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SYMBOLS AND ACRONYM S

Symbol Definition

A area — f t

ACCEL accelerat ion — ft / s e c 2

AEX nozzle exit area — f t

AR wing aspect ratio

BPR engine bypass ra t i o

CLd wing conical camber

D drag — lb , w dia me ter  — in

EM energy m a n e u v e r a b i l i ty Mach /a l t i t ude  point

engine net thrust — lb

F~~ net p ropuls ive  fo r ce — lb

FPR fan pressure ratio

L l i f t  — ib , or leng t h  — f t

LER/ c  wi ng leading edge radius to chord rat io

N , n normal load f ac to r  — gz z
OPR engine cycle design overall pressure ratio

P static pressure — l b / f t 2

P specific excess power — f t / s e c

R range — NM

RAD radius — NI-I

range factor — NM

SFC specific fuel consumption , lb /hr / lb
TIT engine turbine inlet temperature , °F

T. O . take—off

TOGW aircraft take—off gross weight — lb

t/c wing thickness to chord ratio

T/W th rus t  to wei gh t ra t io

V flight velocity — ft/sec

W weight — lb

WA inlet  a i r f l o w  rate  — lb/ sec

W/S aircraft wing loading — l b / f t 2

A wing taper ratio

A(LAM) wing sweep angle — degrees

Subsc r ip ts

9 nozzle exit

10 maximum fuselage cross—section

freestream
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SUMMARY

Engine cycle selection is a complex task which must be based on a thorough

understanding of the propulsion system influences on aircraf t size, cost , and

performance. The evolution of variable cycle engines will increase both the

complexity of the selection process and the importance of propulsion system!

airframe interactions . The MCAIR “Turbine Engine Variable Cycle Selection

Program” being conducted under AFAPL Contract F336l5—73—C—2010 is specificall y

directed toward development of systematic design selection procedures and the

use of those procedures to evaluate advanced engine concepts in tactical fighter

aircraft. This report presents a summary of the results obtained from this two—

phase program . Reference 1 presents a more detailed discussion of the Phase I

results and Phase II is reported in References 2 and 3.

In Phase I, a Fighter Engine/Airframe Evaluation Procedure was developed .

The Evaluation Procedure permits the calculation of the size, mission , and

performance characteristics of a systematically selected matrix of aircraft

des igns . The results of these computations are used to define mathematical

equa tions which relate aircraft take—off gross weight , mission radii , and
performance capabili ties with engine and airframe design variables. Finally ,
an op t imi z a t i o n  procedure is used , in conjunction with these equations , to

determine tOe minimum take—off weight aircraft design capable of achieving

specified mission and performance requirements .

The Evaluation Procedure permits consideration of eleven design variables

and up to seventeen mission radius and performance requirements. The results permit

clear identification and evaluation of the impact of propulsion system/airframe

interactions on system characteristics . Further, the effects of aircraft mission

and perform’~nce requirements on aircraft size and operational flexibility can be

readily determined.

Fixed cycle engines were evaluated in Phase I. The General Electric

Company (GE) provided parametric families of twin—spool , f ixed cycle turbojet
and mixed flow turbofan engines for these evaluations . The Evaluation Procedure

was used to develop parametric aircraft characteristics correlation equations

for both types of engines. In the Phase I aircraft sizing and performance

analysis , an interdiction mission with a supersonic dash requirement at 2700

1b/ft~ dynamic pressure was used for fuel sizing . As a result , all the aircraft

represented in the correlation equations were constrained to be compatible with

this specialized , demanding operational requirement. This constraint limited

the flexibility desired for evaluations of interactions between operationa l and

performance requirements and eng ine/airframe design characteristic s. The van —

ab les used f o r  t h r u s t  and fue l sizing in Phase II produced aircraft characteristics

xi
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‘o Sj S p  I v i u t s  a” ’ ’ “.‘‘- or-!ance en,-i ivsi’s ‘,~‘ s - r  t iO s ’ ’ In  l’ n ass ’  ‘ ts ’ ’’5 r ~~’ - ,’

:- ~-hnice1 v . l d i t v  of  a i r c r a f t  designs ~cl cc ted u s in g  t h e  i~’h t e r  U n g i n e / , ’J r
- ‘:,dua t ion Pr o ce d u r e .  These v e r i f i c a t  ions indic ted roe is - 

~,-I ’ rs -e ’ ’nt at i o n s

0 ’ t t ! i - r a f ~~ 5 ~~~~~~ and wei  ~‘h t  c h a r a c t e r i s t i c s  and s u f f ic i e n t  a c c u re : ’,- in
tb~ a e ’- a” s ’t rj c  a i r c r ;r  t c h a r a c t e ri s t i c s  ~o~- “ - e u i n e f ’a l t r ~~d~~— o f t  and c’n - ent

cc ‘-ic n ng  t a sk s  in the a 2’.’enced a i r c r af t  d ’ s  ign p recess

V a r i a b l e  g e o m e t r y  tu r b  inc (VGT) t u rbo~~ets  w er e  eva oat i d  in  T’hese  I .

“e t r i c  fata l I es of VCT t u r b o j e t  designs were p r y  i d e d  by  hetre t 1M st Al 11 sea

-‘ ‘~hA) and t h e  AFA PL .  The DDA e n g i n i ’s  we re  aT sine! e Snoo I dcs~~,ns wh i ch used

a ve ry  advanced c o m p r e s s o r  concept . The e:’g ines ~ r ’ ,’ ‘2 by AT-APP w - ’ -~ - - - “ t ai ’~er ’

n s f  or ’ a ‘re tt & W’h i t ney  Ai ‘-cra~ t Co . I l’i.WA) parar t L r I c tur b 
-~ e t cog to’ es’r ’’’i ter

prograi~i , R e f e r e n c e  4.  These e n g i n e s  encssmt~,jssed bo th s m c , ! and t ’. 5 i n  spool

des ign  c o n c e p t s .

The Phase  IL  ai r c r a~~t c h a ra c t e r is t i c s  c o r n -  l ot i o n  i n t u i t  i on s  ‘~r o d u c e d

signifi cant i nn r ov em e nt s  i n  f t  c x i  a jt v ’ or  r e q u  ii- , -t ’ st- r~~s 0 ,‘r ac t j ’’~ ova o at  f o n s

c ’nnar ed  to  the  Phase I d a t a .  The f u e l  and t h t u t si  z I ng e ‘ ersi-n ts o 1 , i  “ a r , i t” l ’ ’ C

S t  r ike mission were used as v a r i a ble s  i n  the  a i r c r a f t  s z T u g  and i ’ s n f ’ r m ; ~’i. -~-

a n a ly s i s .  C o n s e q u e n tly , t h e  Phase  II  r e su l  i dt ’n t i t  v s ’n g i u t - , - i i  r ’ r e m s ’  and

a i r c r a f t  ch a r a c t e r i st ics  i n t e r a c t i o n s  f o r  e x t  ens i v  i’ ranges of miss  i on  c r u i s e ,

dash , aud p e r f o r m a n c e  r - q u i r e m eu t s  . In a d d i t i o n , t T t s ’ Phnse I I data rem ! tted

ev a l u a t I o n s  of t u e  a i r ’ r . i f t  sys tems f o r  t h e  Ph a se  I r e q u ir -’-i ’n t s . The Phase I I

‘- e su l t s  a l so  p rov ide  ad ditiona l c a p a b i l i ty  t f d e n t i ~ v T m o o r t ; t n t  e n g i n e  o u e g , 1 t  i n g

- -h ar a c t e r i s t i cs  a f f e c t i n g  d es i gn  se l e c tio n .

Th e E n g i n e/ A i r f r a m e  E v alu a t i o n  P rocedu re  deve loped  d u r i n g  t h i s  p r o g r a m

‘-e p r ese nt s  a va luable  tool f o r  the advanced  a i r c r a f t  des ign process. I t  has  been

u sed  to e s t a b l i s h  a mean ! : i g t  ul d a t a  base or s~ I e c t o d e n g t c / s i ~~r f r a m i -  concep ts

F u ’ - r h e r , rap id and in e xp en s i v e  c o n v e r g e n c e  of t h e  potei l t  t a T  d e s i g n  m a t r i x  h as

been d s : t r a u st r a t e d , th er e by  p e r m i t t i n g  c o n c e nt r a t i o n  of e n g i n e n i ’ i g  d e v e l o p m e n t

ef  o r ts  in h i gh y i e l d  areas . U s i n g  t i n  p r o c e d u r e , i t  has hr ’en d s t ” ’  “ m e d  t h a t

v a r i a b l e  g e o m e t r y  t u r b i n e  t u r b o j e t  eng ines , w i t h  ap p r o p r i a te  a ir ~~T ” w  -~ -hi’ du ’ in g ,

p r o d u c e  a t t r a c t i v e  u e r f o r m an i ’ e  fo r  b o t h  subsonic m d  sup cr s c~n 1( ’  o p e r i t  ion . F u r —

o r , such en gi n e s  r o m e  a i r c r a f t  s e n si t  t v i t v  t o  en g i n e  d s-m i gn v a r i a b l e  ciiin ~’~’s

an ’ ’ , t hu s , those resu t ts ind i c a t e  g r e a t e r  f l e x i b i l i ty  f o r  r o i l  t i r m i e  n t i ’ s s i , s i m

app i c e t  ions w i t h  h~’ VCT c ’ o n c . ’p t
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1. INTRODUCTION

The use of variable cycle eng ine concepts w i l l  increase the s i g n i f i c a n c e
of propulsion system/airframe interactions and the complexity of the engine

cyc le se lec t ion .  In f u t u r e  a i r c r a ft  development programs , engine and airframe

design selections must be based on c lea rl y d e f i n e d  re la t ionsh ips  between air-

craft characteristics and engine design and operating parameters . Consequently,

a systematic procedure is required which will properly account for propulsion

system/airframe interactions in the determination of those relationshi ps.

The initial development of an engine cycle selection procedure , based on

integrated propu lston system/airframe characteristics , was accomplished during

the AFAPL sponsored Exhaust System Interaction Program (ESIP), Reference 5.

The ESII’ procedure use s an optimi zation techni que to identify the engine cycle

and airframe desi gn which would produce the minimum achievable aircraft take-

off gross weight (TOGW) and accomp lish a specified mission radius and combat

performance requirement.

Althoug h very successful in achieving its objectives , the ESIP

was limi~~’d in scope. For examp le , only the minimum TOGW aircraft was obtained

and its performance characteristics defined. Therefore , no data were ob-

tained which would permit systematic evaluations of propulsion system/airframe

in teract ions or allow the eng ine c”mpait ies to determine component

technology development needs in terms of aircraft system payoff potential.

Trade— offs of mission/performance requirements versus aircraft TOGW , or cost ,

would hove required repeated optimizations and would , therefore , have been
prohibi tiv ely tim ,’ coesuming and expensive .

The ma jor emphasis of the first phase of the “Turbine Engine Variable

Cycle Selectio n Program ” is the development and demonstration of an eng ine
evaluation and selection procedure for advanced fighter aircraft. Provision s

for ev.m l m m i t i n g  propulsion system/airframe interactions , aircraf t mission/perform-

ance req uirements trade—offs , and eng ine technology development requirements
by the eng i n e  cm np ,m n  ies are prer equisites of the procedure.

The I s  lowin g sect dons press -nt MCAiE ’s approach for eng ine/airframe eve iua—

tions and a de scription of the Figh ter Engine/Airframe Evaluation Procedure .

The resul ts obtained from t ’v,ml u atj on s of fixed cycle turbojets and turbofans

are smir nari zed in Section -~ . Ss’~~ i ion ~ p re sen t s  e v a l u a t i o n  r e s u l t s  for

