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PREFACE

The various aspects of fighter aircraft design have not been the subject of many publications during the short history of
aircraft construction. Since the requirements for transport and fighter-type aircraft diverged significantly 50 years ago, the
design of military airplanes of any type has been at least “Company confidential” and performance data have been “Top
secret” in each country.

On the other hand, the so-called “primary task” in aerodynamics, namely the problem: “What shape would an airplane
have to give certain desirable properties” has proved in the past to be much harder to solve than the analysis of a given
geometry. Nevertheless some books have been published, most of them dealing with the design of aircraft having wings of
large aspect ratio flying at subsonic speed. The typical “design-po..it” for optimum cruise has overruled other conflicting
problems. The requirements for modern fighter airplanes have led however to a much different position. Many “design-
points” have to be matched and many disciplines such as aerodynamics, propulsion, structures, materials, avionics,
performance and weights have to be compromised by a team of highly qualified and experienced engineers. Concerning
aerodynamics, even classi~al principles such as design for attached flow conditions everywhere are not applied in the case of
highly non-linear vortex-controlled wings. Concerning the impact of materials, classical experience concerning aeroelasticity
of a swept wing has been revised.

To avoid a priori any conflict with current development of fighter aircraft in different countries, this special course has
been restricted to “Fundamentals”. But in order to provide at least an overview to all the above-mentioned major disciplines
in aircraft design, we have brought tcgether experts to give an example of “interdisciplinary cooperation” — a special course

for students, young engineers in industry and research institutes and people having technical interests outside of their
professional routine.

The course will start with basic mission requirements and their impact on aircraft sizing. The acrodynamic design of the
wing-body configuration, the use of non-linear lift control, stability and control, and the question of performance
optimization will be treated separately but not independently. The impact of materials and aeroclasticity will be outlined and
special attention will be given to major aircraft components such as the enginc-intake, afterbody, and airframe-store
compatibility. Experimental and theoretical work will be demonstrated as playing complementary roles, and some
recommendations for the future development of enginecring tools will be derived in conclusion.
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“FUNDAMENTALS OF FIGHTER AIRCRAPT DESIGN"

by
P.W. Sacher, LKE122
Messerschmitt-B6lkow-Blohm GmbH
Helicopter and Military Aircraft Division
P.O. Box 80 11 60, D-8000 Minchen B0, FRG

There have been several reasons for the Fluid Dynamics Panel of AGARD to decide
for a special course on Pundamentals of Fighter Aircraft Design, Following the techni-
cal programme of the FDP during the past years, the aeronautical engineer has found
many subjects related to a specisl technical discipline and directed to industrial
applications. But in nearly all cases the analysis of given geometry by experimental or
theoretical techniques has overruled the more important enginwering task - the design
of a new shape which has desired properties. But in all cases concerning successful fly-
ing aircraft the result of engineeringwork has been a design compromise achieved by the
fruitful cooperation of all technical relevant disciplines.

PROPULSION S$TRUCTURE

NUMERICAL AERODYMAMICIST's DREAM

PRODUCTION

Pig. 1 The aeronautical engineer's "Dream Configuration”

So one of the most important intentions of the present course has been to attract
people from different aeronautical disciplines, working at industry and research insti-
tutes and to look for links within the different branches of aerodynamics like Wind
Tunnel Test Technique, Computational Fluid Dynamics, Vortex Dynamics, Uiasteady Aerody-
namics, Viscous Flow Drag Prediction and their impact on designing aircraft components.

In the specific case of a fighter aircraft, the design comp-omise must cover more
than one design requirement:

o Classical Design - Compromise

short T.0./Landing - High Supersonic Speed (Tornado)

Transonic Maneuverability - Supersonic SEP (Advanced Ccmbat A/C, ACA)

Clean Design - Store Compatibility (Fr4)

Merodynamic Performance - Detectability/RCS (Medium Range Mission Fighter, MRM)

® Dulgn-Opt:luntlon - Techniques (Strategies)

Wing/Body/Tail-Arrangement (Area-Rules/Wave Drag)
Design for Supersonic Flow (Panel Methods)
(min. Ind. Drag, min. Wave Drag, min. Trim-Drag)

- Design for Sub- and Transonic PFlow (Panel Methods/SPE)

- Trade-off and Analysis using FPE/Ruler-Solutions
("SPE" stands for Small Perturbation Potential Flow BEquation,
*FPE" for Pull Potential Flow Equation)

80 as a result of different design requirements the resulting A/C shape reaches
from Variable Sweep Wing Concept (performance low speed/high speed) to Strake-Trape-
goidal-Wings (transonic Maneuverability) and to Canard-Delta-Configurations (supersonic
performance). In more recent time detectability (Radar-Cross-Section) plays an impor-
tant role. Typical examples for existing A/C are shown in PFig. 2
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STORE-CARRIAGE _
CAPABILITY

Fig. 2 The "Classical Design Compromise” leads to different A/C geometries,

In all cases of designing a new fighter A/C the intention is to extend the capa-
bilities of the new A/C beyond the existing limits for the flight envelopes. Fig. 3
show:/how this envelope defines the usable region of altitude versus speed for a speci-
fic MC.
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Pig. 3 Typical Plight Envelope for Fighter A/C

Before dealing with the more specific Key Problem Areas of Pighter A/C design at

1eal:dtvo of the most important general aerodynamic flight limitations have to be dis-
cussed,
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Pig. 1 Breguet's Range Formula Fig. S Tranconic Drag Rise




Breguet's range formula according to Fig, 4 shows the aerodynamic impact on the
max. fligkt range, the relation lift over drag (L/D). Together with Specific Fuel Con-
sumption (SFC) and Take~ Off-Weight/Zero Fuei Weight (TOW/ZFW) is the "aerodynamic
afficiency® (L/D) the most impcrtant design parameter for maximum range. Fig. 5 demon-
strates the impact of compressibility (speed) on drag. The transonic drag rise defines
in most practical applications the limit of efficient flight, Cp - M2 as an opti-
mum, Sofar limitations according to Fig. 4 and 5 lead to single "Design Points".

The design of fighter type A/C is significantly different from the design of civil
projects. This is of course due to the fact that the requirements for fighter A/C do
not allow any optimization for a single design condition. While minimum DOC overrules
any other requirements in civil transport airplane design, various conflicting design
requirements have to be fulfilled in a fighter project. (Fig. 2 has already shown how
different fighter A/C looks like).

Key Problem Areas for fighter ‘A/C design could be identified as:
(1) Performance in trans- and supersonic regime,
(= Design for attached Flow)

(2) High Angle-of-Attack (HAOA)
- Vortex (-separated) Flow Control
- Post Stall capability
- high Maneuverability
- lateral, directional atability
(= Non-linear Design)

(3) A/C Components
- Intake/Airframe Compatibility
- BEngine/Afterbody integration
- Aerodynamics of Controls

(4) Detectability
- 'RCS (Radar-Cross-Section)
- IRS (Infrared-Signature)

Only Key Problem No. ! and 2 may be outlined more in detail:

As an example to achieve a gocd compromise between conflicting transonic maneuver-
and supersonic speed requirements (Xey Problem No. 1) the Delta-Wing may be considered
as a practical solution:

Delta concept: Supersonic low wave drag

(aree ruling, thin profiles)
300 improvement to existing A/C

Subsonic as good as eristing A/C if:
e Unstable config. (low trim drag, tailored lift/drag)
use of canard, to get c¢.g., as aft as necessary

e Cranked delta, (increase AR)

e Regain suction force by wing (leading-edge)
design

e Optimum canard/wing interfarence

Aerodynamic efficiency L/D is just one (important) factor which contributes to A/C
performance. Stress analysis leads to structural optimizution and sofar to minimum
weight for a given load. The chosen "Design Philosophy” in combination with a suitable
“Design Procedure® requires a serics of "Design Tools" which are described later on in
the main lectures:

DESIGN~ ain. ind, drag
-PHILOSOPRY min. wave drag » performance
min. trim drag
¢ min, wing roo% bend.mom. streus/structure/weight
e min. shock-extension efficiency (drag rise/buffet)

L}

HOW TO e DEPFINITION OF RESULT:
PROCEED - pressure (W/1), camber/thicknesa/tvist
- pressure (u)+thickness camber/twist/pressure(l)
- l\cp + thickness asber/twist
e MINIMUM PROCERDURE POR DRAG (or/and pitching moment)
= Cp, + spline (x,y) mml>-canber/twist/pressure (u/1)
(+ thickness)
(+ Cn)

FP=D+ Ay (L -0)+ My (M=)
“LAGRANGR operator"
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The design for partially separated Flow Conditions ("Non-linear Design") has been
fidentified as "Key Problem Area” No. 2.

Fig. 6 shows typical "Key Problem Area No. 2" for a first generation supersonic fighter
A/C and the more recent developments which are characterizad by the use of controlled
*Vortex-Type-Separated” Plow. Also the arcangement of aerc’ c-mic control-devices
(Plaps, Slats, Canards) is significantly different.

first generation of supersonic more recent development
fighter aircraft

@ Butfer onset i
buff, oundal
@ eaw uffer, we e

D suli (- s, 1ire)
(@ Dbesarture (divergence)
(® vortox bursting (trailing sdge)

® winerxe

Fig. 6 Aerodynamic Key Problem Area No. 2 (schematically) in Fighter A/C Design.
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Fig. 7 Controlled Vortex Plow Separation to increase NC Performance

Conventional technology and advanced technology has to be combined in order to ex-
tend the flight envelope of already existing A/C.

To conclude the introductory remarks, Aerodynamic Design Tools for Phase I of any
new project, the "Conceptual Design-Phase®, will be shown in Piz. 8
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Fig. 8 Summary of Design Tools for the Conceptual Design Phase
(B. L. = Boundary Layer, CCV = Controlled Configured Vehicle)

Three main reasons exist for restricting the present special course to Phase I ac-

cording to Pig. 9

It is commonly weli known that the development of military airplane of any type
underlies many restrictions concerning publication.

Not only "Company confidential® is a severe handicap because of competition as in
civil projects, in the case of fighter A/C many additional restrictions are due to
national classification requirements. So we tried to avoid any conflict with current
develomments in different countries.

Within the time limit of a one week special course only a small number of topics
could have been selected and only a limited number of experts could have been made
avajlable to give the presentations.

Purther special courses or lecture series may follow this first approach (see e.g.
PMP "Integratod Design of Advanced FPighters®, AGARD Ls 153, 1987)
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MISSION REQUIREMENTS AND AIRCRAFT SIZING

by
James L. Parker
Chief, Design Branch
Technology Assessment Office
Flight Dynamics Laboratory
AFWAL/FIAD

Wright-Patterson AFB, OH 45433

USA

SUMMARY

The developmant of requirements for new fighter aircraft involves defining threats, targets and
scenarios for the future. Current fighte: requirements emphasize the nead for closa-in-corbat and beyond
visual renga combat cspability to achieva superiority {n the air-to-air rola. High sortie rates and the
ability to perform air-to-surfsce missions are elso primary requirements. Conceptual design and aircraft
sizing ere used to help defina raquiremants. With concaptual design tools, different fighter designs can
be sizad for different missions. These configurations ellow life cycle cost and effectivaness analysis to
be performed which provida tha basis for the definition of the requirement., The process ellows tha
requiremsnt to ba constrainad to a technologically feesible and economically alfordabla solution.

2.1 Introduction

The process of developing mission raquirements is one of matching beliefs about the future with
the financial and human resourcas available for the development and operation of naw eircraft. This is as
it has alvays been. Tha dacisions about the kind and numbar of ships in tha Spanish Armada had to have
involvad tha same alamants as the decision to develop tha latest fighter aircraft. The mistekes with
respact to those decisions ara wore obvious in retrospect then they can be to tha requiraments developer
looking 20 to 30 years into the future.

The major activities in tha davalopment of a requirament are shown in Figure 1. The developmant of
requirements begins with a definition of a scanario vhich reflect e potential military conflict for soma
specific time ir the future. The scensrio includes targets, thraats and militery goals, including
timelinas. Basad on the scenario preliminary mission raquirements ara defined. A number of different
sets of preliminary requiraments may ba definad from the sema scanario and militsry goels, reflecting
diffarent vays of doing the job. Thase will be the basis for the conceptuel dasign of a spectrum of
differant aircraft, aach of wvhich will ba sized for the renga and payload specified in its preliminary
mission requirament. The cost of each eircraft will ba estimated es wvilt its anargy manauvarabilicy,
eignatures, vulnarabla evaes end all othar cherecteristics raquirad to astinmate tha survivebility, combdbat
affactiveness end sortie rete. The results of such analyses will be usad to compera the diffarent concep~
tuel designs with axisting eircraft. This procass is rapaatad until a concapt amarges vhich offars suffi-
clant increesed military cepability to warrant development end is low enough in cost to permit enginaaring
davelopment within funding constraints. When such 2 concept has baen dafined, e requirement can be pub-
lished.

1t is implicit thet a requirement is not simply a stetament of e military need, but a specification
for a spacific system concapt. A spacificetion for a fighter thet is impossibla to build or so expencive
that it is impractical to davalop and produca does not, in my view, constitute a requiramant. The desira
for a leek proof ballistic =issile defense system does not constitute e requiramant by this definition.
The requiresant vill emerga vhen, end if, a system can ba dafined vhich is affordable end affectiva.

Thisa is not to sey that ell of the design featuras of tha aircraft have bean dafinad at the time
tha raquivement is published. The YP-16 end YF-17 wera both propesad to satisfy the same light weight
fighter requirament. From tha designars perspactive thesa two eircraft sra quite differant. Howevar,
vhen ona looks, not et tha hardwere itse -, but rvathar at the performance cherectaristics and cost the
systems vere indaed similer. Pigure 2 is a grephical illustretion of the importence .«f the dacieidrs made
during the davelopment of tha requirement. Tha raquirement is devaloped during the conceptual dasign
phase. At the end of this phase naerly 70X of tha total life cycle cost of the aystem will hava bean
committed.

Vhen ths requiremente spacificetion has been agreed upon, tha deeign tesms in eircreft companies
can proceed vith the preliminery design phese. They will select specific designs snd converga upon the
detaila of subeyetems and componente. Whila thare will be lerge differences in the deteile of these
designs, the cost differencas of iha alrcreft of different companies wiil mot be lergu. The specilica-
tions of requirementa limite the syetem concepts to narrow bounds and deteraines system costs for the life
cycle of the aircraft. Most of the funds thet will be expended for developxent, production end operetion
of the aircraft ere comitted onca the requirement has bean published.

2.2 Concaptual Deeign and Afrcraft Sising
Conceptual design ie the procass of developing eircraft configurations that setisfy a preliminary

set of mission raquirements. Although thase will ba peper designs, they oust be configurations thet could
be converted into raal havrdvara given tha resvurcas to do sc. During the conceptual dasign phasa many
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different configurations must be axamined. There will be several sets of requirements, severel config-
urations vhich setiefy each of the requirements, and many varietions of each of the epecific configuration
examined using tradeoff enalyaie, Thie anelysie ia necessary to insure that each configuration is near
the minimum cost for a specific set of requirements. Unless e configurstion is neerly optimum, con-
clusione relative to the viability of e particuler mission will not be valid. Comparisons betwsen alter-
netive configurations will also be invalid if one cunfiguration is neer optimum end another is far from
“ptimum,

The reletionship of conceptuel design to the more deteiled design phasss is shown in Figure 3.
Even within the domain of conceptuel design, there are different levels of methode dspending on how much
time is available for a particular atudy end the required level of fidelity., Figure 3 illustretes three
levels of deaign prior to entering ths preliminery design phese. At the lowust lavsl are those methods
used prior to the initiel layout. These are often referred tc es "beck of the envelope" methods. The
internediate level is the level used in sizing codee to perform tredeoff analysis. The upper level
overleps to the preliminary design methods., This level is used for more detailsd analysis of the baeeline
design and for anelysis of the final sized configuretion.

Conceptual deeign may be divided into the three phases shown in Figure 4. The conceptual design
process is a highly interactive triel end error process. Each succeeding phase feeda back information to
its prsdecsssor. The design is continually eltered until a configuretion emerges whoss geocmetry and mass
properties ere compatible with some set of requirements. This neceseitetes that the design procedures and
methods ellow rapid turnaround so es to be competible with the environment of many and frequent changes.

During the iniciation phase the designer sterts with only a set of preliminary requirements and
m-st define enough design parameters to produce e layout of a baseline configuretion. The designer must
seiect en evionics suite, a propulsion system, weapons end the major eirframe psrametars. He must heva en
understanding of the ecenario, the technology end of how design perametere relate to design requirements.
Much of what goes on in this phese depsnds on the experiencs end ecumen of the dasigner. It eleo depende
on his deta base and the bag of tricks that he has developed.

Avionics, propulsion end weapons will depead, to a large degree, upon manufacturers who spacialize
in these areas. The avionice must be sslected for the wide variety of functions required for the perticu-
lar mission and scenario. A typicel evionics suits for a fightsr will consiet of some, or ell, of the
functions shown in Figure 5. In a modevn fighter avionice csn weigh 2000 to 3000 lbs., Its recl estete
tekes highest priority end ths optical and infared epperatuzes end microveve antsnna cen have considerable
impact on the design, signetures and performence of the aircraft. The life cycle coet of the avionics is
nov typically 1/3 of the total life cycle cost. The reliebility and maintainebility have a major influ-
ence on the operetinnal readiness of the aircrafe.

Technology advances in avionics tends to increase rather then decreaee the avionics cust and weight
beceuss the number of funciions thet cen be performed and the cepebility offered by thsse edvances more
than cffsets with the cost and other penalties. There is a tendency to edd mors avionics beceuse of the
promiss of incrsased effectiveness. Although there is e csrtain amount of rssistance against thie trend,
increasing sophistication in defensive threats end offensive syatems seems to demand it.

During the initietion phese the designer will want to consider 2 wide variety of engines. The
ability to do this hes besn grsetly enhanced by the availebility of the Pratt and Whitney parametric
engine deck, During the initietion phese this deck can be run to produce thrust end SFC for all of the
criticel flight conditions for a verlety of engine cycles. The designer can do some
"beck-of-the-envelope" performancs celculetions for eech of these cycles and selait the one which gives
the wmilnimum fuel. This {s very approximate because ths dete is ell uninstalled end the engine
thrust-to-wveight ratic declines with decreesing specific fuel consumption (SFC)., The tredeoff between
thess two opposing effscts cannot be properly conducted during tho initietion phasc., Nevertheless, this
procedure does givs some besis for eelecting an engine cycle. Where there ere a wide variety of subsonic
and supsrsonic flight conditions in the mission, one often finds that the sensitivity of eircraft weight
to engine cycls sslection is not great; consequently, the penslty for selscting a non optimum cycle is
scceptahle for dssign initiation,

Weepons are ona of the major influences on the design of the aircreft. Usuelly, the choice of
weapons {s 2 comhinetion of existing weepons and conceptual weepons. 1f conceptual weapons ere used, the
conceptual dssign of the weepons has to be developed in the same wey es is being describsd for the eir-
creft. Ths designer has to assure that the fire co. trol evionics ere matched to the weepons. He elso hes
to provide for cerrying sll of the existing weapons. In many fighter studies, conceptuel weepons ere
integretsd with the airfrase. These weepons are designed for the primary mission end cerried either
intsrnally, subnerged, tengential or pelletized to minimize dreg end observetrles (Figure 6). The existing
veepons are eithsr carried axtsrnally on conventionel recks end pylons or pellstized in e conceptuel
pallse.

At ths end of the {nitiation phase it is nacsssery for the designer to select e size and weight tor
the inicial iayout. 1t (s possible to do e feir job of weighing end sizing en eircreft et this stage aven
tefore there is eny drawing sctuelly on the boerd. Simplified versions of weights and eerodynamiec mathods
er¢ used in conjuncticn with nimple performance equations and the uninstelled thruet and SPC dete.
Computer progrems heve baen written to essist in thia process. Requirements are input into these pro-
grams end the gsometry of the elrcreft end the gross weight ere output. During the initietion etege
computer programs are not of greet benefit, Experiencs is the biggest fector. The designs and require-
ments are unique so that preprogrammed codes are usually not ee ueeful et this stege es in other phases of
the design process.

