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Abstract. Advances in the field of fluid-structure interaction are improving the feasibility
of fully coupled Computational Fluid Dynamics (CFD)/Computational Structural Mechanics
(CSM) solutions in large scale aeroelastic problems. With such emerging technologies, vali-
dation of developed codes and software packages is imperative to ensure accurate and robust
solution schemes. In this paper two fluid-structure interaction benchmark cases, the Turek-Hron
channel flow and AGARD 445.6 weakened wing, are investigated using the ANSYS software
suite with Multiphysics capabilities. An implicit, sub-iterative coupling scheme is adopted, with
under-relaxation of the fluid load transfer to achieve tightly coupled solutions. Results obtained
from the Turek-Hron test case indicate the individual structural and fluid solvers convey excel-
lent agreement with the benchmark solution. The ANSYS System Coupling workflow is also
found to effectively address large grid deformations in the Turek-Hron case and captures the
majority of the AGARD flutter boundary well. Discrepancies are however found in addressing
added-mass effects in the Turek-Hron benchmark. As these effects are not prevalent in flows
of aeronautic significance, the ANSYS System Coupling package is found to be effective in
addressing aeroelastic fluid-structure interaction problems.

1 INTRODUCTION

In the field of computational aeroelasticity, significant advances have been made over the past
two decades in developing fully coupled, nonlinear, Fluid-Structure Interaction (FSI) simula-
tion techniques. With increasing computing power, the high fidelity solution of the Euler or
Navier-Stokes equations coupled with a structural model provides a timely and cost effective
alternative to wind tunnel and flight testing, without the limitations of linear panel methods
traditionally exploited in aeroelastic analysis [1]. Strong coupling between fluid and structural
solvers does however introduce significant complexities to the solution of FSI problems. Causin
et. al. [2], detail the added-mass effect, or the presence of a fictitious inertia arising when fluid
and structural densities are of similar magnitude, as a prevalent issue for sub-iterative solution
schemes. The added-mass effect is also identified as a key consideration in FSI solution meth-
ods by Wall et. al. [3], in addition to the potential numerical instabilities and reduced accuracy
induced by large mesh deformations.

A numerical benchmark case that addresses both added-mass effects and large grid deflections is
proposed by Turek and Hron [4]. The test case considers a laminar, viscous flow over an elastic
member and the benchmark results are computed under a monolithic Arbitrary Lagrangian-
Eulerian (ALE)/Finite Element Method (FEM) formulation. Various discretisation and solution
methods have been applied to the Turek-Hron problem, including implicit partitioned schemes
[5–8], an implicit unified Eulerian approach [9], a semi-implicit partitioned predictor-corrector
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formulation with large eddy simulation [10], an explicit partitioned Lattice-Boltzmann method
[11] and an implicit partitioned routine with structural shell elements [12]. A comparison be-
tween the various formulations is given by Turek and Hron [13], highlighting the efficacy of the
benchmark in establishing grid independent results, regardless of the solution scheme.

As the Turek-Hron problem represents a purely numerical benchmark, validation of FSI simula-
tion capability for aeroelastic applications necessitates a physical aeroelastic test case. Common
practise dictates the use of the AGARD 445.6 weakened wing as detailed by Yates [14], the only
transonic aeroelastic test case for which experimental data is readily available. The AGARD
445.6 weakened wing is therefore used as a baseline for validation of coupled aeroelastic codes.
A number of computational studies have been performed using a variety of numerical schemes
to classify the wing’s flutter boundary.

Owing to the computational intensity of fully coupled CFD/CSM simulations, earlier high order
aerodynamic studies of the AGARD flutter boundary have typically relied on Euler solutions for
the flow field. Rausch and Batina [15] coupled the cell centred, inviscid CFL3D solver with a
finite series of modal vibrations to investigate the stability boundary of the AGARD wing, with
excellent correlations observed in subsonic conditions. Deviation from the experimental results
arises at supersonic conditions, and in the subsequent paper [16] the authors partially attribute
this to the absence of fluid viscosity in the original solution. Analogous trends are presented by
Allen et. al. [17] when solving the Euler equations using the RANSMB and PMB codes, with
a premature rise in the flutter speed index of similar magnitude to Rausch and Batina.

