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The unstructured fixed wing flow solver CREATETM-AV Kestrel was used to perform
high-fidelity aeroelastic simulations of the X-56A aircraft undergoing maneuvers, represen-
tative of flight test. Validation of the predicted aerodynamic performance characteristics
are performed through comparison of force and moment coefficients with ground and flight
test results. All grids were constructed using CREATETM-MG Capstone. Aeroelastic val-
idation will be performed by assessing loads, accelerometer data, leading edge stagnation
point, and body-freedom flutter onset speed from future NASA Armstrong flight tests.

Nomenclature

A = wing area, in2 α = angle-of-attack, deg
b = wing span, in β = angle-of-sideslip, deg
c = wing chord, in δ99% = estimated boundary layer height, in
Cp = pressure coefficient δH = total viscous grid height, in
D = drag force, lb ∆Ma∞ = freestream Mach number increment
GCI = grid convergence index ∆s1 = initial wall-normal grid spacing, in
GF = geometric growth factor ∆ssurface = max surface grid spacing, in
L = lift force, lb ∆sLE = leading edge grid spacing, in
LM = moment lengths, in ∆t = time step, sec
mn = generalized modal mass of mode n ν = kinematic viscosity, in2/sec
meff
n (t) = modal effective mass of mode n ρ = density, snails/in3 (slug·ft/in4)

Ma∞ = Mach number τ = non-dimensional timescale, tfS1WB

p = pressure, lb/in2

q = dynamic pressure, lb/in2

r = grid refinement factor
Re = Reynolds number
ωn(t) = modal weight of mode n
W = weight, lb
y+ = inner scaling for wall-normal direction
x = reference coordinate, in
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I. Introduction

Accomodating future requirements of increased endurance and range for transport aircraft require high
lift over drag (L/D) designs and the use of light weight structures leading to several aeroelastic and

aeroservoelastic challenges.1,2 Fatigue, flutter, divergence, control reversal, and gust load alleviation are
some of the phenomena that pose a challenge to lightweight designs. Instead of adding additional struc-
tural stiffness (and weight) to avoid structural failure, active aeroelastic control is an attractive alternative
approach for future lightweight aircraft. The benefits of this technology include increased control power,
reduced aerodynamic drag, reduced maneuver loads, and reduced structure and takeoff weights while per-
mitting aircraft designs with thinner wings and larger wingspans.3

The X-56A Multi-Utility Technology Testbed (MUTT) program is focused on active flutter suppression
technology and active shape control. Recent efforts at NASA Armstrong use the X-56A as a test bed for the
testing and design of sensors and controllers related to active aeroelastic control. Topics of research include:
the stability of closed-loop flutter wing models where modal coordinates are obtained with fiber optics;4

robustness with fiber optic sensor failures;5 stabilizing and controlling wing shape;6 fly-by-feel sensing and
control;7 and airframe structural optimization.8,9 All of these research topics rely on an accurate structural
model of the aircraft that has been verified and validated with ground vibration test (GVT) results.10 While
many of these studies make use of an accurate structural representation of the X-56A, they still employ
low (panel method) to medium (Euler-like) fidelity aerodynamics. This work aims to supplement the lower-
fidelity aeroelastic simulations with high fidelity Euler and viscous delayed detached eddy simulation (DDES)
fluid solvers coupled with a modal structural solver.

II. Background

The X-56A is a flying wing layout which has significant potential for high cruise L/D, reduced intersection
drag, and reduced wetted area.1 The center body of the aircraft is ‘rigid’ while the wings are modular, i.e.,
multiple wing designs with different structural properties and sensor packages can be tested. More detail on
the design and development of the X-56A can be found in the work by Nicolai et al.11 and in the paper by
Beranek et al.2 The size, geometric quantities, weights, and propulsion of the X-56A are outlined in Table
1.2 The propulsion is provided by two JetCat P400 turbine engines supplying 82 lbs (400 N) of thrust per
engine. Control surfaces consist of 2 body flaps and 8 elevons (4 per wing). A weight of 495.6 lbs is used in
the simulations herein.

Table 1. Dimensions and mass of X-56A configuration as simulated. Mass properties are from the NASTRAN structural
model.

