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The goal of this work is to use numerical topology optimization to design aeroelastically-
scaled wind-tunnel flutter models of a generic transport configuration, to be tested in the
Transonic Dynamics Tunnel, as part of an envisioned validation experiment for transonic
flutter. The topological design dictates the structural details of a variable-thickness alu-
minum plate located at the midsurface of the outer mold line, in order to satisfy the various
conflicting design requirements including a prescribed flutter boundary, flutter frequency,
and static stress levels. Four designs are demonstrated in this paper, where it is shown that
the inclusion of a cylindrical tip store can help ease the conflict between low stiffness (to
allow a wing to flutter in the tunnel envelope) and high strength (to ensure safe structural
response). The tip store complicates the geometrical features of the wing, however, and is
generally undesirable from the vantage point of a validation experiment. Results from this
paper will show that with careful attention to constraint boundary settings and design pa-
rameterizations, it is possible to optimize the design of a complex aeroelastic wind-tunnel
model primary structure.

I. Introduction

Despite recent advances in computational aeroelasticity, accurate predictions of flutter mechanisms driven
by transonic physics (shocked flow, separated flow) remain challenging. These challenges are compounded by
the fact that there are relatively few transonic experimental validation data sets available for benchmarking
solvers focused on aeroelastic predictions. The most popular two test cases are the AGARD 445.6 test case,1

and the Benchmark Models Program (BMP),2 both tested at the NASA LaRC Transonic Dynamics Tunnel.
The AGARD 445.6 test case, however, displays very little transonic behavior (i.e., flow nonlinearity), due to
the thin airfoil tested at small angles of attack.3 The BMP is focused on relatively simple wing geometries
with rigid structures attached to a pitch-and-plunge apparatus (though the resulting flutter mechanisms do
feature rich flow physics). There is a need for additional experimental validation data sets for transonic
aeroelastic flutter, that feature relatively realistic structural and geometric configurations, in addition to
complex flow physics.

The envisioned requirements for such a model are listed below.

1. A prescribed dynamic pressure flutter boundary as a function of Mach number throughout the TDT
envelope, with a well-defined transonic flutter “dip”, in addition to a prescribed flutter reduced fre-
quency.

2. A static aeroelastic response within required safety factors, throughout the expected operating region
of the tunnel envelope.

3. A simple, monolithic, well-defined outer mold line (OML) with high-quality surface finish.

The final OML requirement is driven by a desire to minimize uncertainties in computation fluid dynamics
(CFD) predictions; even simple geometries can invoke strong flow nonlinearities, for sufficiently high Mach
numbers and angles of attack (as evidenced by the BMP). However, one consistent hallmark of aeroelastic
model design is the use of stores, bodies, pylons, or wing breaks, to lower the torsional frequency of the model
and allow for the occurrence of flutter at reasonably low dynamic pressures within the tunnel envelope: see
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Ref. 4, for example. The resulting geometry of this segmented wing-body assembly would complicate the
numerical benchmarking process, and is to be avoided.

If, then, flutter is to occur at a reasonably-low dynamic pressure without these conventional model design
methods, this places the onus on a highly-tuned stiffness and mass distribution inside the OML, in order
to obtain the three conflicting requirements listed above. Formal numerical aeroelastic optimization can be
used to obtain a design with prescribed flutter dynamic pressures, flutter frequencies, flutter mechanisms,
and static aeroelastic response. Previous aeroelastic optimization work in the area of model design is seen
in Ref. 5, with a specific focus on maintaining scaling similitude in Refs. 6 and 7.

This work seeks to satisfy the requirements listed above within the jig shape OML of a full-span, sting-
mounted Common Research Model (CRM) configuration, to be tested in the TDT. The CRM is a well-known
test case for scaled, rigid, wind-tunnel models,8 as well as for numerical modeling of full-span aeroelastic
configurations.9 This paper will demonstrate a conceptual design exercise of the proposed CRM aeroelastic
validation model. Due to the anticipated difficulties in obtaining a structural design that simultaneously
meets each of the conflicting requirements listed above, aggressive optimization techniques will be used,
including topological design10 and material design.11

II. Aeroelastic Modeling and Optimization

The jig shape used here is based on the CRM, and is taken from Ref. 9 with a geometric scale factor
of 0.052 relative to the full-scale model, leaving a wingspan of 10 ft. For the results shown here, however,
only a half-span model is considered, with the wing structure fully clamped at the unmodeled wing-body
intersection.

