ex t r apo la t ion ,  and 
cor rec t ion .  Noise values f o r  the three FAR 36 measuring condit ions 
were estimated. 

1 2 .  Takeoff noise " foo tp r in t "  for 90 dB contour was est imated.  

13. Range a t  cons tan t  payload was est imated using r e s u l t s  of previcvs  
ca l cu la t ions .  

4.3.1.3 Resu l t s  ( Inc luding  Discussian)  

The r e s u l t s  of the  above a n a l y s i s  are presented i n  t abu la r  form II: 
Tables 18, 1 4 ,  and 20. 

Use of l a rge  amounts of f a n  a i r  f o r  f l a p  blowing r e s u l t s  i n  a substan- 
t i a l  t h r u s t  l o s s  i n  t h e  main propulsion system. This  requi res  an overs iz ing  
of engine nominal a i r f l ow so that s u f f i c i e n t  bleed a i r  and thrust can be 
suppl ied simultaneously. 

Although the two d i f f e r e n t  drag p o l a r s  used i n  the ana lys i s  y i e l d  d i f f e r -  
i ng  answers, the r e s u l t s  at least agree ,  namely, t h a t  no improvements are  made 
i n  e i t h e r  a i r c r a f t  performance o r  i n  community na i se  levels.  

The b a s e l i n e  case is  the standard base l ine  AST-2 a i r c r a f t  without  f l a p  
blowing. It i s  r e t a ined  throughout this study t o  permit  comparisons t o  i l l u s -  
t r a t e  the changes introduced by f l a p  blowing and i n  order t o  e s t a b l i s h  the 
payoff through f l ap  blowing. Casc I1 d i f f e r s  from Case I i n  the  cons t ruc t ion  
o f  the a i r c r a f t  d rag  p o l a r  ( s ee  Figure 44) .  

ln Case I t h r u s t  required for takeoff  is low. However, when t h e  apprapr- 
thrust l o s s e s  a r e  accounted f o r ,  a s l i g h t l y  larger engine s i z e  i s  requi red  

. Table 19). The climb-out performance i s  poor d u e  t o  lower i n s t a l l e d  
+  st and the higher drag. A s  a result, t h e  a i r c r a f t  reaches 6.5 km (3.5 nmi) 
ndise measuring po in t  a t  a n  a l t i t u d e  s i g n i f i c a n t l y  lower t h a n  t h a t  of the 
basel ine case. Thus,  r e s u l t s  show a  small  range l o s s  (versus b a s e l i n c )  
with increased  community no i se  l e v e l .  



Table 18. Takeoff, C l i m b  Out, and Landing Characteristics. 

Balanced F i e l d  Length rn ( f t )  

TOGW k g  (lb] 

Wing A r e a  rn2 ( f  t 2 )  

F l a p  Blowing  Used 

Takeoff L i f t  Coef Eirient, C L ~ ~  

Drat: Polar Rcprcsentat  i o n  

Takeoff T i ~ r u s L  Requircd N" ( l h f ) * '  
[M = 0 . 3  S L ,  OAT = S t d  D i ~ y  +15' C (+27' F) 

Cuthack T h r u s t  R c q u i w d  N" ( I b f )  "* 
( 4 :  g r i i d i c n t ,  nl, ; ~ c * c . r  lcarntion) 

A1 t i  t~ rdr .  1tr;lrhr~rl ;,r h. 5 krn ( 3 .  ir nmi) 
from S t a r t  of Grl~t~ni l  Rol l  

I . ; ~ n t i i ~ ~ g  T h r u s t  Rcquirctl  N:': ( ~ b ) "  

A l t i t ~ ~ r l c ~  . t t  1.K Itm (1.O t l m i )  i 'o int  

Case I / I a  

3200 (IC,500) 

345,540 (762,000)  

926 (9,969) 

Yes 

0.873 

Case I 

249,470 ( 5 6 , 0 8 7 )  

151,510 ( 3 & , 0 6 2 )  

504 rn (1653 r t )  

62,270 (14,tlflo) 

I 1 ' 3 r n  ( 3 7 0  f t )  

Base 
Case 

3200 (10,500) 

345,640 (762,000) 

926 ( 9 , 9 6 9 )  

No 

0.773 

Base 

273,110 (61,400) 

153,2PO ( 3 4 , 4 4 2 )  

570 m (1870 f t )  

6 2 , 2 3  (14,nnn) 

1 1 3  m (370 f t )  

Case I1 

3200 (10,500)  

345,640 (762,000) 

926 (9 ,969 )  

Yes 

0.873 

Casc 11 

276,fi70 ( 62 ,650 )  

198, !jOn ($4 ,h:7)  

4 3 8  m (1A38 t t )  

6 2 , 2 7 0  ( l . i , l r~~)  

113 m (370  f t )  



Table  1 9 .  Engine Thrust Losses at Takeoff Conditions. 

IN = 0 . 3  at  Sea L e v e l ,  OAT = Std Day +15' C 14-27' F) 

Fan B l e e d  for  F l a p s  

Nominal Engine Size k~jsec ( Ib j sec )  

Total Fan Flow kgjsec (Ib/sec) 

Core Flow kgjsec (lb/sec) 

~ u c t  Flow - Bled Off k g f s e c  ( l b / s e c )  

Duct Flow - Out Exhaust kg/eec (Ib/scc) 

Core Exhaust Velocity m/sc_ f t / sec  

Duct Exhaust Velocity m/sec f t f s e c  

Net Thrust - I n s t a l l e d  (After ~leed) N ( l b f )  

Required Nominal Airflow far Fn = 
249,470 N (56,087 lbf) 

Required Nominal Airflow for Fa = 
27H,67b N (62,650 l b f )  

Yes 

B a s e l i n e  Case Ia Cases 1/11 

Yes I 

2 
Fu 1 ly expnndcd 



T a b l e  20. No i se  Characteristics for Range Estimates. 



Case Ia is  a v a r i a t i o n  of Case I i n  t h a t  some t h r u s t  recovery is assumed 
f o r  the f l o w  e x i t i n g  from the j e t  f l a p  nozzles themsclvca. I t  is assumed 
t h n t  ha l f  of t he  gross  t h r u s t  is recovered and thnt  i t  is appl ied  a t  an angle 
of 0.523 rad (30') from the hor izonta l .  Takeoff c a l c u l a t i n n s  wprc modified 
t o  account for t h i s  change i n  fcrces. It  was further assuncd t h a t  the a i r -  
c ra f t  aerodynamic c h a r a c t e r i s t i c s  were not changed. 

In Case 11, no c r e d i t  f o r  t h r u s t  recovery was assumed. T h r u s t  requi red  
f o r  take off  is h i g h ,  and cutback t h r u s t  required i s  very high due Lo the un- 
favorable  shape of the drag polar .  I n  add i t i on ,  the  climb-out pt,rfurmance is 
poor. Thus, r e s u l t s  show l a r g e r  range l o s s ,  wi th  large inc rease  i n  community 
noise. 

The a c t u a l  drag polnr  of an AST a i r c r a f t  aerodynamic system optimized t o  
e x p l o i t  flap-blowing use is no t  known. U n t i l  such a drag polnr can be defined 
i n  d e t a i l ,  i t  w l l l  not be possible t o  co r r ec t ly  and f a i r l y  assess the poss ib l e  
advantages of f l a p  blowing. I t  i s  of i f i t e r e s t  Lo note ,  however, t h a t ,  i f  the 
drag polar  i s  s imi l a r  t o  and falls between the two s h a p e s  Ldent i f lcd  i n  
Figure 44 (Case I and Case 11). tile s tuuy r e s u l t s  would f a l l  between those i n  
rase I and Case IT, and conclusions would be srnilar t o  those reached i n  t h i s  
s tudy . 

No at tempt  was made t o  opeiniize the a ~ r ~ r c f t -  w i ~ g  plan  form wing size, 
f l a p  s i , ?e ,  and f l a p  s e t t i n g  t o  b e t t e r  wi t  =l;p blowing. Future s t u d i e s  
should i.lclude examination of wing p l a n  1 0 - n ~  "wing higher aspec t  r a t l o  
va lues  and s u i t a b l e  changes i n  f l a p  s, ,aarr; . 

4,3.1.4 Conclusions 

Severa l  general  - and neces sa r i l y  t e n t a t i v e  - conclusions have been 
reached based on the s tudy r e s u l t s :  

1. For the  assumptions made and methods used, AST range performance is 
n o t  improved through the  use of f l a p  blowing. 

2. For  the assumptions made and methods used, when flap blowing is  
used, AST s i d e l i n e  and community noise l e v e l s  are i nc reased ,  yield- 
i n g  l e s s  acceptable  l e v e l s  of T raded  Noise  (versus FAR 36 g o a l s ) .  

It may be des i r ab l e  t o  conduct a d d i t i o n a l  eva lu t ions  i n  which a more 
d e t a i l e d  eva lua t ion  is made and i n  which the a i r c r a f t  conEigurarion i s  
changed. It may a l s o  be d e s i r a b l e  t o  consider  use o i  core bleed air.  

4 .3 .2  Takeoff Power Mana~ement 

During the ana lys i s  of engine no i se  c h a r a c t e r i s t i c s  of climb out  a f t e r  
t a k e o f f ,  i t  was discovered t h a t  enbfne noise varies wi th  a l t i t u d e  i n  a pre- 

d i c t a b l e  manner (see Figure  4 5 ) .  For each t h r o t t l e  s e t t l n g  (and correspond- 
i n g  l e v e l  of exhaust j e t  ve loc i ty )  t he re  i s  a d i f f e r e n t  curve of englne noise 
versus  a l t i t u d e  (see Figure  4 6 ) .  
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Because FAR 36 r egu la t ions  spec i fy  t h a t  the peak noise  l e v e l  during 
climb ou t  is t o  b e  used i n  the no i se  c e r t i f i c a t i o n  p r o c ~ d u r e ,  t h e  engine cyc le  
exhaust j e t  ve loc i ty  is generally chosen s o  t h a t  the peak noise  l eve l  f a l l s  
wi th in  a goal  or  l i m i t  chosen by the designer  (or the user) .  If the engine 
is operated a t  a cons tan t  t h r o t t l e  s e t t i n g  (with j e t  v e l o c i t y  approximately 
cons tan t ) ,  the  noise  l e v e l  is below the peak l e v e l  a t  a l l  po in ts  ather than 
the  peak l e v e l  i t se l f  ( s e e  a lso  Figure  45). 

4 .3 .2 .1  Analysis  

It has been suggested chat a b e t t e r  engine/airframe i n t e g r a t i o n  might be 
achieved 1 E  the exhaust j e t  ve loc i ty  ( V j )  kcre t o  be var ied  during the  
climbour in such a way s o  as t o  a t t a i n  maximum t h r u s t  l e v e l s  a t  a l l  times and 
y e t  s t a y  w i t h i n  a given s i d e l i n e  no i se  l e v e l .  F igure  47 depicts a possible 
mode of opera t ion  t o  achieve t h i s  end. In t h i s  case, the exhaust j e t  veloc- 
i t y  is increased  i n i t i a l l y  ro a maximum allowable l e v e l  [say 777 m/sec (2250 
f t / s ec )  1 and held a t  t h a t  l e v e l  during climbaut only u n t i l  t he  no i se  level  
l i m i t  g o a l  is  reached. A t  tha t  po in t ,  j e t  v e l o c i t y  is reduced and var ied  s o  
t h a t  t h e  noise i s  he ld  f ixed  and does not  exceed the des i red  l e v e l .  Even- 
t u a l l y  the  j e t  v e l o c i t y  is  increased back up t o  Its maximum al lowable l e v e l  
( see  Figure  47) .  

A s tudy  was c a r r i e d  out  i n  order  t a  evalua te  . , advantages of the power 
management technique. Four d i f f e r e n t  double-bypass va r i ab l e  cycle  engine 
sizes were se l ec t ed .  Each had the same bas i c  cycle b u t  operated a t  a d i f f e r -  
e n t  value of rnaxinum je t  ve loc i ty  a t  the sizing condit ion.  All engines were 
s i zed  to y i e l d  the same takeoff  t h r u s t  of273,107 N (61,400 1 b ) a t  0.3 M sea 
l e v e l  f o r  an OAT of ISA +lTO C ($27" F) . 

The spec i fy ing  of t h r u s t  and j e t  v e l o c i t y  a t  rake off f i x e s  the  engine 
a i r f l ow f o r  each engine cycle  s e l ec t ed .  A s  the  jet ve loc i ty  i s  increased ,  
requi red  a i r f low s i z e  decreases  ( s ee  Figure 48) .  

Each engine was operated i n  a manner s i m i l a r  t o  t h a t  depicred i n  Figure 
47, such t h a t  each engine had the  same peak s i d e l i n e  no i se  va lue  of 110 dB 
(so that a traded no i se  l e v e l  of 108 dB could be achieved).  A l l  engines 
start: ou t  t h e  climb-out procedure a t  the same t h r u s t  l e v e l  (due t o  having 
been s i z e d  f o r  the take off  t h r u s t  requirement).  During the  climbout,  each 
engine i s  gradually t h r o t t l e d  back a t  the  appropr ia te  a l t i t u d e  s o  as not  t o  
exceed 110 dB s i d e l i n e  noise.  A s  a consequence, the t h r u s t  l e v e l  i s  reduced 
during t h e  throt t led-back po r t ion  of the  climbout ( see  Figure 49) .  For 
convenience t h e  curves ii~ Figure  49 represent  a climbout v i t h o u t  cutback. 

This  thrust reduct ion  a f f e c t s  the a i r c r a f t  climb g rad ien t  and causes the  
a i r c r a f t  i n  each case  t o  reach t h e  6.5 km (3.5 nmi) noise measuring po in t  at 
a d i f f e r e n t  a l t i t u d e  (F igure  50). O f  course, the  greater the  amount of 
t h r u s t  reduct ion  during power management, t he  lower the a l t i t u d e  reached a t  
the  6.5 k m  (3.5 mi) poin t .  This v a r i a t i o n  i n  a l t i t u d e  a f f e c t s  t h e  l e v e l  o f  
community noise  a t  cutback, with t hose  cases a r r i v i n g  a t  lowest a l t i t u d e s  
being the n o i s i e s t  t o  t h e  observer on the ground. 
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I n  add i t i on ,  s ince  each engine has a d i f f e r e n t  airflow s i z e ,  i t  must 
operate  a t  a d i f f e r e n t  power s e t t i n g  a f t e r  cutback i n  order  t o  generate the 
required cutback t h r u s t  l e v e l .  The sma l l e r  engines a r e  forced t o  operate  a t  
higher  power s e t t i n g s .  This  v a r i a t i o n  i n  cutback power s e t t i n g  also a f f e c t s  
t he  community noise l e v e l ,  with thosc engines having the  h ighes t  power s e t t i n g  
i n  cutback having the g r e a t e s t  no i sc  t o  the observer on the ground. 

4.3.2.2 Resu l t s  

A s  engine s i z e  is  reduced, engine weight i s  reduced and the a i r c r a f t  
range is improved (see  F igure  51) .  Overa l l  r e s u l t s  of the  s tudy arc tabu- 
l a t e d  i n  Table 21. Although es t imates  of no ise  contours ( i . e . ,  f o o t p r i n t s )  
were not made, i t  i s  a l so  obvious t h a t  f o o t p r i n t  area w i l l  i nc rease  as 
community noise  l e v e l  i nc reases  due t o  two reasons:  

Higher community no i se  l e v e l  

8 High noise  l e v e l s  1asL longer i n  the I n i t i a l  po r t i on  of t h e  climb- 
out  path. 

4 .3 .2 .3  Discussion 

The technique descr ibed i n  Sec t ion  4 .3 .2 .1  was designed pr imar i ly  t o  
improve a i r c r a f t  range performance, w h i l e  keeping noise  l eve l s  wi th in  c e r t a i n  
goal  l e v e l s .  This p a r t i c u l a r  technique is  not  the only power management pro- 
cedure poss ib l e .  Others can be devised t o  achieve d i f f e r e n t  ends o r  t o  con- 
cen t r a t e  on o ther  AST performance o r  environmental parameter improvements, 
such as: 

lower s i d e l i n e  noise  

lower community no i se  

smal le r  takeoff f o o t p r i n t  a reas  

lower emissions 

Such o ther  techniques may combine the scheduling of j e t  v e l o c i t y  toge ther  
wi th  the scheduling of f l i g h t  v e l o c i t y  and a i r c r a f t  v a r i a b l e  geometry fea- 
t u r e s  i n  o rde r  t o  achieve the  s p e c i f i c  goa l  i n  mind. Each technique w i l l  
have i t s  own unique engine opera t ing  schedule t a i l o r e d  f o r  t h i s  t a sk  and the 
schedule may d i f f e r  from t h a t  used i n  the s tudy descr ibed i n  t h i s  r epo r t .  

It i s  concluded t h a t  although the re  i s  a range gain achievable through 
the  use of t h e  power management technique (descr ibed i n  SecLion 4.3.2.1) t h i s  
range gain comes a t  the expense of increased  community noise l e v e l s  and in- 
creased n o i s e  f o o t p r i n t  areas. Fur ther  eva lua t ion  i n  g r e a t e r  d e t a i l  is  re- 
quired t o  determine i f  t h e  range/noise trade-off would be  an a t t r a c t i v e  one. 
I n  add i t i on ,  f u r t h e r  s tudy i s  necessary t o  determine whether t h e r e  a r e  o the r  
schemes of engine c o n t r o l  t o  b e t t e r  achieve the goa ls  addressed i n  this b r i e f  
s tudy.  
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4.3.3 Var iab le  Bypass Engine (Supersonic Tnf l o w  Fan) 

A s  p a r t  of t he  AST program the General Elec t r ic  CLJ, conducted a shor t  
s tudy  t o  eva lua t e  the v a r i a b l e  bypass engine utilizing s u p e r s o n i c  i t i f l o w .  
This cngine had been proposed by Dr. A. Ferri of Advanced Tact~nolog!: Labirra- 
t o r i e s ,  Inc.  as a  candidate for the AST m i s s i o n .  The variable bypass engine 
i s  a nonaugmented, moderate-bypass, separated-flow turbofan which is supposed  
t o  pravide dramatic  improvements i n  weight and f u e l  consumption and fmprnvc- 
ments i n  a i r c r a f t  range o r  takeoff  g ross  weight  ( see  Figure 52). 

4 . 3 . 3 . 1  Analysis 

The novel f e a t u r e  of the variable bypass engine is  i n  the  fa11 ~omponent.  
The fan of t h i s  cng ine  obta ins  t he  des i r ed  pressure  r a t i o  i n  a single s t a g e  
with essentially no s t a t i c  pressure  rise. The fan accepts  supersonic axial  
Mach numbers a t  supersonic f l i g h t  speeds  s o  t h a t  the convent ional  supersanic  
i n l e t  is  rep laced  by a simple fixed-geometry, external  compression body 
f a i r e d  i n t o  the fan hub. A d e s c r i p t i o n  of t h i s  concept and an eva lua t ion  of 
the engine by Advanced Technology Labora tor ies ,  Inc. is presented  i n  t h e i r  
r e p o r t  TR-201, "Study of Variable Cycle Engines Equipped with Supersonic 
Pans," by Horacio Trucco, September 1975 ( issued a s  NASA CR-234777). 

I n  the  ATL r e p o r t ,  two fan conf igura t ions  are described: the IGV-rotor 
conf igura t ion  and t h e  r o t o r - s t a t o r  ve r s ion ,  The ICV-rotor system war; c:\osen 
as the conf igura t ion  for GE eva lua t ion  due t o  i t s  genera l ly  b e t t e r  performance. 
The fan discharge  Mach number is  higher  than the  f l i g h t  Mach number, making a 
r a t h e r  elaborate supersonic i n l e t  system necessary f o r  the core compressor. 

Throughout t h i s  GE s tudy ,  component c h a r a c t e r i s t i c s  and system lass 
assumptions were chosen using cons i s t en t ly  optimistic assumptions. This  
philosophy was  followed s o  as  t o  g ive  the  v a r i a b l e  bypass engine the best 
p o s s i b l e  level of perf omance. 

Fan performance used for t h i s  s tudy f o r  the IGV-rocor conf igura t ion  is 
presented i n  Figure  53 (taken from Figure  13 of Al'L Report TR-202). A design- 
p o i n t  fan pres su re  r a t i o  of 3.5 was used, and this r equ i r e s  a design cor rec ted  
t i p  speed of 402 m/sec (6320 f t / s e c ) .  The design-point fan discharge f l o w  
was s p l i t  by the supersonic inlet l i p  f o r  the  core compressor a t  a po in t  
where the bypass r a t i o  of 1.5 would r e s u l t ,  The performance a£ the core 
i n l e t  was based on a total pres su re  recovery of 90Z accompanied by an 83 
boundary l a y e r  bleed. This  core i n l e t  performance is  probably o p t i m i s t i c  
considering the high level ,  of boundary layer flow, veloci ty  p r o f i l e  d i s t n r -  
t i o n ,  and swirl approaching this inlet. Thrust regain from t h e  boundary 
l a y e r  bleed a i r  was ca l cu la t ed  on an i d e a l  b a s i s  using a bleed a i r  t o t a l  
pressure  equal  t o  the s ta t ic  pressure  a t  a po in t  i n  t he  core inlet where the 
l o c a l  Mach number was 1.2.  



Figure  52. Variable Bypass Engine Concept. 
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Because the corc i n l e t  Mach number i s  supersonic,  a cornpressor/core 
i n l e t  matching problem a r i s e s  wMch i s  not present  i n  s conventional turbofan 
engine. A s ~ b s o n i c  bypass system, used t o  pos i t i on  the corc i n l t , t  normal 
shock, ia included i n  the GE conf igura t ion  f o r  off-design oper; on. 

The co rc  conf igura t ion  was assumed t o  be s i m i l a r  t o  a scaled .TI01 high- 
pressure system. The p re s su re  r a t i o  of t he  core compressor is 5 .3 ,  which 
corresponds t o  the f i r s t  s i x  s t ages  of t he  J lOI . .  The 5101 f lou/spzed char- 
a c t e r i s t i c  was used. However, t h e  e f f i c i e n c y  was increased  i n  c rdc r  t o  be 
cons i s t en t  wi th  AST cycle s tud ie s .  The core peak e f f i c i e n c y  l i n e  charac te r -  
i s t i c s  assumed a r e  shown i n  F igure  54. The core design cor rec ted  a i r f low i s  
103.1 kg/sec  (227.5 l b / s e c )  . 1 f t h e  core i n l e t  bleed flow f s considered as 
bypass flow, then the des ign  bypass r a t i o  is  1.72 r a t h e r  than 1.5.  

A maximum cycle  t u r b i n e  i n l e t  temperature T 4 ,  of 1538' C (2800' F) was 
se l ec t ed  f o r  the tu rb ine  systems based on s t u d i e s  of another VCE with the  
same T41 and s l i g h t l y  h igher  cycle  p re s su re  r a t i o .  The cool ing flows assumed 
were: 

Nonchargeable Compressor Discharge (CD) - 5.9% 

High Pres su re  Turbine CD + I n t e r s t a g e  . 5.1% 

Low Pres su re  Turbine I n t e r s t a g e  - 6.2% 

The cool ing  flows f o r  the low p re s su re  t u rb ine  were based on a previous 
study of s ing le-s tage  conf igura t ion  and a r e ,  t he re fo re ,  h ighly  o p t i m i s t i c  f o r  
t h e  present  s tudy.  Constant t u rb ine  e f f i c i e n c i e s  of 90% f o r  the high pres- 
sure tu rb ine  and 89.5% f a r  the low pressure  t u rb ine  were assumed throughout. 

Nozzle gross  t h r u s t  c o e f f i c i e n t s  f o r  a l l  streams except  the  boundary 
layer bleed f l o w  were assumed t o  be 98%. The boundary layer bleed flow gross  
t h r u s t  coefficient was assumed t o  be uni ty .  

Engine a i r f l ow size was s e l e c t e d  t o  be cons i s t en t  w i th  the ATL s t u d i e s  
i n  which the fan  i n l e t  design capture area was set a t  4 .16  m2 (44.8 ft2). 
This results i n  a  design f a n  cor rec ted  a i r f low at  sea  l e v e l  s t a t i c  of 725 
kg/sec (1600 lb /sec)  . 

I n  analyzing engine performance d a t a  i t  was found t h a t  the h igh  pressure 
turb ine  was s i zed  a t  s e a  l e v e l  s t a t i c ,  w h i l e  the low p res su re  turb ine  was 
s i zed  a t  supersonic c ru i se .  For supersonic opera t ion  it was assumzd t h a t  the 
f a n  could be run  at its sea l e v e l  design phys i ca l  speed while  the core was 
allowed a 5% inc rease  i n  phys i ca l  speed over the  s e a  l e v e l  design va lue .  

The supersonic  c r u i s e  condi t ion  was assumed t o  be Mach 2.32 a t  16319 m 
(53540 f t )  wi th  Tam = ISA + 8' C (14.4"  F). The maximum fan correc ted  t i p  
speed a t  t h i s  f l i g h t  condi t ion  is 316 m/sec (1038 f t / s e c )  a t  a desfgr  phys i ca l  
rpm of 3253. The roeor  i n l e t  s p e c i f i c  cor rec ted  flow i s  148.8 kg/sdc/m2 
(30.43 l b / s e c / f  t2) which r e s u l t s  i n  a  fan pressure  r a t i o  of 2.92 a t  an 
ad iaba t i c  e f f i c i e n c y  of 0.867 using the  raferenced fan  map. Operating the 
core a t  105% phys ica l  speed r e s u l t s  i n  a core  cor rec ted  speed of 85.12 and a 





core corrected flow of 66.7 kg/sec (147 lb / sec ) .  The r e s u l t i n g  minimum by- 
pass  r a t i o  i s  2.01, compared t o  a sea  l e v e l  s t a t i c  design value of 1.72. The 
high fan  pressure  r a t i o ,  coupled with the  high bypass r a t i o ,  r e s u l t s  i n  very 
high power e x t r a c t i o n  requi red  by the  low pressure  turb ine .  The t u rb ine  dis-  
charge annulus a rea  r e s u l t i n g  i n  a 0 . 5  discharge Mach number is 2.115 m2 
(3277 in .2) .  Using a lower mechanical l i m i t  of tu rb ine  discharge r ad ius  
r a t i o  of 0 .6 ,  the low pressure  turb ine  discharge diameter is 205.1 cm (80.75 
i n . ) .  The tu rb inc  loading i s  such t h a t  four ,  o r  p re fe rab ly  f i v e ,  low pressure  
turb inc  s t a g e s  a r e  required.  This l a r g e  low pressure  t u rb ine  is the source  
of very high t ransonic  nozzle drag, as the complete expansion nozzle  a r e a  i s  
much l e s s  than the turb ine  pro jec ted  area.  

A pre l iminary  flowpath was constructed us ing  cycle  da t a  (Figure 52) .  A 
v a r i a b l e  cowl, shown on the  core i n l e t ,  i s  used t o  reduce the degree of 
throat: geometry v a r i a t i o n  in the  s t a r t i n g  process .  The v a r i a b l e  geometry fan 
cowl nozzle  and core exhaust nozzle are shown i n  the  extreme pos i t i ons .  The 
excess  core bypass flow ( i f  any) i s  discharged out  a common exhause a r e a  a f t  
of the core nozzle  t h roa t .  

.I s e r i o u s  problem is  the  design of the  mechanism requi red  t o  vary the  
f an  exhaust: nozzle  f l aps .  A t  takeoff a crushing load on t h i s  f l a p  system of 
g rea t e r  than 133440 N (30,000 lb) e x i s t s .  Undoubtedly the  s t r u c t u r e  and 
ac tua to r s  t o  support  t h i s  h igh  load w i l l  r equ i r e  g r e a t e r  cowl thickness than 
i s  shown i n  the  flowpath layout .  This  would r e s u l t  i n  even g r e a t e r  cowl 
pressure  drag and b o a t t a i l  d.rag, 

Another s e r ious  problem a t  takeoff i s  caused by the  choked sharp l i p  in- 
l e t  ahead of t he  fan  r o t o r .  Extensive flow sepa ra t ion  from the inne r  cowl 
sur face  r e s u l t s  i n  a  t o t a l  p ressure  recovery of less than 80% a t  s t a t i c  
condit ions.  Since t h i s  reg ion  of separated flow w i l l  extend a  good d i s t a n c e  
dwtmstream of the i n l e t  l i p ,  the r o t o r  blade t i p  w i l l  b e  a f f e c t e d  and possi-  
b ly  w i l l  encounter severe  r o t o r  aeromxhanica l  s t a b i l i t y  problems. I n  con- 
ven t iona l  e n g i n e / i n l e t  systems the engine blading i s  loca t ed  a g r e a t  d i s t ance  
downstream of the i n l e t  I i p  and separated regions c r -  'wash out '  or e l s e  
devices such a s  blow-in doors can be used t o  minirnizc sharp  l i p  e f f e c t s .  
Such approaches as these  a r e  not  ava i l ab l e  i n  the p re sen t  engine configura- 
t i o n  due t o  the proximity of tho fan r o t o r  t o  the i n l e t  l i p .  

Engine performance was ca lcu la ted  f o r  ;n a c c e l e r ~ t i o n  path using maximum 
power. Engine p a r t - t h r o t t l e  performance was ca l cu la t ed  f o r  subsonic c r u i s e ,  
supersonic c r u i s e ,  and subsonic hold condit ions.  I n s t a l l a t i o n  drag e s t ima te s  
were made a t  each performance 1 i n t  based on the  positions of the geometry 
required. Addit ive dr:g was based on conica l  f low-field c a l c u l a t i o n s  f o r  a 
0.3141 r a d  (18') ha l f  angle  cone. Cowl pressure  drag c o e f f i c i e n t s  were e s t i -  
mated us ing  an e l l i p t i c a l  cowl having an i n i t i a l  angle  of 0.322 rad (18.5").  
Pan nozzle and core nozzle  b o a t t a i l  drags were est imated using wind tunnel  
af terbody drag  co r r e l a t ions  f o r  s i m i l a r  geometries.  F r i c t i o n  drag was calcu- 
l a t e d  us ing  compressible f r i c t i o n  c o e f f i c i e n t s  with Reynolds numbers based on 
t o t a l  engine s h e l l  l ength  and s h e l l  su r f ace  area.  Pressure  drag on the 
conica l  main engine body was neglected. The component and combined drag 



c o e f f i c i e n t s  used a r e  shown i n  Figure 55. The l a r g e  Lransonic drags of the  
core and fan nozzles  are ev iden t  i n  t h i s  f i gu re .  

The acce l e ra t ion  performance t h r u s t  c h a r a c t e r i s t i c s  a r e  shown i n  Figure 
56. Data a r e  shown f o r  both i n s t a l l e d  and u n i n s t a l l e d  t h r u s t .  Shown a l s o  i n  
t h i s  f i g u r e  are the i n s t a l l e d  and un ins t a l l ed  t h r u s t  of a 408 kg/sec (900 
lb /sec)  GE v a r i a b l e  cycle engine (VCE). The i n f e r i o r  acce l e ra t ion  t h r u s t  of 
the  725 kg/sec (1600 Ib /sec)  v a r i a b l e  bypass engine i s  ev ident .  