More recent studies of the AGARD stability boundary, which include solutions of the Unsteady
Reynold’s Averaged Navier-Stokes (URANS) equations, have seen improved correlations with
experiment in the supersonic regime. Chen et. al. [18] achieved excellent correlation at Mach
1.072 using a dual time-step implicit Gauss-Seidel formulation and the Roe diffusion scheme.
Although a significant improvement relative to Euler computations is observed, a 12% over-
prediction of the non-dimensional flutter velocity persists at Mach 1.141. The authors postulate
this discrepancy may be a result of the application of the Baldwin-Lomax turbulence model,
with an inability to accurately capture shock-wave/boundary layer interactions in the presence
of stronger shocks. Similarly, Silva et. al. [19] employ the Spalart-Allmaras turbulence model
in classification of the AGARD flutter boundary using the implicit, backwards Euler, FUN3D
code, including a comparison between Euler and Navier-Stokes solutions. As prevalent in prior
coupled CFD/CSM studies, the majority of the stability boundary is well captured, with dis-
crepancies evident at the supersonic test points. The viscous solution of the flutter boundary
presented by Silva et. al. does however provide a considerable improvement on the Euler
solution, with differences of 17% and 71% relative to experiment, respectively.

To the authors knowledge, the computational study best able to replicate the supersonic flutter
conditions of the AGARD wing is that of Im et. al. [20]. Using a high fidelity, Delayed
Detached Eddy Simulation with the low diffusion E-CUSP Scheme, Im et. al. effectively
resolve the nonlinear shock-wave/boundary layer interactions at the highest Mach condition,
predicting a non-dimensional flutter velocity 0.9% below the experimental value. The hybrid
RANS/LES approach proves effective in the supersonic regime, however a complete stability
boundary for the AGARD wing is not presented.

In this paper, the accuracy of the commercially available coupled field solvers, ANSYS Fluent
and ANSYS Mechanical, applied to the Turek-Hron and AGARD 445.6 benchmark cases is
investigated. The Turek-Hron problem is briefly detailed, along with specification of the struc-
tural, fluid and coupled FSI cases and a description of the solution methodology. The AGARD
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445.6 model is then presented with the accompanying solution scheme. Results for both cases
are provided and discussed with respect to the computational benchmark and experimental re-
sults for the Turek-Hron and AGARD wing respectively. To conclude, the effectiveness of the
ANSYS System Coupling package in performing fully coupled FSI simulation is evaluated.

2 TUREK-HRON PROBLEM SPECIFICATION

The FSI benchmark proposed in [4] considers the interaction between an incompressible New-
tonian fluid flow and an elastic, compressible solid. The problem is non-trivial, as it addresses
two fundamentally challenging issues that arise in fully coupled FSI simulation. Explicitly,
large grid deformation and the added mass effect. The problem follows from the flow around a
cylinder benchmark, and is posed as a 2D flow about a rigid cylinder and elastic flag (Figure 1).
Specifications require a channel height (H) of 0.41 m, length (L) of 2.5 m, flag length (l) of 0.35
m, flag height (h) of 0.02 m, cylinder diameter (D) of 0.1 m and control point A at the flap tail
coordinates (0.6, 0.2). The computational domain is intentionally asymmetric, with the cylinder
centred at (0.2, 0.2) to prevent the dependence of flag oscillation on numerical precision [4].

