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Introduction

A S part of an effort considering aerodynamic concepts for fu-
ture aircraft,1 the potential of using micro� aps for aeroelastic

control will be demonstrated in wind-tunnel testing. A cantilever
wing-type wind-tunnel model with several design requirements is
considered for this purpose. The low-speed wind-tunnel facility in
which the testingwill beperformedimposesconstraintson the � utter
speed and structural strength, whereas the bandwidth of the electri-
cally actuated� aps imposesan upperboundon the � utter frequency.
Even when the in� uence from the � aps are left out of the problem,
which is the case in this study, these constraints result in a fairly
dif� cult aeroelastic design problem.

Aeroelasticwind-tunnelmodels are usuallydesigned to represent
the aeroelasticbehaviorof full-scalestructures.The behavior of the
model is then related to that of the full-scale structure by certain
scaling rules.2 As discussedby French and Eastep,3 the scaling pro-
cedure is simple, although a dif� cult and highly constrained model
design problem often results. This is not a concern in the present
case,where the requirementsare speci� ed for thewind-tunnelmodel
itself. In this Note, the feasibility of one possible concept for the
model structural design is investigated by solving an optimization
problem in which the structural weight is minimized subject to the
aeroelastic constraints.

Two-Spar Design
The problem stated is to design a wing-type wind-tunnel model

with a � utter speed u F D OuF D 46 m/s (150 ft/s), divergence speed
u D ¸ OuD D 61 m/s (200 ft/s), � utter frequency fF · OfF D 3 Hz, and
a safety factor nS D 5 for the static structural stresses at u D OuF (the
� utter speed) due to an initial angle of attack µS D 10 deg.

One of the concepts for the model structural design that was
studied is shown in Fig. 1. A clamped wing con� guration is con-
sidered, for which the elastic behavior is assumed to be dominated
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by the bending deformationof two composite spars. If the torsional
rigidity is given by differential bending only, a con� guration com-
posed of two identical spars would have coalescing bending and
torsion eigenfrequencies. This implies that a very low-frequency,
� rst bending/� rst torsion type of � utter could result for a wing with
this structural design.

An unswept rectangularplanform with semispan 1.8 m (6 ft) and
aspect ratio 7 is considered. Each composite spar is assumed to
have a circular cross section with piecewise constantdiameter, such
that the wing is structurallydivided into four spanwise partitions of
equal length.Furthermore,thediscretevaluesof the spardimensions
are assumed to vary in a linear fashion along the span. The spar
con� guration is, thus, determined by six design variables: the root
and tip diameters of the front and rear spars (four design variables),
and the chordwise locations x f and xr of the spars (two design
variables).

The aerodynamicloads are transferredto the spars througha solid
foam airfoil with embedded ribs. To minimize the in� uence on the
torsional stiffness used in the model, the foam and ribs are assumed
not to be attached to the spars. The ribs also serve as an attachment
for a mass balancing composed of 16 concentrated masses, giving
a total of 22 design variables.

Aeroelastic Analysis
A reasonably accurate structural analysis (for the purpose of this

study) is obtained by modeling the spars and the foam airfoil as
Euler beams. The result is a three-beam model having constant (but
different) locations of the inertial and elastic axis in each wing par-
tition. This is indicated for the elastic axis shown in between the
spars in Fig. 1.

Equations of Motion

The linearequationsof motion for the de� ectionw.y; t/ and twist
angleµ.y; t/ of the elasticaxis in each wing partitionmay be written
in the form

m Rw ¡ ms Rµ C E I w0000 D L (1)

J Rµ ¡ ms Rw ¡ .GK /aµ 00 C ²µ 0000 D M (2)

where a dotdenotesdifferentiationwith respectto time t anda prime
denotesdifferentiationwith respectto y. The mass andmassmoment
of inertia (with respect to the elastic axis) per unit span are denoted
by m and J , respectively. The amount of inertial bending/torsion

Fig. 1 Schematic layout of the two-spar design; note that only every
other rib is shown.
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coupling is determined by the chordwise separation s (with sign)
between the inertial axis and the elastic axis, E I is the total bending
stiffness, and .GK /a the torsional rigidity of the foam airfoil. The
differential bending portion of the torsional stiffness (to which all
three beams contribute) is determined by the second moment of
bending stiffness2

² D
3X

j D 1

l2
j .E I / j (3)

where .E I / j is the bending stiffness of beam j and l j is the dis-
tance from the beam to the common elastic axis. The aerodynamic
loads acting on the wing are represented by the lift L.y; t/ per unit
span and pitching moment M .y; t/ per unit span with respect to
the elastic axis. Finally, an assumption that the elastic axes of the
adjacent partitions are chordwise rigidly connected to each other at
their intersection results in a set of linear kinematic constraints that
couples the correspondingequations of motion.