Estimated supersonic c r u i s e  performance, both i n s t a l l e d  and un ins t a l l ed ,  
of the v a r i a b l e  bypass engine Is shown i n  Figure 57. Also shown f o r  r e f e r -  
ence is the performance of t he  408 kg/sec (900 Ib /sec)  GE VCE. A t  a given 
t h r u s t  l e v e l  t h e  performance of t h e  engine i s  i n f e r i o r  t o  t he  408 kg l sec  (900 
lb /sec)  VCE. If t he  engine s i z e  needs t o  be increased  t o  improve acce lera-  
t i o n  performdncc, the c r u i s e  performance w i l l  d e t e r i o r a t e  even more. 

Shown i n  Figure 58 is t h e  i n s t a l l e d  and u n i n s t a l l e d  performance of t h i s  
engine a t  subsonic c ru ise .  It shows a small  advantage i n  the  725 kg j sec  
(1600 l b l s e c )  s i ze .  Also shown f o r  re ference  i s  the  performance f o r  the 408 
kgjsec (900 Ib /sec)  VCE. Again, increased  engine s i z e  would cause the  
performance t o  de t e r io ra t e .  

An a t tempt  w a s  made t o  t r y  t o  dup l i ca t e  t h e  paramet r ic  performance 
l e v e l s  presented i n  F igure  19 of the Advanced Technology ~ a b o r a t o r i e s '  r epo r t  
TR-201 t o  s e e  i f  d i f fe rences  i n  a n a l y t i c a l  modeling could be a source of con- 
f l i c t i n g  r e s u l t s .  The exact  p o i n t s  taken from Figure  19 were run with the 
ATL component performance assumptions l i s t e d  on page 32 of TR-201 (with the 
exception t h a t  the compressor bleed shown w a s  e l imina ted ) .  Values of bypass 
r a t i o  used were the  same as those used i n  t he  ATL r e p o r t .  Since ATL assump- 
t i o n s  regarding turbine cooling a i r  and second i n l e t  b leed  air  were not  
l i s t e d ,  the  op t imi s t i c  va lues  used i n  the  GE a n l a y s i s  were r e t a ined .  The 
r e s u l t s  of t h i s  comparative a n a l y s i s  a r e  shown i n  F igures  59 and 60. I n  
Figure 59 t h e r e  a r e  l a r g e  d iscrepancies  between GE ca l cu la t ed  performance and 
t h a t  quoted i n  TR-201. Shown a t  each of the  performance po in t s  is the  com- 
pressor  d ischarge  temperature (T3) i n  degrees F. The levels shown of T3 a r e  
excessive to the poin t  where none of t he  cycles  presented i n  f i gu re  59 is  
feasible, Even the compressor i t s e l f  would have t o  be cobled a t  some of 
these  temperature leve ls .  

The performance poin ts  were re run  f o r  an i d e a l  s i t u a t i o n  i n  which a l l  
turb ine  cool ing  a i r  and i n l e t  bleed a i r f lows  were e l imina ted ,  and all tail- 
p ipe  and duct  pressure l o s s e s  a l s o  were e l imina ted .  The r e s u l t i n g  per for -  
mance i s  shown i n  Figure 60. The GE performance l e v e l s  now begin t o  approach 
the  values presented i n  TR-201. Performance p o i n t s  a t  Mach 2.2 and 2 .7  were 
a l s o  run wi th  the  above i d e a l i z e d  assumptions and the ATL TR-201 t a b u l a r  
performance was near ly  dupl ica ted .  The compressor discharge temperatures of 
these  two p o i n t s  a l s o  were excess ive .  No acous t i c  eva lua t ion  was conducted. 
Mission r e s u l t s  a r e  summarized i n  Table 22. 
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Figure 55. Instal'ation Drag Summary, Variable Bypass Engine .  
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Fxgure 57. Supersonic Cruise Performance. 
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Figure  58. Subsonic Cruise Performance. 
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4 . 3 . 3 . 2  Conclusions 

It is the conclusion of the General  F l e c t r i c  Company t h a t  t h e  encourag- 
ing  performance character is t ics  p r c s e n t c d  i n  ATI. Report 'TR-201 arc  due in 
part: t o  t h e  assumptions used r e g a r d i n g  component perforrn;mce and coolinr air 
requirements, However, t he  scapc! of tile (:enera1 !:lectrir studv was not  hroad 
enough t o  draw f i r m  conclusions rcgardiny, the inherent merits of the vnrinhlc 
bypass engine cycle itself. 

Table 22. Mission Results of V a r i a b l e  Bypass  Engine. 

e Ground Rules - 20% Thrust Margin Required at M = 2.32 

Engine Airflow Size - 816 kg/sec (1800 lb/sec) 
- Base NASA Weight 8392 kg (-18500 lb) 

Prime Missinn Relative Range = 0.95 

- +25% Weight 10480 kg (-23100 lb) 
Prime Mission Relative Range = 0.85 



Thc engine sclcc~ed f o r  p r e l i m i n a r y  dcs  ign  s t u d i e s  w . 1 ~  t i l t 1  t:I.11 /.TI1 
Study B 3  double-bypas:; v a r i a b l e  r y c l c  clngir~~l (VCE). T h i s  crlgirlc inc.urpor:ltr~:j 
a 202 high-flow fan and i s  designed for  Mart1 2 .4  ~ r u i h c .  'fhc crlgine is: 

Engine Plow size ( t akeof f  ) - 381 kg/scc (840 lb/sec) 
Pan pressure ratio - 4.0 
Overall p r e s s u r e  r a t i o  - 1 7 . 3  
Bypass R a t i o  - 0 . 3 5  
Turbine r o t a r  i n l c t  temperature ,  

maximum - 1538" C (7800' F) 

The GE21/Jl1133 VCE is a low bypass r a t i o  ( 0 . 3 5 j ,  d u a l - r o t o r  tu rbufan  en::inc 
w i t h  a low temperature augmentor, des igned  f o r  d r y  power super:;unic r r u i s ~ ,  
us ing  t h e  augmentor for t r a n s o n i c  c l imb and a c c c l c r a t i o n  o n l y .  A t  takeoff 
hfgh-flow c o n d i t i o n s ,  the bypass r a t i o  is a lmos t  twice the supersonic c r t ~ i s e  
level w i t h  a i r f l ow  to provide  acceptable FAR 36 noise l eve l s  and thrust, 
F i g u r e  61 is a drawing of t h e  dauble-bypass VCE conccpt.  The b a s i c  i l i f f t z r -  
enccs between t h e  VCE and a cor lvent ional  t u r b o f a n  eng ine  are the separa t ion  
of t he  fan i n t o  two blocks with an o u t e r  hypnss d u c t  between t h e  f an  hlucks, 
and t h e  n o r m 1  bypass duct. arter the second f an  bloclr. For tile low-,wise, 
takeoff mode t h e  f ront  block of t h e  fan is set at i t s  maximum flow conf lg-  
uration. The second fan block is o p e r a t e d  t o  a d j u s t  t h e  je t  exhaust v e l o c i t y  
and f l o w  t o  produce the d e s i r e d  thrust/noise relatianships fcrr  takeoff .  
During s u b s o n i c  c ru i se  o p e r a t i o n  t h e  f r o n t  fan block is se t  t o  provjdc t h e  
best match between i n l c t  spillage and internal performance.  In t h i s  mode tl!e 
second f an  b lock  is set t o  p rov ide  the proper cruise thrust. 'i'klc des i red  
h i g h  i n l e t  a i r f l o w  can be maintained down LO t h e  r t lqu i rcd  subsonic c r u i s e  
thrust: requirement ,  which p r a c t i c a l l y  eliminates i n l e t  s p i l l a g e  drag, arid, 
because of the high flow, also r ed l~ces  the af t e rbody  drag. The e f f r c t  of 'he 
i n c r e a s e d  bypass r a t i o  and reduced i n s t a l l a t i o n  drag  is t o  decrease t h e  
i n s t a l l e d  s p e c i f i c  f u e l  consumption ( s fc )  by about  15% as compared t o  a 
c o n v e n t i o n a l  tu rbofan  engine which does  n o t  have t h e  c a p a b i l i t y  of holding 
airflow l eve l s  a s  t h r u s t  is reduced. 

In the climb/acceleration and supersonic c r u i s e  modes, t h e  f r o n t  block  
fan is s e t  to meet t h e  a i rcraf t  inlet flow s u p p l y ,  and tlic rear block  f a n  and 
high p r e s s u r e  compressor are se t  t o  pass a l l  of the f r o n t  b l o c k  f a n  f l o w ;  
and, t h e  engine operates t h e  same as the nominal 0.35 bypass r a t i o  t u r b o f a n  
engine. Another advantage of  the s p l i t  f a n  configrirat- lon is tha t ,  t o  produce 
high takeoff a i r f l o w ,  o n l y  t h e  d e s i g n  af t h e  front blocIr f a n  and low p r w -  
s u r e  tu rb ine  a re  a f f ec t ed .  A s  a r e s u l t ,  a l a r g c  weight saving is rea l i zed  
over  the weight  of a conventional t u r b o f a n  engine s i z e d  f o r  t h e  same takeoff 
a i r f l o w  and n o i s e  l e v e l .  (See Section 4.1  fo r  a more d e t a i l t a d  explanation.) 

A major  e f f o r t  has been made t o  s i m p l i f y  the engine and the exhnus t 
system i n  o r d e r  t o  reduce c o s t  and weight and t o  i n c r e a s e  r e l i a b i l i t y ,  Tlie 
cycle was e s t a b l i s h e d  f o r  d r y  (nonaf te rburn ing)  t akeof f  and s ~ p e r s o n l c  
cruise, and to require o n l y  two turbine stages. The choice of a mixeb-flow 
arrangement eliminates t h e  need f o r  a sophisticated high-performance duct 
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burner and r equ i r e s  only a very simple c l imb/acce lera t ion  low temperature- 
r i s e  augmentor. The l o w  bypass r a t i o ,  mixed-flow s e l e c t i o n  f o r  supersonic 
operat ion a l s o  assures  i n l e t  compa t ib i l i t y .  The use of the  annular  j e t  noise 
suppression concept i n  t h e  VCE design r e su l t ed  i n  a s impler ,  l i g h t e r  weight 
exhauat system with fewer movable p a r t s  and ac tua t ion  systems* These and 
o the r  improvements have r e su l t ed  i n  a  l i g h t e r ,  more r e l i a b l e  engine. A 
continuing e f f o r t  on weight reduct ion ,  cost  reduct ion ,  and increased r e l i -  
a b i l i t y  through simpler design i s  expected t o  show f u r t h e r  improvements i n  
the  fu tu re .  

The  preliminary des ign  of t he  GE21/311 Study B 3  b a s i c  engine included 
aerodynamic d e f i n i t i o n  of components, mechanical design,  s t r e s s  a n a l y s i s ,  and 
ma te r i a l  s e l e c t i o n  of a l l  r o t a t i n g  and s t a t i o n a r y  engine p a r t s .  The fezsi- 
b i l i t y  of the design and confirmation of prelimfnary weight es t imates  were a 
major output  of t h i s  s tudy.  Furehcr e f f o r t  w i l l  be  requi red  for  more de- 
t a i l e d  a n a l y s i s  and des ign ,  a s  improvements cont inue t o  be made i n  perfor-  
mance and i n  the  mechanical and aerodynamic layout  of t h e  v a r i a b l e  cyc le  
engines.  

4 .4 .1  Basic Engine Prel iminary Design 

Low Pressure Compressor 

The low pressure compressor i s  a 3-stage a x i a l  f l o w  design cons i s t i ng  of 
two s e c t i o n s  o r  "Blocks". Block I has two stages with  v a r i a b l e  i n l e t  guide 
vanes and fixed s t a t o r s ;  Block I1 has v a r i a b l e  i n l e t  guide vanes. The char- 
a c t e r i s t i c s  of t he  low pressure compressor are: 

Front: Block 

Number of s t a g e s  - 2 
I n l e t  r a d i u s  ratio - 0.4 t o  0.45 
Marer ial - Boron Aluminum 

Second Block - 
Number of s t ages  - 1 
I n l e t  r a d i u s  r a t i o  - 0.6 t o  0.7 
Ma te r i a l  - Titanium 

High Pressure Compressor 

The h igh  pressure compressor i s  a  f ive-stage ax ia l  f l o w  design wi th  a 
cons tan t  hub radius.  The f r o n t  stages are t i tan ium,  and t h e  a f t  s t a g e s  are 
steel. The c h a r a c t e r i s t i c s  of t he  high pressure  compressor are :  

Number o f  s t  ages - 5 
I n l e t  radius r a t i o  - 0.7 t o  0.8 
Mar e r  i a l  - ~ i t a n i u m / s t e e l  



blain Combus t o r  

The main combustor is a  do^, ie-annular  d e s i g n  f o r  low emissions, whic l l  
is  a d i r e c t  development: of t h e  low emiss ion combustor f -om tlic. NASA I<xptx-i- 
mental  Clean Combustor Program. See S e c t i o n  4 . 4 . 2 . 1  f o r  a de ta i l ed  review of 
t h i s  combustur. 

High P r e s s u r e  Turbine 

The h i g h  p r e s s u r e  t u r b i n e  i s  a s i n g l e - s t a g e  d e s i g n  u t i l i z i n g  advanced 
cooling t echn iques  d e r i v e d  from the USHF Advanced Turb ine  Ea:;ine Gas Gener- 
a t o r  (ATEGC) Program. 

Number of stages - 1 
Rotor  i n l e t  t empera tu re ;  

Maximum - 1538' C (2800' F) 
Cr u i s c  - 1432" C (2700' F) 

Blade mat f r r i a l  - D i r e c t i o n a l  S o l i d i f i e d  E u t e c t i c  

Low P r e s s u r e  Turb ine  

The low p r e s s u r e  t u r b i n e  i s  a s i n g l e - s t a g e  design wiLh cooled rotor 
blades .  T h e  r o t o r  b l a d e s  a r e  a l i g h t w e i g h t ,  h i g h - a s p e c t - r a t i o  t y p e  with a 
t i p  shroud f o r  optimum aero performance.  

Number of s t a g e s  - 1 
Rotor  i n l e t  t empera tu re  - 1371" C (2500" F) 
Blade m a t e r i a l  - D i r e c t i o n a l  S o l i d i f i e d  E u t e c t i c  

Exhaust Nozzle 

See S e c t i o n  4 .4 .2 .2 ,  

4 . 4 . 2  Component P r e l i m i n a r y  Design 

Two components were s e l e c t e d  f o r  more detailed d i s c u s s i o n :  combustors,  
exhaust  n o z z l e s .  Each is  d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n s .  

4.4.2.1 Combustor Design S t u d i e s  

Low Emissions Double-Annular Combustor 

The double-annular combustor concep t ,  as  i l l u s t r a t e d  i n  F i g u r e  62, i s  
der ived  from t h e  low emiss ions ,  double-annular combustor develop& f o r  t he  GE 
Exper imental  Clean Combustor Program (ECCP) sponsored by NASA. The GE21 
combustion system i s  a s h o r t - l e n g t h  v e r s i o n  of t h i s  concept  t h a t  has  t h e  



Figure  62.  Double-Annular Combustor Design GE21/J11T ,2 VCE. 



p o t e n t i a l  f o r  n e e t i n g  a l l  requirements  w i t h  good performance and low ernis- 
s i o n ~  over a  wid^ o p e r a t i n g  range.  A t  l i g h t - o f f  and low-power o p e r a t i n g  con- 
d i t i o n s ,  a l l  of t h e  b u r n i n g  t a k e s  p l a c e  i n  t h e  o u t e r  annu lus ,  whlch is n Low- 
v e l o c i t y  p i l o t  combustion zone t h a t  is designed t o  have low CO and hydro- 
carbon emiss ions  a t  i d l e  and o t h e r  low power c o n d i t i o n s .  A t  t a k e o f f  alld 
o t h e r  high-power o p e r a t i n g  c o n d i t i o n s ,  a major p r o p o r t i o n  of t h e  fuel is 
burned i n  t h e  i n n e r  annu lus ,  which I s  a h igh-ve loc i ty  main combustion zone 
t h a t  i s  des igned  t o  produce low NOx emiss ions  a t  t h e s e  a i r p o r t  c o n d i t i o n s ,  

T e s t  r e s u l t s  of a double-annular combustion system s i m i l a r  to t h e  one 
i l l u s t r a t e d  i n  F i g u r e  62 have demonstrated v e r y  low emiss ion  l e v e l s  and 
i n d i c a t e  t h e  p o t e n t i a l  w i t h  f u r t h e r  development -- of meet ing a l l  of  t h e  
F e d e r a l  a i r p o r t  emissions requirements .  The double-annular sys tems i s  de- 
s igned t o  o p e r a t e  on o n l y  one annulus ,  p r e f e r a b l y  t h e  o u t e r  annu lus ,  a t  
ground i d l e  c o n d i t i o n s  where t h e  r e q u i r e d  h e a t  a d d i t i o n  i s  m a l l  and t h e  
a i r f l o w  must be  smal l  w i t h  low average v e l o c i t i e s  t o  a c h i e v e  a Eair!y r i c h  
mixture  and h igh  coxbus t ion  e f f i c i e n c y .  With h igh  combustion e f f i c i e n c y ,  t h e  
hydrocarbon and carbon monoxide emiss ions  a r e  low. Also,  t h i s  mode of oper-  
a t i o n  i s  used  f o r  l i g h t - o f f  a t  eng ine  s t a r t i n g  c o n d i t i o n s ,  where e x c e l l e n t  
l i g h t - o f f  c l ~ a r a c t e r i s t i c s  a r e  ob ta ined  due t o  t h i s  low-veloci ty  des ign .  

A s  engine speed i s  i n c r e a s e d  above t h e  i d l e  c o n d i t i o n ,  f u e l  i s  admi t t ed  
t o  t h e  o t h e r  annulus ,  p r e f e r a b l y  t h e  inner annulus ,  which i s  designed t o  
admit a l a r g e  p r o p o r t i o n  (50% t o  70%) of t h e  t o t a l  a i r f l o w  w i t h  a v e r y  high-  
v e l o c i t y  dome flow p a t t e r n .  Th is  f r e s h  mix ture  i n  the  h igh-ve loc i ty  annu lus  
i s  i g n i t e d  o r  " p i l o t e d t t  by t h e  h o t  combustion gases  from t h e  o u t e r ,  o r  low- 
v e l o c i t y  annu lus .  A t  fu l l - speed ,  f u l l - t h r u s t  c o n d i t i o n s ,  t h e  l a r g e r  propor- 
t i o n  of t h e  f u e l  i s  burned i n  t h e  h igh-ve loc i ty  annu lus .  The l e a n  m i x t u r e  i n  
t h e  h igh-ve loc i ty  annu lus  r e s u l t s  i n  g r e a t l y  reduced fo rmat ion  r a t e s  f o r  t h e  
oxides  of nitrogen. I n  a d d i t i o n ,  t h e  high average v e l o c i t y  reduces  t h e  
" r t s i d e n c e  timet' of t h i s  r e a c t i o n  which r e s u l t s  i n  v e r y  low emiss ion  l e v e l s  
f o r  the  ox ldeo  of n i t r o g e n  a'i t a k e o f f  c o n d i t i o n s .  T h i s  combustion sys tem 
h a s  demonstra ted v e r y  h i g h  combustion e f f i c i e n c i e s  and v e r y  good performance 
a t  t a k e o f f  o p e r a t i n g  c o n d i t i o n s .  

To r e d u c e  t h e  l e n g t h  of the combustion system and t o  improve t h e  f low 
d i s t r i b u t i o n  ahead of t h e  combustor domes, t h e  combustor i n l e t  d i f f u s e r  fo r  
t h e  double-annular combustion system h a s  a n  annu la r  s p l i t t e r  vane a s  a n  
i n t e g r a l  p a r t  of t he  p r e d i f f u s e r  c a s t i n g .  This s p l i t t e r  vane has a d u a l  pur-  
pose.  For  t h e  same v a l u e  of a r e a  r a t i o ,  t h e  l e n g t h  of t h e  p r e d i f f u s e r  can  be 
rzduced by about  40%, and t h e  s p l i t t e r  vane  may be contoured t o  d i r e c t  h igh-  
energy f low l e a v i n g  t h e  p r e d i f f u s e r  exit p l a n e  i n t o  each  of t h e  annular dome 
reg ions .  A s i n g l e  s p l i t t e r  vane, as shown i n  F igare  62 ,  d i v i d e s  t h e  pre- 
d i f f u s e r  i n t o  two p a r a l l e l  d i f f u s e r s ,  each of which has a l e n g t h - t o - i n l e t -  
h e i g h t  r a t i o  t h a t  meets t h e  n o - s t a l l  c r i t e r i o n  of t h e  S t a n f o r d  d i f f u s e r  t e s t  
and f l cw regime c o r r e l a t i o n s .  Without t h e  s p l i t t e r  vane,  t h e  same c r i t e r i o n  
would r e q u i r e  a much l o n g e r  d i f f u s e r .  



AST Combustor Design Layout S t u d i e s  

Geometric design parameters f o r  t h e  GE21/JllB3 double-annular combustion 
system were determined from d e t a i l e d  aerodynamic design s t u d i e ~ .  These 
parameters,  which inc lude  combustor l i n e r  l eng th ,  ou ter  and inner dome 
heights, and c e n t e r - b ~ d f  l eng th  were based on design parameters f o r  t h e  NASA 
ECCP double-annular com5ustion system. Combustor dome swirl cup s i z e  and 
f u e l  nozzle s i z e  were se l ec t ed  t o  provide t h e  c o r r e c t  f u e l  and a i r f low pro- 
po r t ions  en t e r ing  t h e  dome reg ions .  Thirty-two f u e l  i n j  ec tor -swir l  cup 
assemblies  were selected f o r  each of the two dome annul i .  T h i s  number pro- 
vides a good ba l ance  between f u e l  system complezcity and tu rb ine  i n l e t  temper- 
a t u r e  d i s t r i b u t i o n  requirements.  

Design s t u d i e s  fo r  t h e  combustor i n l e t  p r e d i f f u s e t  des ign  were based on 
t h e  r e s c l t s  of t h e  Stanford d i f f u s e r  t e s t  programs and f low regime cor re la -  
t i o n s .  T h i s  design, with a c e n t r a l  s p l i t t e r  vane, has  a s h o r t  length and low 
p res su re  l o s s  and i s  carefully matched, aerodynamically,  t o  t h e  combustor 
dome and cowling design. 

A d e t a i l e d  aerornechanical des ign  layout  drawing of t h e  G~21 / J l lB3  
double-annular combustion system i s  i l l u s t r a t e d  i n  Figure 6 2 .  The r e s u l t s  of 
s t r e s s  ana lys i s  and hea t  t r a n s f e r  studies of t h i s  system show t h a t  t h e  s t r e s s  
l e v e l s  and p red ic t ed  l i n e r  l i f e  a r e  acceptable. The combustor l i n e r s  a r e  
impingement cooled. The impingement air i s  a l s o  used f o r  film cooling of the  
inne r  l i n e r  su r f aces .  The forward end of t h e  combustor is supported by 
s t reamlined s t r u t s  which a r e  Zastened t o  the  ou te r  casing by thirty-two 
r a d i a l  pins.  The a f t  ends of t h e  outer  and inner  l i n e r s  are bol ted  t o  
f l anges  t h a t  p r o j e c t  forward from t h e  t u r b i n e  diaphragm sec t ion .  Machined 
a x i a l  and r a d i a l  s l i p  j o i n t s  behind these f langes  accommodate axial  thermal 
growth of the combustor liners and d i f f e r e n t i a l  r a d i a l  thermal growth of t h e  
l i n e r s  and t u r b i n e  diaphragm. 

Each of the thirty-two f u e l  nozzle stems I s  a streamlined i n t e g r a l  
design which c a r r i e s  t he  inner  and outer  annulus f u e l  nozz les  on t h e  same 
assembly. T h i s  f u e l  nozzle s t e m  assembly, which a l s o  c a r r i e s  t he  flow 
d i v i d e r  valves a t  t h e  top end, can be removed and replaced as a u n i t .  

Emissions es t imates  f o r  t h e  GE21/J11~3 engine cyc l e  w i t h  t h e  double- 
annular  combustion system ( a s  shown i n  Table 23) a r e  based on the r e s u l t s  of 
the NASA Experimental Clean Combustor Program, A GE computer program, 
"EIcAL", was prepared t o  u s e  t h e  r e l a t i o n s h i p s  f o r  t h e  emissions c o r r e l a t i o n s  
developed f o r  t h e  ECCP program t o  predict t h e  emissions i n d i c e s  f o r  new 
double-annular combustion system designs t h a t  opera te  a t  d i f f e r e n t  cyc l e  
condi t ions ,  The index va lues  are then used i n  another computer program, 
"EPATS", t o  p r e d i c t  the i n t e g r a t e d  cycle emissions, o r  EPA parame-ers, a s  
shown i n  Table 23 for  t h e  G E 2 1 / J l l B 3  double-annular combustion system. As 
i l l u s t r a t e d  by t h i s  t ab l e ,  the G E 2 1 / J l l ~ 3  double-annular combustion syster .  is 
expected to  meet t h e  1984 EPA a i rpo r f  emissions requirements f o r  Class  T5  
engines.  



Table 23. Double-Annular Combustor Estimated Emissions. 

GEZ~/ 1984 Standard % Reduction 
JllB3 - T5 Engines Required 

c,/Hy (lb/1000 lbf 
fn-hr/Cycle) 

Estimated Cruise NO, = 1.3.5 kg/1000 kg of Fuel (13.5 lb/1000 Ib of Fuel) 



Premixing Combustion Systems 

If t h e  s t r i n g e n t  s t a n d a r d s  proposed ( i n  Tab le  1 4 )  t o  c o n t r o l  t h e  cmis- 
s i o n s  of NOx d u r i n g  h i g h - a l t i t u d e  c r u i s e  arc made requ i rements ,  a d d i t i o n a l  
major co~nbusror  d e s i g n  technology advances appear t o  be needed. S p e c i f i c -  
a l l y ,  i t  i s  a n t i c i p a t e d  tha t  combustors will be r e q u i r e d  i n  which t h e  
f u e l  f low e n t e r i n g  the  combustion system is  prevapor ized and premixed w i t h  
t h e  combustion a i r  t o  a r e l a t i v e l y  low equ iva lence  r a t i o  b e f o r e  c n t e r i n p  the 
combustion zone. 

Exper imental  r e s u l t s  have shown t h a t  i t  is  f e a s i b l e  t o  reduce NO, emis- 
s i o n s  t o  low l e v e l s  at AST c r u i s e  c o n d i t i o n s  5y s u f f i c i e n t  prcmlxing of t h e  
f u e l  and air upstream of  t h e  combustion zone, 

The variable geometry premixing combustion system d e s i g n  i l l u s t r a t e d  i n  
F igure  63  is an advanced concept  t h a t  i s  expected t o  have low NOx cmiss ians  
a t  h i g h - a l t i t u d e  c r u i s e  c o n d i t i o n s  and has t h e  p o t e n t i a l  f o r  law emiss ions  a t  
a11 of the  o p e r a t i n g  c o n d l t i o n s .  A t  c r u i s e  c o n d i t i o n s  and a t  o t h e r  high- 
power 0 2 e r a t i n g  c o n d i t i o n s ,  t h e  f u e l  is  premixed with t h e  combustion a i r  i n  
s h o r t ,  h igh-ve loc i ty  premixing d u c t s .  At low-power o p e r a t i n g  c o n d i t i o n s ,  
premfxing is unnecessary  and high-flow through the  premixing d u c t s  would 
provide f u e l - a i r  mix tu res  t h a t   re t o o  lean f o r  good performance.  There fore ,  
a t  t h e s e  c o n d i t i o n s  a v a r i a b l e  v a l v e  arrangement is used t o  reduce t h e  duc t  
airElow and i n c r e a s e  the a i r f l o w  th rough  t h e  dome s w i r l  cups;  and, all of t h e  
f u e l  is Lnjected through c o n v e n t i o n a l  f u e l  nozz les  d i r e c t l y  i n t o  t h e  dome 
reg ion .  

This premixing-combustor concept  r e p r e s e n t s  a major d e p a r t u r e  from 
e x i s t i n g  combustion system d e s i g n  technology.  It will r e q u i r e  e x t e n s i v e  
development e f f o r t s  t o  e v o l v e  a p r a c t i c a l  system t h a t  meets a l l  of the com- 
b u s t i o n  system des ign  requ i rements  and one which w i l l  meet proposed ernissians 
requ i rements .  

A variable geometry, premixing combustion system d e s i g n  w a s  prepared fo r  
t h e  G E 2 l / J l l ~ 3  engine cycle (shown i n  F igure  63) hav ing  evolved from a se r ies  
of aeromechanical  design s t u d i e s .  T h i s  system is designed r o  have very  low 
NOx emiss ions  a t  h i g h - a l t i t u d e  c r u i s e  c o n d i t i o n s  and also meet a l l  of t h e  
engine combustion system performance requ i rements .  

The premixer s e c t i o n  f o r  this d e s i g n  c o n s i s t s  of th i r ty - two  separate 
premixer d u c t s  t h a t  a r e  c i r c u l a r  i n  shape for  a l e n g t h  of about two d u c t  
d iamete r s  and t h e n  t r a n s i t i o n  i n t o  two r e c t a n g u l a r  d u c t s  t h a t  c a r r y  t h e  pre- 
mixer f low i n t o  t h e  combustor dome r e g i o n .  The premixer d u c t s  ; I > * -  p o s i t i o n e d  
over t h e  compressor e x i t  f lowpath t o  r e d u c e  engine l e n g t h .  Each J u c t  h a s  a 
mechanical ly-actuated poppet v a l v e  a t  the i n l e t  t o  t h e  premixer.  These 
v a l v e s  will be  c losed  at: i d l e  c o n d i t i o n s  and open at t a k e o f f  and cruise con- 
d i t i o n s .  Fuel is i n j e c t e d  i n t o  t h e  premixcr  d u c t s  through p r e s s u r e  a tomiz ing  
fue! n o z z l e s  t h a t  are p o s i t i o n e d  i n  the c e n t e r  of each v a l v e  head. 

Thirty-two f u e l  n o z z l e s  and s w i r l  cups  a r e  used i n  t h e  p i l o t  dome of 
t h i s  combustion system. The combustor l i n e r s  a r e  des igned  f o r  impingement 
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cooling and a r e  at tached t o  the tu rb ine  diaphragm s e c t i o n  through r a d i a l  and 
a x i a l  s l i p  j o i n t s  t h a t  can accommodate d i f f e r e n t i a l  thermal growth of these  
p a r t s .  

