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ABSTRACT

The unique thermal and mechanical properties etdubdy shape memory alloys (SMASs) present exciting
design possibilities in the field of aerospace pagring. When properly trained, SMA wires actiagdr
actuators by contracting when heated and returtdntpeir original shape when cooled. These SMAewir
actuators can be attached to points on the indiém @irfoil, and can be activated to alter thepghaf the
airfoil. This shape-change can effectively inceetige efficiency of a wing in flight at severalfdifent flow
regimes. To determine the necessary placemenheofSMA wire actuators within the wing, a global
optimization method that incorporates a coupledcstiral, thermal, and aerodynamic analysis has been
utilized. A genetic algorithm has been chosenhasadptimization tool to efficiently converge to asthn
solution. The genetic algorithm used in this casa hybrid version with global search and optirtiza
capabilities augmented by the simplex method wéllective line search as a local search technigueost
function based on the aerodynamic properties ottfeil has been used to optimize this design |emibto
maximize the lift-to-drag ratio for a reconfiguradfoil shape at subsonic flow conditions. A witdhnel
model reconfigurable wing was fabricated basedhendesign optimization to verify the predicted stual
and aerodynamic response. Wind tunnel tests itedican increase in lift for a given flow velocitgchangle
of attack by activating the SMA wire actuators.eTdressure data taken during the wind tunnel felitsved
the trends expected from the numerical pressutdtses

Keywords: shape memory alloy, reconfigurable wing, SMA actuafinite element method, computational
fluid dynamics, genetic algorithm, simplex methddsign optimization

1. INTRODUCTION

Aircraft design involving fixed wing structures eft involves a sacrifice in design point efficiertoyaccount
for off-design flight conditions. These compronsisean be eliminated with the implementation of agwi
that can adapt to its current flow condition. Mampdern aircraft already utilize this adaptable gvin
technology in some form. Variable sweep wings aadable pitch propellers both reconfigure a stivait
aspect of the wing to achieve a desired increasdficiency. Leading and trailing edge high-lifewdces,
such as flaps, can be deflected to greatly incraasi@g’s lift for takeoff and landing.

1.1 Reconfigurable Airfoils

One factor that greatly influences a wing’s effigg at a particular flow regime is the shape ofcitsss-
section, or airfoil. Some airfoils are aerodynaatiic efficient at subsonic speeds, but tend to terea
undesirable shock waves early in the transoniamwegiOther airfoils are tailored to minimize wavaginear
the speed of sound, but do not produce very favenafessure distributions at low subsonic spe@dsical
plots of favorable pressure distributions in sulisamd transonic regimes are shown in Figure 1 Hitfoils
are usually designed with a primary flight conditim mind, for instance a cruise condition of 0M&ch.
These airfoils are generally sub-optimal for theige point because they are fixed and must be ased
takeoff, landing, climb, and descent, in additiorthie design point condition. It would be desieatd have
an airfoil with the ability to adapt to its currefidbw regime and alter its shape to remain effitiahany
speed.
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Figure 1. Pressure plots of typical subsonic (left) and toais (right) airfoils in their respective flow reges

The deformation of an airfoil's shape can be addein two ways — through aerodynamic and structural
means. The first approach focuses on alteringtiraual shape” of the airfoil, or the shape thaetflow
actually “sees”, without deforming the physicalusture in any way. One type of aerodynamic shapéral
uses synthetic jets to energize the flow aroundidoil. This can be achieved by continuous oeintittent
blowing and sucking to energize the flow near thefage of the airfoil, but is highly sensitive ttw
velocity and is typically used to fine-tune the ghaf the flow [2]. Other flow control methods theave
been investigated energize the flow acousticallnechanically [3,4].

The second approach, and the primary focus ofrédsiearch, is based on altering the physical shagieeo
airfoil. This research focuses on developing ahoetto control the shape of an airfoil in a globahse.
That is, to create a reconfigurable wing whoseodirfan achieve the potential large-scale defletio
necessary to maintain high efficiency as flow ctinods change. Reconfigurable airfoil technology ca
increase efficiency, maneuverability, and contbalf must also meet weight, cost, and structuragitbdéy
restraints (such as location of fuel, landing gesc, within the wing) to be considered practicalhe
application scope of the reconfigurable airfoilvisry broad, including micro aerial vehicles, unibitad
vehicles, conventional full-scale aircraft, ornigivers (flapping flight), and submersibles [5,6].

Much of the recent work in the area of reconfiglgadirfoil structures has focused on locally defgna
portion of an airfoil to achieve some specific $inglesign point goal. Typical applications inclutthe
actuation of leading and trailing edge devices %] well as small-scale surface deflections to asme
performance in a specific flow regime [8]. A mafundrance in the development of a reconfigurabfeia
has been the bulky nature of available actuatams ¢hn provide enough force to overcome the strakctu
stiffness of the wing and achieve this shape chamgeilable space within the wing and the weighthe
actuator are design restrictions that can be diffto overcome with conventional actuators.

1.2 Active Materials as Actuators

Recently, much attention has been given to creaittgator systems out of active materials. Piexbet
actuators have been examined for the shape caftb@ams [9] and as active shape control deviced ts
improve an aircraft’'s aeroelastic response [10]heWimplemented as piezoelectric stacks, they baea
used to deflect trailing edge flaps on helicopttor blades [11]. Some researchers have usedttheontrol
wake vortices, dampen wing flutter, and preventvfleeparation over a wing [12,13]. Magnetostrictive
actuators demonstrate high frequency, low strokeattteristics. These actuators have been investidgar
use as active vibration control devices [14]. ghhforce, high displacement actuator is neededh@se the
deformations required for full airfoil reconfiguriity. Current research of shape memory alloyseagaled
that they can be used very effectively as lightiweidnigh force, large deflection, quick-responsauaiors
that may be ideally suited for the reconfigurabtéod application [15,16].