variabl e geometry turbine turbojet-,. Conclusions are presented in Sec tion 6.
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‘
~~~t~ ’i ’ ’  t a oev~’ ’~~s 1er advanced engIne c~~~cents “ y r ’  ‘ - - ass r ’’ ’~~ ” I ’ m ’ ’- ” ’

‘vs’ r;’ll system eb ;-’ s c t t ’n i s t i c s  such as take—n 1 I gr as s  w’:Ig ’ ’ t “ g’~~~ - ’ . 11 1 t-

~‘.-cle ,~‘st , and noerat ; on , I i  flexibility . These charac teristic~-’ are d i” ’ct v

i ’ l at e d  t o  t h e  a i r c r a f t  svs tern m i s s i o n  and p e r f o r m a n c e  r e g t ’i ’- e m ent s .

v , in a svs t e m at i  c procedure for the evaluation and si’ ’ ‘‘c t inn of ‘ - ag  ~‘t ’s

-y s t o r ’  o ev o f f  oo t e n t i al  rous t be eva l u a t e d  as a f u n c t i o n  of m i s s i o n  and r~e rIo-—

- - ‘ace requirements. Phase I c o n s i s t e d  of t h e  deve c ’p m e n t  of an

-valuation Procedure and the utilization of that procedure to e v a l u a t e  adv,u’cc’d

technology fixed cycle eng ine aircraf t systems , Referen ce l• Phase II

t- ncompassed utilization of the Procedure to evaluate aircraft u s i n g  variable

y - n m e t r v  turbine turbojets , Re 1erences 2 and 3.

A prerequisi te for a viable procedure is that it properly accounts for

propulsion system/airframe interactions in the determinati on of aircraft size

and performance. As shown in Figure  1, such in teractions can be identified in

terms of throttle—depend ent and sIze—dependent force increments. The throttle—

d erendent interactions are represented by inc rements in inlet and nozzle/aft—

end drag. These drag inc rements , which , m re caused by variations in flow charac—

‘s’risties or geome try , are the resul t of changes in engine power set ting. The

li t t and drag of the aircraft can also be affected by the relative size of the

p ropulsion system and a’:rframe. Force increments resulting f rom changes  in

retat ive p ropu l s ion  sy s tem size art’ defined such that they are independent of

engine throttle setting.

A i r c r a f t  m i s s ion  and p e r f o r m a n c e  r e q u i r e m e n t s  a lso In t e r a ct  w i t h  the p r o —

ou ’.si”n system size and thrust and the aircraft design as shown in Fi gu re  2 .

Tb.’ developmen t of efficient engine/airframe desi gns must identit y and proper ly

accoun t for such Interactions . For examp le , f n f i gh te r a i r c r a f t , the eng ine
size is usually established by one or more specific excess power (I’ ) r,’n uire—

fli nts at given Mach numbers , altitudes and power settings. The net p r o p u l s i v e

lorce (FNP) , and therefore the engine thrust required to achieve the spec i ~ i t ’ d

perf ormance (F ), Is a function of aircraft weight (W), lift to dreg ratio (L/nt ,

and flight velocity (V), Figure 2. l)esign variables affect F~~, and L/D and

these in teract to define the engine size required t o  achieve a specifi ed t’erfor”i—
anc e req uirement . S [ml ! ,-,rly , .1 ircraf t fuel volume requirements I r e  rd lot s - si t o
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INLET GEOMETRY NOZZLE GEOMETRY
AND ENGINE GEOMETRY AND
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FIGURE 1
PROPULSION SYSTEM . AIRFRAME INTERACTIONS
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- :ar’ptttb le with 1980—P” ~‘OC and flig ht sneeds up to ‘Ji m 2. ’ - . l ” ign r ’’ 3 1!

r,mte s the Important tes’hnoiogy—reloted char,ict s r i  st  ice ” be ‘i i r a m s a~ d

- ‘i gi ns’s , - , ‘ns idered

AIRFRA ME ENGtN E

PHASE I PHASE It

• RELAX ED STAT IC STABILITY • FIXED CYCLE • Vii ” TURBOJETS

• FLY-BY- WIRE CONTROL SYSTEM - TURBOFAN • TiW 8 m 2

• DECAMBER F LAP — T URBOJET • Ti T M A X  3200°F

• VA RIA BI.E CAPTURE AREA INLETS • T!W -“6 -10  • SINGLE & DUAL ROTOR

• CONFORMAL WEAPONS CARRIAGE • T ,I.T .MAX 2800°F • C-D NOZZLE

• INT ERNAL 25 MM GUN • DUAL ROTOR

• ADVANCE D AVIONICS • C-D NOZZLE

• 33% COMPOSiTE
FIGURE 3 c” V t % ’ ”

PHASE I AIRCRAFT AND ENGINE TECHNOLOGY
1985-90 M = 2 5 CAPABILITY

MCAIR and A FAPL established the fighter aircraft role and mission require-

ments to be used in th i s program . To insure that these rm ’c!u irements provided ~i

realistic has Is for such e v a l u a t i o n s , they were rev iew&’d in d e t a i l  w i t h  t h e  [‘SAP

fi ghter aircraft user corurtands and riodit i’d as r s ’ q m m - ‘-~‘d .

In Ph ase  I , t h e  ,i! ri-ra f t s iz e  and nerformance chararterist i ce  were defined

usi ng an I n t e r d i c t i o n  1)esign M i ss ion , F igu re A . Th i s  m i ss ion is ch a r a c t e r i z e d

by a 6 ( p )  nm radiu s, which Incl udes a 50 nm dash at Mach 1.9 at 2O . O(~() f t . alti-

tude. The most -ritic .i t performance requirements were defined at ~lach l .(’.,

35 , 000 • . altitude , and ~t i s
- li ~~ 

(1 20 ,000 ft . a lt it ode .  These r e q u i r e m e n t s  • w’m Ich

m oribine the need for e f f i c i e n t  fue l utili za t i on and hi gh thrust at both sub-

sonic and s u p e r s o n i c  f l i g h t  speeds , represen t a d e m a n d i n g  compr omise  i n  dcc i  os - I

. ‘ - m g i n e  characteri stics .
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INTERDICTION MISSION SIZING POINTS

SPECIFIC EXCESS POWER
SUBSONIC • MACH 1,6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 35.000 FT
~~~~~~~ ‘#“ ‘A

~~SUPERSONIC SUSTAINED “ G”
DASH 

SUPERSOMC DASH

TOTAL RADIUS 400 NM
OP7S-1057-N

FIGURE 4
PHASE I DESIGN MISSION AND PERFORMANCE REQUIREMENTS

In Phase II , the thrust and fuel sizing elements o f  a strike mission

were parametrically varied to provide increased capabilities for aircraft/require-

men t interaction evaluations . The fuel sizing variables included cruise radius

and supersonic dash radius , Mach number , and altitude as shown in Figure 5.

Thrust sizing was accomplished by variations in aircraft take off thrust—to—

weigh t ratio with a specified minimum energy maneuverability requirement at the

supersonic dash fli ght condition. Thus the Phase II aircraft represented in

the correlation equations were not all required to be compatible with operation

at the hi gh dynamic pressure Phase I interdic tion mission dash condition.

In bo th Phases , aircraf t performance was computed and correlation equa-

tions were d~ veIoped ta permit evaluations of alternate and multi—mission sys-

tems . Three aircraft roles were used to provide a measure of operationa l flexi-

bili ty . As shown in Fi g ure 6 , the Interdiction mission was one of six included in

the Tactical Strike role. The role definitions inc l uded mission profiles and

r a d i i , perform ance requirements , and operational limits. For example , the m i s s i o n
radii requiremen ts Included in the Tactical Strike role are:

— In terd ic t ion — 400 nm

— Counter—Air — 400
— Dets ’nse Suppres ei’rn — 700

— Cisise Air Support — 100

— l, , s ’ j ,s ve l  Reconnaissance — 600

- Arme d Reconnaissance — 240

5
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OPTIMUM 
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FIGURE 5
PARAMETRIC MISSION VARIABLES FOR CADE DATA GENERATION

ROLE PHASE I PHASE II

TACTICAL INTERDICTION INTERDICTION
STRIKE ROLE COUNTER-AIR LO-LEVEL RECCE

DEFENSE SUPPRESSION
CLOSE A I R SU PPOR T
LO-LEVEL RECCE *PARAMETR IC DEEP
ARMED RECCE STRIKE

_ _ _ _ _ _  _ _ _ _ _ _ _ _  ~~~~~~~~~~~ --~
AIR SUPERIORITY AIR SUPER IORITY AIR SUPER IORITY

ESCORT COMBAT AIR
FIGHTER SWEEP - PATROL
COMBAT A IRPATR OL LO-LEVEL
LO-LEVEL POINT INTER. POINT INTER,

INTERCEPTOR HI-LEVEL POINT INTER. HI-LEVEL POINT
- HI-L EVEL AREA INTER. - INTER .

LO-LEVEL AREA I NTER.  COMBAT
- COMBAT AIR PATROL AIR PATROL

HI-LEVEL RECCE -
_ _ _ _ _ _  ____________- I F E R R Y

00tS rr,7

FIGURE 6
PROGRAM ROLES AND MISSIONS
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The ‘l’~ t’t i cj l  S t r i k e  role performance requirements are shown in Figure 7. In

the Phas e I evaluations , it was determined tha t the Interdiction and Lo—Level

Reconnaissance missions represented the most demanding requirements . The

remaining missions , which had no influence on the design selections or inter—

,i ’,’tiu fl evaluations , were excluded in Phase II.