Figure 1: Computational Model

A parabolic velocity profile is prescribed at the channel inlet, and is given by:

νf (0, y) = 1.5Ū
y(H − y)

(H
2

)2
(1)

where νf is the inlet velocity, y is the ordinate along the channel inlet and Ū is the mean inflow
velocity, yielding a maximum inlet velocity of 1.5Ū . In order to stabilise mesh deformation in
the transient simulations, the inlet velocity is gradually increased according to:

vf (t, 0, y) =

{
vf (0, y)1

2

(
1 − cos

(
πt
2

))
for t < 2.0 s

vf (0, y) otherwise
(2)

where t represents the flow time. A zero mean pressure outlet boundary is specified as the
outflow condition and the no-slip condition is applied at all remaining boundaries, including the
fluid-solid interface.

Validation is performed independently for the structural and fluid solvers, followed by fully cou-
pled FSI verification. The structural benchmark is performed solely on the elastic beam under
a gravitational acceleration of 2 m/s2. Two steady cases with high and moderate elasticity are
investigated (CSM1 and CSM2 respectively) in addition to a highly flexible transient solution
(CSM3). Three fluid cases are also examined, with two steady simulations of Reynolds number
20 and 100 (CFD1 and CFD2 respectively), along with a non-steady solution at a Reynolds
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number of 200 (CFD3). The FSI benchmark addresses the added mass effect in the FSI1 case,
where a steady solution between a fluid and solid of equivalent density is specified. Large de-
formation effects are considered in the unsteady solution of FSI2, where a Karman vortex street
is tripped to induce significant deformation in the elastic beam. A combination of these effects
is required by case FSI3, where both large deflections and added mass effects present. See [4]
for further specifications of the benchmark problems.

In this paper, the Turek-Hron benchmark is developed within the ANSYS software suite. AN-
SYS Mechanical is employed as the structural solver, with the elastic membrane defined by
solid block finite elements to track vertical and lateral deflections at the control point. The 2D
problem is realised as a 3D analysis with single cell thickness and zero out of plane displace-
ment constraint, as required by the System Coupling analysis. ANSYS Fluent is used to resolve
the flow field, with a structured O-grid of hexahedral elements about the submerged solid with
decreasing mesh density towards the outlet of the domain. A laminar, pressure based solver is
employed with a least squares, cell based gradient method, second order pressure and implicit
time formulation and second order upwind momentum specification to monitor the total lift and
drag about the submerged body. The coupled problem is formulated through an implicit sub-
iteration scheme, with an under-relaxation of the fluid load transfer to avoid large accelerations
in the structure and diffusion based smoothing in the deforming grid.

3 AGARD 445.6 WEAKENED WING

The AGARD standard aeroelastic configuration was the subject of a series of flutter investiga-
tions conducted at NASA Langley’s Transonic Dynamics Tunnel during the early 1960s [21].
The model considered in this study is the semi-span wall mounted wing 445.6. The structural
model consists of laminated mahogany, with reduced stiffness provided by bored holes. The
model geometry is detailed in [14], with an aspect ratio of 1.6525, root chord of 0.556 m, taper
ratio of 0.6576, quarter-chord sweep angle of 45◦ and constant NACA 65A004 aerofoil section.
Owing to the thin, symmetric wing profile and testing conducted at zero incidence, the AGARD
445.6 presents a comparatively simple FSI validation case, where flow non-linearities are mild
and nonlinear structural responses are not expected.

3.1 Fluid Solver

The aerodynamic computations are performed using a 96 × 85 × 63 hexahedral grid of C-H
topology, with 96 nodes in the streamwise direction, 63 points running spanwise across the
wing surface to the outer domain and 85 points in the radial direction from the wing surface to
the far-field. The domain extends 16 root chords to the upwind and far-field boundary and 20
root chords to the downstream outlet to allow for dissipation of unsteady flow phenomena. A
maximum non-dimensional first cell height of approximately 1 is achieved by the grid such that
the turbulent boundary layer is resolved down to the wall.