During the concept devslopment phese e layout must be produced. Thie rough layout is eesentiel for
eeverel reasons. It provides the besis for mass properties and eerodynamic analysis. The internal
srrengenent helps to resolve the weight end balence. The edequecy of the volume which hes bsen elloceted
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fo 43¢ . .,-tems i{s checked. Landing gear is located to provide adequate helance and tail strike
. T+ ,ayout is also used to develop the aree progression which is very critical for supersonic
Once a satisfactory layout has been completed an analysis of the configuration can he con-
1. o The goometry of tha configuration could be transferred directly to a sizing program and eising
wucted 1f tha methods contained in the sizing program are capahla of analysis of tha particular deeign,
-ais is rarely the case since configurations which respond to new requirements must employ very advancad
technologias and are frequently different from anything that has previously been built. For this reason,
an snalysis of the configuration is usually done in the areas shown in Figuze 7. Tha mass properties and
aerodynamic analysia will be performed before sizing. These analyses permit the sizing code to be csli-
brated to reflect the peculiarities of the haseline configurstion. The remainder of the areas will he
analyzed after the configuration is aised.

A method for sising of aircraft is an important design tool for the reasons shown in Figure 8.
Sising wethods are used to determine the weight and cost of an aircraft that is needed to setisfy a
particular set of mission requirsments. By repeating the sizing procsss for various missions, different
sets of requirements can be assessed. - This aizing process is also used to evaluat) the impact of certain
advanced technologies. Any technology that nas an impact on the gross weight, aerodynamics or engine
performanca can be evaluated through the methods used in the sising process. Sizing is done during the
conceptual design phase of a project. The conceptual design aircraft will provide inputs for effective-
ness analysis. The seiected configuration will also he uaed ae the starting point for more detailed
design phases.

The state—of-the-art in aircraft sising is to layout a haseline design and match the fuel available
with the fuel raquired for a specifisd mission for this baseline as shown in Figure 9. The haseline
design is usually developed on the draving board or with a computer aided design system. An analysis of
the aerodynamica, stability and control, mass properties snd propulajon performance is performed on the
hasaline. The analysis resulte are used to calibrate a computerised sizing code which allows the baseline
to he sised to a mission. The aircraft is scaled holding a constant thrust-to-weight ratio (T/W) and wing
loading (W/S) to keep the point performance approximately constant.

These sizing codes are valuahle ryols and very refined in some cases. Most sising codes allow one,
not only to resise to different missior. but to conduct tradeoff analysis ou at least the wing '. iding
snd the thrust to wveight ratio. The spe .ric exceese . wer, turn retee, laading and takeoff diecunces,
acceleration times end other point performance requirements can bs overlaid on the plots of W/S and T/W to
shov the design sprce for which all of the requirements are satisfied. In casea where several different
performance points are being simulteneously considered, it is an aexcellent approach to evalusting the
combined effects of all performance reguirements. This process will he discussed in detail later.

In concept fuel natch siziug 1is a rsther simple process, Given a fuel sizing mission and a
hsseline design the fuel required for thet design to .erform the mission csn he calculsted hy summing the
fuel raquired for each mission leg, with sppropriate fuel allowances and reservea. If the fuel calculsted
for the mission does not equal the fuel evailshle in the hsseline design, the aircreft is scaled up or
down depending upon whether there wss excees or ineufficient fuel for the mission. This process converges
on a sized sircrsit vhere the fuel available equals the fuel required. Figure 10 illustrates the resson
for this convergence. Since there are many items in the aircraft such as the paylosd, avionics, crew,
crev station, and so forth, which do not scale with the sise of the aircraft, the fuel fraction of the
baseline will increase as it i{s scsled up and decreesed ss it is sc:’'ed down. Because the fuel fraction
required for the mi. #ion is such less sensitive to sise than the fuei availahle, the two curves ususlly
intereect. Converge e is by no means guersnteed, however. In some cssee, the tvo curvee sre so nearly
parsllel thet they do not converge within the region of scalahiiity of the haseline. In some cases the
curves may sctually diverge.

While this seems to be a rather simple process it is, in reality, quite complex. The problem stems
from scaling the aircraft. When the size of the baseline is sltered practically everything in the sir-
craft changes; halance, stability margin, landing gear size and placement, drag and 1ift, control surfece
sising to mentioa just a few., Each point on the curve in Figure 10 is a diffarent design. No computer
code can adequately account for all of these effects. Consequently, the rsnge of scalsbility must be
carefully considered. After sising the aircraft, the geometry of the sised vehicle is laid out sgsin ond
the process repeated.

Mission sensitivities can be conducted using the same basic sising method previously described, ae
shown in Figure 11. TPor mission sensitivities, the fuel required curve is constructed for each of the
mission variations of intersst. The intersection of these curves with the fuel avallable curve can be
plottsd versus ths miseion parameter of interest. Radius, combet fusl, crrise and dash speed, altitude
and alternative cocbinations of mission legs can be vsried in this same way. For these mission sensi-
tivities the W/S and aircraft T/V are held constant so that ths energy maneuverehility is changed as
little as possible.

Fuel match sising only satisf’es the mission fuel requirements. It is still necessary to insure
that all of the point performance requiraments sre met. These point peiformance requirements include
specific excess power, sustained and available turn rates, landing and takeoff distancea and acceleration
capability. Thers may be dosens of these pointa since snergy mansuverability at many different mach
number and altituds combinations are usually specified. In order to simultaneously satisfy all of ihe
point performance vequirements, tradeoff asnalyses ~rs conducted. The fuel match sizing hss to be con~
ducted for several different W/S and T/W values. The results of these fuel match calculations for each
¥/S and T/¥ can be plotted on a single graph ae shown in Figure 12.

Figure 13 shows hov the point performance constraints can be displayed en s map of W/S, T/W, and
gross veight. The hash marks on the constraint linus indicats the portion of the solution epace which
vill not simultaneousaly satisfy both the P and sustained turn constraints. Any combination of W/S and
T/¥ above the constraint linea (opposite th hash marks) will satisfy both conatraints. The intersection




it i

24

of the two constraint lines dafine the minimum gross waight aircraft which satiefies both parformance
requirementa. i LY ;

Pigurse 13 can be'used to illustrate the value of the graphical display of this information as opposed
to a computer optimization, The P :constraint line is very nearly the ssme as a T/W line wvhereas the
sustained turn rete constraint ia n‘hrly horizontal. This means that if both the engine size and the wing
loading are increased the sustained turn rate will be mainteined wvhereas the P. will increase substan-
tially. Thus, added P_ can be achieved with little increese in the gross weight 8¢ the aircraft. This is
apparent on the greph But would not be known if the computer were allowed to optimize the solution.

The foregoing discussion of aircraft sizing and tradeoff anelysis has been concerned with only .two
design psrameters, W/S and T/W. Even et the conceptual level there ere many more design psrameters that
must be considered in the design and aizing of the aircraft. Figure 14 gives examples of perameters that
have @ first order effect on tha size of the aircraft. Values hed to be assumed for all of these params-
ters for the baseline design and it is necessary to conduct tradeoff anelysis to select the values yield-
ing the lowsst gross weight. Figure 15 is an examplas of a wing sveep versus aspect ratio tredeoff. Such
tradeoffs must be performed for all first order peramsters. The W/8 versus T/W tradeoff shown in Figure
13 represents a local optimum for the specific value of each of the parameters shown in Pigure 14 that
wvere selected for the baseline design. The large number of design perameturs involved greatly increased
the complexity of the tradeoff analysis.

No discussion of conceptual design would be complate without a discussion of conceptual design
methods. Conceptual design relies heavily on ewpiricel methods. In the eerly phases of the design
process enslytical methods are inappropriate for sevaral reasons. First, the methods should predict what
the weight or drag of a configuration would be given the normel time to refine the design in the prelimi-
nery and detailed design phase. Every bump will not be removed from the area progression curve during
conceptual design. This prediction must account for technology advances. Second, the method must be
comprehensive, that is, all weight, dreg, 1lift, thrust loss, and signature contribution, from every
sou ce, must be pradicted. Faw analyticol methods do this. For example, the most sophisticated struc-
tural analysis codes predict less then 502 of the weight of eny structural component. Since structure
accounts for only 301 of a fighter's weight, e complex finite element enalysis code will predict less thsn
152 of the total weight. This is inaduquate for conceptual design. Third, the time to input and run
snalytical codes is inconsistent with the number ¢~ pecpla on a conceptual design team snd the turn around
time required during the conceptual design phese. All of these fectors tend to make the conceptual design
methods a rether spacialized field.

Conceptual design is encompassing more arass then it has in the past, as shown in Figure 7. This
is beceuse all of these aress ere included in the requirements and it is necesssry to be abla to evaluete
them at that level. Much mure attention is currently being focused on logistics factors and cost thsn has
been the case in the past. Signaturas end vulnereble areas are importent for effectiveness enelysis.
dethods have been developed for analysis of these factors and {t is now axpected that such anslysis data
vill be produced in the conceptual design phase.

Conceptuel design involves the use of computers in mary aspects of the design process. Codss for
sizing, performance, and anelysis heve been in eristence for many yesrs. More recently the davelopment of
grephic software and high resolution terminals permit tha configuretion leyout to be done at the terminel.
Layout of e configuration i{s a high skill leval funztion whether it is done with tha eid of e computer or
on the boerd, A design craated on the board mey be digitized into the computar for enalysis purposes as
shovn in Figure 16.

One of tae more importent advantages of the use of computer aided design systems to davelop config-
uration geometry may be the ebility to genarete the input to snslysis programs that raquire a lsrge amount
of geomatry dste, such as eerodynamic peneling codes or finite element structural analysis. Figures 17,
18, & 19 shov ocutput taken directly from the terminal screen of e computer aided design (CAD) systenm.
Figura 17 {s e graph of the eree progression and the volume¢ cf the components. Figure 18 shows s perime-
ter plot with vetted ares. FPigure 19 is a far field wsve dreg cnalysis. All of this output i{s evsileble
once the geometry is in the computer.

Another axample of the use of geometry files is to fabricste models. Figure 20 shows s configura-
tion file boing displayed on a color tarminal. Figura 2! {s e -~hotograph of the fsce of the terminel
displeying this same conf{iguration. Finelly, Figure 22 shovs e model that was fabricatad from this sare
geometry filu. Tha configuration geometry file wes transfarred to a commercially svailable CAD system end
then to a nuserically controlled milling machine to fsbricate tha model, It is well within tha
state-of-the-art to create geometry input for different enalysis tooly snd to interfuce files for model
febricetion.

2.3 Fighter Requirements

Thie section wiil present a summary of some of the key issues thst are addressed during the vrocess
of defining a fighter requirement. The publication of a requirement for a new fighter is a commitment of
tens of billion of dollers in total life cycle cost, not including wespons. Such a commitment of funds
essures that the decisions es to vhen z nev fighter devalopment will begin go fsr beyond the technicel
consideretions alone. The enormous political and ecvnomic implicetions of a nev eircraft development have
a major influence on what is deveioped and when it {s developed. These aspects of tha gestaticn of »
requirement are not addressed in this paper.

Before attempting to discuss the principal issucz that must be addressed in dafining s fighter
raquiresent, there must be some agreement as to vhat is meant by a fighter aircraft. A fighter may be
defined as eny aircraft vhose primary mission i{s to maintain eir auperiority by engaging in air-to-air
combet. This definition includes the mission roles of air superiority fighter, fighter escort and fighter
interceptur. It does not preclude, as a sacondery role, air-tn-surface attack, reconnaissance or o*her
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roles. Bacsuse of the expense of developing and maintsining different aircraft in the same genaral weight
and performance class, ground attack may be included as a secondary role for fighter aircraft, A dis-
cussion of fighter aircraft would be incomplete without soma coneideration of the eir-to-surface role.

Among the contents of a typical fighter requirepent are those illustrated in Pigure 23. All of the
requirements listed contribute to the abiliry of tha fightar to perform ita mission. The ceuse and effect
betwaen thase requirements and the general capebilities that are sought in a fighter must be astablished
in order to provide the rationale for each of the requirements. Each of the requirements contribute to
the cost of the fighter, consequently it must be shown that it ir needed. A rationale that has been used
to justify performance ia that a margin is needed of ovar the threat to assure success in combat. This
rationale usually contributes to at least a part of any fighter requirement. Even this simple rationale
has its problems however.' Msny important questions remain unanswered such as; how much of a performance
aargin is needed, is it needed over the entire flight envalope, is performance really important since
technology A, B or C substitute for the need for performance, can weapon performance aubatitute for
aircraft performance and can quality of aircraft replaca quentity. Thase ara difficult questions but
ansvers are needed to formulata s requirement. Analysis, simulation and tast all are used to attempt to
provide answer3s to these queations.

The following discussion of fighter requirements focuses on the major categories of capebility
listed in Pigure 24, All of the requirements contributa to one of these general capabilitilas. A quanti-
tative assessment of this contribution is beyond the scope of this lectara. The purpose of this dis-
cussion is to highlight the major concerna which currently influence fightar design.

Close-in-Combat

Close-in-comvbat has traditionally been the very essence of fighter aixcraft design.
Close-in-combet ir sometimes referred to as a dogfight because of the twisting, turning maneuvers of the
combatanta. Figur- 73 is a graphical output from a close-in~combat simulation which supports the analogy.
Por early air superiority fighters, the only armament was a gun vhich was most effective at 300 to 800 ftc.
Close-in-combet literelly meant within gun range. The pilot was the target acquisition and fire control
system, The eddition of the IR missile did little to fundamentally alter what was important in fightsr
design. The IR missile still required the pilot to maneuver to the 6 o'ciock position bsfors the missile
wvas affective. In racent years there hsve been a number of advances that are altering all of this. The
improvements in tha all aspect missile is one of the principal new technologies that may change forever
the natura of the fighter dasign. Early evidence from simulations and actual combat indicata that there
is some reason to believe that this is so. On the other hand, we have heralded the end to the dogfight
before, only to have it reappesr due to the failure of the missile systems to deliver as promised. There
is still reason to believe that even in this advanced age of avionics, the missile will not be the total
solution. In any event, the user has not seen fit to dispense with the classical maneuverability of the
fighter. Sinca the user has the final prarogative whan it comes to ..quirements, it is still important to
understand what effect they have on the aircraft.

Tha characteristic that is generally thought of as defining a fighter aircraft is its ability to
maneuver to a position of advantage in aerisl combat and succeed in shooting down the opponent. Enough
has been said and vritten on this subject to fill many books. Still, when it comes to making a definitive
statement of the maneuverability requiresents for advancad fighters, the task is not easy. This is partly
due to the many diverse technologias that open up new possibilities for air combat. It is also due to the
fact that the design of an aircraft involves aany compromises and must be constrained to the funds avail-

able. Requirsments cennot ask for all of everything, so one is faced with the problem of daciding vhat is
most important.

In the mind's ey2 one can envision close-in-combat as two opposing aircraft epproaching each other,
engaging in a dogfight with one aircraft aventually shooting down the other. This, in fact, is the
scenario that has flavored much thinking with respect to fighter requirsments and sanalyses. Models havs
been developed vhich csn simulete such engagemsnrs and it is straight forward to transliste the analysis
results into design requirements. The outcome of the analysis of many such engagements has been corre-
lated against msneuverability parameters. These correlations result in the conclusion that the important
maneuverability parameters ars specific excess pover, sustained turn rate, instentsneous (available) tun.
rete and acceleration.

Specific excess pover is defined by the following equation:

p - =DV Eq (1)

s W

Where P. = Specific Excess Power
T Thrust

Drag

Adrcraft Weight

= Velocity

D
v
v

Specific excess power varias vith ths flight condition and it ia ccmmon to displsy P as a function
of Mach number snd altitude as shown in Pigure 26, P_ 1s assessed hoth for level flight and turuing
flight where the drag is higher. As the turn rste is increased the point is reached where the thrust
wquals the drag. At thirz point, the aircraft has reached its maximus sustained turn rate. Thus, the lins
on the 5g plot in Figure 26 where P_ = 0 determines the boundary of the S5g sustained norms! load factor
capability for this particular airerfft. The turn rate can be further increased at a sacrifice ia energy
level. When the aircraft turn rste is increased to the point where is reached, it csn be increased
no further. This is the available tura rate (ATR) or instantaneous tufn rate.
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For o aixcreft that is well designed aerodynsmically P_ in onc g level flight is primarily de-
termined by the eircraft thrust-to-weight ratio (T/W). Very hidﬁ thrust engines are desired for high P ,
The high thrust-to-weight. ratio of modern fighter engines, (T/W),, sllows the achievement of very high
values for future fighters. Even given modern high (T/W)_ enginés, the increments in P_ can cost dearl
in 'increased gross weight of the aircraft., Consider a hypothetical ‘aircraft, for example a well designed
supercruiee fightez, with a combat wing loading of 56 lbs/ft? and a combat T/W of 0.52, Thie equates to
an uninstelled ses level static thrust-to-weight ratio of. about 1.0, The' P_'of such a hypothetical
aivcraft st M=0.9 and altitude of 30,000 ft would be about 370 ft/sec. If %00 fps more of P’ were
required; a combat T/W of 0,636 would be needed. Figure 27 shows the resu’.ts of resizing this afrcdaft to
the nev P requirement to be over 10,000 1bs in weight. This is e rather extreme cese because of mission
fuel rnquirin‘ntn. but it illustrates the point that P_ requirements are to be carefully considered in
developing a requirement for a nev aircraft., This eizing was done with a (T/W), of 9,0, 1If a higher
(‘I'IH)B were achieved through technology sdvances in fighter engines, the results would be less dramatic.

Maximum sustained turg rate (0) is a second important design requirement which contributes to
close=-in-combat capability. is the sngular velocity measured in degrees per second. Sustained turn
rete is also commonly expressed in "g's" which is the normal load factor. Sustained turn rate and normal
1oad factor are related by the following formula.

6 = vynt -t Eq (2)

Where: 9= turn rate
n = normal load factor

The g's for & maximum sustained turn are related to the wing loading end thrust to weight ratio by the
following approximation:

LR n o

Where: n_ = maximum sieady stete normal load factor
q'- dynamic pressure
W/S = combat wing loeding
T = thrust
K = wing dreg-due-to-1ift factor for
uncambered wing
ving reference srae
zero 1ift dreg coefficient

It ia apparent from Eq (3) that the maximum eustsined turr cepsbility of a fighter is e function of
both the combat thrust and combst wing loeding. A tradeoff analysis is required to determine the correct
combination of wing loading and thrust-to-weight ratio. Figure 28 shows the results of such s tradeoff
analysis. There is s unique combination of W/S end T/W for lovest gross weight for any required sustained
&, 88 showvn by the minimum point on the curve.

Figure 29 is snother presentetion of the results of a trsdeoff snelysis of W/S and T/W. This plot
maps constent gross weight lines on a T/VW versus W/5 plot. The point of tangency of these gross waight
lines with the lines of constent susteined g's defines tho minimum gross weight. The locua of combina-
tions of T/V and W/S which minimize the gross weight for esch g level is dramatized by this plot, Cross
veight is quite sensitive to the requirement for additionsl maxi{mum sustsined turn rste cspsbility. The
requirement for #n sddicional 0.5 sustsined loed factor can increase the gross wveight by 102,

The third requirement which effects the outcome of dogfight engegements is the maximum instanta-
neous turn razs slso called avsilable turn rste (ATR). Thie parameter {s effected only by the maximum
11ft coefficient of the wing and thn wing losding. ATR is not affected by engine thrust and relates to
load fsctor by Eq (1), Maxisum {nstentaneous load fsctor is givan by the following equstion.

o e cLll!q Eq (4)
z w/s
Where: n = maxisus {nstentaneous loed factor
ana = maximum 11£2 coefficient
5 = dynamic pressure
¥/S 1ia the wing loeding

Although there is a loss of energy when the aircrsft 4s turning at a rveta greeter than the maximum sus-
tained turn rate, the instantencous turn rete is nevertheless an importent perameter. In the one-on-one
engsgenent modeled in Figure 25 neerly all of the sngegement is conducted ar conditions vhere the P. < 0.