• SUSTAINEDgAT
20,000 FTATM=0.9 , ,. .. . ., , , , . . . ,  4.5g

30,000 FT ATM= 0 .9  3.0 9
ACCEL 

. INSTANTANEOUS 9 AT
30,000 FT AT M = ()~9 4 9

35,000 FT A T M = 1 . 6  6.59

• SPECIFIC EXCESS POWER AT
~~~~~~~~~~~~~~~ 20,000 FT AT M = 0.9 AT 1 q 600 FPS

20,000 FT AT M 1.9 AT 1 g 800 FPS
10,000 — 20,000 FT AT M = 1.9 AT 3 g . . . . , . . . , ..  600 FPS
35,000 30,000 FT AT M = 0.9 AT 1 g , , . , , , , . .  400 FPS

M 
35,000 FT AT M 1,6 AT 1 g . , , . . . . . . ,.  700 FPS

_________________ 35 .000 F T A T M =  1,6 AT 3 
~ , . . , , . . , . .  100 FPS

• TIME TO ACCELERATE
FROMM= O.9 T O M = 1 .6 AT 35.000 FT , . ,  IMIN

FIGURE 7
TYPICAL PERFORMANCE REQUIREMENTS

TACTICAL STRIKE ROLE

In t h i s  p rogram , the engine and requirement interaction evaluations conducted

ene snpassm ’d inordinatel y broad matrices of mission types , payloads , and aircraf t

component des i gn variables. Further , th e engine design concepts evaluated were

defined with differing techniques and design duty cycles , thus , precluded com-

para tive i - va l uations of a spes’ifi c nature . Consequently , t1i~ approach selected

was direc ted toward demonstration of the general applic abilit y of the procedure ,

compatibi l ity throughout the industry , and developmen t of an initial data base

fo r  t a c t i c a l  a i r c r a f t  a p p l i c a t i o n s .

7
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-“i’’ar ” ’ one of a i— ,- r ; m ’ t sL’- , cost  and • y~~- r a t  i o n a l  c - - s r i ’  ‘ ‘ r i , ’ ‘‘ c

vlde a va li d bee is f o r  -- ‘e~ f e e  and a ir f r a m e  d e sig n  Ce I , e m - i s  ‘‘i’; :t’ id a ‘ - — -~~ •

such  c O r n ’a r i s - ’f l C  mast be made us i n 
~ 
a svsten,-m~ ic an ,-~ ly e  f e ‘ s e  

ice o f - - ‘ep I~-x interaction ’;. That ‘r ‘ - e ; I n r e  ac ’ - o i m n ~ ~- ‘r , — m n ’ I  t s ’ s - ’ ’ —

~ L ’ ~’ , the  re! ,m~ ;onshfps b e tween  eng ine  and alrfo -mir; - d i-sie n V ! — ~~~d - I s - -, and .‘i r —

-raf ’~ s’.,e , n~~=ision , .mn- ~ ~‘-rforr ~aece c t r ;lcts ’r;s ’ icc .

i)-jr ing Thase I, M CAI R deve loped  t he F i g h t e r  Pn m’J no /A l rfranie P’-:l - a ‘n

P rocedure  shown schema t i ca l ly  in Figure 8. The de~ i.- I ‘pr ’ent  of  his pr  ( S i- ,-

-~‘as cltm r i - i - t e d  a t  o bt a i nin g  a v a l i d  has  is t o r  engine/i i r r i m -  di’s -,~1; Ce I k i t  ion

and ai ’craft / requir en&-n~ trade—offs for future t ~}m ’ er  ai r- - r i ’ nri ’~~~
Th e nrecedtire requires discrete inputs which irs ’ di ‘-icus’-ii’d in  ~~s - -  ‘ 1 ’- ” 1 . 1

Ibe pr ocedure computat ion and o u t p u t are presented in s-ct ens 1 .2 mcd - i .1 ,

respect ivelv .

INPUT PROGRA M OUTPUT

LAT IN SQUARE ’

-- - - - ‘ I A I R F R A M E
BA SEPOiNT A I R F R A M E s ~, PARAMETER 

- -  - - M A T R I X  
- , - SURFIT

1 / ~~~~~~~~~ 

IC -c.::
- —~~ A I R C R A F T  SIZING / C HA RA c T E R I S T I c  \ - -

MISSION —. AND PERFORMA NCE : SURFACES ‘ INTE( ; I cATFD
- A N A t Y S I S ( C A D E I  S T O GW / r N c i M AU-~~ PA M E

RADI I  C HA R A C T E  NI STI CS
‘= .~~ EsFORM A N~~F ANt ’  V I S I B m L u I ~

- - ENGINE CYCLE - 

-
BAS EPOIr ’J T ENGINE , ~ P A R A M ET E R

- - - [ M A T R I X  I
L AT IN SQUARE

WEAPON SYSTEM _~~~CPTI MIZATI O N A N[” _
REQUIREMENTS INTE iRR OGA TI O N- 

- 
PROCEDURE

SEARCH

FIG U R E  8 GP7 ~- ?O ~ ‘~O

ENGINE/AIRFRAME EVALUATION PROCEDURE
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3.1 Input

Three inputs are required to initiate the use of the Evaluation Procedure

for engine/airframe design selection. In an aircraft development program, the

USAF User Command makes the initia l input by defining role requirements. This

input consis ts of the desired mission and perfori~ince capabili ties and

operational limits. Typically, this could be a Required Operational Capability

(ROC) documen t. Such a document would normally identify the desired aircraft

b C , maximum Mach number , and other key factors affecting the design . Then,

the participating engine and airframe companies must identify design candidates

which are compatible with the ROC, e.g., the engine and airframe component

technology used must be consistent with the desired IOC. These selections are

judgements , based on the technical expertise of the companies and the results

of previous  inves t iga t ions  of s imi la r  systems . The engine and airframe companies

must a l so  identif y the engine and airframe design variables which could signi-

ficantl y affect the aircraft characteristics and the range of values over which

each variable should be considered. For example , important airframe design

va r i ab les  cou ld  inc lude  wing loading , sweep, and aspect ratio; important engine
design variables could include fan and overall cycle pressure ratio, bypass

ratio , turbine inlet temperature , and engine control schedules and limits. 
S

Conse quent l y ,  three types of design inputs are required : (1) candidate

eng ine a nd a i r f r a m e  designs , (2) identification of the important design vari-

ables of each candidate , and (3) the values over which the important variables

should be evaluated to define an optimum aircraft system.

The impact of varYing mission radius and performance requirements on

a i r c r a ft  TOCW and its desi gn characteristics can be determined from the computed

aircraft relationships. These requirements inputs can include any combination

of mission radii or performance requirements , in terms of Ps, N , or acceler-

ation t imes. A total of 17 requirements can be imposed simultaneously .

3.2 Con~ titation

Re l a t i on sh i ps between the engine and airframe design variables and air-

craft characteris tics must be established to provide a meaningful basis for

design s e l e ct i o n .  These r e l a t i o n s h ip s  could be obtained by computing the size
and perfmm rma nce of a i r c r a f t  desi gns representing all combinations of the
important engine and airtrame design variables. However , the t ime and cost of

such an approach would be impractical. A computational procedure has been

developed which provides the relationships required for engine and airframe

9
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:ed ur c  w h - c h  art- s1mo’~’c in F i - y i r i -  8 .

1 .2 . 1  A i r c r a f t . ~I , t t , r 1 x  Si -le ctiori — A I a r g - n u m b e r  ‘ f  ‘ - ‘ 1 s~ in e  ant i l i r f i - rIs-

-- :esign y,~ r~~;i ’m I e s  a;m\’ ‘~ /rI;’s’rtant i t ;  d t ’ t i ’ r ’ - ; l n i n g  t h e  r - r ! ~ s l / ’ o r - ’ I m i r ’’d
- mc h is ’v&’ a i ss  ion .in i ni’rt,’rr;an;-e rs ’ stuI I reT- s - V ito . , \ -~ the uT”- ”t -r of  ( i k ’ S l

ec is l n ; re , i ’-is -d , t h e  ‘m u a ” e r  o t  ju ’suihl e v a r  i 1 ~~~l s ’  c ‘~ b1’;;i ~ l,’n- ‘, m

d e s i g n s )  also i ncr eas es  r ap id I v .  i t , f o r  t ’x Im p I c , e l ‘ye” d e c i d e  v a ’ i  - m ~~) es

were  cons idered  and a] 1 v a r i a bl e  comb i n a t i o n s  w e re  ar I a . v z e d , a r e  t h ;m u  f u r

m i l l i o n  a i r c r a f t  des ign  c o ap u t  - I L  lori s wou ld  he r equ  i r ed .  ~~“ have emtTIe\ ’ 5 -s!

i ra t h em at i c a l  p r o c e d u r e  c a l l e d  ‘‘ 1 i t ~~u Sq u a r e ’’ to  cv s t e i ’ i ,  i t  i i  a]  l v  si le s t

m i n a g e ; i h l e  m a t r i x  of drcraft d e s i g n s  f o r  an ,m lv sie , F iuyi r i- ‘~~. ‘Ph i ’ ‘ i t  in

Squa re  p r o c e d u r e  d e f i n e s  the  m i n i m u m  n u m b e r  of  a i r c r a ’t de ci gee C1 ; f m - li s’nc ’r’pase

t h e  e n t i re  r a ng e  o ’ ~ l l  t i e  important eng ine  and aI ’- f r uT ’s - d i e t  gn v a i l a b  i - s .

W i t h  e l e v e n  v a r i a b l e s  f o r  examp le , t i m e  use u i f  he L a t i n  ~ q u i a r e  v”u ld  r e q u ir t -

mId lye is ot on lv i heu t  2 ~0 a i r e  ref t d e s ign s  • An exotic’] e ‘if t h e  use of  t h i ’

La t i n Squa re  p r o c e d u r e  to d e f i n e  an a i r c r I f  t di ’s ign alt r m x ic- c r -  se -i t i _ il i n

A p p e n d i x  A.

REDUCES / ~7REQUIRED / __ •_
•—_/ I

AIRCRAFT DESIGN VARIABLES AIRCRAFT ( (
VARIATI ON 

E V A L U A T I O N S  LAIR~~AF1
COM BAT WING LOADING 50 LB F t 7 

ci,’b o’1

W I NG TAPER R A T I O  0 4  soiJ~”~~ 
MA NAGFA RLF

~~ N U M B E R
A ’ NG ASP ECT RATI O  20  L

CONIC~~ CAMBER 04  -
THICKNE SS/CHORD 004
LEADING EDGE RADIUS CHORD 0 008 - 

/
70 

_ 
- / 

-r
TUR BINE J N L E 5  T E M P E R A T U R E  400°F 

/ /~__ 7 
__

DESI GN MISSION RADIUS 150 NM
THRU ST WE IC’ -~

T - l A W  E OF F 06

1 6 42 ,106
TOTAL A I R C R A F T  DESIGNS 4 1 1 4 2 ,  10 A I R C R A F T

DESIGNS

o,,.- ,0M ‘O~

FIGURE 9
SELECTION OF AIRCRAFT DESIGN MATRIX (LATIN SQUARE)
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3 . 2 . 2  Aircraft Des~ g~~~in~ Performance_Anajysi.s — The initial step In

the dt~te r m in a t  ion of a i r i- r a f t  cha r a c t e r i s t i c s  for  t h e  La t in  Square desi gn

matrix is to define installed inlet/engine performance. The lati n Square matrix

of aircraf t encompass a parametric famil y of engine designs. The engine

company defines the size, weight and performance characteristics of each

engine in t h a t  pa rame t r i c  fami ly , using the a i r c r a f t  total  pressure recovery,
b l e e d , and power e x t r a c t i o n .  The Propulsion System Installed Performance

(PSIP)  c o m p u ter  program is used to compute the required inlet capture area ,
match inlet and engine a ir f i o w s  and compute inlet drag, Figure 10.

INPUT PROCEDURE R E S U L T S  USE

COMPANY 1 
• SIZE
• WEI GHT—7;

~ 
‘ S KALE FACTORS I

- ~i N S T A L L E O 
- - 

- - -i -
• INLE T R E CO V E R Y  - ENGINE -
• COMPRESSOR PERFORMA NC E -

8L E F O  ~~A RD PACK
• HORSEPOWER

EXTRACTI ON 
-- ~~~~~_

- ,- 
- -

~~~~ “,~ -

~ PSIP 
—

~~~ INSTALLED Aircraft

/ R2R~~~~
cE

.J 

PERFORMANCE 
~~~~~~ ~~~~o~~~ nce

WEIGHT

L
SCALE PACTORS

GP?S.’~7-,1I
FIGURE 10

GENERATION OF PROPULSION SYSTEM INSTALLED PERFORMANCE

The size , w e i g ht , and s c a l i n g  c h a r act e r i s t i c s  of bo th  the e n g in i - s  and i n l e t s

and the insta ile d inlet/eng ine performance data are input to the aircraft

51 L i fl~ and pen orma n c- e analysis.

A i r - r a f t  sizing and performance ana lyses are accomplished by scaling the

c om p o n en t s  of an input aircraft d - s i g n  u s ing  a computer procedure called

CAI)E , Computer Aided Design Evaluation , Figure 11. The initial step in this

11
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~

f - s  of s u ch ma ‘i aircra ft c o mp o n e n t .  (‘A!~P is u s . ’c Lii ‘- C l ~~ L ~~~e ~~s [ - ,’’ t

- l c d  g e o m e t ry  ~t t h e  i n p u t  a i r c r a f t  c ’nupi’ne ’uts to d e t e r - ’ : i u - a  p f ’ v e i c ~~P c 1;~i r , -

f s t i i ’s . !‘fis sj on t’jel , L ’ f l u ~~~C( -  t h r u s t . :t n d  c c u t  ign i - u t 10” sf:’ - a r -  dets- ’~ - u - s’ ’ ‘iv

s t”tu I taneous 1 v s i z i n g  t i e  l i r e  tO f t  t i  / E c l l  ~~i ye the r i-c Lu r i -c C e  5 : / t i ; a l e s I o n

r a d i u s , BOO l e ve l  S t - u t  Ic t tm l r i u s t  t o  !‘‘C]~ r u t  - u  l i d]  s t , It ~~ - ’ W O , i t  h:’~~un ,‘ .

at rcra ft certormance analyses Include C o n p ut a t  ~Ofl 0 ’ m i t  i- rn/i t , “tissi s ’n r - ’d~~
;‘e r~~’r aance  a t  p re ss- i c c  Led f l i g h t  cotm dit ions and  eng ine ; ‘ s ’v ’r  -- i t t  i n u e  , a i d

a c c e l e r a t i o n  t imes  w i t h  yar i a t ions in ex t  s’r n,;l st ’rc ~~. Such  C ’ r - : ’ : t j t  ls’n s ti.-

a c c o m p l i s h e d  f o r  each a I r c r a f t  d e s i g n  In  t h e  L a t i n  Sc’- ri- a l t  r t x .

PERFORM AIRCRAFT DESIGN -
DESIGN MATRIX AND PERFORMANCE RESULTS

ANALYSIS

~q1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
R M A N C E

AIRFRAMES ~5,l5 ¶ - - v- ”~~°-
________ BA~~ ’ ‘ 15

- - 

- I r~~~ GHT/BALANCE v PO iNTS

~~~
‘ ITERATION ‘ 5 -

- ~~~~. 
~~~~~~~~ I - A C C E L E BA ~~0

- 
- 

- 
~- vu’, 3 -

- F~~~~~~T~~ F~~~~~~
m -AND ENGINE THRUST

J’~~’ ~~~ ENGINES SIZING
ITERATION

OP ’E ~ON’ - i i R

F IGUR E 11
DET ERMINATION OF PARAMETRIC AIRCRAFT DESIGN CHARACTERISTICS (CADEt

~~~~~~~~ 
(orrs’ t a’ t i n o ’ A i r c r a f t  (~harecteristics 

— -\ mat ‘i m l

i t  p r o c e d u r e  (S]’RPIT) is used t i ’  d e f i n e  t i l e  r~- l  a t i o n s h ip s  b e t w i - i - n  tile - t 0 i ’

a I r c r a f t  c h a r ; l c t s - r i c t i c s  and the design vartab les . l’ u , l ;  ajr r.’~ ch;i r,’ , 1 , - t i - -

l s Ic p.-lrom.’ter d ’ ’l ni’i! in (‘API F Is r -p re se n t i -d h’’ a q l l a i l r u t  I c  e q u l I t  l i i i  s ’ ’’li~~

n eed of t i l t ’  d i e  gil v , I r u , l h ls ’s as shown in F i g u r e  1 2 .  ‘u -  r i - c u l t  • I ‘ti e le v e n

d i - s i c ; ,  v a r l , I h l  i - a , Is an i’ m l l , I i  ion which r s ’ p r l ’ O I ’I t t ’ ;  an  • - ‘ v- -n  d f ’ i c ’ l l -~~l ’l ’ - I  ~~, I  ! i t ~~~~
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matical surface with 78 possible coefficients. A least squares curve fit of

the computed aircraft characteristics is used to determine coefficient values

for each term in the equation . Experience has shown tha t the aircraft

cha r a c t e r i s t i c s , such as TOGW , ca n be accurately represented b y 30 to 35 term
equa t ions , wi th the remaining coefficients set equal to zero . The correlation

equations provide the relationshi ps required for meaningful engine/airframe

desi gn selections. As shown in Figure 12, the equations can be used to define

relationshi ps be tween aircr aft characteristics , such as TOGW , 
~~ 

and N1,
and the important di’s i gii variables , such as T/W and W/S. Although only two

design variables Ir e shown in the example , such relationships can be obtained

for any combination ot the design variables considered. Consequently ,  the

corre lation oqua t ions provide the capability to compute aircraft weight ,

mi ss ion r a d i i , and pert, ’rrn,inc.- charact s-rist ics for any aircraft design encom-

passed by the Latin Square matrix .

CADE OUTPUT CORRE lATION EQUATION RESULTS
COEFF ICIENTS FROM LEAST
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TUGw~ 

:1
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________________

A C L E I E R A T i O N  
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T I M E 5 1 3 I  
I S O F I S E C

P, b 1 b2 iT W i  . b3 il w 2 • b4 IPPR I • _700 F T S E C
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W S
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FI GUR E 12
DEV ELOPMENT OF MATHEMATICAL D ESCRIPTI ON OF
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5’ j ’  1 - - i,~ V.T i t  151 r a m , - ’  - - ‘s  - - - , - i a ,  ‘ -

:- Lh ln sO’) ‘i ‘!i :15i I : i S Lf lg  t f u e  F t i ]  n r ’ c e c t ;  ‘a- • ~ - ‘v i’

Thke—o f g r ees  wei gh t

2.  l ’f l s s  ion r a d i i  and pe r fo rmance  p a r a me t i -r

3. Eng ine  and a i r f r a m e  p h y s i c a l  c n i r , i c  ten et  i ,-~

4. ‘I~ ssion  v i s i b i l i ty  — at  each s e g m c : l t  of  th e  des d~”T ;‘- sSle-; (P1 n’ses I

and 11) and at each ceu’’-’, ’nt  of twi ’ add it ~‘in; m 1 mis s  ‘“s ?h:us~-

— f I tgh  t coi;cl it ions

— fue l used
— eng ine opera ting characteristics

— i n st a l  l ot  I o n  losses

l ie  miss ion r ad i i  and p e r f o r m a n c e  r e l a t i o n s h ips p r o v i d e  a ituOn t i t a t  ly e  basis

fo’- size at-sd f l e xib  f li t -,’ t r a d e — o f f s .  The m i s s i o n  sc-c,I:i - nt  r i - l o t  : e n s h~ ti’s : ‘rov i i ’ &-

‘~‘f i-i lb  I ]  sv i n to  p ropuls ion sy s t e m/ a i r f r a m e i n t e r a c t  i o n s  to a deg~- i- i-  w,: ich  has

n ot  p revious l y been possible .

