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An aeroelastic analysis is presented for the X-56A test case of the upcoming third aeroelastic
prediction workshop. Results using the FUN3D linearized frequency-domain solver are shown
for four different structural models corresponding to increasing fuel loads. The present study is
blind since only redacted and normalized flight test data have been published. However, trends
in body-freedom flutter mode frequencies and damping with respect to fuel load are seen to
agree well with previously published redacted flight test data.

Fig. 1 X-56A Multi-Utility Technology Testbed (MUTT), NASA Photo / Jim Ross.

I. Introduction

IN support of the third Aeroelastic Prediction Workshop (AePW—3ﬂ a progress report of the ongoing aeroelastic
computations of the X-56A (Fig.[I) test case is presented. A joint publication and special sessions for AePW-3 are
scheduled for AIAA SciTech 2023. Within the AePW-3 there are four focus areas of interest: transonic flutter including
shock buffet, hypersonic aeroelasticity, geometrically nonlinear wing deflections at low speed, and prediction and control
of body-freedom flutter (BFF). The subject of this study is the prediction of BFF, as well as, all other flutter modes for
the X-56A aircraft using the FUN3D [[]] Navier-Stokes solver. The X-56A, also known as the Multi-Utility Technology
Testbed (MUTT) [2] is a 15% scale remotely piloted aircraft that was built to study the physics of BFF and develop
active control solutions for it. Body-freedom flutter arises from an interaction of a vehicle’s flexible structural modes
and its rigid flight dynamic modes. For high aspect ratio flying wings in general [3]] and the X-56A in particular [4], it is
the coupling of the short period flight dynamic mode with the symmetric first bending structural mode that results in
BFF. With the recent addition [3]] of a linearized frequency-domain (LFD) solver to augment FUN3D’s existing [6]
aeroelastic capabilities, rigid body modes can now be included in flutter analysis, thus making BFF prediction possible
with FUN3D.
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I1. Methodology

A. Finite Element Model and CFD Mesh

The solution process starts with a finite element structural model (FEM) ] tuned using data from ground vibration
tests [7]. A normal modes analysis is then performed in Nastran [8]]. These natural vibration modes are then interpolated
to the CFD surface mesh using radial basis functions ﬂ The CFD surface was created from CAD distributed by
AePW-3. The provided OML CAD does not contain engines, landing gear and other details included in the FEM and
that are present on the as-flown configuration. Where possible, mode shapes of components not represented in the CFD
mesh were not included in the analysis. A family of three CFD meshes were created with Pointwise [9] with nominal
maximum surface cell edge lengths of 1.0, 0.5, and 0.25 inches, all with wall spacing of y* ~ 1. The resultant meshes
contain 3.4M, 7.2M, 29.7M nodes, respectively, as shown in Fig. 2}
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(a) 3.4M nodes, nominal 1 inch spacing. (b) 7.2M nodes, nominal 0.5 inch spacing.  (c) 29.7M nodes, nominal 0.25 inch spacing.

Fig.2 Coarse, medium and fine surface meshes.

B. FUN3D Solver Details

Solutions to the Reynolds-averaged Navier-Stokes equations are computed using the FUN3D flow solver. All solid
surfaces are modeled with no-slip boundary conditions and far-field boundaries are of the Riemann invariant type.
Turbulence closure is obtained using the Spalart-Allmaras [10]] one-equation model with the quadratic constitutive
relation Reynolds stress model of Spalart [[11] and the Spalart-Shur rotation/curvature correction [[12]]. Inviscid fluxes are
computed using the Roe scheme [[13]]. For second-order spatial accuracy, interface values required for Roe’s scheme are
reconstructed using gradients at grid nodes obtained by a least-squares technique. For the mixed prismatic/tetrahedral
grids used in this study, the viscous fluxes are evaluated to second-order accuracy using a combination of edge-based
and Green-Gauss gradients. In high gradient regions of the flow, limiters on these reconstructed values may be needed
for stability. However, in the present computations, no limiters were required. Time integration is accomplished by an
Euler implicit backward difference scheme with dual time stepping to achieve second-order accuracy [14} [15]].

