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Abstract

Dueto their currentsuccessesinmannederial
vehicles(UAVs) arebecominga standardneansof
collectinginformation. However, astheir missions
becomemore comple« and require them to y
farther UAVs can becomelarge and expensve
dueto fuel needs. Sidesteppinghe paradigmof a
X edstaticwing, thevariform conceptdevelopedin
this paperallows for greaterfuel ef ciency. Bulky
wings could morphinto sleeler pro les, reducing
drag, asthey burn fuel. The developmentof such
wings will rely heaily on computationaldesign
exploiting stateof the art optimizationtechniques
thataccountor uncertaintyandinsurereliability.
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1 Intr oduction

Unmannedaerial vehicles (UAVS) are being
used more frequently in all parts of the world
today This type of vehicle can take on mary
different missions, ranging from the conducting
of scienti ¢ experimentsto intelligencegathering
suneillance during the day or night. They are
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capableof undertakingmissionsfrom 50 hours,
like 1Al Malat's Heron, to fractions of an hour
In every case the range and enduranceof the
craft is limited by its storagecapacity for fuel.
In most cases, especially for surwillance mis-
sions,an increaseof missionrangeand endurance
withouttheadditionof heavy fuelis greatlydesired.

The problemis that UAVs today have already
beenoptimizedfor their currentmissionobjecties.
Thus, in orderto conductlonger missions,more
fuel and, hence, the size of the aircraft would
needto be increased. In this proposal,a nev
paradigmis describedthat could allow thesecraft
greaterrangewithout requiringthemto carry more
fuel. Alternatively, they could carry lessfuel than
currentmodelsandstill achievethesameobjectives.

In order to improve the fuel efciency of
UAVs, we proposeusing a wing that changests
shapeduring ight to minimize total missiondrag.
This wing morphing?® approachis referredto as
the variform wing concept The fuel would be
stored in balloon-like bladdersinside the wing
structure. Thesebladderswould shrink asthe fuel
is consumed.A bladders size and shape,aswell
as the possibility of multiple bladdersin a wing,
will be determinedby optimization techniques.
The integratedbladderand elastic structureof the
wing provide a truly multidisciplinaryproblemthat
involvesaerodynamicsstructuresandcontrols.

Thereareotherclasse®f aircraftthatcouldalso
bene t from the variform concept,suchas micro
aerialvehicles(MAVs). However, in this paperwe
will focuson applicationsand examplesinvolving
UAVS.

The variform concept presentedhere differs
from other current research,like that done by
NASA's Aircraft Morphing Progrant®, which uses
piezoelectricto induce shapechanges. The use
of piezoelectricshasbeenmostly for controftt17,
They areusingthemto rapidly changethe shapeof
the trailing edgeof the wings in placeof ailerons
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(or in somecasedo changethe shapeof the whole
wing). The variform conceptas presentechereis
to usethe consumptionof fuel to slowly change
the shapeof the entire wing throughoutthe ight
tolowerthedragonthecraftovertheentiremission.

Researchbeing done at the Naval Research
Laboratory (NRL) also dealswith structure-plus-
power concepty®. Their programhasthree main
designconcepts. Their rst conceptis replacing
someof the passve structureof smallerMAVs with
with battery material. More simply stated, they
incorporatethe battery as a structuralmemberof
the craft, so the weight of the batteryis someavhat
offset by lowering the weight of the structural
componentsneeded. A secondNRL idea uses
autophagousstructure-fuelcomponents. In this
casethe structureitself would be a fuel source,so
the aircraft would self-consumestructureover the
courseof the mission. Their lastconceptis another
type of variform structure-pwer idea. In this
casethe structuralmembersof the wing would be
in ated with fuel. The rst two conceptsonsere
constaniaerodynamicshapesndthusarenot very
similar to the work presentedn this paper The
third conceptis similar in that the aerodynamic
shapeis alteredvia the fuel supply However, the
variformconcepthatis presentedh this paperdoes
not restrict the fuel to be in ated into structural
memberor in ary certaincon guration, but allows
for an optimization processto choosewhere and
how the structureshoulddeform.