Emissions p red ic t ions  f o r  t h i s  des ign  are based on s ingle-annular  corn- 
bustor  t e s t  r e s u l t s  f o r  i d l e  and o the r  low power condi t ions .  A t  high power 
condi t ions ,  the  emissions from the  premixing system are based on a d d i t i o n a l  
t e s t  r e s u l t s .  As a r e s u l t  of t hese  s t u d i e s ,  the  EPA emission parameters f o r  
the premixing combustion systems have been estimated (as shown i n  Table 2 4 ) .  
The predic ted  value f o r  NO, emissions a t  c r u i s e  condi t ions  is considerably 
l e s s  than  t h a t  fo r  t h e  double-annular system, and t h e  predic ted  EPA param- 
e t e r s  f o r  NOx and hydrocarbons are lower than the  1984 s tandards  f o r  Class  T5 
engines. However, t h e  predic ted  va lue  f o r  carbon monoxide emissions is  
somewhat higher  than t h e  1984 s tandards .  Some development e f f o r t  w i l l  prob- 
ably b e  requi red  t o  reduce the CO emissions t o  t he  1984 standard l e v e l s ,  In 
add i t i on ,  add i t i ona l  r e sea rch  i s  requi red  t o  b r ing  a l t i t u d e  c r u i s e  NO, l e v e l s  
down t o  the proposed C U P  target: l e v e l .  

4.4.2.2 Exhaust Nozzles 

Background 

During Phase I1 of  t h e  advanced supersonic propulsion system technology 
s tudy,  a v a r i a b l e  plug, s i n g l e  stream,chute-suppressed exhaust system was 
s tudied  f o r  t h e  double-bypass v a r i a b l e  cyc l e  turbofan engine. A low temper- 
a t u r e  augmentor and a cascade t h r u s t  r eve r se r  were incorporated i n  t h i s  
exhaust system. Figure 64 shows the  ~ ~ 2 1 / J 9  study B l  exhaust system designed 
t o  t h e  Phase I1 requirements.  This  exhaust system is r e l a t i v e l y  complex and 
therefore heavy. Seven a c t u a t i o n  systems a r e  used t o  con t ro l  t he  var ious  
moving components requi red  t o  meet a l l  ope ra t iona l  modes: r eve r se r  cover ,  
t r a n s l a t i n g  A9 shroud, ou te r  bypass mixer, inner bypass mixer, A 8  t h r o a t  
f l a p s ,  suppressor cover door and chute suppressor.  A primary ob jec t ive  of 
t he  Phase 311 program was t o  simplify t he  design and reduce the  weight of t h e  
AST exhaust system. 

Annular Suppression 

Near t h e  end of t h e  Phase I1 c o n t r a c t ,  a cous t i c  t e s t s  conducted a t  t h e  
General E l e c t r i c  Company acous t i c  t e s t  f a c i l i t y  under t he  Duct-Burning Turbo- 
fan  (DBTF) cont rac t  wi th  NASA (NAS3-18008) showed dramatic  noise  reduct ions  
were obta ined  with an annular  exhaust arrangement. This  arrangement con- 
s i s t e d  of a high temperature,  high v e l o c i t y  outer  s t ream at  a high r a d i u s  
r a t i o  ( R ~ / R ~  ; 0.85) and a law temperature,  low v e l o c i t y  inner  stream. These 
v e l o c i t y  and temperature p r o f i l e s  a r e  shown schematical ly  i n  Figure 65. 
Phase 111 exhaust systems were designed t o  take  advantage o f  t h i s  annular  
suppression charac te r  is t i c .  



Table 24 .  Premixing Combustor Estimated Emissions. 

GE21 1984 S t a n d a r d  % Reduction 
J l l B 3  -- T5 Engines Requ i red  

C,Hy (lb/1000 lbf 
En-hr /Cycle) 

Est. C r u i s e  NO, = 4.4 kg/1000 kg o f  Fuel ( 4 . 4  lb /1000 l b  of Fuel) 
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Figurc 6 5 .  Annular Suppression Vclocity and Exhaust Tcrnperatarc Proportions. 



Phase 111 Exhaust Systems 

Several d i f f e r e n t  exhaus t  sys tems were eva lua ted  i n  Phase 111. Each is 
d i scussed  below. 

Low-Flow Inner-Stream Exhaust Nozzle 

The f i r s t  annu la r  s u p p r e s s i o n  exhaus t  system d e s i g n s  were based on use  
of low i n n e r  nozz le  f lows because  model t e s t  r e s u l t s  showed t h a t  s u p p r e s s i o n  
could  be achieved wi th  t h e  low-temperature c e n t e r  f low b e i n g  10% o r  less of 
t h e  high- temperature  ou te r - s t ream flow. Fan f l o w  is d i r e c t e d  from t h e  o u t e r  
d u c t s  through t h e  ~ u r b i n e  frame t o  t h e  p lug  s u p p o r t  beam and thence  t o  t h e  
f a n  nozz le .  F igures  66 and 67 show t h i : ,  sys tem a p p l i e d  t o  s e p a r a t e d  f low 
dnuble-bypass engines  and t o  mixed flow double-bypass eng ines .  The a n n u l a r  
system is  shown on top  compared t o  t h e  GE21/J9Bl n o z z l e  on t h e  bottom respec- 
t i v e l y .  To o b t a i n  t h e  h i g h  r a d i u s  r a t i o  (- 0.85) on t h e  o u t e r  exhaust  s t ream 
and s t i l l  keep t h e  n o z z l e  d i a m e t e r  small, t h e  o u t e r  s t r e a m  a r e a  (Ag) must be 
s m a l l .  A8 is s i z e d  f o r  t h e  h i g h  t empera tu re  c o r e  eng ine  flow d u r i n g  sup- 
p r e s s e d  o p e r a t i o n  and t h e  e x c e s s  low v e l o c i t y  f a n  f low is  d i scharged  through 
a forward f a n  nozzle .  During unsuppressed o p e r a t i ~ n ,  t h e  forward n o z z l e  is 
c l o s e d ,  the aft i n n e r  nozzle i s  c l o s e d ,  and t h e  fan a i r  i s  mixed w i t h  t h e  c o r e  
f low and d i scharged  through t h e  outer  nozz le .  Although t h e s e  were a t t r a c t i v e  
systems from t h e  s t a n d p o i n t  of u t i l i z i n g  a n ~ u l a r  s u p p r e s s i o n ,  t h e y  were s t i l l  
complex and heavy. Six a c t u a t i o n  systems are r e q u i r e d  i n  each of t h e s e  ex- 
h a u s t  sys tems.  To f u r t h e r  s i m p l i f y  and l i g h t e n  t h e  exhaust  system as w e l l  a s  
t h e  a i r p l a n e  i n s t a l l a t i o n  t h e  forward n o z z l e  was e l iminaked.  

High-Flow Inner-Stream Exhaust Nozzle 

The fixed-primary p l u g  n o z z l e  (shown i n  F igure  68 compared t o  t h e  GE21/ 
J9B1 nozz le )  r e s u l t e d  from t h e  high-flow inner - s t ream d e s i g n  s t u d i e s .  The 
forward n o z z l e  i s  e l i m i n a t e d  and the mixed double  bypass  f low is ducted 
though t u r b i n e  frame e x t e n s i o n  s t r u t s  t o  t h e  i n n e r  duc t  and exhausted through 
t h e  c e n t e r  n o z z l e .  Some of the bypass a i r  is mixed w i t h  t h e  c o r e  f low and 
exhausted through t h e  o u t e r  nozz le .  The combinat ion of the v a r i a b l e  area 
center n o z z l e  and t h e  o u t e r  s t ream mixer a l l o w s  t h e  a i r f l o w  i n  t h e  o u t e r  
s t ream t o  match t h e  o u t e r  s t r e a m  exhaus t  area and t h u s  e l i m i n a t e  t h e  v a r i a b l e  
area p l u g  crown f l a p s  and i ts  ac t f l a t ion  system. The a u t e r  shroud i s  con- 
toured  t o  p r o v i d e  some o u t e r  n o z z l e  t h r o a t  a r e a  v a r i a t i o n  bu t  s i n c e  t h e  
shroud i s  p o s i t i o n e d  a x i a l l y  t o  o b t a i n  t h e  e x < t  a r e a  r e q u i r e d  f o r  b e s t  per-  
formance a t  any p r e s s u r e  r a t i o ,  t h e  o u t e r  s t ream t h r o a t  area is  f i x e d  a t  any 
p a r t i c u l a r  o p e r a t i n g  c o n d i t i o n .  The t h r u s t  r e v e r s e r  cascades  and b l o c k e r  
doors  a r e  I n t e g r a t e d  i n  t h e  t r a n s l a t i n g  o u t e r  shroud. T h i s  d e s i g n  approach 
r e s u l t e d  i n  a greatly s i m p l i f i e d  and l i g h t w e i g h t  exhaust system. Only three 
ac t r ra t ion  sys tems are r e q u i r e d  t o  perform t h e  n o z z l e  a r e a  v a r i a t i o n ,  f low 
mixing,  i n t e r n a l  a r e a  r a t i o  adjus tment ,  t h r u s t  revers ing  and a n n u l a r  sup- 
p r e s s i o n  f u n c t i o n s .  In  a d d i t i o n ,  t h e  s u p p r e s s i o n  c h a r a c t e r i s t i c s  a r e  nain-  
ea ined through power cu tback  a t  t h e  community n o i s e  moni to r ing  c o n d i t i o n  
because t h e  h i g h  r a d i u s  r a t i o  and a n n u l a r  suppress ion  c h a r a c t e r i s t i c s  ? r e  not 
changed by exhaus t  flow area changes.  
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Figure  68. Baseline I n t c r i n l  Fixcd  Pr imary  Double- l3y~' l ss  Con1 igurnt ion. 



The first Fixed-primary exhaust system dpsigns uscd f l a p s  for rlhi~[~gin~: 
the center  nozzlc area as shot l  in Figure 68. In t h e  later f'hastl I l l  Eixrd 
primary designs, a trans lat ing  p l u g  is uscd for the center  nuzz!u < ~ ? d  the 
nozzle is shortened. This ct~tlngc f u r t h e r  s i m p l i f i e s  the structurdl rivr3ipn 
and reduced wzight. This nozzlc is shown in Figure 69 in t h e  takeoff moiitz 
on top and in the reverse mode on the bottom. F i g u r e  70 shows tht* rtzlat ivr. 
positions of the translating plug and translating shroud for thtz niajur opcr- 
ae lng  modes of the fixed-primary exhaust nozzle. 

Preliminary Design, Exhaust Nozzle 

The Phase III preliminary design exhaust nozzle is the GE23/J9 Studv U3, 
shown in Figure 69. The major features of this exhaust  system are as followsr 

1. A translating cylindrical shroud t o  optimize the internal area 
ratio for  best aerodynamic performance. 

2. Integration of the reverser cascades and blocker doors into the 
translating shroud to minimize actuation requirements. Arruatcd 
internal or external cover doors or separate blocker systems are 
not r e q u f  ed. 

3 .  A Iixed plug crown. Due to the unique f l o r ~  control system provided 
by the rranslating center nozzlc and the bypass mixer, plug crown 
flaps are not r eau i r ed .  This fixed s t r u c t u r e  r e d u c e s  weight,  
r e d u c e s  leakage, and eliminates the maintenance and reliability 
problems associated with flaps and seals. 

4. Eight duct-strut extensions of the turbine frame struts t o  duct 
bypass air to t h e  inner nozzle. 

5, A translating center plug nozzle for control of t h e  bypass airflow 
t h r o a t  area. Again, in this area the undesirable features of flaps 
and seals for commercial application are eliminated. 

6. Bypass flow mixers located between the e i g h t  duct-struts for mixing 
the bypass flow with the core flow for goc~d performance. 

7. A low temperature 11038' C (1900" F) maximum] augmentor for thrust 
augmentation during climb conditions. 

An in-depth study of the exhaust system design has been made. The air- 
flow passages have been sized for good performance at appropriate flow Mach 
numbers, diffusion rates, and convergence rates .  The plug and outer shroud 
contours have been optimized for good perforcance and low weight, resulting in 
a s h o r t e r  lightweight plug. Peak actuator forces and s t r e s s e s  of major com- 
ponents have been determined. Table 25 summarizes the operating tempera- 
t u r e s ,  material selections and component lifes expected in the major corn- 
ponents. The cascade-type thrust reverser provides for 'tailoring' of t h e  
exhaust efflux to prevent reingestlon or tqpingement on the aircraft. 
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Table 25, Mechanical Design Summary. 

Temperature 
Component " C (" F) Material 

Structure Oucer 760 (1400) Re& 63/Ia ?18 

Component L i f e  Hours 
(Without ~ e ~ a i r /  
With Repair)  

Structure Inner 338 (640) Ti-6A1-2Sn-4Zr-2Eio/R41C 12,000/36,000 

Struts 427 (800) Re& 63 8,000/18,000 

Outer Plug 871(1600) Ren6 63 12,000/36,000 

Translating Plug 343 649(650 1200) Ti/Ren& 63 12,000/36,000 

Translating Shraud 76C(1400) Reng 6 3 / ~ i 7 6 ~ ~ ~ *  4,000/12,000 

Liners 760 954(1400 1750) WS-188 and N ~ ~ ~ x v s * *  ~4,000/12,000 

Mixer 338 954(640 1750) In 7 1 8 / ~ i 7 6 ~ ~ ~ * *  4,000/12,000 

Augmeat~r  Structure 954 (1750) N ~ ~ ~ x v s * "  4,000/12,000 

Flameholder 1038(1900) Ceramic 4,000/12,000 

* 
Blade Cast 

* * 
Vane Sheet 



Chute and Annular Suppr css ion -- 
If adJivionn1 s u p p r e s s i o n  above t h a t  obtained bv t lw  ;~nnu l a r  s u p p r t ~ s s i o n  

effect  is r e q u i r e d ,  a r e l a t i v e l y  s imple  shallow rllutc. . ~ r r ~ i n g t . m r n t  c n n  h p  
added t o  t h e  h i g h - t e n ~ p e r a t u r c  o u t e r  stream. 'rnc sll,~llow chtltcbs form thr*  
outer p l u g  s u r f a c e  i n  t h e  stowed p o s i t l o n  so Lhnt a covrar is not  requirtld. 
This  exhaus t  sys tem has a t o t a l  of f o u r  a c t u a t i o n  sys tcms.  The shallow t l ~ u t c  
suppressed  f ixed-pr imary exhaus t  n o z z l e  d e s j ~ a  d e t a i l s  are shown i n  Table 2 6 .  

Cons ide rab le  improvenlent: i n  the exhaust: system h a s  been made i n  
Phase  111. Weight has been  reduced by about 30X i n  t h e  408 kg/sec (900 l b / s e c )  
a i r f l o w  s i z e .  The number of a c t u a t i o n  sys tems  have been reduced from 7 t o  3 .  
Along with t h e  reduction in a c t u a t i o n  sys tems ,  t h e r e  has been a cons iderable  
r e d u c t i o n  i n  moving parts  which resu l t s  i n  l a r g e  improvement i n  r e l i a b i l i t y  
and m a f n t a i n a b i l i t y .  Exhaust  system l e a k a g e  has been reduced t o  a point 
where i t  is p r a c t i c a l l y  n e g l i g i b l e .  The l eakage  a r e a / h 8  i n  t he  f ixed  primary 
n o z z l e  i s  o n l y  about  10% of  t h a t  i n  t h e  GE4 TSEN exhaust system. These 
improvements i n  simplicity make t h e  s u p e r s o n i c  AST exhaust sys tem des ign  
comparable t o  present-day subson ic  commercial  exhaust sys tems ,  i n  t h a t  the 
n o z z l e  is f i x e d  and has a single cascade- type th rus t  r e v e r s e r .  FurLtlerrnirrt., 
t he  p lug  p o r t  i n  t h e  n o z z l e  i s  "bathed" i n  c o o l e r  air (i.c., f a n  air). 
Furthermore ,  no  mechanical  noise s u p p r e s s o r  i s  r e q u i r e d .  



Table 26. Phase 111 Exhaust Systems Summary. 

Engine Airflow Size - 408 kg/sec (900 lb/sec) 

GE21 /J9/B1 

Low Bleed 
Double Bypass 

Low Bleed 
Nixed Double 
Bypass 

First: Fixed 
Primary 

GE2i/J9 / ~ 3  
Fixed Primary 

Fixed Primary 
wi th  Shallow 
Chute Suppressor 

Weight Kdt . 
kg ( Ibl  kg (lb) 

2812(6200) (-1 (-1 

Length 
cm (in.) 

Cfg 
( Takeoff ) 

0.91-0.93 

0.91-0.94 

0.92-0.94 

0.96-0.98 

0.96-0.98 

0.90-0.92 

Cfg 
(Cruise) 

0.97-0.98 

0.96-0.97 

I 

0.97-0.98 

0.97-0.98 



4 .5  AIRFRAMI;: RELATED STUDIES 

Due t o  the importance of powerplant/airframe i n t e g r a t i o n ,  airframe con- 
t r a c t o r s  were requested t o  ca r ry  out inlet and nacelle i n t e g r a t i o n  s t u d i e s .  
Lockheed, McDonnell Douglas, and Boeing ca r r i ed  out  separate ana lyses ,  These 
s t u d i e s  have been documented i n  the final r epo r t s  13.sted here: 

Lockheed Report LR-27854, "Supersonic Cruise Vehicle I n l e t  Design Por 
Variab le  Cycle Engines," November 5, 1976,  

Lockheed Report LR-28071, "Advanced Supersonic ~ngine/Airf rame Tntc- 
g r a t i o n  Study," February 21,  1977. 

McDonnell Douglas Report MDC-J4562, "Nacelle Zntcgra'Lion Study , " March 
1977. 

Boeing Report D6-44513, "Advanced Supersonic Propulsion Study-Engine/ 
Nacelle/Airframe I n t e g r a t i o n  s t u d i e s , "  (undated).  

The rrraterial included below c o n s i s t s  of e d i t e d  abridgements of the  study 
r e s u l t s  of each o f  t hese  a i r f rame subcont rac tors ,  using po r t ions  of text: ma- 
t e r i a l  from t h e i r  r e p o r t s .  Conclusions s ta ted and recommendations made a r e  
those of the airframe companies. 

The Lockheed VCE I n l e t  Concept Study is discussed i n  Sec t ion  4.5.1 
below. The Lockheed, McDonnell Douglas, and Boeing Nacelle Integration 
Studit. Ire discussed i n  Sect ions 4.5.2.1,  4.5.2.2, and 4.5.2.3, r e spec t ive ly  
(below). 

4.5.1 Variable  Cycle Engine I n l e t  Concept Study 

In t roduc t ion  

The supersonic c r u i s e  veh ic l e  i n l e t  s t u d i e s  were performed by the 
Lockheed-California Company f o r  the  General Electric Company. The results 
were obtained I n  a six-month program, which w a s  conducted from Apr i l  t o  
October 1976. 

With the  advent of variable cycle  engines,  which a r e  capable of ingest-  
ing much higher airflows at  t r anson ic  speeds  than the e a r l i e r  predominant ly  
f i xed  geometfy engines,  c lo se  matching between i n l e t  and engine a i r f lows  over 
t h e  e n t i r e  Mach number range becomes extremely important ,  If higher a i r f l ows  
could be handled a t  speeds below the nominal c r u i s e  Mach number, ma advan- 
tages would accrue. F i r s t ,  the i n s t a l l e d  performance would be improved 
because of Lhe reduct ion  i n  i n l e t  s p i l l a g e  and nozzle b o a t t a i l  drags.  Second, 
t h e  a v a i l a b l e  maximum t h r u s t  would i nc rease ,  g iv ing  more f l e x i b i l i t y  i n  the 
s e l e c t i o n  of optimum climb p r o f i l e s .  



A s  the  engine des igner  introduces special f e a t u r e s  t o  change airflow i n  
s p e c i f i c  Mach number reg ions ,  the i n l e t  dcsign also  must include the capn- 
b i l i t y  for area v a r i a t i o n s  I n  order  to  take advantage of the i n c r c a s ~ d  engine 
f l e x i b i l i t y .  This  requirement: has led t o  a number of var ia t ions  from rIie 
simple t rans la t ing-sp ike  axisymmetric i n l e t  design,  inc luding  t r a n s l a t i n g  
centerbody b a r r e l  s e c t i o n s  and auxiliary modulated loors which arc kept  open 
w e l l  i n t o  t he  low supersonic Mach number range. Since a two-dimensional 
i n l e t  i n t r i n s i c a l l y  has a greater c a p a b i l i t y  t o  match a r b i t r a r y  a i r f l ow 
s c h e d u l e s  than the t rans la t ing-sp ike  axisymmctric i n l e t ,  i t  is more probable 
that a  conventional two-dimensional i n l e t  design could be made t o  match 
higher t r anson ic  flows without  the requirement f o r  t he  add i t i on  of complex 
devices. However, t h i s  des ign  is s t i l l  l i a b l e  t o  be heav ie r  than even the 
complicated axisymmctric inlet. 

The primary ob jec t ives  of this study arc t o  s e l e c t  f i r s t  the most  appro- 
p r i a t e  i n l e t  which is bes t  matched t o  a given General E l e c t r i c  va r i ab le  cycle 
engine, and then t o  r e f i n e  the d e f i n i t i o n  of t he  s e l e c t e d  i n l e t  through more 
detai led analyses .  

Mission and A i r c r a f t  Design 

The supersonic cruise v e h i c l e  mission p r o f i l e  se lec ted  f o r  t hc  study i s  
shown i n  FLgure 71. The mission involves c l imb t o  optimum altitude fa r  Mach 
2.55 c r u i s c  followed by dece l e ra t ion  and descent.  Because a majority of the 
f u e l  (53u i s  used during supersonic c ru i se ,  t he  major emphasis of the study 
is  a t  the supersonic c r u i s e  point. However, because 312 of the f u e l  is con- 
sumed during takeoff and climb, i n l e t  performance and the associated a i r f l o w  
matching problems at  takeoff ~ n d  a t  t r anson ic  speeds b l s o  are included la t h e  
ana lys i s .  

The a i r c r a f t  used i n  t he  s tudy is t h e  Luckheed-California CL 1609-1 
supersonic c r u i s e  vehicle wi th  over-wing and under-wing powerplant n;.re? les , 
as shown i n  Figure 72. This a i r c r a f t  is  designed f o r  Mach 2.55 cruisc on a 
h o t  day and has a talceof f g ros s  w e i g h t  of 268,5311 kg (592,000 Ib) . Ttie 
over/under n a c e l l e  arrangement results i n  an over-wing inlet l o c a l  EIach 
number of 2.75 and under-wing i n l e t  l o c a l  Mach number of 2.51 a t  a t y p i ' . a l  
supersonic c r u i s e  l i f e  c o e f f i c i e n t .  

Engine Type 

The General E l e c t r i c  Company GE21/~11 double-bypass v a r i a b l e  cycle 
engine with a 20% high-flcwed fan  was s e l e c t e d  f o r  the  s r u d y .  A schematic of 
t h e  engine i n s t a l l a t i o n  is shown i n  F igure  73. The engine,  which has a s c s  
l e v e l  Mach 0 . 3  ho t  day t h r u s t  of 181,000 N (40,700 l b )  , was s e l e c t e d  because 
of i ts  high r a c i o  of transonic t o  c r u i s e  cor rec ted  airfluw and i ts  airflow 
f l e x i b i l i t y  provided by the variable geometry and d i g i t a l  con t ro l s .  



Cruise at hlach = 2.55 
at Optimum Altrtude 

Decelerate and Descend 
to 1524 m (5000 ft) 
at Flight Idle 

Cruise at Ilach = 0.92 Altitude 
a t  O p t i m u m  Altitude 

Descend t o  4572 m 
Acccl t o  C l i m b  Speed (15,000 f t )  a t  

F l i g h t  Id le  

30-3linute Hr ' 3 a t  
4572 m (15,000 ft) 

5-Minute Hold at 
1524 m (5090 it) 5-hlit~.*tc Hold at 

152.4 ~r (5000 ft) 
Descend to 457 m 
(1500 f t )  a t  

Warm Up, Take Off, Flight I d l e  
and C l i m b  t o  Accel and 

1 1  Allowance of Climb to 457 m 1524 m (5000 f t )  
LC=-- 5% of Block Fuel 

I 

j_ ~ l o c l r  Segment Reserves Segment- 
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Mach 2.55 Double-Bypass Variable  Cyc le  Engine 

Fn = 181033 N (40,70013) at Sea Level; Mach 0 . 3  Std Day 

i-15' C (+27' F) 

All Dimensions i n  cm (inches) 

Engine Airflow = 288-345 k g / s e c  (633-760 lb / s ec )  

Figure 73,  Pod Arrangement (GE21/J11 iTCE). 



I n l e t  Design 

The i n l e t  s c r e e n i n g  and s e l e c t i o n  procedure  c o n s i s t s  of a c r u i s e - p o i n t  
p a r a m e t r i c  des ign s t u d y ,  a t r a n s o n i c  and t a k e o f f  a i r f l o w  ma tch ing  s t u d y ,  and 
an e v a l u a t i o n  of s e v e r a l  a d d i t i o n a l  f a c t o r s  such  as i n l e t  aerodynamic and 
hardware commonality, s e l f - s t a r t i n g  c a p a b i l i t y ,  and a i r c r a f t  i n s t a l l a t i o n .  
The c r u i s e - p o i n t  p a r a m e t r i c  des ign  s t u d y  invo lves  deve lop ing  a f a m i l y  of ewo- 
dimensional  and axisymmetric i n l e t s  u s i n g  ns the  independent  v a r i a b l e s  i n l e t  
p r e s s u r e  recovery,  t h r o a t  Mach number, and p e r c e n t  i n t e r n a l  c o n t r a c t i o n .  

An a n a l y s i s  t o  o b t a i n  families of superson ic  c ru i se -po in t  d e s i g n s  two- 
dimensional  and axisymmetric i n l e t s  h a s  been developed. The i n l e t  d e s i g n  
paramete rs  which have been used i n  t h e  a n a l y s i s  c o n s i s t  of t h e  l o c a l  Flach 
number, t h r o a t  Mach number, t h r o a t  p r e s s u r e  recovery, p e r c e n t  i n t e r n a l  con- 
t r a c t i o n ,  i n i t i a l  cone o r  wedge angle, subson ic  d i f f u s e r  w a l l  a n g l e ,  a s p e c t  
r a t i o  ( f o r  t h e  two-dimensional i n l e t s ) ,  engine  compressor face dimensions ,  
and eng ine  c o r r e c t e d  a i r f l o w .  The a n a l y s i s  procedure  then y i e l d s  the cowl 
l i p  i n t e r n a l  angle ,  s u p e r s o n i c  d i f f u s e r  l e n g t h ,  s u b s o n i c  d i f f u s e r  l e n g t h ,  
t h r o a t  area, b leed  nass f low r a t e ,  capture a r e a ,  and approximate i n l e t  con- 
t ours .  

The b a s i c  approach of the a n a l y s i s  is t o  o b t a i n  f low c o n d i t i o n s  a long  
t h e  centerbody and i n t e r n a l  cowl s u r f a c e s  from a s imple  a p p l i c a t i o n  or t h e  
method of c h a r a c t e r i s t i c s  and shock theory ,  such t h a t  t h e  t h r o a t  Mach numbers 
on t h e  cowl and centerbody a r e  equal ,  Having a uniform throat Mach number 
minimizes f low d i s t o r t i o n  and i s  one of t h e  primary d e s i g n  c o n s t r a i n t s .  F o r  
t h e  two-dimensional i n le t ,  a l l  e x t e r n a l  compression on t h e  centerbody beyond 
t h a t  due t o  t h e  i n i t i a l  wedge i s  done by i s e n t r o p i c  compression w i t h  t h e  
compression waves focused a t  t h e  cowl l i p .  For  t h e  axisymmetric i n l e t ,  two- 
dimensional i s e n t r o p i c  compression is  used from the i n i t i a l  cone t o  t h e  f i n a l  
c o n i c a l  ramp, and two-dimensional f low i s  assumed a f t  of ti,c rnwl l i p  sta- 
t i o n ,  where t h e  l o c a l  Mach number at the cowl l i p  s t a t i o n  i s  t h e  average  
between the s u r f a c e  Mach number on t h e  f i n a l  conical ramp and t h e  Mach number 
a t  t h e  cowl l i p .  

The i n l e t  geometry ground r u l e s  f o r  t h e  two-dimensional and axisymmetr ic  
i n l e t s  a r e  i l l u s t r a t e d  i n  F igure  74. The 0.05235 r a d  (3') i n i t i a l  wedge 
angle  and 0.1745 rad (10') i n i t i a l  cone ang le  were s e l e c t e d  L O  give a s m a l l  
t o t a l  p r e s s u r e  l o s s  a c r o s s  t h e  i n i t i a l  shock waves of both  i n l e t s .  A 0.08725 
rad (5") i n l e t  cowl A i p  thickness was assumed for which s t r u c t u r a l  i n t e g r i t y  
can be a s s u r e d .  The t o t a l  included s u b s o n i c  d i f f u s e r  ai~g les  a r e  0.08376 rad 
(4.8') and 0.16578 rad (9.5') f o r  the two-dimensional and the axisymmetr ic  
i n l e t s ,  r e s p e c t i v e l y .  

Two-Dimensional I n l e t s  

The o v e r a l l  approach employed i n  the analysis of t h e  two-dirltdnsional in- 
l e t s  c o n s i s t e d  of app ly ing  t h e  approximate methods of c h a r a c t e r i s  t i c s  and 
shock t h e o r y  t o  e l i m i n a t e  t h e  shock r e f l e c t i o n  p o i n t ,  a3 ,  ( see  F i g u r e  75) as 
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?n e x p l i c i t  variable, of f i n d i n g  t h e  f i n a l  ramp a n g l e ,  a2, and cowl i n t e r n a l  
ang le ,  a4, which a r e  c o n s i s t e n t  wi th  t h e  given design paramete rs ,  and of 
de te rmin ing  from t h e  known geometry t h e  superson ic  and subson ic  d i f f u s e r  
l e n g t h s ,  and approximate i n l e t  con tours .  

The a n a l y s i s  was used t o  determine approximate i n l e t  c o n t o u r s ,  i n l e t  
l e n g t h s ,  and cowl i n t e r n a l  l i p  a n g l e s  f o r  two-dimensional i n l e t s  desi);ned f o r  
t h e  GE21/Jll variable c y c l e  engines  i n s t a l l e d  on t h e  Lockheed CL 1609-1 Mach 
2.55 c r u i s e  v e h i c l e .  The ~ ~ 2 1 / ~ 1 1  eng ine  n e t  i n s t a l l e d  t h r u s t  of 197,490 E 
(44,000 lb )  a t  sea l e v e l ,  Mach 0.3  on a s t a n d a r d  4-15" C (4-27' F) day cor re -  
sponds t o  an engine f a c e  diameter  of 175 .8  cm (69.21 i n . )  and n n a c e l l e  maxi- 
mum d i a m e t e r  of 197.9 cm ( 7 7 . 9 1  in . ) .  

Approximate two-dimensional i n l e t  con tours  and shock wave p a t t e r n s  werc 
determined from the  a n a l y s i s  f o r  t h e  des ign  Mach number of 2.75 and t h r e e  
d i f f e r e n t  i n t e r n a l  c o n t r a c t i o n s  and are shown i n  F i g u r e  76. 

