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Abstract One of the challeges in Umanned (Canbat) Aerial
Vehicles (UCAV) is the improvement of aerodynanic
performance to complete diversemissions, increase endurance
and lower fuel consumption. Recent advances in degn tools,
materials, electronics and actuators have opened the door for
implementation of transonic flow control technologies to
improve aerodynamic efficiency. This paper &plores the
application of a robust M ulti-O bjective Evolutionary Algorit hm
(MOEA) for the design and optimisation of aerofoil sections and
wing planform of UAVs and UCAVs. Themethodologyis based
on a canonical evolution strategy and incorporates the concepts
of hierarchical topology, parallel canputing and ag/nchronous
evaluation. For the design andoptimisation of UCAV wing
planform shape, an aero-dimond planform shapewith ajagged
trailing edge is considered ke saw tooth. Results obtaineéfom
the combination between the approach and the aeroghamic
analysis tools show the mprovement of the aerognamic
efficiency, a set of shok-free aerofoils and the supercritical
aero-diamond wing. Results also indicate that themethod is
capable to produce non-dminated solutions.

Keywords. Multi-objective Evolutionay Algorithms, UAVs
(UnmannedAerial Vehicles) Degin and optinization

NOMENCLATURE

AR = aspect ratio
S =wing wetted area
Cr =root chord length

b  =spanlength

Ar.s = inboard taper ratio
Asr = outboard taper ratio
/rg = inboard sveep angle
Nsr = outboard weep angle

BPinvoara = inboard break point
BPouthoars= OUtboard break point

ks = inboard dihedral angle
st = outboard dihedral angle
M., = free strem Mach number

Re = Reynolds nunber
a = angle of attack
W =yaw angle
C. = lift coefficient
Co = drag coefficient
Coo = drag coefficient at zero lift
L/D  =lift to drag ratio
[. Introduction

UCAVs are a subclass of the UAWith the potentid to
redue@therisk to human life in canbat operation, increase the
redundang requirenents andmprove tle effectivenes and
efficiency of the mission. The missions for anJAV/UCAV
canbe diversfied in tems d air-air, airground or bothTo
complete the diverse mission, the mprovement of
aerognamic performance is one of the essential factdrse
improvament d the aerognamic peformance &
UAV/UCAVs can be achievedyboptimising the aerofoil
shapes for the aerofoil sectiéris® " 2andwing planform®
12,1325 Eor the stealth function, tainimisation of the visual
signature, infrared heat signatusgousticsignature radio
transnissionsignature and radar echo signature can provide a
low observable aircrdft 2 %% 3 A traditional approdtin
design optimisation is the use of gradient-based techniques
The gradient-based techniques are effeatitienapplied to
specific problens and within a specified range.The
traditiond methodsare able to find optinal global solutions if
the objective and constraints are differentiablewever, the
traditional approachewill have difficulty to find optimal
global solutions if a broader application ot thptimiser is
desired:

® When the coplexity of the problen arises.
If the problen considersnulti-modal.
Involves approxnations.
When the objective ah constrainé are not
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differentiable.
® Involvesmultiple oljectives and pysics.

In the practical aerospace design andmigation problen,
same of above conditions are often consider&terefore
robug and alternative nuerical tools are requiredA
relatively novd technique Evolutiongr Algorithms (EAS)

searchfor multiple points in the design space instead o

moving from a single point and require raerivativesor
gradiens of the objective function. EAs have the capalyilif
finding globally optimum solutions, are egsto proces in
parallel and can be easiadapted to aergdamic analsis
codeswithout major modification.

In this paper, amethodoloy was developedfor the
aerognamic optimisation of thewing aerofoil sections and

planfom usingaMOEA. The technique is based on canonical
evolution strategié® and incorporates the concepts of

hierarchical topolog agnchronous evaluation drPareto
tournament.

The rest b paper is organised &sllows; the description
of the methodolagy is given in sectio «. The fomulation of
the optmisation problen is described in sectiom. The
validation of aerognamic anaysis tools usedh this research
is described in Sectiom. Sectione presents optiisation
rationak and algorithms. The application of thenethod to
red world problems are shan in sectiore. Finally, Sectione
contains conclusions and directions for future research.

II. Methodology

The method couples the Hierarchicahsynchronous
Parallé Evolutionay Algorithms (HAPEA) with several
aerog/namic analsis tools for the design and apisation of
UCAYV aerofoil sections and planforshapesThe algorittm
is basel on canonical Evolution Strategfés *® and
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achieved throuch manipulation of the EA tomake the
mutation take ver small steps, thus refining the resolution.
2. Thesecondayer is a canpromise betveen exploitation
and exploration.This layer incorporates ra intermediate
approximation of the solver omedium resolution.
3. The third lger is devotedo exploration allowing the
EA to takea broal sanple space in the searchrdain via a

darge mutation span.The solver in this Iger is ty far the

crude$ approxmation of the groupwith the coarsest
resolution.

First layer Exploitation
. Small Mutation
Precise Model
Span

Second layer
Intermediate
Model

Third layer: Approximate Model
Exploration, Large Mutation Span

Figure 1: Hierarchical topolog.

The inherent issue that arises mplementation ofthe
hierarchicé structure is the dependenc Where the first
layer uses a vety precisemodel to deliver a the-consmning
solution, the suipopulations 6 the third Ilger ue an

incorporates with the concepts of Covariance Matrix approximate result to explore the search spaceplying that
Adaptation (CM\)™* Distance Dependent  Mutation good sinple models can be useith fast solvers.

(DDM), a hierarchical topolog ag/nchronous evaluation  Further all third layer nodes use a less accurate, faster
and a Pareto tournanent selection. This approach is model to canpute the fitnes function of the individuals of
applicable to single anulti-objective problens. their populations. Heever rauighly evaluated the solutions
may be: the hierarchical topolggpresented earlier ails
their information conten to be usedThis is pemitted as the
rigour of the second yer will scrutinize the qualit of the
solution through re-evaluatiomvith a more precisemodel.
Still, the intemediatemodel ramains also a aopromise, &it
isdeliberatey not too precise for the sake of spefdd thus

A. Hierarchical Topology (Multi-fidelity)

The hierarchical topolgg(fidelity) can provide dferent
models including precise, int@ediae and approximate
models. Each node in topolpgan be handledyba different
EAs code. The concepts of #h hierarchich approach;

displaying the relationship beeen the given lers are  the proces is repeate againby sending the solutions up to
shawn in Figure 1. Of particular interes the circulation of  thetoplayer during the migration processThese solutions are
solutionsstemsfrom thefact that each node can be handlgd b e.evaluated to theost precisenodel tha gives agenuiney
different EA codg having specific pareneters that can be 5ccurate value for the fithess function.
tuned.The best solutions progresstidhe third lger tothe
first layer where thg are refinedThe characteristics of each
layer are discussed belo B. Parallel Computing and Asynchronous Evaluation
EAs are particulayl adaptable to parallecomputing,
1. The first lger incorporates themos precise especiay when implemented using the master-slave
formulation of the solver to refine the solutionThis is approacl’. Effectively, the master cenputer carries on the
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optimisation processwhile the renote slave machines
compute the solver cod&he advantagibeingthat the remote
solvers do not need to run at thensasped or evenon the
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C. Multi-Criteria Optimisation

Designproblems associated in the aeronautical discipline

often require the snultaneous optnisation of conflicting

same local netvork. Further, throughout the execution, SOIVebbjectiveswith associated nube of constraints Unlike

nodes can beaddedor deleted awill. A schematic of such an
implementation is shan in Fig. 2.