In this paperthe variform concepts introduced
in more detail, along with a descriptionof the
researchthat has been completedand an outline
of future work. Initial efforts have focusedon
the development of a computational uid dy-
namics model for predicting aerodynamicforces
and performance. Future efforts will include the
development of a nite element model of the
bladder lled elastic wing structure. The CFD
and FEA codeswill then be integratedto form a
multidisciplinary model of the variform concept.
Shape optimization techniqueswill be used to
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optimize the unin ated airfoil geometryand the
unin ated bladdergeometry The optimizationwill

seekto maximizethe variform UAV's rangewhile
accountingfor systemuncertainties. The model
will allow usersto explore different structural
materialsandvariform designconcepts.

2 Typical UAV Description

To provide a betterunderstandingf the UAV
classof aircraft,this sectioncoversthemainaspects
of the AAI Corporations Shadav.

TheShadev is a smallstealtly monoplangow-
eredby a pusherengine. It hastwo tail boomsand
aninvertedV tail. It is composeaf mainly graphite
andKevlar epoxycompositesTheoptionaltricycle
landing gearis detachable.The Shadav typically
carieseitheravideocameraglectro-opticatamera,
or aninfra-red sensar Hence,it is primarily used
for surwillance and target acquisition. The craft
canbe controlledeitherby pre-programmingr via
remotecontrolandcanbelaunchedy corventional
meansor by a hydrauliccatapult.lt cancarryabout
40 liters of fuel, hasawing spanof about4 m, and
can be up to 149 kg at launcl?. AAI's Shadw
is depictedboth in ight and during launch in
Figurel.

g

Figure 1. AAIl Shadow UAV launch (left) and in ight (right).

The Shadaev exhibits the typical performance
characteristicof UAVS®. It can cruiseat a max-
imum speedof 156 km/h and hasa ight ceiling
resultingfrom the fuel to air mixture in the engine
of 4,575m. The craft can operatefor about5-6

hourswith onetank of fuel andhasan operational
radiusof about125km.

3 The Variform Concept

Thevariformwing is simply awing thatchanges
shapeasfuel is consumedn orderto maximizethe
lift to dragratio. Maximizing this ratio leadsto a
greatincreasean therangeof theaircraft. It is away
of making the aircraft go substantiallyfurther on
the sameamountor lessfuel. For example,saywe
startwith a NACA 23015wing cross-section.As
the fuel is usedup, the wing could morphinto the
shapeof aFX 60-126.Thisis capturedn Figure2,
wherethe outsideline is the larger NACA airfoll
andtheinnersolid sectionis the sleeler shape.

S

Figure 2. Variform Wing Concept

This shapechangingcould be donein a variety
of ways. Oneway this changecould occurwould
be to storethe fuel in balloon like bladdersthat
interactwith the structureof the wing. Whenthe
bladdersare lled the shapewould look like the
outer prole in Figure 2, and when empty the
shapewould look like the inner solid- lled shape.
The simplest bladder con guration, as shovn in
Figure 3A, would just be an oval or ary simple
geometric shape. However, to achieve greater
control of how the wing changesover time, a
non-symmetricshapecould be usedasthe bladder
(Figure 3B), or even possiblymultiple bladdersof
differentsizeandshapeseenin partC of the same
gure.

3.1 MDO Problem Description

The variform wing concept will require an
elastic wing structure capableof satisfying con-
ventional UAV structuralconcerns. At the same
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Figure 3. Possible Fuel Bladder Con gur ations.

time the variform wing's elastic structure must
accommodatahe shapedeformationsinduced by

the pressurizeduel lled bladder The analysisof

thevariformwing involvesa coupled uid-structure

analysisof the wings' geometrythroughoutthe

mission. In addition, one needsto perform a

corventional aeroelasticanalysisof the wing. A

number of structuralissuessuch as rigidity and

the integrity of the wing will needto be addressed
concurrently Additionally, the fuel control, or

pressurizationof the fuel bladders,needsto be

taken into account. This is due to the fact that

theremaybea certainsequencén which theairfolil

shoulddeformto achieze themaximalperformance.
The designprocedureshouldinsurethatthe design
is consistentfor this complex coupled system.
Figure4 illustratesthe coupledsystemanalysis.