Shape memory alloy actuators are activated by ageh&n temperature and can take several forms. SMA
torque tubes, strips, and wires are all potentmhdidates for the type of actuation needed for the



reconfigurable airfoil. SMA torque tubes have besrad to generate variable twist in an adaptalhg wiut
cooling the torque tube was complicated and expengi7,18]. SMA wires can be heated by electrical
resistance and cooled by free convection. Thiplgractuation method has led many researchersttham

as linear actuators. Researchers have used SM waractuate adaptive spoiler bumps to contraktmic
shock waves [19], and to deflect both conventi@mal hingeless control surfaces [20-25].

Shape memory alloys (SMA) are set apart from othetals by their unique crystalline characterisf2s).
They exhibit one of two crystalline lattice struas depending on the applied stress and temperaiiire
low temperature phase, martensite, consists of olmmo variants and the high temperature phasdgaiis,
is a body centered cubic arrangement. The matemglerties of SMA are dependant on the amountiche
phase present at a given time.

The martensitic phase of an SMA can have a la#ticengement in one of 24 variants depending oroited
stress field, and can appear as twinned or detdinheits martensitic phase, SMA can be defornesilg as
these variants interchange to those that align fiawearably with the local stress field. Heating tBMA will
force a return to its austenitic phase and brirgg 8MA back to its original macroscopic shape. The
recovered strain is called the transformation sfradrresponding to one-way shape memory effeatio-T
way shape memory effect can be achieved by induaimgastic deformation in the material such that a
transformation into martensite results in a maapgcshape change without an applied stress. i$lualled
two-way shape memory effect because macroscopigsesblaange occurs in both the heating and cooling
directions, even in the absence of external stsg254.

Because they are both commonly attainable andwelateasy to implement as linear actuators, SMAeewi
will be used in this research. Two-way trained SMi#e actuators can be attached to points on thidenof
an airfoil after they have been cooled below thetemesitic finish temperature. When the wires agatbd
above the austenitic start temperature, they bémicontract, recovering the transformation stramd a
deforming the airfoil. Upon cooling below the nearsitic finish temperature, the SMA actuators awaipht
back to their original configuration, returning thiefoil to its original shape.

To be fully effective, a reconfigurable airfoil sild be capable of continuous shape change to azlaav
optimal shape at multiple design points. Eachgtegioint may require a different airfoil shape, dth®n
flight variables such as Mach number, Reynolds rennband angle of attack. This type of continuous
morphing airfoil would require multiple actuatoraddéor precise temperature regulation for each desir
airfoil shape. The number of SMA actuators, tlamsformation strain of the SMA, and the locatiorths
actuators within the reconfigurable airfoil are orajactors in determining how the airfoil will defo when
the actuators are activated. However, with thesgbles and the continuous morphing airfoil conaap
mind, the number of possible actuator combinatiitin the airfoil is nearly infinite. A global den
optimization is required to circumvent a potenyidihrge number of local minima and determine thes tr
optimal actuator configuration.

1.3 Genetic Algorithm Design Optimization

Genetic algorithms (GAs) have proven to be effecfir a wide variety of complex optimization praile
They are particularly useful in problems where search space has numerous local optima, as traalitio
optimization methods can easily become trapped. ekample, GAs have been used to find the coorelinat
of an airfoil from a given surface pressure disttibn [28]. In another example, a GA combined with
aerodynamic evaluation from XFOIL is used to filne trotor airfoil shape that maximizes lift-to-dragd
minimizes noise [29]. GAs have also been demotestiras modeling, design optimization, and controls
for piezoelectric actuators on plates for vibratemtrol applications [30, 31, 32].

Genetic algorithms are used as global search atichiaption techniques, and are based on the cormfept
evolution and natural selection [33]. These meshseearch for optima by maintaining a set of candida



solutions and incrementally improving the solutiasing genetically inspired operators. Each sotuii
assigned a fitness value based on some functiendet! to capture the optimization goal.

The disadvantage of the genetic algorithm is isvstonvergence rate. GAs focus on globally exptpthe
search space based on essentially random openaliles local optimization techniques follow the most
promising direction to find an optimal solution &mort computational time with decreased reliahilith
common strategy is to combine a GA with a localrdedechnique to decrease convergence times while
maintaining the global search benefits of the GBne such local search technique is called the sinpl
method. A hybrid GA-simplex method is examined dise with the reconfigurable airfoil design [33[o
further hasten the discovery of local optima, tke af a selective line search is also investiggiép

1.4 Research Objective

This paper will examine the feasibility of the u#eSMA actuators in a reconfigurable airfoil to irase a
wing’s lift-to-drag ratio ¢/cg) at a subsonic flight condition. The design @ teconfigurable airfoil utilizing

a hybrid simplex-genetic algorithm to designateiropt actuator placement will be investigated, ahd t
development of an experimental proof-of-concepbndigurable wing model will also be addressed. The
primary goal of this research is to deform an afliyi symmetric airfoil section to provide a highét-to-drag
ratio at a single subsonic flow condition. A dersivation of airfoil reconfigurability will show thability of
SMA actuators to modify the global shape of antexgsairfoil. This technology could also then beed to
alter other characteristics of the wing, includthgckness and twist. The lift-to-drag ratio wasested as a
base for the optimization function because of élation to wing efficiency in aircraft design. Theethods
presented by this research will be applicable tp @dasired design fitness function, including aerayic,
structural, and energy-based characteristics. gindine current research focuses on a single sub$fagtit
condition, these methods can be used to form amybeu of optimal airfoil shapes across multiple flow
regimes.