Over a large part cf the flight envelope the maximum instantsneocus load fsctor wili de limited by
the structural design limits of the aircraft zather than the Cl of the wvimg. This is grepiifcally
illustrsted in Pigure 30, &

The tradecffs illustrated here ere very complex {f done correctly, The problem is sultidimentionsl
since the aeruodynamic efficiency of the total eircrsft is involved. This implies that the planform of the
aircreft should be optimized at esch point in the W/§ versus T/W plane. The engine cycle is alme involved
as well ss the structural efficiency. A further complicatinsg factor is thet there are many constraints
other thau turm rste and !.. The global optisisstion problem resulting from the many parameters and many
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constreinte is lerge. In gsneral, however, the type of tradeoffs illustratsd here are used for making
decisions relative to fighter requirements.

As mentioned earlier the result of comhat simulations heve heen correlated ageinst the P, sus-
tained turn rate end availshie tnrn rate. These parametere produce a good statistical correlatidn with
exchange retio in one-on-one combat. If an engagement ie other than one-on-ona the outcome is different
than one would predict by one-one-one analysis. Wherees in e one-on~one engegemant, the excharge ratio
(nuaber of aircraft killed/number of aircreft lost) can resch almost any value depending on the difference
in the level of anergy maneuverahility between opponents, in one-vereus-two or two versue two engegements
the results do not correlate as well, Multiple aircrsft engagements are much more difficult to analyze
and much more dependent on the tactice ueed hy the opponents. Analysee, simulation and operetional evel-
uation have all been used -to avaluate the multiple engegement problem. The results of many sisulations
ara shown in Figure 3l.- Ona ganeral conclusion ie thet requirements cannot he based exclusively on energy
nmaneuverability but that mansuvarahility is still eignificant, although it ie most important in 1 vereus 1
combat. The results of analyscs of engagementa of multiple aircraft, do not elter the desire to heve an
energy maneuverability margin over any projected threat. As a consequence a section on turn retes end
specific excess power will be included in any requiremeats document.

There are several nev technologiee that also have ¢ bearing on the relience on energy maneuverebil-
ity for success in air-to-eir combet. These technologies incrsese the volume of ths envelope for which
the armament may be used effectively. Included in this category are treinshle guns, unconventional flight
sodes, off boresight missiles, and all aspect miesiles. The effect of these technologien ie to increase
the time of the target in the lethal envelope of the armament during &n air-to-eir engagement as shown in
Figure 32. In the past, guns and missiles have besn limited primarily to engagements from the rsar
quadrant for high probshility to kill. The rear aspect missiles are IR missiles vhich depend on vieving
engins hot parts in order to home on the target. In terms of comhat tectics tbey do not change the
emphasis or aircraft performanca since it ie etill neceesary to position near "6 o'clock" for an effactive
target kill, The all aspect missile, trainahle gumn, unconventional flight modes and off horeeight mis-
silee on the other hand, permit engagement from any position relative to the target. With an all aspect
niesila it is only necsssary thet the terget be ecquired and within range. In theory theee tschnologies
could bdbe snhstitutad for some of tha energy maneuverehility requirements with no loss in effectiveness.
Analyses and flight demonatrations have been performed which indicate that fighters employing these
technologies can eucceed against fighters which have superior ensrgy mansuvsrahility but lack these
technologies. In the future, these technologies may have an influence on the level of energy maneuver-
ahility required. At present, howevar, there is insdequate demonstrated capabilicy from these terh-
nologies to alter the thinking about fighter requirements eignificantly,

Beyond Visual kang? (BVR) Combat

The more serious prohlem associated with the focua on aircraft parformance for close-in-comhat,
hovever, is that the nature of eir combat may be changing. The factors contributing to the change are
illnstrated in Figure 33. There ere still eome vho maintein the view that long range missiles, avionics
snd reduced signatures do not alter the fundemental nature of eir combat. At one time the feilure of
misailes to live up to expectetions seemed to support their case. Recent combat experience, however,
seems to indicete otherwise. While there have been fatal flavs in soms missile systems in the pest,
progress has been made towerd correcting these deficienciee. The scceptance of long-range missiles as the
prisary armament for eircraft has a fundemental impact on fighter raquirements. Long range miesilee shift
the empheeis from ths close-in-combat arens to the other types of combat shown in Figure 34, BVR comhat
includes the M versus X combat in vhich the friendly aircraft cen eesily he distinguished from the oppo-
sition by position and the ) versus 1l versus ! combst vhere there ic general chaos smong comhotante. In
this latter csse, knowledge of the target position does not identify the aircraft and any aircraft may bde
sizultaneously both being ettecked end ettacking. Of course, BVR may also be ¢ one versus one situetion
and ~1oce-in-combat may involve multiple aircreft.

An engagement may begin at heyond vieual renge and end in a dogfight as illuetreted in Pipur- 15,
This eimuletion begins at & separation distance of 40 nm vhere the first missilee are fired. The
combatants begin maneuvers et this point but are constrained to keap esch other in their field of view.
After the BVR missiles fail to effect e kill, the sngagement gventually turns into a dogfight. The
relative magnitude of the scale between BVR end CIC is shown {n Figure 3}3. Typical BVR eimulations bagin
at 40 to 30 ym vhersas CIC aimulatinne gsrare 2t 3} nm, This figure 2lac Jervee to illustrare thst the
msneuvers in BVR simulation are not nearly es violent as CIC maneuvers.

The fundaments]l cspabilities thet contrihute to success in CIC ere the seme in BVR combat i.e. to
sde without being seen, to shoot without being shot at, and to kill without being killed. The afrcreft
cheractcristics which contributes to these capabilities ere grsatly diffsrent, however. The rteletive
saneuverebiiity betwesn the opposing eitrcreft has very little to do with the outcoms of the sngagement.
Lov epeed missfieer aircraft such ee the one shown in Figure 36, which have very little energy mancuver-
ability, heve been shown in analynis to heve very favorahle exchange retios in certein air combat mit-
uations, if they have effective long and medium range missiles. A miseileer is like a porcupine; very
dangeroue if it is attscked but not very effective in an offeneive role.

BVR combat is not mew. Long renge redar guided miesils have besn operational for meny ysere oun
F-lés, I-13s, F-de ond many other aircraft. BEven so, it is not really clear vhat will muke e pgood BVR
fighter in ¢ tactical situation. At prasent, the iesuse shovm in Pigure 37 duminate the discuseicna.
Speed uith mansuverability is ome of the key issues. A fighter with a susteined high speed cruise ca-
pability has the ability to provide defensive cspsbility as shown Pigures 38, 39, and 40, The higher
speed capability ellovs the interceptor to be ferther euay from ite hese than e lower apeed aircraft in
«ay given period of tims, (Figure 39). The average speed from bases to intercspt point defines the capture
anvelope. Pever zircreft ere chle to penetrate the defense simply becauss the interceptor camnct get tc
the intercspt point before the threet has flown hy. This larger radius of action sakes it possible to
defend a larger eree from e given base, thue reducing the number of interceptors and interceptor bases
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required. Spaed elso allows an interceptor to catch up to flaating targets from the rear as shown in
Figure 40, The delay tima and target speed heve a dramatic affect on the interceptor snead required to
capture the target.

‘A second advantege of a high speed capability for e fighter is tha expansion of the migsile launch
envalop2 dua to the highar leunch spaed. The launch speed of the eircraft is edded to the miss'les energy
permitting the missile to be launched at e greater runga than the opponents missila. Figure 41 shows the
reletive leunch envelope aree dffference due o speed differential,

In the cheotic situation there is enother advantege to speed. Where the position and velocity
vector of tha zergets sra random and plentiful the aircreft that is fest and maneuvarabla has more firimg
opportunities. This is due, not only to the expended leunch envalope, but to the fact thet a fester
aircrsft will overtake more of the slow movars in the same way thet the fastest car on tha autobahn will
encounter more cars than the eutomobile moving at tha evarage treffic speed., Figuras 42 and 43 show two
cases; ona with tha blue eircreft at twice the speed of the red and tha othar with the blue elrcroft et
half the speed of the red aircrsft, In the first cese tha blue aircraft nes three firing opportunities
end ia not firad upon. In the later case the blue aircraft is fired on twice end does not fire on eny
opponent. In the scenario of chaotic combat, the spead advantege y.elds more firing opportunities.

In hesd-on engegements, npeed can also have e detrimental effect. Figure 44 illustrates this
point. Two heed on intercapt situations are shown here; one is equsl speeds for opposing efrcreft (upper
left) the other is with blua at e higher speed them red. In both cssas the aircraft continue their
haed-on etteck until missile impect. In the former case, the impact is eimultaneous. In the lattar cese
the red missile impected hefore tha blue missile. The blue aircreft literelly flew into the red missile.
Most long rsnge missile guidanca systems require thet the aircreft continue to close on its target after
tha nissile hes baen launched.

The diaedvantage of the engegement kinematics with e high speed aircreft cen be mitigated to some
extent by supersonic maneuverebility. The analysis of tha use of maneuverebility et suparsonic speed and
the design implications are shown in Pigure 45. The basic tectic is to maneuver awey from the ettecking
aircraft as much as poaeibla without losing the ebility to track end retein speed for a reatteck., Whst
one trias to achieve is the maximum F-Pole which is the aeper:tion distance between the aircraft et the
time of blue missile impect. Figure 46 illustretes the effect that msneuver has on increesing tha F-Pole.
Maximizing the F-Pole increaaes the probability of killing tiie target before the guidsnce in the threat
missile "goes active.” When the missile guidence goes ective, it no longer depends on the lsunch eircraft
for any kind of essistance and it will kill tha tsrget irreapective of the existence of the launch air-
creft, F-Pole is plotted in Figure 47 for increaaing speed and increasing normal load fector. Note that
F-Pole always increases with increasing loed factor but some threshnld must be passed before the F-Pole
begins to increase with speed. All of this muat be tempered with the ebility to keep the tsrget in the
sensor field of view so thet blue doer not lose its own kill capebility. It should be obvious that F-Pole
can also be increased by slowing dowu. Although reettack cepability end the ebility to disengage may be
lost by slowing down, it is better than getting killed.

A hypothetical supersonic maneuvcring engagemant is illustreted in Figure 48. In this case both
red and blue initiete a manauver sfter firing their missiles, both initiel shots miss. Blue, however,
with its spead sdvantege, c.n initiate a successful reatteck. The result of this eituetion is thet blue
eurvives end red is killed as a result of the reatteck.

With regard to the requirement fur speed, enalysis results are still incenclusiva. Vhen combined
with supersonic manauvarability, speed offers the edventege of en {acreesed number of favorable encoun-
ters, increesad missila leunch envelops, tha ebility to ¢isangsge end a lerger defanded aree. On the
nagstive si{de is the aarlier intercept of the threst eircraft in haed on angegaments vhere tha leunch
eircraft ere reetricted by the need tc illuminate the terget. Overell, susteined supersonic speed ca-
pebility {s likely to be e raquirement for future fighter eircreft,

In addition to supersonic spead and maneuverebility, there is a requirement for control of redar,
infrared end visuel eignatures. This obviously contributes to the ability to eee without being seen.
Figure 49 {llustretes this point. Signsture reduction reduces tha BVR leunch envelope beceuse BVR mis-
siles are dependant on return from the thrast stircreft for lsunch, guidence and fusing. The moet fevor-
ebla situation {s {llustrated in Figure 50, If the blua miesila can impect the target before the red
aircreft detecte the bluc sircraft, red hes no probebility of killing blue, This, of course, meane that
the RCS of the blue eircrsft muet bc low enough thet the thrcat reder cannot detect it with its acquiei-
tion/treck radar et the time of {mpact and thet blue must heve a missile of eufficient renge so thet this
can be echievad.

Pigure 51 shovs the results of many & vereue 4 engegenent simulatione. These tend to confirm vhet
ona would expect, thet is, incraesing spued, menauverebility end reducad signeture, vhen combinad, result
in higher exchanga ratios in BVR combat than do any ona of the three by themselves. It also shows the
adventaga of reduced signature end maneuvarebility can be lost if the speed adventege is not mainteined.

Afr-to-Surfece Requirvments

The rola of attecking ground targets may seam to be a contradictivn of terms vhen addressing the
subject of fighter raquiraments. There erc sound raasons for including the ground etteck rolas aa pert of
a discussion of fighter rajuireaent, howevsr. The main rveason is thet aircreft that ere designed es eir
superiority fighters may end up heving, as either thair primary or secondary rola, thet of ground ettack.
A fighter that has no capability to perform air-to-surfece missions {s of loss velue than an eircraft that
cen perform both. The flaxibility that the "sving” cepability offers is that the fighter forca can be
elloceted to ground attack vroles es the nature of tha bettla changes. Analysis indicetee that this hes sn
important effect on the outcome when one lonks et tha totel campeign. It is necceeary to look at tha
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whole campaign to eee thie effect. Modele that eimulste only the air combat cspability cannot adequstely
account for the value of a fighter with multiple role capability.

The iseues which dominete the specification of air-to-surface requireumente are ehown in Figure 52.
These iseues do not really change with time, technology or cless of aircreft. The problem does get woree
with time, however. At the top of the liet is survivebility. Survivebility dominstee all of the other
issues because it has such a lsrge impact on the others. The target acquisition and target kill functiona
are complicated enormously by having to fly either low end fast or high and fast to enhance the
survivability. Range and payload are also both compromised in the intereet of eurvivability. Higher
speed, lower signaturee and increases in countarmeesurss all eat sway at range and psyload. Neverthelees,
without the capability to find and hit targets, or without sufficient weapone to inflict relevsnt drmage,
the most eurvivable aircraft is of no value.

Figure 53 shows the lethal rediue of eurfsce-to-air missiles (SAM) defenses against s subsonic
aircraft penetrating a highly defended area in Europe. It ie clesr from this figure thet there are no
sanctuaries for an aircraft penecrating this zone regardlese of the penetration altitude. As the altitude
is increase, however, -the defenses are lees dense. Tlhe two regione of primary intereets for penetration
of defensee are shown in Figure 54. The supersonic high altitude region hes the advantege of fewer SAM
defensee but hes the inherent problem of hitting targete. There sre currently no air-to-surfsce wespons
that are effective from the high and fsst flight regiime. A number of research snd development efforts
have been undertaker to remedy this eituation, but, even for advenced weapons, there are significant
problems in killing many targets of intereet. PFigure 54 elso ehows a thermal cost diecontinuity at
approximately Mach 2.5. At thie point, material and fabrication coets for both the airframe snd engine
increase markedly.

Analysis indicates that supersonic high altitude penetration does have ite benefits in terms of
reducing effective SAM envelope. The percentage of SAMs that arc effective at high sltitude ie subetan-
tially reduced and the area in which the aircraft is vulnerable to attack by SAMs is reduced by the speed
because the exposure time 18 ehorter. The combined effecte of speed and altitude are grephically die-
played in Pigure 55. When combined, these “wo effects make the high sltitude region the flight corridor
that i{s least vulnerable to succeeeful atta. by SAMs,.

Figure 56 compares the targets kiiled from high and low altitude penetrsting corridore over a 30
day campaign. Two curves are ehown for the low altitude corridor; one with terrain maeking and pene-
tration aide and the other without. It is clear from this anelysie thst, without terrain maeking end
penetration aids, lov altitude penetretion is not effective. Terrain masking ia evsilable only in eress
that are hilly or mountainous., Over flet terrain the eurvivability of eircraft penetrating at low alti-
tude is going to be :educed over vhat can be achieved with terrain following flight in rough terrein.

Terrain masking is a two edge sword, however. What protecta an aircraft from the threat prevente
targets from baing seen from the aircraft. The probability of targst acquisition over moderately rough
terrein from an aircreft of traveling at Mach 0.9 ie {llustrated in Figure 57. Note that at an altitude
of 200 ft the probability of ecquieition of the target is 0.05, that is, only one of twenty targets will
even be scquired., Even fewer targets '7ill actually be attacked and killed. It is epparent that this is
an unscceptable mode of operation. Even if the defenses never killed & eingle aircraft, they would have
been completely effective beceuse they forced the aircraft to fly vhere it csnnot fight.

The terget acquisition problem is also complicated by the environment. Figure 58 makes this point.
Even wvithout battlefield swoke, visual detection can only be relied upon for tsrget detection ebout 12X of
the time in winter. Infrared, because of its cepability to detect targets st night and through light
haze, allows one to detect targets 43X of the time. Radsr, being neerly insensitive to both weather snd
darkness, fucreases the acquisition time to nearly 100X. There is keen interest in IR and rsdar ecquisi-
tion systems for this rasson.

All of thie paints a rather bleak picture of the air-to-surfece mission for fighter eircraft., Even
vhen the effects of eignature control, speed, couutermeesuree end vulnerability reduction are combined the
air-to-surface role probability cannot be effectivaly accomplished without the support of other eyetems
for defense suppreseion, standoff jamming, tsrget acquisitior, navigetion and target identification. All
of this overhead detracts from the overall cost effectivenese of airpover end adds wany more elemen:s for
potential enemy attsck.

Sortie Generstion

The topic of sortie generation relates to the number of sorties which can be produced daily by an
aircraft, squadron or ving. Most of vhat hss been said in the previous discusiion has teen concerned with
the ability of aircraft to kill targets. The ability of the aircraft to get off the ground in a condition
that permits it to perform its mission ie elso a primary factor in the overall effectiveness of the
fighter. A fime and sophisticated machine that can kill anything within miles but spends all of its time
in the hanger with master machanics repairing its fine sophisticsted equipment is of no value., Neither is
an aircraft vhich functions wonderfully until the first bomb hite its runway. These ere some of the many
concerns vhich currently have much influence on fighter requirements. Thure are many proponente of the
view that we have bean only concerned with the performance of our fighters and too little concermed with
the logistics, maintainability and other design fectors thet contribute to sortie generation.

By itself the number of sorties produced per day by an aircraft does not mean much. One can read
accounts of World War II Stuka pilots in very adveree conditions producing over 10 sorties per day. These
vere obviously very ehort missions with very little armament. A modern aircraft that is going to be on a
mnission two or more houre with several tons of payload is not going to produce ten missions per day. On
short missione, AV-8's and A-10's can still produce sortiee at this rate during e surge period. Sustained
rates are much lover for longer range fighter aircraft, howsver.
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.The sortie generetion issues of current interest ere listed in Figure 59. Sortie generetion spens
e broed spectrum of concerns. At the top of the list is the desire to minimize the time spsnt in mainte-
nence. Maintenance not only effects sortie generation but all of the logictics associated with the
aircraft. If the stetistics can be believed, steedy progrees hes been made in recent years in increasing
the meen time between failures in spite of the increese in sophistication of fighters. Figure 60 shows
vone plot of statistical dete of several fighters. Current fighters show MIBFs exceeding the time of a
single mission. . Part of this increese can be attributed to the increase in meen time between failure
(MTBF) of the reder system as shown in Figure 61. This curve shows the MIBF prior to 1960 to. be zero.
Whether this is fect or not is questionable, however, it does confirm the stories that the MIBF for esrly
radars wes shorter than the time between the beginning of the taxi and the time thet the wheels were off
the runwey. Current evionics hes e sufficiently high MIBF, thst improvements in avionics will no longer

heve e major effect on the MIBF of the eircreft.

