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Dynamic aeroelastic instabilities of fixed-wing aircraft in transonic and
supersonic flows using a fully-coupled model

Marcel Ilie! and John Havenar?
Georgia Southern University, Statesboro, GA, 30458

The aeroelastic phenomena of ONERA M6 wing in transonic and supersonic flight regimes
is computationally studied using a fully-coupled aeroelastic approach. The present research
concerns the development of a computationally efficient and accurate method for the
aeroelastic studies of fixed wing in transonic and supersonic flows. Therefore, we propose a
fully-coupled, time-marching aeroelastic approach utilizing an URANS model. The
computational studies are carried out to assess the effect of the freestream Mach number and
angle of attack on the structural dynamics and stresses developed in the ONERA M6 wing.
The studies are carried out for a range of Mach numbers, M,, = 0.8 -1.4, and angles of
attack, « = {2°4°, 6°}. The analysis reveals that the aeroelastic deformation of the wing and
induced stress in the wing structure increase with the freestream Mach number.

1. Introduction

Aeroelasticity and the phenomena associated with it present many challenges in modern engineering applications.
The effects of aeroelasticity on modern jet aircraft in transonic or supersonic flight can reduce aerodynamic
performance and cause dynamic instability throughout the aircraft. Therefore, aeroelastic effects demand
consideration during the design process of modern aircraft. By modeling the dynamic aeroelastic response of the wing
of a fixed-wing aircraft in transonic and supersonic flight in turbulent flow at a range of angles of attack and Mach
numbers, an understanding of the interdependency of the wing structure and the enveloping fluid continuum may be
developed.

Flutter is an aeroelastic phenomena of primary concern in the transonic regime due to its ability to quickly damage
airframes, fatigue aircraft structures, and lead to a reduction in control surface effectiveness over a relatively short
period of time. Consequently, it is given much attention in the aircraft design process. The dynamic instability of
flutter is made difficult to predict due to the inherent nonlinearity of transonic flows. Frequency based solutions have
demonstrated great effectiveness in predicting flutter, but do not provide the same insights into the fluid dynamics of
the flow enveloping the aircraft structure as methods such as computational fluid dynamics (CFD). The parametric
analysis of the present work consists of transient aeroelastic simulations which include instances of sudden self-
oscillation in the transonic regime, leading to compounding stress throughout the wing structure and oscillation in the
lift and drag coefficients.

Computational approaches to modeling aeroelastic systems often utilize two separate solvers: a computational
fluid dynamics solver to compute the fluid field with a finite volume method (FVM) or finite difference method (FDM)
and a finite element analysis (FEA) solver employing a finite element method (FEM) to compute the structural
dynamics of the system. These two solvers are then coupled together with a data passing service which maps force
and displacement data between corresponding surfaces in the fluid and structural domains in the CFD and FEA solvers,
respectively.

The present work utilizes an explicitly coupled approach which uses a single solver engine comprised of two sub-
models. Explicitly coupled aeroelastic models have benefits with regards to both the computational implementation
of the aeroelastic model as well as from the aero-structural dynamics perspective. By using a single solver with one
sub-model for the fluid flow and another for the structural dynamics, computational overhead is reduced by eliminating
the need for a coupling service, as is required by solutions which use two isolated solvers in a staggered, implicitly
coupled approach. By modeling the wing structure and the fluid continuum as a single system and computing the fluid
and structural dynamics with an implicit time-marching scheme, stable aeroelastic solutions may be found in a single
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timestep iteration loop, rather than requiring that each solver re-compute the timestep until convergence is reached in
the relevant properties.

Unsteady Reynolds-averaged Navier-Stokes (URANS) models have found widespread use in turbulent external
aerodynamics applications because of their ability to provide suitable quality results while being computationally
efficient relevant to other methods such as large eddy simulation (LES), detached eddy simulation (DES), and scale-
adaptive simulation (SAS). Therefore, the present work will use a URANS model to compute the turbulent fluid
dynamics of the transonic and supersonic flow regimes studied.

The wing geometry studied is the ONERA M6 wing, which has become a hallmark of transonic CFD validation
cases due to the robust experimental pressure data available. To verify the ability of the CFD model to be used in the
aeroelastic analyses to accurately model transonic turbulent flow, the surface pressure at multiple span stations on the
wing was compared to experimental data for multiple angles of attack and Mach number [1]. The pressure coefficient
data from the CFD model and the experimental data compared favorably.