The following section will discuss the structuraldaaerodynamic modeling of the airfoil and Sectiowill
focus on the implementation of the hybrid geneliprathm to this design optimization problem. Seat4
will discuss the results of the design optimizatioBection 5 will discuss the development of a diiep
experimental model to verify the results of the poter model, and Section 6 will describe the reiguméble
wing wind tunnel experiments. Conclusions willgresented in Section 7.

2. STRUCTURAL AND AERODYNAMIC MODELING

The focus of this research is to develop a wing, ttarting from an arbitrary airfoil shape, candeformed
into a new airfoil shape that is more efficienaatertain set of flow conditions. The initial aitfshape was a
NACA 0012 and the target flow condition was subsatithree degrees angle of attack. The placearaht
actuation strain of the SMA wires within the defeumnairfoil was optimized such that the new airfeduld
have a higher lift-to-drag ratioc(cy) than the initial airfoil. The internal structued the wing was a
conventional configuration of spar, ribs, and skiCare was taken to avoid the introduction of bulky
mechanisms that would negate the advantages &Nteactuators.

The use of SMA actuators inherently calls for apted thermomechanical analysis environment [35436,3
The achieved actuation strain of the SMA dependdhertemperature of the wire and the stress apphetthe
wire. Aerodynamic forces in the form of a presatiggribution over the wing will also play a role how the
wing deforms, and the resulting deformation of thimg will in turn affect the shape of the pressure
distribution.  Thus, the coupled thermomechanicalicsural model will be linked with a subsonic
aerodynamic model.



All structural analyses were computed using ABAQUScommercial finite element method software
package, utilizing user material subroutines tormtethe SMA material following the model outlined i
Appendix A [38,39,40].

Initially, a three-dimensional FEM wing model wasveloped for structural analysis. The elementsl tige
define the wing skin were four-node stress/dispia@® shell elements. Steel was selected as thme ski
material, with a thickness of 0.254 mm. The spad the chord of the wing were 30.48 cm each. @osin
spacing was used to refine the mesh at the leaalogtrailing edges. Fixed boundary conditionsiin s
degrees of freedom (3 rotation, 3 translation) wapplied on parof the top and bottom surfaces along the
span of the wing to simulate the attachment of dkim to internal load-bearing structures, and 015 m
diameter SMA wires were located at four evenly spdocations along the span, approximately 7.6 panta

It became readily apparent that the three-dimemasiorodel would be too computationally expensivééo
efficient as part of a design optimization tool. t&o-dimensional FEM model was then developed to
simulate the three-dimensional FEM model by assgnaim equivalent distribution of SMA actuation along
the span of the wing. For optimization purposesijra spacing of 20 cm was used. This resulteghimrder

of magnitude reduction in computation time for geulation. The airfoil skin was composed of fourde
bilinear plane strain elements. The dimensionthefwing (i.e., chord length, skin thickness) ramdi the
same as in the three-dimensional case. The twestiianal finite element model is shown in Figureuq
Figure 3 is a detail of the leading edge elements.
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Figure 2. Geometry of reconfigurable wing used for the 2-DMF&nalysis with placement of actuators
shown

SMA actuatao

Z

Figure 3. Leading edge elements and SMA wire connectiontpoin

The subsonic computational fluid dynamics codeagtil in this research was XFOIL, developed by Mark
Drela of MIT [41,42]. XFOIL is a modified panel ted code used to calculate both viscous and iivisc
flow about a 2-dimensional body. The mesh defirtimg CFD model was exported directly from the FEM
output using a Fortran subroutine. For CFD anal)ytbie design flight conditions were kept fixe®Bategrees
angle of attack and a Reynolds number of 1These values were chosen to keep the desigmiaption
simplified in the early stages of its developmenaugh it is feasible — and indeed, necessary tniludtiple
flight conditions be included in future optimizatiooutines. Figure 4 details the staggered styatisgd for
coupling the thermomechanical structural analysih whe aerodynamic analysis. The temperaturehef t
SMA wires is raised from below the austenitic steimperature to well above the austenitic finish



temperature. The temperature increase is dividad dpproximately 30 increments to reduce the rfeed
multiple iterations at each increment. The firgiremental structural deformation is computed byAGRIS.
The resulting deformed shape is captured and uséopat to XFOIL. A pressure distribution is conbel
and returned to ABAQUS to act as an external dhisted load on the next increment. The processpisated

until a converged solution is reached within ABAQUGonvergence is complete when the SMA wires have
reached their final temperature and are fully tramsed.

FEM CFD
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Thermomechanical Surface Panel Method
i=0 i=0
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Thermomechanical __ Displaced _, [Panel Method
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Figure 4. Strategy for coupled aero-thermomechanical amalysi

3. GENETIC ALGORITHM AND OPTIMIZATION PROCEDURE

The design problem presented is a complicated wtilzing several separate analysis codes (strat@md
fluid dynamics), complex geometry, and non-linegsthretic material response. A solution consistiithe
optimal locations of actuators within the airforicatheir respective transformation strains is @esirA cost
function related to aerodynamic performance andestito structural and aerodynamic constraints was
generated, and the genetic algorithm is tasked fiwitting a minimum cost solution. Because the ¢jene
algorithm is a global search method, it is ineéid alone for such a non-linear optimization probleA
hybrid method incorporating local techniques wasoimed with the genetic algorithm to decrease the
number of fitness evaluations needed to reach @mabpvalue. The detailed development of the hybri
genetic algorithm optimization procedure can bentbin Appendix B.
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Figure 5. Hybrid simplex-genetic algorithm schematic



Figure 5 shows a schematic of the hybrid simplexegie algorithm. When the genetic algorithm evtdsa
particular generation, it copies the fittest 10ceet of the chromosomes directly to the next gdiwera This
ensures that the best solutions will remain inrtbt generation of solutions. After that, the &@ppercent of
the chromosomes in the current generation (inctudire best 10 percent from above) participate & th
concurrent probabilistic simplex and line searaig are taken to the next generation. Finally, éhére
population of the current generation is subjectedhie crossover and mutation operators based an the
current fitness.