Statistics on MIBF and mean time to repair (MITR) tell only part of the story. Missions can be
flown, and will be flown, in wartime situations without ell systems in perfect operating condition. Surge
sortie rates will be much higher then the sortie generation potentiel shown in Figure 62. However, for
susteined sortie generetion ths date indicates thet current fighter can produce between two (2) end three
(3) sorties per dey. The requirements for future fighters are likely to be much higher then this. Row
these ere to be echieved is currently e topic of study.

Another important fector in the ability to generate sorties is the turm around time, thst is, the
time to reerm end service the aircraft when no repeirs are rsquired. Many approaches heve been proposed
to speed the process of erming en aircraft. Conformal pellets, with ell of the weepons on a single
psllet, is en example of e technique of speeding up the process. The problem is more compliceted where
the bese has been contamineted with chemical or biological egents. A lerge reduction in time to perform
all operations occurs when such contaminetion is preeent. Obviously, this hes en edverse effect on the
sortie generetion. Future fighters will be required to operete in such environments. The eircreft mnst
include the necessery provisions to protect the pilot end internal equipment. Provisions for servicing
end rearming must be such thet they cen be parformed with crews in protective gear.

The landing end takeoff distsnce will determine whether fighter aircreft csn continue to operete
after an eir base atteck. Pigure 63 ghows the results of an Israeli attack cn an Egyptian air basse during
the Yom Kippur wer. All of the runways ere severly cratered. To continue operation the eircreft must be
eble to operete between the creters. The shorter segment of runway for landing end takeoff required, the
more ingensitive the fighters will be to runway cretering. Thic effoect 1is illustrated in Figure 64.

A finel issue vith regerd to sortie generation is the ability to operete fiom tough and soft
fields. For modern fighters this capebility has been completely loet. Nor is there any thought of
returning to the deys when a fighter could operete from e muddy farm field. Thers will be s requirement
for fighters to operete from cratered runvays thet heve been repeired and to taxi from shelters across
unpaved surfaces to the portion of the runwey that hes been repuired or survived the sttack. This may not
seem on the surfece to be much of e compromise in the design but it does have a considereble influence on
the design of the landing gser end the basic size of the eircraft itself,

Susmery of Requirements

Emphesis in eir combat cepebility is divided bdetwsen focus on CIC end BVR combet. For
close-in~combst the focus in on the clessic maneuverability parameters; P , susteined end instenteneous
turn rete end acceleretion. For BVR combet the technology focus in on the Jcepon end fire control system.
Tne vehicle cherecteristics which ere likely to be of most interest for BVR ere susteined supersonic
cruiae with meneuverebility, end control of the signetures. Future fightsr will probebly heve, es e
secondery role, the attack of ground tergets. Survivebility dominetss the ground etteck mission. High
speed, high altitude end lov eltitude terrein following atteck ere the penetretion profiles of interast in
high thraat arees but sccepteble survivebility end terget atteck will not be echieved without supporting
systems. Sortie gsneretion from e demaged end contamineted airfield is needed to echisve productivity in
e wvertime situetion. High reliebility end the ebility to turn eircreft eround vapidly in e
chenicel/biologicel environment is necsssery. 1: eddition, STOL or VIOL with soft field cepebility is
needed to operete from damaged sirfields.

2.4 [ffectivensss Anelysic

No discussion of rcquirements would be complete witlout sention of effectivcness enelyeis. The
amount of date thet is evaileble for modern fighterx from en ectuel werfere {s very spersc. Furtherwore,
the nsxt generation of fightec eircreft will not be operetional for ten or more yeers. The ectusl threets
will change during the 30 or more yeers of dsvelopmant end operetion. 1t is necessary, therefore, to
devise methods for essessing the combet cifectiveness of conceptuel fighter eircreft designs.

There ere many methods of essessing the effectiveness of edvenced eircreft, These raage from
digitel siruletion models to opsretional evaluetion tests. In the eerly pheses of e prugram, before
requirszents ere defined, the models must be et the ssme level es the conceptuel design methods. The
charecteristics of the conceptual designs must fevd these enelysis tools and the turn eround time on the
date must be on the order of days or veeks.

The wajority of enelysis models that are used to assess concsptuel fightsr eircreft designs fell
into the generel cetegories shown in Pigure 65. The digitel close-in-combat wmodels were originelly
developed for one-on-ome combet. They heve been expanded in recant years to & versus 4 models. The
flight peth of the eircreft ere besed on equations of motion. Alrcreft cherecteristics ere predicted from
the conceptual designs. The tectics of the engegement ere input end fixed et the beginning of progrum
sxecution end no feedback from e pilot is evaileble as the simulution progresses, as would be the cese for
mnanned simuletions.
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The BVR combat simulators ere similar to the CIC simulators except that the BVR usually include a
more detailed missile flyout trajectory as part of the simulation., ECM, IFF end sensors are emphaeized
heevily. For the BVR cese the missile flyout trajectory ie modeled with more fidelity becauee the BVR
maneuvers are constreined by the ability to keep the target in the field of view until the BVR missile
locks on the target. The constraints on the aircraft maneuvers due to the inability to lock on before
launch at long range is a major factor in BVR effectiveness. Group strategiss and tactice are included.
The digital combet evaluation model illustrated in Figure 66 is an example of a BVR model thet evolved
from an earlier CIC model, " ‘ ; —

SAM flycut models sucn es the one illustrated in Figure 67 are sophieticated models thst simulate
the flight characteristics of the missile, the missile guidance system and the capabilities of the site
acquisition and tracking system. Aircraft cen be flown through these eites and their probability of
survivability cslculated. The AAA models are similar to the SAM models except that the projectiles are
not guided. None of these models include the human factors in the operation of the defenee sites.

Sortie generation models such as the one illustrated in Figure 68 simulate the vperations performed
st the base from the time the eircraft lands unt{l the time it takee off. Allowances sre made for servic-
ing and reerming cues. Air base demage effects include the cratering of runways, repair times associeted
with crsters, slow downs due to chenical or biological attacks and all other operations that determine how
long it takes to turn sn aircraft around in a wertime situation.

Finally, there are campaign models. Figure 69 shows the air operations that ere included in a
campaign evaluation. A campaign evaluation, to ba complete, should aleo include the ground forces. Fven
conceptual level csmpeign models are very complex and time consuming to run. There are certain fundamen-
tal questions thet are not answered unless one goes to this level, however. The priorities of the roles
of eir power is an example of the type of questions that are only exsmined at this level. PFor a fighter
aircraft the emphasis on the air-to-air role versue the air-to-surface role is a campaign level eval-
uation.

No one seriously expects effectiveness models to fully simulate the actuel combat situsation.
Sti1ll, they are essential in devaloping requirements and prioritizing technologies. There must be some
assessment of how well future fighters do in their assigned roles. The models help in this process, not
by replacing judgement and common sense, but by providing an accounting mechanism for the essential
ingredients in the combat environment and identifying the purpose of each requirsment. It also provides
ingight into the fundamental problems by simulaiing each of the essential mission roles. )¢ is thie
ingight that provides the rationale for requirements and technology needs.

All of this may appear to be quite unscientific when compared with the refined design and analysis
toole that hsve been developed by sngineers and scientists. It is a fact of 1i{fe, however, that judge-
ments about what requiremsnts are, {n fact, desirable and how lesirable these requirements actually are,
is being evsluated with these models. FEegardless of how uwuch cur deeign methods are perfected, if we
select the wrong "desirable properties" then we will have fighter aircrsft that are not doing what needs
to be done to win wsrs. This ie vhere the emphssis wust be. We do not place the palace guards on the
front lines of the battle and we do not wish to place elegsnt aircraft designe that do not provide the
needed combat cepability into the battle.
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SUPERSONIC MANEUVER REQUIREMENTS

ANALYSIS
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TYPICAL SAM THREAT DISTRIBUTION
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PRIMARY SORTIE GENERATION ISSUES
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CONCEPTUAL LEVEL EFFECTIVENESS MODELS
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DESIGN OF WINGS AND WING/BODY CONFIGURATIONS FOR
TRANSONIC AND SUPERSONIC SPEEDS

H. Yoshihara
Boeing Military Airplane Company
Seattle, WA, 98124, USA

SUMMARY

Procedures to design wing/fuselage configurations at transonic and supersonic conditions are
described. This is preceded by an introductory section sketching the significant flow features as the
shock wave and separation patterns for typical fighter wings which affect the performance, followed by a
description of the interference effects due to the fuselage.

V. INTRODUCTION

In the present chapter we consider primarily the transonic and supersonic design of the
wing/fuselage for a supeiCiuiser Tighter at cruise conditions. Variable geametry concepts are then used
on the cruise design to meet other mission requirements as the supersonic and transcnic maneuverability
for survivability and weapons delivery. Constraints on the aerodynamic design may be further required
to alleviate non-zerodynamic consequences as excessive wing root bending moments. The expected flows &t
cruise 1ifts are relatively well-behaved and well-understood compared to the flows at the higher angle
of attack maneuver conditions.

The starting point for the optimization is the baseline wing/fuselage confiaurations evolved froi 2
pre-design study which yjelds candidate configurations that meet approximately the mission
requirements. When the design is biased to the supersonic cruise condition, typical wings evolved are
highly swept with a subsonic leading edge (650-70° for a Mach number 2 cruise) with small thickness
ratio and aspect ratfo. If, however, some weighting is given to the transonic maneuver condition, wings
with less sweep result which have sharp supersonic leading edges (400-500 sweep at Mach 2). Here
for example & supersonic leading edge is defined as that for which the Mach number normal to the leading
edge is supersonic.

In the introductory sections we describe the flows for the above wings at cruise and maneuver 1ifts
for a sequence of Mach numbers in the transonic and supersonic range. Salient features as the shock
configuration and viscous effects are sketched. The interference effects of adding a fuselage are then
described.

Current wing/fuselage optimization procedures are next outlined for the cruise optimization, first
for the simpler supersonic case where the linear inviscid theory provides a viable first approximation;
and then for the considerably more difficult transonic case which is essentially nonlirear and viscous.
In the latter case a linear optvimization procedure is still used tu provide a starting configuration.
Nonlinear analysis methods are then used to search for a more optimal configuration. Such search
procedures are either ad hoc guided by prior experience incorporating for example uniform upper surface
isobars, or more formal using procedures as the method of steepest descent,

The flows at maneuver 1ifts are essentially nonlinear and viscous for both the supersonic and
transonic cases with free shear layer separations and shock-induced separations present. Because of the
complexity of these flows, only isolated design examples using nonlinear analysis methods have appeared
in the literature. Description of some of these cases will conclude the chapter.

2. FLOW STRUCTURE FOR SWEPT AND DELTA WINGS

We now describe the significant flow features as the shock wave pattern for the two sample wings
described in the Introduction. In Fig. 1 we consider first the sequence of shock patterns for the swept
wing of moderate sweep at cruise 1ifts for various free stream Mach number-. In the high subsonic case
a rear shock typically first appears as shown in Figure la. It is usually attributed to a coalescence
of compression waves generated along the symmetry plane (3D effect), dut clearly streamwise flow
constraints that necessitated the terminating shock in planar airfoils must also play 2 role (2D effect),

With an increase in the free strea® Mach number towards one., the rear shock is strengthened,
dispiacing downstream and extending la2teraily primarily in the inboard direction. Additionally a
forward shock now appears (Fig. 1b) which originates from the neighborhood of the wing apex. This
shock wave 1s weak and hence swept approximately at the Mach angle corresponding to the “plateav”
pressure. It closely forms the upstream influence limit of the leading edge kink and the symmetry plane
in much the same manner as the shock wave for a wing at supersonic speeds with a supersonic leading
edge. In Figure 1b the foiward shock is shown intersecting the rear shock. The rear shock outboard o
the intersection point is relabeled the outboard shock because of its significance as the strongest
shock segment. Shock-induced separation will usually first arise aft of the outboard shock. As the
Mach rumber is increased, the separ.'ion suddenly worsens, and the outboard shock veverses its
dowmstreaw displacement and moves upstrec”. This occurs when the reattachment is abruptly displaced
downstream of the trailing edge by a Type B interaction which we shall shortly describe. This upstream
movement will decrease the shock sweep, stil) further strengthening the shock wave and worsening the
shock-induced separation. This severely sepirated flow is highly unstesdy, and if it occurs over a
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sufficient stretch of the trailing edge, a significant wing buffet will arise.

The sequence of flows in the transonic range for the above wing at a given moderate transonic Mach
number and for increasing angle of attack is physically similar to the sequence described above.
Deterforations of the flow that arise for the increasing 1ifts are the direct consequence of the
strengthening of the outboard shock ieading first to drag divergence and then to the onset of buffet and
to its worsening. For sufficiently large angles of attack, leading edge separation appears greatly
complicating the flow. We shall defer description of these flows to a later paragraph in this section.

Let us now return to the sequence of flows at the cruise 1ift and consider the flows in the
supersonic range. With the increase of the Mach number to supersonic values the rear shock eventually
displaces downstream to the trailing edge in the usual case of a supersonic trailing edge, thereby
eliminating the rear se~‘ration responsible for the buffet. A detached bow shock wiil now appear, and
the forward shock adjusts its sweep approximately to the new "plateau” pressure. As the supersonic
cruise Mach number is approached, the wing leading edge becomes exposed to the free stream as the bow
shock sweeps across the leading edge onto the wing assuming its cruise location. The forward shock will
disappear when the bow shock sweeps onto the planform.

The shock configuration for the case of the highly swept delta wing with a subsonic leading edga is
generally similar to that described above, but a given flow pattern sketched above is displaced to a
higher Mach number due to the unloading effect of the higher leading edge sweep and lower aspect ratio.
The effects due to the higher leading edge sweep is illustrated in Figure 2 for the case of a flat swept
wing of 53.50 leading edge sweep, aspect ratio of 2.8, and with a 6% RAE 102 airfoil. This sequence
of flow features for varying Mach number and angie of attack was obtained by Rodgers and Hall (Ref. 1)
from surface oil fiow pictures. Here the anglas of attack are extended well into the maneuver range.
The shock J\atterns to be expected for the above delta wing at the cruise cordition would then follow
those at 30 in Fig. 2.

The shock and separation patterns for a given wing at a specific Mach number and angle of attack are
directly dependent upon the planform shape and the twist and camber distributions and may accordingly
differ in detail to those described above. Thus for example the wing leading edge radius and cumber
will affect the upper surface plateau pressures which in turn will afiect thz sweep of the forward shock
and hence the location of the outboard shock.

Consider finally the viscous effects and in particular the separation patterns. In the upper part
of Fig. 3 we first show the viscous interactions arising over the upper surface of an afrfoil to
i1lustrate a Type B interaction (Ref. 2) which plays an important role in the separaticr phenomena for
swept wings. Type B interactions arise when the boundary layer encounters two successive adverse
pressure gradients as for example the shock wave and the trailing edge pressure recovery. Here the
boundary layer thickness and the displacement thickness (measure of the los; of velocity profile
fullness) both increase abruptly afte: passage through the shock wave making the boundary iayer more
susceptible tc separation as it encounters the second adverse pressure gradient. In Ref. 3 a 3D version
of the Type B interaction was described where additionally the influence of the degraded state of the
boundary layer at an inboard span station propagated tipward along the limiting {surfuce) streamlines
and worsened the separation further nutboard as shown in the lower part of Fig. 3. Tris 30 Type B
viscous effect plays a direct role in the promotion of severe separation aft of the outboa~d shock of
Figure 1b. These Type B interactions are reflected in both the 2D and 3D integral boundary layer
equations by the greatly enhanced growth rate of the form factow H (which governs separation} as the H
increases and exceeds a value of the order of 2. (Here the form far.:r K is increasea when the boundary
layer encounters an adverse pre<- .re gradient.)

The above separation aft of the outboard shock wave, labeled the bubble-type, must be contrasted to
the free-shear layer separaticn arising along a swept leading edge vr along the forward shock as shown
for example in Figure 2 at a Mach number of 0.6 and c¢ngle of attack of 20 and at a Mach rumber ¢f 1.5
and angle of attack of 990 respectively.

0f major importance in maneuver flows is the free shear layer separation vortices which arise both
on the fuselage and on the forward portion of the wing. The properties of such vortices are well
understcod, su that we chall briefly summarize those features that affect the performance., In Fig. 4 we
first show the principal effects of the separation vortices on the spanwise presstre distribution for a
thin delta wing at subcritical Mach numbers (Ref. 4). Here the primary vortex, formed by the vorticity
shed from the leading edge, eliminates the large theoretical nose suctions that arise in attached flow
(see Fig, 4) and induces a suctfon peak further inboard beneath the vortex. At a larger angle of
attack, the adverse pressure gradient formed on the outboard side of the suction peak becomes
sufficiently strong to cause a secondary separation, The secondary separation then alters the pressure
distribution as shown in Fig. 4 by lowering the suction peak and increasing the suctions outboard of the
lowered peak.

The presence of the leading edge separation vortices in the case of a sharp leading edge stabilizes
the flow relative to the highly unsteady separated flow for a more-conventional blunted leading edge,
producing steady enhanced 1ift., Xuchemann advocated this use of vortices in designs in his concept of
controlled separations. The severe drawback of using vortex flows for maneuver enhancement is the large
accompanying drag. DOr. Lamar later will describe the use of leading edge flaps to take advantage of the
increased 11ft with the vortices without incurring the severe drag penalty.

With regard to the calculation of these vortex flows, when the leading edge is sharp, inviscid Euler
methods can be used to predict the effects of the primary vortex since the location of the separation
line is fixed at the leading edge. If secondary separations are present, inviscic Euler methods are no
longer adequate (sec Fig. 4); and viscous flow methods must be used. For wings with rounded leading
edgus or for the case of the fuselage, the separation iine is not known a priori, so that a viscous flow
method as the Mavier/Stokes code must be used.
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The property of vortex flows that decisively 1imits the maneuver performance is the appearance of
vortex bursting where the well-ordered spiraling vortex is suddenly changed to a chaotic flow. Bursting
occurs in two forms, the spiral type ana the bubble type. These types are shown occurring
simu) taneously on the same delta wing in the classical photograph from Ref. 5, which {s reproduced in
Fig. 5. Much is known about vortex bursting (see Ref. 6), but also there is much that is not fully
understood; most importantly for applications, methods to predict its occurrence do not exist. In many
respects bursting has similarities with boundary layer separation, both being triggered by adverse
pressure gradients. Evidence however indicates bursting to be independent of Reynolds number,

For a delta wing of given sweep, vortex bursting will first arise downstream of the trailing edge.
Wii: increase of the angle of attack, the burst point will move upstream and will eventually move onto
the wing at which point wing stall occurs. There is a strong influence of the leading edge sweep on the
movement of the burst point with angle of attack. With increasing sweep, the burst point for a given
angle of attack is pushed further downstream, delaying the burst stall to a higher angle of attack.
This behavior results from the stronger more burst-resistant vortex formed with the greater swee,. The
arrival of the burst point at the tiailing edge and hence the onset of the burst stall is shown as a
function of the angle of attack and the leading edge sweep in Fig. 6 from Ref. 7.

The burst stall dependence on the leadinr edge sweep can have a disastrous effect on lateral
stability just below the burst stall boundary. Here a wing yaw can push the upwind wing with reduced
sweep into the stall region, while the downwind wing will move further into the unstalled region. A
catastrophic roll moment will result. Finally, the possible interference of the separation vortices
from the nose and strakes on the rear stabilizing surfaces, under high-1ift yaw conditions, poses a
challenging design problem for the proper placement of the rear surfaces.

With the increase of the Mach number to supersonic values, leading edge separation will still occur
so long as the leading edge is subsonic. Relative to the subcritical case, the primary vortex, though
closer to the wing, is weaker inducing significantly smaller suctions on the wing. Cross-flow shocks
can arise with increase of the angie of attack resulting in a variety of flow configurations as shown in
Fig. 7 from Ref. 8. Also shown here is a sketch of the sequence of flows arising at M = 3.5 for
increasing angles of attack.