3. 2 . 4 A i r c r a t  r i m i z a t i o n — The m i n i m u m  TOCW a 1rcra~~t design c a t ’a h l e

of  a c h i e v i n g  s p e c i f i e d  m i s s i o n  r a d i u s  and p e r f o r m a n c e  r e q u i r  ,- u-’, - nts is i d - n t i  l i e d

liv means of  an o p t i m i z a t i o n  p r o c e d u r e  ca] t ed  S!-IAI-(l? . This iroc -d - ;’-c i ; t  I lizes

th e  c~’ r r e l - m t i o n  e q u a t i o ns  to d e s c r i b e  t h e  v , u r i a t i i ’ n ., o f a i r  r a t s  ‘*‘i ’i,’’;t and

p e r f o r m / I n c . ’  p a r a m e t e r s  as f u n c t i o n s  of  t h e  des i gn v a r i a b l e s .

It was show n in  F ig u re  12 that the equ a t  t i n s  can  l i i -  used t o  dc ’ tn~ v ;ur io—

t i o ne  in  TOGW , P and  N as t h r ee  des ign  v a r [ a h l - s  ,lr - changed. ‘lhe o p t  i m i z - , l ts z
p r o c e d u r e  is i l l u s t r a t e d  liv su p er i n i n n a in g  those r e l a t i o n s h in s  , Fi gure 13. ‘11 e-

4 n t e r u c t  ions be tween  t h e  des ign  va r ahles , TOdW , and  t h e  t v ’  n e r f o r m o ; -  , -

m e t e r s  a rc  c l e a r l y d e f i n e d .  For p e r t  -‘ca in e ’ - r ’ - i ’u i r e m e n t s  c or i- , - s n o n d  i n g

P 5 700 f t / s e c  and N~ 
= ‘~ 

. ~ g ’ s , the min imum ac tm l f s - ’’o ’I ii lflSS’ ~nd cc’;ri-spond I” ,:

desi gn v a r i a b l e s  can he q u i c k l y d e t e r r : i n i - d .  In  t h i s  iu- ,m ’ - ’ n ] e , c c l v  tw o  de s i c n

c - I  r l ab  l i - s  w e r e -  p e r m i t t e d  to change . Repe: ’ , I ug th i s p roc~~i tuir, - f-o i- an add t j o l l a  1

des ign  v a r i a b l e , such  as an  p r e s s u r e  r a t  t o , i d i-n ’ 1 f f ~ ‘-~ h-  m i n I m u m :  1’O~ W air , I- , - ’

f i r  t h r ee  v a ri a b l e s .  This opt i r i i z,-i t i o n  p r- ’ci - d i rl cons id ,-rs up ‘o i -l u - y e n

‘l i - s ign  v a r i a b l e s  s ian ] t l l i e o l l siv  .

The SEARCH co-np : ti r n r ’ g r l m  is c ipi 5 ~ if pert - ‘ mci n i t  op’ I m i i t a t  I one is inc

any  of  t in’ su r f a c ’ -  f i t  i - m i mi - s  i - r u  as the  p a v o f  f f u n c t i o n , wi  t f m  11 di i-- l e n

var i mb l i - s  an d  I I I )  t o  1 7 -~~ i e - 1 - it led miss ion rod fame End per  formn ,- oii -e -- ecu j r , - ’ u ,  - u t  - - -

P - v E ’ i ep m l ’ n t  ( I f  t h i s opt j r’- j i’-it ion t e -tu n i q u n -  Was ‘i,i e.~~ t ‘in i , ’: ’ q ‘( ‘c ‘S ’l i -X ‘ F t  led , ‘‘

Re s-ren ce S. Using this procedure , i t is possible to rapidly m d  I o, - x t -’cn ~~ i vet V

es tahl ish the in t e rac  i I on i-i l i t -  twi ’er i  mission rod ins ,iiu l p’ - r t ‘ri/ia n i e  ‘ ‘ ‘a u i  ‘ one; , ’ s

and the l O g  in.- m l  - it r f rame desi gn v ar  i~~b l ee.
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THREE VARIABLE EXAMPLE
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-
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-
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- °8

~~~ b 
-
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0.82
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WIS OP1S-1057- ,O1

FIGURE 13
TOGW OPTIMIZATI ON AS A FUNCTION OF DESIGN VARIABLES

AND PERFORMANCE REQUIREMENTS (SEARCH)

1 .3

I t i c  ~um i t p ut f r o m  L i i i - Fi g h te r  Eng i n e / A i r fi a m e  E v a l u a t i o n  P rocedure  i n c l u d e s

t h e  c o r r e l a t i o n  e q u a t ion s  and , f o r  each SEARCH o p t i m i z a t i o n , a desc r ip t ion of

t i m e  g i ’ , ’; ’ i i -  t rv m d  pi - r f or mmn c i - m ’ ha r : l( - t e r i s t  ics of the s e l e c t e d  a i rc  r a f t  The

correlation i- q i . ;u m t i o n s  a r e  r e t a i n e d  and can hi - r . - p i - o t e d l v  used to d e f i n e  and

evaluate interaction s between Liii - des i gn v a r i a b l e s  and s y s t e m  r e q u i r e m e n t s .

For each a~~reraf i d e f i n e d  i c i n g  the SEARCH op t imiza t ion  procedure , the  des ign

va r j ~~bj e s  t ir e  j d e n tj f l i -d , and t h e  eng ine  and a i r f r a m e  geometry can be obtained

from the c o r r el a t i o n  e q u a t i o n s .  Us ing  those  desi gn variables , any mission radius

i r  performance p a r a m e t e r  for w h i c h  c o r r e l a t i o n  e q u a t i o n s  were developed can be

d e t e r m i n e d . F i n a l l y ,  a t  each segment of t h e  design mission , the fue l used ,

i r , l e t  and umoz zli - gm ’om t-try , and i n s t a l l a t i o n  losses can a l so  be d e t e r —

n i ’ui .- d .

A dr o c ed u re  no, b . -e n  d e l  m e d  to us,- the c o r r e lat i o n  e q ua t i o n s  to assess

relative aircr a ft c ip i-ration al flt-xi b ili t v . A quantitative measure of the

c m p ibm. f j t ~ - o f  in  a i r c r a f t  t o  a c h i u - v i -  m i s s i o n , r o l e , or m u l t i — r o l e  rad ius

and p e r f i u r m m n i - t ’ r i’ qmmir ernt.-nt s pr ,‘vides Liii- b a s i s  fo r such assessments .  We

ca ll this ;u -irImi-te r a m erit rating and b riefl y describe its determination

i i i  nt- 1 o win g p a r a g r a ph s .

15
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F IGURE 14
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reorder t I l e  weighted parameters , and assign quantitative importance f~~~t i ~
which properly reflec t his personal judgement of priorities.

MISSION CAPABILITY

R EQUIREMENTS MERIT RATIN G IMPORTANCE FACTOR - WEIGHTE D REQ ’T
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ROLE S MERIT RATING IMPORTANCE FACTOR WEIGHTED ROLE
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FIGURE 15
MERIT RATING PRO V I DES A M EASUR E OF FL EXI B ILI TY
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,\ i r c r ; m f t  u - ! i : I r u 1 ~- t . ’r t s t i c ’s d a t a  c o r r el a t i o n s  w . -r c ’  m
’ -v e ’ ’’t ’ - - ’ t o  :‘‘uivm ’Iu’ :,

d It .I h,t-u t - m ’ i  ; ji r c r ; m f !  / c , u l u u i r i - m e n t  j f l t e r a c ’ tj i ’ns w i t h  ~ m x , - u1 , ‘v c 1 i’ ( ‘ f l g I f l ’ S . ‘rh,

F ig S or  Ing  i n c / A l  r f  raru e Ev~ 1 oat ion Procedure was a l so  c u - u ,  -d to select a

I .1 ‘ h ~~ l O W ’ , ’ red um i r e  rum f t  des i gn , wh ie’h was t h e n  vu i l  i d at  ~-d by d i’S ig n  l a \ ’ ’ u u ’

. - 1- r f u ’ rm;mn i ’i- a na ly s e s . The folFowing sec t  Lons m r i e ’ l v  d ’ s  r j ; ~ ’ L i i , ’  ‘sign

u r  lab lee co ;,s ;dc ’ r ed , -  - x ; m ; - un I e 01 r e l q u i r e m en t s/ a i  rc  ra t i i ’  i’~~~u - - ’  i ’m ’ s , ,~‘id

t h e  v a l i d a t ion of : l fr c r a f t  dc - s ig n s  s e - F et e d  u s i ng  t h e  p r - c -dare.

4 .1  A~~ c~~mf t Desi,~~~Voriah F i-s

A wide  range of a i r f r a m e , s i z i n g ,  and eng ine  desi gn variab le--u e’ae cu’n—

s id e r e d  in Phase I to d5 ’nonstrat - tIie I I i xihul i t v i f  S a c  v i g ! t , ’ r  Air ! c urie

E v a l u a t i o n  P r o c e d u r e .  Se ven w i n g  dee imp ;  and  tea ’ ~-ng  i n e / a i r f r :m m e  s i z i ng  v ;lri—

abi . es were cons idered .  These v.~r i /lb lee and t tic ’ i r cot  c - - u p e n d  Foe , rulngc’e 01

vo l  itt ’s I r e  shown i i i  F’ ig t ir e  I ’ S.

ENGINE/AIRFRAME SIZE

• TAKEOFF THRUST /WEIGHT RATIO (T/W ) = 0.6— 1 .0

• INTERDICT ION MISSION RADIUS = 350 — 500 NM

I WING DESIGN
- - 

• COMBAT WING LOADING (W/S )
~0 = 50 — ‘IOU LB/ FT 2

• WING TAPER RAT i O (X ) 0_ i — 0,4

• WING ASPECT RATIO (A R)  = 2 — 4

- -- I - S WING LEADING EDGE SWEEP 
~‘1LE = 30° — 60°

/ 
‘

1 
• WING CONICAL CAMBER IC L d ) = 0—  0,4

-

, 

-

‘ 

- 
• WING THICKNESS/CHORD RATIO (t/c)R = 0,04 — 0.08

- 
S WING LEADIN G EDGE RADIUS TO CHORD RATIO

( LER/ ~~ = 0 001 — 0,008

G P ? ~ ‘O ~~ ~ ‘I

FI G U R E 16
WING DESIGN AND ENGINE/AIRFRAME SIZING VARIABLES

iS
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G~-n~’ra l Electric prov ided parametric families of both turbojet and mixed

‘~~ f l ow  t u r b o f a n  engine  desi gns . The desi gn va r iables of the twelve turbojets

and nine turbofans are shown in Figure 17. The selection of the design

v a r i a b l e s  and .m control schedule establish eng ine weight and performance

c u ar , i ct e r i st i c s .  For examp le , eng i ne t h r u s t  to weight  r e l a t ionsh ips a re

shown in Fi gure  18 t a r  b o t h  the  t u r b o f a n s  and t u r b o j e t s .  Typ ica l l y ,

th r u s t — t o — w e igh t  r a t i o  va r ies  f rom abou t  7 to  9.5 for these engines

at  sea level static maximum augmented power conditions. Installed

fuel consumption (SFC) characteristics and thrust variations versus Mach

number  are shown in Fi gures 19 and 20 f o r  the  t u r b o f a n s  and t u r b o j e t s  respec-

tively. Maximum power SFC is shown at Mach 1.9, 20,000 ft. altitude , corres-

ponding to the Interdiction Mission dash condition. Typically , SFC varies from

about 2 .1 to 2.7 for the turbofans and from about 1.9 to 2.1 for the turbojets

at  t h i s  o p e r a t i n g  cond i t ion . I n t e r m e d i a t e  power SFC at a typ ical cruise  cond i-

t ion ranges  f r o m  about 0.8 to 1.1 f o r  the t u rbo fans  and f rom 1.05 to 1.25 for

the  t u r b oj e t s .

Turbojets GE16/J2 -A1 Through A~12

2400 2:00 2800

Turbofans GE16/F8.A 13 Through A-21

2.2 3.45 4.70
1 0.3

20 13 14 15
26 16 17 18
32 19 20 21

Gp7$’I~~,-’3o

F IGUR E 17
PARAMETRI C ENGINE DESIGNS

19

_______ 
____—



F- ~~~~~~~~~~~~~ 

‘_ ‘

~~~~~~~~~~~~~~~~~~~~

‘

~

‘ “

~~~~~~~~~~~~~ 

-

~ 

_ _ _ _ _ _  ___ 

- ;

‘~ 3260°R r.’~-p’ - ,

9.4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 9.0

~~~~~~~~~~~~~~~ i,o 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

T 1 -~~- M A X  ~

~—~~

---
--4-

-- 0.50 
-

- 

- 

3260

8.6— — 8.2 3060 _,,,,,,,,

T/W 

: :
2H4 

~ 

2 8 3 ~ 

~~~ 

2 1 6 2 0
OPR OPR

F I G U R E  18
,.p .,  - 0 ,  -

UNINSTALLED ENGINE CHARACTERISTICS
SF4 I FVFL STATIC MAXIMUM AFTERB URNER

2.2 ~~~~~~~~~~

SFC 

: 
~~~~~~~~~~~~~~~~~~~ 

t8 

F T

MACH 1,9 , 20,000 FT - 
-

MAX AIB

2. 1 
1 ,4 _—_-_—-—-—

~~~~~~~

________________________  / 1.0 !1,12 /

1 1 FN / /
MACH 0,8 , 36,089 FT F I- INTERME DIATE POWER NSLS i /

_ _ _ _ _ _ _ _ _ _ _  _ _ _  
/

1.04 % 1,0

\ \ !  -

SFC 0.96 
o.€~~~~

_
~f t__  

- -

~~~~~

0.88 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0.2 -

32 0.4 1,2 2,0 2, 8
I I MACH NUMBER

0,2 1.0 1 .8 2,6 3.4
B PR .. •,~~~ .