Numerical Analysis

To obtain a simple but still useful aeroelastic analysis,
Theodorsen’s unsteady lift and pitching moment for simple har-
monic motion (see Ref. 2) are used for the spanwise loading.When
the resulting equations of motion are discretized using beam � nite
elementswith the nodaldegreesof freedom fw w0 µ µ 0g and trans-
formed to the frequency domain, the familiar nonlinear eigenvalue
problem

[M p2 C K ¡ qA.k/]v D 0 (4)

is obtained. In the eigenvalue problem Eq. (4), M is the consistent
mass matrix, K the stiffnessmatrix,A.k/ the matrix of aerodynamic
forces, p the eigenvalue, and v the mode shape of the nodal degrees
of freedom in the � nite element model. The nonlinearity is due to
the dependence on the reduced frequency of vibration k D !b=u,
b denoting the wing semichord and u the airspeed, because the
frequency of vibration ! is the imaginary part of the eigenvalue p.
The scalar q D ½u2=2 is the dynamic pressure and ½ the air density.

A more computationally ef� cient � utter analysis was obtained
by the use of a standard modal formulation4 based on the � rst few
free-vibration modeshapes. Furthermore, a uniform modal damp-
ing model was introduced to account approximately for structural
damping.5 When the nonlinear eigenvalue problem is solved us-
ing the p–k method,6 the wing is considered stable if all eigenval-
ues have negative real parts. In particular, the divergence speed is
obtained by solving for the smallest dynamic pressure, giving an
eigenvalue p D 0, which is the smallest real solution to the eigen-
value problem

[K ¡ qA.0/]v D 0 (5)

The requirements on the structural strength are approximately
accountedfor by simply posingconstraintson the beam stressesdue
to static aeroelasticdeformationof the wing. Denoting the vector of
design variables x, the static aeroelasticdeformationv D v.x/ of the
elastic axis due to a speci� ed initial angle of attack µS is computed
by solving the system of equations

[K ¡ qA.0/]v D qA.0/vS (6)

where vS is a vector describing the initial (nodal) geometry of the
wing. The nodal stresses¾.x/ in the outer � ber of the spars can then
be related to the deformation of the elastic axis through

¾ D Sv (7)

where S.x/ is a stress matrix that depends on all spar-type design
variables.

Design Optimization
One possible approach to solving the design problem is to pose

an optimization problem where the structural weight is minimized
subjectto aeroelasticandstressconstraints.The idea is that reducing
mass and structural stiffness will drive the model to � utter at the
speci� ed critical speed, while at the same time being feasible with
respect to the other design constraints.Note that the mass balancing
has no in� uence on static stress, but does affect the � utter speed and
frequency.

The described optimizationproblem may, in a somewhat simpli-
� ed form, be posed as the nonlinear programming problem

min
x

W .x/ (8)

RepF .x; OuF / · 0 (9)

ImpF .x; OuF / · O!F (10)

uD .x/ ¸ Ou D (11)

¾ j .x; µS ; Ou F / · ¾S=nS (12)

xr ¡ x f ¸ d (13)

where x is the vectorof designvariables,W .x/ themodel weight, pF

the � utter eigenvalueobtained from Eq. (4), O!F the maximum feasi-
ble � utter frequency,u D the divergencespeedobtainedfromEq. (5),
¾ j the spar stresses in the root of each wing partition ( j D 1; : : : ; 8),
and ¾S the failure stress of the spar composite material. Finally,
for the differential bending principle to work well in practice, a
minimum feasible distance d between the spars is enforced. This
constraint also ensures that the two spars are not confused during
the optimization.

In general, several � utter eigenvalueshave to be consideredin the
optimization because it is not known in advance which eigenvalue
is critical at optimum (if any). Furthermore, the stability constraints
are to be enforced for subcritical airspeeds to ensure stability up to
Ou F . Also note that the bound constraintson the design variables are
not presented.

The optimization problem [Eqs. (8–13)] is solved using the
method of moving asymptotes developed by Svanberg.7 Semian-
alytical derivatives of the constraint functions are derived as de-
scribed by Haftka and Adelman8 and Ringertz.9 The derivatives of
the eigenvalue constraints exist provided that the eigenvalues are
distinct.10

The numerical analysis was based on 32 � nite elements and 8
free-vibration modes in the modal � utter analysis. The minimum
feasible distance between the spars was set to d D 2b=3 and a 10%
uniformmodal damping was used.A signi� cant amount of damping
was expected due to the very high damping observed for the foam
material.