Grid motion due to aeroelastic deformations is carried out by treating the CFD grid as a linear elastic medium with
material properties based on the grid characteristics with appropriate application of the geometric conservation law [[16].
In the present computations, the modulus of elasticity is boosted near the wing by setting it to vary with the inverse of
the square of the distance away from the wing surface, thereby increasing the robustness of the grid motion.

The structural deformations are computed internally using a linear modal method, which was implemented in
FUN3D by Biedron and Thomas [6] following the approach used in CAP-TSD [17]. The LFD solver is implemented [S]]
in the stabilized finite element solver (SFE) path of FUN3D [18]. The LFD solver linearizes the flow about a base static
aeroelastic state via rigid body and flexible mode shapes over a range of reduced frequencies between 0.0 and 2.0. The
static aeroelastic state is computed using only flexible modes and either the finite volume (FV) or SFE solvers. For the
present results, the FV solver was used to maintain compatibility with the existing time-domain workflow, however, it is
expected that starting the LFD solver from an SFE solution would result in better convergence properties and will be
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used for the final workshop results. The final product of the LFD solver is a matrix of generalized aerodynamic forces
(GAFs). A noniterative [[19], p—k [20] flutter eigensolver is then used to compute the flutter envelope.

Though it is known [3]] that BFF of flying wing configurations is captured well with fully linear aerodynamics
and structures, the power of LFD is its ability to compute time linearized unsteady aerodynamics about any nonlinear
aeroelastic state. Thus, the value of this study is to verify LFD for BFF against lower fidelity tools where they should
agree, as well as, validate against unredacted flight data when it becomes available. The present LFD implementation
has already been shown to accurately predict flutter [5, [21-23]] in the transonic flow regime where linear aerodynamics
are insufficient.

III. Results

The present results are based on a freestream velocity of 100 knots at standard sea-level conditions, which corresponds
to a Mach number of 0.15 and dynamic pressure of 0.235 psi. Initial computations found an angle of attack of 0.27°
sufficient to trim the vehicle at the static aeroelastic condition for the 10 1b fuel load. At this trim angle, no significant
effect on flutter speed was observed, thus all results presented are at zero angle of attack. Also, additional freestream
dynamic pressures were used to compute the static aeroelastic state for LFD and were found not to significantly affect
predicted flutter speeds. The effect of mesh refinement on the static aeroelastic state is fairly minimal in terms of
integrated loads (Table([T)) and surface pressures and deformation (Fig. [3).

As designed [2], three flutter modes are present in the results: body-freedom flutter (BFF), symmetric wing
bending/torsion (SWBT), and antisymmetric wing bending/torsion (AWBT). These flutter modes are shown in Fig. 4]
with the jig shape in gray and the flutter mode shape colors corresponding to those in Fig.[5] In Fig.[5] LFD results
showing the effect of mesh refinement are plotted along with Nastran results for damping vs velocity (V-g) and frequency
vs velocity(V-f) for the 10 Ib fuel case. Corresponding flutter speeds are listed in Table[2| The results for the coarse and
medium meshes are seen to agree with each other exceptionally well, while the fine mesh solution departs from the
other meshes primarily in the BFF mode. Nastran results are seen to match coarse and medium LFD results for BFF
and begin to depart from LFD results for all meshes for speeds higher than 150 KEAS (equivalent airspeed in knots).
Given the similarity of the base static aeroelastic deflection state across meshes, it is suspected that the grid sensitivity
observed in the LFD results is due to differing levels of convergence caused by restarting from a solution generated with
the FV solver instead of the SFE solver.

Table 1 Effect of mesh refinement on
lift, drag, and pitching moment coeffi-
cients for the static aeroelastic condition.