The model construction considered here is a layered metallic shell along the camber line of the CRM
wing, with foam to preserve the desired jig shape OML (taken from Ref. 9). The layered plate consists of an
aluminum core, and a bonded outer shell of tungsten; at every location on the planform, the optimizer may
choose the thickness of each material. The lower bound on the thickness of each material is 0.32”, though
in some locations of the wing, near the leading and trailing edges, the thickness of the OML is less than this
lower bound, and so the lower bound is set to 90% of the OML thickness. The optimizer may also choose
not to use one or both metals at a given planform location; in this case, the wing is entirely constructed of
foam from the upper OML surface to the lower. Otherwise, the optimizer must ensure that the total shell
thickness at a given location is no larger than the thickness of the jig OML, in order to preserve the OML
shape. An example of this can be seen in Fig. 1, where the airfoil is thin enough towards the trailing edge,
that the structure itself serves as the OML rather than the foam.

The objective function for the optimizer is to minimize structural mass, which is used here as a surrogate
for manufacturing cost. There are four design variables attached to every finite element: the thickness of
the two materials (aluminum and tungsten), and the “topology” of the two materials. The topology space
consists of continuous variables between 0 and 1; a value of 1 means that the material is present, and a value
of 0 means that it is not. Even if the topology of one or both materials is set to 1 at a given location, foam
is still used above and below the layered metallic plate, to form the desired jig OML. If the topology of both
materials is set to 0 at a given location, this means that there is a cut-out at that location, with foam used
for the entire wing depth from upper to lower surface. As further indicated in Fig. 1, the topology of the
base aluminum plate is fixed to 1 (i.e., nondesignable) along the perimeter of the wing planform.

For some optimization cases, a thin aluminum store (rod) was added to the wingtip to facilitate flutter.
This idea goes against the design principles outlined above (i.e., a simple single-bodied OML), but was
found to be required in order to obtain a reasonable response at higher angles of attack. For these cases, the
optimizer, in addition to dictating the stiffness and topological details along the wing structure, also decides
on the store geometry: length, diameter, and attachment point.

The optimization constraints are summarized below:

1. A constraint that ensures that the total thickness of the layered metallic plate is not greater than the
prescribed wing OML thickness, at every point within the planform.

2. An equality constraint on the flutter dynamic pressure: a flutter dynamic pressure Qf of 150 psf at
Mach number 0.8.

3. An equality constraint on the flutter reduced frequency, kf . Two separate models are desired, one that
flutters at a relatively low reduced frequency in the range of 0.05-0.1 (quasisteady flutter), and one
that flutters at a relatively high value in the range of 0.4-0.5 (unsteady flutter).
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Figure 1: Sample wing structure and foam OML.

4. A static aeroelastic stress constraint at a prescribed Mach, dynamic pressure, and AoA triplet. Von
Mises stresses are computed in all 3 materials (aluminum, tungsten, foam), aggregated into a single
stress metric for each material, and enforced to a safety factor of four. This constraint is implemented
at a Q value of 300 psf, Mach 0.8, and AoA values between 3◦ and 5◦.

5. A dynamic aeroelastic stress constraint: oscillatory fluttering motion is scaled to a prescribed am-
plitude, and superimposed upon static aeroelastic deformations obtained at the flutter point. Time-
dependent aggregated von Mises stresses from this procedure are again enforced to a safety factor of
four.

Linear aeroelastic tools are utilized to compute static and dynamic aeroelastic behavior: a coupling
of a linear shell/plate finite element structural dynamic model to the doublet lattice method unsteady
aerodynamic tool. Such a tool is incapable of predicting the transonic flutter dip mechanisms12 of interest
here, but the expectation is that the linear flutter mechanism will be moderately similar to the nonlinear
CFD-based flutter mechanism computed near zero-lift. Stronger lifting flows at higher AoA will exacerbate
the nonlinearities, and lead to the flutter dips of interest. The static aeroelastic stress constraint has been
located at a higher Q and AoA value, in order to safely observe the recovery-side (“back-side”) of the flutter
dip, though high-strength requirements needed to satisfy the static stress constraints directly conflict with
low-stiffness requirements needed for the model to flutter at lower Q-values. The addition of the tip store can
help ease this design conflict, as the tip store helps maintain low flutter Q values without reducing stiffness.

As noted, two separate models are sought here: one which flutters at a low frequency, and another which
flutters at a high frequency. This provides an interesting dichotomy in the role of unsteady aerodynamics,
where the model with the low kf exhibits a quasisteady flutter mechanism.

The final constraint listed above is meant to provide some means of including a flutter observability
metric, to understand how much deflection can be withstood at a flutter condition before a certain safety
factor is lost. The ability to satisfy this constraint is entirely dependent on the chosen flutter amplitude, and
it is difficult to quantify this metric. The peak flutter amplitude observed during a test would depend on
(1) what sort of disturbance pushes the design from a stable Q to the current unstable Q, (2), how far the
current unstable Q is above the flutter point Qf , and (3) how much time elapses in the unstable condition
before the condition is reduced rapidly by manually triggering the TDT bypass valves (i.e., reaction time).
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Rather than trying to quantify each of those metrics, the dynamic flutter constraint in this work is evaluated
at a fixed flutter amplitude of 1”, and as will be seen, only the low-frequency designs are able to honor this
constraint.