3.0 WING/FUSELAGE INTERFERENCE

We shall now describe the significant interference effects due to the fuselage restricting the
discussion to the transonic case where the offocts are more profound. These effects are well known, and
they will be illustrated by several examples taken from a recent review by A. B, Haines (Ref. 9). We
consider first the case of an untwisted swept wing of 300 sweep mounted centrally on a fuselage with a
circular cross-section. In Fig. 8 we show the pressure distributions with and without the fuselage at
two Mach numbers, M = 0.4 and G.8. In this figure we shall consider only the experimental results given
by the symbols. (The solid and dashed lines are computed results which are described in Ref. 9.) If we
compare the pressure distribution for the wing alone (curve A} with the wing/fuselage distribution
(curve B) along the juncture where the largest interference arises, we see the typical effect of the
fuselage of depressing the wing-alone suctions. This effect is larger at the higher Mach number. Such
an unloading will deteriorate the span load distribution, leading not only to a reduced 1ift, but to an
increase of the induced drag. This inboard unloading is usually eliminated by locally increasing both
the angle of attack and the wing chord. In Fig. 8 we cannot show the spanwise extent of the fuselage
interference since the wing-alone pressure distribution was not given at the outboard statfon. It Is
however well known that at low speeds the fuselage interference rapidly attenyates in the spanwise
direction being confined to the inboard stations. With increase of the Mach number into the transonic
range, there {s some sparwise spread of the interference, but at some point a forward shock will appear
confining the fuselage interference to the region downstream of the shock. This will next be shown 1a
the second example,

In Fig, @ wo consider the case of a “flat" untapered wing mounted centrally on a cylindrical
fuselage of circular cross-section. Here the fuselage interference is shown by a calculation with an
exact potential method. For this transonic case the fuselaje interference has generated a significant
forward shock. As described in the previous section for the wing, this shock forms the upstream limit
of the fuselage interference which limits the spameise extent of the interference. Experimental
wing/fuselage pressure distributions are also given in Fig. 9 to support the calculations.

In the final example given in Fig. 10 another aspect of the fuselage interference fs {llustrated by
comparing the interference due to two different fuselages with an elliptic or square cross-section.
Here the significant differences of the two fuselages are not only the cross-section shapes below the
wing but the streaswise rate of chanje of the cross-sectional area upstr:am of the wing. Thus if we
compare the two cases at the same angle of attack (curves A and B), we see the greater suction plateaus
and a stronger shock system on the wing for the elliptic fuselage. This is primarily due to the greater
Mach numbers generated upstream of the inboard portion of the wing by the elliptic forebody. (Here for
example slender body theory would suggest the 1ift to be dependent on the stresmwise rate of change of
the fuselage cross-sectional area.) The effect of the increased oncoming Mach number for the elliptic
fuselage is seen %o have a dramatic effect at the innermost span station at 0.24 semi-span. The large
difference of the suctions at the inboard station for the two fuselages now propagates spamwise along
the characteristics producing the difference in the pressures seen at the outermost span station. Here
:’:sokchanges in the forward shock have contributed to the outboard interference by altering the outboard

ock.

in summary ihe aeddition of the fuselage in the transonic case produces significantly reduced
sucilions in the inboard region of the wing wnich wiii de confined downstream of the forward shock when
such @ shack is present. The fuselage may #dditionally produce changes in the inboard wing flow by
altering the oncoming Mach numbers upstream of the wing. The resulting inboard wing flow change is then
propagated sparmise along the characteristics,
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With such significant interference effects due to the fuselage, it is not difficult to anticipate
the importance of the interference effects that will arise by the addition of strakes and camards in the
transonic case.

The interference effects of the fuselage at supersonic conditions, though not unimportant, are less
profound being confined laterally by the characteristic zone of influence. We shall thus omit this
subject in the present review,

4. SUPERSONIC CRUISE DESIGN

The specific problem on hand is to evolve changes to the baseline configuration at the cruise Mach
number which minimize the drag for a prescribed 1ift and pitching moment. Geometric constraints on the
fuselage and wing may be additionally required for structural and internal volume requirements and for
the avoidance of flow separations when an inviscid method is used for the optimization. In the following
we shall describe how this problem is typically addressed for the simpler supersonic case.

In the supersonic case linear small disturbance inviscid theory serves as a good first approximation
for supercruiser fighter configurations at cruise 1ifts. Here viscous interactions are weak. With
planar boundary conditions valid for the wing, the optimization problem can be divided into the
thickness problem and the 1ifting problem.

Consider first the thickness problem. For the determination of the wave drag, the farfield
perspective is used in the form of the well-known supersonic area rule. In brief the drag of a given
configuration is obtained by evolving its equivalent axial symmetry body as follows. The area of the
equivalent body at a given ,oint along the fuselage axis is obtained by introducing the aft free stream
Mach cone with the cone apex at the given point. A sequence of tangent planes around the cone are
constructed, and the area of th2 configuration intersected by each of these tangent planes 1is
determined. The average of these areas then yields the local area of the equivalent axial symmetric
body. Configuration changes respecting the geometry constraints are made to drive the equivalent body
towards an optimal shape as the Sears-Haack body. In general the thickness distribution of the wing is
kept unchanged, it being selected initially by structural considerations. Addition of inboard strakes
and permissible fuselage variations are frequently considered to obtain the smoothest equivalent shape
approaching the optimal shape. Practical guidance in the use of the area rule is given by Harris (Ref.
10).

In the 1ifting problem, the correct procedure would be to mount the zero thickness wing onto the
optimized fuselage. Frequently to simplify the problem, the wing alone is considered. A variational
problem is then posed seeking the camber distribution for the given planform which minimizes the wave
drag for a prescribed Mach number, 1ift, pitching moment, and possibly with geometric constraints.

A representative optimization procedure is due to Carlson and Miller (Ref. 11). Here a sequence of
significant loadings 1§ (i = 1,2,..,N) is defined, and the corresponding cambers cj yielding these
loadings are then determined by quadrature distributing lifting doublets or elemental horseshoe vortices
on the planform. For non-simple planforms the integrations must be carried out numerically.

For the optimization the sequence of loadings is now superimposed with coefficients aj, and the
functional

FoeD+ky(l-Lg) + kp(M-My)

is formed where ky and kp are the constant Lagrangian multipliers, and M, are the constrained
values of the 1ift anc moment, and the total 1ift L, the drag D, and the p?tching moment M are given by

L -I}‘:aﬂids D= !({201 1)L ay ci)ds
13
M= fx(}:ai’li)ds.

The functional F is therefore a function of the coefficients aj aind k; and kz. The minimum of €
will yield the minimum of D when the 1ift and moment constraints are fulfilled, and it is obtained by
setting the partial derivatives of F with respect to each aj and ky to zero; that is,

oF/oaj = 0 (11,2, ...N);
BF/oky = L - Ly = 0
8F/oky = N - Mg = 0,

Note that the second set of equations will insure the 1ift and moment constraints. The solution to the
above system of equations then yields the a;'s; and the optimum camber is then given by C -{aici.

The above procedure is illustrated by an example from Ref. 12 for the planform shown in the lower
part of Fig. 11 at the Mach number of 3.5, for a 1ift coefficient of 0.1, and with a pitching moment of
zero about the center of gravity shown in Fig. 11. Eight elemental loadings shown in Fig. 11 were
used. These are arbitrary, but if they are skilliully chosen such that each is physically significant
in an unique manner, fewer elemental loadings will be required. In i{'ig. 12 the resulting optimal camber
is shown. Here it is seen that a large negative displacement of the rost chord trailing edge has
resulted making it difficult to mount the wing on the fuselage. The optimization was repeated adding an
additional constraint on the vertical coordinate at the root chord trailing edge using the Lagrangian
muitiplier k3. The resulting constrained camber shape is compared to the original unconstrained
camber in Fig. 12, A comparison of the resulting drag-due-to 1ift factors is shown in Fig. 13. The
penalty of adding the moment and trailing edge constraints is seen to be small in this case. The
performance penalty due to constraints in gencral will depend strongly on the case on hand.
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In the above example the leading edge was supersonic, so that a leading edge suction force did not
arise nor were large upper surface suctions generated.

In the case of a subsonic leading edge, upwash upstream of the leading edge arises generating large
upper surface suctions. More importantly, a leading edge suction force is generated. Theoretically the
latter force is due to the linear solution singularity at the leading edge of the zero thickness wing.
The significance of the leading edge suction force is shown in Fig. 14 where the drag-due-to-1ift factor
Cp/BCi2 detarmined by linear theory is plotted versus gBcot Ao.  Here Cp and C) are the drag
and 1t coefficients, Aje the leading edge sweep angle, and B2 = M- 1 where M is the free stream
Mach number. Here also the significant effect of the trafling edge sweep Age on the drag factor is
shown due primarily to the influence of the aspect ratio on the induced drag.

The theoretical leading edge suction force used above in Fig. 14 is not fully realized in a real
flow duc to flow separation. For design purposes an attainable leading edge suction force was defined
in Ref. 13 using local sweep theory and incorporating empirical inputs to account for flow separation.
It was expressed in terms of a thrust factor k¢, the fraction of the theoretical suction force
attained in a real flow; and it was given as a function of the local sweep and leading edge radius, the
inviscid flow loading about the leading edge, and the free stream Mach number and Reynolds number.

In Fig. 14 we show an example from Ref. 15 for a wing/fuselage with a 700-sweep wing showing the
appreciable leading edge suction force that can arise. Here the chordwise force coefficient Cp, which
ref acts directly the leading edge suction force, is plotted versus the angle of attack at four values
of the free stream Mach number in the range 1.6-2.95. Here, aside from the experimental values, three
calculated values are shown, with and without the full theoretical suctfon force, and with the
attainable thrust from Ref. 13. The relative amount of the suction force generated can be gauged by
comparison with the calculated values with and without the theoretical suction. The results here show
that the measured suction force is of the order of one-half of the theoretical value up to an angle of
attack of 40, The calculated values of the Cp using the attainable suction are seen to agree
closely with the measurements.

Another interesting test/thecry comparison is from Ref. 15 for a series of 70°-sweep arrow wings
at M = 2 optimized at several design C|'s using the linear optimization code omitting the leading edge
suction force. In Fig. 16 the resulting maximum 1ift-to-drag ratio (L/D)pax and the zero-1ift
pitching moment Cp are plotted against the design 1ift coefficient C) 4. Here the measured values
are compared with two calculated results, with the attainable suctfon and without it. Though the
pitching moment is closely predicted by both calculations, the 1inear theory calculations without the
leading edge suctfon have greatly over-predicted the (L/D}gpax. The results using the attainable
suction closely match the measurements.

The cause for the poor test/theory match in Fig. 16 in the case of the 1incar theory without the
suction was due to the large nose-down leading edge camber generated by the optimization which
invalidated the 1inear thecry. In the absence of the leading edge suction force, the optimfzation drove
the leading edge camber to large negative values to create forward-facing surface elements on which the
large upper surface suction pressures could act to create a thrust. With leading edge suction included,
this drive towards large negative cambers is halted by the decrease in the leading edge suction force,
thereby preventing an invalidation of the linear theory. The above results point to the need of a
twist/camber optimization method which incorporates the attainable leadiny edge suction. Such a
procedure was developed in Refs. 16 and 17. We shall conclude this section by an example from the
latter reference.

The objective of Ref. 17 was the redesign of an existing Mach 2 supersonic fighter with a
400-sweep wing biased in part for a transonic maneuver requirement, to a new configuration bfased
solely for supersonic cruise. The use of the existing fuselayge was required, though a more slender
fuselage nose was permitted in the new design. The pre-design andlysis for a cruise 11ft coefficient of
0.0 resulted in the planform shown in Fig.17 where also the baseline fighter model is shown. Here the
leading edge sweep Ali was selected such that gcot Aje = 0.75 where g¢ = M- 1; that is, a
leading edge sween of 85 69 gt ¥ = 2, The traiiing edge sweep was selected at 20°, a compromise of
the aerodynamic preference of a large sweep for reduced drag-due-to-1ift and the structural preference
for reduced structural sweep. A break in the leadihg edge sweep was additionally incorporated,
increasing the inboard sweep to obtain ai increased inboard structural depth without an increase of the
local thickness ratio.

The wing camber was optimized in the presence of a simplified fuselage using a total of 14 elemental
loadings, constraining the 1ift, pitching moment, and the root chord geometry to enable the resulting
wing to be mounted on the existing fuselage. In the optimization the attainable leading edge suctfon
force was used. The resulting design was further modified by trial and error to limit the leading edge
suction to 0.7 of the vacuum pressure coefficient and the maximum adverse pressure gradient to a
specified empirical value to prevert flow separations.

In addition to the wing change, the fuselage nose was made more slender. The resulting imoroved
(smoother) normal area distribution is contrasted to the origimal distribution in Fig. 18. A
significant decrease of the zero-1ift drag should result from the smoother area distribution. The
expected estimate of the drag improvements is summarized in Fig. 19 where also the effect of the
redesigned inlet is shown which was tailored to the supersonic cruise condition,

The resulting research model was tested, and in Fig. 20 the measured untrimmed (L/D)gax and the
M(L/D)ggx are compared to those for the baseline fighter model. At the M = 2 crufse point, an
improved vaiue of (L/D)lgayx = 5.5 was achieved in the redesign comparad to the original value of 4.1.
The improvement here nust‘)e largely attributed to the planform improvement permitted by the removal of
the transonic maneuver bias.




AR met etk Pk .

Also shown in Fig. 20 are the results for three designs from an earlier NASA/Langley
interceptor/fighter study. Ref. 17 attributes the higher performance of the SCIF 4 and 5 models to the
absence of the geometric constraints on the wing root chord required in the research model by the
mounting considerations on the existing fuselage.

Finally some results are given showing the viability of the computational method used in Ref. 17.
In Fig. 21 the measured drag polars for the research model with and without the camber are compared to
the three calculated values with no suction force, with the theoretical suction force, and with the
attainable suction force. Remarkable test/theory match is seen here for both models when the attainable
suction is used.

5. TRANSONIC CRUISE DESIGN

The problem on hand is again one of starting from a baseline wing/fuselage configuration evolved
from a predesign study and incorporating changes to the wing and fuselage such that the drag is
minimized for a given 1ift and pitching moment. Permissible configuration changes are usually
constrained by non-aerodynamic considerations as described earlier. The fundamental aspects of the
cruise design of the wing/fuselage can be illustrated by considering the configuration typified by that
given earlier in Fig. 10 with a wing sweep of 400, We shall in the following confine the discussions
to such configurations.

The transonic problem is non-linear, and viscous effects are significant. Direct optimization
procedures as used in the supersonic case are no longer possible, and one must turn to a laborious
search process using both the wind tunnel and the computer. Here the search is greatly expedited by
prior experience.

The cause of the flow degradation that limits the transonic cruise performance is well known and is
due to shocks and their interaction with the boundary layer. Drag divergence, the abrupt increase of
the drag with Mach number at a constant 1ift, is the direct consequence of the entropy generation by the
shock and the concomitant displacement pressure drag arising from the shock/boundary layer interaction.
To avoid a strong shock wave, wing sweepback and twist are employed together with fuselage contouring t2
maintain adequately swept shock waves. Additionally high performance airfoil sections, as the
supercritical airfoils, are incorporated into the fighter wing as a starting point decpite the absence
of a locally planar environment.

A typical design procedure starts by using the subcritical theory in the form of the Mach one area
rule to contour the fuselage and to modify the inboard portion of the wing, perhaps adding a wing
glove. The panel method is then used to determine the wing incidence and twist as well as additional
thickness modifications of the wing to obtain uniformly swept upper surface isobars as well as an
elliptic spanwise load distribution for minimum induced drag. 1In some cases the elliptic loading is
relaxed to a less fuller distribution to moderate the root bending moment. This linear subcritical
amalysis surprisingly yields a useful first approximation, particularly the wing twist which has been
found to be satisfactory for the supercritical design point. The next step is the refinement of the
subcritica) design using for example an exact potential code together with a bounuary layer code. This
is followed by a final tailoring of the design in the wind tunnel assisted by computations.

To illustrate one aspect of the transonic cruise design problem, an 2xample from Ref. 18 is
considered where fuselage fairings at the wing juncture region were added to improve the wing/fuselage
interference. Two fairings A and B shown in Fig. 22, were added to the wing/fuselage {elliptic
cross-section) of Fig. 10. Fairing A was shaped to fit the wing-alone streamline at the fuselage
juncture location, whereas .airing B was shaped to fit the wing-alone streamline at the 40% semi-span.
In Fig. 23a the chordwise pressure distributions obtained in a wind tunnel test are compared with and
without the fairings at the 24% semi-span station, The Mach number was 0.82, and the angle of attack
was 4,120, As might be expected, fairing A showed the best performance largely eliminating the
forward shock and greatly weakening the rear shock. The addition of the fairings however reduced tie
1ift coefficient from tne original value of 0.42 to 0.288. A more meaningful comparison is given in
Fig. 23b where the 1ift coefficients were more closely matched. Relative to the baseline case the
forward shock was displaced upstream and the rear shock significantly weakened by the fairing A. In
Fig. 23 the spanwise variations of the difference of the sectional drags between the two fairings are
compared for several Mach numbers. Here the fairing interference is seen to spread rapidly spanwise
with increase of the Mach number. The difference of the total drags plotted versus the Mach number is
also given in Fig. 24, again showing the superiority of the fairing A. In summary the fairings have
clearly decreased the drag, but this jain was moderated by an accompanying decrease of the lift.

The second example is from Ref. 19 which demonstrates a nonlineyr optimization procedure using the
exact potential code in a steepest cescent search. The starting point is the selection of a series of
relevant elemental shape changes each characterized by a parameter. The configuration with various
combinations of the elemental shape changes are calculated withk the ronlinear flow code, and the
resulting drag and 1ift are determined. Only those cases with the prescribed 1ift are retained. For
these cases the drag is plotted as a function of the shape parameters, and the direction of the greatest
drag decrease in the parameter space is ascertained. A suitable peint along this path of steepest
descent is then used to define an improved configuration. The above procedure is repeated starting from
this improved configuration. With many nonlinear calculations necessary, essential ingredients in the
above procedure are a computer code thet is fast and easy to use, a geometry code with an accurate
interpolation scheme, and finally an effective mesh generator.

The example from Ref. 19 is the C-141 swept wing shown in Fig. 25 at the Mach number of 0,77 and a
design 1ift coefficient of 0.60. The shape changes considered were the variations of the coordinates at
four points along the upper surface chord at three span stations. The location of the four points were
selected to cover the expected location of the supersonic r¢gion (see Fig. 25). That is, a combimation
of 12 parameters defined the optimal shape change. In Fig. 26 the optimized shape and corresponding
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pressure distributions are shown compared to the baseline shape and pressure distribution., It is seen
that the shock wave has been essentially eliminated. The airfoi) thicknesses, except for the root
chord, have been slightly decreased by the optimization. Finally Fig. 27 shows the drag divergence Mach
number to be increased by approximatély 0.02. ‘7he above optimization required 12 iterations and 1.43
hours on the Cray XMP computer with a single CPU. Nonlinear optimization procedures such as the above
method using the steepest descent search will become an 1important design tool in the not too distant
future.

Finally some comments are appropriate on the role of shockless airfoils and wings which can be
generated with available techniques. To be sure a shockless airfoil will have zero pressure drag, but
the general experience has been that a greater 1ift-to-drag ratio (L/D) can be achieved by permitting a
weak shock. In the case of the shockless airfoil the recompression on the upper surface must be
initiated sufficiently far upstream to generate the smooth gradual pressure recovery required to avoid
the shock wave. By permitting a benign shock the recompression can be delayed to a point further
downstream thereby generating greater 1ift without significantly adding an en*ropy increase and hence a
drag increase. With the benign shock the {L/D) is increased relative to the snockless airfoil.