Mesh CL Cp Cn

Coarse  0.1574 0.0199 0.0231
Medium 0.1595 0.0182 0.0229
Fine 0.1635 0.0160 0.0216

Table 2 Effect of mesh refinement on flut-
ter equivalent airspeed in knots (KEAS)

Case BFF SWBT AWBT

LFD Coarse 123.6 156.6 187.6
LFD Medium 123.9 156.5 187.3
LFD Fine 118.4 156.3 186.6
Nastran 122.8 152.5 182.8




The effect of fuel load on the damping of the primary modes involved in flutter are shown for the medium mesh and
Nastran in Figure[6] For both LFD and Nastran results, as fuel load increases, damping increases for the short period
mode resulting in higher BFF flutter speeds, while SWBT and AWBT flutter speeds are virtually unchanged, see also
Table[3] Damping in symmetric wing first bending (SW1B) shows slight mixed changes, while antisymmetric wing first
bending (AW 1B), symmetric wing first torsion (SW1T), and antisymmetric wing first torsion (AW 1T) modes are largely
unaffected. The same sensitivity to fuel load is reflected in frequency in Fig. [/} where the frequency of the short period
mode is seen to decrease with increasing fuel load. A summary of the effects of fuel load on stability and frequency
can be seen in the root locus plots for LFD and Nastran results, Fig. [§] where the BFF occurs at a higher frequency
and becomes less unstable with increased fuel load and the symmetric and antisymmetric wing bending/torsion flutter
mechanism are insensitive to fuel load.

Finally, it was assumed that only the BFF mode wouldn’t be found in the time domain analysis because of its rigid
body mode dependence. However, in exploratory time domain computations, the SWBT and AWBT flutter modes
were also absent. Because all rigid modes are neglected in the time domain, Nastran and LFD computations were
repeated without rigid body modes and were in good agreement with each other and also did not exhibit any flutter
modes, with the possible exception of LFD SWBT which just barely becomes unstable at 230 KEAS, see Fig.[9] Close
examination of the fuselage region the flutter mode shapes in Fig. d] indicate that SWBT mode likely contains a vertical
translation rigid mode component while the AWBT mode contains a rolling mode contribution. The rigid modes in
the current modal decomposition are linear combinations of translations and rotations about the principal axes, which
prevents isolating these modes to verify their contributions. In follow-on computations, an alternative normal mode
decomposition will be used to recover rigid modes about the principal axes for further analysis.

Table 3 Effect of fuel load on flutter speed in KEAS

LFD Medium Mesh Nastran
Case BFF SWBT AWBT BFF SWBT AWBT

10Ib 1239 156.5 187.3 122.8 152.5 182.8
30lb 129.1 1564  186.8 126.1 1524  182.2
60Ib 142.6 156.3 186.2 133.1 1523 181.4
801b 159.7 156.3 185.7 136.5 152.3 180.9




(a) Coarse

(b) Medium

(c) Fine

Fig. 3 Effect of mesh refinement on static deformation and surface pressure, jig shape shown in gray.



(a) BFF (b) SWBT (c) AWBT

Fig.4 Flutter mode shapes with jig shape in gray.
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Fig. 5 Effect of mesh refinement on primary modes involved in flutter for 10 Ib fuel case for LFD compared
with Nastran results.
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IV. Concluding Remarks

A progress report on the ongoing X-56A aeroelastic analysis for the 2023 Aeroelastic Prediction Workshop was
presented. Results using the FUN3D linearized frequency-domain solver and Nastran were presented for four different
structural models corresponding to increasing fuel loads. Nastran and LFD results were generally in good agreement
with each other. The results for the coarse and medium meshes agreed with each other exceptionally well, while the fine
mesh solution departed from the other meshes primarily in the BFF mode. Nastran results were seen to match coarse
and medium LFD results for BFF and began to depart from LFD results for all meshes for speeds higher than 150 KEAS.
For the final workshop paper, a further analysis of mesh convergence will be conducted using only the SFE solver.
Trends in body-freedom flutter mode frequencies and damping with respect to fuel load agree with published flight-test
data [4] and computations [7]], though quantitative comparisons are difficult at this point because previously published
data were redacted or normalized and the current FEM has been further updated. The AePW-3 workshop will eventually
release flight data, but for these initial computations, blind comparisons are sought. The FUN3D LFD solver has proven
to be very capable of predicting body-freedom flutter, which is a new capability for FUN3D-based aeroelasticity.
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