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Abstract
Dueto their currentsuccesses,unmannedaerial

vehicles(UAVs) arebecominga standardmeansof
collectinginformation. However, astheir missions
becomemore complex and require them to �y
farther, UAVs can becomelarge and expensive
dueto fuel needs.Sidesteppingthe paradigmof a
�x edstaticwing, thevariformconceptdevelopedin
this paperallows for greaterfuel ef�ciency. Bulky
wings could morph into sleeker pro�les, reducing
drag,as they burn fuel. The developmentof such
wings will rely heavily on computationaldesign
exploiting stateof the art optimizationtechniques
thataccountfor uncertaintyandinsurereliability.

Nomenclature

a Angleof attack
h Propelleref�ciency
r ¥ Freestreamdensity
c Speci�c fuel consumption

∗GraduateResearchAssistant,StudentMemberAIAA
†Professor, AssociateFellow AIAA.

Copyright ã 2002by JohnE. Renaud.Publishedby theAmer-
ican Instituteof AeronauticsandAstronautics,Inc. with per-
mission.

CD Dragcoef�cient
CL Lift coef�cient
D Totaldrag
E Endurance
P Enginepower
PA Poweravailable
PR Power required
R Range
S PlanformArea
t Time
T Thrust
TR Thrustrequired
V¥ Freestreamvelocity
W1 Weightof aircraftwithout fuel

andwith full payload
W0 Weightof aircraftwith full fuel

andpayload
Wf Weightof fuel

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 many
different missions, ranging from the conducting
of scienti�c experimentsto intelligencegathering
surveillance during the day or night. They are
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capableof undertakingmissionsfrom 50 hours,
like IAI 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 surveillance mis-
sions,an increaseof missionrangeandendurance
withouttheadditionof heavy fuel is greatlydesired.

The problemis that UAVs today have already
beenoptimizedfor their currentmissionobjectives.
Thus, in order to conduct longer missions,more
fuel and, hence, the size of the aircraft would
need to be increased. In this proposal, a new
paradigmis describedthat could allow thesecraft
greaterrangewithout requiringthemto carrymore
fuel. Alternatively, they could carry lessfuel than
currentmodelsandstill achievethesameobjectives.

In order to improve the fuel ef�ciency of
UAVs, we proposeusing a wing that changesits
shapeduring �ight to minimize total missiondrag.
This wing morphing18 approachis referredto as
the variform wing concept. The fuel would be
stored in balloon-like bladders inside the wing
structure.Thesebladderswould shrink asthe fuel
is consumed.A bladder's sizeandshape,aswell
as the possibility of multiple bladdersin a wing,
will be determinedby optimization techniques.
The integratedbladderandelasticstructureof the
wing provide a truly multidisciplinaryproblemthat
involvesaerodynamics,structures,andcontrols.

Thereareotherclassesof aircraftthatcouldalso
bene�t from the variform concept,suchas micro
aerialvehicles(MAVs). However, in this paperwe
will focuson applicationsandexamplesinvolving
UAVs.

The variform concept presentedhere differs
from other current research, like that done by
NASA's Aircraft MorphingProgram18, which uses
piezoelectricto induce shapechanges. The use
of piezoelectricshasbeenmostly for control11;17.
They areusingthemto rapidly changetheshapeof
the trailing edgeof the wings in placeof ailerons

(or in somecasesto changetheshapeof thewhole
wing). The variform conceptas presentedhereis
to use the consumptionof fuel to slowly change
the shapeof the entire wing throughoutthe �ight
to lowerthedragonthecraftovertheentiremission.

Researchbeing done at the Naval Research
Laboratory(NRL) also dealswith structure-plus-
power concepts19. Their programhasthreemain
designconcepts. Their �rst conceptis replacing
someof thepassivestructureof smallerMAVs with
with battery material. More simply stated,they
incorporatethe batteryas a structuralmemberof
the craft, so the weight of the batteryis somewhat
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 themission.Their lastconceptis another
type of variform structure-power idea. In this
casethe structuralmembersof the wing would be
in�ated with fuel. The �rst two conceptsconserve
constantaerodynamicshapesandthusarenot very
similar to the work presentedin this paper. The
third concept is similar in that the aerodynamic
shapeis alteredvia the fuel supply. However, the
variformconceptthatis presentedin thispaperdoes
not restrict the fuel to be in�ated into structural
membersor in any certaincon�guration,but allows
for an optimization processto choosewhere and
how thestructureshoulddeform.