Description Symbol Value Units

Chord Length c 24.0 in

Wingspan b 336.0 in

Wing Area A 8064.0 in2

Moment Center xM {165.0, 0.0, 101.3} in

Moment Lengths LM {336.0, 24.0, 336.0} in

Center of Gravity xCG {163.3, 0.2311, 101.3} in

Weight W 495.6 lbs

Lightweight, flexible aircraft must be analyzed considering interactions between the rigid-body and elastic
modes as there is not sufficient separation of their respective modal frequencies.12 The wing first bending
mode frequency drops with increasing dynamic pressure (due to increased aerodynamic damping), but the
aircraft short-period mode frequency increases linearly with flight speed. The short-period mode couples
with the first bending wing mode, resulting in flutter at a speed lower than the static divergence speed,
called body-freedom flutter.13 For the X-56A, this is a low frequency flutter mode, on O(1) Hz,10 has large
center body longitudinal and outboard wing bending (wash-in) motion.
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III. Setup

III.A. Solver Details

The aeroelastic solver used for this work is the CREATETM-AV product Kestrel.14–17 Kestrel is developed for
use with fixed-wing aircraft that undergo control surface deflections, six degree-of-freedom motion, maneuvers
via prescribed motion, and fluid-structure interactions. All of the results presented in this work employ
Kestrel version 6.1.

The unstructured flow solver within Kestrel, named KCFD, solves the compressible two- or three-
dimensional Euler (inviscid), Navier–Stokes (laminar), or Reynolds-Averaged Navier–Stokes equations (tur-
bulent) on unstructured grids using cell-centered schemes. It obtains second-order spatial accuracy by
employing a weighted least squares or Green–Gauss techniques. Time marching is done in a point-implicit
manner with Newton sub-iterations and is also second order accurate. The viscous simulations performed
herein assume a fully turbulent flowfield and make use of the Spalart–Allmaras (SA) one-equation turbulence
model18 with the delayed detached eddy simulation methodology19 (SA-DDES) for separated flows.

The KCFD solver employs a modified BJ limiter20 used with the Roe inviscid fluxes, LDD+ viscous
fluxes, weighted gradients, and a vanLeer convective flux Jacobian.21,22 The Gauss–Seidel matrix scheme23

is employed with a minimum of 8 and maximum of 64 sweeps. A global time stepping scheme is used with
a time step of ∆t=5.0×10−4 seconds using an advective temporal damping value of 0.05. Startup iterations
are used to initialize each simulation with a damping ramp fraction of 0.4 with an advective damping starting
value of 0.1.

The modal structural solver17 within Kestrel solves the modal solution with a time-marching scheme that
includes Newton sub-iterations and can communicate with KCFD to pass information at the sub-iteration
level while maintaining second-order temporal accuracy. Mesh motion is performed using a rigid wall distance
of 0.5 inches, which specifies that cells within this distance of the aircraft surface are treated as rigid elements.
For the viscous aeroelastic simulations, this encompasses the entire estimated boundary layer height, but
does not contain all of the prism layers. The outer limit wall distance for mesh deformation was specified as
360 inches (approximately equal to the aircraft span of 336 inches). A surface attention scaling exponent of
4.0 was specified to improve the mesh deformation in areas where surfaces intersect, e.g., the wing-winglet
interface. If cells collapse during the mesh deformation process, the auto-repair mesh feature in Kestrel is
employed.

III.B. Grid Generation

The grids used in this study were created with CREATETM-MG Capstone version 5.0.1 using IGS formatted
computer-aided-design (CAD) geometry exported from SolidWorks 2014. Five Euler grids were generated for
this effort and the details of each are provided in Table 2. The computational domain was generated using
a ‘sphere primitive’ centered at the model moment center with a radius of 100c (2400 inches). Differences
in surface resolution are apparent in Fig. 1 where a top view of the fuselage and wings are provided for each
grid labeled from ‘very coarse’ to ‘very fine’. Also provided in Table 2 are the maximum surface triangle
size, ∆ssurface, and the wing leading edge element size, ∆sLE, which were reduced systematically by an order
of magnitude from the ‘very coarse’ to ‘very fine’ grids. The trailing edge resolution for the very coarse grid
is similar to what is used in panel method or a lower fidelity Euler solver. The grid refinement factor, r, for
each successive Euler grid is provided in Table 2 and defined by24

r = (N1/N2)1/d (1)

where N1 and N2 are the number of cells or nodes in the finer and coarser grids being compared and d is
the spatial dimension (3 for these grids). Because Kestrel is a cell-centered solver, the cell count is used in
the refinement factor calculations provided in Table 2. However, the refinement factors provided in Table 2
indicate that the volume spatial resolution was not increased by a large amount outside of the immediate
surface triangulation.