Results
Initial optimization studies led to a design with a weak uniform

rear spar and a more robust tapered front spar, with a � rst bending/
� rst torsion type of � utter. To simplify manufacturing, the decision
was made to use available dimensions of the composite spars to
realize the tapering. Consequently, the rear spar diameter and the
front spar tip and root diameterswere � xed to 13 mm ( 1

2 in.), 19 mm
( 3

4 in.) and 38 mm ( 3
2 in.), respectively.The number of design vari-

ables was, thus, reduced to 18 for the � nal design optimization.
The objective of the � nal optimization study was to � nd a mini-

mumweightmassbalancing,usingtheconcentratedmassesandspar
locationsas design variables, subject to the constraintsEqs. (9–13).
An upperboundof 1 kg for eachconcentratedmass (reasonableto � t
into the model) was found suf� cient to reduce the � utter frequency
to the required level.

The resulting optimal design is shown in Fig 2. The spars are
located slightly aft quarter and midchord, respectively, being sepa-
rated by the minimum feasibledistance2b=3. As can be observedin
Fig. 2, only 3 of the 16 concentratedmasses remain for the optimal
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Fig. 2 Optimal design.

design.The maximum feasiblemass, 1 kg, is located at the wing-tip
leading-edge position, 0.70 kg at the inner leading-edge position,
and 0.49 kg at the wing-tip trailing-edgeposition.

Both the � utter stability and frequency constraints in Eqs. (9)
and (10) are active for the optimal design, meaning that both
the target � utter speed and frequency are reached. At the � utter
speed, a � rst torsion/� rst bending type of � utter occurs, whereas
the other modes show a signi� cantly higher damping for the con-
sidered speed range. The divergence speed for the optimal design
is u D D 84 m/s (274 ft/s). This is higher than the minimum feasi-
ble value OuD D 61 m/s (200 ft/s), and the static stability constraint
Eq. (11) is not active. However, the static stress at the root of the
front spar is the maximum feasible, and the constraint in Eq. (12)
representing this location is active. To summarize, a feasible design
has been obtained.

Conclusions
The optimization formulation of minimizing structural weight

was successfully applied to the present aeroelasticdesign problem,
and a feasible design was obtained using numerical optimization.
However, thedesignprocesswas notwithout� aws. Whereas the low
torsional stiffnessof the two-spar design enableda low � utter speed
and frequency, the wing was also very prone to divergence. Taking
wing sweep into account revealed that no signi� cant improvement
was to be expectedfor moderatesweep. Instead, the optimizationre-
solved this obstacle by tapering the front spar only, which increased
the divergence speed through bending/torsion coupling.

Another interesting feature of the optimal design is that the mass
balancing tends to inertially decouple the two � rst modes of vibra-
tion of the unbalanced con� guration. Without mass balancing, the
� rst two modes of vibrationare stronglyin� uenced by both bending
and torsion, mainly due to the coupling introduced by the tapered
frontspar.With mass balancing,the wing displaysalmost decoupled
� rst bending and torsion modes.

Also note that the in� uence of the micro� aps has not been taken
into account in this study, and it is recommended that the analysis
be extended to include a representativemodel of the actuators. The
main conclusion is that the two-spar concept may be an option for
the structural design of the wind-tunnel model. However, care must
be taken with respect to the approximationsmade, and the model is
fairly complex to realize. Other possible concepts, such as a plate
design,may be more tractable. Of course, the present optimization-
based approach to aeroelasticdesign may be useful in future studies
as well.
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Introduction

T HE availability of effective tools that quickly provide aircraft
overall characteristics sensitivity for different � gures of merit

is a very important factor during the early phase of the design pro-
cess (that is, conceptualdesign phase). Typical � gures of merit used
are the followingones: grossweight,empty weight, fuel burned,and
cruisespeed.A multiobjectiveoptimizationtechniquecan beused to
understand how optimum con� gurations change as different objec-
tives are selected. An example of such a parametric multiobjective
approach can be found in Ref. 1. In this mentioned work a global
� gure of merit is de� ned as a weighted sum of selected objective
functions. An effective gradient-basedoptimization technique2;3 is
used, and different design solutions are obtained by changing the
weight value.This Note dealswith theapplicationof a geneticmulti-
objectiveoptimizationtechniquein the � eld of aircraftrequirements
analysis.This procedure takes advantageof the well-known genetic
parallel-like searching method and allows us to obtain sensitivity
curves by only one optimization run. Once a speci� c requirement
has been selected (for example, range, speed, ceiling, takeoff dis-
tance, etc.), these curves provide a deeper understanding of the re-
quirement effect on the aircraft con� guration. In particular, cruise
speed effect has been evaluated in this Note. Such a type of pro-
cedure can thus be proposed as a very useful and effective tool for
tradeoff studies aimed at the � nal freeze of requirements. Classical
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