Transonic Aeroelastic Flutter Computations with
Mesh Adaptation

Bret K. Stanford? Steven J. Massey! Kevin E. Jacobson! and Pawel Chwalowski®
NASA Langley Research Center, Hampton, VA, 23681

This paper considers multiscale mesh adaptation of aeroelastic wing models in transonic
flow. Workflows are developed which allow for high-fidelity static aeroelastic equilibrium
conditions and a matched-point dynamic aeroelastic flutter mechanism, to evolve alongside
the mesh adaptation mechanics, via a staggered procedure. Rather than enforcing static
equilibrium or matched-point constraints for a given mesh, these conditions are allowed to
be more gradually met across the mesh adaptation process. These cost-effective workflows
are successfully demonstrated for a wing-body semispan wind-tunnel model. For this con-
figuration, the results show substantial interdependencies between the mesh-adapted static
and dynamic aeroelastic physics.

I. Introduction

Transonic aeroelastic flutter predictions remain a challenging computational problem. The state-of-the-
practice is typically based on the unsteady Reynolds-averaged Navier-Stokes (WURANS) equations, coupled
to a modal representation of the structural model [1-3]. This system is integrated in the time-domain, at
progressively higher dynamic pressures, until an oscillatory instability is observed. This flutter computation
process is expensive and cumbersome, in addition to challenges with mesh convergence, time step conver-
gence, and subiterative convergence [4]. The uRANS modeling is only valid for flutter mechanisms driven
by moderate amounts of flow separation [5], but aeroelastic computations with scale-resolving turbulence
models are still relatively rare [6,7].

One promising tool for more efficient uRANS-based flutter computations is the linearized frequency
domain (LFD) method [8-10]. LFD linearizes about a steady background flow via infinitesimal oscillatory
perturbations of each mode shape, resulting in a complex valued set of generalized aerodynamic forces
(GAFs). These GAF's are then used to inexpensively compute the flutter onset point via some appropriate
eigen-solver. An LFD solver eliminates issues related to time step and subiterative convergence, at the
expense of multiple (one per mode shape and reduced frequency combination of interest) complex-valued
linear solves. A second issue is matched-point considerations: the LFD flutter dynamic pressure should
match the dynamic pressure used to compute the steady background flow, potentially necessitating an
iterative process [2,11]. A matched-point solution is automatically obtained with the time-domain process
outlined above.

A second tool that has shown promise for flutter computations is multiscale mesh adaptation techniques
[12], which reduce spatial interpolation error in the flow field based on some scalar output of the flow.
Past work by the authors [13-15] has successfully linked these mesh refinement tools to LFD, to obtain
high-quality transonic flutter predictions with no temporal errors (as these solutions are in the frequency
domain) and minimal/quantifiable spatial meshing errors. The meshes created by this refinement tool
(namely, refine®) produce elements with a high degree of anisotropy near the wing surface. This type of grid
topology produces solutions of high quality for the aeroelastic cases cited above, in addition to a wide-range
of rigid-model applications [16-19].
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These refine-generated volume meshes cannot easily be deformed in a finite manner due to surface
motions of the flexible structure [20] without the formation of negative volumes. This failure is potentially
due to the inability of highly-skewed surface elements to withstand bending curvature of cantilevered wing
structures. LFD is still viable, as this tool only considers infinitesimal wing deformations, but any finite
static aeroelastic deformations due to the steady flowfield (about which LFD is linearized) must be ignored.
As such, the authors’ past refinement-based LFD work has considered pitch-and-plunge airfoil cases where
static aeroelastic pitch deformations can be set as a change in the flow angle of attack [14], or wings with
symmetric airfoils at 0° angle of attack (the AGARD 445.6 configuration) where there is no static aeroelastic
deformation [15].

The goals of the current work are to explore mesh-adapted transonic flutter workflows that are able to
include finite static aeroelastic deformations. This is done with a hybrid workflow of refine and the com-
mercial software HeldenMesh®, which can produce mesh-adapted grids with a sustained prismatic topology
in the boundary layer (a similar workflow aimed to preserve the prisms in the boundary layer can be found
in Ref. [21]), and as such, can undergo finite surface deformations.