In this paperthevariform conceptis introduced
in more detail, along with a description of the
researchthat has beencompletedand 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. Theoptimizationwill
seekto maximizethe variform UAV' s rangewhile
accountingfor systemuncertainties. The model
will allow users to explore different structural
materialsandvariformdesignconcepts.

2 Typical UAV Description

To provide a betterunderstandingof the UAV
classof aircraft,thissectioncoversthemainaspects
of theAAI Corporation'sShadow.

TheShadow is asmallstealthy monoplanepow-
eredby a pusherengine.It hastwo tail boomsand
aninvertedV tail. It is composedof mainlygraphite
andKevlar epoxycomposites.Theoptionaltricycle
landinggearis detachable.The Shadow typically
carieseitheravideocamera,electro-opticalcamera,
or an infra-redsensor. Hence,it is primarily used
for surveillanceand target acquisition. The craft
canbecontrolledeitherby pre-programmingor via
remotecontrolandcanbelaunchedby conventional
meansor by ahydrauliccatapult.It cancarryabout
40 liters of fuel, hasa wing spanof about4 m, and
can be up to 149 kg at launch9. AAI' s Shadow
is depicted both in �ight and during launch in
Figure1.

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

The Shadow exhibits the typical performance
characteristicsof UAVs9. It can cruiseat a max-
imum speedof 156 km/h and hasa �ight ceiling
resultingfrom the fuel to air mixture in the engine
of 4,575 m. The craft can operatefor about5-6

hourswith onetank of fuel andhasan operational
radiusof about125km.

3 The Varif orm Concept

Thevariformwing is simplyawing thatchanges
shapeasfuel is consumedin orderto maximizethe
lift to dragratio. Maximizing this ratio leadsto a
greatincreasein therangeof theaircraft. It is away
of making the aircraft go substantiallyfurther on
thesameamountor lessfuel. For example,saywe
start with a NACA 23015wing cross-section.As
the fuel is usedup, the wing could morphinto the
shapeof a FX 60-126.This is capturedin Figure2,
wherethe outsideline is the larger NACA airfoil
andtheinnersolidsectionis thesleekershape.

Figure 2. Variform Wing Concept

This shapechangingcould be donein a variety
of ways. Oneway this changecould occurwould
be to store the fuel in balloon like bladdersthat
interactwith the structureof the wing. When the
bladdersare �lled the shapewould look like the
outer pro�le in Figure 2, and when empty the
shapewould look like the inner solid-�lled shape.
The simplest bladder con�guration, as shown in
Figure 3A, would just be an oval or any simple
geometric shape. However, to achieve greater
control of how the wing changesover time, a
non-symmetricshapecould be usedasthe bladder
(Figure3B), or even possiblymultiple bladdersof
differentsizeandshapeseenin partC of thesame
�gure.

3.1 MDO ProblemDescription

The variform wing concept will require an
elastic wing structurecapableof satisfying con-
ventional UAV structuralconcerns. At the same
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(A)

(B)

(C)

Figure 3. Possible Fuel Bladder Con�gur ations.

time the variform wing's elastic structure must
accommodatethe shapedeformationsinducedby
the pressurizedfuel �lled bladder. The analysisof
thevariformwing involvesacoupled�uid-structure
analysis of the wings' geometry throughout the
mission. In addition, one needsto perform a
conventional aeroelasticanalysisof the wing. A
number of structural issuessuch 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
theremaybeacertainsequencein which theairfoil
shoulddeformto achievethemaximalperformance.
Thedesignprocedureshouldinsurethat thedesign
is consistent for this complex coupled system.
Figure4 illustratesthecoupledsystemanalysis.