The hybrid GA-simplex method suits this complexidegproblem well. Because of the vast solutioncgpa
and the non-linearity of the problem, the likelidoof other optimization methods (e.g., gradienthuds)
falling into one of many local minima is very highAdditionally, the GA’s intrinsic operating struce of
chromosomes and genes closely relates to the dpsidplem’s makeup of actuator combinations andrthei
respective properties. In the case of the recordige wing, each chromosome represents a realizatite!
configuration. Each chromosome is defined by tlyemes: the first wire endpoint, the second wirdpeint,

and the transformation strain. This allows fortraightforward translation from the design problerthe
genetic operators of the optimization code. Theegeralgorithm software is a modified version of KEESIS
[33,43] incorporating a simplex method and linerskeaechniques. All codes were executed on an SGI
Origin 2000.

A schematic diagram of the iterative design optatian procedure is shown in Figure 6. The genetic
algorithm maintains a set of candidate solutions, at each iteration, it changes the solution cene that
more accurately satisfies the objectives. Howether quality of the GA’s optimal solution is dirgctelated

to how accurately the evaluation function captutes design goal. Currently, the evaluation functis
based on the lift-to-drag ratio for the airfoil. hHéh the GA needs to evaluate a certain wire cordign, the
evaluation function is called.

Initial Airfoil

—

Inviscid

FEM Analysis Structurally Aerodynamic
(ABAQUS) cceptable? Analysis
(XFOIL)
i
SMA Actuator 5
too long? Penalty Given
pe—_ Acceptable C |7 _~
‘ No
Evaluation
Location Jland actuation Function ‘ Coefficient of Lift
of SMA wires + * Coefficient of Drag Viscous
Aerodynamic
Initial —} Hvbrid GA Analysis
Population y (XFOIL)

Figure 6. Schematic of the iterative optimization procedure

The first step of the optimization procedure chettkensure that the SMA actuator is not too lonthwi
respect to the chord length of the airfoil. Tyfligawhen the SMA actuator is very long, the likelbod that
an acceptable solution will be reached is greatjuced. Therefore, a penalty is imposed and toetstal
and aerodynamic analysis steps are skipped.



If the SMA actuator is not too long, then a finllement mesh is generated and used as input sirtieural
analysis code. The resulting deformed airfoihisrt evaluated to determine whether it is strudiufahsible.

To minimize computational cost, contact forces et the upper and lower airfoil surfaces are not
evaluated, making it possible for the two surfalwepass through one another during the FEM analyAis
simplified surface contact detection code was amitio check for such a case. Instead of continwitiy the
analysis, these physically impossible solutionsgiven an imposed penalty and the aerodynamic aisaly
step is skipped.

If the structure is acceptable, it is then passedhe first aerodynamics step for inviscid analysiBhe

inviscid analysis typically takes much less compatatime than a viscous analysis, but values fagdre
not calculated. If the coefficient of lifg, is higher than 0.08, the model will continue ®dnalyzed in a
viscous analysis. Otherwise, the viscous analtsig will be skipped and a penalty added to théuatian

function. This value of, was chosen to eliminate solutions with negativeesy small lift coefficients.

Finally, if the airfoil has an acceptable invistiitl coefficient, it is analyzed in a viscous CFDadysis. From
this, the viscous coefficient of lift and the coeifint of drag are returned to the evaluation fiomct This
entire evaluation procedure is summarized in Table

The genetic algorithm requires three input varialpper wire — the location of the top surface poihg
location of the bottom surface point, and amountacfuation of the wire. Constraints for these ¢hre
variables are such that the top surface point cdy lme chosen from the top surface of the moddd, the
bottom surface point can likewise only be chosemfithe bottom surface of the model. The amount of
actuation (or transformation strain) can fall besaw®.5% and 5.0%.

Tablel. Summary of Evaluation Function Chain

Optimization 9 variables: endpoint 1, endpoint 2, and actuasivain for each of 3
Parameters SMA wires

Evaluation Function If length of any wire is greater than 50% of th&al chord thenSMA
(cost function) too long:

E= A, + Bi*Wire length

Else if distance between upper and lower surfacdeférmed airfoil is

less than 10% of maximum thickness tiNot structurally acceptable:
E= A, + By*Distance between top and bottom surfaces

Else if the inviscid coefficient of lift is less ah 0.08 thenc, not

acceptable:
B=A;—-B*¢

Else complete viscous analysis and finish iteration
E=A-Bfca/q

Variable Description ¢, ¢q are aerodynamic coefficients of lift and drag

A, B; are normalization constants chosen such that:
E>BE>E>E

A convergence study was performed on a three-amtuatonfigurable airfoil optimization case to ccanp

the relative convergence rates of the GA alone, singlex method alone, and the hybrid simplex-GA
optimization method. The results in Figure 7 shiwat hybrid simplex-GA converges faster than either
method in stand-alone form. An additional convamgestudy was conducted to determine the perforenanc
of the line search method. The results in Figureh8w that the line search method brings a quicker
convergence than the hybrid simplex-GA alone.
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4. DESIGN OPTIMIZATION RESULTS

The results of the optimization procedure includihg aero-thermo-mechanical analysis and evaluation
function are presented in this section. A symmediifoil, NACA 0012, was selected as the initiafal.