In addition to demonstrating mesh adaptation driven by static aeroelastic considerations, this paper will
also utilize LFD-based flutter computations, linearized about these mesh-adapted deformed wing shapes. A
final goal is to demonstrate the role of matched-point dynamic pressure requirements. These results will be
exercised on a generic wind-tunnel model with cantilevered bending/torsion wing deformations.

II. Aeroelastic Modeling

All RANS-based simulations are conducted in the SFE [22] flow path of the FUN3D solver [23], a
Streamline Upwind Petrov-Galerkin formulation with an SA-neg turbulence model. Steady solutions can be
obtained over the rigid wing, or alternatively, the wing surface may be deformed into some prescribed shape,
the volume mesh is subsequently deformed (using an elasticity-based method [20]), and steady solutions can
be obtained over that deformed wing shape. The prescribed shape is obtained from a modal-based structural
analysis, where FUN3D reads the amplitude 1 of each mode shape to construct the wing shape. An iterative
static aeroelastic process could be used to couple FUN3D to the modal structural representation, but an
alternative process is used here, where the coupling is closely embedded within the mesh adaptation process,
described below.

After computing the steady flow over the wing (using either the undeformed or deformed shape), the
LFD solver [10] is used to compute the GAFs, which finally enables computation of the flutter onset dynamic
pressure, flutter-@Q, via the p — k eigen-equation [24].

III. Multiscale Mesh Adaptation

Mesh adaptation mechanics are handled with a hybrid workflow of refine and the commercial software
HeldenMesh [25]. The adaptations reduce spatial interpolation error in the flow field based on a particular
multiscale metric [12] scalar field, which in this work is the Mach number. For a non-aeroelastic simulation
of a rigid wing, the overall workflow is summarized as follows:

1. An initial coarse mesh is manually constructed in HeldenMesh with a prismatic topology within the
boundary layer of the model.

2. A steady flow simulation is conducted with FUN3D/SFE.

3. Using the scalar Mach field from the steady flow solution, refine generates a multiscale metric field.
A set of anisotropic sources are derived from this field, and the sources within the boundary layer (a
fixed wall distance defined by the user) are removed.

4. This altered set of sources is provided to HeldenMesh to create the next mesh. This subsequent mesh
will preserve prismatic layers near the viscous surfaces, owing to the deletion of the near-body sources.
The effect of the sources outside the boundary layer still penetrate the prism layer however, resulting
in adaptation near the surface.

5. The process repeats to step 2, and continues until the computational budget is met.

Phttps://heldenaero.com/heldenmesh
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For static aeroelasticity, step 2 could be expanded to include an iteratively-coupled workflow: the steady
pressures on the wing are integrated into steady GAFs, and the modal amplitudes computed as:

wi-n; = q- GAF, (1)

where i is the mode number and w is the natural vibration frequency of the mode (and so w? is the generalized
stiffness). These modal amplitudes could be fed back into FUN3D, which would deform the mesh as described
above. Steady FUN3D/SFE could be solved on the deformed mesh, the GAFs recomputed, and the process
repeated to convergence. Finally, the refine/HeldenMesh workflow could be exercised on this final converged
static aeroelastic Mach field, a new mesh would be created, and the process repeats. Clearly, this workflow
is extremely expensive, necessitating numerous steady flow simulations for each refinement step.
Alternatively, the static aeroelastic iterations may be implemented alongside the mesh adaptation steps:

1. An initial coarse mesh is manually-constructed.
2. A single steady flow simulation is conducted with FUN3D/SFE.

3. The GAFs are computed corresponding to this steady flow, and the modal amplitudes are computed
via Eq. 1.

4. Using the scalar Mach field from the steady flow solution, refine and HeldenMesh create the next mesh.
5. This new mesh is deformed using the modal amplitudes found from the old mesh.