III. Results

Optimal results are shown for four designs in Figure 2, in terms of optimal thickness distributions,
topologies, and (if using) store geometry. Structural thickness is indicated by the color contours; areas along
the wing where a layer of tungsten is used to reinforce the aluminum plate, are outlined with a magenta
curve. These four designs are summarized as:

• Design A: a low-frequency design (kf = 0.099) without a tip store, which flutters very close to the
required flutter Q of 150 psf. The stress-based safety factor of four can be maintained up to an AoA
of 3◦, when the Mach number is 0.8 and the dynamic pressure is 300 psf. If the AoA is set higher than
3◦, the design process no longer closes, as noted previously. This design features diagonally-oriented
members between the leading and trailing edge spars, in an effort to reduce torsional stiffness (and
allow for flutter) while maintaining a certain level of bending stiffness (for high strength).

• Design B: a second low-frequency design, but now including a tip store. The inclusion of this store
(designed to a long, thin profile, and attached to the wing at the store’s leading edge) allows this design
to be statically tested to a higher AoA of 5◦. This design shares topological similarities with design A,
but the diagonal members extend all the way to the wing root.

• Design C: a high-frequency design (kf = 0.448) without a tip store, capable of maintaining the required
safety factor up through 4◦ AoA. This design involves a central spar-like member, disconnected from
the leading and trailing spars, and attached to a large section of tungsten at the root of the member.
This design is not able to satisfy the 1” dynamic stress constraint: including this constraint in the
design process precludes the design from properly closing.

• Design D: a second high-frequency design, but now including a tip store. Unlike design B, this store is
very short, with a large diameter, and is attached to the wing at the store’s trailing edge. The inclusion
of the store allows only one additional degree of tested AoA (up to 5◦), leading to the conclusion that
the addition of a tip store is not as critical for these high-frequency designs. Like design C, this design
is not able to satisfy the 1” dynamic stress constraint.

Figure 2: Optimal wing thickness and topologies: areas of tungsten are indicated with a magenta outline.

The static aeroelastic deflections and subsequent von Mises stresses (normalized by the yield stress) are
shown in Figure 3, for each of the four designs. Stresses are shown for the aluminum layer only. Safety
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factors are given as the inverse of the contoured values in Figure 3: for example, a safety factor of four
is maintained wherever the normalized von Mises stresses are below 0.25. The peak normalized von Mises
stress found along the wing is further quantified in Figure 4 as a function of dynamic pressure at 5◦; this
figure also plots the tip displacement at these same conditions, normalized by the semispan length.

Figure 3: Static aeroelastic response at 3◦ (top row) and 5◦ (bottom row) AoA for each of the 4 designs at
300 psf.

Figure 4: Static aeroelastic response as a function of dynamic pressure Q, at 5◦ AoA for each of the 4 designs.

Referencing Figure 3, each design maintains the safety factor of four at 3◦ AoA and 5◦ AoA at 300 psf,
with the exception of design A, which is only designed up to an AoA of 3◦, as noted above. Deflections are
on the order of 10-15% (again with the exception of design A, which deflects more), which is a value likely
within the range of validity for the linear finite element model used here. These bending deflections decrease
the sectional lift relative to a rigid wing (as shown in Figure 5) due to the fact that the wing is swept; the
low-frequency designs A and B display some additional torsion relative to the high-frequency designs C and
D, as evidenced by the decreased lift along the span. This loss of lift may blunt the severity of the transonic
flutter dip eventually noted for these designs, since the flow nonlinearities at the tip will be weakened by the
large amounts of washout.
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Lastly, it is noted that the peak stresses in Figure 3 are not relegated to a few locations on the structure,
but are instead spread out over large portions of the plate, particularly for designs B, C, and D. This is a
natural by-product of the structural optimization process used here, which seeks to minimize mass under
(among other constraints) a stress constraint: a “fully-stressed design”.

Figure 5: Sectional lift distribution at 5◦ AoA, 300 psf, compared with the lift of the rigid wing.