The distinctivemethod of an agichronous approach in
generating ol one candidate solutiort a time and only
re-incorporatingone individual at a tme. This differs with
traditional EAs based on the canomi&olution Strategy®
that evaluates entire populationsgitaneous}. As a result,
solutions can be generated and returned éurder The
methodallows the mplementation of an asmchronous fitness
evaluation thus, giving the method its name. This is an
extension of thevork by Wakunda and zéff.

Evolutionary
Algorithm

1 Individual
] T ]

Asynchronous
HN ER <—
1 M Evaluator
fitness A

Figure 2. Parallel conputing and agnchronous evaluation.

With an agnchronous approach there is waiting time

for individuals to return As soon as a solution is available, it

is incorporated back intoétoptimisation processCredibility
of the solution is checked via a separate evaluationi#fe
that provides a statistical ‘background cheab the

single olpective optimization problens, the solutiais asd of
points knavn as Pareto optial set. Solutionare compared to
other solutions using the concept ldreto doninance. A
multi-criteria optimisation problen can bemathematically
formulated and consists of a mber of objectives with a
number of equali and inequalit constraints as folles:

Maximise/ Minimise f, (x)=12,.....,]
Subject to

g, (X) =0 j=12,....,J equality constraints

h, (X) <0 k=12,....,K inequality constraints

Where f; are the objective functions,is the nmber of

objectives X is an N - dimensional vectorcontainirg n
design or decision variables. Fominimisation problen, a

vector X, is said less than vecto, if:

0 f (X1)< fi (Xz) ard 4 f (X1)< fi (Xz)

In this case the solutioK; dominatesthe solutiornx..

Most red world problans involve a nmber of
inseparal# objectivesvhere there is no unique opiim, but
a set & compromised individuals knan asParetooptimal (or
non-daminated) solutionsThe Paretooptimality principle is
definedwhere a solution to mnulti-objective problen has no
other solutions that better sagisfall the objectives
simultaneousy.

The ability of EAs in evaluatingnultiple populationsof
points enables tme of finding a nunber of solutionsn a
Pareto set. Pareto selection ranks the populatidrselects
the non daminated individuals for th&areto fronts. An EA

comparatie fitness of the solution.This buffermust have 4 has capabilities fonulti-objective optimisation is termed
lengthcomparatiwe to the population size, but need not be tocMOEAs.Theony and applications of MO&Ss canbe foundin

large; approxnately twice the population size imore than
sanple. When an individual has haditness assignedit is
then caonpared to past individuals (both acceptand
rejected) to det@ninewhether or not it should besertednto
the main population. If it is to be accepted, theame
replacenent stratey is invoked and it replacesmember of
themain population. Priontis given tothe worst candidate
always chosen frm the population to be replaced tha
called replaceworst-alvays method for the evaluatiomhe
algorithm used in this researclhas been testal and
parallelisel using the Parallel Virtual Machine (PVM)
framework'.  Solid perfomances throuy several

mathamnatical and realorld teg problans were evidenced
20,21,22,23

Reference ' A particular instance of MO, are
Hierarchical AgnchronousParalld Evolution Algorithms
(HAPEA).

D. Pareto Tournament Selection

ThePareto tournment selectiorwas implemented ly the
authors through the “on-theyfl selectian operator.Through
the on-the-fly selection operator, the self-calibrating£are
able to aglst their parmeters durig the run as well as
resizing the population (R&volutionay Algorithms With
On-The-Fly Populationsize Agusiment). To implemernt an
optimisation algorithm that is equall applicable to both
single andmulti-objective problens, a suitakd selection
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operator capable of handling either situatioug be The onl paraneter that needs to be detémed in advance
developedThe authors propose axtensiorof the standard is the tournment size, a paraeter thatvould exi¢ as asingle
tournanent operator popular imary approache$'** The  objective optimisation nonetheless. Selection of this
Pareto opthality approach is used b the authors in this paraneter requires ansall amount of problen specific
work. knowledge, and should warbetveen Q=B/2 (strong

Most MOEAs configured fomulti-objective optimisation selective pressure) ando = /6 (weak selective pressure)
currenty use the non-duinated sorting approath® that P =8/ P '

adaps an algorithm that is designed as a single objectiveflthoughtheoptimizerisnot overly sensitive to this value Q,
optimiser into amulti-objective optinizer and $ usedby inthe absence of healthier infoation, the useisencouraged
mary researchefs® *3 The problen with sorting approghes  to opt forweak selective pressifsmaller tournanents) The
istha the method is not a fujl integrated one. In practice, ademocratc selection process of selecting individuals at
sortingmethodworks ty computing the set ofion-daninated randon ensured good divergit anongst the selected
solutiors amongs a large statistical sapling (either a large individualsand no niching offorced separationf individuals
population or previous data), and assigning these sol®nswas necessar. An example of it is illustrated in section 1A
rankone. for the TNK mathamatical problen. It can le seenthd this
Then ignoring these points, the process is repeated untihgethodology prodiced te correct Paretéront with a good
‘second’Pareto front is found, and this is assignedkrwo.  giversity in the solutions. It can also be seen thaé event
This process is reiterated until abints are ranked,andthe  the fithess vectors have oglone elenent (a single objective
value of the final rank is assigned to the individual as & Neoptimisation), this operator mplifies to the standard
single objective fithesS he inherent probta arisesthen on  tgurnanent selection operatbr®’
whether it is fair to assign individuals the secondrank

numerically half the fitness of the first, andvhether the third ||| = v/alidation of Methodology
rank deserves a third of the fitness of the first. _ _ _ _
The dilenma arises regardingefevd of equaliy present Two simple test cases are considered to validate this

amongst the solutions, as often soluowith excellent approachmathematical and inverse aerpdamic problems.
informa'.[i_or)may Iie'adjacent to, but not in: .rank orTgo solve A. Mathematical (TNK) Problem

this ‘artificial scaling’ problem, it is possible to introduce
scaling, sharing and niching sche$, havever all of these
require problem-specfic paranetess or knovledge, even in
adaptive approaches The current operator requires no
additiond ‘tuning’ paraneters andvorks sealessly with the
evaluation bffer (B) that explained in section II. B.

The TNK isanexample of a constrained probtethat has a
discontinuous optial Pareto front.This ted consiss of two
objectiveswith two inequaliy constraints as folles:

As illustrated in Fig. 3, the criteria for selection into the TNK
main population requires théte individual x be conpared fl(x) =X
with the selection bufferB) by assenbling a snall subset of f (X) = x

2 - N2

this buffer called ta tournamert Q=[q,,q,,..,q,] where
Q is assenbled by selecting individualérom the bidfer (B),

exclusivey at randam, until itis full. The process ensures that 0 Ox (0
the nev individual is not dminated ly ary other in the Cl(X)E Xf+X22—l—O.l><COSEl6><atan[1ﬁ 0
tournanentand inserted into the population according to the % %

replaceworst-aivays rules.

Subject to constraist

C,(x)=(%-0.5)+(x,-0.5)x* <05

Design bounds

Population —
Osx <sm Osx,<m

Asynchronous Buffer (B)

Two design variables are considered and population size

g_‘):[qﬂ%w%] B of 100 is appliedThis problen uses a discrete rembination

approacho enable the captured complex Paretdronts.As

Totmmeent. 5 1 illustrated in figure 4, it is shevn that the algoritm has
—B=zQ= = B correctly distributed all individuals acrossgRaretdront for

: 6 2

Eyakiste & both test probles. Furthemore it is seen that emenithout

ary explicit niching or redistribution, individuals in the
If xnot dominated ————————— population are vgreveny spread across thieont.