F I G U R E  19
GE T U R B O F A N  P E R F O R M A N C E  CHARACTER I ST I CS
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F I G U R E  20
GE TURBOJET PERFORMANCE CHARACTERISTICS

The ru i if engine thrust at Mach and altitude flight conditions to

thrust at sea level s t a t i c  conditions characterizes the potential impact of

desi gn and s chedu le  va r iables  on eng ine s iz ing.  This r a t io  is shown for  the

t u r b o f a n s  and t u r b o j e t s  in Figures 19 and 20 respectively at a constant alti-

tude of 36,089 ft. At Mach 2.5, this thrust ratio varies from about 1.0 to

1.8 for the turbofans and from 0.9 to 1.5 for the turbojets. Variation of

turbofan overall cycle pressure ratio from 20 to 32 causes a change in thrust

rati o of about 0.25 ct Mach 2 . 5 , hut  is n e g l i g ib le  at subsonic f l i g h t  c o n d i —

t ii’ns . Vary ing turbojet turbine inlet temperature has a negligible effect on

t I l l u - , augmented powered thrust r a t i o  a t all flight speeds.

A i r c r a f t  l i f t , d r a g ,  and f u e l  volume c h a r a c t e r i s t i c s  are  also a f f e c t e d

by the  a i r f r a m e  design variables. Consequently, combining engine and air-

frame’ desi gn variables describes substantiall y different aircraft designs for

consider ,-ition in selecting designs for specified mission and performance

requirements. The I.atin Square procedure was used to define a matrix of

approximately 250 airframe/engine designs for both the GE turbofan and turbo—

jet engines.

21
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- -  ., ‘~ee ’ :j i er)e i t , - \ ’ ’  - :, i ~~t I n t e r  ict i c - n c

As descr ibed o’’ Lvi ,’/lelV , F h o  i- c ’rr e it o n ,  e g ; , u l t  F o o s  clev’~~~’’pe ’  ‘~‘Y ‘ ‘hi-

I - i g h  ter  Engine!  Aj r f  ‘- ‘m e l-Ivuo lut.oL ion l’ rm ’cc-d ar c - p e rm i t  i cie r  F i f  i c - I F  ‘f

Fr  terai’ I Fans b e tw e e n  per  t er m / I n c  e’ requl re-ac’’, ’ c , 1 t~~’,s , an’’ ,‘ ‘ ‘. ci no ,e,d air : a ” -

design va r iab les .  In he examp le of Figure ,Il , ‘oe ~‘A }~( ’ °°  , - l ) t  m u  Za t ion “ O - ’ c ’ ’  —

do ur , - was u sed to iden t  F Iv t h e  m i n i m u m  t .ml-oo—o f F grass  w e i g h t  or ” - - - o’- - c  r- ’ a

1 e- of achieving a -‘c P u  mm In t~ - rd Fe t ion I-t i scion r o d i t o c  . T h u - a i r  cr a

we ighed approximately 55 ,000 lb. The corresponding aircr aft desi gn v , i r ou h l , ’o ;

,-crc ’ designated by the circle symbols in Figure 22. Ne ’~~ t , a r~-o, ui rem en’ ¶ “

aclcje~ e P 800 Ips at  I-hie - h ~~ ~ - I t  ‘fl , 000 ~t ut i i  t u d e  was added a 1 ‘j . -  I nit a ’
S

40( 1 nm r ad ius  require - r e- nt .  The m i n i m u m  a i r c r af t  TOGI4’ sat isf y ing P i t h  r c- q uIir - -~

meats  was about  62 , 000 IP and t t i c ’ a i r c r u t ~~t d e s i g n  v a r i a b l e s  were  suhet o u t F a l l - .-

c hanged , as shown by the- t r i a n g u l a r  s y m b o l s  in P igu rc  22. As addit ional o’er—

fo , ’mance r e q u i r e m e n t s  w i - r e  imposed , TOGW increased and the eng ine an d airl tam-

deouign variables changed still furthe r , re ft e a t  ing cc ’mpr om~~’ue ’s b etw een li t ,—

dynamic and propuLsive performance a t the most d e m a n d i n g  f l i g h t  ,“u l i t  t o o ’ s .

INTERDICTION MISSION RAD = 400 NM

® 
(ij  + P~ = 800 FPS AT M = 1,9 AND 20K FT 

J

® ® +n~~~ = 4 ,5 GsA T M o.9 02oK FT

® ~~~~~~~~~~ = ~~ AND 

60 

AEOUIREMENTS~

TOGW . 1000 LB ~~~ ‘OS’ ‘It?

FIGURE 21
IMPACT OF ADDING REQUIREMENTS ON TOGW

-

!
41~22

-
‘I • “

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— ... —-—— —- ,, ‘— -—— ~~~~ ——-—-——-——‘---~~~~~~~~~~~~~~~~~~ .-—————‘,--, ‘-——-‘-- --- - -  —,--.~~~~

DESIGN VARIABLE RANGE

A I R F R A M E  VARIABLES
WIN G LO AOIPd G. W/S 5O,~

_
~
_ - - - — ____

~

D

~~

.

~~~ 

ioo

WING I.E SWEEP , 
~LE 30 ~~~~~~~~~~~~~~ - -~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 80

WING ASPECT RATIO. 2 A~
___ S C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4

WING TAPER RATIO , -‘ 0,1.  A ._________________ 0_4

T O  TH RUSTWEIGHT , T/W 06~~ 
A Di 1.0

ENGINES V A R I A BLE S
FAN PRESS RATIO FPR 2.2k C . 4 7

OVERALL PRESS RATI O OPA 20 L.._.~~~ 
A _______________

• INTERDICTION MISSION RAD - 400 NM

A iWO REQUIREMENTS

o FOUR REQUIREMENTS
OPOI’- ~OS7-, I?

FI GUR E 22
IMPACT OF REQUIREMENTS ON DESIGN VARIABLES

4.3 Aircraf t Design Evaluation and Validation

The selec ted aircraft was required to achieve all 17 of the Tactical

Strike Role mission and performance requirements , described in Section 2. The

minimum TOGW aircraft designs capable of achieving those requirements with

t u rb oj e t  and t u r b o f a n  engines  are  shown in Figur e 23. On the basis of i t s

lower TOGW , the turbofan aircraft was selected for design verification. The

CADE program was then used to verify the aircraft TOGW and performance obtained

from the correlation equations . A design layout was used to verify the air-

craft geometry , fuel volume , and component integration. The results of t h i s

verification , shown in Figure 24, demonstrate the capability to accurately

correlate aircraft characteristics from a Latin Square matrix of designs and

to determine realistic aircraft performance and designs from those correlations.

Life cycle costs were computed for the selected aircraft using the MCAIR

Advanced Design Life Cycle Cost Model. The breakdown of the estimated life

eve ic costs is shown in Figure 24.

23
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‘TURBOFAII 4TTU RBO JET
1 ...~‘

TOGW t 70 ,700 LB 79 .700 LB ‘
~~~ - / 

“ 
-

NT FUEL 27 ,880 LB 32 . 130 LB -

FUEL FRACTIONj 0.394 0 403 /

- —
S _ _

— . - -—5---

—
5-

AIRFRAME DESIGN
- 

TURBOFAN TURBOJET J( W/S)~~ 93.5 LB/FT 2 91 5 LB/FT 2 I
ENGINE DESIGN 

- o. ie 
- 

0,20

[TURBOFAN TURB OJ~~~~j AR 2,97 3. 15

FPR 330 — ~LE

OPR 25.0 
- 

21 .2 CI d 0.4 0.4

TIT 2800°F 2400°F 
- t,ic) 0.04 0,04

___________________________ LER IC ooo i 0,0016
098 0,94

- .p,s no, ’  ‘ - A

FIGURE 23
PHASE I OPTIMIZATI ON RESULTS

F TOG W 69,200 LB
LIFE CYCLE COSTS ~~

‘ 
- - - 

- 
-

ROT&E 20 9% / - ‘ 

-

INVESTMENT - 50,8% / - -

08cM 28,3% / -‘

‘5-

—
-‘S 

“
‘

~~ 

-
. 

—

A I R F R A ME DESI G N

TURBOFAN 94.0 L B - F T 2  ‘

-i - 0, 176
ENGINE DESIGN 

AR 
- 

2 9 2
1 FPR 

- 
345 ~L E

ORB 26.0 CL d 0.4

TIT 2800°F (tic) 0.04 -

LE R / C  0 .001

G P’O it? ‘ ‘ 2

FIGU RE 24
BASELINE AIRCRAFT CHARACTERIST I CS
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Mission , role , and multi—role merit ratings were also computed for tIie -

selected aircraft , using the procedures described previously. These mer i t

ratings , as shown in Figure 25, provide a quantitative basis for evaluating the

impac t at engine and/or airframe design variable changes on aircraft operational

flexibility .

2.0 ___________________________________________________

RATING 1.0 - 

0 —  - - - - .

TACTICAL AIR INTERCEP1OR MULTI.
STR I KE SU PERI OR ITY R OLE ROLE
ROLE !~OLE

o.,s”os7-”

FIGURE 25
AIRCRAFT OPERATIONAL FLEXIBILITY RATING

25
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~I o NS/A’’li RA FT -:\ -A: , l A -l- r (g~s- — ,‘,\5T .\’~
’ ’  — ‘ ‘ ‘ S

A da t a  base ~ f “ ,o— - o ’ - o et r l ’ - a i r c r a f t  -horacterist u - s  l’i:io; : c ’ .~ -.1’ -~‘-l

two va r i ab l e  geometr ’,- t u r b i n e  toirPc~ et engine design .‘i’n c e -o i ts . - iv-

- I ota generation and c- 5r ~~e tat ion p r o i - e du r e s  nr od uc ed  sign  i f f e . t , t  dv i n -  r- ’.is’’d

c, in - i b F  ~itfes for ova ~a . i t  ing des ign  and  a l t . i - ’u o t  e n i ,so - i i i ’ o -  - i ” - ~ erf,’r’ : r u e  re—

‘i -i irenent interactions. The f o l l o w i n g  p ar o g r an h e  .sumrna r I ; ’ ’ tin - ruir ‘n- ‘ n c

d at  a dove tc ’pr ’ent  pr o i - - ’c u o e - i ;  and the re-eu I te o b t — ’ n c i J  to ova ~o i.t ‘ i i ’v s

~)etro i t  Diesel  A l l  i con  (DDA ) and P r a t t  and t,’ h it n ev  Al  ri o -t i t C - n . ~~~~~~~~ ~~~~ at-

des igns .  The compon ent  t e e l in , ’ 1 ogv used to de “inc the ChA and l’~~~~i\ ‘ - ac inc-s s

v e ry  advanced and hi g hly  ( - omn e - t it ive at th is time’ . C ooi—i c- q u e n t l  v , cu-in ’ i o . t ~ i i-c-

eng ine  and a i r c ra f t  sy s t e m  data  w h i P re I i t o  t o  aai ’ , i f ic  e i n ’ -  , i . o r a e t , - r  S t  I

are not included in this reoiort , bu t are contained in ‘~‘-o c - r , - ’oces  2 and 3 v - l o P

are proprietary to DDA and PPWA ri’s~i ectiv - I’.’.

5.1 P a ra ne t r i D o t a eve1,~~~~ie n t

Parametric aircraft characteristics correlations were d-~’,’e 1 op ed u s i a . \‘(C”

t u r b o j e t  eng ines  d e f in e d  by DDA and by AFAPL us ing  a P &WA p .i raroeo rti i-ng’.:o-

d e s i gn c omp u t e r  p r o g r a m .  W i d e  ranges  of e n g i n e  and a i r f r a m e  desi gn , a i rc r ; I ~

f u e l  sizing, and thrust sizing variables were used to  d e f i n e  Ire” t nic  f. r o i l i - e

of  aircraft.

The’ r e s u l t s  o b t a i n e d  in Phase I i n d ic a te d  that o n ly  t P r n .-e o f  tb c ’ —; i’ven

a i r f r a m e  desi gn variables impa c ted  the a i r c r a f t  c l i a r o o -t i ’r i s t  ice a ci cni—

fit - ant degree .  C o n s e q u e n t l y , ii ’ number  of  airfra me des ign v .ir fi h i  c-s u et -d in

Phase T i  was reduced f r o m  seven to t h r e e  as sh own in Fi gure 2~’. Tb - ‘u t - i l

n u m b e r  of i n d e p e n d e n t  v a r i a b  Los was m a i n t a i n e d  a t  e le v e n  hv inc ‘ c - , i - -~ n c  t h e -

number  of  f u e l  s i z i n g  v a r i a b l e s  f rom  one to ~i ’u r  and a d d i n g  on -o ’ c ’. i ’~, - a f r o  l o w

schedule  p a r a m e t e r .  The f o u r  s e l ec t ed  f u e l  s i z i n g  p a r a m e t e r s  p r o n t o

va r i a t i o n s  in t h e  r e q u i r e d  cru ise  and dash f u e l  w i t h i n  a c on s ’ i s t ” o ’o l v  do ’ i n - -b

mission d e s c r ip t i o n . The subson ic  c r u i s e ’ r a d i u s  was uei -d in P a t i o  ~‘ i e c - S  1 -ta d

T i  f o r  fuel sizing and i s  p e r f o r m ed  a t  the  opt imum Ma P n u m b e r  ~nd o I l  t i t  I I ’ , -

f o r  each  englne/atrf’ame desi gn comb i n i t  1 , - n .  The Phase- I dash w it - I l X ’ - i ’ i t  50

r a d i u s  a t  Mai :h  1. 9 and  20 , 000 feet a l t i t u d e ’ , in  P ha se  11 , however , e- u t c l ’ r s u n  I -

dash r a d i u s , Ma- -P number , and  a l t i t u d e  w i - r i -  a l s o  u~ e-d as vori atilee f o r  ‘ i - i

s i z i n g .  Co n s e r lu en t l y ,  the  Phase  11 pa r a m e t r i c  a l r e ’r a ( t  d a t a  i n c l u d e  desicn s

w h i c h  are  c o m p a t i b l e  wi th the extensive supersoni c dash en v e l on i ’  show n in

FIgure 27 , rather than t I n e single dash condition considered in Phase  1.