For all aerodynamic calculations, the cell-centred, finite volume code Fluent is used to solve
the URANS equations. The fully implicit, pressure based, coupled algorithm with higher order
term relaxation is adopted such that the momentum and pressure based continuity equations are
solved simultaneously. The QUICK scheme is employed for momentum discretisation, provid-
ing third-order accuracy on the structured hexahedral grid. Pressure discretisation is second-
order accurate to minimise noise resulting from the aggressive grid deformations expected dur-
ing flutter simulations. Diffusion terms are determined through a central difference scheme with
second-order accuracy and all remaining scalar quantities are derived using a second-order up-
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wind interpolation scheme. The SST two-equation eddy viscosity turbulence model of Menter
[22] is used for closure of the viscous RANS equations. This model is selected due to it’s noted
performance in adverse pressure gradient flows, as present in transonic shock regions. Natural
transition is also permitted for all computations to best reflect the experimental conditions.

Time discretisation is achieved through a second-order accurate implicit scheme. As the im-
plicit, pressure-based coupled solver is used for all computations, fluid stability is ensured
and the magnitude of dynamic grid motion governs the physical time-step. A step of between
5 × 10−5 seconds and 10−3 seconds is used, as dictated by the experimental flutter frequency
observed at each Mach number. As with the Turek-Hron benchmark, a diffusion based smooth-
ing algorithm controls the dynamic grid motion, preserving cell quality near to the deforming
wing boundary, with motion absorbed by the far-field.

3.2 Structural Solver

Although previous studies of the AGARD flutter boundary have represented the structural dy-
namics through sets of decoupled modal equations [15, 18, 20], in this paper the finite element
solver Mechanical APDL is used as it is directly facilitated by the ANSYS environment. The
structure is comprised entirely of solid block hexahedral elements, cantilevered at the wing root.
As detailed by Yates [14], orthotropic material properties are applied to account for weakening
of the wing. The surface mesh of the structure exhibits similar spatial discretisation to the
aerodynamic grid, such as to mitigate the potential accumulation of load mapping errors. Load
transfer from the fluid to the structure is achieved through the General Grid Interface algorithm
[23], with the Smart Bucket Algorithm [24] used for mapping of displacements back to the
aerodynamic grid.

3.3 Time-Marching Flutter Solution

For the time-marching flutter computations, each test point is initialised by a steady state aero-
dynamic solution of the flow field, with a small perturbation in the angle of incidence. At each
Mach number, eight test points are selected, with dynamic pressures ranging between 70% and
130% of the experimental flutter condition. The freestream velocity at each Mach number is
fixed at the experimental flutter velocity and dynamic pressure is varied independently through
gas density to emulate the experimental procedure. Each simulation is run such that at least four
cycles of wing tip oscillation are observed. From the transient wing tip responses, the logarith-
mic decrement is applied to extract the aeroelastic system damping and a Fast Fourier Transform
used to determine the dominant frequency of oscillation. The zero damping flutter condition is
computed through the bisection method, with a linear interpolation between damping levels to
determine the flutter dynamic pressure. In accordance with the experimental investigation, the
flutter velocity is normalised with respect to the wing root semi-chord, the frequency of the first
uncoupled torsional mode and the root of the mass ratio between the structure and an equivalent
volume of fluid. This non-dimensional velocity is hereafter denoted V ∗. Additionally, the flutter
frequency is normalised with respect to the frequency of the first uncoupled torsional mode.

4 TUREK-HRON BENCHMARK

4.1 CSM Solution

In Table 1 control point displacements are given for the highly flexible CSM1 case over the
range of refined grids prescribed by the benchmark. Grid independence is achieved at the third
refinement level, however a high degree of accuracy is achieved with the initial coarse grid,
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conveying 1.3% and 0.4% differences in the steady state X (Ux) and Y (Uy) displacements of
the control point respectively.

Table 1: CSM1 Control Point Displacements

No. Elements No. Nodes Ux (mm) Uy (mm)
320 2588 -7.093 -65.82

1280 9653 -7.097 -65.84
5120 37223 -7.099 -65.85

20480 146123 -7.100 -65.86
81920 578963 -7.100 -65.86

Reference -7.187 -66.10

Analogous trends are observed for the moderately flexible CSM2 case, with the results pre-
sented in Table 2. Displacements do not exhibit any significant sensitivity to grid refinement,
with the initial coarse grid yielding 0.6% X displacement error and no significant Y displace-
ment error.