6. The process repeats to step 2, and continues until the computational budget is met.

This is a staggered procedure: modal amplitudes are computed for mesh j, but implemented on mesh
j + 1. With this process, only a single steady FUN3D/SFE solve is required for each mesh, and the static
aeroelastic solution should converge alongside the mesh adaptation process. There is no guarantee of con-
vergence however. For transonic cases with large deformations, there may be a strong coupling between
the wing shape and shock location (a primary driver of the grid clustering location), and this process may
struggle or fail to converge. All of the results shown in this work do largely converge however (as do results
in Ref. [13], which use a similar staggered idea for static pitch deformations of an airfoil), even for cases
with strong transonic nonlinearities. Aitken relaxation [26] (with a relaxation factor of 0.5 between adjacent
mesh convergence steps) is also used to improve convergence.

It is also noted that, for this work, the HeldenMesh anisotropic sources do not account for the deformation
of the grid. The scalar Mach field from the deformed mesh is transferred to the undeformed mesh, then
refine computes the anisotropic metric on the undeformed mesh, and HeldenMesh finally creates a new grid
in the undeformed state. This new grid is then deformed by FUN3D based on the past vector of modal
amplitudes, 1. For the mesh adaptation software used here, it is possible to consider a case where the
underlying geometry changes from step to step [13], but this has not been exercised. For moderate wing
deformations, this disconnect is unlikely to have a strong impact.

A final addition to this workflow is the LFD-based flutter computations. This can be simply added onto
step 2 above: the steady flow simulation is used as the background flow for LFD, which then computes
unsteady GAFs and finally the flutter-Q. Because the refinement metrics are still completely driven by the
steady flow features, LFD is only computed as a side-process to the mesh adaptation process and has no
direct impact on it (Ref. [13] uses a mesh adaptation driven by unsteady snapshots reconstructed from the
fluttering mode shape, but this idea is not used here).

However, if a matched-point analysis is desired, the flutter-Q) found at mesh j would be used as the static
aeroelastic dynamic pressure in Eq. 1, for mesh j + 1. In this workflow, both the static aeroelastic analysis
and the matched-point flutter computations would converge alongside the mesh adaptation steps, and LFD
would have an indirect impact on the mesh adaptation.

IV. Test Case

The test case used here is an aeroelastic wind-tunnel model tested in the NASA Langley Transonic
Dynamics Tunnel (TDT) in January 2024. This model was originally tested in the TDT in 1993, 1994,
and 2000 as the MAVRIC model (Models for Aeroelastic Validation Research Involving Computation) [27].
This is a wing-body semispan sidewall-mounted model. The wing has no twist or dihedral, a sweep angle of
23°, a taper ratio of 0.29, and a span of 53.17 in. The original model construction was a stepped thickness
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aluminum plate with balsa to form the airfoil shape, but was rehabilitated in 2023 with a high-density foam
to form a NACAO0012 airfoil shape (the previous airfoil spanwise distribution was supercritical in nature).

This rehabilitated model, re-termed as the FFTM (Facility Flutter Training Model, Fig. 1) and tested
in the TDT in 2024, is used as a demonstration case for this work.

Figure 1. FFTM model installed in the TDT (credit: NASA).

V. Results

For all of the work considered here, the initial manually-constructed semispan mesh for this case consists
of 2.5 million nodes and can be seen on the left of Fig. 2. The mesh adaptation process begins with this 2.5
million mesh and proceeds based on a source term scaling factor, where the number of desired nodes in the
discrete mesh is proportional to the value of this scaling factor. For this work, the scaling factor is doubled
if the number of nodes in two consecutive meshes is less than a ratio of 1.25. All of the mesh adaptation
processes shown here are terminated after 7 steps, which corresponds to between 10 and 11 million nodes:
most of the aeroelastic metrics are reasonably converged at this point. The static aeroelastic results could
reasonably be run at finer meshes, but the LFD analyses become very expensive and the associated linear
complex-value solves are very difficult to converge for highly-adapted meshes.

Six structural mode shapes (tuned to match the experimental data) are used for aeroelastic computations,
and have natural frequencies ranging from 4.3 Hz (first bending mode) to 61.4 Hz (second torsion mode).

Figure 2. Initial 2.5 million node coarse mesh of the rigid wing (left), and 11.8 million node adapted mesh of
the deformed wing (right): Mach=0.8, AocA=3°, Q=110 psf.