The goal of this design optimization is to maximiZey. Figure 9 shows the pressure distribution resiflts
viscous analysis of the initial airfoil at the posed flight conditions: a Reynold’s number of Hd three
degrees angle of attack. A lift-to-drag ratio bbat 50 was returned.
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Figure 9. Viscous analysis of NACA 0012 airfoil

The wire configuration solution found by the geoeatigorithm for reconfiguring a NACA 0012 airfoit a
three degrees angle of attack is shown in Figure Ithere are three SMA wire actuators, whose
transformation strains are designated beside thgpective arrows, and whose material propertige baen
outlined in Appendix A. The four triangles neae tirfoil's midsection are the zero-displacemenirimtary
conditions imposed during structural analysis. SEhpoints were chosen to help bias the optimaltisolu
thus reducing the number of bad solutions, whilentaining a feasible representation of a wing'singl
structure. The resulting deformed shape is showlFigure 11. Note that both the leading edge aaiting
edge are drooped, effectively creating camber adtwsairfoil.
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Figure 10. Optimal SMA actuator configuration from genetigalithm with transformation strain shown for
each SMA actuator
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Figure 11. Deformed shape after SMA actuation

The pressure distribution from the viscous analgéithe resulting airfoil is shown in Figure 12 hel lift-to-
drag ratio of the deformed airfoil is 72.8 — roughb percent higher than that of the original airfo
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Figure 12. Viscous analysis of GA-optimized deformed airfoil

Viscous analyses of both the original and the teguhirfoils were also performed at two and foegrkes
angle of attack, and also showed an improvemegidn

5. EXPERIMENTAL MODEL DEVELOPMENT

A fully operational reconfigurable model has beavealoped primarily as a proof of concept, but dlso
experimentally verify the structural and aerodymanaisults of the design optimization.

5.1 Small-Scale Reconfigurable Wing Model

The model has a chord of 30.48 cm. and a span.dB83fn. The initial undeformed airfoil is a NACAIR.
Four SMA wire locations were designated near thdileg edge along the span of the wing. Experievitte

the optimization code has shown that trailing edegiections have had the most effect on increafirdift-
to-drag ratio. However, workable volume in thaling edge of the wing at this scale was minimélwas
determined that only leading edge wires could bplémented in this experiment. The leading edge wir
locations were determined by the optimization eéffooutlined in this paper. To instigate trailindge
deflections using only leading edge wires, load tmemmehow be transferred across the zero-deflection
boundary conditions. Therefore, in the interesj@fierating a measurable change in the lift-to-datig, the
upper surface boundary conditions were removeddilitate the transfer of load across the top serfaf the
modef. The thickness of the ABS skin provides enougffnsss to resist aerodynamic load deformation at
this scale.

The optimization model was based on ideal conditidout the development of the experimental wing
introduced some implementation issues. The comredf SMA wire actuators to the skin ultimately
resulted a 300% increase in SMA wire length, duiéetoin the linkage system. The available SMAanrad

a cross-sectional area half the size of those stk optimization; therefore two wires were plhed each
wire location. A new structural FEM model was deped to verify the design changes. Originallgteel-
skin model was developed and achieved a trailirge etkflection of approximately 3.0 mm., comparea to
predicted value of 3.1 mm. It was not fit for witithnel testing, and the ABS skin model was deedop
The ABS skin model is shown in Figure 13. The fegghows the layout of the internal structural meralof
the wing.

! Though the authors acknowledge that this mighinseerealistic on a manned-flight scale, the reélezminded that
unmanned vehicles are not subject to the samesieveight restrictions, and this type of strucimay yet prove
feasible. Aircraft design feasibility aside, thésa proof of concept effort on a small scale modmlture work involving
experimental wings on a larger scale will be thly eray to truly verify the full multi-wire optimiz#on.

11



SMA attachment Wing spar SMA wires
strip

SMA tensioner

E ‘ _ : bolts
Mnn R 5 - S

Collar for adjustable
angle of attack

Figure 13. Second-generation prototype wind tunnel model

The FEM analysis (modified to account for the inmpdatation issues discussed above) is shown in &igur
14. A trailing edge deflection of 5.0 mm was poted. Figure 15 shows a cross-sectional view efath
wing section in an undeformed state. Figure 16wshan identical camera angle of the model in ayfull
actuated position, and shows a trailing edge dedleof approximately 6 mm. The difference betwdiea
predicted deflection and the actual deflectionesrisom the rough experimental measurement techragd
the complex factors in design as well as the faett the numerical solution assumed a uniform and
homogeneous skin material, when in actuality te®ianption is not strictly correct.

Original

~

Deformec

Figure 14. FEM analysis of ABS plastic-skin wing
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Figure 16. Trailing edge, actuated state

6. WIND TUNNEL TESTING

The goal of these tests was to measure the pregstiribution over the original and deformed airfgtiapes
to verify that an increase in lift was being aclkigv The pressure data must be reduced into a non-
dimensional coefficient of pressure tei@, Cs is calculated as follows:

P-P. _ P-P. (1)

C,. =
P7V2 q

N

where p- p, is the differential pressure measured by an e@pitally scanned pressure (ESP) instrument.

This differential pressure is normalized with regpt the dynamic pressurg, which is a function of
density,p, and free-stream velocity, If the flow is incompressible and no Mach eféeate observed, the
Cr pressure distribution should be the same regardie8ow velocity.

The non-dimensional normal force coefficient candetermined from the pressure distribution data by
integrating between the upper and lower presstéldlition curves as follows:

C, =

Ol

I (C p.lower - C p,upper )jX (2)
0

wherec is the chord length of the airfoil. Finally, talculate the coefficient of lift for a given angiéattack,
the angle of attack must be corrected for in thenab force coefficient calculation:

G =C,cos 3)

An ESP was used to capture pressure data from 29 plong the upper and lower surfaces of the wing.
More ports were desired to increase resolution theitavailable space within the model limited tlnber.
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Figure 17 shows the actual configuration of thedpsurface pressure ports on the wing mountedeimihd
tunnel.

as (17
o0 (L
o0 (2]

Figure 17. Lower surface of wing showing pressure port limeest

The wind tunnel tests were conducted at the Tex&®l 2'x3’ low speed wind tunnel in College Station,
Texas. The model was subjected to flow velocitie8.5, 10.2, and 12.0 m/s. The ambient test ¢mmdi
were a temperature of 1€, an atmospheric pressure of 101.1 kPa, andrateasity of 1.21 kg/th The
model was swept through 0, 5, and 10 degrees arighttack. An additional 16.0 m/s velocity run was
preformed at O degrees angle of attack to furtikaméne performance at higher velocities. For esh
case, data was taken in the undeformed configurafithen, the wing was actuated and data was tiakitre
deformed configuration.