6. SUPERSONIC MANEUVER DESIGN

As the angle of attack is increased into the maneuver 1ift range, the flow becomes highly nonlinear,
and the linear 1inviscid optimization methods are no longer valid. As described earlier, separation
vortices on the fuselage and wing leading edge region arise cs well as :-ross-flow shocks on the wing
with accompanying shock-induced separations. The flow becomes, not only n2nlinear, but rotational and
viscous as well., When the flow 1s nonlinear, there are no convenient ortimization methods as 1in the
11near cruise case.

The basic features of the wing/fuselage are usually established by the supersonic cruise
requirements. High 1ift performance is then addressed by incorporating variable geometry devices as
leading and trailing edge flaps. The detailed performance of high-1ift devices, both at supersonic and
transonic speeds, will be covered in a later lecture by Dr. John Lamar. In the present section we
shall confine our attention to two specific high-11ft wing design examples using exact potential
methods. Wind tunnel tests are available for these cases.

The first example is from Ref. 20 where the problem of moderating the cross-flow shock is aduaressed
using the exact potential method. Potential methcds can be used when the viscous effects are weak and
the shocks are sufficiently weak that the entropy generation 1s negligible. The configuration
considered 1s shown in the upper part of Fig. 22 which was conical except in the aft portion. The
surface of a conical configuration can be generated by straight lines passing through tke wing apex.
Such a configuration was selected, since in a supersonic flow the velocities are invariant along rays
pascing through the wing apex, and the 3 dimensional (3D) potential equation can be simplified to a 2D
equation in the cross-flow plane.

The leading edge sweep Aye was 57°, The design Magh number M was chosen such that the leading
edge was subsonic with ScotAje = 0.83 where ,32 = -1. The value 0.83 was found to be more
appropriate for the nonlinear high-11ft conditions than the value of 0,75 evolved from linear
experience. For Aje = 570, the resulting Mach number was 1.62. The design Vift coefficient was 0.4.

The starting baseline configuration is the flat wing. The calculated spanwise pressure distributiua
for this wing is given in the left part of Fig. 28 which shows the presence of a strong cross-flow
shock. Experiments further indicated the presence of a shock-induced separation. Also shown in the
left part of Fig. 28 are the measured pressures which are seen to agree closely with the calculations.
Such an agreement is surprising in view of the strong shock/boundary layer interaction present.

The objective was to modify the above baseline wina to eliminate or greatly weaken the cross-flow
shock keeping the lift coefficient invariant. To accomplish this, the leading edge portion cf the upper
surface was modified to reduce the large nose suctions and the large Mach numbers upstream of the
shock. This was accomplished by tailoring the nose radius, incorporating a nose-down leading edge
camber, and reducing the convex curvature upstresm of the shock. For the present highly nonlinear flow
a trial and error search was required to evolve the proper combination of the above changes. The
resulting configuration and pressure distribution are shown in the right part of Fig. 28. The design is
seen to be highly successful with the cross-flow shock essentially eliminated. Comparison of the
calculated results with the experiments here again shows excellent agreement. Finally in Fig. 29 the
drag-due-to-1ift for the two wings is plotted versus the 1ift coefficient. Notable here was the drag
reduction of 65% of the theoretically possible reduction deterwmined by linear theory. Here the
theoretical “worst and best” vilues predicted by the linear theory are o.1ly approximate, but they are
the only available estimates.

The second example is from Ref. 21 where the above design approach was applied to a fighter win?
shown in the right part of Fig. 30. The optimization search was carried out with the 3D exact potentia
code, The design Mach number and 1ift were respectively 1.62 and D.4. The resulting pressure
distribution 1s given in the left part of Fig. 30 showing a relatively weak cross-flow shock. Here
again excellent test/theory agreement was obtained. The success of the design is more clearly seen in
Fig. 31 where a drag reduction of 523 of the theoretically possible reduction as estimated by linear
1theor-_v was achieved, The resulting drag ccefficient at the design 1ift, not surprisingly, was very
arge.

7. TRANSONIC MAXEUVER DESIGN

Tne use of leading edge vortices to improve the transonic maneuverability of a fighter {a Harrier
model) from Ref. 22 is next described. The resulting flow problem ic muck 253 Ci=Diex ror analyeic by
existing methods. Ref. 22 is an outstanding ziiapie wnere prior experience and the skillful use of the
wind tunnel have evoived a successful design.
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An inboard strake was added to the existing model as shown in the upper part of Fig. 32. The
purpose of the strake is to generate a leading edge vortex that trails downstream over the inner part of
the wing inducing a tipward surface flow. This then thins the boundary layer, essentially eliminating
the severe separation that was present in the inboard region. The strake vortex further promotes
earlier leading edge separation outboard of the strake/wing juncture creating a second (wing panel)
seqaration vortex starting at the juncture. This vortex, trailing diagonally downstream over the inner
half of the outhoard wing panel, sweeps out the separation in this region. Sketches of the oil flow
pictures with and without the strake from Ref. 22 are given in the left part of Fig. 32 showing the
elimination of the separation in the inboard half of the wing. Note also that the forward shock with
the strake now originates at the further outboard strake/wing juncture leading to a considerably
shortened outboard shock.

The resulting performance improvements due to the strake can be seen in the right part of Fig. 32
where the 1ift, rolling moment, and the rms value of the roct bending moment are plotted versus the
angle of attack. Here the root bending moment indicates the onset of buffet and gives a measure of the
buffet intensity for the model. In summary one finds

1. significant delay of stall {1ift plot);
2. removal of wing-drop tendency (rolling moment plot); and
3. greatly reduced buffet intensity (root bending moment plot).

Not shown above is the drag. Skiilful tailoring of the strake was required in Ref. 22 to achieve
the above performance without the large drag increases associated with the vortex flows. Having to fit
the strake on the existing structure was a further design constraint.

Obtaining meaningful results at large angles of attack in the wind tunnel is at best a difficult
task due to the severe unsteadiness of the flow. The above wind tunnel results obtained in the ARA
(8edford) Wind Tunnel were subsequently confirmed by a flight test.

8. SUMMARIZING REMARKS

The fluid dynamics of the flow over fighter configurations at transonic and supersoric cruise
conditions is reasonably well understood. Optimization procedures for the supersonic case, based on
linear inviscid theory, yleld a good first approxiaation, For wings with subsonic leading edges,
inclusion of the attainable leading edge suction forie leads to improved results. Improved more-global
modeling of the attaimable suction is required, but it may be more expedient in the future to turn
instead to Navier/Stokes analyses.

Transonic flows at cruise conditions are essentially nonlinear and viscous. Optimal dcsigns must
then be evolved by a search process using prior experience with the wind tunnel and the computer as
complementary tools.

Tne above search can be guided for example by the method of steepest descent. In such a nonlinear
design approach an essential ingredient is an applicable computer code which is fast and relatively easy
to use. The speed of the computer code is essencial to enable an economic calculation of the many cases
required in the search process.

Present thecretical design tools are also inadequate to treat the maneuver problem at all Mach
numbers, Here a skillful use of the wind tunnel is the only recourse at the present.

The examples used in the present review are iwt filly renrecantative of the material existing within
NATD. Examples were used that were readily available to the author which illustrated the design problem.
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Figure 3.
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Spiral and Bubble Type Vortex
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NONLINEAR LIFT CONTROL AT HIGH SPEED AND HIGH ANGLE OF ATTACK
USING VORTEX FLOW TECHNOLOGY

John E, Lamar
Senior Research Scientist
NASA Langley Research Center
Mail Stop 294
Hampton, Virginia 23665-5225
U.S.A.

SUMMARY

Noalinear 1lift control at subsonic, transonic and low supersonic speeds owes its
origin tn the separated but organized vortical flows interacting with the wing upper
surface. Since most of this flow originates near the wing or control-surface leading-
edge, a variety of devices have been studied experimentally which interact with and/or
control this flow in order to gain a beneficial effect. The benefits (effects) origi-
nally studied were only associated with lift enhancement. Whereas, now the studied
benefits encompass periormance increase, attention to changcc in trimmed conditions and
longitudinal stability, improvements in lateral stability, and the attendant variation
with changing Mach number.

For those devices that can be th .oretically modeled, state-of-the-art computer codes
have been used for device design and/or zialysis. Comparisons at design and off-design
conditions are presented for validation purposes.

LIST OF SYMBOLS

A aspect ratio of wing
h span
Cp drag coefficient, gEE%
L
Cy, lift coefficient, élﬁé
CL lift coefficient at ¢ = 0"
¢ aC
CLg lift coefficient curve slope, 3;9
o rolling moment coefficient, £oiling moment
q S
e “ref
3Cq
Cag lateral stability derivative, Y
Cm pitching moment coefficient, pitching mgment
Ya sref ¢
8C,
Cma pitching moment coefficient curve slope, e
Cn yawing =cment coefficient, XEELEE_E%ESEE
q S
= “ref
8C,
Cna directional stability derivative, Y]
p- P,
Cp pressure coefficient, -
ACp lifting pressure coefficient, Cp,y = Cp.g
iva
Cyu inlet momentum coefficient, —
g q_ S
e “ref
c chord
¢ reference chord, mean aerodvnamic chord primarily used
D diameter of the pumped vortex suction apparatus
F(X) objective function in optimization process




g acceleration due to gravity; also, inequality constraint in optimization process

h vertical distance between inlet centerline of the pumped vortex suction appara-
tus and wing chord plane; also, equality constraint in optimization process

L/D lift-to-drag ratio, Cr/Cp

M Mach number

t mass flow rate

p static pressure

q dynamic pressurw

R, ratio of exposed strake area to wing reference area, Ss/sref
S, Spef wing reference area

v velocity

V. X-component of the total velocity vector
Vy Y-component of the total velocity vector
v, Z-component of the total velocity vector

X, ¥, 2 coordinate axes centered at wing leading edge apex for LEE study

Xge¥g,2g vortex flap coordinate axes centered at the apex of the flap, see figure 34

X vector of design variables
AXi incremental step of ith design variable
x/c fractional distance along the local chord of the called out surface

Subscripts/Superscripts:

BD breakdown

b body

d design

I inlet of pumped vortex suction apparatus
i design variable index

LE leading edge

LEE leading-edge extension

1,2 lower surface; also, lower
max maximum

opt. optimum

r root

s strake

swb - rake-wing-body

T theory

TE trailing edge

t tip

tot total

u upper surface; also, upper
v wing

wb wing~body

o value at C; = 0.0

- freestream
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Greek Symbols:

« angle of attack, degrees

] angle of sideslip, degrees

8 flap deflection angle in plane normal to hingeline, positive downward, degrees
8p ajileron deflection angle, positive dovnvard,_degrees

Sp strake anhedral angle, positive downward, degrees

n fraction of wing theoretical semispan, (bT/Z = 16.771 in.), see figure 30
NLEE bLgg/by ¢ by/2 = 16.15 in. for wing in LEE study, see figure 30

[} angular distance along local chord; 0 at leading edge; «x at trailing edge
A leading-edge sweep angle, degrees

Ap hingeline sweep angle, degree

A wing taper ratio, ct/cr

Abbreviations:

AD analytically designed

CLDESL lower bound of design lift coefficient

CLDESU upper bound of design lift coefficient

FVS Free Vortex Sheet
LEE leading-edge extension
LEVF leading-edge vortex flap

PAN AIR Panel Aerodynamics

PSS Pseudo-Stagnation Streamline
PSSS Pseudo-Stagnation Stream Surface
R.F. Related Flow

STOL Short Takeoff and Landing

3-p three dimensional

TCDI(X) calrculated total induced drag coefficient
TCL(X) calculated total 1lift coefficient
TEF trailing-edgye flap
VLM-5A Vortex Lattice Method coupled with Suction Analogy
VORCAM VORtex lift of CAMbered wings
INTRODUCTION

Historically, up to &¢nd including the 1960's, fighter alrcraft were designed to
perform their primary functions best with attached flow, and to handle the occurrence of
ceparated flow in such a way that resulting concrol problews, such os loss of aileron
effectiveness, were avoided or delayed. Experimental experience and theoretical tocls
available for confiqurations made it clear {then and now) that attached flow would be
best for obtaining the lowest drag and/or highest 1lift/drag, Por configuraticns that
must satisfy an ex-ensive set of multimission requirements, references 1 and 2 point out
that the variablec-sweep wing was found to be an appropriate geometrical and aerodynamical
solution, This wing promotes attached flow during each phase of the mission. Examples
of implementations of this concept are the United States Air Force (USAF) P-111, Navy
(USN) F-14 (see fig. 1), the European Tornado, and the large variety of planes developed
by the Soviet Union.

However, there exists a need for design concepts which provide some degree of
multimission capability without resorting to variable sweep. One particularly important
combination of mission capabilities is that of very high transonic maneuverability
coupled with supersonic capability in a relatively lightweight fighter. To perform these
tasks the design flow field will encompass both attached and vortical flows (ref. 1).
Both the European Fighter Aircraft and the USAF's Advanced Tactical Fighter are examples
of vehicles which will likely have this particular mission combination.
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Organized vortical flow was successfully employed in the 1960's by SAA3 of Sweden in
their closely-coupled canard-wing Viggen aircraft. This arrangement used a canard with
trailing-edge flaps to control the aircraft and to delay gqross upper surface separation
on the wing. The latter occurred through a favorable interaction with the stable canard
tip vortex and led to a more maneuverable aircraft at higher angles of attack. In the
1970's and into the 1980's the concept of using a trailing vortex system to control the
flow on the main winy upper surface downstream was extended to include the direct lift
benefits from the forward surface, e.g., strake, and has been incorporated into the F-16,
F-18 and P-16XL aircraft (see fig. 2). This type Of flow may be generated along the
leading and/or side edge of a strake or the inner portion of a highly-swept cranked
wing. The latter can be thought of as an extensicn of the off-design (and perhaps even
on-design) vortex flow present on the Concorde (ref. 3).

Strakes and highly swept portions of cranked wings are only two means of generating
stable vortex systems for main wing flow control. There are other fixed geometries or
passive devices which have also been shown to perform similar functions, In addition, a
variety of variable geometry devices have also been experimentally and analytically
investigated which successfully manage the wing flow field through vortex flow creation
or suppression as required. Also, the validated tools for the analysis and design of
configurations generating significant amounts of vortical flow, which wWwere lacking during
the 1960's, began to become available during the 1970's, Futhermore, continued progress
has been made in the development of these computational methods to the extent that now
they are useful for both analysis and design (ref. 4). 1In particular, for some devices,
among them the vortex flap (ref, 5), both the estimation of the aerodynamic character-
istics and the design may be done effectively using analytical tools.

This paper deals with the control of the nonlinear lift asscciated with vortical
type flow at high angle of attack in various speed regimes. Since control is associated
with the impact of a deployed device, there is considerable emphasis in this paper on
devices, be they fixed or variable. The devices highlighted are 2ither relatively new,
or older ones which have been the subject of new research. 1In addition, published theo-
retical solutions in either the analysis or design mode are presented with respect to
pertinent data and the comparisons discussed. Where no computational solutions exist,
selected data sets are given to illustrate the acrodynamic impact of representative
devices.

VORTICAL FLOW CONTROL DEVICES

TYPES AND WIND TUNNEL CHARACTERISTICS
Fixed

Three fixed vortex flow control devices are covered in this section; including strakes,
leading~-edge extensions, and vortex generators.

Strakes

The general longitudinal aerodyvnanmic etfects of adding a strake to a wing~body are well
known, but are repeated in summary form on fiqure . for completeness., In particular,
strakes organize the wing flow field to a higher value of a4, i. e,, increase wing

agp, which leads to a larger nose-up pitching moment when this vortex system breaks
dowr.. Also, on this figure, two experimental studies are highlighted. The first is to
determine the effect of strake shape on the strake vortex system with emphasis on its

app <haracteristics; and the second is the effect of strakes on lifting surfaces which
interuact.

Planform Effects.- The photograph on the left of figure 3 shows a typical strake-
wing-body in the strake effectiveness study. Reference 6 reported that, for a range of
analytically and empirically designed strakes, those which developed a higher value of
the section leading-edge suction force at their spanwise extremities generally had the
higher values of app at the wing trailing edge. Related low-speed wind-tunnel studies,
reported in references 7 arnd 8, show the magnitude of the effect of planform shaping to
be significant on ¢y, both in terms cf Cp max (fig. 4) and the pust Ci max behavior
(fig. S5), as well as on Cp (fig. 6). Figure 4 shows the gothic-like strakes to be more
area efficient in terms of overall Cp pax Production than che reflexive type for Ry ,
ratio of exposed strake area to wing reference area, less than 0.,25. This figqure also
shows that both types generate Cp max Vvalues significantly above what one could expect
to occur from a wing area enlargement by the same amount. Figure 5 shows the post
CL,max Vvariaticn to be at a higher, almost constant, level for the gothic strake in
comparison with the others in that R, range. For nearly the same slenderness ratio
(total length over exposed semispan) as the gothic siicake; the middle-sized reflexive
strake configuration on the right has similar post Cp,max characteristics to those of
the gothic configuration, but at an overall reduced C(Cp level. So, whereas increasing
Ry does lead to an increase in Cy maxs making the strake less slender does not
necessarily improve the post C{,max behavior.

Regardina Cp, the addition of any strake to the wing-body produces a confiquration
which is often less stable, as seen in figure 6, and has pitchup near Ci, max. The
general reduction in stability before pitchup it due to vortex system enlargement, which
puts the highest induced velocites farther from the lifting surface, and strake vortex
burst or breakdown ahead of the wing trailing edge, At higher values of a, the burst
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position moves forward across the wing upper surface and causes the aerodynamic load
center to have a similar shift, hence pitchup results.

Figure 7 presents a summary (from ref. 8) of strake-wing-body-vertical tail lateral-
directional characteristics reported by Luckring, from which it is apparent that all
combinations were generally stable up to approximately 20°. For larger values of a the
data become highly nonlinear and adverse, with this occurrence being delayed to a higher
« for the largest reflexive strake arrangement.

Even for strakes which have good characteristics in combination with one planform,
may not produce a net benefit when a configuration embraces several strake-wing plan-
forms. An example of such an arrangement is a "Space-Jet" concept (configuration of ref.
9) shown on the right of figure 3, It is conceived of as being a candidate for a follow-
on to the Space Shuttle, in which the inventors, Jackson et al. (ref. 10) envisioned
using vortex lift to help chis turbo-jet-powered vehicle takeoff horizontally. However,
the resulting closely spaced interacting vortical flow systems were determined not to
interact favorably.

Mach Number Effects.- Figures 8 and 9 (from ref.7) show the effects of Mach number
on the wing-afterbody and strake-forebedy Cp and Cp components, respectively, for a
strake-wing-body model having a metric break and two balances. There, the Cp Iis
plotted with Cp,tot so that the contributions to the total model, shown in figure 10,
can be isolated and presented in a similar format. Figure 10 shows that for the total
configuration the Cp, increases with Mach number at a fixed «. From figure 8 the wing-
afterbody is seen to behave in the same manner as the total configuration; whereas, from
figure 9 the strake-forebody shows a reduction in lift with increasing Mach number. It
is somewhat surprising that the strake-forebody 1lift coefficient should fall off with
increasing Mach number since it is basically a low-aspect-ratio lifting surface and hence
should exhibit very little sensitivity to changes in Mach number. Evidently the cause
for the reduction in (C, is the decrease in wing upwash associated with the increasing
subsonic Mach number, as reported in reference 8.

However, it is not surprising that the increase in Cp max, which occurs at M =
0.5, shows up on the wing-afterbody graph since the wing is a moderate-aspect-ratio
lifting surface and, therefore, Mach number sensitive. Due to model and/or balance
limitations, Cp,,max was not reached at M = 0.7, Lastly, the overall pitchup tendency
previously mentioned results from the pitchdown tendency of the wing-afterbody at higher
values of ¢ or Cp,tot being exceeded by the pitchup of the strake-forebody. Configu-
rations of this type wfth vortex breakdown on the lee side would need to employ a low
tail for stability and control.