Axisymmetric I n l e t s  

The approach uscd i n  the a n a l y s i s  f o r  axisymrnetric i n l e t s  i s  almost 
i d e n t i c a l  t o  t h a t  f o r  two-dj.mensi.ona1 i n l s t s  zxcept  t h a t  t h e  Pranf!-Weyer 
con.?recsion s t a r t s  or, the cone s u r f a c e  us ing  Lhe cone Mach number, and t h e  
l o c a l  Mach number a t  t h e  cowl l i p  s t a t i o n  is the  average between t h e  s u r f a c e  
Mach number on t h e  f i n a l  c o n i c a l  ramp and t h e  Mach number a t  che cowl l i p .  
Also,  t h e  a n g l e  of the f low approaching t h e  cod1 l i p  i s  t h e  average between 
t h e  a n g l e 3  of t h e  f low a t  t h e  cowl l i p  and t h e  f i n a l  c o n i c a l  ramp. The b leed  
mass f low r a t e s  were a g a i n  found f o r  axisymmetric i n l e t s .  

The a n a l y s i s  procedure  discusser' ,  -',..~e w a s  uscd t o  determine approximate 
i n l e t  c o n t o u r s ,  i n l e t  iengphs,  and cowl i n t e r n a l  l i p  a n g l e s  f o r  axisymrnetric 
i n l e t s  des igned  f o r  EE21/J11 v a r i a b l e  c y c l e  engines  i n s t a l l e d  on t h e  Mach 
2,55 Lockheed CL 1609-1 c r u i s e  v e h i c l e .  Approximate axisymmetric i n l e t  
con tours  and shock wave p a t . - r n s  were determined from t h e  a n a l y s i s  f o r  t h e  
des ign  Mach number o f  2 .75 i.11 t h r e e  d i f f e r e n t  leve.!.? of i n t e r n a l  c o n t r a c t i o n  
and are shown i n  F i g u r e  77. The e f f e c t  of va ry ing  p e r c e n t  i n t e r n a l  con t rac -  
t i o n  on i n l e t  l e n g t h  and cowl i n t e r n a l  l i p  angle for t h r o a t  rr:overies f rom 
0.90 t o  0 . 9 6  and throat Mach numbers from 1.25 t o  1.40 halve been determined.  

Ana lvs i s  

The i n l e t  widch, W ,  f o r  a tho-dimensional i n l e t  w i t h  an  a s p e c t  r a t i o  
equal t o  1.6 is  approximately  e q u a l  t o  t h e  d iamete r ,  D ,  f o r  an a x i s y m , ~ e t r i c  
i n l e t .  The t o t a l  l e n g t h  f o r  lie two-dimensional i n l e t  is about 50% longer  
than t h a t  of the axisymmetric i n l e c  f o r  t h e  same p e r c e n t  i n t e r n a l  c o n t r a c t i o n  
and t h r o a t  c ~ x d i t i o n s .  This  is  due p r i m a r i l y  t o  the s m a l l e r  subson ic  d i f -  
f u s e r  w a l l  ang le  s e l c c t e d  f o r  th-? two-dimensional i n l e t  than  f o r  axisymmetric 
i n l e t  (as Jisccssed previously) and the l a r g e r  throat h e i g h t  f o r  the  two- 
dimens iona l  i n l e t  . 
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In s  t o l l e d  Perf ormonce 

The i n s t a l l a t i o n  l o s s e s  f o r  superonic c r u i s e  cons i s t  of cowl f r i c t i o n  
drag,  cowl wave drag,  and bleed drag. The cowl f r i c t i o n  drag was determined 
From c o r r c l n t i o n s  using the i n l e t  layouts  and lengths presented in  Figures  7b 
and 77 For the Ewo-dimensional an3 axisymmetric i n l e t s .  The cowl wave drag 
was found Erom c o r r e l a t i o n s  using the I n l e t  l ayouts  and cowl angles  f o r  the  
two-dimensional i n l e t s  and f o r  the axisymmetric i n l e t s .  For the two-dimen- 
s i o n a l  i n l e t s ,  the e x t e r n a l  cowl l i p  angle f o r  the h o r i z o n t a l  top and bottom 
p l a t e s  was taken t o  equal  0.08275 rad  (5'). Inlet bleed mass flow r a t i o s  f o r  
both two-dimensional and nxisynunetric i n l e t s  were based on previous ca lcu la-  
t i ons .  The bleed drag c o e f f i c i e n t  based on b leed  capture s t ream rube a r e a  i s  
takcn t o  equal  uni ty.  This corresponds t o  a bleed exit t o t a l  p ressure  re -  
covery of about 0.15 f o r  a Mach number of 2 .5 .  The r e s u l t i n g  cowl f r i c t i o n  
drag ,  cowl wave drag,  bleed drag, and t o t a l  drag a s  funct ions of percent  
i n t e r n a l  con t r ac t ion  f o r  t h r o a t  recover ies  from 0.90 t o  0.96 and a t h roa t  
Mac11 number of 1.35 a r e  presented i n  Figures  78 and 79 f o r  the two-dimen- 
s i o n a l  and axisymmetric i n l e t s ,  respec t ive ly .  The drag c o e f f i c i e n ~ s  i n  these 
f i g u r e s  a r e  f o r  both p a i r s  of over-wing and under-wing i n l e t s  and are  based  on 
a f rees t ream dynamic pressure  a t  Mach 2.55 and an a i r c r a f t  wing area of 
62,458 m2 (6720 f t 2 ) .  A s  seen from these drag r e s u l t s ,  the bleed drag is 
q u i t e  s i g n i f i c a n t ,  p a r t i c u l a r l y  f o r  the higher  percent  , . , t e r n a l  con t r ac t ions .  
S imi la r  drag r e s u l t s  were ca l cu la t ed  f o r  two-dimensional and axisymmetric 
i n l e t s  having the i n l e t  throat Mach numbers varying Erom 1.25 t o  1.60 f o r  s 
t h roa t  recovery of 0.92. The efFect  of t h r o a t  Mach number on drag was found 
t o  be  small .  

S t r u c t u r e s  and Weights 

The wetght estimates of the two-dimensional and axisymmetric i n l e t  fami- 
l i e s  were developed by assessment of r e l a t i v e  d i f f e r ences  based on fundamen- 
t a l  r e l a t i onsh ips .  Resul t s  of p r i o r  Lockheed i n l e t  studies, including the 
Lockheed L-2000 SST and YF-12 development programs, and work performed during 
the Supersonic Cruise A i r c r a f t  Research (SCAR) con t r ac t s  were a l s o  u t i l i z e d  
t o  develop the weight es t imat ing  techniques. The i n l e t  weights were de t e r -  
mined a s  func t ions  of geometry and loads. These r e s u l t s  were then combined 
with the inf luence  of the inlet performance v a r i a b l e s  (percent  i n t e r n a l  con- 
t r a c t i o n ,  t h roa t  recovery r a t i o ,  and t h r o a t  Mach number) on i n l e t  geometry 
and loads t o  yield the i n l e t  weights a s  func t ions  of i n l e t  performance va r i -  
ab l e s .  The comparison of i n l e t  weights given i n  Figure 80 shows t h a t  the 
two-dimensional i n l e t  i s  about 55% heavier  than the  axisymrnetric i n l e t ;  30% 
of t h i s  increment i s  due t o  t he  length and 25% is due t o  s t r u c t u r a l  d i f f e r -  
ences.  There i s  a s i g n i f i c a n t  increase  i n  weight with an increase  i n  t h r o a t  
recovery f o r  a given percent  i n t e r n a l  con t r ac t ion  and t h r o a t  Mach number. 
This i nc rease  i n  weight i s  a  r e s u l t  of the  combined inc rease  i n  duct design 
pressure, i n l e t  t o t a l  l ength  t o  diameter r a t i o ,  i n l e t  capture a r ea ,  and i n l e t  
t o t a l  l ength ,  with i nc rease  i n  t h roa t  recovery. The da ta  of Figure 50 is  for 
a f ixed  va lue  of t h roa t  Mach number 1.35.  The in f luence  of t h i s  v a r i a b l e  was 
inves t iga t ed ,  and the i n l e t  weights were found t o  be e s s e n t i a l l y  i n s e n s i t i v e  
over the range of t h r o a t  Mach numbers from 1 . 2 5  t o  1.40. 
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Design Comparison 

The in f luence  of i n l e t  design v a r i a t i o n s  vn a i r c r a f t  supersoni r  c r u i s c  
range is presented  i n  F igures  81 and 82 i n  terms of the range decrement rc1.k- 
t i c t  t o  n datum i n l e t  design (defined as a 30% i n t e r n a l  con t r ac t ion  axisym- 
met r i c  i n l e t  wi th  a 1.35 t h r o a t  Mach number and a 0.90 th roa t  recovery) .  
These r e s u l t s  a r e  f o r  the Lockheed CL 1609-1 a i r c r a f t  conf igura t ion  which 
employs over-wing and under-wing i n l e t s .  Resul t s  are given i n  Figure 81 f o r  
t h roa t  r ecove r i e s  from 0.90 co 0.96 a t  a t h roa t  Mac11 number of 1.35 and i n  
Figure 82 f o r  t h roa t  Mach numbers from 1 .25  t o  1.40 at: a t h r o a t  recovery of 
0,92. Range decrements a r e  presented f o r  two-dimensional and axisymmetric 
inlets as func t ions  of percent  i n t e r n a l  cont rac t ion .  

 TI:^ optimum two-dimensional i n l e t  has about 120 nmi less range than t h e  
optimum axisymmetric i n l e t .  The optimsm two-dimenaional i n l e t  has a low in- 
t e r n a l  con t r ac t ion  of 20%; whereas, the optimum axisyrmnetric i n l e t  has a 
l a r g e  i n t e r n a l  cont rac t ion  of about 501 .  The i n l e t s  were deaigned f o r  a 
l o c a l  Mach number of 2 .75 corresponding t o  the overwing i n l e t .  The range 
increments f o r  the i n l e t s  arc r e l a t i v e l y  I n s e n s i t i v e  t o  both pressure  re- 
covery and t h r o a t  Mach number. Increas ing  t h e  pressure  recovery decreases 
the  engine s p e c i f i c  f u e l  consumption. However, this is almost exactly o f f s e t  
by the  i n l e t  weight i nc rease  assoc ia ted  with increased  design pressure  and 
t h e  s l i g h t l y  increased i n l e t  wetted a rea .  The v a r i a t i o n  of throat Mach 
number has almost no effect  on i n l e t  weight. The assoc ia ted  drag fo rces  f o r  
two-dimensional and axisymmetric i n l e t s  i n d i c a t e  tha t  there are cornpcnsaring 
e f f e c t s  of cowi drag and bleed drag. The e f f e c t s  of cowl a u x i l i a r y  i n l e t  
area on p re s su re  recovery a t  Mach u, 0.3, and 0 . 5  have been evaluated f o r  
both two-dimensional and axisymmetric overwing i n l e t s .  The higher  pressure  
recovery for the two-dimensional i n l e t  r e l a t i v e  t o  the  axisymnctric inlet i s  
due to  the larger t h roa t  of the two-dimensional i n l e t .  In  these s t u d i e s  a 
maximum t h r o a t  t o  capture a r ea  r a t i o  of 0.70 was used for the two-dimensional 
5 n l e t s .  

It is c l e a r  t h a t  t hc  axisynnnerric i n l e t s  must have a large percent  in- 
t e r n a l  con t r ac t ion  t o  be competit ive wi th  the two-dimensional i n l e t .  T o  
provide t akeo f f  r ecove r i e s  comparable t o  those of t he  two-dimensional I n l e t s ,  
the axisynmetrfc i n l e t  must have a s u b s t a n t i a l l y  g r e a t e r  a u x i l i a r y  i n l e t  
a rea .  This  w i l l  r e s u l t  i n  a weight advantage increment f o r  the two-dimen- 
s i o n a l  i n l e t  which i s  not  included i n  the a i r c r a f t  range comparisons shown i n  
f i g u r e s  81 and 82. 

The r e s u l t s  of t h i s  eva lua t ion  are presented i n  Figure 83 and show the 
e f f e c t  of free-stream Mach number and r a t io  of a u x i l i a r y  i n l e t  a r ea  t o  capture  
a r e a  on p re s su re  recovery f o r  competit ive two-dimensional and ax i~vmmet r i c  
i n l e t s .  Again, thc advantages of t he  two-dimensional i n l e t  i n  terns of aux- 
i l i a r y  i n l e t  area and pressure  recovery is apparent.  

S u f f i c i e n t  t h roa t  a r e a  v a r i a t i o n  e x i s t s  f o r  the two-dimensional i n l e t  t o  
provide good t ransonic  and cru ise  a i r f l o w  matching; however, a s i g n i f i c a n t  
performance penal ty  e x i s t s  f o r  the b e s t  axisymmetri .~ inlet: determined from 
the  supersonic c r u i s e  s tudy.  I n  order  t o  reduce this pena l ty ,  axisymmetric 
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i n l e t s  with a higher  percent i n t e r n a l  c o n t r ~ ~ c t i o n  with cvr  terbody auxi lii~ry 
i n l e t s  were inves t iga t ed ,  Flush-mounted row1 aux i l i a ry  i n l ~ t s  were emplovcd 
f o r  both i n l e t  types f o r  takeoff  cond i r  i o n s .  

The es t imated  pressure recoveries a r  Mach 0.9 for ax isyr~~ l ; r -  - r i c  ovelwing 
i n l e t s  with and without centerbody auxiliary i n l e t s  ore  p r e s e n c ~ d  i n   figure^ 
84 ,  85, and 86 f o r  engine cor rec ted  a i r f lows  of 226.8 kg/src (5CO l b / s e c ) ,  
288 kg/sec (635 lb / sec ) ,  and 324.8 kg/sec (716 l b / s e c ) ,  r e s p e c t i l ~ e l y .  Engine 
cor rec ted  a i r f l o w s  of 226.8  kg/sec (500 lb / sec )  and 324.8 ks/ser (716 
lb / sec )  correspond t o  Mach 0.9 c r u i s e  and climb condi t ions ,  resF.!ctivcly, 
S u b s t a n t i a l  inlet s u p e r c r i t i c a l  p ressure  recovery lo s ses  occar  cven fo r  'he 
lowest engine a i r f l ow f o r  va lues  of about 60% i n ~ e r n a l  con t r ac t ion  and l cve r ,  
because of the  r e s t r i c t i o n  i n  maxitl,um t h r o a t  t o  capture a r e a  r a t i o s .  

These r e s t r i c t i o n s  i n  a r e a  a r e  f o r  axisymrnetric i n l e t s  with t r a n s l a t i n g  
centerbodies  only,  and the maximum t h r o a t  a r e a  occurs when the maximum d i m -  
etcr of the centerbody is pos i t ioned  a t  t he  cowl l i p .  Although the use of 
centerbody auxiliary i n l e t s ,  which have an a u x i l i a r y  th roa t  area equal t o  
one-tenth t h a t  of the oasic i n l e t  capture area, s i g n i f i c a n t l y  improved the 
recovery a t  the  low percent  i n t e r n a l  con t r ac t ions ,  the pressure  recover ies  
are s t i l l  too low except at  the  low cor rec ted  a i r f lows  where an engine cyc le  
performance p e n a l t y  is incurred.  Cowl a u x i l i a r y  i n l e t s  could be considered. 
However, t r anson ic  opera t ion  of such a u x i l i a r y  i n l e t s  is considered a high 
development risk because of compressor f a c e  d i s c o r t i o n  e f f ec t s .  

The conclusion is reached t h a t  t he  axisymmetric i n l e t  mus t  be designed 
f o r  h igh  i n t e r n a l  cont rac t ion  and w i l l  t he re fo re  fiot be s e l f - s t a r t i n g ,  By 
c o n t r a s t ,  t h e  g r e a t e r  f l e x i b i l i t y  of the a r t i c u l a t e d  centerbody of t h e  two- 
dimensional i n l e t  can provide s u f f i c i e n t  t h r o a t  a r ea  even a t  l o w  values of 
i n t e r n a l  cont rac t ion .  I t  can therefore  be designed for  se l f - s t a r t ing .  

Inlet Se lec t ion  

A s  a r e s u l r  of the above-described analysis, a low con t r ac t ion - ra t io ,  
s e l f - s t a r t i n g ,  two-dimensional i n l e t  was selected as t he  most appropr ia te  
i n l e t  for the General E l e c t r i c  Company GE21/J11 v a r i a b l e  cycle  engine in- 
s t a l l e d  on t h e  Lockheed-California Company CL 1609-1 a i r c r a f t  conf igura t ion  
w i t h  over/underwing powerplant i n s t a l l a t i o n s .  The c o m ? c ~ i t i v e  axisymmetric 
i n l e t  with a 75% i n t e r n a l  cont rac t ion  and the two-dimensional i n l e t  i n s t a l -  
lation selected have v i r t u a l l y  the same a i r c r a f t  range wi th  comparable 
degrees of over-win[ and under-wing i n l e t  hardware commonality. IJowever, t h e  
two-dimensional i n l e t  r equ i r e s  s u b s t a n t i a l l y  l e s s  auxiliary i n l e t  area t o  
s a t i s f y  the enginc takeoff a i r f l o w  requirements ,  Fu r the r ,  due t o  its low 
con t r ac t ion  r a t i o ,  t h e  two-dimensional i n l e t  p r o v i d e s  a s e l f - s t a r t i n g  capa- 
b i l i t y  at  a l l  supersonic speeds  and thereby minimizes the undes i rab le  e f f e c t s  
of  an accidental  i n l e t  u n s t a r t .  Also ,  the  inherent  f l e x i b i l i t y  of the engine 
provided by va r i ab l e  geometry and d i g i t a l  con t ro l s ,  i n  combination wi th  the 
f l e x i b i l i t y  provided by the a r t i c u l a t e d  centerbody compatible wi th  the two- 
dimensional des ign ,  is  expected t o  permit virtual e l i m i n a t i o n  of i n l e t  
s u b c r i t i c a l  t ransonic  s p i l l a g e  drag. 
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Figu re  84. Pressure Recoverfes at Mach 0.9, 227 kg/sec (500 Ib/sec) Engine Airflow. 
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De: died I n l e t  Deslgn - - -. 
Detai led design analyses  of the s e l e c t e d  two-dimensional i n l e t  wi th  20% 

i n t e r n a l  cont roc i ion  have been conducted f o r  the purpase of r e f i n i n g  t h e  
i n l e t  d e f i n i t i o n  and of d e t a i l i n g  the mechanical design. 

I n s t a l l a t i o n  drawiqgs showing the  genera l  layout of the s e l e c t e d  two- 
dimer~sional  i n l e t  with t he  General  E l e c t r i c  GE21/J11 engine a r e  shown i n  Fig- 
ures 87, 88, and 89.  Figure 87 shows t h e  plan view and s i d e  view of t he  
over-wing end unde-..-wing n a c e l l e s .  The nacelles a r e  i n t e g r a t e d  with the  wing 
contours t o  give a small nozzle/exhaust  spacing r a t i o  and t o  minimize t he  
boundary l a y e r  d i v e r t e r  f r o n t a l  area. The under-wing i n l e t  s t r u c t u r a l  de- 
t a i l s  are shown i n  Figure 88, and the  i r ~ l e t  c ros s  s e c t i o n s  a r e  given in Figure 
89.  The i n l e t  has a supersonic and subsonic d i f f u s e r  divided i n t o  two iso-  
l a t e d  ducts by a variable geometry centerbody, The centerhody incorpora tes  a 
simple opera t ing  l inkage t h a t  provides good supersonic d i f f u s e r  contours f o r  
off-design Mach numbers and v a r i a b i r  d u c t  a r eas  f o r  the complete range of 
f l i g h t  condi t ions .  The subsonic d i f f u s e r  makes a smooth t r a n s i t i o n  from a 
rer':anguIar c ross  s ec t ion  at t h e  t h roa t  t o  a c i r c u l a r  c ross  s ec t ion  a t  the 
engine face. Cowl aux i l i a ry  i n l e t s  are incorporated t o  augment the duct 
airflow pressure  recovery during takeoff  and a t  low speed,  A system of 
dynamically con t ro l l ed  bypass doors and valves i s  used f o r  pos i t ion ing  tha 
i n l e t  terminal  shock wave when the i n l e t  is s t s r t e d  and f o r  minimizing drag 
a t  lower speeds. A bleed system is a l s o  employed t o  i nc rease  pressure  re- 
covery and t o  extend the range of s t a b l e  i n l e e  flow. 

S t r u c t u r a l  ana lys i s  was conducted on a l l  cmponents  of the i n l e t  system 
inc luding  centerbody, s h e l l  s t r u c t u r e s ,  bypass doors,  and auxiliary t n l e t  
doors .  

A d e t a i l e d  weight a n a l y s i s  was conducted on the two-dimensional inlet 
con f igu ra t i on  s'tlown i n  Figure 88. 1ne r e s u l t s  of t h e  weight F:- . gsis are 
t a b d a t e d  below: 

Component - Wei& 

kglbireraf t ( Ib  /Aircraf  t) 

Cp.,t urbody 1,034 2 ,280 

Shell S t r u c t u r e  2,647 5,835 

Doors {k, ixi l iary and Bypass) 5 15 1,135 

Cont ro ls ,  Valves, Mechanism 64q 1,430 

To ta l  4,845 10,680 

These weights  r e f l e c t  t h e  u t i l i z a t i o n  of advanced composite mate r i a l s  of  
42% in tlie cc::~terbody, 41% i n  s h e l l  ~ t r u c t u r e ,  and 81% in t he  bypass 
and aux i l i a ry  doors .  A r e s u l t i n g  13,U weight reduct ion over an al l -metal  
i n l e t  was achieved. 



Figure 87. Installation Drawing, Engine Nacelle. 
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E v a l u a t i o n  of S e l e c t e d  Inlet Designs 

Thc miss ion  performance of the Lockhced CL 1609-1 s u p e r s o n i c  cruise 
vehicle with t h e  G e n e r a l  Electric ~ ~ 2 1 / J 1 1  engines and rhe selected two- 
dimensfonal  i n l e t  i n s t a l l e d  has been computed. The CE21/JlIB1 and GE21/ 
JllB4 engines are i n s t a l l e d  over  and under  the wing, r e s p e c t i v e l y ,  and are 
i d e n t i c a l  except  f o r  d i f f e r e n t  c o n t r o l s  s o f t w a r e .  

The v a r i a t i o n  of c r i t i c a l  pressure recovery and mass f low w i t h  i n l e t  
local  Mach number a r e  given i n  Figures 90 and 91  and are applicable t o  b o t h  
over-wing and under-wing i n l e t s .  The p r e s s u r e  recovery  and mass f low r a t i o  
s c h e d u l e s  w i t h  l o c a l  Mach number were based on t h e  exper ience  w i t h  the  
Lockheed L-2000 i n l e t .  The i n l e t  blced  mass f low r d t i o  is assumed l i n e a r  
w i t h  t h e  l o c a l  Mach number and is equal to 0.0685 a t  Mach 2 .75  and z e r o  
a t  Mach 1.0. 

The i n s t a l l a t i o n  losses a r e  grouped i n t o  i n t e r n a l  losses and e x t e r n a l  
losses .  The internal losses have a d i r e c t  effect upon engine c>-cle perfor- 
mance and i n c l u d e  i n l e t  p r e s s u r e  recovery, compressor b l c e d ,  accessory  power 
e x t r a c t i o n ,  and exhaus t  nozzle performance. The exhaust nozzle performance 
i n c l u d i n g  t h e  ~ i o z z l e  b o a t t d l  drag was s i , p p l i e d  bv t h e  Genercl  E l e c t r i c  
Company. 

The external lasses a r e  related to t h e  nace l l e  l o c a t i o n  and aerocbmarnic 
shape  of the  i n l e t  and iri2:udc i n l e t  s p i l l a g e  d rag ,  i n l e t  b l e e d  drag, t - ;+ass 
drag ,  and cowl drag. The i n l e t  critical a d d i t i v e  drag as a function of local 
Mach number was determined from a  Lockheed in-house i n l e t  cornputor program, 
Because t h e  v a r i a b l e  cycle engine a i r f l o w  is made t o  match the i n l e t  by means 
of eng ine  c o n t r o l  s o f t w a r e ,  no s u b c r i t i c 3 1  s p i l l a g e  or  bypass p c n ; ~ l t i c s  a re  
inc luded .  I n l e t  b l e e d  drag was calcblated u s i n g  a u n i t y  bleed drag c u e f f i -  
cient based on t h e  b l e e d  s t ream tube  c a p t u r e  area. The i n l e r  cowl drag is 
accounted f o r  i n  the al rp lane  wave drag. 

The thrust and f u e l  flaw f o r  t h e  G~21/J11 engine was obtained from an 
instal led engine performance computer deck s u p p l i c d  by General. E l e c t r i c .  The 
e n g i n e s  a r e  s i z e d  for an a i r c r a f t  th rus t - to -weigh t  ratio of 0.275 a t  Mach 0 , 3  
and f o r  a 20% high-flow f r o n t  b lock.  The net  i n s t a l l e d  thrust ac s e a  l e v e l  
Mach 0.3 was 181,030 N (40,700 lb) for  a 4-15' C (4-27" F) hot day. 

The aerodynamic performance of t h e  Lockheed CL 1609 supersanic c r u i s e  
v e h i c l e  was determined. Drags used i n  de te rmin ing  p ~ r f o r m a n c e  capabil i ty  are 
based on NASA wind tunnel r e s t s  of a modified SCAT 15F model .  A method is 
used to build up the drag from t h e  wind t u n n e l  data base to the f u l l - s c a l e  
CL 1609-1 c o n f i g u r a t i a n .  

The mission analysis restlts are sumarixed i n  Table  2 7 .  Fqr the  f l i g h t  
p r o f i l e  of Figure  71 ,  t h e  r e s u l t s  show t h a t  t h e  CL 1609-1 a i r p l a n e  w i t h  a 
t akeof f  gross weight of 268,530 kg (592,000 lb) which i n c l u d e s  a payload of 
26,309 kg (58,000 lb) has a range of 6326 km (3416 nmi). 
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Figure 90. Engine h t r f l o w  CharacteristZcs, Two-Dimensional I n l e t .  





Table 27. Miss ion PerZormance Summary f o r  
Supersonic C r u i s e  Vehicle. 

Engine 

Cruise Mach Number 

T/w, L i f t - o f f  

Cruise L/D 

Cruise sfc (avg.) kg/hr/N ( l b / h r / l b f )  

Zero Fue l  Weight, kg (Ib) 

Cruise F u e l  - P e r c e n t  

Climb F u e l  - Percen t  

Ta.keof£ and Subs~nic Fuel - (Block Segment) Percent 

Reserves - Percent 

Range - km (nmi) 



From the parametric des ign  study of t he  two-dimensional and axisymmetric 
inlets the following conclusions are drawn: 

The length of the two-dimensional inlet is approximately 507 
greater than t h a t  of an axisymmetric inlei having the same design 
parameters, with about 3 7 X  being attributed t o  the subsonic d i f -  
f user. 

The weight of t h e  two-dimensional inlet !.s approximately 5 5 %  
greater than t h a t  of an axi~ymmetric inlet having the same design 
parameters, with  about 30% being due to length changes and the 
remaining 25% being due to structural differences, 

The cowl friction drag, inlet bleed drag, and i n l e t  weight increase 
and t h e  cowl wave drag decrease with increasing inrernal contrac- 
t i o n  such t h a t  a maximum supersonic cruise range exists at an 
internal contraction of 20% for the two-dimensional i n l e t  and 50% 
for the axisymmetric i n l e t .  

When no performance penalties were assessed for commonality of 
over- and under-wing inlets, the best supersonic cruise range for 
the two-dimensional inlet installation is about 120 nmi less than 
that f u r  the axisymmetric inlet installation. 

a Sufficient: throat area variation exists for the two-dimensional 
inlet to provide good t ransonic  cruise airflow matching. 

When centerbody auxiliary inlets arc utilized with t h e  axisymmetric 
inlet, the transonic recovery is significantly improved a t  low 
internal contractions but is still not acceptable except at the la-.I 
engine corrected airflows where a cycle performance penalty is 
Incurred. 

a Cowl auxiliary inlets are r e q u i r e d  for both the inlet types a t  
takeoff conditions. 

A self-starting, two-dimensional 11zlet having 20% internal contraction 
and cowl auxiliary doors for ~akeoff w a s  selected over the best axfsymmetric 
inlet which had a 75% internal contracti~.~, cowl auxiliary i n l e t s  f o r  take- 
off, and no centerbody auxiliary inlets. 

4 . 5 . 2  Engine/Nacelle/Airplane Integration Studies 

Three airframe contractors (Lockheed-California, MrDonnell Douglas, and 
Boeing) conducted studies in which General Electric double-bypass variable 
cycle engines were installed in nacelles and installed perforuiance was calcu- 
lated. Results of the s t u d i e s  carried out by these three csntractors are 



summarized i n  the  following sec t ions .  The ma te r i a l  below is taken l a r g e l y  
from: 

1. Lockhood Report LR-28071, "Advanced Supersonic Engine/f,irf rame 
I n t e g r a t i o n  Study," February 2 1 ,  1977. 

2. McDonnell Douglas Report bII)C-J4562, "Nacelle I n t e g r a t i o n  Study ," 
March 1977. 

3. Boeing Report D6-44513, "Advanced Supersonic Propulsion Study 
Engine/NaceTle/Airfrme I n t e g r a t i o n  S tudies , "  (undated).  

4 .5.2.1 Nacelle I n t z g r a t i o n  Study (Lockheed-California Company) 

In t roduct ion  

The ob jec t ive  of the engine/airframe i n t e g r a t i o n  s tudy  described below 
i s  to provide refined i n s r a l l a t i o n  d e f i n i t i o n s  and v a l i d a t i o n  of the design 
performance of a General E l e c t r i c  GE21 double-bypass v a r i a b l e  cycle  engine 
i n s t a l l e d  i n  an over/under n a c e l l e  arrangement on the  Lockheed CL 1609 Mach 
2.55 supersonic cruise vehic le .  The GE21/JllB4 was chosen for the s t u d y  as 
be ing  a r ep re sen ta t ive  example of the VCE concept.  'It was not planned t h a t  
comparisons between d i f f e r e n t  engines be included i n  the a n a l y s i s ,  

With the  inherent  a i r f l ow f l e x i b i l i t y  of va r i ab l e  cyc le  engines,  match- 
i n g  of the  engine and inlet a i r f lows  becomes extremely impcrtant  f o r  realf-  
z a t i o n  of the advantages of t h e  advanced engine cycles. ' .  The v a r i a b l e  geometry 
f e a t u r e s  of v a r i a b l e  cycle engines ~ l l o w  the  engine a i r f l ow t o  be scheduled 
and var ied  f o r  maximum i n s t a l l e d  performance. This r equ i r e s  minimizing the 
e f f e c t  of  i n l e t  recovery l o s s ,  s p i l l a g e ,  and nozzle b o a t t a i l  drag. The 
b e n e f i t s  of these  new engine and i n l e t  designs y i e l d  large improvements i n  
a i r c r a f t  performance, compared t o  earlier supersonic a i r c r a f t .  