Aero

Y

Structures

A v

Fuel

Figure 4. Variform MDO Problem

The designobjective is to maximizethe range
or enduranceof the UAV. Systemconstraintamay
include climb ratesand gradients,stability, maxi-
mumweights,aswell asary otherperformanceor
structurallimitations desired. This could easily be
writtenin the standardorm:

maximize: R(X)

X
X

. _ Aero(x)

subjectto: | Struct(x)

Contr(x)

Wherex arethedesignvariables] andu arethe
upperandlower boundsrespectiely, and Aero(x),
Struct(x), and Contr(x) are aerodynamicstruc-
tural,andcontrolconstraintsrespectiely.

The full MDO problemwould include design
variablesfor eachnodethat de nes the airfoil and
bladdershapegasseenin Figure5) or the parame-
tersneededo describehe shape®f theairfoil and
the bladders®. Additional designvariablescould
include maximumtakeoff weight, cruisealtitudes,
andthrust.

__— Airfo

Fuel Bladder

Figure 5. Variform Parametrization

Once the analysismodel is completed, opti-
mizationmethodscould be employedto searchout
the mostef cient wing sectionsanddeterminehow
they evolve throughoutthe ight. Methodssuch
as Adaptive ExperimentalDesigr* (AED) could
be usedbecauseof their CPU savings. Further
massvely paralleledcomputersvould be usedfor
their time savings. One could apply Reliability
BasedDesign Optimizatiorf (RBDO) to nd the
best design to account for uncertaintiesin the
system.

3.2 Range and Endurance Impr ovement Esti-
mates

For a conceptualuali cation of the savings of
the variform concept, rst considertwo airfoils.

Americanlnstituteof AeronauticsaandAstronautics



The rst airfoil has a thicker cross-sectionand
the secondhas a sleeler pro le. The only other
constraintof thesetwo airfoils is that the smaller
airfoil must t entirelyinsidethelargerone. Next,

we nd the aerodynamicpropertiesof thesetwo
shapesegitherthroughwind tunnel experimentsor
CFD simulations(or both). The dragpolarfor each
airfoil might look like the initial and nal airfoil

lines depictedin Figure 6. The diagram shaws
that the initial airfoil hasa higherdrag coefcient

at every correspondindift coefcient. This may
not be the caseeverywherein the drag polarsbut
shouldbeagenerakrend.

A
Cp

Takeoff ,Initial Airfoil

Landing
' Final Airfoil

Possible Variform Airfoil

Figure 6. The drag polar of the initial, nal, and predicted vari-
form airfoils.

Next, assumehattheaircraftonly loosesweight
via fuel consumption. This is not an essential
assumption, but it is more for corvenienceto
avoid discontinuities. Further most missionswill
be of this type for UAVs. This meansthat there
are de ned takeof and landing weights, with
correspondingoefcients of lift. Thesetwo values
for lift arealsodravnin Figure6.

Finally, if ourwing startedoff in theshapeof the
thicker airfoil andasthe craft usedup thefuel sup-
ply, thewing morphedinto the shapeof thethinner
airfoil, thenthe dragpolar of this aircraftwould be
differentthaneachof the otherairfoils. Let usas-
sumethat this wing's drag polar runs betweenthe
two airfoils andagain, for simplicity, just follows a

5

straightline betweerthetwo. In the exampleprob-

lem at the end of the paperwe investigate further

wherethe actualdragpolarlies. Usingthe Breguet

equation$ for propeller powered aircraft that as-

sumesteadylevel ight, the rangeandendurance
equationsare:

_hC Wo\
R= g (w1>’ (1)
32 P
c G W, Wo

Of all the parametersn Equationsl and 2, the
only valuesthat are not constantare the lift and
dragcoefcients. For this qualitative estimatewe
will just take the averagevaluesof lift and drag
coefcients over the mission. The averagelift is
aboutthe samefor all the airfoils, but the dragfor
the variform wing is signi cantly less than that
of its non-shape-changingounterpartthe thicker
airfoil. From looking at experimentaldataof low
Reynoldsnumberairfoils'?1° this savings could be
in therangeof 15to 30 percent.