A. Static Aeroelastic Results

In this section, static aeroelastic mesh-adapted FUN3D/SFE simulations are run at a Mach number of 0.8,
a Reynolds number of 8.4-10°, and a fixed dynamic pressure of 110 psf. No LFD-based flutter computations
are considered in this section. As discussed above, the staggered mesh adaptation process proceeds across 7
steps: modal amplitudes are computed for mesh j but implemented on mesh j + 1. The final mesh on the
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right of Fig. 2 has 11.8 million nodes. This mesh is in the deflected static aeroelastic shape (the initial coarse
mesh on the left of the figure is undeflected) due to a 3° model AoA. This mesh displays grid clustering due
to the presence of a strong shock but retains relatively low aspect ratio cells along the wing surface. A detail
of the wingtip meshes is shown in Fig. 3, and an overlay of the surface pressures is shown in Fig. 4.

A

Vi) |
NN VA

Figure 3. Detail of the two meshes in Fig. 2 at the wingtip.

Additional mesh and flow information can be seen Figures 5 and 6, which show Mach contours sliced
over the wing at 50% and 95% semispan, respectively. This is done for AoAs of 0°, 1°, 2°, and 3°, where the
3° result corresponds to the results shown previously in Figures 2 - 4. Each of the results at these four AoA
values are the product of four separate mesh adaptation processes. For the initial mesh results in the top
row of Figures 5 and 6, a strong but under-resolved shock develops over the wing as the AoA is increased,
and the flow is separated at the foot of the shock for the outboard station in Fig. 6. The final mesh-adapted
results in the bottom row of the two figures reflects the deflected wing state, which increases for higher AoA
and also for the outboard 95% station (compared to the 50% station in Fig. 5). The shocks for the deflected
adapted cases are well-resolved due to the grid clustering, but weaker relative to the undeflected results,
largely due to the passive bend-twist washout coupling of the swept wing deformation which reduces the
effective angle of attack along the cantilevered wing.
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Figure 4. Overlaid surface pressure contours of the initial undeformed mesh and the final adapted deformed
mesh in Fig. 2.

Convergence of the static aeroelastic residual (Eq. 1) is shown in Fig. 7, across the 7 steps of the mesh
adaptation process. The figure shows over two orders-of-magnitude drop in this residual: residuals are lower
for the smaller AoA’s (because the deflections are smaller), but the relative drop in residual across the process
is roughly the same for each AoA result. A further drop could be expected with additional grid refinement
steps, but it can be seen in Fig. 8 that the modal amplitudes (modes 1, 3, and 4 are shown) have largely
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0° AoA, initial mesh 1° AoA, initial mesh 2° AoA, initial mesh 3° AoA, initial mesh
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Figure 5. Mach contours at 50% semispan, for the initial undeformed mesh (top row), and the final adapted
deformed mesh (bottom row), at AoA’s of 0° - 3°.

0° AoA, initial mesh 1° AoA, initial mesh 2° AoA, initial mesh 3° AoA, initial mesh
0° AoA, refined mesh 1° AoA, refined mesh 2° AoA, refined mesh AoA, refined mesh
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Figure 6. Mach contours at 95% semispan, for the initial undeformed mesh (top row), and the final adapted
deformed mesh (bottom row), at AoA’s of 0° - 3°.

stabilized. Another option would be to decrease the aggressiveness of the refinement schedule, such that
the mesh would grow at a smaller rate. The static aeroelastic process would then have more time to reach
equilibrium before the mesh becomes prohibitively large, but this was not considered here.

It is noted that the mode shapes shown in Fig. 8 are scaled for visualization and are not plotted at the
amplitudes indicated in the bottom figure. Beyond mode 1, the deformational contributions of the higher
modes are relatively small. Mode 1 amplitude convergence in Fig. 8 displays a mostly monotonic behavior
for each AoA, and this is due to the use of Aitken relaxation. Mesh adaptation without Aitken relaxation,
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which is not shown here, is highly non-monotonic due to the fact that positive deflection unloads the swept
wing, and the resulting modal amplitudes are not well-converged within the 7 mesh adaptation steps.
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Figure 7. Convergence of the static aeroelastic residual (Eq. 1) across the mesh adaptation process.