Aero

Structures

Fuel

Figure 4. Variform MDO Problem

The designobjective is to maximizethe range
or enduranceof the UAV. Systemconstraintsmay
include climb ratesand gradients,stability, maxi-
mumweights,aswell asany otherperformanceor
structurallimitations desired.This could easilybe
written in thestandardform:

maximize: R(x)
x

subjectto : l �









x
Aero(x)

Struct(x)
Contr (x)









� u

Wherex arethedesignvariables,l andu arethe
upperandlower boundsrespectively, andAero(x),
Struct(x), and Contr(x) are aerodynamic,struc-
tural,andcontrolconstraints,respectively.

The full MDO problem would include design
variablesfor eachnodethat de�nes the airfoil and
bladdershapes(asseenin Figure5) or theparame-
tersneededto describetheshapesof theairfoil and
the bladders20. Additional designvariablescould
includemaximumtakeoff weight, cruisealtitudes,
andthrust.

Fuel Bladder

Airfoil

Figure 5. Variform Parametrization

Once the analysis model is completed,opti-
mizationmethodscouldbeemployedto searchout
themostef�cient wing sectionsanddeterminehow
they evolve throughoutthe �ight. Methodssuch
as Adaptive ExperimentalDesign14 (AED) could
be usedbecauseof their CPU savings. Further,
massively paralleledcomputerswould be usedfor
their time savings. One could apply Reliability
BasedDesign Optimization8 (RBDO) to �nd the
best design to account for uncertaintiesin the
system.

3.2 Range and Endurance Impr ovement Esti-
mates

For a conceptualquali�cation of the savings of
the variform concept, �rst considertwo airfoils.
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The �rst airfoil has a thicker cross-sectionand
the secondhas a sleeker pro�le. The only other
constraintof thesetwo airfoils is that the smaller
airfoil must�t entirely insidethe largerone. Next,
we �nd the aerodynamicpropertiesof thesetwo
shapes,either throughwind tunnelexperimentsor
CFD simulations(or both).Thedragpolarfor each
airfoil might look like the initial and �nal airfoil
lines depictedin Figure 6. The diagram shows
that the initial airfoil hasa higherdragcoef�cient
at every correspondinglift coef�cient. This may
not be the caseeverywherein the drag polarsbut
shouldbeageneraltrend.

CL

CD
Takeoff

Landing

Initial Airfoil

Final Airfoil

Possible Variform Airfoil

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

form airfoils.

Next, assumethattheaircraftonly loosesweight
via fuel consumption. This is not an essential
assumption,but it is more for convenience to
avoid discontinuities. Further, most missionswill
be of this type for UAVs. This meansthat there
are de�ned takeoff and landing weights, with
correspondingcoef�cients of lift. Thesetwo values
for lift arealsodrawn in Figure6.

Finally, if ourwing startedoff in theshapeof the
thicker airfoil andasthecraft usedup thefuel sup-
ply, thewing morphedinto theshapeof thethinner
airfoil, thenthedragpolarof this aircraftwould be
differentthaneachof the otherairfoils. Let us as-
sumethat this wing's dragpolar runsbetweenthe
two airfoils andagain, for simplicity, just follows a

straightline betweenthetwo. In theexampleprob-
lem at the end of the paperwe investigate further
wheretheactualdragpolar lies. UsingtheBreguet
equations2 for propeller powered aircraft that as-
sumesteadylevel �ight, the rangeand endurance
equationsare:

R=
h
c

CL

CD
ln

(

W0

W1

)

; (1)

E =
h
c

C3=2
L

CD

p
2r ¥ S

p
W1 �

p
W0

: (2)

Of all the parametersin Equations1 and2, the
only valuesthat are not constantare the lift and
drag coef�cients. For this qualitative estimatewe
will just take the averagevaluesof lift and drag
coef�cients 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-changingcounterpartthe thicker
airfoil. From looking at experimentaldataof low
Reynoldsnumberairfoils12;15 this savingscouldbe
in therangeof 15 to 30percent.