The viscous grids share the same aircraft surface triangulation as the medium Euler grid. The details
of the four DDES grids tested are available in Table 3. The viscous layers were generated using the best
practices provided by Nichols25 with an estimated y+<1 and a geometric growth factor (GF ) of 1.2. A
Reynolds number of Rec=2.13×106 was assumed for grid generation corresponding to Ma∞=0.16 at 2500
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Table 2. Euler grid node and cell counts along with three-dimensional refinement factor.

Grid Nodes Cells r ∆ssurface ∆sLE

VC – Very Coarse 0.656×106 3.797×106 - 4.000 in 0.400 in

C – Coarse 1.083×106 6.284×106 1.183 2.000 in 0.200 in

M – Medium 2.035×106 11.81×106 1.234 1.000 in 0.100 in

F – Fine 3.069×106 17.84×106 1.147 0.750 in 0.075 in

VF – Very Fine 5.432×106 31.61×106 1.210 0.500 in 0.050 in

ft. The geometric growth function to calculate the the ith cell thickness is given as

∆si = ∆s1(GF )i−1 (2)

and the total height of the boundary-layer grid constructed with n layers is calculated via summation

δH =
n∑
i=1

∆s1(GF )i−1. (3)

The turbulent boundary layer thickness, δ99%, estimated with flat plate theory26 at this Rec is approximately
δ99%≈ 0.5 in. The initial wall-normal grid spacing, ∆s1, was also estimated using turbulent flat plate theory
to be ∆s1=2.75×10−4 in. The number of layers for each of the grids detailed in Table 3 were chosen so that
the total viscous grid height would be δH≈2×δ99% or 1 inch. A viscous grid containing the landing gear
was also created at the medium boundary layer resolution, denoted MGear

MBL. The addition of the landing gear
geometry increased the cell count by approximately 62%, i.e., MGear

MBL/MMBL≈1.62.

�Coarse Medium Fine Very�FineVery�Coarse
Figure 1. X-56A semispan surface triangulation comparisons for the five resolutions investigated.

Table 3. DDES grid node and cell counts. These grids all share the medium Euler surface triangulation and only differ
in initial wall-normal spacing and stretching ratio.

Grid Nodes Cells r ∆s1 GF n δH

MCBL – Coarse BL 4.580×106 13.928×106 – 3.670×10−4 in 1.2 35 1.08 in

MMBL – Medium BL 4.676×106 14.161×106 1.006 2.750×10−4 in 1.2 36 0.973 in

MFBL – Fine BL 4.918×106 14.635×106 1.011 1.830×10−4 in 1.2 48 0.964 in

MGear
MBL – Medium BL with Gear 6.866×106 22.950×106 - 2.750×10−4 in 1.2 36 0.973 in
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Figure 2(a) shows a cut plane of the volume mesh for half of the vehicle cutting through wing at approx-
imately 0.5c. A detailed view of the boundary layer grid, composed of prisms is provided in Fig. 2(b). This
figure illustrates that the boundary layer grid is grown to a significant height. This was done to ensure high
quality elements near the surface and to accommodate separated flow as the wing twists and deforms during
an aeroelastic simulation. Figure 2(c) shows an x and y cut-plane through the landing gear to illustrate the
prism layer growth near the intersections of the small-scale components.

(a) semispan view

(b) detailed view of prism layers

(c) detailed view of landing gear region

Figure 2. Volume grid cut-planes of the MMBL grids.