Figure 3. Pareto tourn@ent selection operation.
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Figure 4: Pareto FronT NK.
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B. Inverse Aerodynamic Design Problem
1) Problen Definition

Thisted casg considers the coupling and validation of the vglues 3.81 2.39ft 30°

methodolog for singleobjective inverse aergdamic design
of ONERA M6 wing operating at transonic speedsis
problem has single-objective that consistsroifimising of
the difference be&teen conputed wing surface pressure
distributions and predefined ONERA M6 wing pressure
distributions The flow conditions are illustrated in table 4.
Fitness function is as folus;

041 O n Om i
=minJ——— E - .
f min Hn +m gbsé DJ 4 (CpTarget CpCandldaes) %

where i and j indicate chondise and spanwise number
of wing sections.

Y
OO

a
3.06°

Variabls M Re

0.8395

Values 11.72x10°

Table 4 Flight conditions.

2) Design Variables

In thisted considered, the external geetry of thewing
planfom is fixed as illustrated in Fig. 7 and table Fhe
control points that define the aerofoil sectioris tlaree
spamise stations represent the desigiiables The aerofoil
geametry is represented using Bézier curvegth the
combination of amean line and thickness distributiomhich
will be explained in section IV and V. A varigtinumbers of
intermediate control pointsvhose x-positions are fixed in
advance anwhosey-heights érm the problem unkrowns as
illustrated in Fig. 8The canputedCp will be campared to 21
spamise sections[0:5:100] with 5% increnent and 107
chordvise sections.
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Figure 7. ONERA M6 wing geometry.

Va”abIS AR b AR*C AC*T AC/R AT/R I_Ovelall
30° 0.781 0.5 O°

Table 5.O0NERA M6wing configurations.
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Figure 8. Aerofoil sectionamean line and thickness control
points design envelope.

3) Implementation
Potential flav solver FLO22 is utilised as an aeyodmic
analsis tool and consider the folling paraneters for
Hierarchical Topology.

First Layer. Population size of 2Qvith a computational
grid of 96 X 12 X 16 cells.

Second LayelPopulation size of 4@ith a conputational
grid of 82 X 12 X 16 cells.

Third Layer Population size of 6@vith a conputational

grid of 68 X 12 X 16 cells.

4) Results

This problen was runfor 450 functionevaluationf the
head node, and took approxtely eighty hours. Figure 9
shows the optimisation progress histgifor this test case and
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it is converged around 28€unction evaluations. The Section 1 0% 15 Section 2 20%

geametries of optnised aerofoil sections @compared to ' Optimised Solution —— | ~ T optimised Solution i
targe aerofol (Baseline) in Fig. 10As illustrated, there isa 1 - (FEBEINE weceen 1 [ PESEINE pne .
goodmatch betveen aerfoils geanetries Figllaalsoshovs . N 05 e 3

that there is a goattatch on the cmputed and targesurface ™ 1, :
pressire distribution. Spawise (0, 20, 40, 60, 80nd 90%) 0 : TN
Cpdistributiors areillustrated in figures 5b to 5d and thare  ; f/ : 5

formed allmost equal shapes of tatgep distributions.

b
0 02 04 06 08 1 0 02 04 06 08 1
Figure 11b Target and coputed pressure distribution at 0
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0.055 T T T

T T T

Top Level - Pop Size 2
Level 2 - Pop Size 3
Level 2 - Pop Size 3
Level 3 - Pop Size 3 -
Level 3 - Pop Size 3 -
Level 3 - Pop Size 3 -
Level 3 - Pop Size 3 -
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Figure 9. Optimisation progress histpr and 60% 6span
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Figure 11d Target and cmputed pressure distributica 80
and 90% bspan

) i 4 ]
-0.02 1 1

-0.04
e

, 0 01 02 03 04 05 06 07 08 09 1 Concluding this case; the capabilities of this approach to
Figure 10. Targe ard computed gemetries multi-point  finy ontimal shapes for inverse aerofoil sections shape
aerdoil design. optimisation problens is denonstratedWithout ary problem

specifc knowledge the method has captured the correct
L L3 Dstrbution pressure distribution overféierent aerfwil sectionsoperating
at transonic speed.

IV. Aerodynamic Analysis Tools

Thereare several qoplexities involvedvhen considering
flow at transonic speedA. proper selection and validation of
analsis tools is required before coupling iwith an
optimisation process. A flw solver shouldmeet smone
essential requireents such as: result accwactime
consumption and robustness.

It is aways desirable to use a high fidgliNavier-Stokes
solverwhich accounts for the fle complexities at transonic
speedsThe problem of using full Navier-Stokes solver is the
computationd expens of the solution as one ogutation on
wing might take several hours on a supenpater. In this

0 02 04 086 0.8
Figure 11a. Targd and conputed pressure distribution for
multi-point aerofoil design.
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work, a lov/middle fidelity potential flav solver s validated
and introduced to reduce thengoutational expense.

A. Potential flow solver (FLO22)

The potentid flow solver used in this research (FLO%2) 05 1

is designed for angding inviscid, isentropic, transonic o
past 3D wept wing configurations.The free strea Mach
number is restricted owlby the isentropc assunption and
weak shockwaves are autpatically locatel whereve they
occu in the flow. The finite-difference fan of the full
equatia for the velocity potential is solvedythemethod of
relaxation, after the flo exterior to the airfdiis mappedto
the upper half plane. Further details on the sobaer be
found in the Reference 20. Fiction drag eéxternaly
computed ly utilising progran FRICTION.

B. Friction Drag (FRICTION)

The FRICION progran was developd by
Hendricksof® and provides an estate d laminar and

turbulent the skin friction suitable for use in aircraft ;¢

preliminary design.
Two teg casesare considered to validate the agmamic
analsis tools for optiisation.

1) Validation Test case I: ONERA M& (= 3.06°)

Thisteg ca® considers the ONEAR M6 wing™ operating
a transonc speedsThe flow conditions are illustrated in
table 1. For the computation the authors initigll apply a
computational gridvith 96 cells in the chorgse x-direction,
12 cells in the nonal y-direction and16 cells in the spamise
z-directionwith 200 iterationsThen &fine gridwith 192 cells
in the chordwise x-direction, 24 cells in the nomal
y-direction and 32 cellsiithe spanwvise z-direction with 100
iterations.

Variables M a Y Re
Values 0.8395 3.06° 0°  11.72x10°
Table 1.Flight conditions.
Results

The CPU tine for this canputationwas 62.673s oma
single 1.8GHz processoiThe resultsfrom FLO22 and
expermental data obtainedytSchmitt and Charpin(1979)°

at six spanvise sections (20%, 44%, 65%, 80%, 90% and

95%) are copared in Fig. Bvhere lines represent®22 and
dots for the wind tunnel data. Therewas a bit difference at
80%span Cp distribution. In overall, there isaa good
agreenent betveen FLO22 angvind tunnel data.
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Figure 5a.Cp distribution at 20% and 449 wing span.

Section 3 65% Section 4 80%
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Figure 5b. Cp distribution at 65% and 80% wing span.
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Figure 5c.Cp distribution at 90% and 95% wing span.

2) Validation Test case |l: ONERA M&/(=5.06)

This second test considethe ONERA M6 wing
operatiry at the flov conditions indicated in table Zhe
problanwas solved using a ogputational grid of 96x 12 X
16 for 200 iteratios and then a 1@ X 24 X 32 grid for 100
iterations.