3.2.1 Range and Endurance Equations
TheBreguetequationsusedin theprevioussection
servewell only for very roughestimatesfor thetrue
rangeor enduranceof an aircraft and have many
assumptionsin their derivations. A few of these
assumptionsarevalid for typicalaircraftbut arenot
as applicablefor an aircraft with variform wings.
However, they do provide a good referencepoint.
In this sectionwe derive from �rst principlesmore
accurate equations for analyzing the morphing
wings so that we canbetterquantify the rangeand
endurancegain.

Theweightof fuel consumedoveratimechange
of Dt is de�ned asc � P � Dt. Therefore,the differ-
ential changein weightdueto fuel consumptionis
c� P� dt. Consideringthat,theweightof theaircraft
is de�ned as:

W1 = W0 � Wf : (3)
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Herewe assumethattheonly changesin weight
involve the fuel weight changeandthat the weight
decreaseswith time. Thus:

dWf = dW = � cPdt: (4)

RearrangingEquation 4 and integrating both
sides, time between0 and the enduranceE, and
weightbetweenWo (full fuel) andW1 (fuel empty),
gives:

∫ E

0
dt = �

∫ W1

W0

1
cP

dW: (5)

From this we get an expressionfor the en-
durance:

E =
∫ W0

W1

1
cP

dW: (6)

To �nd therange,we multiply Equation4 by V¥

andnotethatV¥ dt is adifferentialdistancedx. This
gives:

V¥ dt = dx = �
V¥ dW

cP
: (7)

Integrating both sidesfrom x = 0 to the �nal
rangeRandthesameweightsasbeforeproduces:

∫ R

0
dx = �

∫ W1

W0

V¥

cP
dW: (8)

Thereforeanexpressionfor therangeis:

R=
∫ W0

W1

V¥

cP
dW: (9)

At this point, in orderto simplify the equations
for rangeandendurance,we introduceoneassump-
tion. We assumethattheentiremissionis level un-
accelerated�ight. Thiswouldbeagoodassumption
for anaircraftthatwastrying to maximizeits range
or endurance.From this assumption,the thrustre-
quired is equal, to the drag of the craft: TR = D.
Also, the power requiredis equalso the trust re-
quiredtimesthefreestreamvelocity is: PR = TRV¥ .
Combiningthesetwo equalitiesyields:

PR = TRV¥ = DV¥ : (10)

By de�nition, the total power of the engineis
equalto thepowerrequireddividedby theef�ciency
of the propeller. Combiningthis fact with Equa-
tion 10gives:

P =
PR = PA

h
=

DV¥

h
: (11)

Substitutingthe previous result into the range
equation(Equation9) simpli�es to:

R=
∫ W0

W1

h
cD

dW: (12)

Becauseof our assumptionof steadylevel �ight
W = L, wecanmultiply theright handsideof Equa-
tion 12by L

W to get:

R=
∫ W0

W1

L
D

h
c

dW
W

: (13)

FurthernotingthatL=D = CL=CD, wegetour �-
nalexpressionfor therange:

R=
∫ W0

W1

CL

CD

h
c

dW
W

: (14)

Usingthesameprocedurefor simplifying theen-
duranceequationyields:

E =
∫ W0

W1

h
c

CL

CDV¥

dW
W

: (15)

However, this expressioncanbe simpli�ed one
stepfurtherusingL = W = 1

2r ¥V2
¥ SCL, solvingfor

V¥ , andsubsitutingthat into Equation15 to get the
�nal enduranceequation:

E =
∫ W0

W1

h
c

C3=2
L

CD

√

r ¥ S
2

dW
W3=2

: (16)

4 ExampleCase:Flying Wing

To demonstratethelevel of rangeandendurance
gained in using the variform concept,we present
herea simpleexample. This exampleis not a best
caseor worstcasescenariobut ratherjust a pseudo
randomexample to seeif and how much can be
gainedby usingthisnew approach.
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This exampleconsidersa �ying wing thathasa
large aspectratio andis in steadylevel �ight from
takeoff to landing. This assumptionis made to
make the analysissimpler. Using theseassump-
tions we can just analyzethe airfoil cross-section
propertieswhile not worrying aboutdragfrom the
airframe body or other three dimensionaleffects.
This is a simpli�cation from a real-world UAV;
however, it doesmaintainkey aspectswhich make
this a reasonablemodel for testing out this new
concept.