Leading Edge Extensions - LEE

Enhancing the aerodynamic characteristics of moderate aspect ratio wings in the low-
to-moderate « range can be accomplished by employing a leading-edge extension or LEE.
Two examples are given. The firet iz for a LEE applied to a thick round-edged, 60°
diamond shape, low-speed glider called the DM-1l. The problem to Le solved with this
device, shown in figure 11, was to energize the flow on the leeward side of the wing so
as to generate a CL, max Vvalue closer to that measured on thin sharp-edged wings. (Note
that this device was successful as seen by the organized flow in the photograph on this
figure at « = 18.9°.) This figure, developed from reference 11, shows the final place-
ment of the LEE to be inboard. The lower drag is associated with low surface pressures
acting between the LEE and the maximum thickness line of the wing section, thereby
producing an aerodynamic thrust.

An ideal arrangement would be for the LEE to be mounted to a thick round-edge wing
along the stream surface associated with smooth onflow at the attached flow design
condition. For flight attitudes above that for smooth onflow, which would occur for
takeoff, landing, and maneuver, a vortex would be generated in the region between it and
the upper surface. This would energize the leeward surface flow and produce the lower
pressures needed for drag reduction and 1lift enhancement. A methodology for
accomplishing this is given later.

The second application is more recent and is to the outer wing panel of a tramsonic
fighter model where improvements were sought in the drag polar by using vortices to
energize the wing flow in the tip region at the higher values of «. This investigation,
illustrated in figure 12, is intriguing because it involves the interaction of a vortical
flow over the outboard portion of a fighter wing designed for attached supercritical
flow. The early and advanced designs depicted in the figure are maneuver configurations
developed by Mann et al. {ref. 12) using transonic methodology. In this effort to alle-
viate the shock-induced flow separation that eventually occurs in the wingtip region as
lift increases, the attached flow design was supplemented with a sharp LEE (intended to
be deployable for this application) on the outer part of the wing. Pressure measurements
reported in reference 12 indicated that there was less flow separation on the outer panel
with the LEE, which corresponds to the drag reduction outained at high Cp. Further
research of this vortex control concept is necessary in order to fully understand the
implications of combining vortical flows with supercritical attached flows for maneuver
wing di signs.
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i Vortex Generators

The aerodynamic changes brought about by the introduction of vortex generators are
highlighted in fiqure 13. There it is pointed out that the alteration in flow field
results in a drag reduction due to improved lcading-edge suction, and a slight lift loss
due to the suppression of the leading-edge vortex. Another significant feature of the
vortex generators is their ability to improve longitudinal stability. The devices delay
the inboard movement of the tip vortex, which increases tip vortex 1lift and delays
pitchup, compared to a wing without these devices.

Typical devices, and the ones reported on herein, are the pylon, fence, and slot.
These fixed devices are generally placed at the leading edge (refs. 13-16) of round-edged
wings. FEach device produces a vortex that flows streamwise over the upper surface of the
wing and splits the primary leading-edge vortex into Segments. The outer vortex helps to
keep the flow in that reqion from developing into a large scale "stall flow" until higher
angles of attack are reached, thus alleviating pitchup.

Movable
Roll Control Device

An in-plane extension or retraction of the side-edge of a cropped delta wing (see
fig. 14), caused by pivoting a portion of the wing about the tip leading edge, has led to
a roll control (raked-tip) device for enhancing the high-a lateral characteristics.
This patented device (ref. 17) was first discussed in reference 18. 1Its purpose is to
modulate the strength of the vortex system and the associated reattachment area so that
significant amounts of rolling moment can be generated at attitudes where other devices,
such as ailerons, are known to be ineffectivec. The concept works best when the raked
tips of a wing move laterally in the same direction during deployment. The device has
been found to generate essentially a linear growth rate of rolling moment with either
increasing a« or tip rake angle, as opposed to a nearly constant value with aileron
deflection, as shown by fiqure id4. Furthermore, the deployment of this device produced
either no- or a proverse-yawing moment.,

Articulating Strakes

An alternate approach for improving usable 1lift at high g« 1is to utilize variable
strake geometry as a lifting and control device. Moss (ref. 19) evaluated variable
incidence and camber, while Rao and Huffman (ref. 20) studied ihe effects of anhedral on
a hinged-strake concept. The hinged strakes are articulated to suppress the strake
vortices, and thus eliminate or reduce the vortex breakdown effect. The hinged strakes,
which are structurally separate from the wing, are attached to the fuselage through
longitudinal hinges. The effect of hinged strakes on high~a aerodynamic characteristics
is shown in fiqure 15 for a wing-body-vertical tail confiquration. With respect to the
strake-off confiquration, the addition of the planar-strake (6r = 0°) leads to

the characteristic vortex breakdown condition evidenced by a peak in (| accompanied by
pitchup. Note also the cpposite lateral-directional behavior as a« avproaches 30° due
to the asymmetric breakdown of the strake vortices being different from that of the basic
configuration. Deflecting the strakes to 30° anhedrai greatly allevia*es these vortex
breakdown effects. Rao presents (ref. 21) additional data analysis to show that
horizontal-tail effectiveness is increased by symmetric deflections of the strakes, and
that large rolling moments occur due to asymmetric deflections that become larger than
conventional ailerons at high a.

vVortex Flaps - Various Kinds

concept and History.- Since the vortex flap concept has been well documented by
various authcrs (e.q., refs. 5 and 22-24) only a brief review of the NASA Langley
contribution will be presented. A depiction of its history is presented by figqure 16.
In 1978, an attempt to utilize leading-edge vortex flow for a transonic maneuver
configuration was jointly pursued by NASA and General Dynamics for a cranked arrow wing
called "“Pre-Scamp". The resulting transonic, point-design, highly-warped, surface
produced an impressive L/D and close to 7C-percent effective leading-edge suction at a
design Cp = 0.5 at M = 0,85 (ref. 25). Naturally, the camber was off-design under other
conditions, especially at low Cj, 8o ways were sought to achie¢ve the same benefit of
vortex flow utilization, but without fixed camber. During the same wind-tunnel entry, a
flat wing of the same planform with simple leading- and trailing-edge devices was also
tested. The drag polar for this flapped confiquration (fig. 17) indicated that effective
suction levels approaching those of the designed camber shape could be achieved at the
design conditions. The middle sketch on figure 16 shows that within a short time the
general plan for implementing the vortex flap concept, by a combination of appropriately
deflected leading- and trailing-edge flaps, was well understood. Experimental studies by
Rao (ref. Z6), among others, in which only the leading-edge flap was deployed, continued
to provide additional evidence of the validity of using a device of this type in order to
reap improvements in L/D or effective suction,

In order to have a proper implementation of the leading-edge vortex flap (LEVF)
concept for drag reduction, it is important that tvo fluid mechanics phenomena occur.
The first is that the shed leading-edge vortex system Se entirely confined to the flap
upper surface, which allows for the high suction pressures, associated with the nearby
vortex, to generate significant amounts of aerodynamic thrust. This is accomplished by
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having a proper combination of design variables, discussed later. The second is the
avoidance of hingeline separation by having flow reattachment occur there.

To explore the LEVF concept, mary analytical and experimental studies were conducted
by employing various combinations of design variables; as typified by the sketches at the
lower-left and upper-right of figure 16, respectively. The Free Vortex Sheet (FVS)
method (ref. 27) was demonstrated by Frink (ref. 28) to be a useful tool in this process.
The experimental studies were performed by many researchers and typical results reported
in references 21 and 29. An examination of the results from these and other studies led
Frink, in 1982 {ref. 30), to the development of a LEVF design procedure. A typical
result is shown o the lower right of figure 16.

Engg.- The typical vortex flap used for drag reduction is a lower surface device
(or a simple hinged device deflected downward) and has been found to be effective at
transonic speeds in the angle of attack range generally between 10° and 15°. Figure 18,
taken from reference 5, shows typical lower surface devices which could be of the folding
(Krueger), hinged, or tabbed types along with accompanying flow sketches. There are
other uses for vortex flaps, as indicated on the left and top right parts of figure 18.
These devices and flow sketches show how large amounts of lift can be generated at low
wing angles of attack by deflecting an upper surface (ref. 31) or apex vortex flap (refs.
21 and 32) upward.

Apex Fence.- A variation of the last two devices is the apex fence (see fig. 19 and
ref. 33). The fence is a variation of the upper surface flap in that it is deployed from
there, is only part span, and wcrks best when its hingeline is near the leading edge.
Its relationship to the apex flap is twofold: both devices are located on the forward
portion of the wing; and the fence provides a practical way of generating an apex flap
type of vortex flow. The latter is mentioned because in an actual application the apex
region of the wing would be covered by the fuselage. The apex flap and fence are both
pitch controllers in that the provide a nose-up Cp ahead of the center of gravity at
low ¢ which requires a nose-down Cp aft for trim. This leads to a downward deflec-
tion of the trailing-edge flap and an overall increase in C. At high a, the apex
fence generates a nose-down Cp which aids in pitch recovery.

Lower Surface LEVF.- Since transoric maneuver is one of the key items for future
fighters, only the lower surface type will be considered for the remainder of this
discussion; although it is interesting to note how, with appropriate articulation, the
vortex flap may play a multimission role and even promote STOL-like performance. Con-
ceptual sketches are shown in figure 20 for a simple hinged leading-edge device to work
in conjunction with trailing-edge flaps s0 48 to yield benefits over the entire flight
envelope. The best sustained maneuver capability is obtained with the vortex flap
deflected down causing a forward rotation of the vortex force vector. Takeoff and
instantaneous maneuver lifts are maximized with the flap undeflected, while increages in
lift and drag for landing are achieved with the flap deflected up. Deflecting the flap
down 2at large angles on touchdown orients the vortex on the back side of the flap,
increases drag, and provides negative lift on the wheels for shorter stopping distance.
At subsonic and supersonic cruise, the flow may be attached and the flap functions like a
cambering surface, Research is underway to quantify these benefits and & summary of
recent experimental and theoretical work can be found in reference 34. Futhermore, from
rcsearch reported in this refereonce, the LEVF has been determined, in general, not to be
harmful to the lateral characteristics of the model to which it is epplied.

The characteristics associated with many of the lowe surface flap geometry changes
are depicted in figure 21. Rao (refs. 21, 23, and 26) demonstrated that reducing the
length cof the vortex flap inboard improved efficiency. In addition, shaping the flap
inboard improves the vortex formation while shaping outboard promotes vortex flow attach-
ment at the hingeline, both of which reduce drag and delay pitch-up. Increasing flap
size was shown by Rao (ref. 26) and Schoonover {ref. 35) tc delay the inboard movement of
the vortex, which combines with the increased flap frontal area to reduce drag.

In recent studies on an arrow wing configuration (raf, 36) and a cropped delta wing
model (ref. 37), Rao demonstrated that flap segmentation is an effective technique to
reduce the flap area while still achieving the same L/D as without segmentation. The
flap segments generate multiple vortices that remain clnser to the leading edge,
improving the efficierncy of the vortex flow in the tip region, which delays tip stall and
improves the longitudinal stability characteristics.

Another variation of the folding flap (fig. 18) has been devised by Rao (ref. 38) in
which the hingeline is moved away frum the leading edge so that upon deflection the
device resembles a forward facing split flap, much like one of the upper surface
devices. It is called the ‘'cavity' flap and is shown in figure 22. When applied to a
60° delts wing in a preliminary test, improvements in the subsonic L/D, relative to &
LEVF hinged at the leading edge, were iound to exist over a wide C| range for a 20°
deflection, but not at 40°®*. This device is one which still needs to be optimized.

Staudacher in reference 39 summarizes data from a number of sources on wings with
single- and double-pinged lesding-edge and trajling-edge flaps. One conclusion reached
is that only lower surface LEVFs applied to winas with leading-edge sweeps greater than
65° wil! show higher aerodynamic efficiencies, L/L, relat.ve to the flap systems devel~
nped for attached flow. This is 4 rational conclusion from his paper and it is ackiaow'-
edged that an attached flow solution will, in general, be the better one. The difficuliy
occurs in the transonic maneuver when attached flow cannot be maintained all over the
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flap system and thin wing even for some moderate sweep wings. The flow will first
separate in the tip region or along a hingeline without reorganizing. (This led Mann et
al., reference 12, to incorporate a LEE-type device on their moderately swept wing to
organized the tip flow and hence produced a higher L/D.) The utilization of the
available shed vortex system is one of the major reasons for using a LEVF. Flap systems
designed for attached flow may work as well in this environment as a poorly designed LEVF

system (i.e., one which violates the two fluid mechanics phenomena stipulated
previously), in that they do not promote vortex syvstem capture on the flap surface.
However, should vortex capture occur on the attached flow flap system, the ability to

maintain it there is inferior to that of a properly designed LEVF system.

Trailing Edge Flap

In general, the trailing-edge flap (TEF) performs the same whether the flow type be
vortical or attached; in that its downwara deflection causes a significant increase in
€, and L/D to occur., Futhermore, when the TEF operates in combination with the LEVF,
the aerodynamic benefit of deflecting the TEF may be larger than that associated with the
leading-edge device alone. A negative synergism may occur upon the deployment of both
devices, as reported by Staudacher in reference 39 and illustrated on figure 23. Just as
in attached flow, TEF hingeline separation will occur on the upper surface for this
device at toc large deflection angles. The most effective range of downward defiection
angles is from 0° to 20°.

Jet Augmented

Another approach for favorably effecting high-a aerodynamic performance is to use
jet flows to augment and control the wing vortex. Many jet-augmented vortex concepts
have been studied and three promising ones are shown in figure 24. ‘These concepts are
the fluid strake, spanwise blowing, and pumped vortex. Their function is to delay vortex
breakdown and organize the wing upper-surface flow field to yield the desired aerodyramic
benefits by the addition of energy to the systenm.

Fluid Strake.- The fluid strake concept (refs. 40 and 41) uses a jet sheet formed by
blowing through a series of small in-line orifices located symmetrically on the sides of
the fuselage ahead of the wing. The intent is to create the effect of a "fluid" strake
that can be activated to obtain the high-a berefits of a solid strake, such as those
discussed in figures 3 and 15. (Note this may be done either symmetrically or asymmetri-
cally, depending upon the individual blowing rates.) The jet sheet generates a stable
vortex flow over the wing, which increases Cp ma and improves the drag polar and
vertical tail effectiveness at high a«. The 11ft augmentation of the fluid strake is
comparable to that obtained with spanwise blowing.

Spanwise Blowing.- This concept energizes the leading-edge vortex by blowing a jet
spanwise over the upper surface of a wing in a direction approximately parallel to the
leading edge. Pressure data obtained by Campbell (ref. 42) demonstrated that full vortex
lift could be achieved at inboard wing stations with relatively small blowing rates, but
progressively higher values are reguired to obtain full vortex-iift levels at the more
outboard span stations. Research by Erickson and Campbell (ref. 43) and Staudacher et
al. (ref. 44) on fighter models showed that spanwise blowing increases lif%, improves the
drag polar, and linearizes pitching moment at moderate to high a«. Spanwise blowing has
significant effects on lateral-directional aerodynamics, which appear to be configuration
dependent. Both rudder and alleron effectiveness are improved by spanwise blowing (ref.
44). Futhermore, it results in more stable roll damping and, as demonstrated in a free-
flight experiment (ref. 45), helps eliminate wing rock.

Pumped Vortex.- Building on the work of Hummel (ref. 46), Taylor, et al. (ref. 47)
investigated a T :mped-vortex concept and showed the criticality of the location of the
suction device used to pump the vortex downstream. Using an injector drive system, they
were able to significantly increase the axial flow in th. vortex which stabilizes the
system to a higher value of a. The effec.s of the suction device on the lift character-
istics for a blended deita model are shown in figure 25, which indicates that increcas-
ing ¢ increases C; at moderate a and increases Cp, max. The augmented 1lift levels
obtatngd here are higher than those obtained in Hummel’s suction experiment because of
the much higher C values used for this test. These larger values induce higher
velocities over the wing upper surface which even increzses the potential flow lift
contributions.

PROGRESS IN ANALYTICAL DFSIGN

Much of the design work on devices for vortex flow management continues to be done
empirically by creative engineers who are guideu by a thorough understanding of the
ptinciples of fluid mochanics and aeronautical engineering. However, for some devices,
including the strake, leading-edge-extension and vortex flap, sufficient pcogress has
been made with available analytical tools to produce useful geometrical shapes. These
ave the topic of this section. In particular, details from two recently published design
methods, one each for the LEE and LEVF, are presented for the convenience of the reader.
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Reference 48 describies a correlation thact was found to exist between the stability
of the leading-edge vortex system and the leading-edge suction distribution. Those
distributions which were roughly triangular and had high peaks near the tip developed
stable vortex systems. This may be interpreted in a physical sense for separated flows,
with the aid of the leading-edge suction analogy, in that they are more stable for shapes
which have higher levels of separation induced vorticity near the tip.

However, to take advantage of this correlation for planform design, a simplification
of the flow field was necessary in order to be able to solve the problem efficiently for
the planform variables in terms of the leading-edge suction distribution. The assump-
tions employed in going from 3-D potential flow to the simplified flow field, called
"Related Flow", wre given in figure 26. Note the other assumptions which specifically
impact the resulting planform, It is intended that these shapes would be used for
strakes which would carry their isolated-planform performance characteristics from
"Related Flow" over to the 3-D integration with a wing-body configuration. A typical
resulting shape is gothic, as indicated in this figure. Strake shapes developed using
this approach have been tested on a wing-body in both the water and wind tunnel, and
selected wind-tunnel results have been reported previously in this paper.

Leading Edge Extension - LEE

This section presents a summary of a methodology for LEE design, which is detailed
in reference 49. It has as its goal the enhancement of the off-design aerodynamic
characteristics of thick, swept, cambered and twisted wings at high-subsonic and low-
supersonic speeds without altering the on-design flow. (The particular configuration
that prompted this work is a 58° delta for which a wing alone data base exists.) In
order to do this, the LEE is to be mounted to the wing along the dividing stream surface,
called herein, the "pseudo"-stagnation stream surface (PSSS), associated with the
attached flow design 1lift coefficient (Cp,4> 0). The surface - to be determined - is
called "pseudo" stagnation because, at its intersection with the wing, the velocity
components are not all zero. The PSSS is a dividing stream surface which separates the
incoming flow into twc regimes, in general, over the upper and under the lower wing
surface. Two streamwise cuts through the PSSS are shown schematically on the upper right
of figure 27 and illustrate the surface curvature.

A summary of the assumptions employed in determining the PSSS (fig. 27) is as
follows:

There exists a PSSS associated with a swept-wing alrcraft at the attached flow
design condition.

The intersection of the PSSS with a number of parallel XZ planes spanning the wing
produces curves which are representative of the Pseudo-Stagnation Streamline (PSS)
leading to the pseudo-stagnation point (i.e., |Vyx| » minimum,) |V;| =~ 0. (Note that
|Vyl is not assumed to be small nor zero, it is just not initially considered.)

The PSS shapes are derived from the local slopes of the resultant velocities

2

B b sz at appropriate poinis in the XZ plane.

A spanwise surface fitted linearly through the resulting intersections is an
approximation of the PSSS described in the first assumption.

Constraints associated with an acceptable, and hopefully optimum, solution for the
LEE are summarized in figure 27 as:

Its presence on the wing does not change the pressures and therefore the aevodynamic
performance of the wing alone at the design 1lift coefficient.

The net lifting pressure across it approaches zero (targetted value) at the design
1ift coefficient,

It maintains a minimum pianLorm area and chord length especially in the tip region
vwhere the wing local chord becomes shorter.

Its incersection with the wing remains on the wing lower surface.

At the bottom of figure 27 are sketches that indicate how the flow is envigioned to
behave both at and above ag.

A variety of analytical tools were examined for potential application in developing
this methodology, as discussed in reference 49, but the ones chosen were PAN AIR (ref.
50) for determining the PSSS, and the VLM-SA (ref. S51) for establishing an appropriate
extent for the LEE. (Note: Skin-frictior drag is ignored throughout.)