4
L
Ot ]
1k ]
<
2F ——0° AoA ]
—e— 1° AoA
-3F y ——2° A0A |]
+—3° AoA
4 o L 1 1
QY Q¥ L 2D \‘} Y Q¥ L D \,‘7/ Y ¥ L D \‘}
number of nodes -107 number of nodes -107 number of nodes -107

Figure 8. Convergence of select modal amplitudes 1, 3, and 4, across the mesh adaptation process.

B. Non-Matched-Point Flutter Results

An initial flutter mapping is shown in Fig. 9, comparing experimental TDT results, results computed with
linear aeroelastic tools [28], and LFD results computed with the initial 2.5 million node mesh. The LFD
results in Fig. 9 are linearized about the rigid wing at 1° and thus ignore static aeroelastic considerations.
The experimental and LFD flutter boundaries show the expected ‘dip’ and recovery in the transonic flow
regime, though the computed flutter dip underpredicts the measurement by 10-20 psf. The linear aeroelastic
result misses these flow features due to an inability to predict shocked flow. LFD-based eigenvalue migration
plots corresponding to the flutter results in Fig. 9 are shown in Fig. 10 for Mach numbers 0.5 (subsonic flow),
0.825 (bottom of the transonic dip), and 0.875 (back side of the dip). These results show a binary coupling
of modes 1 and 2, where mode 1 is a first bending mode (shown in Fig. 8), and mode 2 is a second bending
mode with some torsional vibration. The frequency coalescence is weaker for the transonic flows in Fig. 10,
but the rate at which the model destabilizes with increased dynamic pressure is not appreciably different for
any of the Mach numbers shown.
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There are numerous possible reasons for why the LFD solver underpredicts the experimental flutter
boundary in Fig. 9, some of which may be the spatial gridding errors and static aeroelastic load redistribution
themes considered in this paper. As will be seen below, however, exercising these tools does not improve the
correlation with the TDT experiment, so some other source of error is likely the cause. This comparison with
experiment is not a core theme of this paper, but some additional discussion can be found in Appendix A.
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Figure 9. Computed and measured flutter boundaries across the transonic regime at 1° angle of attack.
Conditions above a given flutter boundary are unstable.
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Figure 10. Eigenvalue migration plots at three Mach numbers corresponding to the data in Fig. 9.

A general sense of the role of mesh adaptation in the transonic flutter dip computation can be seen in
Fig. 11, where the initial mesh result (as above, from the manually-constructed 2.5 million node mesh) is
directly copied from Fig. 9, and the adapted result is from the final step in the mesh refinement process.
These results are again linearized about the rigid wing at 1° AoA. Because the refinement metrics are still
completely driven by the steady flow features, LFD is only computed as a side-process to the mesh adaptation
process and has no direct impact on it. For the result in Fig. 11, the mesh adaptation only shows a relevant
shift in the flutter-Q above Mach 0.75, with an increase in 50 psf at the highest considered Mach value of
0.875.

The role of mesh-adapted static aeroelasticity in the LFD-based flutter computations is considered next,
focusing solely on Mach 0.8 and a fixed static @) value of 110 psf (the same condition used in the previous
section). These results are not matched-point, and this concept will be explored in the next section. As
such, again LFD is only computed as a side-process to the mesh adaptation process and has no direct impact
on it. The adapted meshes, the steady modal aeroelastic deflections, and the steady transonic flows are all
identical to what was found previously in Figures 2 - 8.