Table 2: CSM2 Control Point Displacements

No. Elements No. Nodes Ux (mm) Uy (mm)
320 2588 -0.4663 -16.96

1280 9653 -0.4666 -16.97
5120 37223 -0.4668 -16.97

20480 146123 -0.4668 -16.97
81920 578963 -0.4669 -16.97

Reference -0.4690 -16.97

The control point displacements for the transient CSM3 case are provided in Table 3. Good
agreement is observed with the benchmark results for amplitudes, means and frequencies of
both the lateral and vertical displacements, verifying the applicability of ANSYS Mechanical
to FSI simulation.

Table 3: CSM3 Control Point Displacements with ∆t = 0.005 s

No. Elements No. Nodes Ux (mm) [Hz] Uy (mm) [Hz]
320 2588 -14.575 ± 14.575 [1.0870] -64.751 ± 64.628 [1. 0870]

1280 9653 -14.587 ± 14.587 [1.0892] -64.756 ± 64.938 [1. 0892]
5120 37223 -14.595 ± 14.595 [1.0929] -64.812 ± 64.989 [1. 0929]

Reference -14.305 ± 14.305 [1.0995] -63.607 ± 65.160 [1. 0995]

4.2 CFD Solution

Velocity contours for the CFD validation cases are shown in Figure 2. It is interesting to note
the asymmetrical pressure distributions above and below the flag in the steady solutions of
Figures 2(a) and 2(b). In the FSI2 case to follow, it is this asymmetry which permits small
oscillations of the flag to trigger Karman vortex shedding and hence induce large amplitude
deflections. This periodic vortex shedding is observed in the unsteady CFD3 case (Figure 2(c)),
where the vortex street is induced purely due to Reynolds number effects.
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(a) CFD1 - Re = 20

(b) CFD2 - Re = 100

(c) CFD3 - Re = 200

Figure 2: CFD Velocity Contours

Numerical results for each of the fluid benchmark cases, along with the corresponding reference
values are provided in Table 4. Grid independence for the fluid flow is omitted here as the
selected mesh yields results sufficiently close to the reference values. In each of the steady
simulations, negligible differences in lift and drag values are observed, with errors on the order
of 0.2% in both lift and drag for the CFD2 case. More pronounced differences are however
observed in the unsteady CFD3 case, where the amplitudes of lift and drag oscillation are under-
predicted by 3.3% and 13.3% respectively. This is likely a result of the increasing mesh width
just aft of the flag, however mean values and frequencies are close to the benchmark values.

Table 4: CFD Fluid Loads

Case Drag (N) Lift (N)
CFD1 14.28 1.119

CFD1 - Reference 14.29 1.119
CFD2 136.9 10.55

CFD2 - Reference 136.7 10.53
CFD3 438.75 ± 4.8500 [4.1667] -13.433 ± 423.26 [4.1667]

CFD3 - Reference 439.45 ± 5.6183 [4.3956] -11.893 ± 437.81 [4.3956]
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4.3 FSI Solution

Resultant fluid loads for the FSI1 and FSI2 cases are provided in Table 5. For the FSI1 case,
good correlation is observed in the computed drag load, with 0.1% error relative to the bench-
mark. Significant differences are however present in the computed lift load, with an error of
10.9%. Numerical results for the FSI2 benchmark are more promising, with the frequencies
of both lift and drag variation comparable to the reference values. Although the amplitudes
of oscillation under-predict the magnitudes provided by the reference, errors remain within an
acceptable range of 6% deviation. The observed differences in fluid loads likely stem from the
coarse mesh, as similar behaviour was observed in the CFD3 transient solution. Additionally,
the FSI2 computations are performed under a 0.005 seconds time step, contrary to the bench-
mark case of 0.001 seconds. The larger time step was necessary to eliminate instabilities in the
grid deformation and is likely to contribute to the discrepancies observed.