A i r c r a f t  Se l ec t ion  

The a i r c r a f t  used i n  t h i s  s tudy  is the Lockheed-California Co. CL 1609 
supersonic c ru i se  vehicle with  aver-wing and under-wing powerplant nace l l e s .  
This aircraft i s  designed t o  cruise a t  Mach 2.55 on a h o t  day ( ISA 4-8' C 
(3-14.4' F)). See Figure 92. 

For t he  i n t e g r a t i o n  s tudy ,  t h e  v e h i c l e  takeoff  gross weight and payload 
were held cons tan t  a t  268,527 kg (592,000 lb )  and 26 ,308  kg (58,000 l b ) ,  
respectively. A matrix of candidate  thrust-to-weight (T/IJ) and wing loading 
(W/S) r a t i o s  was evaluated ( see  Figure 93). Airport f i e l d  length charac te r -  
istics based on FAA regu la t ions  were a l so  generated as a func t ion  of thrust- 
weight and wing loading. These characteristics were used t o  def ine  the con- 
s t ~ s i n t s  based on requirements for  second segment climb gradient ,  takeoff 
f i e l d  length, sideline and f lyover  n o i ~ r  l e v e l s ,  and landing approach speed.  
The selected a i r c r a f t  conf igura t ion  i s  def ined  is terms of thrust-weight and 
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Figure 93. Aircraft Parametric Design Analysis (GE21/Jll/B4 VCE). 



wing l o a d i n g  a s  that which r e s u l t s  i n  maximum range and s t i l l  meets the a i r -  
p o r t  performance c o n s t r a i n t s .  The most c r i t i c a l  c o n s t r a i n t s  l i m i t i n g  t h e  
s e l e c t i o n  of the  a i r c r a f t  a r e  (1) l a n d i n g  approach speed  and ( 2 )  second seg- 
ment cl imb gradient .  The r e s u l t i n g  c o n s t m l n e d  optimum aircraft conf igura -  
t i o n  has a wing load ing  of 400 kg/mZ (82 kg/f t 2 )  a t  t a k a a f  f and a t h r u s t - t o -  
weight r a t io  of 0.275 at. l i f t - o f f ,  The wing a r e a  i s  647 m2 (7200 ft2). The 
engine t h r u s t  s i z e  i s  181,000 N (40,700 l b )  and nominal a i r f l o w  s i z e  i s  288 
kg/sec  ( 6 3 3  lbrn/sec) . 

Mission 

Miss ion  performance a n a l y s e s  were conducted u s i n g  an IBM 370 d i g i t a l  
computer program. The f l i g h t  p r o f i l e  i s  shown i n  F i g u r e  9 4 .  The bas ic  part: 
of t h e  p r o f i l e  (block segment) c o n s i s t s  of t h e  i n i t i a l  warmup, t a k e o f f ,  
and climb t o  c r u i s e  a l t i t u d e ,  c r u i s e  a t  d e s i g n  c r u i s e  Mach number, descen t  t o  
1524 m (5000 f r ) ,  and then  l o i t e r  a t  t h a t  al t i tude  for 5 minutes .  The 
r e s e r v e s '  segment c o n s i s t s  of an a l lowance of 5% of b l o c k  f u e l ,  a subsonic 
c r u i s e  t o  an a l t e r n a t e  a i r p o r t  of 482 km (260 nmi) d i s t a n c e ,  and h o l d i n g  
t h e r e  f o r  30 minutes,  Range i n  each c a s e  I s  t h e  t o t a l  d i s t a n c e  c r e d i t e d  
during each b lock  segment. Warmup c o n s i s t s  of 10 minutes  at  p a r t i a l  power 
k i t h  a t o t a l  engine t h r u s t  corresponding t o  5% of a i r c r a f t  g r o s s  mass, whi lc  
t akeof f  and climb t o  1524 m (5000 f t )  a r e  comprised of a one-minute allowance 
p l u s  t i m z  r e q u i r e d  t o  cl imb to 1524 m (5000 Et)  , both  a t  maximum dry t a k e o f f  
power. Climb t o  s u p e r s o n i c  c r u i s e  a l t i t u d e  f o l l o w s  a s p e c i f i e d  speed sched- 
u l e  which 1s optimum w i t h i n  the placard l i m i t a t i o n s  of t h e  aircraft: ( s e e  
Figure 95) .  The f ive-minute  h o l d  a t  the end of t h e  b l o c k  segment a l lows  f o r  
some h o l d i n g  maneuvers p r i o r  t o  l a n d i n g ,  p l u s  descen t  t o  touchdown. 

The  eng ine  selected f o r  the propulsion sy!; ten1 f n t e g r a r i o n  s t u d y  i s  the 
G n n c r a l  E l e c t r i c  G E 2 1 / J l l B 4 ,  a Mach 2.55 doable-bypass , augmented v a r i a b l e  
c y c l e  eng ine  (VCE). The eng ine  i s  based upon m a t e r i a l  and -9mponent p e r f o r -  
mance technology p r o j e c t e d  f o r  the 1985 t ime p e r i o d .  I t  is equipped w i t h  a 
s i n g l e - s t a g e ,  moderate t empera tu re - r i se  augmentor. I n  o r d e r  t o  minimize 
n o i s e ,  t h e  engine i s  opera ted  at dry  power d u r i n g  takeoff.  The augmenLor is 
u t i l i z e d  o n l y  during the acceleration arJ climb segments of t h e  miss ion .  
Maximum augmentor temperature  i s  1293' C (2360' F) .  

The nozz le  i s  comprised of a convergent-divergent  p lug  n o z z l e  w i t h  a 
f i x e d  p r imary  nozz le  and v a r i a b l e  f a n  nozzle. The cy l indr ica l  o u t e r  shroud 
t r a n s l a t e s  a x i a l l y  t o  provfde nozz le  area c o n t r o l .  Thrus t  r e v e r s e r  cascade:; 
ark i n c o r p o r a t e d  i n  t h e  nozz le  shroud. During t akeof f  a p o r t i o n  of the lower 
energy fan a i r  i s  ducted t o  the  inner a n n u l a r  plug t o  p rov ide  a nozz le  con- 
figurdtion capable  of t a k i n g  advantage of annular n o i s e  s u p p r e s s i o n .  
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Figure 94. Mission Profile. 
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Figure 95 .  Climb-Speed Schedule. 



Engine Size Selection 

The GE21/~llB4 engine was sized to produce 181,000 N (40,700 lb) thrust 
a t  t h e  sen level, Mach = 0.3, ISA +15" C (+27" F) lift-off condition. This 
t h r u s t  size I s  consistent with a 287 kg/scr ( 6 3 3  lbm/ser) sen lcvcl  s t a t i c  
airflow. The selected airflow size is near optimu~r in terms of pnploi idlrnnge 
performance. The selecttd airflow size also meets the Lockheed requirements 
of 3658 m (12,000 ft) takeoff field length, 81.3 m/s (158 knots) approach 
s p e e d ,  and traded FAR 36 noise levels. 

Nacelle Location 

The results of a previous engine nacelle location study have shown 
that an over/under nacelle arrangement is an attractive alternative to a 
four-engine under-wing arrangement, The foliowing potential advantages of 
the over/under configuration have been identified: 

1. Jet noise shielding, which allows engine size to be optimized for 
a slight range advantage. 

2. High-lift enhancement as a result of increased flap span. 

3. Inlet unstart isolation provided by wing shielding. 

4. Weight reduction, which results from a more efficient 
engkne support structure. 

5. Reduced vertical tail size due to movement inboard of the critical 
engine-out moment arm. 

This nacelle general configuration is given in Figure 96. 

During the englne/airframe integration study the basic shape, loca;!ori, 
and drag characteristics of a number of nacelle concepts were defined aca 
evaluated using the Lockheed SCAR arrow wing overlunder nacelle aircraft 
arrangement. 

This study included consideration of both the axisymmetrqc and the two- 
dimensional inlet: configurations. In order to evaluate the is~pact of acics- 
sories on the nacelle shape and performance, nacelle concepts here developed 
with and without accessories. The four nacelle configurations evalllated in 
the integration study are listed below: 



Figure 96. Nacelle Configuration, SCAR Two-Dimensional I n l e t ,  



2-D I n l e t  

h i symmet r i c  
I n l e t  

2-D I n l e t  

No Accessory 
Impact: 

No Acccosory 
Impact 

Acccesorf es 
with in  Mace1 l e  

Accessories 
wi th in  Nacelle 

The aerodynamic n a c e l l e  drag, moss p r o p e r t i e s ,  acous t i c  e h a r a c t c r i s r i c s ,  
and a i r c r a f t  mission performance of these  four nacelle concepts were evalu- 
a ted  s o  as t o  s e l e c t  the  optimum n a c e l l e  conf igura t ion  f o r  the GE211311B4 
engine. Resul t s  a r e  presented i n  Figure 97  and Table 28. 

The advantage i n  range of the axisymmetric inlet was l o s t  when acccs- 
s o r i e s  were in t eg ra t ed  i n  the  nace l l e .  This occurred because the nace l l e  
drag advantages of t h e  axisymmetric i n l e t  were s u b s t a n t i a l l v  reduced when 
ncccssor ies  irnpactxl t he  nace l l e  contours.  The range penal ty  f o r  i a t c ~ r a t i n g  
acces so r i e s  i n  the  n a c e l l e  was 28 4m (15 nmi) with the 2-D i n l e t  and 104 km 
(56 nmi) for t h e  axisyinmetric inle.. 

In summary, a r e l a t i v e l y  minor range d i f f e r ence  was shown between the 
axisymmetric and 2-D inlet conf igura t ions .  Thus, the 2-D i n l e t  was s e l e c t e d  
p r imar i ly  because of s e l f - s t a r t i n g  c a p a b i l i t y  of the low con t r ac t ion  r a t i o  
i n l e t  des ign ,  

A t  the completion of t h e  eva lua t ion ,  the  two-dimensional i n l e t  concept 
was s e l e c t e d  f o r  f u r t h e r  propulsion i n s t a l l a t i o n  design s tudy.  Since the 
range d i f f e r ences  between the  different conf igura t ions  a r e  r e l a t i v e l y  minor, 
t he  two-dimensional i n l e t  remains the preferred i n l e t  type f o r  the GE21/JllB4 
enginc i n s t a l l a t i o n .  

I n l e t  Configuration (Two-~imensionak Design) 

The s e l e c t e d  two-dimensional i n l e t  conf igura t ion  with the General Flcc- 
tric G E 2 1 / J l l ~ 4  engine is shown i n  F igures  98 and 99 .  The i n l e t  i s  com~osed 
of a supersonic  and subsonic d i f f u s e r  d iv ided  I n t o  two i s o l a t e d  ducts  by a 
v a r i a b l e  geometry centerbody. The centerbody incorpora tes  a  simple ope ra t ing  
l inkage  t h a t  provides good supersonic d i f f u s e r  contours f o r  off-design Mach 
numbers and va r i ab l e  duc t  areas f o r  the complete range o f y l i g h t  condi t ions .  
The subsonic d i f f u s e r  makes a smooth t r a n s i t i o n  from a r ec t angu la r  cross 
s e c t i o n  a t  the t h r o a t  t o  a c i r c u l a r  c ros s  s e c t i o n  a t  the  engine face .  

Auxi l ia ry  cowl doors a r e  incorporated t o  augment the i n l e t  p ressure  
recovery during takeoff .  The l a r g s  inward-opening doors are loca ted  on each 
s i d e  of t h e  i n l e t  and have a curved l i p  s e c t i o n  along the ,,. t edge of the 



U I  imb Airflow 
Two-Dimensional Inlet Advantages (Thrust) i 

Figure 9 7 .  Factors Affcc:i;;g Range Differences. 



Table 28. b l i s s  ion Performance Comparison. 

TOGW = 267,527 kg (592,000 lbrn) 

Zero F u e l  Mass kg (lbm) 

Cruise Mach = 2.55  

~ v g .  L/G 
Bvg. sfc kg/hr/da~ (lbmlhrllb) 
Avg. S.R. km/kg (nmillbm) 
Fuel kg (lbm) 

Climb Mach = 1.2, h = 11,491 m 
(37,700 ft 

Thrust: N ( lb)  
Drag N ( lb)  
sfc kg/hr/daN (lbrn/hr/lii) 
Total Climb Fuel kg (lbm) 

Hold at  4572 m (35,000 ft) 

~ v g .  LID 
Avg. sf c kg/hr/daN ( lbdhrb lb )  
Avg. Fuel Plow kg/hr (J.brn/hr) 

WUTO + Subsonic Fuel kg (lbm) 

Reserve Fue l  kg (Ibrn) 

Range Difference km (nmi) 

CL 1609-2 
Axisymrnetric 
No Impact 

140,902 (310,636 

8.28 
1.635 (1,603) 
0.0743 (0.0182) 
62,861 (138,585) 

309,329 (69,540) 
228,172 (51,295) 
1 .586  (1.555) 
34,004 (74,967) 

12.83 
1.170 (1.147) 
12,824 (28,272) 

10,559 (23,278) 

20,200 (44 ,534)  

Base (Base) 

CL 1609-58 
2-D 

Nacelle ACCBSS 

141,566 (312,100) 

8.08 
1.637 (1.605) 
0.0727 (0.0178) 
64,080 (141,2721 

404,339 (90,Wg) 
246,391 (55,391) 
1.452 (1 -424) 
32,128 (70,8301 

U.74 
1.163 11.141) 
12,908 (28,458) 

10,629 [23,434! 

20,159 r44, M3) 

-9 3 (-501 

CL 1609-3D 
2-D 

No Access Impact 

141,520 (311,999) 

8.09 
1.636 (1.604) 
0.0727 (0.0178) 
64,447 (142,082) 

404,441 (90,922) 
241,851 (54,377) 
1.452 (1.424) 
31,839 (70,194) 

12 .76 
1.165 (1.142) 
12,895 (28,428) 

10,629 (23,432) 

20,140 (44,402 

-65 (-35) 

CL 1609-4A 
Axisynrmetric 
Nacelle Access 

140,948 (310,737) 

8.22 
1.636 (1.604) 
0.0739 (0.0181) 
61,324 (135,197) 

309,312 (69,536) 
235,222 (52,880) 
1.586 (1.555) 
35,350 (77,9341 

12.83 
1.169 (1.146) 
12,843 (28,314) 

10,679 ( 23 ,543 )  

20,224 (44,586) 

-104 ( -56)  
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auxiliary i n l a  t opoaings . Tl~aso doora are l o c a t  ad appzoximcaly one-duc t 
diameLer upstraam of the  m g i n a  face f o r  mixing of the main i n l e t  and aux- 
i l i a r y  i n l e t  a i r f lows .  Tha a u x i l i a r y  doors remain open during tekeoff  and 
law-sgosd f lig1'1t. 

Dynamically con t ro l l ad  bypass doors and va lves ,  ueed f o r  porit ioning t h e  
i n l a t  t e rmina l  sllack wave and f o r  minimizing drag  at  lawer speeds, arc shown 
i n  Seccions A-A and View K-K of Pigura 99 .  T'l~eae overboard bypass doors are 
a l s o  t o  ba usad f o r  engine-out oparnt ion,  The firawall valves are for venti- 
lation a i r f l o w  i n t o  the ongine compartmant. Tho ventilation airf low is 
exhausted through louvers  a t  t he  aft  end of t he  engine compartment. The by- 
pass a i r  exhausts through six doors, two on each side shown i n  Sect ion A-A 
and two i n  t h e  lawer s h a l l  s t r u c t u r e  shown i n  V i a w  K-K of Figure 99. The 
lower bypass doors are f e d  by a i r  from the centarhody aft: compartment. 

The t n l e t  blaad sysresn i s  usad to i nc rease  the pressure recovery and t o  
extend t h e  range of s t a b l e  i n l e t  flow, Tho bleed is taken in the region of 
I n t e r n a l  shock waves i n  the supersonic d i f fuse r .  '=he cowl bleed exhausts 
through fixed nozzles  on the cowl end spring-loaded cowl doors.  Centerbody, 
top-wall, and bo~tom-wa3.1 blaed exhaus!:; through f ixad  forward louvers  and 
con t ro l l ed  doors ,  both on the bottom p'te of t he  i n l e t .  A t  supersonic 
cruise, some of rho centerbody bleed pa,*:s i n t o  tho cowl structure and 
through the  f i r e w a l l  valves t o  the ~ n g f n n  compartment. 

Inlet Selec t ion  ('%.. -- - ~!iinertsxonal -- DesiqQ 

A s e l f - s t a r t i n g ,  two-dirnen9:ional inlet, having 20% i n t e r n a l  conrracr ion  
and an axisymmetric i n l a t  having 76% i n t e r n a l  con t r ac t ion ,  were s e l e c t e d  a s  
the  most app ropr i a t e  i n l e t  designs f a r  t he  General E l e c t r i c  GE21/JllB4 engine 
when i n s t a l l e d  on the  Lockhead-California CL 1609 supersonic cruise a i r c r a f t .  
These i n l e t  design s e l e c t i o n s  were based upon parametr ic  ana lyses  a t  super- 
sonic  c r u i s e ,  t ransonic ,  and takeoff condit ions as repor ted  i n  the  i n l e t  
design study conducted f o r  GE (sea Sect ion  4.5.1).  

The i n l e t  capture area, which was computed a t  t he  supersonic crulse 
po in t ,  i s  a func t ion  o f  engine corrected a i r f low and i n l e r  l o c a l  Mach number, 
The over-w5ng and under-wing i n l e t s  were s ized  f o r  t he  c r u i s e  engine cor- 
r ec t ed  a i r f l o w  and the ind iv idua l  f n l e t  loca l  Mach numbers. This  results i n  
t h e  under-wing i n l e t  being smaller  than the wer-the-wing i n l e t .  

The two-dimensional over-wing and under-wing inlets have s u b s t a n t i a l  
i n l e t  commonality. This is accomplished by kaving i d e n t i c a l  plan view con- 
t ou r s  for both i n l e t s  and providing t h e  lower requi red  capture  a r e a  of the 
under-wing i n l e t  with a smal le r  he ight  a s  shown i n  the  two s i d e  views of 
Figure 100. The centerbody is shown i n  the supersonic cruise and the f u l l y  
cont rac ted  p o s i t i o n s  i n  F igure  100. The over-wing and under-wing inlet 
capture  areas were determined using the supersonic cruise engine cor rec ted  
a i r f low,  the I n l e t  l o c a l  Maeh numbers, assumed c r i t i c a l  m a s s  flow ratios, 
and assumed bleed mass flow r a t e s .  
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Cowl L i p  
Engine 
Face 

Over Wing and 
Under Wii-ig 

Contracted 

Over Wing I n l e t  

Side View 

Under Wing I n l e t  

Side View - 
- 

GEPl./JI1/BII Engines 
Zn = 181 kN (90,700 Ib) 
Sea Level ,  Y = 0.3, 
Std +1S0 C (27* F) 

- 

Figure 100. T y p i c a l  Two-Dimensional Inlet Contours. 

l ~ n l e g  

Over WLng 

UnderIVing 

Aspect Ratio 

2 .OD 

1.746 

L ~ ( w / z )  

5.841 

5.841 

Capture Area ' w/2 
mz (9 t2 )  

2.110 (22.719) 

1.873 (20.165) 

m (ftl 

0.726 (2.383) 

0.726 (2.383) 



Inlet Performance and Airflow Matchin5 

The i n l e t  performance and i n l e t  engine airflow matching f o r  the s e l e c t e d  
two-dimensional and axisymmetric i n l e t s  a r e  determined a s  o funct ion of 
f l i g h t  condi t ions.  The c r i t i c a l  i n l e t  p ressure  recovery and mass flow r a t i o  
as func t ions  of inlet: Xocal :;ach numbers arc  given in Figures  101 and 102 f o r  
the s e l e c t e d  two-dimensional and axisymmetric i n l e t s ,  r e spec t ive ly .  Ce- 
cause of common i n l e t  aerodynamics, these  r e s u l t s  are app l i cab le  t o  both 
over-wing and under-wing i n l e t s .  The pressure  recovery and mass f l o w  r a t i o  
v a r i a t i o n  wi th  1ocnlMncl1 number a r e  based on t h e  previous Lockheed L-2000 
i n l e t  s tudy r e s u l t s  f o r  the two-dimensional i n l e t  and on NASA i n l e t  t e s t s  f o r  
the axisymmetric i n l e t .  Uslng t he  two-dimensional and axisymmetric i n l e t  
performance shown i n  F igures  101 and 102, the  i n l e t  cor rec ted  a i r f low sched- 
ules of F igure  103 were obtained. Tliese i n l e t  cor rec ted  a i r f lows  match the 
corresponding G E ? I / J l l  engine cor rec ted  a i r f low schedules  used i n  the  per- 
formance ana lys i s .  T ~ E  over -wi~g and under-wing engine-corrected a i r f lows  
a r e  d i f f e r e n t  (except f o r  c ru i se )  i n  o rde r  t o  match t h e  corresponding inlets 
and are accommodated with i d e n t i c a l  engine hardware u t i l i z i n g  d i f f e r e n t  con- 
t r o l  sof tware .  The two-dimensional inlet: can supply more a i r f low than the 
axisymmetric i n l e t  at: off-.design speeds due t o  its a b i l i t y  t o  provide l a r g e r  
off-design t h r o a t  a r eas .  This r e s u l t s  i n  significantly higher  i n s t a l l e d  
t h r u s t  l e v e l s  f o r  the two-dimensional i n l e t  compared t o  those of t h e  axisym- 
metric  i n l e t .  

Nacel le  S t r u c t u r a l  Concept and Mounting 

The n a c e l l e s  and ad jacent  wing s t r u c t u r e  are proposed t o  be designed t o  
provide i n t e g r a t e d  l o a d  paths  and t o  al low for s t r u c t u r a l  i n t e r a c t i o n  of 
loads and d e f l e c t i o n s .  The i n l e t  s h e l l  s t r u c t u r e  is a t tached  t o  the wing 
through an  interchangeable joint. The engine is supported from a beam s t r u c -  
t u r e  can t i l eve red  a f t  u f  the wing box s t r u c t u r e  and the  i n l e t  through a f a i l -  
s a f e  mount system which is  designed t o  isolate the  engine from loads induced 
by s t r u c t u r a l  de f l ec t ions .  The nacelle concept development inc ludes  consider- 
a t i on  f o r  (1) s t a t f c  s t r eng th  a t  overspeed condi t ions ,  (2) f a i l - s a f e  requi re -  
ments f o r  b o t h  s t r u c t u r e  and mechanism, and (3) design stress l e v e l s  s e l e c t e d  
t o  provide the requi red  f a t i g u e  l i f e ,  The n a c e l l e  s t r u c t u r a l  concept incor-  
pora tes  provis ions  f o r  doors; however, a d e t a i l  design of doors,  l i n k s ,  
and mechanisms was nor included. For n a c e l l e  design these  d e t a i l s  are im-  
po r t an t  and w i l l  require considerat ion of items fncorpora t ing  wear r e s i s t a n t  
and/or  rep laceable  elements t o  assure l i f e  and ma in ta inab i l i t y  appropr ia te  
f o r  a i r l i n e  service. 

The GE21/JllB4 engine i s  a t tached  t o  the airframe s t r u c t u r e  by a four- 
point rnounting system as shown in Figure 104. Thrust  f i t t i n g s  and a v e r t i -  
c a l  l i n k  a r e  attached t o  i d e n t i c a l  engine mounting bosses  a t  the forward 
r ing .  Two r a d i a l  l i n k s  are attached t o  the a f t - e ~ g i n e  mount r i ng .  Engine 
loads and mounts are reacted as f~llows: 
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Local Mach Number, 

Figure 102. Critical lass-Flow Ratio. 
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F l i g h t  Mach Number 

Figure 103. Engine Airflow with Two-Dirnensi~nd I n l e t s ,  GE21/J11B4 
VGE . 
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1 Forward Thrust and Vertical Load 

Figure 104. Engine Mounk Load Diagram. 



Drag and th r r t s t  , forward t h r u s t  f i t  r i n g s  

Side  l o a d ,  yawing moment, Forward inboard  upper and forward outboard  
lower t h r u s t  f i t t i n g  and a f t  l i n k s  

V e r t i c a l  l o a d ,  p i t c h i n g  moment, a l l  f o u r  mount p o i n t s  

R o l l i n g  nroment, forward t h r u s t  f i t t i n g  and l i n k  

The cowling is e s s e n t i a l l y  n p r e s s u r i z e d  c y l i n d e r  which e n c l o s e s  t h e  
e n g i n e  and c o n n e c t s  t h e  i n l e t  t o  t h e  engine nozz le  as shown i n  F igure  105. 
The eng ine  cowling c o n s i s t s  of f o u r  curved panels  ( p e r  eng ine)  t h a t  a r c  ap- 
prox imate ly  3 .7  m (144  i n . )  long (combined l e n g t h ) .  The forward cowl door i s  
2.16 m ($5 I n .  ) i n  l e n g t h ,  w i t h  t h e  nf t cowl door be ing  1 .42  rn (56 in, ) . 

Other  Design C o n f i g u r a t i o n s  

The GE21/JllB4 ~ n g i n e  accessories a r e  l o c a t e d  between the wing and each 
eng ine  as  shown i n  F igure  99 .  A l l  a i r c r a f t  a c c e s s o r i e s  ( w i t h  t h e  e x c e p t i o n  
of t h e  ECS system) are l o c a t e d  i n  the a f t  s ec t ion  of the wing. One cngine- 
d r i v e n  a i r c r a f t  accessory  gearbox is l o c a t e d  inboard  of t h e  i n l e t s ,  the o the r  
ou tboard .  The ECS system compressor, h e a t  exchanger ,  and accompanying d u c t s  
a r e  a f t  of t h e  eng ine  a c c e s s o r i e s .  

The upper  engine gearbox is l o c a t e d  i n  the py lon  below the eng ine  as 
shown i n  S e c t i o n  G-G of F igure  99. The gearbox d r i v e s  t h e  eng ine  high-pres- 
sure h y d r a u l i c  pump, ECS compressor,  engine a l t e r n a t o r ,  t r i p l e - u n i t  f u e l  
punp, PTO s h a f t ,  and t h e  oil l u b e  and scavenge pump. The lower engine 
accessory gearbox i s  i n  the py lon  above the e n g i n e ,  as shown i n  S e c t i o n  A-A 
of  Figure 99. The same gearbox is used on both engines by d e s i g n i n g  t h e  
l u b r i c a t i o n  sys tem t o  permit  t h e  gearbox t o  b e  tu rned  3.14 rad (180') from 
one engine t o  t h e  o t h e r .  The o i l ' l u b e  pump pad is covered on the  lower 
e n g i n e  a c c e s s o r y  gearbox. The o i l  lube  and scavenge pump are located below 
the eng ine  on a s e p a r a t e  engine d r i v e n  gearbox. 

Ana lys i s  of engine c o n t r o l  sys tems lead t o  the conc lus ion  tha t  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  sys tems and advanced accessories shou ld  be 
developed.  

F i r e  p r o t e c t i o n  provisions are i n c o r p o r a t e d  f o r  the p r e v e n t i o n ,  c o n t r o l ,  
and contninrnent of f i r e s  and t h e  thermal p r o t e c t i o n  of s t r u c t u r e .  Engine 
compartment c o o l i n g  and v e n t i l a t i o n  a r e  necessa ry  t o  reduce t h e  r e l a t i v e l y  
high- temperature  environment encountered i n  the n a c e l l e  of a s u p e r s o n i c  
c r u i s e  v e h i c l e  and t o  p reven t  t he  bu i ldup  of harmful  vapors .  

Engine m a i n t a i n a b i l i t y  f e a t u r e s  a re  i n c o r p o r a t e d  i n  t h e  n a c e l l e  design, 
c o n s i d e r i n g  access f o r  on-board maintenance,  engine removal, and ground 
hand l ing .  
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I n s t a l l a t i o n  Lasses 

The engine i n s t a l l a t i o n  lo s ses  accounted f o r  i n  the propulsion system 
a n a l y s i s  are grouped i n t o  two ca tegor ies :  i n t e r n a l  losses and external  losses .  
The  i n t e r n a l  l o s ses ,  which have a d i r e c t  e f f e c t  upon engine cycle  performance, 
inc lude  i n l e t  p ressure  recovery, compressor bleed, accessory power ex t rac-  
t i o n ,  and exhaust nozzle performance. The exhaust nozzle  performance, in -  
c luding  the nozzle  b o a t t a i l  drag,  was suppl ied by General E l e c t r i c .  The 
c r i t i c a l  i n l e t  p ressure  recovery and mass flow r a t io  f o r  the  two-dimensional 
and axisymmetric i n l e t s  are given i n  F igures  101, 102 ,  and 103. The engine 
compressor b leed  flow r a t e  was 0.41 kg l sec  (0.90 lbmlsec) and the assumed 
accessory power e x t r a c t i o n  was 135 1iIJ (181 h p ) ,  both per  engine, 

The ex te rna l  l o s ses ,  which a r e  r e l a t e d  t o  the n a c e l l e  l oca t ion  and 
aerodynamic shape of the i n l e t ,  inc lude  i n l e t  s p i l l a g e  drag, i n l e t  bleed 
drag ,  bypass drag ,  and cowl drag. The inlet s p i l l a g e  and bleed drags and the 
nozzle  b o a t t a i l  drags a r e  given i n  Figure 106 f o r  the s e l e c t e d  two-dimen- 
s3.onal i n l e t s .  The i n l e t  s p i l l a g e  drags were obtained from a Lockheed- 
developed i n l e t  computer program, Because the  v a r i a b l e  cycle  engine a i r f l o w  
matches the i n l e t s  by means o f  engine con t ro l  sof tware,  no s u b c r i t i c a l  s p i l -  
l age  o r  bypass p e n a l t i e s  are included. The i n l e t  cowl drag is  accounted f o r  
i n  t he  a i r p l a n e  wave drag rout ine .  

The i n l e t  bleed mass flow r a t i o s  f o r  both i n l e t  types a t  supersonic 
c r u i s e  were obtained from previous c o r r e l a t i o n s  and a r e  assumed l i n e a r  wi th  
l o c a l  Mach number between Mach 1.0, where the  b l eee  mass flow r a t i o  was 
assumed t o  be zero ,  and Mach 2.75, where the value was set equal  t o  Lhe 
assumed c o r r e l a t i o n  value. A t  c r u i s e ,  the  upper i n h t  bleed mass flow r a t i o  
was 0.068 f o r  the two-dimensional i n l e t  and 0.083 f o r  t he  axisymmetric i n l e t .  
The lower b l eed  mass flow r a t i o  f o r  t h e  two-dimensional inlet i s  due t o  fhe  
lower wetted a r e a  of t he  supersonic d i f f u s e r  ( a s  a consequence of lower 
i n t e r n a l  cont rac t ion)  compared t o  t h a t  of the axisymmetric i n l e t .  The i n l e t  
b leed  drags were computed f o r  sonic  a x i a l  overboard discharge with est imated 
b l eed  recover ies .  