6.1 Wind Tunnel Experimental Results

It is first prudent to verify that the flow is inogoressible at the test velocities. Figure 18 shiseffect of
velocity on pressure distribution over the undefednwing at five degrees angle of attack and Fidi&e
shows the same effect on the deformed wing. Asdefarlier, for incompressible flow, the normalized
pressure distributions should be identical. Thiereome small experimental error to be expectedhso
velocity sweep data was used to calculate a mezsspre distribution for a given wing state (undeied or
deformed) for a particular angle of attack (0, 6,16 degrees). These mean pressure distributidh®ev
used to compare experimental results with numerasllts.
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Figure 18. Velocity sweep, undeformed casé,amgle of attack
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Figure 19. Velocity sweep, deformed casé, d&ngle of attack

The next series of figures shows the deformed mdeformed case pressure distributions for eacheanigl
attack. Figures 20, 21, and 22 show this comparg®, 5, and 10 degrees angle of attack, resgécti

—— Undeformed
—— Undeformed
—6— Deformed
—6— Deformed

01 02 03 04 05 06 0.7 0.8 09 1
%chord

Figure 20. Effects of deformation on pressure distributionafigle of attack
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Figure 21. Effects of deformation on pressure distributiohaBgle of attack
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Figure 22. Effects of deformation on pressure distributior, &0gle of attack

Curves were fit to the data and the integral betatbe upper and lower surfaces was calculatedhtb thie

lift coefficient, ¢ Table 2 shows the results of those calculations.

Table 2. Change in lift coefficient due to SMA actuation

Angle of Attack Lift Coefficient- Lift Coefficient- Ac % increase
Undeformed case | Deformed Case
0 0.072 0.134 0.062 N/A
5 0.510 0.555 0.045 8.79%
10 0.837 0.892 0.055 6.59%

The greatest improvementanis at zero degrees angle of attack, with an irsgred about 0.062. At five and
ten degrees angle of attack, increases of 0.049D.85%, respectively, were observed.

6.2 Comparison of Experimental and Numerical Result
Computational fluid dynamics calculations were perfed on the original and deformed airfoil shayppedf

5, and 10 degrees angle of attack. The next giurds show an overlay of these numerical pressure
distributions over the average pressure distrilmgticalculated from the velocity sweep shown in FagL23-
28. Figures 23 and 24 show the comparison of éxatal vs. numerical pressure data at zero degege
of attack for the undeformed and deformed caségur&€s 25 and 26 show similar data for five degeeegle

of attack, and Figures 27 and 28 show the pressumparison data for ten degrees angle of attack.
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Figure 24. Numerical vs. experimental pressure data

undeformed case®@ngle of attack Figure 25. Numerical vs. experimental pressure
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Figure 26. Numerical vs. experimental pressure data, ) _
undeformed case?@ngle of attack Figure 27. Numerical vs. experimental pressure

data, deformed case’ &ngle of attack
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Figure 28. Numerical vs. experimental pressure dataFlgureZQ. Numerical vs. experimental pressure
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At zero degrees angle of attack, the numericalidiftero, indicating a symmetric undeformed airfoilhe
numerical data for the deformed airfoil at zerordeg angle of attack shows some lift, indicatireg tamber
was achieved. The experimental pressure distributiatches the numerical pressure distributionyfair||

for the undeformed case. For the deformed caseever, it is necessary to note that while the arpemtal
pressure distribution follows the general trendthedf predicted numerical distribution, some detdisnot
appear as expected in the experimental data. Aadson of the\c for the computational and experimental
data is shown in Figure 30. The experimental datavs aAc, that is approximately half that predicted by the
numerical data. While it is not as high as expmbcthere is a demonstrated increase in lift duSNHA
actuation in the reconfigurable wing.

0.15

0.1

—e—Numerical

4,\ —o—Experiment
0.05 ——

ACI

0 5 10
Angle of Attack (degrees)
Figure 30. Ac vs. angle of attack for experimental and analy/ticda

7. SUMMARY

The reconfigured airfoil shape is greatly dependgun the original airfoil shape, the boundary ¢toals
imposed on the airfoil, and the location and trarmeftion strain of the SMA wire actuators. An inagd
finite element analysis/computational fluid dynasnienvironment was developed with the capability of
incorporating the thermomechanical response ofSti& actuators to simulate the structural response a
aerodynamic characteristics of a reconfigurablegwinThis staggered-coupled analysis environment was
heavily used as a design tool.

A hybrid simplex-genetic algorithm has been introelll as the primary design optimization method. sThi
method combined a stochastic global search methibdseveral local search methods to achieve anmapti
solution. The optimal solution in this case wastfoee SMA wires embedded in a symmetric NACA 0012
airfoil section. The goal of the design optimipatiwas to achieve a reconfigured airfoil shape ltizat the
highest lift-to-drag ratio at a°&ngle of attack in subsonic flow conditions. A/dfcrease in the lift-to-drag
ratio was predicted for the optimal case foundheyGA.

A reconfigurable wing model was then developeddunfy the structural and aerodynamic response predii

by the computational analyses. The ABS skin pr@etyeconfigurable wing model was developed after
unforeseen manufacturing difficulties were overconfe rapid prototyping machine was used to create a
ABS plastic skin with the accurate initial airfahape. Actuator attachment points were designedtire
skin.