Variables M_ a Y Re
Values 0.8395 5.06° 0°  11.72x10°
Table 2.Flight conditions.
Results

The CPU tine for this canputationwas62.673son a single
1.8GHz processarFigure 6 canpares the results obtained b
FLO22 and expemental data obtainedy Schmitt and
Charpin (1979%° at six different spamise sections (20%,
44%, 65%, 80%, 90% and 95%) good agrement issettled
betwveen FLO22 anwvind tunnel data.
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Figure 6a. Cr distribution at 20% and 449 wing span.
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Figure 6b. Co distribution at 65% and 80% wing span.
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Figure 6¢. Cp distribution at 90% and 95% wing span.

Grid C, C, TiMe, yreion
S 1ae 0438 0.0433 69.45s
82x12%16 0.4373 004 55.83s
6280>5 12 X &g 0.4357 004 46.48s
i
82X6X8 0.4416 0.0422 7.17s

50X 50 0.7% 3%
“oxs0 7% s 585
Soxs0  iaw  isw 422

Table 3.Flight conditions.

1
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Concluding the validation stydhrough tes1 and?2, it is
shavn that the results obtainedy bFLO22 are in good
agreenentwith experimental data. FLO22 has capabil@i®
provide accurate results @nsolve the aerognamic
characteristis for 3D wings operating at transonic speeds.
FLO22 provides sme advantagesthe first bendit is good
accurag even considering the inviscid floassunption. The
othe advantag whencompared full Navier-Stokes solver is
the conputational time; a single coputation takes ogl
50~70 secnds m a canputational grid of 96 X 12 X 16
with 200 iterationsTherdore, the authorsavecorfidence on
the capabilities of the solver for its coupgjirwith the
optimiser.

After same testswith different grid size, it has been
choserfor hierarchical topolog as illustrated in table 3; the
maximum grid size (96 X 12 X 16with 200% 100 iteratims)
will applied at first lyer & precie model The mediun (82
X 12 X 16with 200X 100 iterations) and lower (68 X 12 X
16 with 200X 100 iterations) grid size are appliédr the
second and third Yeers respectivgl Their resuls are less
0.5% accuragdifference andnuchfasterwhencompared to
the results fron precisemodel. In addition the maximum
iterations (20 X 100) are also chosefor hierarchical
structures since the configuration afodd becanes
complicated the result obtained frolow iteration ca not
rely on.

V. Practical Test Cases

A. Formulation of the Problem

For the optimisation, Joint Umanned Cmbat Air
Vehicles (J-UCAVSs) are initially considered such as Boeing
X-45C, Dassault AviationPetit Duc andNorthropGrumman
X-47A/B. Due to thai confidentid wing configurationsthe
baselie UCAV is similar to the UCAV design piect in
Reference 34 and illustrated at Fig. 12.

For stealthpurposes, theing planfom shape is assoed
as an aero-dimond shapevith jagged trailing edgehich is
convenient for deflecting radar echogsg from the sourcé®
%8 Theaircrat maximum grossweight is approxiately 5,190
Ib and enpty weight is 3,29 Ib. The designcharacterisgfor
the baselire wing configuration are illustrated in table Bhe
inboard and outboardveep anglesre 55 degreesinboard
and outboad tape ratios are 0.68.These identical vgeep
angles and taper ratios anade a planfon alignmert tha the
leading edge is parallglith trailing edge.

The authors also agse that this baseline desigontains
two types @ aerdoils as illustrated in table 7;ACA 67-1015
and NACA 66-008 are appliedor the inboard and outboard
sectionsas shawn in figures 14, 15 and 16[he aerfoils
betveen inboard and outboard sectioa® interpolated
autamatically by the flowv solver.
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AR b A N N A A

R-B1 B1-B2 B2-T R-B1 B1-B2

A

B2-T

165 182 55° 55° 55° 0.68 0.6

0.02

Table 6.Baseline UCAVWing configurations.

Sections Type d aerdoil
Root NACA 67-1015
Brea Pont 1 NACA 67-1015
Break Pont 2 NACA 66-088
Tip NACA 66-088

Table 7.Baseline UAYV aerofoil sections.

UCAVs are autonmous aircraft that provielcommanders
apabily to conduct reconnaissancéntelligence,
surveillance, and targ@cquisition (RIFA); battle danage
assegsern (BDA); and special operationsissions. In this
paper, RIS A is considered as illustratéd Fig. 13. Initially,

it climbsup to 40,00Gt then cruise close to the target range al
M, = 0.7. Itwill do stealtly ingress to the targpoint at M, =

0.9 ad Altitude = 250ft and then destyo target or
surveillance target rangat the conclusion o mission the

the c

UCAV

Figure 12.Baseline design for UCAV.

returns to a predeteined location.

Descent

Climb Cruise » | Ingress/Egress Cruise
To @ 40,000ft ] @ 250ft 9 @ 40,0001t & Landing
40,000ft M. =0.7 <) M. =0.9 =] M. =0.7
Transit to ‘—; Capture data | ©
Cruise = Strike Target 2
i i
c c
|4 24
= =

Figure 13.Mission prdile for baseline UBV.

table 8. For the cruise/ingress flight conditiong thift
codficients are calculated 0.1914 and 0.02T&eseC,
values are applied as inequalitonstraintsTo achieve these

lift coefficients, itwas found that the angle aftackshout be
at 5.4@° and 05733 respective}.

Variables M, Altitude  L/Dgaseiine Geometry
Flight conditionl 0.7  40,000ft 16.565
Flight condition2 0.9 250ft 4.729

Table 8.Flight conditions.

B. Optimisation Rationale and Algorithms

The general opthisation rationale is indicatedn
algorithm 1 and 2. The algoritim 1 describes #overall
optimisation process hwit startswith andwhen it stops The
desig proces and computation of UCAV are illustrated in
algorithms 2 that canbine to hierarchical topolgy

1) Algorithm |

The algoritim 1 startswith defining the design variables,
desigh constraints desired flav conditions and fithess
functions.An initial population ofwing geanetrieswhich is
pre-described in hierarchical topolpdayers israndamly
generated.The optimiser will run until the temination
conditions meet. The algoritim generates candidatving
geametries thesewill be evaluatedwith the camputational
modd correspondindo the hierarchical node tahich they
belong ly using algoritim 2. Fran thealgorithm 2, thevalues
of candidate’s fitness are collected avil beevaluatedisan
individual population or discarded. It is also in this stage
where the evolution procesamitation, crossover and
selectio as well as canputation of andmigration of
andidategeametriesfrom one population to another occurs.
the problen is multi-objective the algorithm computes the
non-daninated solutions othetise it will only compute the
update progress histothat shavs the track of fithessvalue
along the number of fitness function. The temination
criterion is satisfiedvhen the prescribedumber of function
evaluationgsreache or when the fitness value goes bela
prescribed nonber.The last stage is the designation of results
such as bestofar individual or nordominated individuals
on the Pareto-front.

2) Algorithm Il

Algorithm 2 illustrates the process for théng aerofoil
sectionsand planfom shape design. It is a part of the
algoritm 1 and used to geneea&n initial populationand
compute the off-strings.The algorittm startswith collection
the infomation of design variables and then the node of
hierarchical topologwill be detemined fran the optimiser.
The information of node contains the mber d aerdoil
coordinates points and the grid esiaf wing geametry. The
shape of aerofoilill be deteminedby Bézie curve function

In the optimisation, tvo flight conditions including the that based on the design variabd the aerofol sections
cruie flight condition and ingress flight conditions are consist of themean line andhicknes contrd points The
investigatedThes baselireflight conditions are illustrated in Bézier functions provide partric curves and this is useful
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to define the shapes and surfadgse x andy coordnates @
Bezier points are depend on the nofibierarchicatopology
thatis controlled ly the methodolog. For thewing design
variables, weep angles, taper ratios and the break pairg
consideredThewing geanetry which basd ongrid size from
hierarchical topolog is generated a&h computed using
FLO22 and FRICION at the desiredlow condition The
aerognamics characteristics are obtainedldinenthe fitness
functions are amputed.