26
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PA RAMETE RS ‘ PHASE I PHASE 11
I.-

• ENGINE DESIGN (TURBOJETS) GE P&WA ODA
TURBINE INLET TEMPER ATURE (°FI 2400-2800 2600-3200 2350-3400
OVERA LL PRESSURE RATIO 12-24 10-25 9 18
AI RFLOW SCHEOULE — ASP O-I 

~B 1 1 3 6

• AIRFRAME DESIGN
COMBAT W ING LOADING ILB/ FT 2I 50 100 52 - 112
SWEEP 30-60 40-6.0
ASPECT RATI O 2-4 2-4
CONICAL CAMBER 0 0. 4 - 04
T I-UCKNESS/CHORD - 0 0 4  0.08 0.04

LEADING EDGE RADIUS-C HORD 0.00 1 0 008 , 0.00 1
TAPER RATIO 0 . 1 - 0 4  I 0 1 7 6  

- -

• FUEL SIZING -
C L I M B  • CRUISE RADIUS iNMI 300 450 100-5.00
DASI-I MACH NO ~M- 1 .9 1 4 - 2.2
DASH ALTITUDE (1000 ET I  20 40-70
DASH RADIUS (NM) 50 150-250

• THRUST SIZING I 

-
UNINSTALLE D FN SLS/TOGW 0.6 1 05 1 1

AT DASH MACH,’ALT ITU DE IFT/ SEC I 
- 

>0

FiGURE 26
PARAMETRIC VARIABLES

100

ALT ITUDE 

/

“
~~~ s

1000 FT 
40 - 150 NM

/
2 0 -  S

PHASE I
50 NM

0
1.2 1.6 2.0 2.4 2.8

DASH MACH NUMBER

FIGURE 27
RANGE OF PARAM ETRIC MISSION DASH VARIABLES
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A na ’ 0 0 0 - n  to ~o — ‘ ‘ Oh ’ “0 - d e - -~~~i ’ n - -~~~.’ ’ ~~ d et i .n- -d “ i.’’~ b a t  ~~‘ n , ’  ~,‘
‘ ‘ .\ - c-

fl , - ‘, i cep ’_ --o u s i n g  eve  e’ d e s i g n  p a r . o n ’Ic - t e t - o  and on ot t ’- Y- ’w s - C e - -H e - - o t o o n,’’

-is j p,~’ep~~~~e~~t d & - a - g n  i- -- ’ r - - o b ’ 1 es,  Th e v a r i a b l e s  used t- ’ di’~ I” tl-e tee

and It inO inos ir - - coo ~o p o  c - c ’ in F I i ’. : - r c - S . The a i  r f l i  -w sch ’  -o ’ u le  7oir ,I”I , - ’ 0 - ‘

d e n t i  f l ed as for t h e  Dn A , -n c lr n e and as ASP f t n t  the P- ’A~A dcci c--’e~

pr o v i d e s  a large  eocine t I tu s  t lap se eoo vc- I a’~ i - vi th  ~‘a c b o  n o : r - ’c r , as e °iotc’~ ‘p

no 29 , an t  t hus  a d d s  a o!- .-gr ee - of f r e t  do”- in c-r cine - 0 n - c t  ions  v-n i n ’ s

o’i~ scion and perfornnn - - - roe ’’’ rCnne’nts. Tb’- vo n- - C ’ lt  . O” c’ ’ n - \  n - -s o r,- -jc’ -d

to produce large airflow varia t ions . i O  s u p e r s o n i c  f l i g h t  conditions without • be

subsonic , maximum power thru s t penal’ ies encountered in f i t - e d  cycle i’acrines.

‘ ii additjo - , eng ine airf low de- - , iv  is rtin i n-H :.-d a t  r e du c e d  n-ove r subsonic - -ruise

and l o i t e r  f l I g h t condr ° i o n s . As a ‘a - su I t ,  ina r o v e n - n ,.’n i s  I ’-  ln ’ o ’ t ’.i interT1 a~ c y c l e

performance and ins tall ,itio n losses are achiev ed.

The DDA n~~t r i x of ‘~4 d e s i g n s  was d e f i n e d  ha dividing the ran~-e of value’s

-of the three desogn variable into 4 eq u a l ly  spaced i n c r en er t s  and generating

an engine for each co~~ m a o  ion 01 t t- O -Se- v a l u e s ;  (4 ) 3 
= ~4 .  AFA~ 1, used no I

va r I a b l e  ‘ at in I~~uare array , as d i sc u s s e d  in se c t i o n  3, to  d e f i n e  tb ’ , 121 des ’ crc

used f i r  t h e  l’/ .AA ‘-no’jn. -e . F;j e’h so t  of  des.,gns was i n - o r n ’ - - a t ed  i n t o  a dc c i  coo

p o O r  i x r ind a n n - - r I O  sj  o’ and n - , - i - f - ’r o n . i n c e  ch a r a ’ . - t e r i s t i c s  w - - n e  r c ’p O ’ o t ~-d -

For each  i i r c i - , t t  , t b . I uci cap o n itv w o e  e s t a b l i s h e d  by ‘h , s o  r , o - u . O  r

m i s s i o n  c r u i s e  and dns ° I v a r i a b l e s .  ) 010e each  a ir e r a 1t oe. l - o  d e f t  n ed , i sac -c l I - -

excess  power , l oad factor , and a l t e r na t e  mission capah i l it ie s  w c - r e  c o m p u t e d  -

- - NU MB E R
OPR BPR 

SCHEDULING ENGINES

PHASE ! - -
GE FCETJ l2 -24~2400-2800~ — — 12
GE FCE TF 

120 - 32 - 2800 0-3,0 — 9

I - - - -—~~~~~~ - — ~~~— ___________________

PHASE U
P&WA VGT TJ 10-25 h 2600 .3200 — A S P = 0 - 1 , O  121
DDA VGT TJ 9. 18 2350 . 34O0~ 

— B = 1 .0 -  1.36 - 64

QP7~- ~Ø~ 7 •j
FIGURE 28
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-
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MACH NUMBER
0P78 - t067.99

FIGURE 29
THRUST LAPSE COMPARI SONS

36.089 FT ALT I TU DE

Toe’ we igh t and performance characteristics of an aircraft configuration are

~u n e t i o n s  o f  i t s  en 0 ; in e  and wing desi gn patameters , engine thrust , and fuel

c a p a c i t y .  Fijus , wei gh t  and p e r f o r m a n c e  da ta  can be a n a l y t i c a l l y  c o r r e l a t e d  us ing

t I O s t  ~i , t r ~ m~ te r s as in depende n t v a r i a b l es as shown i n Fi gure 30. The

waco , i 1 i , L L  i o n  ~omr -~~t is used to  c o r r e l a t e  d a t a  f o r  miss ions  w i t h  f i  xi ’d prof iles

and d r i -u c - t e r m i n e a  segment ligoo t c o n d i t i o n s ,  e . g. , t he a l t e r n a t e  missions

d e s c r ib e - c  in  S , e t i , o i  2 and in Reference 1. The dash rad i us of the parametric

str i~~- n-i j~~S Li i O i . howeve r , Is strong l y  d e p e n d e n t  on a i r c r a f t  f u e l , cruise  rad ius

uric the Mach number and iii i tude at woo i ch the dash i s  p e r f o r m e d .  Consequen L i i’ ,

u~~rcra f t t s ’ i w o i g o o t  , crui se radius , and dash Mac h number and altitude are all

u sed ;us i n d e p e n d e n t  v a r t ~n’ i c ’s in the  e q u a t i o n s  c o r r e l a t i n g  d a t a  r e l a t e d  to t h e

parametric str i~~- r101ssi )n .
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A - R C RA F ’  ~Ot~W =  FU E L  WE n ;HT + z n o  FUEL WE G’O T ‘?‘~w
O/’ R , T I T , ASP . W S , AR . . \ ;  F U E L  TiW ’

—.- -‘
~~~~- — — — -~~

E N A I N C  A ° F A A V E  S ’ ? t N G

FUEL USED AS ‘ NDEPE N DENT VARIAB LE

ALTERNATE MISSIONS

— °A D \~-c RDICT Io N~~~! CPR TIT . AS P . W ’S , AR 0,

SAME F OR °~ , - -
,,. MISS ION SEGME N°’ . A ND V S E I I L I~~” ‘)A r iA ’,’F i L RF

P A R A M E T R I C  MISSION

- GRA D “ °  °OPR , TIT , ASP; W/S , AR , A FUEL , CR A D , M0 9D- T - W °
- ~~~~ - -~~~ -~~~~~~~~ --- - - -~~~~~~~~~~~

-- 
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SAM n- FOR ALL PARAMETER S R E LA  ED TO M~ A’~~ “U
GRAD DASH RADIUS
CRA G = CI~UISE RADIUS
MD = DASH MACH NUMBER
H0 DASH ALTITUDE

FIGURE 30
SURFACE F ITS

0 n- ,-r  400 do t n l  c t o n- ti I i t  ions wi -re - g - n o r a t e d  - - r  bot  I- t h e  Db ° ,\ and ‘A~ A

en g i n e — p o w e r e d  d e si gn s . I n  a d d i  t i n - r n  to be d a t a  , o h t o i  m c d  i n  Phase  I , t n
Phase  I I  d a t a  c r r c ’ l ,- i n  i o n s  i n c l u d e  eng i n e -  ‘p e r , O  i ng  c o n d i t  l en S , ao - n - . - ch ’ ,- n . rn -
per~~- rr’o ini - t- and r i a t . i l  l o o t  Fo r t  h i - s a n - s  I or  i n c h  s o - g n - w - n t  ~ • ~-c ,i r .on--i-n r ic

s t r i ke ,  i n t e r d i c t  inn , ou ch b — l e v e l  r e c on n a i se o n ce  m i s s I o n s  and n t  5 c-n , - n - no ’.-
m,I’r enl vi ’r ;ubi Ii tv Li ght c o n d i ti o n s .

5 . 2  ~ ,irnim ’irv o f  R e s u l t s

I w o  sep a r a t o -  e V O l  l uat i on s  we ’re c o n d u c t e d , one - ,s  i n n ’  t ho e ’ Tac t  ica  1 b~ t r i k e

Role m i s s i o n  and  p e r f o r m a n c , - r e q u ir e m e n t s  d e f i n e d  in Phase I o n  a — - ss e ni - i ne/

a I r f r a m e  i n t e r a c t i o n s ,  and t h e  se’ ‘nd u s i n g  t I r e  p a r a P e t n c  St r ik i ’  m i s s i  on to

assess the  impac t  ot  a i r c r a f t  miss  ion and o ’er  f ’aoo.onc e . tt sj bit ’ 10 )4 o i ’ t i  ~ .‘,W

eng ine  p owered a i r c ” ,- r F t  d at a  c o r r e l a t i o ns , a l r c r a h t  d e s i g n s wi n” o p t i m i z e d  for

the T~n - t i c a l  ‘~t r i ke  Ro li ’ requirements do -s cribed in S i -  ‘ i n n  1. Ih e s e ’  d e s i c n n s

w e r e  r iced to  assess  TOG-W s e n s i t i v i t i e s  to e n g i n e  and a i r f r n r r - des l nn n , 1 r . i ” r ,’ ’e r — ~

and to varia t Ion” of p e r f o r m a n c e r ” ou i r em en t s .  As a r o e - n  of t b r ’ - ’n e’ i r o v e ’ st i —

gai ter- i s , it vii- , -n .‘ ‘ i r m t n e d  t h a t  t h e  use of v o r f n l - 1 e g& - o m c - o r v  t u r b i a , - ’ c  O I T - , I  a i r —

low si h ed ril log in n i r h c ’j e t  e n g i ne s  s i g n i f ic a n t I v  no - - i n i c t ’ s  -r - -;l ,’ - ic - c  s i t  ¶V j V O

nb c-S i -gr van i - i ’ - Ic ch in -- -

no’s have -n en or- -e d  from th re e di f f i r , - r o t  n - ert ’ r ’ l i t  ‘ r ’ , - r -  . r , ,ne  u ’ r r, ’!n ’ lv ,

- I t  I - in c  in  des i n -j r r o o t  l ee  • dew ign dots cyc le - and no n’ ’. 0 - ’ eorrp 1 - - - -- i n v ~ n ‘c i  1-~ - -

:-o - . i r r j n g f n j l - i i n ; i Irio ; i (n o 0~ a t  ria l 0)1W . FIgure 31 s h ow n  a n  i - soc - n - Ic - i - I  t h i ’
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I c - 1 at i vi ’ F0~ W v a r i o l t  010 t or t h e  Phase  I and Phase [I t urboj ci— powered aircraft

versus overall eve Ic pressure ratio increments from the op t imum.  At every po in t

on these  curves , the’ a i r f r a m e  and other engine design variables have been

optim i zed to ach i eve  the m i n i m u m  ‘I’OGW a i r c r a f t  w h i c h  a c h i e ves the Ta c t i c a l  St r ike

Role req uirements. Converged desi gns , i.e. those capable of achieving the

s1’~’ci ri ~’d role requirements , could be obtained on ly within a very limited OPR

range wi th t h e  GE fixed cycle/schedule turbojets used in Phase I. In contrast ,

b o t h  VGT turbojet concepts , wi th v a r i a t ions in airflow schedule incorporated

into the data correlations , yielded converged designs throughout their design

OPR range . Further , t i l e  s e n s i t i v i t y  of TOCW to  o f f — o p t i mum value s of OPR was

tar less for t h e  VGT urb,i ~et  powered ,i i r e ’ r a f r  t h a n  f o r  t h e  f i x e d  cy c l e

t u r b o je t  p owered a i r c r o i f t . Re fe r en e -es 2 and 3 pre sent extensive eva I ua t ions n i t

t h e  f , u ct o r s  a f f e c t i n g  t h e’ optimum design selection and the  reduced s e n s i t i v i t i e s

produ c ed  by t he VU T t u o r b o j e ’t powered s y st e m s .

120

[ f 
-

r 

1 
1

1.16 _ _  _ _  _ _ _ _ _ _

PHASE U
P&WA VGT TURBOJET
OPTIMUM A IRFRAME -
TIT AND ASP

1.12

10GW 
I

TOGW MIN

1.08 ~~ ‘~~~~~~LIMIT OF CONvERGED
~~ ~~~DES GNS

1.04 _  _ _ _  _ _ _

I PHASE I FCE TJ
- ~~~~