Table 5: FSI Fluid Loads

Case Drag (N) [Hz] Lift (N) [Hz]
FSI1 14.278 0.8237

FSI1 - Ref 14.295 0.7638
FSI2 206.92 ± 68.75 [3.8] 1.01 ± 218.9 [1.9]

FSI2 - Ref 208.83 ± 73.75 [3.8] 0.88 ± 234.2 [2.0]

In Figure 3 the unsteady variation in fluid loads, following the decay of transients, is given for
the FSI2 test case. The trends show good correlations with the results presented by Turek and
Hron, with limit cycle oscillations observed for both lift and drag. Owing to the larger time-step
used in this study, the resolution of the lift response in Figure 3(a) does not completely capture
the periodicity evident in [4]. This is likely a contributing factor to the under-prediction of lift
amplitude observed. The simpler, high period beating response of the drag variations is however
well captured.
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Figure 3: FSI2 Fluid Loads

The computed control point displacements for the FSI1 and FSI2 test cases are provided in
Table 6. As with the fluid loads, the lateral parameter (Ux) exhibits good correlation to the
reference in the FSI1 test case, with a 1.8% difference. The vertical control point displacement
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is however substantially lower than the value determined by Turek and Hron, with an error of
20.3%. The discrepancies arising in the FSI1 test case indicate that added-mass effects have not
been appropriately captured in this study. Nonetheless, in aeroelastic applications of practical
significance, the structural density invariably exceeds the fluid density by orders of magnitude.
Moreover, as added-mass effects do not arise in aeronautic problems, the poor correlations
observed do not compromise the validity of the method for aeroelastic applications.

Table 6: FSI Control Point Displacements

Case Ux (mm) [Hz] Uy (mm) [Hz]
FSI1 0.0231 0.9872

FSI1 - Ref 0.0227 0.8209
FSI2 -13.50 ± 12.06 [3.8] 1.21 ± 77.3 [1.9]

FSI2 - Ref -14.58 ± 12.44 [3.8] 1.23 ± 80.6 [2.0]

The FSI2 control point displacements of Table 6 show superior correlations to the reference
than the FSI1 test case. The frequency for lateral displacement matches the benchmark exactly
and a 5% difference in vertical frequency is observed. Accompanying the fluid load results,
the amplitude of lateral and vertical control point displacements are also under-predicted, but
lie within 3% and 4% deviation from the reference respectively. The time responses of these
transient displacements are provided in Figure 4. Again the trends show good correlation with
the time responses provided by the reference, demonstrating that the large displacement FSI2
test case is well captured in this study.
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Figure 4: FSI2 Control Point Displacement

In Figure 5 the velocity contours for the FSI2 case at two distinct instances are shown. The
growth of the mean flow instability is seen in Figure 5(a), with increasing asymmetry between
the upper and lower pressure distributions stemming from the asymmetric domain. A fully de-
veloped Karman vortex instability is evident in Figure 5(b) following 12 seconds of simulation
time. As visible, the elastic member experiences significant deformation in the FSI2 test case.
These large deflections are representative of a worst case scenario when performing fully cou-
pled aeroelastic computations. The ability of the coupled Fluent/Mechanical APDL solution to
capture the fluid loads, deflections and frequencies with good correlations to the benchmark ver-
ifies the applicability of the software to aeroelastic problems. The original benchmark proposed
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by Turek and Hron specifies a third test case, FSI3, which considers a combination of large de-
flections and the added-mass effect. However, as it has been established that added-mass effects
are not pertinent to aeronautics, the case is not presented in this study.

(a) t = 4s

(b) t = 12s

Figure 5: FSI2 Velocity Contours

5 AGARD 445.6 FLUTTER SOLUTION

5.1 Structural Validation

As flutter is a dynamic instability typically driven by the inherent structural dynamics, accurate
modeling of the structure is imperative to achieve good correlations to experiment. As such, the
dynamic behaviour of the AGARD 445.6 FE model used in the present study is characterised
through a Block Lanczos modal extraction in Mechanical APDL. The natural frequencies of
the first four modes are provided in Table 7, alongside the experimentally determined modal
frequencies and those calculated by Yates assuming a flat plate, shell structure [14].