3.2.1 Range and Endurance Equations
The Breguetequationsusedin the previous section
senewell only for very roughestimategor thetrue
rangeor enduranceof an aircraft and have mary
assumptionsn their derivations. A few of these
assumptionarevalid for typical aircraftbut arenot
as applicablefor an aircraft with variform wings.
However, they do provide a good referencepoint.
In this sectionwe derive from rst principlesmore
accurate equationsfor analyzing the morphing
wings so thatwe canbetterquantify the rangeand
endurancegain.

Theweightof fuel consumeaveratime change
of Dt isde ned asc P Dt. Therefore,the differ-
ential changein weightdueto fuel consumptioris
c P dt. Consideringhat,theweightof theaircraft
isde ned as:

Wi=Wo W 3
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Herewe assumeéhatthe only changesn weight
involve the fuel weight changeandthatthe weight
decreasewith time. Thus:
cPd:

dWs = dW = 4)

RearrangingEquation 4 and integrating both
sides, time between0 and the enduranceE, and
weightbetweer, (full fuel) andW; (fuel empty),

gives:
E W
/ ot = / "L ow
0 w, CP

From this we get an expressionfor the en-
1

durance:
"L
f e

To nd therangewe multiply Equatiord by Vy
andnotethatVi dt is adifferentialdistancedx. This
gives:

()

(6)

Vi dW
: 7

cP 0
Integrating both sidesfrom x = 0 to the nal
rangeR andthe sameweightsasbeforeproduces:

R W
/ dx = / l\ﬁd\/v:
0 w, CP

Thereforeanexpressiorfor therangeis:

/WO \éd\N:
w, CP

At this point, in orderto simplify the equations
for rangeandendurancewe introduceoneassump-
tion. We assumehatthe entiremissionis level un-
acceleratedght. Thiswouldbeagoodassumption
for anaircraftthatwastrying to maximizeits range
or endurance From this assumptionthe thrustre-
quiredis equal,to the drag of the craft: Tr = D.
Also, the power requiredis equalso the trust re-
guiredtimesthefreestreamvelocityis: Pr = TrW.
Combiningthesetwo equalitiesyields:

Ve dt = dx =

(8)

(9)

Pr= TRV« = DVWv: (10)
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By de nition, the total power of the engineis
equalto thepowerrequireddividedby theef ciency
of the propeller Combiningthis fact with Equa-
tion 10 gives:

DV
ho
Substitutingthe previous resultinto the range
equation(Equation9) simpli es to:
h

" aw:
iy 5™
Becausef our assumptiorof steadylevel ight

W = L, we canmultiply theright handsideof Equa-
tion 12 by {& to get:

(11)

0

(12)

Wo
me [fLhaw

Wy DcW°

FurthernotingthatL=D = C_ =Cp, we getour -
nal expressiorfor therange:

(13)

W C_h dW

Wy CDCW.

Usingthesameprocedurdor simplifying theen-
durancezquatioryields:

R= (14)

(15)

Wh C. dw.
/ CCDV¥ W'
However, this expressioncanbe simpli ed one
stepfurtherusingL = W = %r¥v¥2$|_, solvingfor
Vg, andsubsitutingthatinto Equationl5to getthe
nal endurancequation:

Wy

/Wo h CE:Z
w, C CD

4 Example Case:Flying Wing

I'¥S aw .
2 We2

(16)

To demonstratéhelevel of rangeandendurance
gainedin using the variform concept,we present
herea simpleexample. This exampleis not a best
caseor worstcasescenaridout ratherjust a pseudo
randomexampleto seeif and how much can be
gainedby usingthis new approach.
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This exampleconsidersa ying wing thathasa
large aspectratio andis in steadylevel ight from
takeoff to landing. This assumptionis madeto
male the analysissimpler Using theseassump-
tions we can just analyzethe airfoil cross-section
propertieswhile not worrying aboutdrag from the
airframe body or other three dimensionaleffects.
This is a simpli cation from a real-world UAV;
however, it doesmaintainkey aspectsvhich make
this a reasonablanodel for testing out this new
concept.