A primary goal of this work is to model the dynamic aeroelastic response of a swept wing in transonic and
supersonic flow regimes. The deformation of the wing and the resulting stress throughout the wing structure will be
studied and are hypothesized to increase with the angle of attack and Mach number. Sensitivity to dynamic aeroelastic
instability in the transonic regime such as undamped self-oscillation is modeled. Additionally, this work serves to
strengthen the continually growing body of literature making use of commercial codes to computationally study
increasingly complex aeroelastic systems.

II. Computational method and models

Figure 1a presents the details of the ONERA M6 wing. Figure 1b presents the details of the computational domain
for the fluid and structure.

Cviac ™= 0.65m
Aying = 1.16 m

AR=3.81
TR = 0.56

c.
Geometry and meshing overview.

Figure 1. Wing and mesh details
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In the present work, an unsteady Reynolds-averaged model is used for the computation of the turbulent flow field
enveloping the wing and a linearly elastic structural dynamics method is utilized for the deformation of the wing
structure.

The fluid domain was discretized using an unstructured polyhedral meshing scheme with volume refinement near
the wing geometry for resolution of wake vorticity [1]. Prism layers were extruded as shown in Fig. 1b from the wing
surface mesh to resolve the turbulent boundary layer. The wing structure was meshed with a quadratic tetrahedral
scheme with surface sizing equivalent to that of the wing surface in the fluid continuum. The computational fluid
domain consists of 4.9 million cells and 20.6 million nodes.

The freestream Mach number was varied between 0.80 and 1.40. A time step of 5x10° seconds was selected for
the analyses. The turbulent flow field was computed using a finite volume method Navier-Stokes equation solver with
the unsteady k-o SST viscous model, a two-equation eddy-viscosity model capable of accurate prediction of flows
with strong adverse pressure gradients and pronounced turbulence features, namely separation and reattachment [2-
4]. The k- SST model was additionally selected for its promise in transonic buffet prediction when implemented in
its unsteady formulation [5].

Within the k-0 SST model, the equations for turbulent kinetic energy and the turbulent dissipation rate are
expressed in the conservation form as given by Eq. (1) and Eq. (2), respectively.
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To avoid instabilities stemming from freestream turbulent parameters, the model uses blending function given by Eq.
(3) to transition from the k-o formulation in the boundary layer to a k-¢ model behavior in the freestream flow, where
CDx., as expressed in Eq. (4) is the positive component of the cross-diffusion term of the turbulent dissipation equation
in Eq. (2).
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The kinematic eddy viscosity, v, is given in Eq. (5) and utilizes an additional blending function, F>, to scale the
vorticity magnitude. The second blending function is given in Eq. (6).

a k
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2k 500v\]°
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To prevent undo excess turbulence in stagnation regions, the turbulence production, Py, as expressed in Eq. (7), is
limited according to the criteria in Eq. (7).

au; (oU; dU;
P, =y, — [ —* J B. = min(P. 10 - B*
k= He ox; <6xj 6xl-)' '« = min(Py,, 10 - B*pkw) )

The closure constants are: p*=0.09, a;=5/9, B1=3/40, 6x1=0.85, 6,1=0.5, 02=0.44, B,=0.0828, c1o=1, 6,,=0.856. To
ensure the proper resolution of turbulent flow structures and their effects on the wing surface loading, all equations
were solved to second order accuracy with a bounded second order implicit transient formulation used to govern the
global time-marching of the fluid model.
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A no-slip wall was used as the wing surface. A pressure far-field boundary with the freestream Mach number, M,
specified as requisite characteristic information was imposed a radial distance of r = 30c, from the wing structure
[6].
The fluid mesh dynamically adapted to the aeroelastic deformation of the wing structure via a diffusive smoothing
method. The diffusive smoothing method used a diffusion coefficient which was a function of a normalized boundary
distance in order to shift the burden of mesh motion away from the highly-sensitive near-wall region [7].

The governing Laplace equation for the mesh motion and the formulation of the diffusion coefficient, y, where 0
<a <2, are given as Eq. (8).

. 1
V.oV =0, y=- (®)

The wing structure was treated as a linearly elastic structural continuum and the deformation was computed with a
finite element method (FEM). The wing structure dynamics were computed the beta-Newmark time-integration
algorithm, a single-step time integration algorithm proven effective for the computation of structural dynamics with
transient surface loading [8].

III. Results and Discussion

Figure 2 presents the ONERA M6 wing with the interrogation line where the data is collected and analyzed. The
interrogation line is located at 20% of the span measured from the hub of the blade.