Define Optimisation Problem
® Flow conditions

® Design Variables/Constraints
@ Fitness functions

Algorithm 2

[ Generate Initial Population ]

While
Termination Criterion
Satisfied

Designate Result for
Optimisation

A 4

Terminate
Optimisation Process

® Aerofoil Sections

Generate Offspring
® Wing Geometries

Algorithm 2

[ Send Information to Optimiser ]

No Evaluate Fitness of
each individual in

population

Evolve
@ Mutation & Recombination

® Selection

—[ Update Non-dominated solutions ]

Algorith m 1. Overall optimisation process.
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Generate Candidate Design Yariables

:

@ Aerofoil surface control po
® Wing geometry grid size

Determine the Node for Hierarchical Topology ]
ints

v

Obtain Wing Desigh Variable Info
& AL,
e BP

Inboard ¢

AB—T ’ ;“)z—s ‘ }’JFB ’

BP,

Outhoard

Generate Wing Geometry ) . = ‘:‘: =il
Obtain Aerofoil Design Variable Information “ s
{Root, Break Peints, Tip section) i =
® Mean Line Control Points - ——
® Thickness Control Points DDI:::>

rmation

}

Run FLO22 + FRICTION

At desired Flow Condition

[ Get Aerodynamic characteristics (CL

. Cpoand C) ]

\

[ Compute Fitness functio

-]

Algorith m 2. Wing aerofoi

| sections/planfor optimisation.

C. Representation of Design Variables

In most of the test cases considered in this pajher
aerofoil gemnetry is represented using Bérieurves with a

combination of amean line

and thicknsslistribution Thisis

very common concept in classical aego@mics’. For mean
and thickness control points, x coordinates fixed in
advance ang coordinates & controlled by methodolog.
The design bounds ofiean andhicknes contrd points are
illustrated in Fig. 14, 15 and Math uppe right handcorner

legends.

015

005

005

T T T
NACA 67-1015

Mean-Ctps Upper Bour

Thick-Ctp Upper Bounds

Thick-Crp Lower Bounds +--® -

Figure 14.Rootmean line and thickness control points.
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0.2 T T T T
NACA 67-1015
Mean-Ctps Upper Bounds

Thick-Ctp Upper Bounds
Thick-Crp Lower Bounds !

015 i

o1 F

-0.05

-0.1

015 1 1 I I I 1

Figure 15.Break Point Imean and thickness control points.
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. Tip: Aerofoil 3
5 Asa- Ap2-T
b
5 BP2: Aerofoil 3 N
of . )] Q

Inboard

variables.

Threeted cases are considered and thewsary of test is
illustrated in table 9;

Aerodynanic design & optimisation of

02 . ; r Test Case 1 UCAYV wing aerofoil sections
Mean-Cloe Ui D MaximiseL/D at cruise and ingress flight
Thick-Ctp Upper Bounds ObjECtIVES .
015 - Thick-Crp Lower Bounds - -~ 7| COﬂdItIOI’]S
_ | Design » Maintain the Originalving planfom
N araneters geometry.
. x x P * Replacenent of aerofoil sections.
e - < 1 Aerodynanic design & optinisation of
» % Test Case 2 UCAV wing aerofoil sections and
°r /- ] planform.
oo 4 e 2 2 . * MaximisationL/D at cruise and ingress
i . i o conditions.
g : Obijectives o . .
wl | « Minimisationbending moment at ingress
' conditions .
o : ‘ : ‘ : ‘ ¢ Maintain UCAV wetted area.
g iz g g2 L { Design * Replacenent d inboard/outboard taper
. . _ . paraneters ratios, break points anaveep angles.
Figure 1§.Break Point 2 an@ip mean ad thicknes control « Replacenent of aerofoil sections.
points. Aerodynanic and RCS Design and
Test Case 3 Optimisation of UCAV wing aerofoil
. sections and planfan.
Where X and Y-axis represent the chord length and ns and p . -
. . ; . * MaximisationL/D at cruise and ingress
thicknes respective}. Figure 14 represents the root section - .
) ; . : Objectives conditions.
aerdoil desgnbounds and the baunds d be& pointl aerdoil « MinimisationRCS
are shown in Fig. 15. Figure 16 illustrates the design bounds — :
of beak point 2 and tip section aerofdihe aerofoilswill be _ * Maintain UGAV wetted area.
generated and applied in each spiae positioresillustrated Design  « Replacenent d inboard/outboard taper
in Fig 11.Aswing design variables, threeeep angles, three ~ Paraneters ratios, break points anaveep angles.

taper ratio andao break positions are considetedyenerate
wing model.

Thewing planfom shape is paraeteris@ by considering
the variablesdescribé in Fig. 17.Three diferent taper ratios
ard three sweg angles are considered as planfordesign
variables. In second and third test case, breakg@mtland
BP2) are recmputed tomaintain tle wing wet area The
length of span is also recalculated.

» Replacenent of aerofoil sections.

Table 9.Sunmaty of test cases.

D. Test Case 1: Aerodynamic desigroptimisation of
UCAVWing Aerofoil Sections.

1) Problen Definition

Thisfirst case considers the design andmjsation of the
aerofol sections of a UCAVwhile keeping the original
planfom shape constantThe main objectives are to
maximise the lift to drag ratio atvo operatirg points andat
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fixed angle of attackThe fithess functionsvith and flight
conditions are:
fitnesy(f,) =min(1/(L/D,)), C, 0.1914
- M_=0.7 ard a =5.408
fitnesgf,) =min(1/(L/D,)), C_ 20.0215
- M_=09 and o =05733

2) Design Variables

This problen is sulject ony to side constraints on the

designvariablesThe upper and laver boundgor the aertoil

desig variables are illustrated in Fig. 8, 9 and 10. Seven

control points are taken on theean lire and ten control
points are taken for the thickness distribution respegtivel

3) Implementation

The hierarchical topolog approach is utilisedThe
hierarchicaimodels take different eoputational experesdue
to different resolutions. After avieted casesit was found
that thefollowing population size ahgrid size makea good
balane on the computational efficieng and accuracof the
results The following paranetes are used on the FLO22
solver and the evolutionapptimiser.

First Layer Population size of 15 and computational
grid of 96 X 12 X 16 cells.

Second LayerPopulation size of 40 analcomputational
grid of 82 X 12 X 16 cells.

Third Layer Population size of 60 and amputation&grid

of 68 X 12 X 16 cells.