Acoust ic  Analysis  

An a c o u s t i c  ana lys i s  was conducted t o  es t imate  the j e t  noise l e v e l s  of 
t h e  GE2l/JllB4 engine i n s t a l l e d  i n  the  Lockheed CL 1609-8 over/under n a c e l l e  
arrangement. The engine j e t  no i se  was est imated f o r  two d i f f e r e n t  l i f t - o f f  
thrust s i z e s ,  as shown i n  Table 29. The first column of the  table gives  
n o i s e  l e v e l s  for a t h r u s t  s i z e  of 197,500 N (44,400 l b )  a t  Mach = 0.3 ,  and 
a f lyover  a l t i t u d e  of 549 m (1800 f t ) .  The second column gives r l . i gh t  con- 
d i t i o n s  and n o i s e  l e v e l s  f o r  t h e  CL 1609-8 a i r c r a f t  wi th  t he  engines s i z e d  
f o r  lift-off T / w  = 0.275. The approach no i se  was assumed t o  be 106.6 EPNdB. 

Noise reduct ions  f o r  t h e  annular  e f f e c t  and the  over/under engine e f f e c t  
shown i n  the  t a b l e  a r e  based on small  model t e s t  da t a .  Power cutback no i se  
reduct ions  are based on prel iminary analyses .  Consequently, a d d i t i o n a l  
s t u d i e s  are requi red  t o  v e r i f y  t h e  reduct ions  assumed. 
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Table  29.  Engine Jet Noise Analysis. 

Thrust, kN (lb) 

Aircraft Mach Number 

Flyover Altitude, rn (ft) 

Flyover Noise ,  EPNdB 

Annular Effect, EPNdB 
over /Under Engine E f f e c t  , EPNdB 
Power Cutback, EPNdB 

Net Flyover Noise, EPNdB 

Sideline Maximum N o i s e  P o s i t i o n  

A l t i t u d e ,  m ( E t )  
Sideline Distance, rn (ft) 

S i d e l i n e  Noise ,  EPNdB 

Annular Effect, EPNdB 

Net Sideline Noise, EPNdB 

N e t  Approach Noise, EPNdB 

Comparison 
Standard 

197.5  (44,400) 

0 . 3  

549 (1800) 

121,Y 

-8.3 
-3.4 
- 6 . 4  

11(14.1( 

381 (1250) 
649 (2128) 

116.2 

- 8 . 3  

V I  

Aircraft 
(GE21/ 511~4 3 

181 (40,700) 

0 . 3  

549 (1800) 

1 2 1 . 3  

- 8 . 3  
-3.0 
-6 .4  

381 (1250) 
649 (2128) 

115.9 

-8.3 

[=I 



Twin-jet noise tcsts show that noise radiated by simple, round norzle 
jets to be directionally oriented. Noise in a plane passing through the j e r  
axes is leas than noise in a plane 1.57 rad (90") to :he jet axes plane. 
This phenomenon provides a method f o r  reducing aircraft co~mnunity noise. 
Figure 107 gives a comparison of noise for aircraft with four engines under 
the wing and for avor/under engine arrangements. Although n poterrtial re- 
duction of up Lo 5 dB has been shown to exist by model tests, reductions of 
only 3 dB have been assun. d in the CL 1609-8 noise analyses. Acoustic tcs ts  
need to be performed with coaxial nozzles using inverse velocity profiles to 
verify that noise-shielding is a valid concept for reduction of co~tlmunity 
noise levels. 

Techqology Assessments 

The GE21/JllB4 engine definition was based on materials and component 
performance levels projected for a 1985 development start. During this  
contract, the effect of not meetisg assumed rechnology levels was investi- 
gated b:~ General Electric and Lockheed. GE estimated the effects of tech- 
nology level on various cycle parameters, engine performance, and weight, 
The changes in technology levels shown in Table 30 represent GE's estimates 
of the maximum uncertainty of the assumed technology for that time period. 
Lockheed took the GE engine performance arLd mass changes and utilized air- 
craft mission sensitivities to evaluate the effect upon aircraft range. The 
results of the study -re summarized in Table 30. 

As shown, the largest effect upon aircraft range rcsultc from the 0.01 
reduction in exhaust nozzle thrust coefficient, 224 kn (121 nmi), The air- 
craft performance was also found to be sensitive to the amount of turbine 
cooling flow required, as indicated by the 111 km (60 nmi) range loss for a 
2% increase in cooling airflow (defined as a percentage of core airflow). 
Technology assumptions for component efficiency arc indicated to have a 
relatively minor effect upon aircraft performance. 

Conclusions and Recornendations (Lockheed-California C o . )  

Dased upon the results of the engine/airframe integration study of the 
General Electric GE2l/JllB4 engine, the following conclusions were reached 
and recommendations offered: 

1. No majar installation problems have been identified to date with 
the over/under installation of the GE21/JllB4 double-bypass vari- 
able cycle engine in the Lockheed CL 1609 aircraft. Continued 
study is desired to verify the overall merits of this concept 
relative to tho more conventional under-wing installation. 
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Table 30. Effect of Engine Technology on Performance and Range. 

Mission 
Range AR 
-km (nmi) 

-28 (15) 

-11 ( 6 )  

-30 (16) 

-33 (18) 

-15 (8) 

-111 ( 6 0 )  

-224 (121) 

-14 (7.5) 

-19 (10.5) 

-115 (62) 
-72 (39) 
-33 (180 

-220 (119) 

(Item ro  Total) 

Affected It em 

1. Front Block Fan Eff ic iency 

2. 2nd Block Fan Eff ic iency 

3. HP Compressor Efficiency 

4. HP Turbine Efficiency 

5. LP Turbine Efficiency 

6. Turbine Cooling Flow 

7. Exhaust Nozzle Thrust Coefficient  

8. Composite Front Fan vs. T-itanium 

9. Composite Structures 

LO. VCE Ccncept: (Core t o  LPT Driven 
3rd Stage) 

(a) Engine lJeight 
(b) Cooling Flow 
( c )  LP Turbine Efficiency 

Technology 
Delta 

-0.01 n~~ 

-0.01 Q F ~  

-0.01 SHpC 

-0.01 qHpT 

-0.01 nLkT 

+2% W2 

-0.01 CFG 

-0.005 t l ~  

1% Engine 
Mass 

+5. 9% 
-U. 4% W2 
-0.02 'lLpT 

Engine Performance 
Effect Asfc a t  
Canstant F N ,  

Supersonic 
Cruise 

4-0.40 

4-0.20 

-to. 44 

M.50 

+0.20 

4-1.70 

4-3.28 

M.20 

--- 

-- - 
i-1.22 
N.44 

Z 

Subsonic 
Cru ise  

4-0.38 

+0.05 

+0. 25 

+0.32 

44.29 

4-0.70 

-1.9 

4-0.1.9 

--- 

--- 
-HI. 50 
W.58 



2. The two-dimensional i n l e t  appears t o  have s c v e r a l  key advantages 
inc luding  increased  a i r f low supply c a p a b i l i t y  during climb and the  
s e l f - s t a r t i n g  f ea tu re .  Nevertheless ,  i t  may be poss ib le  t o  develop 
an axisymmetric i n l e t  design which provides b e t t e r  o v e r a l l  a i r c r a f t  
performance than the 2-D i n l e t .  Thus, both types of i n l e t  should 
remain under considerat ion.  

3.  I n  order  t o  r e a l i z e  t h e  b e n e f i t s  of the a i r f low f l e x i b i l i t y  of 
v a r i a b l e  cycle  engines,  a t t e n t i o n  must  be  given t o  matching of 
i n l e t  and engine a i r f l ow schedules  f o r  optimized i n s t a l l e d  per for -  
mance along the f l i g h t  path.  

4 .  Continued design eva lua t ion  of t he  over/under engine arrangement i s  
requi red ,  with emphasis upon s e l e c t i n g  an accessory arrangement 
which represents  the be3t poss ib l e  t rade  between engine replace-  
ment, ma in t a inab i l i t y  and performance requirements.  

5 .  I n t e g r a t i o n  of accessor ies  on the  engine has a minor i n f luence  upon 
a i r c r a f t  mission performance, p a r t i c u l a r l y  wi th  the  2-D inlet. 

6. Addi t iona l  e f f o r t  i s  des i r ab l e  t o  determine t h e  effect of advanced 
acces so r i e s  on the engine i n s t a l l a t i o a  ( t \ e  cu r r en t  study was 
conducted with 1970 GE4 engine technology accessory d e f i n i t i o n s ) .  

7. Fur ther  cooperat ive s tudy i s  recommended t o  e s t a b l i s h  3 mutually 
s a t i s f a c t o r y  mount system t o  provide b e t t e r  access  t o  engine 
acces so r i e s ,  

8. Addit ional  no ise  t e s t s  and analyses  a r e  requi red  t o  establish t h e  
l e v e l  of j e t  no ise  sh i e ld ing  which i s  obtained by v i r t u e  of t he  
uver/under arrangement, 

9, More de t a i l ed  analyses  should be conducted t o  determine the  impacL 
of fan noise t ransmi t ted  through the  i n l e t  a u x i l i a r y  doors and, i f  
necessary,  devise noise reduct ion  techniques which w i l l  be effec- 
t i v e  i n  reducing f a n  no i se  t o  acceptab le  l e v e l s .  

10. Based upon t h ~ ,  r e s u l t s  of technology s e n s i t i v i t y  s tud ie s  conducted 
f o r  the GE21/,711 variable-cycle  engine, it appears t h a t  the primary 
research  e f f o r t  should be concentrated i n  the a reas  of exhaust 
nozz le  development, t u rb ine  c o o l i ~ g  technology, and toward demon- 
s t r a t i o n  of the  present  VCE concept. 

4.5.2.2 Nacelle I n t e g r a t i o n  Study (McDonnell Douglas) 

I n  tzoduct ion 

The approach u t i l i z e d  was t o  s e l e c t  an a t t r a c t i v e  GE engine, r e f i n e  the 
nace l l e  conf igura t ion ,  r e f i n e  t h e  s e l e c t e d  engine, and a s s e s s  propuls ion  
technology. 



The sub task.^ included i n  the study a r e  a s  fo l lows :  

Engine s e l e c t i o n  

Enginc s i z i n g  

S t r u c t u r a l  nacelle trade s t u d y  

a Engine mount Locat ion 

Engine component s e n s i t i v i t y  

a Engine refinement 

a A i r p l a n e  performance e v a l u a t i o n  

The p r e l i m i n a r y  i n t e g r a t i o n  analysis was c a r r i e d  out using t h e  GE21/J1102 
and I36 engines.  The r e s u l t s  were refined t o  f i t  the  c h a r a c t e r i s t i c s  of t h e  
G E 2 1 / ~ 1 1 B l O  engine.  R e s u l t s  p resen ted  below summarize the second ( f i n a l )  
phase  of the study i n  which the G ~ 2 1 / ~ 1 1 ~ 1 0  engine is used.  

Aircraf t  and Miss ion  - 
The aiicraft l a y o u t  used In McDonncll Douglas studies is i l l u s t r a t e d  i n  

Figure 108. It i s  a c o n v e n t i o n a l  a i r c r a f t :  design w i t h  f o u r  zngines l o c a t e d  
i n  four  separate under-wing pods. The t a k e o f f  g ross  weight  is 340,200 kg 
(750,000 I b ) .  I t  is  des igned  f o r  cruise a t  2.2 Mach number on a standard 
day. The mission i s  described i n  F i g u r e  109. 

Engine 

The GE21/J11~10 double-bypass variable cycle e n g i n e  is a twin-spool con- 
f i g u r a t i o n  c o n s i s t i n g  of a multistage fan, high-pressure  compressor,  primary 
b u r n c r ,  high-pressure t u r b i n e ,  low-pressure turbine, augmcator, an a n n u l a r  
convergent-divergpat  plug n o z z l e  w i t h  t r a n s l a t i n g  shroud ( f o r  inherenr  sound 
s u p p r e s s i o n ) ,  and a t h r u s t  reverser. The nozz le  has a ffxed primary nozzle, 
variable fan exhaust nozzle, and a t r a n s l a t i n g  c y l i n d r i c a l  shroud t o  provide 
t h e  i n t e r n a l  area r a t i o  f o r  expansion of t h e  exhaus t  gases. Cooling of t he  
nozzle is by fan d i s c h a r g e  a i r .  No secondary airflow is r e q u i r e d  for c o o l i n g  
purposes and no p r o v i s i o n s  are i n c o r p o r a t e d  t o  hand le  secondary airflow from 
t h e  i n t a k e  d u c t .  

The ~ ~ 2 1 / 3 1 1 ~ 1 0  r e p r e s e n t s  a ref inemenet  of t h e  J l l B 2  and J l l B 6  engine 
cyc les .  The cruise a i r f l o w  i s  i n c r e a s e d ,  t a k e o f f  thrust is increased, boat-  
t a i l  drag is decreased w i t h o u t  an eng ine  weight p e n a l t y .  The b a s i c  eng ine  
cycle is nonaugmented, but an option is provided f o r  a low-temperature aug- 
mentor. An o p t i o n  is also prov ided  f o r  a 5 PNdB mechanical  s u p p r e s s o r .  
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Figure ! !i9. Mission Profile. 



The un ins t a l l ed  performnnce da ta  a r e  obtained by u t i l i z i n g  the GE 
suppl ied d a t a  package based om and cor rec ted  as requi red  t o  include the 
e f f e c t s  of:  

U.S. 1962 model atmosphere 

I n l e t  recovery 

GE-supplied i n t e r n a l  nozzle v e l o c i t y  c o e f f i c i e n t  

Customer compressor air bleed  - 0.454 kglsec ( 1  lb / s ec )  

Customer power e x t r a c t i o n  - 149 kW (200 hp)  

J e t t t A l 1 f u e l ,  l o w e r h e a t l n g v a l u e - 4 . 3 4 ~ 1 0 ~ J / k g  (18 ,40OBtu/ lb)  

No lo s ses  f o r  acoustic t reatment  

Engine S ize  S e l e c t i o n  and Azoustics 

The GE21/JllD10 da t a  pack suppl ied by GE i s  run u t i l i z i n g  the McAir 
requirements ,  f.e., pressure  recovery, a i r f l o w  schedule,  Mach 2 . 2  c r u i s e  and 
standard day. Sizing c r i t e r i a  f o r  t h i s  engine a r e  takeoff t h r u s t  1231,300 K 
(52,000 l b )  a t  Mach 0.3,  s e a  l e v e l ,  srandard 4-10' C (I-18" P) day per  engine, 
un ins tn l l ed ,  no ex te rna l  drag]  and PAR Part 36 noise  requirements [381m (1250 
f e )  a l t i t u d e ,  Mach 0.3, 692 rn (2270 ft) s i d e l i n e ,  and 381 m, (1250 ft) Mach 
0.3,  takeoff /cutback,  s tandard  10' C (f 18' F) day].  Th i s  level of takeoff 
t h r u s t  should r e s u l t  i n  a takeoff  f i e l d  length  of 3353-3505 m (11,000-11,500 

- 

Et) a t  s e a  level ISA f l o 0  C (4-18" F) day. Cutback thrust  is 147,900 N 
(33,250 l b ) .  

Figure 110 i l l u s t r a t e s  t h e  engfne s i z i n g  logic based on GE data .  Data 
a r e  shown for four  engine suppressed no i se  (GE c a l c u l a t i o n s  with ~ n ~ j i l a r - t y p e  
nozzle) f o r  s i d e l i n e  a t  3 8 1 m  (1250 f t '  a l t i t u d e  and takeoff lcu tback  at  381m 
(1250 f t )  a l t i t u d e  over the  monitor. .Is0 shown on Figure 110 is the engine 
s i z e  requi red  f o r  both sideline and takeoff lcu tback .  The r e s u l t i n g  engine 
s i z e  t o  meet both t h r u s t  and FAR 36 no i se  requirements i s  433 kg/sec ( 9 5 5  
lb / sec)  engine  i n l e t  cor rec ted  a i r f l ow  ( see  Figure 110) .  The s i d e l i n e  sup- 
pressed n o i s e  is  108 EPNdB and the  takeoff /cutback noise is  108 EPNdB ac an 
a i r c r a f t  a l t i t u d e  of 381m (1250 ft) over the 6 . 5  k m  (3.5 nmi) noise  monitor.  

F igure  111 i l l u s t r a t e s  the engine s i z i n g  l o g i c ,  based on GE d a t a ,  f o r  an 
engine u t i l i z i n g  a mechanical. suppressor toge ther  wi th  the annular  nozzle. 
I f  t h e  nominal suppressed no i se  i s  used, an engine s i z e  of 387 kgjsec (853 
lb /sec)  engine I n l e t  cor rec ted  a i r f low r e s u l t s  and meets both t h r u s t  and FAR 
36 noise  requireme .s .  The s i d e l i n e  suppressed noise is 103.8 EPNdB and the 
takeofflcutback noise is 109.7 EPNdB a t  an aircraft  a l t i t u d e  of 381m (1250 
ft) over t h e  6.5 km (3.5 nmi) no i se  monitor. The delta weight of the sup- 
p re s so r  is 215 kg ( 4 7 4  l b ) .  
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Engine operation is con t ro l l ed  through the schedu l ing  of fan speed, duct 
Mach number, and fan exhaust nozzle t h roa t  area. A t  t akeo f f ,  a selected 
reduced t h r u s t  level is achieved wi th  mmximum engine speed and corrected air-  
flow. 

The I n s t a l l e d  engine/nacelle arrangement is shown in Figure 112.  

Nacelle Location and Design 

I n s t a l l a t i o n  of the ~1521/311B10 engine i n  fou r  nxisyrnme t r i c  nacal les f o r  
t h e  base l ine  airframe is shown i n  Figure 113. The forward and aft l o c a t i o n s  
have been determined nna ly r i ca l ly  f rom inpu t s  by aerodynamics, s t r u c t u r a l  
mechanics, acous t i c s ,  and propulsion technologies .  

The l oca t ion  of engines on the  wing does not  allow usage of the f u l l -  
c i r cumfe ren t i a l  opening f o r  t h r u s t  revers ing  proposed by the engine manufac- 
t u r e r .  Thrust  revers ing  is only nchjevable i n  l o c a l  areas i1.57 rad (90') 
above and 2.62 rad  (150') beneath the  engine nozzle] t o  c l e a r  deployed wing 
f l a p s  i n   he landing conf igura t ion ,  Th locations as ~ h o m  on the three-view 
drawing (Figure 108) prov ide  the bes t  s o l u t i o n  t o  the requirements of the 
previous ly  establishad c r i t e r i a .  

Engine/Nacelle Attachment t o  the Wing 

A previous study of structural versus nons t ruc tu ra l  n a c e l l e  concepts 
i nd ica ted  s u b s t a n t i a l  weight savings t o  be r e a l i z e d  by the chcice of a s t ruc -  
t u r a l  nace l l e  design (see Figure  114) .  This i n t e g r a t i o n  s t u d y  reflects such 
a philosophy. The upper segment of the nacelle i s  composed of semihoop 
frames skinned with titanium/honcycomb sandwich panels .  This s t r u c t u r e  is 
i n t e g r a l  with a pylon/box beam can t i l eve red  a f t  of the rear spar  of t h e  wing 
main t o r q u e  box. The lower  c los ing  longeron of the s t r u c t u r a l  nacelle segment 
c a r r i e s  hinged nons t ruc tu ra l  access panels forming the  lower segment of the 
engine n a c e l l e .  

The engine i s  mounted to the pylon/nacelle s t r u c t u r e  by means of l i nks .  
The forward mounting l i n k s  ca r ry  t h r u s t ,  s i d e ,  and v e r t i c a l  loads. The af r -  
mounting l inks  car ry  v e r t i c a l ,  s i d e ,  and torque loads and translate far  
engine axial  growth under opera t ing  temperatures.  

The axisymmetrical intakes are mounted t o  a full-hoop frame on the f r o n t  
of the nacelle s t ruc tu re .  F l e x i b l e  seals a r e  provided to  a l l o w  for relative 
movement between intake and engine faces, The boundary layer d i v e r t e r  i s  
i n t e g r a t e d  into the engine nacelle/wing fairing. 

Two alternate n a c e l l e  conf igura t ions  were s t u d i e d  i n  which the forward 
mount was moved from the  ho r i zon ta l  c e n t e r l i n e  t o  0.26 rad  (15") and t o  0 . 5 2  
rad (30') above the ho r i zon ta l  cen te r l i ne .  The engine manufacturer de te r -  
mined t h a t  t h e r e  would be no weight pena l ty  t o  r e l o c a t e  the main mount. 
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jure 113. Engine I n s t a l l a t i o n .  
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T h i s  study i nd i ca t ed  t h a t  tho nacolle weight. can be decreased by r a i s i n g  the 
mount t o  a location 0.52  rad (30") above khe hor izonta l  enpine c e n t e r l i n e .  
F igure  115 descr ibes  the f i n a l  mount arrangement. 

The inlot total pressure recovery variation is shown in Figure 116. 
Also shown i n  the  figure is t h e  v a r i a t i o n  of inlet c r i t i c a l  mass flow ratio 
and the inlet cone schedule. Tha mass flow ratio f o r  the i n l e t  boundary 
l a y e r  bleed airflow i s  shown i n  Pfgura 117. 

The eng ine  inlet a i r f l o w  schedule for the GE21/J l l ,B lO angina is  a l s o  
shown i n  F igure  117. The installed i n l e t  performance Ear  t h e  angtne is shown 
i n  Figure 118, As shown by the upper graph i n  the f i g u r e ,  t he  i n l e t  airflow 
supp ly  p rov ides  an adequate match with the engine a i r f low damand. The threo- 
cone, axisymmetzic, e x t e r n a l  compression i n l e t  i s  s ized at the design 
p o i n t  of  Mach 2.2. The sizad capture  area is 2.88m2 (31.05 f r 2 ) .  Tha 
engine coo l ing  a i r f l ow (envfronmental cooling and engine compartment venti- 
l a t i o n )  is es t imated  a t  2% of i n l e t  cap ture  a i r  a t  Mach 2.2 cruise (same as 
f o r  the other  McAir - evaluated GE advanced technology engines). 

I n s  t a l l a d  Perf omance 

The a n a l y s i s  of the ?rapulsion system performance included the detar -  
mination of the inlet perfu:mtince and drag sharactsrisrics and an e s t i m a t i o n  
of the nacelle drag cl~aracteristics which, when combined with the installed 
engine  performance, produce zhe installed propuls ion  system performance. The 
i n l e t  performance and the nacelle analysis i n c l u d e  an eva lua t ion  o f  t he  
following items : 

e I n l e t  s p i l l a g e  drag 

I n l e t  bypass drag 

Engine compartment ven t i l a t ion  and envS.ronmental c o n t r o l  system 
(ECS) cooling a i r f l o w  drag 

Nacelle skin friction drag 

Nacelle afterbody drag 

m Nacelle wave drag 

Nacelle Structures 

Engine i n s t a l l e d  weight caLculations were made inc luding  assessment of 
the following items : 

I n l c t  length 

r Engine l eng th  and diameter 
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a Flutter and a a r o a l n s t i c i t y  

0 Ground c l o a r n n c ~  (and Innding gsar langch) 

o Airframe structure and loads 

m Engine and pod c m t o r  of gmvi ty  

0 Engine a i r f low size 

Cartaln other n a c e l l a  trade s t u d i e s  wera c a r r i e d  o u t  during t;ha pra- 
l i d n a r y  phase of  the s t u d i a s ,  inc luding  a l t e r n a t e  materials for n~cal3.a 
cons t ruc t ion  and improved accessor ies .  

Results  of these a d d i t i o n a l  t r ade  s t u d i e s  ware incorporated into tha 
f i n a l  phnsa of s tud ie s  i n  wl~ich the  G E Z l / J l l B 1 0  engina was evaluated.  

Acoustic Analys$s 

'fie a c o u s t i c  a n a l y s i s ,  conducted for  the a i r c r a f t  configuration poworad 
by tho GEPl/JllB10 enginc, cons i s t s  of t h e  calculntlon of ast imated jot  noise  
i n  conjunct ion with engine sizing studias. Engine cycle data have baen 
employed to estimate t he  j e t  noise nt a i r c r a f t  Mach numbers and n l t l t u d ~ s  
representative of the three FAR P a r t  36 measuring conditions. After t h e  
engine s i z e  had been datemined, the f l i g h t p a t h  for t h e  improved double- 
bypass ,  dual-cycle engine powered a i r c r a f t  conf igura t ian  was calculated and 
engine cyc le  data a t  the above condi t ions  were defined.  The n o i s e  levels f o r  
the t h r e e  conditions are then estimated using the McAir gas turb ine  angina 
noise  (GTEN) computer program. The s t a n d a r d  climb p r o f i l e  incorpora tes  a 
thrust  cutback over t h e  takeoff (community) measuring station. 

The engine s i z e  for noise  and t akeoff  thrust is 3 8 3 . 3  kg/sec (845 
lb/sec) engine inlet correc ted  airflow. The requi red  j e t  no ise  suppression 
i s  prov ided  by the  annular  nozzles with suppressed n o i s e  levels as e s t i m a t e d  
by GE. 

The jet noise  levels f o r  the 31U310 engine without: mecl~anical suppres- 
s ion  i n  the base l ine  airplane are based on s p e c i f i c  engina condi t ions  for the 
calculated takeoff and approach trajectories as est imated with the McAlr 
GTEN program described below: 

FAR Parc 36 Total Noise 
Measuring S t a t i o n  Distance, m ( f t )  IIPNL , F2NdB 

S i d e l i n e  692 (2270) 108.1 

Approach 113 (370) 104.6 



This selected engine shed f o r  noise C383.3 k g / s ~ c  (845 lb/aec) 1 is tho 
&&urn s i z e  which will meet FAR Pmt: 36 noise req~l-~cf.ments and takeoff 
thrust raquirements . 

The data presented in Figure 119 account: far Lha chaagcs in angina siea 
and nacalle welghr, and inlet and nacelle drags, but neglect  the  &angas fa  
aircraft  wave drag. For a 10% change in engine s i z e ,  the wave drag af fec t  is 
quika small. 

Figure 119 shows that, with t he  engLnc sized as described above t o  take 
advantage of noise  trading, the range increases to 9001 km (4,869 nmi) and is 
very near the optimum engine size f o r  c r u i s e ,  

Noise levels for the engine which uses the 5dB suppressor were calcu- 
l a t e d .  The r e s u l t s  are for an engine of 387 kg / s ec  (853 Lb/sec) size: 

Sideline 103.8 

~akooff /Cutback 509 7 

Approach 105 (approx.)  

A i r c r a f t  Performance 

The trimmed lift and drag characteristics for the GE21/JllBlO powered 
aircraft are obtained by a d j u s t i n g  the wave drag of t h e  p r e v i o u s  baseline 
aircraft  for t he  d i f fe rence  due t o  the revised n a c e l l e s .  The difference i n  
nacelle s k i n  f r i c t i o n  drag is accounted for in the i n s t a l l e d  propulsion sys tem 
performance. The supersonic wave drag f o r  the  JllBlO conffgura t ion  is a s t i -  
mated t o  be 4.1 drag counts (A% = 0.00041) less than t h e  baseline coaflgura- 
tion. The c h a r a c t e r i s t i c s  used t o  determ5ne the mission performance for the 
Jl lBlO powered aircraft  are obtained by s u b t r a c t i n g  th i s  increment from tha 
wave drag of the base l ine  aircraft. 

Estimated performance charaetcristics f o r  the ~ B 2 1 / J l l B l O  powered air- 
craft: are presented i n  Figures 119 and 120 as a function of engine size. The 
mission p r o f i l e  and f u e l  reserve ground r u l e s  are t h e  same as usad f o r  the 
baseline t u r b o j e t  a i r c r a f t  (Biguxe 109). The takeoff gross weight is held 
constant at 340,194 kg (750,000 lb) and the payload is fixed at  25,385 kg 
(55,965 lb) . 

F i g u r e  115 presents  t h e  takeoff c h a r a c t e r i s t i c s  and the height above the 
runway a t  6 .5  km (3.5 mi) from the s t a r t  of takeoff w i t h  the t h r o t t l e  cut 
back t o  meet the 4% all-engine cUmb gradient requirement of FAR Part: 36. The 
variation of the  aircraft  c h a r a c t e r i s t i c s  w i t h  the engine  size a r e  i nd ica t ed  
on the  f i g u r e .  The performance of the baseline a i r c r a f t  i s  a l s o  shown f o r  
reference. Figure 119 p r e s e n t s  t h e  v a r i a t i o n  of operating empty weight with 
engine size used f o r  the mission perfozmance calcula t ions ,  the a l t i t u d e  f o r  
maximum range factor at the s tart  of t h e  Mach 2 . 2  c r u i s e ,  and the mission 
range , 



G D U J ~  Study B10 DB/Vm 
Engine R e f  eronce A i r f l o w ,  lb/*ec Engine Refarenam Airflow, lhtseiz 

1 I I I 

r I 
* M.5 Available with Rufined Wing 

I 1 I 

Engine Rafwrenae A i r f l o w ,  kgEsac 

* 4370 Icn lgOO Irrl) Auailable \ 

w i t h  Retf iaed %Tag 
moo 

Figure  119. Effezt of Engine Size  an Piisiissian Perfonuaaee. 



GEZl J J L ~ B I O  EngLnsP 

Take-Off Gross Weight = 340,194 kg (750,0613 lh) 

Soa tovol Sfnndartl Day +LOe C (+111' P) 

3 60 400 4 60 500 

E n g i n e  Reference A i r f l o w ,  kg/sec 

Figure 120. Effect of Englne S i z e  on Takeoff Performance. 



As mantianad i n  previous d iscuss ion ,  an aogine /o i rp lene  intagratian and 
a mission analys i s  has baan accompliah~d an throe varslons sf the GE doublo- 
bypass VCE i n s t a l l a d  in the Mdir Mach 2.2 bosclina a i rp l ane .  Tha results o f  
the mission ana lys i s  are shown I n  Figura 121. Tha optimum enaino size basod 
on t a k e o f f  thrust and noise raquiramante is shown. Also shown f o r  camparison 
is the baseline Mchir t u r b o j e t  angina. 

Tochnolopy Assessment 

GE has made an assessment of the c r i t i c a l  technology i t ~ m s  Including corn- 
ponant  ailficiancy, cooling air and weight. The Mchir b a s a l i n a  aircraft pow- 
ered  by the ~ ~ 2 1 / ~ 1 1  study B l Q  s i z e d  f o r  noise and takeoff t h r u s t  a t  383 .3  
kg/sac ( 8 4 5  lb/sec) has t h e  EoLlowSng s a n s i  tlvity factors : 

Weight - 41 km/452 kg (22 nnd./2000 Ib) 

Cruise sfc - 8 1  km (44  nm4) /% change i n  sfc 

Cruise Fn - 0 

Cruise Drag - 56 km (30 nmi) /drag count 

Subsonic  s f c  - 9 km (5 nmi) /% change tri s fc  

Figure  110 shows rhe e f f e c t  of changes i n  noise goals on angina sizo t o  
moot FAR Part 36. 