X
Figure 2. ONERA M6 wing (interrogation line at 20% of span)

Figure 3 presents the variation of the Mach number with the angle of attack (AoA) for transonic flow regime. The
analysis of the Mach umber shows the presence of the shock with the increase of Mach number and angle of attack.
Therefore, for a Mach number flow M=0.8, the increase of AoA is associated with the presence of shocks as seen in

Figure 3, for M=0.8 and AoA4 = 6" . On the other hand the effect of the Mach number on the fluid flow can be seen
from the flow field analysis for /04 = 2°. Thus, the increase of Mach number generates shocks whose intensities
increase with the increase of Mach number. However, there are differences in the behavior of the fluid flow for

different Mach numbers. Therefore, for a Mach number M=1, the strongest shocks are anchored at the trailing-edge
while expansion waves are observed at the leading-edge. The increase of Mach number to M=1.2 generates a bow

shock ahead of the airfoil as seen in Figure 3 for a Mach number M=1.2 and AoA4 = 2°. Similar trends were observed
for the other angles of attack and Mach numbers.
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Figure 3. Mach number variation with the AoA

M,, = 0.80 M, = 0.90

Figure 4. Pressure variation with the Mach number and AoA
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Figure 4 presents the pressure variation with the Mach number and angle of attack. The analysis of the pressure field
also reveals the presence of the shocks and their increasing strength with the Mach number and angle of attack.

Figure 5. ONERA M6 wing (interrogation line at 80% of span)

Figure 5 presents the ONERA M6 airfoil and interrogation line at 80% span from the hub of the wing. In the following
the variation of the Mach number with the angle of attack is presented. Therefore, the analysis of the Mach number at
this location is presented in Figure 6. The analysis of the Mach number at this location reveals the flow separation at

the upper surface of the wing for 404 = 6° and Mach numbers M=0.8 and M=0.9. The flow separation diminishes
with the increase of the Mach number.

My =

Figure 6. Mach number variation with the AoA
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Figure 7. Pressure variation with the Mach number and AoA
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Figure 7 presents the pressure variation with the Mach number and angle of attack. The analysis shows that there is a

M, =1.20

decrease of the pressure in the nearfield of the wing in the region close to the tip of the wing.

0.18 . . .

P static [Pa]
1.2e+5

9.6e+4
7.2¢+4
4.8¢+4
2.4e+4
0.0e+0
- -2.4e+4d
-4.8¢+4
-7.2e+4
-9.6¢+4

-1.2e+5

0.16 EAA A 42 AN | |
S J U]

0.14 - ;
—a =2°, M, = 0.95|

0.12 ' ' '
0.0 0.2 0.4 0.6 0.8 1.0
t [s]
0.02 . . . .
.i. 0.00 VAY YA VRIATRY ‘ l ‘
S VT
—a =2°, M, = 0.95|
-0.02 ' ' ' '
0.0 0.2 0.4 0.6 0.8 1.0
t [s]

Figure 8. Time-varying lift and displacement
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Figure 8 presents the time-varying lift coefficient and wing displacement, for M=0.95 and 4oA = 2°. The analysis
shows that the lift coefficient oscillations increase with time reaching a steady-state value of about C;, = 0.15. The
wing displacement oscillations also increases with the lift coefficient.
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Figure 9. Time variation of the equivalent stress and displacement with the Mach number

Figure 9 presents the time variation of the Mach number and wing displacement with the Mach number. The analysis
shows that both the equivalent stresses and wing displacement increase with the Mach number and angle of attack.
Figure 10 presents the equivalent stress and wing deformation. The analysis shows the presence of large stresses in
the hub region of the wing and displacements at the tip of the wing.
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Figure 10. Equivalent stress and displacement

IV. Conclusions

A fully-coupled computational aeroelasticity model is developed for the prediction of the flow field and structural
dynamics of swept wing in the transonic and supersonic regimes. Mach number effect on the aeroelasticity
phenomena, of the swept wing, is computationally studied using the fully-coupled aeroelastic method. The flow field
is computed using the CFD approach using finite-differences, while the structural analysis is performed using the
finite-element method. The study reveals the presence of the bow shock in the transonic and supersonic flight regimes.
For supersonic flow, shock waves are present at the trailing-edge. The study shows that the pressure on the lower
surface of the wing increases with the Mach number. The elastic deformation and stresses, on the wing, increase with
the Mach number. The analysis shows that the upper and lower surfaces of the wing experience alternatively, tensions
and compressions.
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