Next, eigenvalue migration plots are shown in Figure 6 for each of the four designs. The low-frequency
designs show strong coupling of modes 1 (first bending) and 2 (second bending with some torsion), leading
to an instability of mode 1. The high-frequency designs show strong coupling of modes 3 and 4, two modes
which are characterized by outboard bending and torsion. These plots mostly conform to the Qf and
kf specifications listed above, but several potential concerns are noted. First, designs A and C display
a secondary flutter mechanism: design A, for example, shows the primary sought-after flutter mode as a
coupling of modes 1 and 2, but the 3/4 coupling is evident also, though this flutter mechanism exists
above 400 psf. Competing flutter modes could be problematic for testing, given the modeling uncertainties
encountered here, and the possibility that the sought-after flutter mode may not, once tested, actually be the
critical flutter mode observed in the tunnel. Second, the unstable damping for each case may be relatively
low, as the crossing of the real eigenvalue part from negative to positive is relatively shallow. Higher
(steeper) slopes are perhaps desirable from a numerical modeling perspective, since they are less susceptible
to numerical uncertainties. Alternatively, shallower slopes allow for greater and safer observability of the
flutter mechanisms, a metric that will be discussed in more detail below. Finally, the dimensional flutter
frequency of designs C and D is fairly large, between 40 and 50 Hz. These high frequencies will lead to
further observability challenges during the testing process, but cannot be avoided if a reduced frequency kf
is desired in the range of 0.4-0.5 at these model scales.

Finally, dynamic aeroelastic stresses are shown in Figures 7 -10, for the four designs. This process
involves computing the static aeroelastic deflections at the flutter point of each design (additionally at 5◦

AoA), and then superimposing an oscillating flutter mode at a prescribed amplitude. Each figure shows
results from amplitudes (as measured by maximum structural displacement) of 0.5”, 1”, 2”, and 3”, in terms
of phase-plane plots of normalized von Mises stresses versus the structural deflection, where dynamic stress
is computed with a modal acceleration (MA) method.13 The contour plots on the right of each figure shows
the structural response for the minimum and maximum structural deflection for the 3” amplitude case.

As noted, the low-frequency designs A and B are designed to a safety factor of four up to a dynamic
amplitude of 1”, and this constraint is only slightly violated in Figure 7 and 8. Up to an amplitude of 3”,
design A shows a peak normalized stress of 0.35 (safety factor = 2.86) and design B a peak stress of 0.42
(safety factor = 2.38). Design A, at all amplitudes, shows a clear break in the phase-plane plot, where the
location of the critical stress along the wing changes: at minimum deflections, the peak stress is near the
root (which largely corresponds to the peak stress profile of the static deflections). At higher deflections,
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Figure 6: Dynamic aeroelastic eigenvalue migration plots for each design.

the inertial loading pushes the peak stresses out towards the wing tip. For design B, the phase-plane plot is
continuous, and also free of hysteresis.

For the high-frequency designs C and D, the optimization is not able to accommodate the 1” dynamic
stress constraint, and so these two designs are simply post-processed for this metric. Stresses for these two
designs are largest outboard, at the leading and trailing spar structures. At 1” of deflection, the safety
factors are 2.08 (design C) and 2.22 (design D), but both designs experience elastic failure for 3” deflections.
At larger deflections, the presence of the tip store generally exacerbates the dynamic stresses, though the
connection between the wing and the store is idealized in this work, with rigid body connections.

Figure 7: Dynamic aeroelastic stress behavior at the flutter point for design A.

IV. Conclusions

Topology optimization studies have been presented for the design of an aeroelastic model to be tested in
the Transonic Dynamics Tunnel (TDT). This model is patterned off of the Common Research Model (CRM),
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Figure 8: Dynamic aeroelastic stress behavior at the flutter point for design B.

Figure 9: Dynamic aeroelastic stress behavior at the flutter point for design C.

where the internal structure of the wing is optimized to produce the desired aeroelastic metrics. The test
is specifically envisioned as a validation test for CFD predictions of transonic flutter. The design of such
models is difficult, governed by a strong conflict between low stiffness (such that the model flutters within
the tunnel envelope) and high strength (to ensure a safe structural response). The design space afforded by
topological design schemes helps to provide a closed design, which can satisfy the competing objectives.

Four designs are presented here: wings designed to flutter at low and high flutter frequencies, with and
without the use of a tip store. The use of a tip store (whose geometry is designed by the numerical optimizer)
is not ideal, as it complicates the outer mold line of the wing geometry and would further complicate the
CFD validation process. On the other hand, a tip store can help the wing flutter within the envelope without
the need to decrease stiffness, which eases the conflict against the high-strength requirements. Specifically,
the use of tip store can enable a design which is cleared to test at higher angles of attack and dynamic
pressures, though this is found to be more useful for designs that flutter at lower frequencies, as opposed to
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Figure 10: Dynamic aeroelastic stress behavior at the flutter point for design D.

higher values. Testing at higher angles of attack and dynamic pressures will be useful for transonic flutter
behavior, where the recovery-side of the flutter dip can rise to relatively high values.

Each design is further analyzed for dynamic fluttering stress, in an attempt to quantify flutter observabil-
ity. This process involves computing static aeroelastic deformations at the flutter point, and then superim-
posing the oscillating flutter mode shape at some prescribed amplitude. With this process, the low-frequency
design maintains a safety factor greater than two for flutter amplitudes up to 3”. The high-frequency designs,
on the other hand, show a safety factor less than one (i.e., failure) for this same flutter amplitude.
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