Figure 122 shows the impact of raduced annular a u p p r a s s i o a  on engine s iza  
and the subsequent range reduct ion  due t o  i nc reas ing  engine siza. The main 
a rea  i s  i d e n t i f i e d  as t rnda  &,,a (approach). It is bounded by tnkaoff thrust 
requi red ,  110 EPNdB cutback, 110 EPNdB s i d e l i n e ,  maximum annular  affect and 
s ide l ine l cu tback  t raded  no,se equal  t o  zero. If approach ~ Q ~ S Q  is 105.9 IENdl3  
(2.1 PNdB  elo ow FAR Part 36) then the requi red  engine size is 3 8 3 . 3  kg/sac 
(845 lb / sec )  f o r  maximum annular  effect,  If approach noise is LO8 EPNdB t h ~ n  
t h e  r equ i r ed  ending s ize  is 433 kg/sec (955 1b/sec) f o r  a maximum annular 
e f f e c t .  The corresponding loss i n  range i s  439 km (237 nml). 

Figure  123 shows tho impact  of reduced annular  suppression on angina s i z a  
f o r  an engine utilizing both  the annular  effect and a 5 PNdB mochaxlical sup- 
pres so r .  

Conclus ions  and Recarnmendatf ons (McDonndl ~ o u g l a s )  

The fol low5ng conclusions were reached: 

1. Ao a t t r a c t i v e  inLe t /nace l l e  arrangomant can be design&d Ear the 
GE2l/ J l U 3 J . O  double  bypass variable cycle  engine. 
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Figure 122. Range Change, Annuln Nozzle, 
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2. Tho s t r u c t u r a l  nacelle (engine i n l e t  supportad d i r a c t l y  by t11a wing 
r a t h e r  than Eram tlia engine f r o n t  EZange) results in a w e i g h ~  savtag, 
per pod over trhe engine mount loca ted  an the engine horizontal  
c ~ n t e r l i n e ,  

3. Engine mount r e l o z a t i o n  to 0.524 r a d  (30' C) above t hc  angine 
horfzontnL centerline r e s u l t s  i n  a wsight saving versus the engine 
mount located on the engine ho r i zon ta l  c e n t e r l i n e .  

4.  Engine and airplane acces so r i e s  can be packaged e f f i c i e n t l y  to 
permit easy access  f o r  inspection and removal. 

5. Engine  component and airplane sensit tvity  s tudias  show that  t h e  
a i r p l a n e  range i s  most  sensitive to noise c o n s t r a i n t s  and noise 
technology,  exl~nus t nozzle thrust coef f f c i e n t ,  and engine weight. 

6. The study revealed that the ~ ~ 2 2 / J l l ~ 1 0  double-bypass variable cycle 
engine is  a v i a b l e  candidate  engine. This  engine r e s u l t s  i n  a  10% 
longer range  than t he  G E ~ Z / J U B G  and a 13% longer  range than tha 
G E 2 l / J 1 1 ~ 2 .  

Based on the results of this study, the follor?ring racommendations are 
made : 

1. Fur ther  refinements of the ~E2l/Jll310 englne cycle shou ld  bs 
investigated i n  o r d e r  t o  further improve range capabf l i ty  utilfzing 
the McAis Mach 2 . 2  b a s e l i n e  supersonic cruise transport. 

2. Further critical angine technalogy pro j ec t lons  fa greater dep th  
should be  accomplished t o  batter define engine performance love1 as  
a  func t ion  o f  engfne development s t a r t  date. 

3. Areas.recommended for f u t u r e  e f f o r t  based on technology assessments 
are : 

Noise suppfession 

Exhaust nozzle thrust c o e f f i c i e n t  

Engine weight 

Turbine cooling air 

Nacelle design and i n t e g r a t i o n  



4 . 5 . 2 . 3  N a c e l l e  Integratkon Study (Boeing) 

I n t r o d u c t i o n  

This s e c t i o n  summar izes  t h e  work performed by the  Boaing Gornrnarcisl Air- 
plane Go. f o r  s u p p o r t  of khe Ganernl Electric Co./NASA C o n t r a c t  NAS3-19544. 
T h i s  s t u d y  has i d e n t i f i e d  c r i t i ca l  areas and c h n r a c r ~ r i s t i a s  of a propulsion 
system i n s t a l l a t i o n  which is compat ible  wi th  t h 6  CEZl/J11 eng ine  and a highly 
e f f i c l c n t  s u p e r s o n i c  c r u i s e  a i r p l a n e  c o n f i g u r a t i o n .  The p r i m a r y  purpasa  of  
t h e  study was t o  e v a l u a t e  t h e  GE21/J11 Study B5 c y c l e  and improvements t o  the 
35 cycle  whLch would lead to improved AST a i r p l a n e  performance. Another 
purpose  was t o  des ign  and e v a l u a t e  a s t r u c t u r a l l y  i n t e g r a t e d  n a c e l l e  instal- 
l a t i o n  f o r  the b e s t  a v a i l a b l e  engine d e f i n i t i o n .  The cycle d e f i n i t i o n  end 
installation i n t e g r a t i o n  were accompliskcd through a close working rolation- 
ship and t imely exchange of data and study r e s u l t s  between The Boaing Co, and 
General  E l e c ~ r i c .  

GE had avolved an augmented double-bypass v a r i a b l e  cycle angina desfg- 
naked ~E21/Y11 Study B5. At the i n i t i a t i o n  of the  nacel.le i n t e g r a t i o n  study,  
t h e  B 5  appeared t o  be  the eng ine  b e s t  s u i t e d  t o  the a i r p l a n e ,  and i t  was 
s e l e c t e d  as  rho b a s i s  f o r  the pre l fminary  i n s t a l l a t i o n  analysis. P u r t h a r  
engine improvements were i d e n t i f l e d  and e v a l u a t e d  and were c o n s o l i d a t e d  i n  a 
new engine d e f i n i t i o n ,  the GE2l / J l1  Study B9. The e v a l u a t i o n  of this B9 
eng ine  i s  summarized i n  thts  section. 

A i r p l a n e  and Miss ion  C h a r a c t e r i s t i c s  

Miss ion  analysis were used t o  e v a l u a t e  t h e  performance merits of each 
engine model. A p a r a m e e r i c  approach was used and the fo l lowing  assumptions  
forrn the basis of this study: (I) t h e  r e f e r e n c e  wing area was 715 m2 (7700 
f t z ) ,  (2)  the maximum taxi weight  (MTW) w a s  340,200 kg (750,000 1b) , (3) a 
payload of 273 passengers  25,881 kg (57,057 lb)  was carried, (4) o p e r a t i n g  
t empera tu re  wls f o r  a standard + 8 ' C  (+L4.4' P) day, and (5) the OEN minus e n g i n e  
pod weight  was k e p t  c o n s t a n t  a t  123,342 kg (271,920 l b ) .  Engine pod weight 
was v a r i e d  w i t h  engine s i z e .  This a n a l y s i s  d i d  n o t  include n o i s e  aspects of 
eng ine /a i r f ran le  matching. 

Engine s i z e  was p a r a m e t r i c a l l y  varied t o  de t s rmine  t h e  airflow Eat 
optimum range while a c h i e v i n g  a m i n i m u m  t r a n s o n i c  climb thrust margin of 0.30 
and a time t o  climb t o  cruise a l t i t u d e  and Mach number no g r e a t e r  than  0.75 
hours .  

Engine Cycle  and S i z e  S e l e c t i o n  

The GE21/~11 v a r i a b l e  cycle e n g i n e  (VCE) is d e f i n e d  w i t h  p r o p u l s i o n  
technology projected t o  be avaflable i n  t h e  1985 per$od. The engine $.s 
designed for Mach 2 . 4  c r u i s e  a t  16,764 rn (55,000 Et) altitude w i t h  a steady- 
sta te  i n l e t  t empera tu re  limit of 193' C (840" R).  



The exhaust system for tlla CE2l/Jl1 engine c e n s i s t s  of an annular ,  
t r a n s l a t i n g  shroud, canverrgernt-d%lverg~nt plug conf igura t ion .  The nozzla has 
o f ixed  primary nozzle, v a r i a b l e  fun exliaust nozzle and a t r a n s l a t i n g  c y l i n -  
d r i c a l  shroud t o  provide t h e  i n t e r n a l  aran r a t i o  f o r  expansion o f  the  exhaust 
gases.  Cooling of the n ~ z z r l c  is by fan d ischarge  a i r .  No secondary a i r f low 
is required f o r  cooling purposes and no provis ions  a r e  incorpora ted  t o  handla 
secondary a i r f low from tbc  i n t a k e  duct.  The v a r i a b l e  geometry fan  exhausL 
nozzle  and f ixed  primary nuxzle ,  i n  combination w i t h  t h e  t r a n s l a t i n g  cyEin- 
drical shroud, provide e x c e l l e n t  supersonic c r u i s e  performance and good 
performance a t  subsonic f l i g h t  condi t ions.  

Thrust  reversing Is achieved by tho d i v e r t i n g  of t he  cxhaust gas flow 
through a s e r i e s  of cascades mounted i n  t h c  nozzla shroud, This w i l l  y i e l d  
approximately 44,480 N (10,000 lb)  gross t h r u s t  i n  t he  forward d i r e c t i o n  for 
a 317 kg/sec (700 ~ b / s e c )  engine  s i ze .  

The annular  p l u g  nozzle is  assumed t o  provide approximately 9 PNdB 
s t a t i c  j e t  sound suppression from annular jet: sound suppress ion  e f f e c t s .  No 
mechanical j e t  sou1.1d suppressor  i s  included.  

Thrust  augrnenkation is  provided by a s ing le - s t age  burner  dasignod t o  
y i e l d  moderate temperature l e v e l s  [maximum of 1038" C (1900' F)]  t o  adequately 
meet the mf ssFon propulsion requirements. 

Engine Cycle and S i z e  Se l ec t ion  (Cost) 

The i n i t i a l  s t u d i e s  were based on GE21/J lU15  engine c h a r a c t e r i s t i c s  
(shown i n  Table 31) f o r  nominal SLS s tandard  day condi t ions .  During the  
course of this study c e r t a i n  engine improvements were made and r e s u l t e d  i n  the 
Boeing des igna t ion  of B5A and B5B engines.  The first of those v a r i a t i o n s ,  the 
35A, has 5% higher supersonic  a i r f low,  increased  s p e c i f i c  t h r u s t ,  reduced 
s f c ' s  and b o a t t a i l  drags,  and a 295 kg (650 lb )  pod weight reduct ion.  The 
second, t h e  B5B, has a lower BPR (0.25 ve r sus  0.35) r e l a t i v e  t o  the B5A which 
r e s u l t s  i n  8% higher  supersonic  t h r u s t ,  2% h ighe r  subsonic s f c ' s ,  and 3% 
i nc rease  i n  pod weight. A s m a l l  i nc rease  i n  i n l e t  diameter and overall. 
l ength  causes a t o .  001 i n c r e a s e  i n  c r u i s e  drag c o e f f i c i e n t  (Ei = 2 . 3 2 )  and a 
0.0001 reduct ion  i n  t r anson ic  drag coefficient (M = 1.1) for these  engines. 

The progressive englne improv~ments were consol idated i n  a new GE engine 
d e f i n i t i o n ,  the GE21/Jll Study B9, An improved  a i r f low schedule f o r  t he  B9 
engine was i d e n t i f i e d  which w a s  well-matched t o  the Boeing axisymmetric inlet 
supply a i r f low.  The ~ ~ 2 1 / ~ 1 1 ~ 9  engine has the same BPR as the  B5B engine but  
a lower th i rd-s tage  PPR (1.36 versus 1.48) and a higher  c r u i s e  a i r f low.  These 
B9 c h a r a c t e r i s t i c s  result i n  an increased supersonic c r u i s e  t h r u s t  ( a 4 X )  and a 
lower subsonic c r u i s e  s f c  ( ~ 2 % ) .  Supersonic climb thrust:  v a r i e s  from -10% a t  
M = 1.1 t o  +13% a t  M = 2.0, while  supersonic  climb s f c  v a r i e s  from -1% a t  
M = 1.1 t o  +1% at  14 = 2.0. A comparative t abu la t ion  o f  t h e  GE21/311 Study B 5 ,  
B5A, B5B, and B9 engines a r e  shown i n  T a b l e  32 for a supersonic  c r u i s e  con- 
d i t i o n .  



Table 31, 6~21/511 Study B 5  Charnc tkr l s t ics .  

SLS Standard Day C o n d i t i o n s  

T o t a l  Corrected Engins  Airflow kg/sec (lb/sec) 

Cycle Pressure R a t i o  (flominal) 

Bypass R a t i o  

Net Installed Thrust, N (lb) 

Net Tnsralled sfc, kg/hr/~ (lb/hr/lbf) 

Estimated Dry Weight, kg ( l b )  

Maximum Envelope Diameter, c m  ( in.)  

nvera l l  Leng th ,  cm (in.) 



Table 32. G E Z l / J l l  Engine Comparisons. 

A l t i t u d e  = 16,319 m (53,540 ft) 
Mach = 2.32 
Standard Tempexature = I S A  + * 8 O  C (+14.b0 F) 
W2RsLS = 317-349 kg/sec (700-770 lb/sec) 

Engiae Type 

Thrust N (lb) 

sfc k g / h r / ~  ( l b / h r / l b f )  

BPR 

(P/P) Fan 2nd Blk 

Gf2R2.32bl kg/sec ( lb/sec) 

Xngine Weight kg (Ib) 

B5B 

86,290 (19,400) 

0.138 (1.355) 

0.25 

1.48 

224- (494) 

5693 (12,550) 

39 

90,070 (20,250) 

0.137 (1.340) 

0.25 

1.36 

231 (510) 

5693 (12,550) 

B5 

73,390 (16,500) 

0.142 (1.386) 

0.35 

1.48 

214 1472) 

5806 (12,800) 

B5A 

79,840 (17,950) 

0,138 (1.355) 

0.35 

1.48 

224 (494) 

5466 (12,050) 



Figure 124 shows how the improvaments in the 05 cycle, mcl the resultant 
B9 d e f i n i t i o n ,  a r e  r e f i e c t e d  i n  the a i r p l a n e  ranga cnpab5,lity. 731c eycla 
changes i n c l u d e d  i n c r e a s e s  i n  s u p e r s o n i c  c r u i s e  a i r f l o w ,  and consaquent ly  
impravemants i n  i n l a t / e n g f n e  nArflow matching c l~axnctar i s t i c s .  Tho airflow 
schadule of the B9 engine Is w e l l  matched t o  the currant  inlat definition over 
most of t h a  o p e r a t i n g  range.  

I n s t a l l e d  Engine Perf o m a n c e  and Weight 

F i g u r e s  125 through 127 compare t h e  i n s t a l l a d  thrust and SEC of thc I39 
w i t h  t h e  t h r e e  I35 v a r i a n t s .  The d a t a  show t h e  39 t o  have impravemants rala- 
t i v e  ro t h e  B5  (B)  , with the e x c e p t i o n  of lower supersorcic climb t h rus t  t o  
EIacIi 1.8. 

The B9 geometry i s  essentially the same as t h e  B5, with th.a e x c a p t i o n  of 
small changes i n  t h e  nozz le  e x t e r n a l  l i n e s .  The insca1Led performance data do 
no t  r e f l e c t  any change i n  n o z z l e  dxag r e l a t i v e  t o  t h e  R5(B) .  

The p r o p u l s i o n  pod weight: f o r  the GE2l/JllB5 and 39 e n g i n e s  a t  t h e  317 
kg/sec (700 lb/sec) b a s e l i n e  s i z e  is shown i n  Tab le  33. 

Lnle t /Engine Airflow Match 

Concurrent  with t h i s  c y c l e  s e l e c t i o n  s t u d y ,  an i n l e t  design study was i n  
p r o g r e s s ,  under  t h e  sponsorsh ip  of NASA-Langley. F i g u r e  128 shows tha mass 
f l o w  c h a r a c t e r i s t i c s  of t h i s  i n l e t  and how i t  matclies the demand flow of the 
B9 engine.  I n l e t  mass f low f ree - s t ream a r e a  t o  l o c a l  flow area r a t i o  is 
p l o t t e d  v e r s u s  local. Mach nuutber for a f ree -s t ream d e s i g n  liach number of 2 . 4 ,  
The i n l e t  c a p t i v e  mass f low i s  shown a s  a s o l i d  l i n a  and the flow avni1abI.o t o  
t h e  engine is  shown as a dashed l i n e .  The increment  between t h e s ~  curves 
r e p r e s e n t s  the bleed,  vor tex  valve control. f low,  and leakage. The airflow 
schedu le  of the B9 engine is well-matched t o  tha c u r r e n t  i n l e t  d e f i n i t i o n  over 
most of t h e  o p e r a t i n g  rang=. A s m a l l  down-trim of a i r f l o w  i n  t h e  t r a n s o n i c  
flight regime i s  r e q u i r e d  to p r o v i d e  a fully marched d e f i n i t i o n .  

M i s s i o n  Ana lys i s  Results 

Through the process  of i t e r a t i v e  c y c l e  change and  e v a l u a t i o n  of airplme 
range e f f e c t s ,  the B5 eng ine  evolved i n t o  the B9, w i t h  a r e s u l t a n t  range 
improvement of over 852 km (260 nmi) (see F i g u r e  124) .  The improvements i n  
engine s p e c i f i c  weight and the reduced eng ine  size requiremanes resulted i n  a 
t o t a l  r educ t ion  i n  p ropu ls ion  system weight  of approximately  6804 kg (15000 
lb ). T h i s  weight r e d u c t i o n  has s i g n i f i c a n t  i m p l i c a t i o n s  i n  terms o f  t h e  
a b i l i t y  t o  ba lance  t h e  a i r p l a n e ,  and minimize f l u t t e r  s t i f f n e s s  penalties. 
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Figure 124. Perf osmance of GE21/J11 V a r i ~ n t s .  
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Figure 125, Ins ta l led  Thrus t  Perfomlance Comparisons of  GE21/JI1 Engines. 



Figure 126. Installed SFC Performance Comparisons of GP21/J11 Enpines. 



Figore 127. I n s t a l l e d  Climb Thrust Performance Comparisons, 



Table 33.  G E Z ~ / J Z D ~  and B9 Pod Weights. 

Baseline Airflow = 317 kg/sec (700 Lb/sec) 

Engine and Nozzle 5806 (12,800) 

I n l e t  (2.4-1) 1256 (2770) 

C o w l  395 (870) 

Support Structure 390 (860) -- 
Total Pad 7847 (17,300) 

To tnl 4-2rplane 31,388 (69,200) 



Local 3lach Wurnbe . )t 

Figure 128. I n l e t  l!ztsb F l o w  Characteri.~tfcs. 



A s i g n i f i c a n t  f a c t o r  i n  t h e  range improvament and engine size r ~ d u c t i o n  
was the  fncransa i n  supersonic c r u i s e  t h r u s t .  In part ,  this was accomplishad 
by nn 8% 3ncranse i n  cruise airf low.  The flow increase, &n t u rn ,  resultad in 
improved i n l e  t lengine  matching, thereby, avoiding f u r  thar i n l e t  camp L,ax%try and 
weight penaltias. 

The  subsonic cruise ef f ic iency  of the D9-powered a;lrplane is pooror t;lan 
the  supersonic  cruise ef f ic iency .  It is d e s i r a b l e  t h a t  means of improving the 
relative subsonic efficiency, without sacr i f ic ing total design m5ss5cm range, 
should be pursued. 

The B9 has a maximum range of c a p a b i l i t y  of 7880 km (4225 nmi)  a t  283 
kg/cec (625 lb /sac)  , which i s  an i n c r e a s e  of 852 km (460 nmi) plus a reduct ion  
i n  engine size of 57 kg/sec (125 lb/sec) r e l a t i v e  t o  ehs B5-powcred a i r p l a n e .  
The r e d u c ~ d  B9 engine s i z e  is a r e s u l t  of the improved supersonic cruise 
t h r u s t ,  Climb t h r u s t  a t  M = 2 . 1 i s  lower than f o r  B5  and, t he re fo re ,  the 
trsinsonic t h r u s t  margin is  lower. However, the t h r u s t  margin s t i l l  exceeds 
the 0.3 objec t fva  at: t h e  size f o r  rn~lx-ili~um range. 

The B9 engine improves both the subsonic and supersonic range factors, 
r e l a t i v e  t o  the  B5 engine,  duo t o  the Lower subsonic s f c  and l a r g e r  supersonic  
c r u i s e  t h r u s t .  (See Figure 129) . 

Table 34 compares the de ta i l ed  mission breakdobns of B9 and BS-powered 
a i r p l a n e s  a t  294 kg/sec (650 lb /sec)  size. T h i s  engine s i z e  was chosen 
because i t  is the c l o s e s t  ava i l ab l e  data point .  

Nacelle Design 

The i n s t a l l a t i o n  design study i d e n t i f i e s  a s t r u c t u r a l  azrangeme?;c for 
suppor t ing  the engine-plus-nozzle assembly and the  i n l e t ,  from the  upper cowl 
segment, and the r e l a t e d  means of suppor t ing  t h e  e n t i r e  pod assembly from the 
e f r p l a n c  (win~; .  : . t ruc ture .  An arrangement f o r  the a i r c r a f t  and engine acces- 
s o r i e s  is also Loilned.  The nace l l e  d e t . i g n  discussed herein is  shown i n  
F igure  130, and a reduced copy of the  complete d e ~ i g n  layout  is  shown i n  
F igure  131. 

The layout  shown i n  Figure 131  i s  based on the  i n i t i a l l y  defined I35 
engine forward mount at-tach poin ts ,  which were s p e c i f i e d  a s  being a t  tho 1.57 
rad (90') and 4.71 rnd (270') radi-a1 loca t fons  ( i .  e., on the h o r i z o n t a l  
c o n t o r l i n e  when viet>;.d from the f r o n t ) .  

I n  the  course of r:ie study, radial  l oca t ion  requirements were va r i ed  
al lowing the  mou; ,o t o  be raised as much a s  0,523 rad (30') above tho hor i -  
z o n t a l ,  without an engine weight pena l ty ,  

It was c o n c l u d ~ d  t h a r  t he  0.523 rad (30') r e l o c a t i o n  would provide 
s a t i s f a c t o r y  engine and i n l e t  support,  improve engine access ,  and provide a  
s i g n i f i c a n t  weight saving. The r e l o c a t i o n  would r equ i re  t h a r  t h e  lower cowl 
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Figure 129. Range Factor Performance of ~ ~ 2 1 /  ~1.1 Variants. 



Table 3 4 .  Misston Brea,kdown I39 Vcrsus B5. 

Temp = S t d  +8' C (t14.4' F) 
No. Pass = 273 
Airflow = 295 kg/sec 

Max. TOGW kg ( l b )  
OEW kg ( l b )  
Engine Pod Wt. kg (Zb) 
OEW-Eng Pod Wt kg ( lb )  

Range ktn (nmi) 

Taxi and TO Fuel  kg ( l b )  

Climb (Subsonic t o  M = 0.85) 
Time, h r  
F u e l ,  kg ( l b )  
D i s t ,  km (nmi) 

Climb (Super/Transonic t o  Cruise A l t  ) 
Time,  h r  
Fuel, kg ( lb )  
D i s t ,  km (nmi) 

Cruise at M = 2.32 
Dist, km (nmi) 
RF, km (nmi) 
LID 
sfc, k g / h r / ~  ( l b / h r / l b f )  
SFZ, km/kg (nmi/lb) 

Descent: 4- Approach 
T i m e ,  h r  
Fuel ,  kg (lb) 
D i s t ,  km (nmi) 

Reserves Total, kg ( Ib)  
F u e l  for 6%, kg (Ib) 
Fuel  f o r  260 nmi, kg ( l b )  
Fuel  f o r  0.5 h r  Hold, kg (1.b) 

Subsonic Cruise (Alt  = 37,800 f t )  
M = 0.9 
RF, km (nmi) 
L/D 
sfc ,  kg/hr/N ( l b / h r / l b f )  

R F ~  = o . ~ / ~ ~ M  = 2.32 

(650 lb/sec) 

GE21/ JllB9 

340,200 (750,000) 
151,942 (334,970) 
28,599 (63,050) 
123,343 (271,920) 

7871 (4250) 

2374 (5234) 

0.126 
9617 (21., 201) 
96 (52) 

0.324 
23,765 (52,393) 
558 (302 j 

6856 (3702) 
16,557 (8940) 

8.80 
0.1364 (1.335) 
0.0816 (0.020) 

0.358 
1966 (3893) 
390 (200) 

21,945 (48,380) 
8426 (18,576) 
6464 (14,251) 
7055 (15,553) 

14,118 (7623) 
14.52 

0.1023 (1,001) 

0.85 



Lnbo 

Figure 130. Installation of AST Nacelle on ~ ~ 2 1 / ~ l l ~ 5  Engine. 
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sogmant ba s p l i t  i n t o  two p a r t s  thus adding ona l ong i tud ina l  aeal (seo Figure 
132). Figure  133 shows an improved klnga and latch system which aubsoquontly 
was considered a1.so. 

To i n i t i a t e  the n a c e l l c  design study, certain design c r i t e r i a  and ground 
r u l e s  were estnblfshed ( l i s t e d  in Table 3 5 ) -  S t r u c t u r a l  dosign, onvironmantal 
c o n t r o l  systam, and engine-driven accessory loca t ion  &ire the main itoms con- 
sfderad f o r  the design c r i t e r i a  and ground rules. 

The n a c e l l e  design s t r u c t u r a l  loading facrors are tha same as the 1971 
SST d a a i ~ n .  The support s t r u c t u r e  i s  dasigned for s t r e n g t h  only, since 
s t i f f n o s o  requirements have not  y e t  been establishad. 

Since a s p e c i f i c  environmental c o n t r o l  system (ECS) dasign h m  not  been 
e s t ab l i shed  f o r  the engine /a i rp lane  d e f i n i t f o n ,  a mi.nSmum system haa been 
assumed cons i s t i ng  of a s i n g l e  a i r - t o -a i r  heat exchanger and an a i r - t o - l i q u i d  
exchanger t o  precool  the engine bleed air. It is assumcd that secondary heat 
exchangers w i l l  be Located ou t s ide  the  n a c e l l e  and t ha t  n boast compressor 
w l l l  not  be required. An e j e c t o r  is not  requi red  f o r  grr ' operat ion of the 
heat exchanger in the nace l le .  Engine-driven f u e l  and h: lic system com- 
ponents can be loca ted  ou t i sde  of the nace l l e .  The engir, a : r i ca t ion  system 
w i l l  remain intact on the engine. 

The pod geometry already eatablfshod on the basis of p r i o r  aerodynamic 
and performance analysis s t u d i e s  would be r e t a ined  t o  the maximum ex ten t ,  
consistenC wi th  the  s t r u c t u r a l  requirements and assumed freedom of loca t ion  of 
e ~ g i n e  accessor ies .  

Nacel le  Doscript ion 

The nace l l e  i n s t a l l a t i o n  shown i n  Pi.guzes 130 and 131. c o n s i s t s  of an 
upper  cowl segment, *hich provides the principal support for the cngino-plus- 
nozzle assembly and f o r  the i n l e t  and a lower cowl segment, which completes 
the enclosure.  Titanium i s  used throughout tho s t r u c t u r e .  The upper  cowl 
segment i s  attached t o  a p a i r  of f o r e  and a f t  support  beams, which car ry  the 
pod load i n t o  the wing s t r u c t u r e .  The cowl-to-beam attachment i s  throiigl~ four 
p e d e s t a l  f i t t i n g s .  

The engine f r o n t  mount c o n s i s t s  of a p a i r  of u n i b a l l  f i t t i n g s  lacaced on 
the f a n  case rear frame. For t h e  Layout shown i n  Figure 131, these f i t t i n g s  
are located on the  engfne h o r i z o n t a l  c e n t e r l i n e .  A deep s e c t i o n  yoke, i n t e -  
gral with t he  upper cowl s t r u c t u r e ,  c a r r i e s  the front mount loads t o  the 
second and third pedes t a l  fittings. The front mount system reacts the engine 
t h r u s t ,  s i d e ,  torque, and a major por t ton  of the v e r t i c a l  loads.  The side 
l o a d  i s  taken on one side only,  

The engine r e a r  mount i s  designed t o  r e a c t  ve r t i ca l  loads only. The 
engine-plus-nozzle center of gravity (c.g.)  is located only a short distance 
aft  of the f r o n t  mount plane,  t he re fo re ,  the  rear-mount v e r t i c a l  loads a r e  



Figure 132. GE21/311BS Nacelle Installatian Forward Mounts at 30". 



Figufe 133, GE21/~11~5 Nacelle Installation Cowl EWge and Latch. 



Table 35. Nacelle Study Ground Rules and Assumptions. 

1, Strength Designed Pod Support Structure 

2.  No ECS Boost Compressor Required 

3 .  ECS Ram Air-to-Transport Fluid Heat Exhchanger Located 
i n  Body 

4 .  No Ejector Required for Ground Operation of Heat Exchanger 
in Nacelle 

5. Engine Lube System Remains Intact on ;:.\gine 

6 .  Engine Fue? and Hydraulic Systems Components Can Be 
Located Outside Nacelle 

7. Structural Loading Factors Same as 1971 SST 



relntively low. A pair of i n t e g r a l  fore and a f t  cowl beams, axtanding from 
the Prnnt mount yoke t o  t h e  rear mount p lane ,  car ry  the r e a r  mount loads 
forward i n t o  the  pedes t a l  f L t t i n g s .  

The uppar cowl s t r u c t u r e  cons i s t s  of a Izonaycomb sondwich outar e w a z ,  
wl th circumfcjzantial  Eramas, Ful l - length lonpi tudinnl  mombars ara provided at: 
tha hinge and l a t c h  l i n e s  f o r  mating with thha lowar cowl segmonr, Short 
l ong i tud ina l  mcmbars are also  provided between t h e  front two circumfar@nrinls  
t o  distribute tho i n l e t  loads  into tho s t r u c t u r a .  

The lower cowl, s t z u c r u r e  i s  sfmilar t o  tha uppor except f o r  the  yoko and 
beam mount: suppor t  elemants. Latch and hinga f i t t i n g s  a r e  providad a t  each 
c i r cumie ron t i a l  member l o c a t i o n  t o  joZn khe uppar and lawar cowl sagmmcs.  
Since the n a c e l l e  is  pressur ized ,  s e a l  elements are incorporated along the 
longidudina l  mating members. Ci rcumferent ia l  seals are a l s o  provided Pore and 
a f t .  