PSSS Detorminaticn,- To find the PSSS with PAN AIR, its survey network mode (non-
load bearing and not touching the surfac2) was invoked at some 16 spanwise locations for
thc desired Mach and « associated with Cp,4. In each of these parallel XZ planes the
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resultant of each set of Vy and V, velocities is drawn at its corresponding panel
center and superimposed with the adjacent leadirg edge. A typical result is given in
figure 28. From these velocity vectors a PSS curve .- graphically determined by
connecting a tangent to the vectors which terminated on the surface near where V; = 0
and Vy was minimum. After all these streamwise curves were determined they were joined
in a piecewise linear manner to produce the PSSS.

It is essential to examine ths degree of accuracy of the determined PSSS solution
for the thick delta of fiqure 29. For this purpose, the PAN AIR code was employed once
again to model the wing+PSSS combination at the design condition (i.e., ag = 6.0°, M =
0.8) by specifying the PSSS to be a lifting surface. Figure Zz9a shows the effect of the
PSSS presence on the wing pressure distribution at a typical wing section to be insigni-
ficant. Also, as shown in figure 29b, the net lifting pressure across the PSSS appears
small except at the local leading ecge for the same typical section. From these results,
it is evident that the addition of the PSSS surface does not cause much change in the
performance of the wing model at the design condition. Therefore, it is concluded that
the determined PSSS solution is close to the actual dividing stream surface (i.e., PSSS)
and, hence, now that portion which is to be occupied by the LEE must be determined.

LEE Planform Optimization.- The VLM-SA code is employed in an attempt to optimize
the PSSS planform shape. This optimum shape would then be designated as the shape of the
LEE device. The aerodynamic effectiveness of 36 different LEE planform shapas were exam-
ined for the given wing by considering the influence of geometrical parameters such as
constant chord (cpLgg), constant sweep (ALgg), and span extent (nLgg). The planform vievw
of these parameters relative to the basic wing geometry is illustrated schematically in
figure 30. Although the twist and camber of the basic wing is represented by its mean
camber surface, the thickness effect is ignored by the VLM-SA code. As discussed later,
the analytical solution for the basic wing model which was fivst .intended to provide a
base line for comparative assessments of the LEE device appears to be inadequate. As a
result, throughout this study the aerodynamic effectiveness of different wing+LEE combi-
nations were therefore emphasized relative to one another rather than to the basic wing.

Ficure 31 was prepared for the purpose of comparing the relative aerodyanmic
effectiveness of the different LEEs as a function of their geometrical parameters. In
general, this investigation revealed that, with the same planform area, constant chord is
relatively more effective than LEEs having sweep angles less than that of the wing.
Therefore, two LEE planforms, each with 89-peccent span extent relative to the wing span,
one with 1.2" and the other with 0.8" constant chord, were selected as being the best
candidates for the final LEE design planform.

Towards the Design Objective.- Several detailed mnodifications, described in
reference 49, were made to both the wing and LEE in order to have the lifting pressure on
the LEE be nearly zero. One of the biggest changes was rotating the LEE downward about 7
degrees to account for the three-dimensionality of the flow, i.e. no longer neglecting
Vy. The final result, using the 1.2" LEE, is shown in figure 32 where the configuration
is called Mod-wing and Mod2-LEE to reflect all the geumetrical changes made.

Movable Device - LEVF

Analyticel design procedures for the wvortex flap, a particular movable device, will
be discussed herein. The items to be determined for its design are flap planform shape,
deflection angle and wing angle of attack for specified C; and Mach number. There are
some four different schemes which have been developed that will be considered in this
section, All are summarized and nne is described in detail.

VORCAM - Lan and Chang

Lan and Chang in references 52 and 53 developed VORCAM (VORtex lift of CAMbered
wings), whicii has as one option that of designing a portion of a contiquous wing surface
t0 represent an integral vortex flap inset into the wing. VORCAM is an improved version
of Woodward's chord plare aerodynamic panel method (ref. 54) which uses the suction
analogy (ref. 55) to calculate the vortex induced aerodynamic effects on cambered wings,
including those with vortex flaps, and is valid in the linear range at subsonic and
supersonic speeds. The design process employed is that of determining the corner points
of the inset flap, its deflection angle and wing angle of attack by repetitive analysis
using the optimizer CONMIN (ref. 56) in order to maximize the L/D at the (C;, 4. Figure 33
siiows an example of a initial guess and final planform for a VORCAM desianed vortex flap.
The initial a and & are 5° and 0°, respectively, with the final vaiues being 17.5°
and 54.9°,

Free Vortex Sheet - Boeing

The Boeing Company designed LEVFs for the USAF AFTI/F-111 program using the subsonic
FVS method. Keference 57 reports solutions were obtained at high values of Cp, and Mach
by using a design by analysis mode, The FVS is a psnel method which models both the wing-
plus-flap combination and free sheet, and solves for the singularity strength on both,
and pusition of the lacter, by an iterative process for each sat of angle of uttack and
Mach number. Hence, this is a two level convergence process: first to obtain a con-
verged answer for all specified parameters, and second to change the flap and angle Of
attack incrementally until an acceptable planform, etc. result.




Modified Linear Theory - Carlson 411

Carlscn's method (ref. 58) has similarities to the previous two, in that it uses
linear theutry which has been modified for attainable thrust concepts and a modeling of
the distributed pressures associated with a vortex system over the wing. ~ - uses flap
segmentation vo seek a deflection set which yields the highest effective ‘ading-edge
suction. The flop planform and segmentation are based on representing che camber
required for atlached flow on the wing. The inclusion of trailing-edge flap segmentation
and deflection is an integral part of this method.

VORCAM - Huebner

This method is also VORCAM analysis based, but differs in that the flap geometry can
extend beyond the wing leading edge, i.e. a "bolt-on" flap implementation, and a differ-
ent type (more efficient) optimizing procedure is employed. The work reported is based
on reference 59 in which the primary goal is to develop the vortex flap planform, deflec-
tion angle, and wing angle of attack to maximize L/D and satisfy Cp a4 at M = 1.5 for the
P-10SB aircraft. This speed was chosen as typical of a supersonic maneuver for an
advanced tactical fighter. The P-106B was chosen as the application aircraft since its
60° swept leading edge is capable of generatini measurable amounts of vortex flow.

Optimization Background.~ This new design procedure uses the Automated Design
Synthesis (ADS) code of Vanderplaats (ref. 60). ADS is a general purpose numerical
optimization prcogram containing a wide variety of algorithms to solve the generalized
constrained optimization problem, ¢ mnimizes an objective function, F, which is a
function of the design variables, X, and the subject to inequality constraints {g),
equality constraints (h), ard limiting valuez on each design variable:

gj(X) <0 j=1,m

he(X) =0 k =1,18

) 4 (L P

X{ <X, <X/ i=1,n (1)
For the specific task of designing vortex flaps for the r-106B, the optimization goal is
to minimize the objective function, F(X), given by

TCDI(X) + C.
F{X) = e (2)
e TCL(X)

where TCDI(X) is the calculated total induced drag coefficient, CDo is the value of
drag coefficient at zero lift, defined by

[ = C =21 (3)
Do Do,experiment Do,VORCAM
and TCL(X) is the calculated total lift coefficient. Minimizing this objective function
is identical to maximizing its multiplicative inverse, which is the lift-to-drag ratio.
This is accomplished under the ineqguality constraints

gl(X) = TCL(X)/CLDESU - 1.
gz(X) = , - TCL(X)/CLDESL
QJ(X) = X(l)/X(Z) - 1. (4)

vhere g) and gy are upper and lower CL,4 constraints, respectively, and g3 is &
geometry constraint discussed in the next section. No equality constraints were used in
this procedure since they are the most difficult type to satisfy without relaxing
convergence tolerances, Finally, the manner in which the flap model was generated from
the design variables required bounds on their values that can be expressed by

0.0l ¢<x§ ¢1l.,i =1,7 (5)

Analytical Flap Modeling.- Figure 34 shows a typical flap, its design variables, and
its important features 1in flap coordinates. The X¢ axis corresponds to the wing
leading edge (hingeline) in global axes, and the dimensions of the flap have bg2en normal-
ized to have a range of zero to one. The Y variable determines the flap planform
shape. Using the VF-D4 flap (developed by Frink) as an initial gquess, this procedure
models the planform shape in three regions. Regions one and three are parabolas which
are uniquely defined by their two end-points and a slope coridition at the points where
they meet with region two, whican is a straight line. The specific design variables
needed to defines this flap are shown in the figure. X(1l) and X(2) determine the extent of
the three regions in the X direction; X(3) through X(S5) provide actual planform chord
length and ultimately planform shape, X(6) specifies the flap deflection angle and X(7)
is the model angle of attack.

It is worthy to note a few things about this method. The apex of the flap is shown
G be et the origin of the flap axes. In reality, the cnord length at this point need
not be zero, but it is not a design variable and remains constant throughout tiie Jesign
process. The value of X(1l) can go to zero while the value of X(2) can go to one. Thus,
the possibility exists that a flap design solution could yield a constant chord, taper,
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or invewse taper flap. Furthermore, the value of X(6) was chosen in such a way that it
represents the arctangent of the flap deflection angle.

Certain geometrical constraints arise based on this method. 1In order to restrict
the flap to a reasonable size, X(3) through X(5) are constrained such that their maximum
values are no more than 10 percent of the leading-edge hingeline length. Also, to avoid
meaningless flap shapes, the value of X(2) must be greater than or equal to X(1l).

Optimization Algorithm Development.- The development of the optimization procedure
is based on a programming synthesis system described in reference 61. VORCAM, ADS, and
all supporting programs and subroutines used in this design procedure are linked by a
series of nested procedure files, shown schematically in figure 35, Note how the
analysis module is not called directly by the optimizer. Moreover, it only functions
when the analysis module provides the necessary values and gradients of the objective
function and constraints. It uses this informztion in design space to determine improved
values for the design variables, which are then used to calculate an approximate value of
the objective function (constraints also) Dy linear extrapolation using the following
first order Taylor's series:

aFi

.
Fhew = Fora * i5 %, aX, (6)
5

Once the objective function cezlculated by the optimizer and linear-extrapolation-analysis
loop converges, the updated design variables are returned to the analysis preprocessor
and the cycle is repeated until the objective function does not vary by more than 0.10
percent for three successive cycles. At this point, the final design variable values are
input into VORCAM to produce final design aerodynamic values, and the process terminates.

Applications.- Two specific applications for the F-106B (60° delta) are given. The
design conditlons are M = 1.5 at C, = 0.223, and M = 0.3 at Cp, = 0.5.

The initial geometric design variable values X(l) - X(5), associated with the super-
sonic application, were taken from the design solution of vortex flap VF-D4 at M = 0.3,
along with X(6) which specifies flap deflection angle. The design variable X(7), which
determines « was started at an arbitrary value corresponding to a = 4°. Convergence
was achieved in 11 cycles.

Figure 36 shows the initial and final planform shapes and other pertinent results
from this design study. The flap chord has decreased for most of the flap, designated
VF-DOl, except near the flap tip where it increased slightly. Flap planform area
decreased by 6.5 percent. The flap deflection angle converged at 18.47°, which is quite
close to the slope value at and perpendicular to the leading edge of the cambered wing.
Finally, the angle of attack converged at 5.06°,

A comparison of the aerodynamic performance of VF-DOl and VF-D4 on the F-106B is
shrwn in fiqure 37. The VF-DOl design shows an improvement in L/D of 0.6 at Cp,g or 9
pe. “ent over the L/D value for the VF-D4 at 10° deflection. Further, the improved L/D
values extend throughout the entire C;, range. The initial design solution is also
included to show the tntal performance improvement from the beginning to the end of the
d«sign process.

Figure 38 shows the aerodynamic characteristics of these two flap designs at §p g =
30 and M = 0.3. The purpose of this is to determine the aerodynamic characteristics of
flap VF-DOl at an off-design Mach number. Minor variations occur for C; and Cp
versus g; however, a measurable improvement in L/D,max is noted. Thus, the flap
optimized for My = 1.5 would be quite satisfactory at M = 0.3.

The subsonic design conditions are the same as used for the VF-D4 and the initial
planform design variables were taken from that shape. Only eight cycles wecre required to
reach a converged solution for a new flap, designated the VF-DO2, and it is compared in
figure 39 with the initial design. The inboard 20 percent of the VF-DO2 ‘s nearly ident-
ical to the initial design, followed by a slightly smaller flap chord over the next 20
percent, and an increased chord on the outer 60 percent of the flap. The taule on this
figure allows for a comparison of the alpha and deflection argles required by each to
meet the design C;. The values for these parameters are seen tn be close.

A comparison of the theoretical aerodynamic characteristics for the initial and
final VORCAM vortex flap design solutions are shown in figure 40. The changes in Cy and
Cm V3. ¢ are minimal; however, there is again a measurable improvement in L/D,
approximately 0.4 or 4 percent, at Cp, 4.

CORRELATIONS WITH THEORY
Fixed
Strake-wing-body Combinatien
Fijures 41 and 42 (from ref. 7) present comparisons between measured and *heoretical

data for a complete strake-wing-body and for its components, strake-forebody and wing-
afterbody, respectively. The theoretical results, called high- and low-g, are based on
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extensions to the suction analogy, outlined on figure 43, and described in reference 7.
For the complete configuration (fig, 41) at M = 0.2 it is seen that up to Cp,max the
data are better predicted by the high-¢ method. Above the corresponding «, neither
theory appropriately models the flow, hence the agreement is poorer. It is also seen
that the two theories generally bracket the Cp data, again up to Cp,max ©Or vortex
breakdown. The ability of these two simple theories to do this is encouraging, in that
they are able to estimate collectively the nonlinear Cp versus Cp,tot Ccharacteristics
for this class of configurations. It can be noted that the low-a theory estimates better
the Cp results than those obtained with the high-¢ theory. This occurs because the
low-¢ theory produces a load center farther aft at a particular value of Cp,rot even
though this value is larger than the data at the same angle of attack. The potential-
flow curve is added to the C,tor versus o plots for reference.

The wing~afterbody and strake-forebody longitudinal aerodynamic data and the high-g¢
ané low-a theories are given in fiqure 42 for M = 0.2. Just as for the complete config-
uration, the individual data components are generally well estimated by the high-g«
theory or a collective combination of theories up to Cp ,max oOr large-scale vortex
breakdown. What is particularly useful is that the individual Cp components are
tigh:ly bracketed by the high-q¢ and low-a« theories. The C|, data for the strake-
forekody and wing-afterbody are well estimated by the high-q theory until the strake
vortex begins to breakdown on the strake or ahead of the wing trailing edge, respec-
tively. Lastly, note that at the higher angles of attack the wing-afterbody 1lift vari-
ations follow the potential curve even though the flow is closer to a Helmholtz type.

LEE Related

PAN AIR Evaluation.- In order to evaluate the PAN AIR code for thick delta wings at
high subsonic speeds, the surface pressures ror the basic 58° wing, used in the computa-
tional studies with the LEE, were computed at ¢ = 6.0° and M = 0.8. The result at g =
0.30 is presented in figure 44 with data from reference 62, taken in the NASA Langley
7- by 10-Foot High-Speed Tunnel. The comparison shows good agreement between the theo-
retical and experimental data except in the peak pressure region on the upper surfaze.
The difference may be due to either differences in geometry (sting shroud omitted ia PAN
AIR) or flow types between the experimental configuration and theoretical modeling.

VLM-SA Evaluation.- As part of the wutilization of VLM-SA code for unusual
configurations, i.e. wing+LEE combinaticns, it is important to examine the analytical
results relative to existing data. Two data sets are compared; one by Wilson and Lovell
(ref. 11), on the thick DM-1 with and without the LEE, and the wing used in the wing+LEE
design study, already presented in figure 31.

The DM-1 is a symmetrical winjg configuration with an airfcil! section like the NACA
0015-64 and no twist, so the LEE design lift coefficient (€r,g9) was zero. Although the
effect of leading edge radii is included in the resulting VLM-SA solutions, the thick DM-
1 is approximated by its projected planform (flat DM-1) in this study.

Experimental values for the lift and drag polars obtained by Wilson and Lovell are
compared in fiqgure 45 with the VLM-SA solutions. Obviously, the code over estimated the
1ift for both the DM-1 and DM 1+LEE combination throughout the angle-of-attack range,
However, the drag polar comparison shows that, for the basic DM-1, the VLM-SA solutions
have the same variation as the experimental data up to Cp = 0.6. Beyond this lift coef-
ficient, the curves differ due to the disorganized flow over the basic DM-1l, which causes
both a drag increase and lift decrease (ref. 1l1). As a result, the theoretical drag
polar is lower than the experimental data. For the DM-1+LEE combinaticn, the VLM-=SA over
estimates the drag in the lift coefficient range of about 0.0% to 0.80. This difference
was ra*ther expected, because the resulting VLM-SA solvtions do not include the effect of
thz low pressures acting betwee: the LEE and upper surface maximum thickness line of the
wing section to produce a thrust. ience the computed Cp values are higher than the
experimental data. Therefore, by analogy, it is expected that tle VLM=-SA solution for
the drag would be higher than measured for the configurations considered in the LEE
design section. This is the reason why only relative comparisons are offered there.

Figure 31 shows a sample of the available L/D experimental data (ref. 63) for the
basic wing (zero LEE area) at four different angles of attack (6°*, 8°, 10°, and 12°) and
M = 0.8, These data appear as asymptotic values of the VLM-SA solutions for the
wing+LEE.

Movable - Vortex Flap

VORCAM Subsonic Modeling Studies

Reference 59 presents paneling studies for modeling the F-106B cambered wing and
vortex flap, and a study to deté.mine the best method of modeling its cambersd fuselage
from the various options available in VORCAM. The paneling arrangement which agreed best
with the longitudinal subsonic data was 4 spanwise atrips within the fuselage contour, l4
spanwise strips on the wing-flap combination, and 10 chordwise panels on both. Figure 46
shows the paneling layout. The best fuselage modeling that could he accommodated in
VORCAM was the one which included fuselage cambering and no accounting for body thickness
effects., The supersonic solutions were obtained using the same modeling as determined
best for the subsonic ones.
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pe VORCAM Supersonic Results

Figure 47 provides a comparison of longitudinal results for the F-106B with the
VF-D4 vortex flap at M = 1,5 from VORCAM and measured data (ref. 64). 1In general, the
theory and experiment are in good agreement, although C is slightly underpredicted.
Concentrating on L/D, we see that both theoretical solutions overpredict the experimental
results., Further, the experiment predicts that an L/D advantage for flap-added solution
is not obtained until Cp ~ 0.45. This is due to the flap being greatly overdeflected for
this speed.

As a result of the experimental data, a study was performed to determire the
theoretical effect of flap deflection cr L/D versus Cp. Results for the baseline and
F-106B with vortex flap VF-D4 at three deflection angles are shown in figure 48. As can
be seen, theoretical predicticas for flap deflections at 10° and 20° show a slight
increase in L/D from the hzseline solution. Furthermore, the solution for the 10° flap
deflection maintains siightly higher L/D values than the baseline throughout the Cp
range.

CONCLUDING REMARKS

A variety of devices have been discussed for providing lift control by use of vortex
flow technology. Some are fixed, like the strake and leading edge extension, while
others are movable, like the leading-edge vortex flap. Some have already been widely
used while others are just now being developed. The diversity of implementing a
particular concept has also been highlighted, which reflects the variety of possible
soclutions to a single problem. For some devices there are theoretical techniques which
can be used in their design, while for others wind tunnel testing will have to suffice
for now in an empirical design process employing sound engineering principles from fluid
mechanics. Futhermore, for those devices which can be modeled theoretically, the
agreement with data is generally good. For others, the application of available theories
needs to be done or wind tunnel testing performed in order to develop the needed data
correlations,
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