5 of 11

DISTRIBUTION A. Approved for public release, distribution unlimited. (96TW-2015-0352)
American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 N

A
SA

 A
R

M
ST

R
O

N
G

 F
L

IG
H

T
 R

E
S 

C
E

N
T

E
R

 o
n 

D
ec

em
be

r 
6,

 2
01

8 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
6-

10
53

 



III.C. Structural Model

The structural model that forms the basis of this work was originally developed at Lockheed Martin
Skunkworks and further validated and calibrated to match ground vibration test results from NASA Arm-
strong.10,27 It is a finite element (FE) model constructed in NASTRAN containing 8249 nodes. A lower
fidelity modal model is used in this work instead of the full FEM NASTRAN model. The full modal solution
contains 6 rigid-body modes and 34 elastic modes with a range from 3-60 Hz where numerous modes contain
control surface displacements.

The structural model and modal solution was read by PyNastran28 and written into standard F06 and
BDF formats for Kestrel. PyNastran is an application program interface (API) to the legacy formats used
by NASTRAN that allows users to write Python code to read data from the numerous NASTRAN formats.
Kestrel is then used to convert the BDF and FO6 files into a single CSD file. Modifications to the F06 file included
the addition of EIGR or EIGRL NASTRAN card entries so the Kestrel reader functions parsed the modal
solution correctly. The mode shapes were visualized using a responding structure simulation without invoking
the KCFD solver. Furthermore, specific mode shapes were omitted during a simulation by listing only those
of interest in the Kestrel input file. In this work, four elastic modes corresponding to symmetric first wing
bending (S1WB), anti-symmetric first wing bending (A1WB), symmetric first wing torsion (S1WT), and
anti-symmetric first wing torsion (A1WT) modes were the only elastic modes considered; they were shown
by Pak and Truong10 to be the most critical to predicting the three flutter modes of the X-56A flexible wing
design.

Kestrel uses a tolerance in the modal structure file to specify where nodes too close together can be elim-
inated, thus reducing the size of the mapping from the fluid surface mesh to the full list of structural nodes.
The structural mode shapes are then mapped to the fluid surface mesh during the simulation initialization.
In this work, the tolerance specified in the Kestrel CSD file was 3.5 inches. A visualization of the structural
nodes that remain after this filtering process is provided in Fig. 3.

Figure 3. Fluid mesh surface triangulation with filtered structural nodes.

Kestrel output provides the generalized modal weights and generalized modal loads. However, it is
advantageous to present which modes are the most active using a quantity that is insensitive to mass or
displacement scaling. As a result, the modal effective mass, meff

n was computed, and is defined by

meff
n (t) = [ωn(t)]2mn (4)

where ωn(t) is the modal weight for mode n at time t from Kestrel output and mn is the generalized modal
mass for mode n from the Kestrel CSD file.
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IV. Results

IV.A. Rigid Body Results

Grid Convergence

In order to assess spatial grid requirements necessary for accurate lift and pitching moment calculations
a grid independence study was conducted. The grid convergence index (GCI) is a quantity proposed by
Roache29 to more accurately present the uncertainty due to changes in the spatial resolution; it is defined as

GCI =
Fs

rp − 1

∣∣∣f2 − f1

f1

∣∣∣ (5)

where Fs is a safety factor of 3.0, p is the order of the spatial scheme employed (2.0 assumed here), and f1,
f2 are the finer and coarser grid global solution quantities being compared, e.g., CL, CD or CM .

The results for the Euler grid GCI calculations are given in Table 4 for Ma∞=0.15, α=2◦, and β=0◦ for
each of the time-averaged aerodynamic coefficients. Each simulation begins with 1000 start-up iterations to
improve convergence behavior. Each coefficient used in the GCI calculations was averaged over the final 1.0
second (2000 time steps) of physical time using a time step of ∆t=5×10−4 seconds.

Table 4. Grid convergence index, GCI, calculations for the Euler grids employed at Ma∞=0.15, α=2◦, and β=0◦.