Table 7: AGARD 445.6 Natural Frequencies

Mode Present Study (Hz) Ref - Exp (Hz) Ref - FEM (Hz)
1 9.6 9.6 9.6
2 40.1 38.1 38.2
3 50.4 50.7 48.4
4 96.6 98.5 91.5

As observed in Table 7, the first bending frequency is well captured in both the present and orig-
inal analysis. The first torsional frequency differs by 5% from the experimentally determined
value. As this frequency is used in non-dimensionalising both the flutter velocity and flutter
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frequency, the bearing of this discrepancy on the non-dimensional quantities of interest is neg-
ligible. The use of higher order solid elements in this study results in better correlations to the
third and fourth modal frequencies than the original FE analysis. Although common practise
in prior analyses of the AGARD 445.6 flutter boundary dictates the use of the shell FE model,
a current limitation of the ANSYS FSI solution (as of Version 15.0) is the inability to perform
fully coupled solutions with a flat plate model. Nonetheless, this does not inhibit the present
analysis, as the mode shapes, and hence dynamic behaviour, determined using the solid element
model (Figure 6) align well with the experimental and FE mode shapes presented by Yates.

(a) Mode 1: 9.6 Hz (b) Mode 2: 40.1 Hz

(c) Mode 3: 50.4 Hz (d) Mode 4: 96.6 Hz

Figure 6: AGARD 445.6 Mode Shapes

5.2 Fluid Validation

Data relating to the flow field for the AGARD 445.6 weakened wing is not provided in the
original study by Yates. For validation of the fluid solver we compare steady state pressure
distributions at transonic and supersonic conditions to results presented by Batina and Rausch.
Three span-wise stations are selected for comparison, namely 26%, 50.4% and 96% span. The
flow field is considered at the transonic test point of Mach 0.96 and supersonic case of Mach
1.141 to coincide with the analysis conducted by Batina and Rausch.

The resulting pressure distribution for the transonic test point is shown in Figure 7. Whilst the
general trends at each span-wise station are fairly consistent, some noticeable discrepancies ap-
pear. Towards the wing root (Figure 7(a)) the present study predicts marginally higher suction
developing from the aerofoil surface. This trend persists at the mid-span pressure distribution
given in Figure 7(b), where greater suction is evident along the entirety of the chord. A signifi-
cant difference develops towards the wing tip, where a distinct suction peak presents that does
not appear in the reference.

The differences observed at the transonic condition are attributed to the distinct choice of turbu-
lence model. The algebraic Baldwin-Lomax model employed by Batina and Rausch is known
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to over-predict pressure in regions of separated flow. Conversely, the two-equation k-ω SST
model used in this study is tuned for prediction of flow separation in the presence of adverse
pressure gradients, as expected in transonic regions. As such, the flow field resolved in the
current calculations through the transonic regime should better reflect the aerodynamics of the
experiment.
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Figure 7: AGARD 445.6 Pressure Distribution: M = 0.96

The corresponding pressure distributions for the supersonic test point are shown in Figure 8. As
the flow is entirely supersonic, shock induced separation along the chord is no longer present,
and hence, the two analyses predict near identical pressure distributions.
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Figure 8: AGARD 445.6 Pressure Distribution: M = 1.141

5.3 Time-Marching Flutter Response

In Figure 9, the time histories of the physical displacement at the wing tip are given for three
different non-dimensional velocities at Mach 0.901. For V ∗ = 0.375 in Figure 9(a), a stable tip
response is observed, with oscillations decreasing in magnitude. With the value of V ∗ increas-
ing near to the critical flutter velocity of V ∗ = 0.379, a neutral response of constant amplitude
oscillation develops, as in Figure 9(b). For V ∗ = 0.383, above the flutter velocity, the diverg-
ing response of Figure 9(c) is obtained. This behaviour is representative of the computations
throughout the flutter boundary, with a decrease in system damping observed as a greater bulk
aerodynamic force is applied.