4) Results

The algorittm was allaved to rurfor approximately 1730
functionevaluationsard took 200 hours on a single 1@Hz
processar Fig. 18 illustrates the resulting Pareto
non-daninated solutions that arempared to baseline (circle
dot) plotted in a little box since is a bigyprovement at
ingress operating conditiorfithess 2. The lift coefficient
distribution for eachmember of the Pareto front is sha in
figures 19 and 20.A higher Ift codficient distribution is
observedor all Paretanembers as caparedwith the initial
design.Paretomember 1, 3, 4 and 15 are selecfedm the
Paretofront to canpare their aerognamic pefformances are
indicated in table 5. Paretoember 3 ard 4 are selecte for
further evaluation since the eveny improved the
aerognamic performance at cruise anshgres conditions
when canpared to other Paretomembers. The aerdoil
sections for these Parateembers are cmpared tahe initial
design in Fig. 21 and table 11. It cam seentha classical
aerogynamic shapes for transonic speeds have l@ived,
even considering that the optisationwas started aopletely
at the randm and the evolution algorith had no problan
specifc knowledge of appropriate solutiogpte. In addition,
the aerfoils for the root and break poirt have a less
max-thickness ampared to initial design, heeve for the

bre& point 2 andtip, the thickness of aerofoil is higher than

D.S. Lee etla

the initial designThe positive canbels are observedit root,
break point 1, break point 2 and @grdoil. The sparwise
pressure distribution bseen initial design andompromised
solutions are shen in Fig. 22 and 23 for thcruise and
ingress flight conditions respectivelFram thes figures it
can be seen that the aerb&®ctiondor thes two geanetries
are shock free at both flight conditions and consequémel
resulting gemetries are supercriticaling.

Pareto Set (15Members)
Best for Ojective 1(Pareto Member 1)
Best for Ojective 2(Pareto Member 15)

)

Compromised Solutions(Pareto Member 3 &

0.036

| ] 2]

0.22

0.034 - Initiaf Deslgln ® il
Wi i [}

0.032 -

0.062

Fitness Objective 2

003 - |
0.028 -

0.026 e .

I I I
0.048 0.049 0.05

I i i i
0.051 0.052 0.053 0.054
Fitness Objective 1

optnal fronts for UAYV wing aerofoll

0.055

Figure 18. Pareto
sections.
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Pareto-Member7 ------ -
Pareto-Member8
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erl0

Pareto-Member12
Pareto-Member13
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Initial Design

CL*C/Cref
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Figure 19. Lift coefficient distribution - Cruise.
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Pareto-Member13

Initial Design
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Figure 20.Lift coefficient distribution - Ingress.
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Pardo Pardo
M4 M15

Initial Pardo Paréo

Description design M1 M3

L/Dcise  16.56 20.872 20.159 20.021 19.295

L/Dingess 4.728 30.464 33.221 34.395 39.285

Table 10Comparison & the aerognamic peformance.

Root Section Aerofoils Initial Design
: ParetoMember3
! ParetoMemberd --------
‘ i i
0 0.2 0.4 0.6 0.8 1
Break Positionl Aerofoils ‘ Initial Design ‘
ParetoMember3d ——
ParetoMember4 -
i i
0 0.2 0.4 0.6 0.8 1
Bresk Position2 Aerofoils ‘ Initial Design ‘
ParetoMember3 ——
ParetoMemberd --------
i i
0 02 0.4 06 08 1

Figure 21.Aerofoils sections for the cgpromised solutions.

05 05

D(ﬁ/:;r}igrt(ijc;n Baselire  Pareto M3  Pareto M4
Thiclzggtmbe)r 15.00.0) 12.2(0.49 12.0(0.41)
Tﬁ{fﬁf;’imnﬁ,le, 15.0(0.0) 11.7(0.51 12.0(0.44)
ey 80(00) 1110048 10.8(058)

Table 11.Comparison of the aerofoil configurations.

Section 1 0% Section 2 20%
15 r T ] | | 15 1 | I
ParetoM13 —— ParetoM13 ——
1= ParetoM14 ====s== _; 1 ParetoM14 ====s=s i
Baseling s=r+eee | ‘ Baseljne --------
05 05 e
T N '
05 & 05
1 L 1 ] ; a N 1 ] 1
0 02 04 06 08 1 0 02 04 06 08 1
Figure 22a.Cp distribution 0 and 20 %- Cruise.
15 Fectlon 3[406 | | | 15 ?ectlon 4|606 | |
. ParetoM13 —— ParetoM13 ——
1 i ParetoM14 =smes=s . 1% ParetoM14 ==s===x o
i Baseling ===+++= i

Baseling =sesssss

0 02 04 06

0.8

1

_1[ |

| I | I
04 06 08 1
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Figure 22b.Cp distribution 40 and 60 %- Cruise.
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Section 5 80% Section 6 90%

25 F I | I I 7 25 | | gl
24 ParetoM13 —— 9 n ParetoM13 ——
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- S— _Baseline «exees . 15 ﬁ < Baseling semee

qL 1 i i i J qL I i ; i J
0 02 04 06 08 1 0 02 04 06 08 1
Figure 22c.Cp distribution 80 and 90 %- Cruise.
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Figure 23a.Cp distribution 0 and 20%- Ingress.
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Figure 23b.Cp distribution 40 and 60%- Ingress.
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Figure 23c.Cp distribution 80 and 90%- Ingress.

E. Test Case 2: Aerodynamic desigroptimisation of
UCAYV Aerofoil Sections/Planform

1) Problen Definition

This test case considers the design andnag#tion of a
UCAV wing aerdoil sections and pldorm geametry
operating at cruise and ingress conditionbis is a three
objectives problen where the objecti is to optimise an
UCAYV wing to produce a high lift tdrag ratio at two flight
conditiors and a lev bendingmoment at ingress conditions.
The fitness function and flight conditions are:
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fitnesq(f,) =min(1/(L/D,)), C, 0.1914
- M_=0.7 ard a =5.408
fitnesq(f,) =min(1/(L/D,)), C_ 20.0215
- M_ =09 and a =05733
fitness(f,) = min (CMy g )

- M_ =09 and a = 05733

2) Design Variables
Only the side constraints are considered for the desig

variables The designvariables are for the aerofoil sections a
three spamnwisestationsas described in Fig. 14, 15 and 16. Fo
e

thewing planfom design, six design variables are consider
including Arg1, Asisz As2t Aren Asiez and Agar TO
maintain the sae wing wetted area as initiadesign and
break point positions are recalculatedgthout twist and
dihedral factors. The upper ath lower designboundsare
illustrated in table 12 and Fig. 24.

Varlables AR—Bl ABl—BZ ABZ—T /\R—Bl /\Bl—BZ /\BZ—T
Lower 80 o o o
Bounds 0.6 %2, ) 0.0 45 45 45
Upper 100 o o o
Bounds 0.9 %A, ) 01 65 65 65

Table 12 Wing planform design variales.

Swept Angle45
nitial Design
Swept Angle65

BPinboara _\. 7 BPoutboard
P i |
30 20 45 65

Figure 24. Wing planform shape correspms to degin
variables.

3) Implementation

The FLO22 solver is utilised and the folling specific
paraneters are considered foretlevolutionay optimiser
using a hierarchical topolggoncepts.

First Layer. Population size of 4Qvith a computational
grid of 96 X 12 X 16 cells.

Second LayelPopulation size of 4@ith a conputational
grid of 82 X 12 X 16 cells.