Grid r GCICL GCICD GCICM

VC – – – –

C 1.183 40.80% 189.9% 119.0%

M 1.234 13.78% 210.3% 34.97%

F 1.147 12.52% 69.51% 31.36%

VF 1.210 9.491% 26.35% 23.42%

A GCI study was also performed for the viscous grids that were refined in the wall-normal direction
within the boundary layer. The results for this study at Ma∞= 0.15, α=2◦, β=0◦ are given in Table 5.
The results presented are time averaged over the final 1.0 second (2000 time steps) also using a time step of
∆t=5×10−4 seconds. The GCI values for this study are relatively large due to the extremely small value of
r since the viscous grids differ only in boundary-layer grid construction parameters. The observed max(y+)
values reported by Kestrel are within the required grid spacing25 for accurate skin friction drag predictions.

Table 5. Grid convergence index, GCI, calculations for the viscous grids employed at Ma∞=0.15, α=2◦, and β=0◦.
Note all grids have the same surface triangulation based on the medium resolution Euler grid.

Grid r GCICL GCICD GCICM max(y+)

MCBL – – – – 0.647

MMBL 1.006 155.3% 70.30% 571.1% 0.508

MFBL 1.011 19.62% 19.95% 59.62% 0.388

Angle of Attack Sweep

Aerodynamic coefficients from rigid-wing X-56A flight tests, Lockheed Martin wind tunnel tests, and Kestrel
CFD results are presented in Fig. 4. The medium resolution Euler grid labeled ‘M’ in Table 2 and the viscous
grid labeled ‘MMBL’ in Table 3 are used in this comparison. Each CFD aerodynamic coefficient result is
post-processed from an unsteady KCFD simulation time averaged over the final 1.0 second (2000 time steps)
using a time step of ∆t=5×10−4 seconds. In Fig. 4(a) the total lift coefficient, CL, is plotted against angle-
of-attack, α. The wind tunnel and flight test results are in very good agreement, but the CFD results
over-predict CL at the higher α values. In Fig. 4(b) CL is plotted against the total drag coefficient, CD,
where it is shown that flight test predicts the highest drag. The Kestrel results under-predict the wind
tunnel CD by a significant margin if the landing gear is not included. However, the SA-DDES results with
the landing gear included match the wind tunnel results very well. Figure 4(c) plots the pitching moment,
CM , against CL and illustrates that the Kestrel results over predict the wind tunnel findings, but neither
the wind tunnel nor the CFD accurately matched the pitching moment from flight test.
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 [Degrees]

C
L

-10 -5 0 5 10 15

0

Flight
Wind Tunnel
Euler
SA-DDES
SA-DDES with Gear

(a) CL vs. α

CD

C
L

0

0
Flight
Wind Tunnel
Euler
SA-DDES
SA-DDES with Gear

(b) CL vs. CD

CL

C
M

0

0

Flight
Wind Tunnel
Euler
SA-DDES
SA-DDES with Gear

(c) CM vs. CL

Figure 4. Aerodynamic coefficients plotted for the rigid wing aircraft with flight test and wind tunnel data. Inviscid
(Euler) and viscous (SA-DDES) results are included for the baseline CFD (without landing gear) and viscous (SA-
DDES) results are included for the grid with the landing gear.

IV.B. Aeroelastic Simulation Results

Aeroelastic simulation predictions are provided in Fig. 5 utilizing the MMBL and MGear
MBL grids and the four,

previously mentioned, primary elastic modes. The time step was identical for both simulations, ∆t=5×10−4

seconds. The user-defined ramp-and-hold maneuver is provided in Fig. 5(a) with the freestream conditions
of Ma∞=0.12, α=1◦, and β=0◦. The grid is translated at different acceleration values to obtain the discrete
Ma∞ number plateaus using a Kestrel motion file. A hold is performed at every ∆Ma∞=0.02 up to a
maximum of Ma∞=0.24. Due to the low frequency nature of body-freedom flutter, each constant Ma∞
plateau in the maneuver is held for at least 3 periods of the lowest frequency elastic mode included. These
aeroelastic simulations were run for 30τ where τ = tfS1WB, t is time, and fS1WB is the frequency of the
symmetric first wing bending mode, i.e., the lowest frequency elastic mode. Each simulation consumed
approximately 35,000 CPU-core hours using 20 nodes of the Lightning supercomputer (Cray XC30, 24
cores/node, Intel Xeon E5-2697v2 2.7 GHz) at the AFRL DoD Supercomputing Resource Center.