Although it is not possible to determine precisely which modes contribute to the flutter condition
from the wing tip time histories, the relative displacement between leading and trailing edge
deflections indicates the oscillations contain both bending and twisting characteristics. This is in
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accordance with previous studies, including Silva et. al. [19], where root locus stability analysis
reveals the flutter mechanism in viscous simulations to be dominated by the first bending and
first torsion modes.
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Figure 9: Mach 0.901 Wing Tip Time History Responses

The complete stability boundary calculated for the AGARD 445.6 weakened wing is provided
in Figure 10, alongside the experimentally determined non-dimensional flutter velocities and
frequencies. As apparent in Figure 10(a), the subsonic test points are well captured, on average
over-predicting the flutter speed index by 3%. Although the onset of the transonic bucket is well
predicted, the supersonic test points severely over-predict the flutter speed, with discrepancies
of 25% and 16% relative to experiment. The differences are not as pronounced for the non-
dimensional flutter frequency in Figure 10(b), with 13% and 7% errors in the supersonic regime.
The flutter frequencies are consistent with the experiment in the subsonic regime, excluding the
anomalous frequency determined at Mach 0.499.
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(a) AGARD 445.6 Flutter Boundary
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(b) AGARD 445.6 Frequency Ratios

Figure 10: AGARD 445.6 Stability Boundaries

The relative performance of the present computations of the AGARD 445.6 flutter boundary,
relative to various numerical investigations, is provided in Figure 11. As expected, in the sub-
sonic regime, all Euler and Navier-Stokes solutions yield fairly consistent predictions. Previous
studies have, however, asserted a possible error in the flutter velocity reported during the ex-
periment at the Mach 1.141 test point. As Im et. al. [20] were able to achieve excellent
correlation using DDES to resolve the aerodynamics, discrepancies at this Mach number are
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likely the result of inadequate turbulence modeling in the presence of stronger shocks. Al-
though the turbulence modeling employed in the present computations may require tuning to
better capture the strong shock interactions in the supersonic regime, the results are consistent
with prior Navier-Stokes computations. As such, the ANSYS Multiphysics package is deemed
to effectively predict the benchmark AGARD 445.6 stability boundary.
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Figure 11: Comparison of Computed AGARD 445.6 Flutter Boundary

6 CONCLUSIONS

In this paper, the precision of the commercially available FSI package, ANSYS System Cou-
pling analysis, has been investigated with regards to the Turek-Hron and AGARD 445.6 bench-
mark cases. Steady state results from both the structural and fluid solvers yield excellent cor-
relations to the Turek-Hron benchmark values, with displacements and fluid loads lying within
1.5% of the reference. In the transient structural test case good agreement is observed be-
tween the means, amplitudes and frequencies for control point displacements. The magnitudes
of oscillatory lift and drag loads determined in this study underestimate those provided by the
benchmark. This, however, is likely a result of insufficient grid density in the computational do-
main, and a full grid independence study is proposed for further work. In the steady FSI1 case,
differences in lift and vertical displacement of 10.9% and 20.3% respectively and relative to the
benchmark are found. This is likely a product of the simulation inadequately addressing added
mass effects, however this does not influence the applicability of the ANSYS System Coupling
package to aeroelastic problems. Good agreement is observed relative to the benchmark in the
large displacement FSI2 case, with the software deemed capable of effectively managing signif-
icant grid deformation. Application of the ANSYS System Coupling analysis to the aeroelastic
AGARD 445.6 test case indicates excellent agreement with the experimental results in the sub-
sonic regime. Although significant discrepancies are present at the supersonic test points, these
errors are consistent with previous computational studies. As such, the software is found to be
effective in determination of the AGARD 445.6 stability boundary.
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