‘
OPTIMuM AIRFRAME AND T IT

1.00
—16 — 12 —8 —4 0 4 8 12 16

.~OPR
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FI GU R E  31
RELATIVE TOGW VARIATION FOR TACTICAL STRIKE AIRCRAFT
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1 ‘ raf t/re s- re-’~-n t i nteraction invest t g o l Ej ” s  we ’ ’ - n c - r d - , c L e -cI “ s ,oi , ‘r”
‘to - ~ 1)0) 4 and P&WA engIne—powered aircraf t da t - i c on -r e ’  I i t  i o n s . ‘I-t ie ’ 0 I~ ~ ~~

t i-se investigations was to identify the i- ff eets o ’ v a r i a t ° ons lit t ” rus~
no ’ d fue l sizing requiro’nn-e’nts on en g ine and air ° r u--c- dew ° r~nr tarn ” t - - r - , i i  n c ” ;

- -“ e o ’v er abj  l i t v , and alternate mission performance eot’a”b I’ i - - s .  TIC al “ e ra ’

;h i r a c t e ’r i s t j c s  data  c e r r e F a t i o n s  ob ta ined  in thi s program a ’’ ;-rd un inue ‘- -o n -n—
-

- l I , i. t ic’s t i ,’ p e r f o r m  such i n ve s t i g a t i o n s  rap i d ly  and i-o r - xr c n n - - i i.v e l v .  “o t r i~ V ;,

an example of t h i s  c a p a b i l i t y ,  i n t e r a c t i o n s  of s t r i N e  m i s si on  c r u i s e  and dash

radiI were defined for a 1.6 dash Mac h  n umber and minima t maneuver .-i ”-’i ~~i ’.v
‘equirements. The results , shown in Figures 32, 33, and ~4, can b~- used to

- - - -itima te , fo r  any desired combination of cruise and dash radius , a i r c r a f t

TOGW , optimized design parameters , performance capability and alternate m i s s i o n

radii. The “ nap ” forma t used to present the results of this evaluation can tr e

used to relate interactions for any two selected fuel sizing parameters , e.g.,

strike mission cruise vs dash radii , interd iction mission radIus vs. air

superiori ty mission radius . In addition , thrus t sizing req oil re ’ nn-ients . such as

su b s o ni c  vs supersonic maneuverability can ben r e l a t e d  u s i n g  s i m il a r  ‘ map ” ‘c’ r’~ i t s .

The data for this examp le were obtained by op t ’lr o i z i n n n  t h e  a i r c r - ’ o n  ha ign

to produce maximum dash radIus at all cruise radii and “‘0 (1W ’ c. )asbn i~.lc
t1 nri~’oh, ”

‘~‘as set equa l to 1 .6 and the on hn - ’ p er f o r m an c e  c o n s t r a i n t s  c o n s i d e r ’- ~b for ‘ his

example were minimum required values of load factor (1.2 “g” i and Ps (5 f t lse’c)
at  t h e  Dash Mach and altitude.

As shown in Fi gure  32 , the aircraft design selec tion was dom inoned hy fue l

sizing, i.e., nei ther of the  constra ined m a n e u v e r a b i l i ty  p a r a m e t e r s  e n - i n n i n i t er ed

its minimum requirement. Consequently, the optimum engine cycle (OPR = 2 5  and

TIT 2600°F) is at  de sign var iab le  l i m i t s  wh ich  m i n i m i z e  sub sonic  cruise
specific fue l consumption. In addition , the optimum a i r f l o w  schedule’ (ASP = I)

oroduces maximum engine airflow and , thus , minimum augmc’ntoit ic-n at d ish thn r t t st .

T he o p t i m u m  w i n g  l o - i d o n g  was nea r the m a x i m u m  a v a i l a b l e  w h i c h  a lso “e- ’drr c e ’ s dr - i g

iii the dash condition . Consequently, opt imum per formance Is oh tam ed I or ‘Ire- - i c

re q u i r e m e n t s , W i l b o a f i x e d  e n g i n e / i l  rirame design , ~n it w i t h  TIW i n c re as i n g  i - i

dash radius Is increased relative to cruise ’ radius . The m a n e u v e r a b i l i t y  and

i l  t e ’rn a t e  m i s c  [inn radii performance capabilities of the ’si’ d,’c I gns are’ show n in

t he  “ map” forma t In Fi n ’ i r c - s 33 and 34 , re spec t i v t ’ l v .  T h e n - i c -  naps con hi ’ rn—i d t o

1) I s sesS  cruise vs dash  radius r e q u i r e m e n t s, (2) —- o l e - c t  ‘pt I mum dec 1 gn v r i  oh ’ I c - - ; ,

- m d  ( I )  ih ’t i ’rm [ne m a n eu v e ’r a l nj t  l i v  and , i l  t e r n a t e  m i s s i o n  r i ch i ’ i s  p e r t  o n i o n ’ ’ -

- Ilt iab l i l t  i c - — - i.
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“ac require— en-i ts ase~i to constrain the nrtfrn i na~ ~n ” — i , en . c ,  , d o — b  ‘~‘oc 1’
number , ma n e u v e r a b i l i ty ,  a l t e r n a t e  miss ion radii , e t c . ,  can cause l a r g e  v , l r i a_

tions In the design and sizing variables selected . For example , i i ~~~~-or e  35
‘to Illus trates the results obtained for M = 2.2. In constrast to the I”dash dash

1.6 results , the 1.2 “g” load factor requirement strongly affected the 
dash 

=

1.2 results. At large dash radii , the optimum aircra ft 1/W wa s determ ined hv

‘ui-I  s i z i n g  r e q u i re m e n t s  and was s u f fi c i e nt ~~v l a rge  to achieve  th e- r e q u i r e d

load factor. For fuel s i z i n g ,  t h e  optimum T/W decreases with reduced dash
radius , for a constant cruise radius , until the load factor constraint is

encoun tered.  Thus , for  the M
d h  

= 2.2 aircraft , the long dash radius des i gns

are selected by fuel sizing considerations and the short dash radius designs

a re compromised by load f ac to r  a t  the  dash condi t ions . References  2 and 3
present results obtained from the DDA and P&WA data correlations for four

explicit sets of constraints.
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CO~~CLL’~ I

Systematic ana lytical procedures for fighter engine ,-“n air fr.-~ne- des~ an

cc t ion h a v e  i t t -en dc-ye 1 oned and demo n st ra t  t - d  . ‘~h en res t I I i ‘-g 
~ 

rn ~
- - - a n - c - c an be

-~- I ¶~~~~t iveiv used in the  d e ’f in i  t ion of m i s s ion  and p e r f or m a n c e  r e q - t i  rem’~-nts and

‘ar des i gn s e l e c t i o n  in f utu re f i g h ter development program,s.

Thr e e  a i r c r a f t  roles  were  d e f i n e d  by ~C A J R  and AFAPL to pr ov~ d€- a — ‘- an

~as is f o r  desi gn select~ n-’s and evzilua t ion -i of advanced e ng in e  con-i c e- n ’ s .  Then

role definitions consis t o~ mission profiles and radii, performance r,~aa i ro n e n t s ,

and operational l imits in terms of maximum Mach number ,  d y n a m i c  oressure  and load

f a c t o r .  The Tactical Strike , Air Superiority, and Intercept Roles were rc-vien w~

-~ith the various USAF user cominands to ensure t h a t  r e al i s t i c  future aircraft

system requirements will be used in t he  subsequent  eng ine  eva luat i on .

A systematic procedure for engine and airframe design selection was developed

and v e r i f i e d .  The Fi ghte r Engine/Ai r f rame EvaluatIon Procedure accounts ~or

prop ulsion system/airframe interactions and interactions between mission require-

ments and aircraft size and performance characteris tics. Trade—off studies

regarding the size and design charac teristics of both the engine and the airframe

can be accomp lished using this procedure . Visibility is ob tained for man—in— the—

loop desi gn d e f i n i t i o n  and v a l i d a t i on , and f o r  t r a d e o f f s  o r des i gn comp l e x i t y  vs

aircraft capability.

The Fighter Engine/Airframe Evaluation Procedure was used in Phase I to

evaluate parametric families of turbo~ets and turbofans provided by General

Electric. A turbofan powered aircraft was selected , on the  basis of o b t a i n i n g

the minimum TOCW design for the mission requiremen ts of a Tactical Strike Role.

The size , geome try and performance characteristics of this aircraft were ’ v a l i d a t e d

by means of design layout  and p e r f o r m a n c e  c o m p u t a t i o n s . In Phase I I , the Evalua-

t ion Procedure  was used t o  evaluate design and r e q u i r e m e n t  i n t e r a c t  i ’nc -r \‘nr i~ h~

geo metry t urb ine t u r b o l e t s  provided by D e t r o i t  Diesel AIlis ,’n and t h e  A F A I ”

(These des [gns were obtained using a Pratt ~ Whitney A i r c r a f t  p ar - nruc- tr i - c’neine

design computer pr - -n r l n. ) An extensive data base & ‘ t  a i r c r . t I  t ch a r a ct  e r  i -~t ics

has been developed . Thcse data , which accoun t for design in~ -r act i e ’n s , c in

used for in it til screening of air - - rat t w i t h  f i x e d  or v a r  ab!  - g -ei rle- t rv , ‘n c ’ i n c s .

Th,’ engine dnt.i p r - v j d r d  f o r  , - v . i l w I t  ion  in  t ) i j~ l ’r o s ’ r . l n ~- ‘e n r , -

d eve loped  hv tin ri-I- di c rent engine mann ~,lc t un ’ rs . I’h~- r e s t i  I t  i n  e’ di  e r . -n c ’ ’s

i n d . ’s i gn d u t y  c y c l e ,  we igh t a n a l y s i s  pr ecedtir ,-s , an d de s i g n  t ’ O a : a I , X i  i v  - n ~‘cluth-

m e a n i n g f u l  c o mp ar a ’. ive  eng ine ’  concep t  s e l e c t  io ns .  R e c a l l s , -  - ,~~ the di ~‘t ’r s i l v
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the engine concepts , however , our evaluations indicate the fol lowing:
‘to o Variable geometry turb ine turbojets produce subsonic cruise fuel

consumption competitive to that of mixed flow turbofans as the result

of reduced installation losses.

o Variable geome t ry turbines , combined with airflow scheduling, permit

supersonic dash with minimal augmentation and , thus, low fuel consumption.

o The use of variable geometry turb ines and airflow scheduling in turbojet

engines reduces aircraft sensitivity to design variable changes and , thus,

minimize risks associated w i t h  f a i l u r e  to fu l ly  achieve engine design
object ives .

The engine/airframe evaluation procedure has been developed , validated , and is

currently being used in MCAIR advanced aircraft design programs as well as in

the contracted USN V/STOL Variable Cycle Selection R&D Program , contract

N00l40— 75—C— 0034.
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A I R c R A F T  yAT RIX D E F I N I T I O N  ~‘S’~~ - L A T ’ ’  -
,

The n-ic ’ l e ’c t ion  of In e f f i c i e n t  eng ine  an d  i t  i r c r n m ,~ d c - s f  c”i ts

est m et e s  of a i r t .- r a f t  sy stem s ize , cos t  • and performance. A 1 er - a -  nnna ’d - r  of

design variab les can impac t these aircraft characterist ics , howeve r, tad a- lit lv—

sj s  of  al t the a ir c r a l  t contigur ;itions dc - f in e d  by a l  c c” b i ’ i— n t i o n s  n - if

i m n o r t a n t  des ign v ar i a h t es wou ld be pr  ~i i h I t  iv , ’ . ( ‘t a l s e q ’ n - n t  1 v , a st - t ’ -~~ f e at

or oc e dur e  called Latin Sq u a r e  is used to rod ’i -- ,- the r a n - n i ~- t t ~ co n i f  y ’n ’- ;i t  i - - n

evaluations to a manageable number. This procedure has he-c -n -‘~ ed by hot u i

engine a nd a i r f r a m e  companies ten select test condit ions in nau- ;~ devel - a n t - n t

programs . Latin Square is used to d e f i n e  ‘ ‘ -c ’ m i n i m u m  number  of : ei r c r a c t de-

signs , o r tes t  cond i t i on -t n , r equ i r ed  to encompass the  e ’nt i re  range of I a impor t -

ant independent variables . The r e su l t s  of the  a n a ly s is  of t h e - s t  ,-i i r - - r , ’~~~ - - a n

be used to a n a l y t i c a l ly  d e f i n e  r e l a t i o n s h i p s  between the  e n g i n e  and  a ir f r ar s -

var iables  and the system characteristics used in design selecti on . The follow-

ing p a r a g r a p h s  p r e s e n t  a b r i e f  example  en ’ t h e  use ol ~at  ía square  ‘ - r  d e f i n i -

tion of an a i r c r a f t  conf i gurat ion  m at r i x .
Tnt use L a t i n  Squa re , the n n n : h e r  of  v a r i a b l e s  to he i’ensider’-d , a , m u s t

be a “pr ime number ” , i . e . , an i n t e g e r which is exac t lv d ivisihit ’ only by i t s e l f
and u n i ty .