The time history of CL, CD, and CM is provided in Fig. 5(b-d) respectively. The onset of a low-frequency
flutter mode occurs when the aircraft is at Ma∞=0.20 at τ≈19.8 and is exacerbated when the maneuver
accelerates toward Ma∞=0.22 at τ≈21.3. This flutter mode is at a frequency of fSBFF≈0.45fS1WB which is
a reasonable estimate based on previous investigations10 where it was found to be 0.66fS1WB using potential
flow aerodynamics at Ma∞=0.14 conditions. The time histories of the aerodynamic coefficients are very
similar for the two configurations, but larger CD and CM values are observed for the grid with the landing
gear. Kestrel simulations utilizing the landing gear grid remained stable for a longer time history. This was
surprising due to the additional smaller-scale geometric elements, but the deformation in that area is not as
exaggerated as that seen at the outboard locations.

Figure 6 provides a detailed view of CL for τ=20-30 after flutter onset along with an illustration of the
deformed vehicle shape (unmagnified) at peak locations. This figure illustrates that at flutter onset, the
vehicle is experiencing wingtip deflections on the order of a few percent of span. Once the oscillations begin
to grow (peaks E-I), the peak-to-peak wing-tip deflections are on the order of half span are observed. At
onset, the lower peaks correspond to washed-in wing-tip deflections. As the lower peaks in CL approach zero
(peak F), the wash-in is reduced and the deflections are downward (peak H). While Kestrel is robust enough
to accommodate mesh deformation of these large magnitudes, the displacements would often be considered
out of the linear regime where a modal structural model is valid. A nonlinear finite element structure model
is required to more accurately model deflection amplitudes of this magnitude.

Figures 7 and 8 illustrate that the two most active modes are symmetric first wing bending (S1WB) and
symmetric first wing torsion (S1WT). Therefore, this is the symmetric-body-freedom flutter mode expected
from the previous analysis.10 Based on the deformations visualized in Fig. 6, it is clear that most of the
deformation is S1WB, with the S1WT contributing to the wash-in motion at the wingtip. The modal effective
mass of the anti-symmetric modes are very small in comparison with S1WB. Overall, the body-freedom flutter
observed in these simulations is comprised of approximately 99% S1WB and 1% S1WT.
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Figure 5. Aerodynamic coefficients plotted against τ for aeroelastic ramp and hold maneuver at α=1◦, an altitude of
2500 ft, and several Ma∞ values for with and without the landing gear..
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Figure 6. Lift coefficient, CL, plotted versus τ for aeroelastic ramp and hold maneuver at α=1◦, an altitude of 2500 ft,
and several Ma∞ values with the landing gear post flutter onset. Peak values are labeled, and corresponding predicted
non-amplified vehicle deformation colored by coefficient of pressure, Cp.
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Figure 7. Effective modal mass, Meff, plotted versus τ for aeroelastic ramp and hold maneuver at α=1◦, an altitude of
2500 ft, and several Ma∞ values for grids with and without the landing gear.
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Figure 8. Post flutter onset effective modal mass, Meff, plotted versus τ from aeroelastic simulations utilizing ramp and
hold maneuver at α=1◦, an altitude of 2500 ft, and several Ma∞ values for grids with and without the landing gear.

V. Conclusions

This work discusses the use of the U.S. Department of Defense CREATETM-AV tools for simulating
body-freedom-flutter of the X-56A using a high-fidelity time-domain approach. The geometry of the X-56A
needed to be repaired and made ‘water-tight’ in an outside CAD package prior to use in Capstone. Capstone
was able to generate valid grids for inviscid and turbulent viscous computations utilizing models with and
without landing gear components. The translation of the validated NASTRAN structural modes into the
Kestrel CSD format required little modification and could be performed via the Kestrel user interface or
core Python. With appropriate grid deformation settings in Kestrel, the symmetric body-freedom flutter
onset Mach number was predicted in the time-domain at constant altitude and constant angle-of-attack
by performing a ramp-and-hold maneuver. Each aeroelastic maneuver was computed on the AFRL DSRC
Lightning supercomputer in approximately 3 days on 480 CPU-cores. Follow-on validation studies using
these inputs are welcome after flexible-wing flight tests are completed.
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