For this exampletheairfoils shown in Figure2,
speci�cally, the NACA 23015 morphing into
the FX 60-126, are used. The �ying wing was
modelled using parametersof the Shadow UAV
which was introducedin a previous section. The
�ight conditions were establishedat an altitude
of 3,000 km, Reynolds number of 1 � 106, and
at a cruising speed,V¥ = 33.7 m/s. Using the
nearmaximumtakeoff weight for the craft, which
must equal the lift, we calculatea lift coef�cient,
CL = 1:1. Likewiseat landing,subtractingthe fuel
weightgives:CL = 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-Averagedthin-layerNavier-
Stokes �o w solver for structuredgrids10. The
algorithms employed within CFL3D solve the
time-dependentconservation law form of the
Reynolds-averagedNavier-Stokes equations. A
semi-discrete�nite-v olume approachis used in
spatial discretization10. The convective pressure
terms use upwind-biasing. Central differencing
is employed for the shearstressand heat transfer
terms.Implicit time advancementis used,allowing
for the solving of both steadyandunsteady�o ws.
CFL3D version6.0 featuresa new ability to obtain
a solution for a speci�c lift coef�cient (CL). For
this casetheangleof attack(a) is not known andis
consideredpart of the desiredsolution. Therefore
the analysisof the airfoil cross-sectionswill be
able to predict drag and allow for runs when the

coef�cient of lift is known insteadof the angleof
attack(asin thecaseof thevariformwing).

The �rst step of the analysisvaries the angle
of attackfor the initial and �nal airfoil shapesto
constructa dragpolar for each.Eachdragpolar is
shown in Figure7. Also shown in the�gure arethe
takeoff andlandinglift coef�cients.

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
0.015

0.02

0.025

0.03

0.035

0.04

0.045

C
L

C
D

NACA 23015
FX 60-126
Variform Airfoil Takeoff 

Landing 

Figure 7. Drag Polars from CFD Simulations

Thenext stepwasto linearlymorphtheshapeof
the largerairfoil to thesmallerairfoil. Then,using
each correspondingintermediate lift coef�cient,
the variform airfoil' s drag polar was constructed.
A linear morphwasusedpurely asa convenience,
sinceno optimizationto �nd thebestshapechange
over time wasdonein this example.Thus,the�nal
resultcould be improved by suchan optimization.
The resultsareplottedin Figure7. Thestreamline
�o w solutionsfor boththetakeoff andlandingcon-
ditionsareshown in Figures8 and9, respectively.

Onceall this datawascomputedandcollected,
the rangeand 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 assumedthat both the speci�c
fuel consumptionandthepropelleref�ciency were
constantthroughoutthe �ight. The resultsshowed
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Figure 8. Takeoff, CL = 1:1

 
  
  

Figure 9. Landing CL = 0:85

that the range of the of the variform wing was
22.3%furtherandtheendurancewas22.0%longer
thantheinitial staticNACA airfoil.

5 Conclusionsand Futur eResearch

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

The example case shows that the variform
concept readily extends missions and therefore,
a more completemodel and analysisshould be
completed.The work illustratedin this paperlays
thefoundationfor furtherprogresson this topicand
shows thattheconceptis worthmoreinvestigation.

Further work should be directed towards de-

veloping a structural model and �nding suitable
materialsthat will allow for this deformationwith
the neededstiffness. Building the full coupled
MDO analysisandparameterizingthe outerairfoil
shapeand inner bladdershapealso need further
study.

The majority of the researchremainingfor this
morphing wing designwill be in developing the
restof thesoftwaremodelfor thecompletesystem
analysisandthenemploying optimizationmethods
that accountfor uncertainty8 to producea robust
variformwing with maximizedrange.

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