Results are shown in Fig. 12 for flutter-@ as a function of AoA, for the initial 2.5 million node mesh,
the adapted mesh without any static aeroelastic deformations, and the adapted mesh with static aeroelastic
deformations. Results at 1° AoA are replicated from Fig. 11. Both the initial mesh and the case which

8 of 14



o 250 : : :

——e— initial mesh

200 | —6&— refined mesh

150 |

100

flutter dynamic pressure, [ps

50 . : -
0.5 0.6 0.7 0.8 0.9

Mach number

Figure 11. Mesh-adapted flutter results when linearizing about the rigid wing shape, at 1° angle of attack.

ignores static aeroelastic deflections (so LFD is linearized about the rigid wing) show a substantial increase
in flutter-Q with increased AoA, in Fig. 12. This is likely due to the leftward shift of the transonic dip with
increased AoA (i.e., a shift towards smaller Mach values) [29], and so conditions on the front side of the
flutter dip at lower AoA, shift to the backside of the dip at higher AoA. Furthermore, the shift in flutter-Q
with mesh adaptation is more pronounced at higher AoA, as would be expected from the more aggressive
transonic flows for those cases.

The more important result in Fig. 12 is with the static aeroelasticity included in the mesh adaptation,
since refining about an undeflected rigid wing at higher AoAs is a fictional scenario. Here the change in
flutter-@ with increased AoA is very small: the passive bend-twist washout coupling of the wing dilutes the
transonic flows, as seen previously in Figures 5 and 6. The stronger transonic nonlinearities nominally seen at
higher AoA are nearly offset by the associated increased static aeroelastic deflections. This result may have
important ramifications for the design of aeroelastic wind-tunnel models for transonic flutter benchmarking,
as discussed in more detail in Appendix B.

The mesh refinement convergence details for the cases in Fig. 12 are shown in Fig. 13. The flutter-Q
metric converges well for the two cases shown with static aeroelastic deformations; for the LFD cases that
are linearized about the undeflected rigid wing, LFD results could not be obtained for the final 7th mesh.
The transonic flows are very aggressive here (as seen in Figures 5 and 6), and the linear complex-value solves
could not be converged for these highly-adapted meshes. Furthermore, the 3° AoA undeflected result in
Fig. 13 is not obviously converged by mesh level 6 (7.7 million nodes), though the 2° result is.
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Figure 12. Mesh-adapted flutter results as a function of angle of attack.
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Figure 13. Convergence of flutter-QQ across the mesh adaptation process.

C. Flutter Results (Matched-Point)

All of the previous results fixed the dynamic pressure used for static aeroelastic deformations at 110 psf. The
results in this final section enforce a matched-point flutter condition, where the static aeroelastic dynamic
pressure will be driven (during the mesh adaptation process) to be equal to the flutter dynamic pressure. In
contrast with the previous workflows, the LFD does now have an indirect impact on the mesh adaptation,
due to the matched-point constraint. Both the static aeroelastic analysis and the matched-point flutter
computations converge alongside the mesh adaptation steps. A form of Aitken relaxation is also used
for the matched-point restriction, where the static aeroelastic dynamic pressure is updated as: Q;+1 =
0 - QJf-lmt” + (1 —9) - Q. The results shown here use a relaxation value of 0.75, though a value of 1.0 was
tested also with only a minor degradation in convergence.

The mesh-adapted matched-point flutter results are shown in Fig. 14, for comparison with the results
that do not include the matched-point restriction. These latter results are copied directly from Fig. 12, where
the static aeroelastic deformations are driven by a fixed @ of 110 psf. For this case, the matched-point flutter
boundary is only slightly different from the non-matched-point flutter boundary, with a peak difference of
2 psf at the highest 3° AoA. The static aeroelastic deformations for the matched-point case are smaller
(evidenced by the mode 1 amplitude shown on the right of Fig. 14), because they are driven by a dynamic
pressure in the 90 psf range, as opposed to the non-matched-point deformations under a fixed 110 psf load.

The minor difference in the flutter boundaries in Fig. 14 is, as above, likely due to the washout of the
transonic flow features when the swept wing statically deforms, which dilutes the importance of matched-
point considerations (just as the overall importance of AoA is also diluted). Despite this, the matched-point
controller must overcome large initial differences in the two @ values, as seen in Fig. 15: at 3° AoA, an
initial 55 psf difference is driven to less than 0.1 psf after the 7 mesh adaptation steps. It is understood that
the static aeroelastic residual is simultaneously being driven down during this mesh adaptation process, but
these residuals are not meaningfully different from those in Fig. 7 and 8, and are not shown here.