Third Layer Population size of 6@vith a computational
grid of 68 X 12 X 16 cells.
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4) Results

The algorittm was allaved to rurfor approximately 1550
function evaluations and took 200 hours on a sin@&Hz
processarThe resultirg Paretoset is shan in figures 25a to
25d. Figures 25b and c¢ shdhat the datadistributionsfor
objective 3 vs. 1 and objective 3 V&.representconvex
functionswhile the data for glective 2vs. 1 represerglinear
function. The wing planfom shapes corresponding to the
Pareto front are illustrated in Fig. 28he lift coefficient
distributiors for cruise and ingress conditions are illustrated
in Fig. 27 ad 28. Fg. 29 dows the bending moment
r(%oefficient distribution for the ingress condition. F&areto
{nember 1, 13, 14 and 15 are selected tonpare the
aerognamic perfomances to the initial degigsindicatedin
Eg\ble 13. Paretomember 13 ad 14 is selectd as
compromised solution for further evaluationThe aerofoll
sectionsare caonpared in Fig. 30 and table Mhere it is
observe that the aeréoils for the root and break point 1
statiors contah a lesamax-thicknessvhen caonpared to initial
designaerdoils while the aertoil for break point 2 and tip
statian is thicker than initial aerofoilThe negative aaber
aerdoil is observed at break point 1, break point 2 and tip
sectionwhile the aerofoil at root secticontairs the positive
camber.The spawise Cp distribution betveencompromised
solutiors and initial design for cruise and ingress conditions
are comparel in figures 31 and 32where it can be seen that
the conpromised solution is a supercriticaing. A top, side,
front ard threedimensionalview for one & optimal wing
geametries (Paretonember 14) is illustrated in Fig. 33.

0.35 T T I
; i BestObj1 iw e
03 - serbe BEt-Olf 2o il
i BestOb3 N
(3]
2 02+ =
3
5 015 :
O .
01 - 5 .. : S e
® : H
& |
0 | I
003 004 005 006 0.07 0.08
Objective 1
Figure 25a. Non-daminated Pareto frons objective2 vs
objectivel.
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Figure 25b. Nondominated Pareto fronts objective3 vs
objectivel.
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Figure 25c. Nondominated Pareto fronts objective3 vs
objective?2.
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Figure 27.Lift coefficient distribution-Cruise
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Figure 28.Lift coefficient distribution-Ingress.
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Figure 29.Bendingmoment distribution-Ingress.

Base Pardo

Pardo Pardo Pardo

Description ine” M1 M13  M14 M15
UDoe 1656 26.68 22.222 21.40 17.871
L/Dinress  4.729 18.48  11.388 9.18  4.986
ClMbendng 0.018 0.028 0.0180 0.010 0.0143

Table 13.Comparison 6 the aeroginamic performance.

Root Section Aerofoils Initial Design
ParetoMember13 --------
___________ ParstoMember14 ——
| |
0 02 04 06 038 1
Break Positiopl Aerofoils Initial Design
ParetoMember13 --------
ParetoMember14 ——
|
0 0.2 04 08 038 1
Bresk Positiopn2 Aerofoils Initial Design ;
ParetoMember13 -------
ParetoMember14 ——
I I
0 02 04 06 08 1

Figure 30.Aerofoils sections for the oapromised solutions.

ngggg:g;” Baselire Pareto M13 Pareto M14
Thic.fﬁéztmbe, 15.0(0.0) 13.3(0.72 12.7(0.56)
Tﬁﬁ?(ucjgir:ge) 15.0(0.0) 11.10.33 10.6(0.27)
B;ﬁiﬁ%gﬁge'; 8.0(0.0) 9.80.13)  10.1(0.18)

Table 14 Comparison of the aerofoil configurations.
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Section 1 0% Section 2 20%
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Figure 31a.Cp distribution 0 and 20%- Cruise.
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Figure 31b.Cp distribution 40 and 60%- Cruise.
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Figure 31b.Cp distribution 80 and 90%- Cruise.
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Figure 32a.Cp distribution 0 and 20%- Ingress.
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Section 3 40%
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Figure 32b.Cp distribution 40 and 60%- Ingress.
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Section 5 80% Section 6 90% fitnesd £ ) = min 1/(L/D C 0.0215
1.5 15 ’ .
Paretoh10 —— ParetolM0 —— gr.) (L(L/p,)). C,
ParetoM19 ParetoM19 =====-~ - — —
! Parctohi22 i S @M_ =09 and a = 05733
05 it iBaselgne 05 iBasel;ne fitness( f3) = min (Area,:mnta| /100)

0 — 0
o Ek“ 2) Design Variables
o s . The designvariables are for the aerofoil sections at three
4 AL spanvise stationsasdescribd in Fig. 14, 15 and 16. For the
0 02 04 06 08 1 0 02 04 06 08 1 wing planfom design, six design variables are considered
Figure 32CCp distribution 80 and 90%- IngreSS. inClUding )\R_BJJ )\Bl—BZa )\BZ—Ta Nr-e1, N\Bi-B2 and Ngo1. TO

maintain the sae wing wetted area as initiadesign and
break point positions are recalculatadthout twist and
dihedral factors. The upper ath lower designboundsare
illustrated in table 5.

3) Implementation

The FLO22 solver is utilised and the folling specific
paraneters are considered forettevolutionay optimiser
using a hierarchical topolggoncepts.

First Layer. Popilation size ¢ 200with a canputational
grid of 96 X 12 X 16 cells.

Second LayePopulation size of 4@ith a canputational
grid of 82 X 12 X 16 cells.

Third Layer Population size of 6@vith a computational
grid of 68 X 12 X 16 cells.

Figure 33. Top/sidefront and 3D viev for canpromised
solution (Paretonember 14).

F. Test Case 3: Aerodynamic and RCS de&ign 4) Results
optimisation of UCAV aerofoil sections and planform The algorittm was allaved to run approxnately for 1600
1) Problem Definition function evaluations and took 200 hoarsasingle 1.8 GHz

This test case considers the design andnupéition of a 1he resultingPareto set is shun in figure 34. Figure 34
UCAV wing aerdoil sections and pldorm geametry —Shows that the data distributidor objective 1and2 represent

operating at cruise and ingress condiionaddition one of & linear function.
RCS factors including geaetry area is also considered

Radar cross sectiow, is easy visualised as the produof 65 Lo : ‘BestObjl W o
three factors; i
BestObj3
L
[Geometirc ] o . 0.15 1
o= _ (Reflectivity ) x (Directivity) : . %,
Epross fissctlonsET< 2 . e =
% 01 : : B
where the area of the target presents to the radar can © & : s *
referredto geanetric cross sections. Reflectiyitefers to the 005 - . . ‘. "
fraction of the intercepted per that is reflectedyithe target, : s | oy S
regardlesof direction. Directiviy is related to reflectivjtbut .M o
refers to the power scattered back in the direction of the 0 W ! ! ‘ : !
transmitting radar. 003 004 005 006 007 008 009
In this test, the authors gntonsidered frontal aaeof Objective 1

modd as a geanetric cross section to reduced RChe
objectives are the maximisation of the lift to drag ratios at
cruise and ingress conditionswhile the frontal area is
minimised. The fithess function and fligkconditiors are as
followed:

Figure 34a. Non-daminated Pareto frons objective2 vs
objectivel.

fitnesq(f,) =min(1/(L/D,)). C, 0.1914
@ M_ =07 ard a =5.408
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003 004 005 006 007 008 009
Objective 1
Figure 34b. Non-daminated Pareto fronts ofective3 vs
objectivel.
e ' Best Obj1 '
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o) 022 . —
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Figure 34c. Non-daminated Pareto fronts ojective3 vs
objectivel.
Population .
Objective 3 Pareto Set (30 Members) ©
0.255
0g i
0.1
0.09

09%.07

Objec%\?gmso

Figure 34d. Non-daminated Pareto fronts for WO/
aerognamic and RCS

The wing planfom shapes corresponding toetRareto
front are illustrated in figure 3here it can be sa¢ha most
of non-daninated solutions contain an awashape ofwing
geametry beside aeraiamond plariorm. The lift codficient

D.S. Lee etla

distribution ofPareto set for crussandingres conditiors are
illustratedin figures 36 and 37. Fivmembers (1, 10, 19, 22,
30) of the Pareto front are selected tompare the
aerogynamic peformance in table 15.Therr wing
configuratiors are compared to initial design in table 16
where it can be seen thatethspet ratio becanes almost
double. Paretmember 10, 19 and 22 aselecte for further
evaluatia since they produe highe ratio of lift to drag for
both cruise and ingress conditions amhtan lower frontal
area by 14% when canpared to the initial design in other
word, this leads laver RCS. The aerofoil sections are
compared in figure 38 and table Where it carbe seenthat
the aertoils for the root and break poirtt have a less
max-thickness ampared to initial design, heeve for the
breakpoint 2 ard tip, the thickness foaerdoil is higher and
the positive cabers ae observed. The spamwise Cp
distribution betveen conpromised solutions andinitial
design for cruise and ingress conditcsre comparedin
figures 39 ard 40 where the copromised solutions are the
supercritich wings at ingress conditionsTop, side and
three-dimensional vigvs for non-deninated solutio wing
geametry (Paretomember 22) is illustrated in figures 41. In
addition theirwing geanetries are quite siilar to the stealth
fighter F117 Nighthavk as shan infigure 42.