A top c e n t e r l i n e  power takeoff (PTO) shaft pana t r a t e s  the front mount 
yoke and provides the drive f o r  the  engine fuel pump, h y d r a u l i c  pump, tach 
genera tor ,  and o the r  engine acces so r i e s  which a r e  loca ted  i n  the wing cavity 
forward of the engine front frama, Tha a i r c r a f t  accessories, l o c a t e d  adjacent 
t o  the engine accossor ios ,  are driven Erom the same PTO. Provisions are made 
for disconnactlng the PTO s h a f t  and t he  engine f u e l ,  hyd rau l i c ,  and a l e c t r i c  
l i n e s  a t  the top of the n a c e l l e  t o  E a c i l i k a t e  engine removal. 

The engine lube pump and r e l a t e d  system components are eagino mounted. 
The environmental control system (ECS) h e a t  exchanger (which precools the 
engine bleed a i r )  i s  mounted aft  of the  lube pump. Cooling a i r  is taken from 
t h e  i n l e t ,  through tho n a c e l l e  and hea t  exchanger, and duceod Erom the h e a t  
exchanger t o  a d i s c h a r g e  nozz le .  The nozzle, with a variable throat for flow 
con t ro l ,  c o n s t i t u t e s  t he  base of the f a i r i n g  over the lube pump. 

S t r u c t u r a l  and Weight Analysis  

The pre l iminary  s i z i n g  of the s t r u c t u r a l  cowl was  basad on the load cases 
presented i n  Table 36. The design weight: used f a r  the engine p l u s  inlet plus 
cowl was 7507 kg (16,550 l b )  with c e n t e r  of g rav i ty  465 cm (183.3 i n . )  o f t  of 
t h e  inlet l i p ,  50.8 cm (20 in.) aft of the f ~ r w a z d  engine mounts. The i n l e t  
weight used w a s  1256 kg (2770 lb) wrlth c.g. 162  cm (64 i n . )  'back from the  
i n l e t  l i p .  Nacelle pres su re  d i f f e r e n t i a l s  considered i n  t h e  s i z i n g  are pre- 
sented i n  Table 37. 

The m a t e r i a l  s e l ec t ed  f o r  the honeycomb s h e l l ,  frames and  longerons ww 
titanium. The esLimated design temperature f o r  the cowl Is 204' G (400" F) .  

A honeyco~b  s h e l l  with hoop tens ion  frames and n closed box horseshoe 
s e c t i o n  picking-up the  Eo~ward eng tne  mounts 1s  the concept s e l ec t ed  for 
sizing. The core  depth was selected t o  provide adequate s t a b i l i t y  sllowables 



Fable  36. Dasign Load Cases. 

W = Instal led Weight 
T = Thrust 
Mr = Engine Rol l ing  Moment 

C o n d i t i o n  

1 Landing 

2, Landing Maneuver 

3 .  Forward Thrust 

4 ,  Yaw 

5. Crash 

6. Engine Seizure  

1. Reacted by One S i d . e  of Cowl Only. 

9..-- 

Limit Design 
Factor 

4 W 

4 W 4- 1. T 

l W + l T  

1.66 W Sideways 

6 W Forward 

I Mr 

Ultimate Design 
Bac t o r  

6 W  

6 W 4- 1.5 T 

3 W + 3 T  

2 . 5  M Sideways 

9 W Forward 

1 Elr 



Table 57. Cowl Pressure Dif fe ren t ia l s ,  

PA = Ambient Pressure 

The Latter Two Conditions Are Infrequent (L imi t )  Transients. 

2 
[Phlax,-P~1 N/m ( p ~ i . 1  

103,421 (15 .0)  

153 ,752  (22.3) 

151,683 (22.0) 

C o n d i t i o n  

Mach = 2.4 Climb 
Placard 16 ,764  m 
(55,000 Et) A l t i t u d e  

Mach = 2.4 Upset Dive 
14,936 rn (49 ,000 ft) 
A l t i t u d e  

Mach = 2.4 Climb 
Placard with P u l l  
Engine S t  sll (Hammer 
Shockj 

I 

 ax. N/m2 ( p s i )  

124,794 (18.1) 

166,162 (24.1)  

161 ,336  (23.4) 



f o r  t he  curved panels of tho horseshoe, Tha cora dep th  was maintained along 
the  e n t i r e  length of ths cowl. The f i e l d  cora d o n a i t i e s  wore picked t o :  

1. Provide sufficient t ransverse shaar s t r e n g t h  f o r  the  loads belag 
carried around the curved box s a c t i o n s  and 

2. Provide suff ic ient :  t r ansve r se  shear s t r e n g t h  t o  carry pressura 
loads t o  t h e  hoop tens ion  Promas, The minimum density core sl.lowed 
was 78.5 k g / d  (4.9 l b / f r Z ) .  Danse core was usad under a l l  Eas- 
tenor  l i n e s  along with l oca l  ou t s ide  skin pad-ups t o  assuro no 
knife edges bca r  againt;t the f a s t e n e r s .  

Tl~e aft: angine mount: was t r e a t e d  as n link which can transmit  on ly  ver- 
tical load i n t o  the  cowl. With tho  c.8. of tha sysmrn r e l n t l v a l ,  c lo se  t o  
t he  forward engine mounts, the load transmitted by t h e  a f t  mount is small ;  
less Lhan 8896 N (2000 l b s )  a t  one g. As tho t r a i l i n g  edge wing depth i n  t he  
v i c i n i t y  of t h e  a f t  engine mount i s  too small t o  p e r m i t  a  d i r e c t  t r a n s f e r  of 
load i n t o  the wing a t  the mount, a  frame-longeron system was used i n  the cowl 
t o  carry these  a f t  mount loads forward to a deeper s e c t i o n  of the wing. 

Although d e t a i l e d  external in%ot-nacelle-nozzle n i r load  information was 
no t  a v a i l a b l e ,  an et tempt  was made, based on a v a i l a b l e  data ,  t a  estimate 
these 1.oads. The i n d l c a t l o n s  are tilac any impact to  t h e  t o t a l  caw1 weight 
would be small. 

The weight eva lua t ion  process  made f u l l  use  of the  p a r t  d s f i n i t i o a s  pro- 
vided by t h e  drawings ( F i g ~ r e s  131 and 132) and r e f l e c t  sized s t r u c t u n l  
elements . 

Weight: ca l cu la t ions  were made of a l l  def ined  parts wit11 allowances f o r  
nonoprimurn elements, f a s t e n e r s ,  clips, doublars, etc. Representative weight 
allowances were se l ec t ed  f o r  undefined elements inc luding  l a t c h / l i f t  drive 
system, b u r s t  p ro t ec t ion ,  i n su l a t ion ,  etc. 

A weight s ta tement  f o r  the nacelle s t r u c t u r e  is  given in Tablc 38. In 
a d d i t i o n ,  the total propulsion pod weight would include the engine,  nozzle,  
and i n l e t .  

For the preferred forward mount Location shown i n  Figure 131 [0.5235 rad 
(30') above the h o r i z o n t a l ] ,  a weight rcduct lon of 145 kg (320 l b )  pe r  pod 

w a s  est imated.  

The  design was based on c e r t a i n  ground r u l e s  and a.;sumptions which were 
Cavorable t o  low drag and simple i n t e r n a l  n a c e l l e  systems. The remote lo- 
ca t ion  of the engine accessories creates certain problems with r e spec t  co 
ready a c c e s s i b i l i t y ,  wing panel s t r u c t u r a l  load paths, and engine c e r t i f i c a -  
t i o n  and warran t ies ,  The impact of such changes in those i n i t i a l  ground 
r u l e s  and asscmptions must be evaluated before  a f i n a l  concept can be 
adopted. 



Table 3 R  Nacelle Weight Statement. 
(per Pod) 

T o t a l s  _- 
( I b )  - 8 .- 
( 2 4 4 ~ ;  

(409 )  

( 4 3 4 )  

(583) 

( 5 6 )  

(559)  

( 2 0 )  
( 9 0 )  
(150) 
0 
(6) 
(14) 
(80) 
(39) 

k c 1  + 

. 
Tota l  Naarile Structrsre 

Upper Segment S t r u c t u r e  
Outer Panel  
I n t e r n a l  Structure 

Lnwer Segment Structure 
Outer Panel 
I n t e r n a l  Structure 

Forward Mount (Yoke) 
Outer 2anel 
Inner  Panel  
I n t e r n a l  Structure 
F i t t i n g s  
Caps 

 if t / ~ a t c S  System 
Drive 
~ i f t  System 
Latch System 

Pod Support Struct:>re 
Rear Mount B.-sms and Fittings 
Wing t o  Pod . t t i n g s  
Beam (Wing) S t r e n g t h  

Seals 
Insulation and Firewall Allowance 
B u r s t  P r o t e c t i o n  Provisions 
Landing Geai Up Landing Provisions 
Enlei-gency Descent Bypass Provisions 
Heat Sxchanger Nozzle Provisions 
Diver t e r  
Miscellaneous and Round-Off 

PC ..-..-,. 

129 
56 

145 
52 

80 
66 
36 
18 
64 

7 
4 
14 

17 
14 
227, 

( 2 8 5 )  
(124) 

(320)  
(114) 

(177) 
(146) 
(80) 
(40) 
( 1 4 0 )  

(16) 
(9) 
(31) 

(38)  
(31) 
(490) 

kg 

1105 

I85 

197 

264 

25 

253 

9 
41 
68 
0 
3 
6 
36 
1 8  



m h ~  engine insenllntion d ~ f i n i r i o n  i s  Lacking i n  the smallor but im- 
p o r t a n t  detai ls .  Bar~scopa access, Pual, h y d r a u l i c  and wiring r u n s ,  nctu- 
a t l o n  sys tems  d e f i n i t i o n s ,  crtc., muse all be def ined .  

TochnoLofiy S u n s i t i v t t y  Study 

A s e n s i t i v f t y  s t u d y  was conducted Qn t h e  B9 cycle, based an tachnology 
s e n s i t i v i t y  factors provided by GE f o r  v a r i o u s  components. Adverse c h a n ~ a s  
i n  component efficiencies, weight, and coo l ing  flows were examined. For  each 
chilnge, GE provided an engine thrust, sfc  a n d / o r  weight increment .  These 
inc rements  were evaluated i n  terms of Loss i n  design range from the baseline 
Level.  

Figure &34 shows t h e  a i r p l a n e  range sensitivities t o  i n c r e a s e s  i n  sub- 
sonic and s u p e r s o n i c  sfc, and t o  i n c r e a s e s  i n  weight (balance not  cons idered) .  
Table  39 lists t h e  component changes prov ided  by GE and the r e s u l t a n t  r ange  
l o s s  inc rement .  The study emphasizes t h e  r e l a t i v e l y  s t r o n g  i n f l u e n c e  of 
t u r b i n e  c o o l i n g  flow requirements and n o z z l e  g r o s s  t h r u s t  c o e f f i c i e n t s  when 
cornpared w i t h  o t h e r  component e f f i c i e n c i e s  and engine weight f a c t o r s .  

It s h o u l d  be no ted  t h a t  t h e  s u b s o n i c  range l o s s e s  a r e  based only  on t h e  
impact of increasing t he  c r u i s e - t o - a l t e r n a t e  por t ion  of the r e s e r v e  f u e l  on 
t h e  dasign miss ion  and is n o t  i n d i c a t i v e  o f  the re la t ive importance of tha 
s u b s o n i c  e f f i c i e n c y  i n  real -world  a i r l l n a  operat ions.  T h e r e f o r e ,  Figure 134 
shou ld  n o t  be  used as a f i n a l  b a s i s  f o r  d e f i n i n g  optimum w a d e s  between sub- 
s o n i c  and s u p e r s o n i c  e n g i n e  performance. 

The AST s t u d i e s  have i n d i c a t e d  t h a t  the major ot:*ant-.age of advnnced 
englne technology stems from t h e  p r o j e c t e d  high-cyc~.:  t empera tu res  w i t h  low 
cooling flow p e n a l t i e s .  

Summary 

F r ~ m  the work d e s c r i b e d  i n  t h i s  s e c t i o n  a summary has been prepared 
bezow. 

An eng ine  cycle was d e f i n e d  which matched t h e  Boeing AST conf igura-  
t i o n  and performance c l ~ a r a c t e r i s t i c s ,  

a 'fhe ~ E 2 2 / ~ 1 1 ~ 9  has improvements r e l a t i v e  t o  t h e  BS, i n c l u d i n g  
h i g h e r  c r u i s e  a i r f l o w s .  

These D9 c h a r a c t e r i s t i c s  r e s u l t  i n  an i n c r e a s e d  s u p e r s o n i c  cruise 
t h r u s t  and a lover subsonic cruf se sf c. 

The B9 powered a f r f r ; f t  has a maximum range c a p a b i l i t y  of 7880 km 
(4255 rani.) at: 283 kg / sec  (625 l b / s e c ) ,  which i s  an i n c r e a s e  of 852 
km (460 nmi) r e l a t i v e  t o  the B5 airplane. I n  a d d i t i o n ,  t h e  



Variation, percent 

Figure 1 3 4 .  Range Sensitivities For the G 2 1 / ~ 1 1 ~ 9 .  



Table 39. Rznge Sensitivities, G E Z l / J l l B 9  Technology. 

Base Range = 7771 km (4196 nmi) 

Range 
Loss (%) 

Total 

(0.38) 

(0.19) 

(0.41) 

(0.461 

(0-20) 

(1-58) 

(2.94) 

(0-21) 

(0.25) - 

Component or Item 

No. 1 Fan Block n 

No. 2 Fan Block rl 

HP Comp n 

HPT rl 

LPT 0 

Turbine WCool 

Cf g 

Fan Block Material 
(Composite Vs. ~itaniun) 

Composite Structure 
.. 

ATech 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

+2% 

-0.01 

-d,005qf 

+1% Eng. Wt. 

Range Loss, lurt (nmi) 

M = 2.32 

27.6 (14.9) 

14.6 (7.9) 

30.7 (16.6) 

34.6 (18.7) 

14.4 (7.8) 

119.1 (64.3) 

219.5 (118.5) 

15.2 (8.2) 

-- --- 

M = 0.9 

1.8 (1.0) 

0.2 ( 0 , l j  

1.1 (0.6) 

1.5 (3.8) 

1.3 (0-7) 

3.3 (1.8) 

8-9 (4.8) 

0.9 ( 0 . 5 )  

-- - 

Total  

22 .4  (J-5.9) 

14.8 (8.0) 

31.8 (17.2) 

36.1 (19.51 

15.7 (8-53 

122.4 (66-1) 

224.4 (123.3) 

1 6  (8-7) 

19.3 110.4) 



required B9 engine s i z e  i s  reduced as a result: o f  dm impravad 
suparsonic c r u i s e  thrust. Althougll the  transonic thrust :  margin is 
lower, i t  still.  excaeds t h e  0.3 ob jec t ive  a t  the s ize  f o r  maximum 
rangc, 

Through the process of iterative cycle change and evalua t ion  of 
a i r p l a n e  range e f f e c t s ,  t he  B5 engine evolved i n t o  tha D9. Im- 
provements i n  e n g h e  s p e c i f i c  weight and t h c  reduced engina s i z e  
requirements resulted i n  a total p r o p u l s i o n  reduction in t o t a l  
propulsion system weight. This weight: r e d u c t i o n  has s f g n i f i c a n t  
implication i n  rerms of t h e  ab i l i ty  to balance t h e  airplane nnd 
rnfnitn5ze f l u t t e r  s t i f f n e s s  penalties. 

A s i g n i f i c a n t  factor  i n  the range irilprovement: and angina siee 
reduction was the increase in supersonic cruise t h r u s t .  This was 
accomplished, i n  p a r t ,  by an 8% increase in cruise airflow, I n  
t u r n ,  tho  flow increase. r e s u l t e d  i n  improved inlet/engine matching 
thus avoiding further inlet complexity and weight penalties. 

An improved airflow schedule f o r  t h e  39 engine was identified which 
was well-matched t o  the  Boeing axisyrnmetrlc i n l e t  supply a i r f low.  

The nacelle d e s i g n  defined in t h i s  s tudy i s  considered a represen- 
t a t i v e ,  e f f i c i e n t ,  low-drag concept. It can w e l l  s e rve  as a base- 
line dcf i s n i t i o n  f o r  f u r t h e r  development, t r ade ,  and e v a l u a t i o n  
si:cldies. 

The installation design study r e s u l t e d  i n  a satisfactory d e f i n i t i o n  
of a s t r u c t u r a l  arrangement: f o r  support ing tho angina-plus-nozzla 
assembly and the i n l e t  Erom the upper cowl segment and the ralnted 
maans of supporting tho entire pod assembly Erom the airplane 
(wing) structure. 

A s a t i s f a c t o r y  arrangement for the a i r c r a f t  and engine accessories 
was def tned  a l so .  

It is concluded t h a t  Lhe r e l o c a t i o n  of the forward mount t o  a posi-  
t i o n  0.523 rad (30") above the h o r i z o n t a l  would provide satisfactory 
engine and i n l e t  suppor t ,  improve engina access, an p rov ide  a 
s ig r t i f i can r  weight saving. The  r e loca t ion  would require t h a t  t11a 
lower cowl segment be split i n t o  twa p a r t s .  

The use of two lower cowl segments, wfth  the raised hinge Unes,  
provides better engine access. 

F o r  the preferred forward mount locat ion  shown i n  Figure 132 (0.5235 
r a d  or 30" . \ bow the h o r i z o n t a l ) ,  a w.--.*  ;,he reduct ion  of 145 kgfpod 
(320 Lb/pod) was es timared. 



The AST s t u d i e s  have i n d i c a t e d  t h a t  the major advontnga of advanced 
e n g i n e  tachnology stems from the p r o j e c t a d  high-cycle temperaturas 
with low c o o l h g  f low penalties. 

A s e n s i t i v i t y  s t u d y  emphasizes the ralotivoly strong in f luence  of 
turbine cooling Elow requ i rements  and nozz le  g r o s s  thrust coeffi- 
c i e n t s .  

Recommendations 

The recommendations for coatinucd development of engine i n s t a l l e t i o n  and 
i n t e g r a t i o n  technology e r e  l i s t e d  i n  Table  40. A general recommandation per- 
t a i n i n g  to eng ine  cycle technology i s  alsr noted.  The AST s t u d i e s  i n d i c a t e  
t h a t  t h e  major advantage of advanced eng la technology stems from the pro-  
j e c t e d  h igh  cycle t empera tu res  with low r o o l i n g  f l a w  p e n a l t i e s .  Developments 
re la ted  t o  t h i s  c a p a b i l i t y  s h o u l d  be ~3a2hasized.  

Means of improving the relative s u b s o n i c  e f f i c i e n c y ,  wi thou t  s a c r i f i c i n g  
t o t a l  design mission range, should be pursued.  

The remote location of the engine a c c e s s o r i e s  creates cortatn problems 
with respect t o  ready acc tess i l s i l i ty ,  wing panel s r r u c t u f n l  load parlrs, and 
eng ine  c e r t i f i c a t i o n  and w a r r a n t i e s .  The impact of such changes i n  these 
i n i t i a l  ground rules and assumptions must b e  e v a l u a t e d  b e f o r e  a f i n a l  concept 
can be adopted.  

The e n g i n e  i n s t a l l a t i o n  d e f i n i t i o n  is  lac.kixg i n  r h ~  ezaller, b u t  i m -  
p o r t a n t  deta i l s .  Borescope access, fuel, hytiraullr .  and wiring r u n s ,  acrua- 
t i o n  systems d e f i n i t i o n s ,  e t c . ,  must a l l  be dsE%red f u r t h e r  t o  ensure a 
r e a l i s t i c  and compat ible  d e f i n i t i o n .  



Table 40. Technology Requirements, Installation 
and In t eg ra t ion .  

Control  Concepts 

Engine ) Integrated Sys tern 
I n l e t  
F l i g h t  Controls In teg ra t ion  

e Nozzle I n s t a l l a t i o n  
B o a t t a i l  Drag and 1nt.rference Effects 
I n t e r n a l  P e r f  ozmance 
Inlet Bypass Air Capacity and Perfornance Effec ts  
T h r u s t  ReversLng 

ECS I n t e g r a t i o n  

High Cycle Temperatures wi th  Low Cooling Penalties 

F u e l  Qualitites - Trends i n  Specifications 



Throughout tha Phase IIT and IV s t u d i e s ,  the GE21 doublo-bypass variabla 
cyc le  angina (VCE) has ramahad tho favored General E l a c t r i c  ASTISCAR angina 
cyc le  concapt. The conLapt has avalvad through a series of hprovoments  
r a su l e ing  from both i n t e r n a l  and airfrania company related i n t a g r a t i o n  s t u d i e s  
und i s  considered t o  be i n  a s u f f i c i a n t  s t a t e  of maturi ty to  p ~ r m i t  tho  
i d e n t i f i c a t i o n  of neoded technology devdopmant a f f o r t .  

Concurrent with tha  NASA-Lewis sponsored AST Phasa IT1 systams ~rudias, 
GE has been involved i n  ~ x t e n s i v o  planning a c t i v i t i y  associatad wfth the NASA 
VCE Test-Bed Program. Key technology requirement a r eas  already have bacn 
i d e n t i f i e d  and programs have been recommanded to  NASA, some of which arm cur- 
rently undar con t r ac t ,  The General Electric VCE Tast-Bed Program, as recom- 
mended t o  NASA, w i l l  provide f o r  (1) s c a l e  modal t e s t i n g  ( s t a t i c a l l y  and 
uador simulated f l i g h t  e f f e c t s )  o f  t he  annular acous t i c  plug nozzle, (2) a 
f a n  component program, t h e  f a n  from which could be u t i l i z e d  i n  a l n t a r  va r i -  
a b l e  cyc la  experimental engine, ( 3 )  an early a c o u s t i c  demonstration o f  the  
annular  ~ l c o u s t i c  nozzle on an  ax isc ing  h igh  technology engine, and ( 4 )  a VCE 
test-bad engine t h a t ,  t o  a h igh  dagraa, would demonstrate the  combination of 
all unique VCE f e a t u r e s  incorporated i n  the GE21 double-bypass v a r i a b l a  cyc la  
engine. 

There are add i t i ona l  areas of needad technology not  covered a l r ~ n d y  by 
t h e  VCE Test-Bed Program. These areas are identified in Table 41. In t h e  
fol lowing sec t iona  some a r c  discussed i n  d e t a i l .  

4.6.1 Annular Acoustic Nozzle 

Scale  model nozzle programs a r e  being conducted as part of tho  VCE Tast- 
Bed Program. Under Contract  WAS3-19777, parametr ic  s t u d i e s  involving e t a t i c  
t e s t i n g  were conducted t o  ana lyze  the effects of changing various parameters 
assoc ia ted  wi th  the  inherent  suppression c h a r a c t e r i s t i c s  of the annular plug 
nozzle. Acoust ic  d a t a  on v a r i o u s  n o z z l e  conf igura t ions  taken urtder s ta t i c  
t e s t i n g  condi t ions  were recorded and nero performance w a s  detained a t  appraxi- 
mately takeoff Mach numbers. 

Under Contract  NAS3- 20619, tha more prc.mising conf igura t ion  from NAS3- 
19777, and a conf igura t ion  t o  explore shock no i se ,  will be u r i l i z e d  eo de ter -  
mine t h e  impact o f  f l i g h t  effecrs on t h e  inha ran t  suppression c h a r a c t e r i s t i c s  
of the annular  nozzle.  

Under Contract  NAS3-20582, i n  approxttnately mid-1978, an annular  acous- 
t i c  p lug  nozzle  w i l l  be designed, f a b r i c a t e d ,  and tested on a Y J l O l  engine 
modified t o  a v a r i a b l e  cyc l e  conf igura t ion ,  The c a g a b i l i t y  w i l l  exist t o  
t e s t  suppressor  conf igura t ions  which can be incorporated i n t o  the  annular  
plug nozz le .  Prtot: t o  this e a r l y  acoustic demonstration, a t e s t  w i l l  be 
conducted u t i l i z ~ i . g  tho modified Y J l O l  engine t o  demonstrate t h e  bypass flow 
mixing devices  s imi l a r  t o  those  incorporated i n  the GE21 double-bypass VCE 



design. These flow mixing devices ara considered to bc an integral part of 
eha GE-AST acoust tc  noz&lo aystam. 

At: the prasont  time, tlmro a r e  no programs i d o n t i f i e a  t o  malyec tho 
aerodynamic performance c h a r a c t e r i s t i c s  of cha annular  plug n o r z l ~  under 
suparsonic f l i g h t  conditions, While t b r a  La a high degree of confidlrnce in 
the performance aspec ts  of th i s  nozzle, based on extaneive p r i o r  t e s t i n g  of 
s i m i l a r  nozzle  conf igura t ions ,  i t  is f e l t  t1mt effort is requi red  i n  t h i a  
nroa on s p e c i f i c  AST nozz le  c~nfiguracions, and a wind tunnel program is 
themfore recommended. 

4.6.2 Operat ional  Demonstration of the GE21 VCE Concept 

As previous ly  mentioned, aa  p a r t  of the recommended VCE Test-Bad Pro- 
gram, a VCE test-bed engine, based on the YJ101, will be configured with a 
combinaLion of all key technology features of the GE21 VCE. Included w i l l  be 
the annular  acoustic plug nozzle, the bypaas flow mixing devicce, and the 
s p l i t  f an  concept w i t h  a new rear block fan stage. A series of e a s t 8  will bs 
conducted i n  late 1979/enrly 1980 t o  demonstrate the performance, ope ra t iona l  
modes, and a c o u s t i c  c h a r a c t e r i s t i c s  of t h i s  v a r i a b l e  cycle engine. A t  that 
time, it is felt t?e ptoof of the  GE21 VCE concept w i l l  have bean dmtonatra- 
ted. Programs beyond, o r  i n  a d d i t i o n  to ,  the test-bed engine w i l l  addreee 
advanced technology component and engine eystcms work, and obtain v a l i d a t i o n  
of the weights and component performance projected f ~ r  the 1985 technology 
level of t h e  GE21 VCF. 

4 . 6 . 3  Front Block Fan Program 

A s  p a r t  o f  the VCE Test-Bed Program, a program has been recommended t o  
develop a new f r o n t  block f a n  (Stages 1 and 2 ) .  The objective of the prograr 
would be to develop t h e  techn3logy required t o  ob ta in  the pro jec ted  GE21 VCE 
f a n  eff iciency l e v e l s  under t h e  various mission-related opera t ing  modes. The 
f a n  t h a t  resulted from this program could be made available f a r  uRe on an 
advanced technology test-bed pkogram. 



Table  49. Key Technology Requirements o f  the GE21 Vnrinb1.e Cycle. &tg:tne, 

Annular Acoustic N o ~ z l e  

Operag$.onal Domonstrat5on of t h e  GE21 VGE Concept 

Bypass Flow W i n g  Devices 

Front Block Fan 

Rear Block Fan 

Full Authority D i g i t a l  E lec t ronic  Control System 

High Temperature, Low Emissions Main Burner 

Low Temperature :Use, Low Emissions Augmentor 
(for Tran~onic Acceleration) 

Propulsion System I n t e g r a t i o n  



I ,  An improved dnublwbypaas  varlabla eyclc angina han b m n  idanrified. It 
incorporatas rarcnin advancad tachnology fcaturas, including!  

Mechanical dasign improvements 

a Raduced lavols  of turbine cooling air 

Improved fan and compressor aerodynamics 

a Advanced materials and coatings 

a High-flowed fans 

a Low amissions combustor 

Advanced electronic controls  

2. Progress has been achieved in evolv5ug a simpler and lighter variable 
cycle engine design through the incorporation of: 

Annular exhaust: nozzle with a fixed primary 

a Improvad aerodynamic Elowpaths 

Ligh tweight components 

3 .  The selected annular nozzle system design has the  following features: 

a Simple  design, rhrea actuatLon systems eliminated 

a Major weight saving 

Practical, similar systems in commercial service 

a Minimum leakage, no variable flaps and seals 

a A simple suppressor  can be added if needed 

1. better nacelle installation is p o c s i b l e  

4. Early in-house General Electric mission s t u d i e s  have identified an 
attractive double-bypass variable cycle with a 30% high-flowed Pan 
having. the following cycle parameters: - 



F R ~ * n  4.0 

PEoa 2 0 

BPR 0.35 

5. Fu r the r  in-house GE s t u d i e s  have been complatod ia which t h e  double- 
bypass VCE design has been refined and improved, Baa high-flow percent- 
ages have been vnzi.ed, using LOX, 20X, and 30%. Tho most a t t r a c t i v e  
cycles for a double-bypass VCR were found t o  be: 

Fan high-flow, 20X o r  10% 

'%an 
4.0 

P R ~ ~  17.5 

BPR 0.35 

6. Fur ther  cooperat ive studies  with the aircraft  systems contractors havo 
identified cycles b e s t  matched t o  t h e i r  a i r c r a f t  with t h e  following 
parameters: 

Fan high-flow, 10% 

P R ~ a n  3 . 7  

p R ~ ~  15-17 

BPR 0.25-0.35 

T 4 1 ~ ~ p e r c r u i s e  1482' C (2700' F) 

Range improvements of from 555 to 926 km (300 t o  500 nmi) resulted, 

7 .  Double-annular combustor provides significant emission reduct ions .  

bieet~, 1984 EPA proposed airport standard 

Does not  mael CIAP supersonic cruise proposed standard 



8. Vary low cruise NO, levale may ba obtainable zrith I985 tochmXogy p r e  
&:ng cambustor. Howaver, the  davslopmr~nt of tha prermtxing combustor 
w i l l  rrrquira major dasign e f f o r t  i f  C W  goals nra t o  ba mat. 

9 .  Final emission standards chasm nay hava a major impact rm ths AST air- 
craft and its propulsion systam. 

10. Advanced m g h a  accmsozias provide large improvament: in waight aacl 
volume. Further  e f for t  is required to Integrata advaneed taclmology 
controls and accessorias to AST VCE and airplane, 

11- A VCE test-bed configuration has bean established, closely rcrprcl- 
senting A6T VCE cycle and features. 

12. Satisfactory inlets can be designed t o  march flow and other performance 
characteristics of General Electric variable cycle engines, 

13. Acceptable nacelle designs can be achieved f o r  General E l ~ c t r i c  C E Z ~ / J . L ~  
double-bypass variable cycle anpi-re wi th  o n l y  minor enpine configuza- 
t ian changes and m;inimal impoc! a i r c r a f t  drag. 

1 4 .  Engine s izo  selection i s  greatly affected by j e t  nozzle acoustic 
charactaristics, rakeoff requirements, and a i r c ra f t  size. 

15, General E l e c t r i c  GE21/J11 trngines with annular nozzles  are e~timated to 
meeL PAR 36 noise requirements without  need f o r  a mechanical supprosaor. 
A simple rnachanical suppressor  can be  incorpora ted  i n  the nozzle for a 
small weight penalty, i f  required, 

1 6  Close relarionshfps between airframe and engine mnu. fec tu re r s  through 
continued in tegra t ion studies should be maintained i f  p o t e n t i a l  advan- 
tages of new and improved engine cycles are t o  be exyloited by matching 
the propulsion systems to the s p e c i f i c  a i r c ra f t  2 ~ . . : 1  irements, A l l  
advanced technology b e n e f i t s  can be lost if the engine is  no t  proper ly  
matched t o  the aircraft. 
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