For this examp le , we have c -nsidered five design v i t n i a b le s  ar-id have oe~1—
Ce ’ t ed  five equally spaced va lues for each v a r i a b l e  as —ito -un  i n  F i g u r e  A — i .

Fo r a f i v e  va r i ab le  evalua t ion , t h e r e ’  a r e  (5) b 
po~ sih~ e designs and the Latin

Square p r o c e dur e  is used to  r edu c e  the number o~~ des ign -v,i i oat ions required

t o  t w e n t v — f~~ve- . (5)~~. These desi gns w i l l  encompass the entir e ’ range - of  v i l u e s

of’ a l l  f i v e  des ign  v ar i a b l e s .  C o n s eq u e n t ly , a t w e n t y — f i v e  e l e m e n t  m a t r i x  was

d e f i n e d , al o n g  w i t h  t h e  v a r i a b le  m a t r i x  o r d e r  s in -un in F i g u r e  A— .l . The m ii t r-x

order  d~~f t n ~ s the lo cat i o n  of the  v ar i a b l e  values w i t h i n  each e lement  of t h e

ma trix , e.g., in t ints example , the number in the upper le’It corner ot each

element w i l l  a l way s  he a value of W/S and the number in t he  center i t  each

e l eme nt will ,ilw - ,~,’s 
t a~ a value of ~. .

The initial Latin Square matr ix arrangement is defined by locating the

m i n i muem value of each d c - s i g n  v a r i a b l e  in the  m a t r i x  c l e m en t  in the t n  row

f i r - s t c o l u m n  es shown In  Fi g u r e -  A — 2 .  S u bs e q u e n t ly , t he n ext  I , ,r g e r

v , t l ’ n e -  tO etc -h v i r i n h I t -  i s  p l c  ccl I n t  t iic 10 1)  row of t h e  ‘it ’ ond co lumn . T h i s

p ‘ ore  is  - -n i ’ l a u d  t i n t  i i , f tr i a l  I v , the maximum va l ue of each  t ’ t”~ cii v i i i —

- i i, I . -  is I, tea i t i’d i t t  t l i t ’  i op row of he H ft h , or the’ n th  
co I urnn .
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ORD ER V A R IA B L E

‘I W/S 30 40 50 60 70

2 - AR 2 4 5 6

3 -\ 20 
- 

28 36 44 52
_ _ _  - ~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~--- I

-

4 OPR 20 23 26 29 1 32
— —— ~~~~~~~~~~~~ — - - -- -~~~~~~~ — - _ - .- ±- - -  

~~~-- - --- . - - ,
5 FPR 2.5 3.0 3.5 - 4.0 4 ~

GP7S-IO~~7- ~~O9

FIGURE A -i
LATIN SQUARE - FIVE I N D E P E N D E N T  V A R I A B L E  EXAMPLE

30 2~20 
2.54 

- -±-—- - _ 
~~~+ V A R I A B L E

- 
- MATRIX

ORDER PR FPR

I I I

~30 ? j 4 0 3~50 4160 s h e  5
20 20 28 

30~26 
36 

~~~ ~ 4 0 ~ 32 
52

- - -- - - -~~-------4— -

GPTS- 100 ) IS

FIGURE A .2
INITI A L LATIN SQU A RE MATRIX ARR ANG EM EN T
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L ie ’ V . i  ‘ 0 -i - ‘ !~~‘ n - ’ ‘ C ’ S  I en vu r I ii es r- - oc;- ted - - h i -  — a “ - ‘ ‘ - i ’ r ~

C’ i(, C~t i t  s h-, m ~’ inS 01 it simp l ’  p1 :l c cn e - nt  - - ‘ cc ’ a n c -  i l l - n ’ o  u - ’ . -i. a I-i gu’’~ A—

l I n e i n i t i a l  s t ep  in  t h i s  p r o c e d u r e  r ’ -c cl i ’- , - s t l n : O  11, - n - ’ : i n i a b l ,’ V O J U C S  ~nc~i t e - d

i n  t h e  upper  let t c o r n e r  o f  each elenn , .’nt he moved down one row , S’. I C c c ’1:S1\’ e’l v ,

until each yen I uc is n i  ace- cl in c- ce ll o f  the f i v e .’ , (n )  , rows . b-t s , i n  his

o x u m p l e , t h e ’ W / S  value of 30 is moved down such t h a t  i n - is loc itn -’n-l in t b-

uniter C ‘~t c o u - n i ’r  of e’;ich e l  e’ne’nt of t Ine f i rst coin-n-rn. As inn - i in - a t c’d , ‘ i s

process is repea ted for catch value of W/5 ‘until , ftn~ l In - ’ , ‘ ~~ i~/S v n t u e  a ’

71) is located in the uppe r left corner of each  e l e m e n t  of t h e  f i f t h  c o l u mn .

Tin -c second s t e p  of t h e  m a t r i x  d e f i n i t i o n  r e -q u i r e s  t h i n -  the  n e x t  van . ’- - t-  in

the order h~- moved ri gh t - ‘n e  col umn and down one ’  row u n t i l  cact i  va l  n-ic an - upc - :n r s

once  in each row and column . T h u s , the  AR va lue  of 2 is moved from t 1 ne up n e ’r

right corner of the row I , co lumn  I t - l e m e n t  to t I n e ’  upp cr right c o n n e r  a ’ t h e ’

row 2 , co lumn 2 e l  e n - a n t .  This  p r o c e ss  is r e p e a t  ‘2 un t  ii f t  n i l  lv , t - 
AR  V t  lie

of  2 i s  ! e n c , i t e d  in t h e  u p p e r  r i ght  corner  of t h e  row 5 , en-t i u n - n il  S el c - n t - a n - .  T h i s

p ro- ’e’ss is repea ted  for  ~ ,ui -h v a l u e  of AR u n t i l  a l l  v a l u e s  :cp ne ’ t r  - nic~ in eac h

row and column of the m , l t r i x .  The values of t h e  t h i r d  v a r I a b l e ’ in n - l i e ’  ord ~- a ,

which is ‘. in th i s  examp le , are m oved right 2 columns and down 1 r~-w u n t i l

each va lu e  appears  once  in ea ch row and column as sh o w n  in F i g u r e  A — k .

Loc . it  t an  o f  t h e  v ar i a b l e  v a l u c -s i s  con i t  in u e d  n t n i - i1 each - - I  t h e  2~~, or

m a t r i x  e l e m e n t s  c o n t a i n s  a va l  tic ’  for  eac h  design v c r tat- Ic its shown in  F i g u r e

A—4. The valu es of the fina l variab1e in the order is moved (n—i ) columns t t

the  ri gh t  and down 1 row . Thus , in this  f i v e  v a r i a b l e  examp le , FI’R v a l u e s

wer e moved r i g h t  4 col umns , down 1 row until each value t i FPR appears in the

lower r i ght  corner  of each element in the flat r i x .

A comp leted matrix of 25 ct - . m i t  I ons  i t  v a lues  of  desi gn variable s is

shown in Fi g u r e  A—4 . Each c om b i n a t  ion r e p r e s e n t s  a speci f i c  eng ine ’ ‘ ;i i r c r , i ’t

dc-sign and , to~p- ther , thes e designs enc ompass the c-nt j r  r a n g e - o f  v i l  t i c s of

c- ni -h of the five design variables.

Th e five’ cross—hatched matrix elements in Figure A—4 are used t o  i l l u s t r a t e

t 1 ic’ p h y s i c a l  s i g n i f i c an c e -  of the Latin Sq u a r e  desi gn ma trix. (‘onisiden ,

t h ose ’  I lye m atrix e l e m e n t s , the  var iah le s  W / S , AR and ‘- .  Iluc’ s , n--ar j ilt It -s ,iic -

r e-pr -se- n t - c t  i~ ; Ot-r sect t n g  planes In Fi gure’ A—S w l n .- r e- c - act- Inters ec t j c ’ni

def i n c - s  t 11 W / S  and AR values combined v i  th -~ = 28 in the’ 5 c i —i -Di n c l o d n -na t r a

i-I i ’m , ’n i t s In F igue re A—4 . These d e s i g n s  each (‘~~nO i in a d i f f e r e n t  v i  i n -  - ‘1

and AR m d  encompass the cot Ire range i t t  v a lu e s  c ’l both var! a hi Cs. it i s

s ign lii - - nt , however , that ‘mv one v~ I n n’ of e n  c l i  v~i r i it- I t- is comb m . d  w I -
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VAR IABLE / PROCEDURE
W/S - DOWN 1 AR - RIGHT 1 , DOWN 1

30 ‘40 - ic 1 7~— ,,, , ,,,,,,
3 4T si 6 “..~ TO

- ~~~~ I 
- 

TIII
~~~
II1 ~Ii~~~~~~~~~~~~~~~~~~~~~~~~~~i 

COLUMN 
~~ 

. ROW ®

. . -~~~~~~~~~
~4;J  

- , -

~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
30 40 

- 

10 ~ COLUMN Q~ 
, ROW ®

S - RIGHT 2, DOWN 1

20 
n 

28 3)1 44 52 VARIABLE MATRIX ORDER

~~~~~~~~~~~~~~~~~~~~~~ ~~~~ TO C O L U M N  © ROW (
~
)

28J ~~~~~~~~~~~~~~~~~~~~~~~~~~ COLUMN Q , ROW ® 
W/ S AR .

~~~j~~~~t -  ~H-4 TO COLUMN ® ,ROW ® “ -

TO COLUMN ® , ROW ® 
~~~~~~

GPTS )O~7 ‘O

FIGURE A-3
DEVELOPM ENT OF LATIN SQUARE DESIGN MATRIX

VARIABLE ARRANGEMENT
VARIABLE MATRIX ORDER

V A R I A B L E  —PR OC E DOS E
W I ,  DOWN 1

iS ’- A R AR - RmGHT l . Dow N n
S - RIGHT 2 , DOWN 1

$0 5  IPI-l . 
01’S R I GHT 3 , DOWN 1
FPR RI GHT 4 , DOWN 1

f30 . j -O i  115 ( 1 4160 sjio 6
20 ./ ?B y - Ii - 44 52

- -  
2 5  23~~~~~~~~~~~ 3U IS 

- .i~~ .n ,~~~, 4 0- 
______

30 6 40 7 50 4~u - ‘~‘~ 1’o s
44 52 20 ~, - - - 213 --h~ -

~ 36
La, 30 129 35~~i2 4 0  ~~~~~~~~~~~~~~~~~ 2 5

~
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~~~~ 
‘
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‘
~ ö 50 7 60 3 /0 4

28 ‘~- - -- - -
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- 1 I i -  44 - 52 70 

- - - ~~ - ~ 45 t 26 2 5  ~ 3 0
1 1 45 ~~~~~~~~ ~ ‘ ‘ ‘ ~~ “‘ oj 6O 2~ 10 3

20 ~~~ 
- 28 36 44

- - t -m - 4.5j ci~~~ ;,;~~~,2 5 j 3 2  30~$~ 35
5 I -01 4 5 0  5160 6 J7151 - T: -; a; a 7

- 1~ 44 52 - 20 ~~ -, -,
3 0  23 3 5I76 ~~ ~~ ‘‘~~4 0

op7.-losT -lo,

FIGURE A .4
COMPLETED LATIN SQUARE DESIGN MATRIX
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a nt ron-’tde - n t - ’n -” , i n - ion i’n a iri -ra ’ t conl n - gu r ,ct - a t - n - - - i n t ’ l l i  in  t n ’

L i t  I n n - Sq u a r e ’  m a t r i x .  n-’a ’:  examp le , 2 ‘ eng ine/air f r;i” ‘‘ ;‘on fig ’; n : m ’ i ’ n -~ - -

defined by ‘,,- lt ~n Square w h i l . e t h e r e  are  ( 5 )  p o s s ib l i ’  ct ”t - Inn - ; n -~ in-tn -; - - ‘ t he ’
dc ’s ign v, ir iab  I c  va lues .  The SI’RFIT p rcncednrc’ descri bed in Sect t i n  l. I’ s ‘-ce’

to a ht ; i  in the design  v ar i ab l c ’ /a ir c rn  ft sr’s t e n ch ar-ic t or ist I es rd at ‘11511 1 n - s
r equ i r ed  f o r  m e a n i ng f u l  d e sIg n  se l c - ~’t ion - i .

W /S 5o

j  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

30

‘~~~ ~ ~~ 2O

FIGURE A~5LATIN SQUARE
AIRCR AFT DESI GN ARR AY
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