For this examplethe airfoils shovn in Figure2,
speci cally, the NACA 23015 morphing into
the FX 60-126, are used. The ying wing was
modelled using parametersof the Shadev UAV
which was introducedin a previous section. The
ight conditions were establishedat an altitude
of 3,000 km, Reynolds numberof 1 10°, and
at a cruising speed,Vy = 33.7 m/s. Using the
nearmaximumtakeoff weightfor the craft, which
must equalthe lift, we calculatea lift coefcient,
C_ = 1:1. Likewise atlanding,subtractinghe fuel
weightgives:C_ = 0:89.

For the airfoil analysisa computational uid
dynamics code, called CFL3D v6.0, developed
at NASA's Langley ResearchCenter was used.
CFL3D is a Reynolds-Areragedthin-layer Navier-
Stokes ow solver for structuredgridst®. The
algorithms employed within CFL3D solve the
time-dependentconseration law form of the
Reynolds-aeraged Navier-Stokes equations. A
semi-discrete nite-v olume approachis used in
spatial discretizatioA®. The corvective pressure
terms use upwind-biasing. Central differencing
is employed for the shearstressand heattransfer
terms.Implicit time advancements used,allowing
for the solving of both steadyand unsteadyo ws.
CFL3D version6.0featuresa new ability to obtain
a solution for a speci c lift coefcient (C_). For
this casethe angleof attack(a) is notknown andis
consideredart of the desiredsolution. Therefore
the analysisof the airfoil cross-sectionwill be
able to predictdrag and allow for runs when the

coefcient of lift is known insteadof the angle of
attack(asin the caseof thevariformwing).

The rst stepof the analysisvariesthe angle
of attackfor the initial and nal airfoil shapego
constructa dragpolar for each. Eachdragpolaris
shavn in Figure7. Also shavn in the gure arethe
takeoff andlandinglift coefcients.

0.045

-©- NACA 23015
—%— FX 60-126
—A— Variform Airfoil

Takeoff

0.04|

0.035

Landing
£ 0.03F

0.025

0.015

Figure 7. Drag Polars from CFD Simulations

Thenext stepwasto linearly morphthe shapeof
the largerairfoil to the smallerairfoil. Then,using
each correspondingintermediatelift coefcient,
the variform airfoil's drag polar was constructed.
A linear morphwasusedpurely asa corvenience,
sinceno optimizationto nd the bestshapechange
over time wasdonein this example.Thus,the nal
resultcould be improved by suchan optimization.
Theresultsareplottedin Figure7. The streamline
o w solutionsfor boththetakeoff andlandingcon-
ditionsareshown in Figures8 and9, respectiely.

Onceall this datawas computedand collected,
the range and endurancewas found for both the
variform and the NACA 23015 airfoils using
the Equations14 and 16, which were derived in
Section3.2.1. It is assumedhat both the speci c
fuel consumptiorandthe propelleref ciency were
constanthroughoutthe ight. Theresultsshaved
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Figure 8. Takeoff, C_ = 1.1

Figure 9. LandingC_ = 0:85

that the range of the of the variform wing was
22.3%furtherandthe endurancevas22.0%longer
thantheinitial staticNACA airfoil.

5 Conclusionsand Futur e Reseach

Even with no optimization done on the var
iform wing in this example case,the range and
endurancencreasewvaswithin the expectedrange.
The increasein both distanceand time was quite
signi cant and would greatly bene t mary UAV
missions.

The example case shavs that the variform
conceptreadily extends missions and therefore,
a more complete model and analysis should be
completed. The work illustratedin this paperlays
thefoundationfor furtherprogresson thistopicand
shawvs thatthe concepis worth moreinvestication.

Further work should be directed towards de-

8

veloping a structuralmodel and nding suitable
materialsthat will allow for this deformationwith

the neededstiffness. Building the full coupled
MDO analysisand parameterizinghe outerairfoil

shapeand inner bladder shapealso need further
study

The majority of the researchremainingfor this
morphingwing designwill be in developing the
restof the software modelfor the completesystem
analysisandthenemploying optimizationmethods
that accountfor uncertaint§ to producea robust
variformwing with maximizedrange.

Onceall the systemshave beenmodelledand
integrated this MDO problemcouldalsosene asa
test problemfor comparingdifferent optimization
methods.
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