VI. Conclusions

This paper has demonstrated various mesh adaptation strategies for transonic aeroelasticity. Previous
mesh adaptation work by the authors had been limited to cases without finite static aeroelastic deformation,
as the mesh refinement software produced elements with a high degree of anisotropy near the wing surface,
and these meshes could not be deformed in a finite manner without the formation of negative volumes.
The current work uses the commercial software HeldenMesh, whose mesh refinement process can sustain
a prismatic topology in the boundary layer: these meshes are therefore able to withstand finite surface
deformations.

The test case for this work is a wing-body semispan sidewall-mounted model, tested in the NASA LaRC
Transonic Dynamics Tunnel. To better understand the transonic aeroelastic physics of this configuration,
three levels of mesh adaptation are considered here:
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Figure 14. Mesh-adapted matched-point results as a function of angle of attack, compared to results without
matched-point restrictions (static aeroelastic Q fixed at 110 psf).
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Figure 15. Convergence of the matched-point constraint across the mesh adaptation process.
Static aeroelasticity is ignored, and the mesh is adaptively refined on the steady flow features of the

rigid undeformed wing. A flutter analysis (via the linearized frequency domain method) is conducted
by linearizing about the rigid wing, but this flutter analysis has no impact on the mesh adaptation.

Some realistic static aeroelastic dynamic pressure is used to deform the wing, and the mesh is adaptively
refined on the steady flow features of the deformed wing. Static aeroelasticity is computed with a
staggered procedure, where structural deflections computed at mesh level j, are applied at mesh level
j+ 1. A flutter analysis is again computed by linearizing about the deformed wing shape, and again
the flutter analysis has no impact on the mesh adaptation.

The static aeroelastic dynamic pressure is driven, during the mesh adaptation, to be equal to the flutter
dynamic pressure for a matched-point analysis. Here the flutter analysis does implicitly impact the
mesh adaptation process, again via a staggered procedure.

For the aeroelastic wind-tunnel model studied here, the differences between the first two mesh adaptation

procedures are substantial. The bend-twist washout coupling of the swept wing leads to a large reduction in
the strength of the transonic flow nonlinearities, significantly altering both the mesh refinement mechanics
and the flutter mechanism. This shift is particular strong at higher model angles of attack. The third mesh
adaptation strategy (matched-point analysis) is less significant, in that it produces results fairly similar to
the second mesh adaptation workflow. This is partially due to the fact that the fixed dynamic pressure
chosen for the second workflow is fairly close to the computed flutter dynamic pressures, and partially due
to the aforementioned dilution of the transonic physics when the swept wing bends upwards.
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A. Appendix: Numerical Comparison with TDT Flutter Data

The comparison between LFD and the TDT experiment in Fig. 9 is mixed: the overall location (in terms
of Mach number) and relative severity of the flutter dip (in terms of Q) is captured, but the prediction is
consistently 10-20 psf below the measurement. There are many possible culprits for this gap:

1. Flutter testing usually exhibits a certain amount of conservatism, so as not to risk the destruction of
the wind-tunnel model. This, however, does not explain the discrepancy in Fig. 9, since the numerical
model underpredicts the measurements, rather than vice-versa.

2. There may be uncertainties in the structural model, but this is not likely a large factor, since the
structural model used here matches the experimentally-measured vibration properties well.

3. There are uncertainties in the ability of the URANS modeling to correctly predict transonic unsteady
aerodynamics, but there are no pressure measurements on the model during the test, so this uncertainty
is unknowable. Furthermore, the flutter prediction in the subsonic range is only slightly closer to the
experiment, despite the fact that the aerodynamic modeling is well-trusted for subsonic flows. It is
also noted that LFD and the linear aeroelastic tool do not agree as well as may be expected for the
subsonic flows in Fig. 9, although the aerodynamics in this regime are nominally linear.