Pareto M1
Pareto M2

Pareto M3 --------
Pareto M4

Pareto M7 ===
Pareto M8
Pareto M8
Pareto M10 ——
Pareto M11
Pareto M12

Pareto M13

Pareto M16 -~ -
[

Pareto M21
Pareto M22

Pareto M25 -«

Pareto M26

28
I o M29
Pareto M30 --------
Initial Design ———

Figure 35.Pareto set planfar shapes.

05 T T

T
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Paretc nberat
Pareto-Member21 -----
Pareto-Member22

04 -

Pareto-Member25 --------
P

Pareto-Mem Pare
Pareto-Member12 Paret
= : : Pareta-Member13 Saliapald
Pareto-Member30 --------

Initial Design
Pareto-Member16 ------- d

CL*C/Cref
(=}
]
T

Span

Figure 36. Lift coefficient distribution-Cruise
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02 T T T
Sl
015 |
N e e
_P:;reto Member12
T RareteMemberta Pareto-Member30
o Initial Design
g 01 Pareto-Member16 -------- i |
005 - i
]
-15 15
Span
Figure 37.Lift coefficient distribution-Ingress.
. .. Base Pareo Pardo Pardo Pardo Pardo
Description ine” M1 M10 M19 M22 M30
L/Dcrise 16.%5 31.8 27.48 26.8 2546 12.87

L/Dingess 4.729 63.8 57.25 61.8 60.10 7.76
Table 15.Comparison 6 the aerognamic peformance.

Base Pardo Pardo Par¢o Pardo Pardo

Description |.\0” "'M1 M10 M19 M22  M30
Areaon 23.8 21.8 19.98 20.1 20.15 19.28
AR 166 3@ 325 2.8 29 180
Spa 1822 245 2549 23.5 242 18.99

Table 16.Comparison ofwing configurations.

iRoot Section Aerofoils Initial Design
ParetoM10 ——
ParetoM19 --------
| |
0 0.2 04 0.6 08 1
Break Positionl Rerofoils Initial Design :
ParetoM10 ——
ParetoM19 --------
o ; = :
— I
| I
0 0.2 04 0.8 0.8 1
Bresk Position2 Aerofoils Initial Design :
ParetoM%O —_—
ParetoM19 --------
i i i
0 0.2 04 0.6 0.8 1

Figure 38. Aerofoils sections for the agpromised solutions.
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Description .
(%chord) Baselne PM1D PM19 PM22
Root
Thick(Cambey 15.0(0.0) 12.(1.2112.0(0.8912.5(1.18)
BreakPointl
Thick(Cambey 15.0(0.0) 10.3(1.1)110.3(1.0 10.5(0.75)
BreakPoint2-Tip
Thick(Cambey 8.0(0.0) 8.7(0.38 8.9(0.44 8.9(0.33)

Table 17 Comparison of the aerofoil configurations.

Section 1 0% Section 2 20%

15 F i | ) 15 | | ]
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05 :Baseline 05 3Basellin

.......................

0 0 "Q\\\(
05 05 - R . -

E H H H i H : : ‘
qL I i i i J gL I i i i J
0 02 04 06 08 1 0 02 04 06 08 1

Figure 39a.Cp distribution 0 and 20%- Cruise.
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Figure 39b.Cp distribution 40 and 60%- Cruise.
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Figure 39c.Cp distribution 80 and 90%- Cruise.

Section 1 0%

Section 2 20%
{

1 | | 15 | | [

ParetoM10 —— ; ParetoM10 ——
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0- 0§

Y LI O D PO
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Figure 40a.Cp distribution 0 and 20%- Ingress.
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Figure 40b. Cp distribution 40 and 60%- Ingress.
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: ParetoM22 sseersas i ParetoM22 sexeeses
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Figure 40c.Cp distribution 80 and 90%- Ingress.

Figure 41. Top/sidefront and 3D vies for canpromised
solution (Paretanember 14).

Figure 42.F-117 NightHavk.

VI. Discussion

This paper explored the eiapplicationsof HAPMOEA
for UAVs and U@\Vs. The results frm three test casagjive

D.S. Lee etla

1. CPU time cost

TheHierarchical agnchronous approach is pnising but
even using la/middle flow solvers, the amputationscog is
still expensive since the aircrafhodel has a aoplex
geametry. Another reason for a higlomputation& cod isthe
multi-objective approachin the cases evaluated the authors
use the Pareto-EAstechniquewhich is effective in findvide
rangesolution by based orPareb-ranking and sharing but
leads to expensiveRU time cost As further investigation,
there are wo possibleways to redue time expensethe
physicalway by using a cluster of eoputers.The seconds
implementingNasH® *°(Game Theow).

2. Design variation

Two discussion points on design variation are considered.
Thefirst oneisrelatedto non-daninated solutions producing
a stableaerognamic performance atwo design points. In
this paper, wo flow conditions; cruise and ingress are
consideregthiscancause a poor aergdamic peformance at
a transition point or slightloff-setconditions.To guarantee
the stable and high aengthmic perfomane at off-set
conditions, theUncertainty(Taguchif* approach should be
implemented and canpared.The second point is that the three
test cases consideraerognamic performance only without
ary structural considerationd hat can caues an unstable
structure. Currentwork focuses ona multidisciplinary
(aero-structure) design optisation mplementation.

3. RCS solves;

In the final test case, the frontal ares minimised to
produce lov observabiliy aircraft. Even though the
non-daninated solutions regsble a stealt aircraft the
requirenent of introducing a solver that accounts fhe
physics is required. Current tests are being conducted using
RCS prediction softareswith Maxwell (high fidelity) or
physical optic approxnatiori*.

VII.

In this paper, amethodology for the design and
optimisation of UAV/UCAV aerofoil sections andwing
planfom shapes have been described and investigatesl.
methodoloy couples a multi-objective  evolutionay
algorithm and aseries of softare for aerognamic anaysis
for the conceptuband preliminary design of LAV/UCAVSs.
Results indicate the capabilities ¢fie method to find
optimum geametries fa UAV/UCAV wing aerofol sections
ard plarform. Three practical design probies were studied
and shaved the broad applicabyitof method. Afamily of
non-dominated Pareto degins obtaned from optimisation
give the designer a selection so thatythey proceel into
more detal phase of the design process. Futunerk will
focus on the extension of the concept of the practical design
usirg high fidelity solvers andnulti-point design and Radar

Conclusion

still us three discussion points and possible research ayendg®ss Section (RCS) reduction.
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