Structural and aerodynamic analyses were perforaredhe reconfigurable wing model. The structural
analysis predicted a trailing edge deflection opragimately 5.0 mm. For comparison purposes, the
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experimental trailing edge deflection measurechinliench test was about 6.0 mm. Wind tunnel tests
conducted to obtain experimental pressure disiohudata over the original wing shape and the deéar
wing shape. These experimental pressure distobsittompared well to the numerical pressure digiohs

for the undeformed case. For the deformed case.eiperimental data matched less closely, but still
followed the expected trends.

The lift coefficient increased by 0.062 at zerorgeg angle of attack when the wing was deformed). 045
at five degrees angle of attack, and by 0.055 ratdegrees angle of attack. This is comparabléeolift
increases seen by other researchers. Scheréif2di,dor instance, achievedZs that ranged from 0.03 to
0.09, based on SMA-actuated trailing edge flap edtibtns. TheAc that was achieved by the SMA
reconfigurable wing is still somewhat lower thae tralue predicted by the numerical simulations.site
this, an increase ig was observed at all angles of attack, indicathmg successful operation of the SMA
reconfigurable wing in wind tunnel conditions.

The design methods presented in this paper comkiremipled thermomechanical structural analysik @it
subsonic aerodynamic analysis. These analyses twereused to form a fitness evaluation functioat th
could be used by a hybrid genetic algorithm to finel optimal SMA wire actuator placement within ggv
to achieve the highest efficiency at a certainageflow conditions with a given initial wing shapeThis
research has begun to show the possibilities preddry the SMA actuated reconfigurable wing coneat
has presented a foundation for design optimizatamplement this technology.
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APPENDIX A : SMA MODEL

The model defined by these subroutines is a phenolomgical constitutive model using a general
thermodynamic framework with internal state vamab[38,39,40]. A summary of the constitutive SMA
model in one-dimensional form is as follows. Thel&> free energy for the 1-D case can be defireed a

623250t —Lofa(r-T)reled (T-T)-T(T4 || -sTou+ 1) @

wherep is the densitySis the compliancegis the applied stress;is the thermal expansion coefficiert,
is the transformation strairg is the specific heats, is the entropyu, is the internal energyé is the
martensitic volume fraction, anﬂ(f) is the strain hardening functiolg a, ¢, S, andu, are defined in terms
of the martensitic volume fraction by a rule of tobes as

1 1 1
S = E/«Jrf(EM _EAJ’ a=a’+ila” -at)

C:CA+£(CM _CA)7 So:Sc;\"'@t(Sc’JVI _SOA)’ uO:u0A+r,‘(ug" _utﬁ)

The strain hardening function is defined as

f(g):{%pb“”f“(ﬂﬁ#z), £>0 ©
%pbAfz + (:ul - :uz)’ ¢<0
whereob", pb™, 14, andu, are transformation strain hardening constantsddfas follows:
pbA:_mso(AOf —AOS), pr =-pASO(M Os_MOf) @)
= y° = phug, 1, = ¥ (0 - o) 8) (
Y= % ohs (M + A7) (©)
The relationship between transformation strain thedmartensitic volume fraction is expressed by
£ = N¢ ®)
where/\ defines the transformation strain direction, adssumed to have the following form:
Fioo
g
A= . €)
;¢
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where £ | andé, are the transformation strain and martensiticwa fraction at the reversal point of the

forward phase transformation, ardl is the maximum uniaxial transformation strain far particular
transformation cycle and applied stress. The tbdymamic force conjugate &ois defined as

0G
mT=0N\-p—. 10
pag (10)

Substituting equation (4) into equation (9) yields
1 2 of T
T = 0N +EASJ + pAs, - pﬁ— phu, +Dac (T -T,)- pAc| (T-T,)-Tln % (11)
0

where
AS=S" -S*  As, =5 -sf, Ay, =u) -ul, Ac=c" -c?, Aa=a"-a" (12
and
phu, = pAs, T (13)
where
Tea =1 (M% + A (14)
The transformation functior®, is defined in terms of the thermodynamic forcéhia following manner

qn—{”_Y’ ¢>0 (15)

-m-Y, é<0

whereY denotes the measure of internal dissipation deeatsformation. The evolution of the martensitic
volume fraction is constrained by the Kuhn-Tuckanditions,

£20 (0, T,8)<0 ®E=0

(16)
£<0  ®(0,T.&)<0 ®&=0
Satisfying the 2 law of thermodynamics leads to the following ciintive equation
sz—pa—G:Sa+a(T—T0)+£t. (17)
0o
The stress is expressed from equation (17) as
o= —+ le-a(@)aT -] (18)
s(¢)
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This material model only accounts for one-way shanory effect (SME), while the actual SMA wires
used in the reconfigurable wing exhibit two-way SMBowever, for modeling and optimization purposes,
one-way SME is sufficient to achieve a deformefbdishape since the modeling of the return todhiginal
airfoil shape is beyond the scope of the currenmkwo

Experimentally, however, the wires must exhibit tway SME to achieve the desired actuator effedier@

are several ways to achieve two-way SME in shapmong alloy wires, as described by deBlonk et al[27
Two-way training is achieved by first deforming tBpecimen under appropriate load in the martensitic
phase. Then, the specimen is heated to its atistphiase and cooled back to a martensitic phasfeer
many cycles, the specimen will begin to exhibit tway shape memory effect. The K type NiTiCu SMA
wires used in this work were 152 mm in length aad h diameter of 0.59 mm. The wires were trained b
loading them to 372 MPa and cycling fifty 0°C td020 thermal cycles. A temperature-displacementecur
showing four training cycles is shown in Figure 35.
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Figure 35. Four SMA wire training cycles

In this work, the wires are heated by electricatent and cooled by natural convection. The wireseaput
through a series of tests and demonstrated redueeta@ansformation strain of about 3.7%. A diffaiel
scanning calorimeter was used to determine the¢ atat finish austenite and martensite transformatio
temperatures. The resulting DSC curve is showRigure 36. Quasi-static force-displacement testgew
conducted on a load frame to determine the modafuslasticity for both the martensitic and austienit
phases of the material. A summary of the materiaperties used to model SMA in this research asvshin
Table 3.