4. The model is attached directly to the tunnel wall, and therefore the inboard portion of the model
is immersed within the boundary layer of the model. The thickness of the TDT boundary layer at
the model location is unclear [30] but likely does extend past the fuselage and into some portion of
the inboard wing. The modeling here assumes a symmetry plane as the tunnel wall; Ref. [15] had
found that modeling the wall as viscous caused a large increase (15-25 psf) in the computed transonic
flutter boundary of the AGARD 445.6 configuration, compared to a symmetry plane. The AGARD
configuration is an extreme case however, since this wing is attached directly to the wall (as opposed
to the fuselage used for the current case) and will therefore be more susceptible to the boundary layer
of the tunnel.

B. Appendix: Design of Benchmarking Models for Transonic Flutter

A complete set of flutter boundaries is shown in Fig. 16 for AoA’s between 0° and 3°. This is done
for the 2.5 million manually-constructed coarse mesh utilized above, as it would be too expensive to run
mesh refinement cases for each of these conditions. These results then contain some mesh refinement errors
(particularly for the strong transonic flows), but the basic trends shown in this figure should suffice for the
discussion considered here. Flutter results are shown for LFD cases linearized about the rigid wing and also
cases which are linearized about the matched-point static aeroelastic wing shape.

The flutter results linearized about the rigid wing shape (left side of Fig. 16) show the expected trend
with increased AoA: a leftward shift in the transonic flutter dip, as transonic effects are encountered at
earlier Mach numbers [29]. The bottom of the dip decreases from Mach 0.825 at 0° AoA, to Mach 0.725 at
3° AoA. For the results linearized about the static aeroelastic wing shape (right side of Fig. 16), the AoA
effects are diluted as discussed above. There is still a change in flutter dip behavior with AoA, but it is more
subtle, with the dip location only decreasing to Mach 0.8.

TDT testing of this FFTM model did not prioritize changes in AoA, but if this had been a testing
priority, one could obviously expect that experimental results would mirror the static aeroelastic results in
Fig. 16, rather than the rigid results (which are not physically realizable). Given the noise, uncertainty,
and conservatism inherent in flutter testing, it could be difficult to experimentally realize such subtle trends
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seen on the right of Fig. 16. On the other hand, an ideal transonic flutter case for prediction benchmarking
would mirror the general trends on the left side of Fig. 16, with large quantifiable shifts in the flutter dip
with increased AoA, where these shifts are driven by hard-to-predict nonlinearities in the flow. The FFTM,
then, is likely a non-optimal transonic benchmarking case, given that the static aeroelasticity dilutes much
of the key physics desired for code benchmarking.

linearized about the rigid wing linearized about the static aeroelastic wing
0° AoA ——0° AoA
200 1° AoA 2000 1o por
2° AoA ——2° AOA
3° AoA 3° AoA
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flutter dynamic pressure, [psf]

flutter dynamic pressure, [psf]

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
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e
>
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Figure 16. Complete flutter results for the 2.5 million manually-constructed coarse mesh (no refinement),
with and without static aeroelastic effects.

This would suggest design guidelines for future aeroelastic flutter models aimed at prediction benchmark-
ing. For scaled-down models of flight aircraft, both static aeroelastic and dynamic aeroelastic (i.e., flutter)
scaling laws must be observed [31]. But manufactured experiments (such as may be used for benchmark-
ing/validation tests) can utilize any scaling, and typically these models are designed so that they flutter
within the envelope of the tunnel but can still withstand static loads to the appropriate safety factor. This
exercise requires a strong design conflict between low stiffness (for flutter) and high strength which can be
difficult to satisfy [32]. The discussion in this Appendix would indicate a third requirement for low static
aeroelastic deflections (high stiffness) to preserve the transonic nonlinearities in the flow field.

It can be expected that this third requirement would be in even greater conflict with the low-stiffness
flutter requirement, further restricting the model design space. Adding some torsional inertial to the wingtip
(in the form of a cylindrical rod, e.g.) can decrease the flutter boundary and still maintain high wing
stiffness, but this is not a satisfactory solution for wind-tunnel models aimed to replicate subsonic transport
aircraft. Similarly, considering an unswept wing model geometry would remove the passive bend-twist
washout coupling responsible for the degraded aeroelastic nonlinearities, but this again is not satisfactory
for a research thrust aimed at subsonic transport aircraft.
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