Table 3. SMA wire material properties

A% 53.7°C

A" 59.5°C

MO 45.7°C

MO 39.3°C

Ea 65 GPa

= 20 GPa

H 0.136

N 0.33

a™ 10.0E-6 /°C
a® 10.0E-6 PC
pAS -9.52E6 MPa fC

24



bt
=
=

Peak|= 56 4533|°C

ra ra
) oy

=} o
—=

fet——

o
é Ares|=7.200 Ji
o DeltalH = 7.200 Jig
o 265
2
g Onzet =|53.725 l/l | End = 15,502 °
z T
260
i L]
: ] — |
E e _,_..--*"""d_' I I . ““‘—-...q_‘_
. —
: Py ———
E 5,
N el End| = 39 303°C Onset|= 45 673)°C Mt
=Y

\ [ Area = 6528 Ji
o4t Delta H|= -5.828 iy

Peak|=42.952°C

240
-20 -10 0 10 20 30 40 50 50 70 30 a0 100 110
Tempersture ("C)

Figure 36. DSC curve of SMA wires

APPENDIX B — GENETIC ALGORITHM

The genetic algorithm requires the evaluation @ifreess function at a number of solutions. Eadutsm is
typically coded in a binary string called a chromoeg, and a set of these chromosomes forms a pimpulat
This population will “evolve” over the course ofvegal generations until a satisfactory solutiomeiached.

To make GAs better suited for numerical optimizatmoblems, real-coded GAs can be utilized in taee

of their binary-coded counterparts. In the realem GA, each variable (gene) of the problem donmin
represented by a floating point number in the cluseme. The real-coded GA has been shown to
outperform the binary-coded GA in continuous praideand will be utilized in this research [28,44].

The evolution from one generation to the next iweslthree steps. First, the current populatioramked
using a fitness evaluation function. Second, thestdchastically selects parents from the curremegation
with a bias towards fitter chromosomes. Third, 8% reproduces offspring from the selected parasisg

the genetic operators of crossover and mutatidme ¢cfossover operator exchanges information betiveen
chromosomes, and the mutation operator alters malydohosen bits of a chromosome. The crossover and
mutation probabilities dictate how often these giengperators are applied to a population. A naiferm
mutation operator is recommended for the real cdaled In this mutation, a random integpr between zero
and one is chosen, and the ga&pnis mutated as follows:

xk+(xmax — Xy 1—r{17[ p=0

X, = (19)

Xk+(xm'n_xk 1-r p=1

Wherexmax andXnin are the upper and lower boundsxgfrespectivelyr is a random real number between 0
and 1,T is the total number of generationigs the current generation, abddefines the rate at which the
range of mutation is narrowed over the course ®GHRA'’s iterations [34].
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This hybrid simplex-GA method considers a minimiaatof a function of n variables by choosing n+1np®

in n-dimensional space. These points, denote¥yaX;, ... , Xx+1), define the current “simplex” [45]. The
method then forms new simplices by reflecting thersw pointX,, with respect to the centroid of rest of the
points. The worst point is then replaced by thieotéd point, denoted b, such that

X, =X +3(X -X,) (20)
where the reflection coefficiend, is unity for the simplest case, and

Y: (X1+X2+"'+Xw—1+XW+1+XN+1) (21)

1
N
Figure 37 shows an example of a three dimensiomgdlex [33]. In Figure 37(a), A and B are goodrgsj

D and E are the worst points, C is the centroid@nd B, and D’ and E’ are the points resultingrrthe
reflection of D and E across C, respectively.

@ (b)
Figure 37. Simplex diagram for a two-dimensional optimizatfmoblem

Nealder and Mead proposed a modification of thepkm algorithm by introducing expansion and
contraction operators. |If the reflected point &ftér than the current minimum, a better minimursdeght
by choosing a point further along the reflectiomension. This is referred to as expansion. Onother
hand if the new point becomes the worst or secoostwpoint, it is replaced by a point lying betwebe
centroid and the current worst point. This operais called contraction. If the result of the gantion is
still the worst, then every poin is replaced byX+X,)/2 whereX, is the best point. Better convergence
rates with the hybrid GA are achieved by startirithw+k points instead afi+1 and reflectink worst points
simultaneously, while also using random expansmmtfaction coefficients instead of fixed ones. sThi
strategy is called concurrent probabilistic simdl@2]. Additionally, if this simplex operator genag¢es a new
best point, then a more precise line search iseppb continue searching for local optima in thismising
direction, as shown in Figure 37(b) [34].

Parameters used in the genetic algorithm are shawhable 4. These parameters are chosen based on

experience gained while running the code. If thpytation size is too small the GA converges earlg sub-
optimal value. On the other hand, a large populatize may fail to converge within an acceptablaiber of
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iterations. The percentage of chromosomes actdry dhe simplex operator determines how much emghas
is given to local exploration by the GA. The optiation code was executed for a number of different
population sizes, mutation rates, and simplex pegagges and the values shown returned the most alptim
value after 1000 evaluations. The number of ev@lna was limited because of the time it takesddigrm
structural analysis and aerodynamic calculationghfe evaluation of each chromosome.

Table 4. Parameters used in Genetic Algorithm

Number of genes per chromosome 9
Size of population per generation 80
Percentage of chromosomes to simplex 40%
Crossover probability 0.6
Mutation probability 0.02
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