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Abstract. The paper presents numerical results from a novel scheme for the solution
of the flow equations in two dimensional domains by an Arbitrary Lagrangian Eulerian
formulation able to cope with deforming and adaptive two dimensional grids without
recurring to any explicit interpolation scheme. The method is applied to the investigation
of a classical transonic aeroelastic instability phenomenon: the aileron buzz. By resorting
to deforming and adaptive grids, the method allows to highlight the dependency of the
aeroelastic stability boundaries on the mesh spacing.

1 INTRODUCTION

The investigation of aeroelastic stability boundaries by means of Fluid Structure In-
teraction (FSI) analysis is becoming very popular for the preliminary and verification
phases of new aircraft design [2, 14], and it is currently denominated Computational
Aeroelasticity (CA). By resorting to CFD models based on Euler or Reynolds-Averaged
Navier-Stokes (RANS) equations, these approaches avoid any unduly simplification in the
computation of fluid flow unsteady forces, allowing to keep into account also the effect of
shock-waves, and flow separations, usually neglected by classical potential approaches.

To obtain reliable results, appropriate meshes of the fluid domain must be used. What
should be a reliable mesh for a static fluid flow simulation around an aircraft could be
considered a question that received an answer in the literature. The same cannot be
said if unsteady flow simulations in transonic flow fields are considered, as those that
are of paramount importance for CA cases. The paper investigates the dependency of
the stability boundary from the grid spacing showing how simulation based on time-
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Figure 1: Aerodynamic conditions for which buzz may occur; taken from Ref. [11].

adaptive mesh may improve significantly the prediction capability of numerical approaches
to aeroelasticity.

In the present work it has been decided to start tackling this problem by analyzing
the dependency from the grid of the numerically evaluated stability boundary of a simple
transonic aeroelastic problem characterized by a single structural degrees of freedom: the
aileron buzz. This is an instability involving the interaction of a single structural degree
of freedom, associated to the aileron rotation about its hinge, with unsteady aerodynamic
forces caused by strong shock waves dwelling close to the hinge axis. The instability may
evolve into self-sustained Limit Cycle Oscillations [10, 11]. Two principal classes of buzz
have been shown during experimental campaigns. Following the classification proposed by
Lambourne [10] (see figure 1), the Type A is caused by interaction of the shock-waves with
the boundary layer, while Type B results from to the interaction of the shock-waves with
the aileron movement without significant intervention of the boundary layer. This latter
case is commonly denominated non-classical. Type A is characterized by shock waves
positioned ahead of the hinge line, while for Type B phenomena the shock waves are at
the flap surface, so they appear at higher Mach numbers than Type A. If a numerical
approach is adopted to study the buzz problem, the Euler equations can be considered a
good description of the fluid behaviour only for the Type B phenomena since no interaction
with the boundary layer is necessary to capture the unsteady forces. Consequently, this
paper investigates the Type B buzz taking as a reference the experimental work done
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by Lambourne [10]. For numerical analysis of Type A phenomena see [3] and references
therein.

The simulation of the buzz phenomenon requires one to perform unsteady simulations of
the flowfield while the computational domain is continuously changing its shape to account
for the flap movement. So Arbitrary Lagrangian Eulerian (ALE) formulation joined with
appropriate mesh update scheme must be considered. The innovative two-dimensional
numerical scheme for the compressible CFD equations on dynamic meshes proposed in [9,
13] has been used. It allows to perform computations on moving meshes with adaptation,
which is required to preserve the mesh spacing for large boundary displacement.

The paper is organized as follow. The second section briefly presents the numerical
approach used for the analysis of fluid flow equations with movable and adaptive grids.
The third section shows the detail of the FSI models together with the partitioned strategy
used to integrates the two-domain problem. Finally, the numerical results section shows
the result obtained with different grids with variable refinement levels, and those obtained
by using the adaptive approach.

2 FINITE VOLUME ALE SCHEME

The governing equations for a compressible inviscid fluid in two spatial dimensions are
provided by the well-known Euler equations in an Arbitrary Lagrangian Eulerian (ALE)
framework [6], namely,

d

dt

∫

C(t)

u+

∮

∂C(t)

[

f(u)− u v
]

·n = 0, ∀C(t) ⊆ Ω(t), (1)

completed by suitable initial and boundary conditions [8]. In Eq. (1) u = (ρ,m, Et)T,
is the vector unknown of the density ρ, momentum vector m, and total energy per unit
volume Et and the flux function is defined as

f(u) =
(

m, m⊗m/ρ+ P (u) I,
[

Et + P (u)
]

m/ρ
)T

where I is the 2 × 2 identity matrix and P is the pressure. The term u(v ·n) takes into
account the flux contribution due to the movement of the boundary of the control volume
∂C(t) with normal vector n(t).

A standard node-centered finite volume scheme is used to discretize the governing
equation. [9] As shown in figure 2, a non overlapping set of cells Ci is taken to discretize
Ω and the unknown u is approximated over Ci by its average value ui = ui(t). Eq. (1) can
be rewritten

d

dt
[Vi ui] =

∑

k∈Ki, �=

Φik(ui, uk, νik,ηik) + Φ
∂
i (ui, νi, ξi) ∀i ∈ K (2)

where Φik and Φ
∂
i are the domain and boundary numerical fluxes, Ki, �= is the set of nodes

connected to i by an edge, ηik and ξi are the normal vectors integrated along the interface
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i kηik∂Cik

Ci
Ck

Figure 2: Edge associated with the finite volume interface ∂Cik = ∂Ci ∩ ∂Ck and metric vector η
ik

(integrated normal) in two spatial dimensions. The two shaded regions are the finite volumes Ci and Ck;
dashed lines indicate the underlying triangulation.

and νik and νi are the integrated normal velocities. A high-resolution expression for the
integrated numerical flux [15] is used in the present work based on the Total Variation
Diminishing (TVD) approach.

In order to ensure the conservativity of the scheme the well known Geometric Con-
servation Law [5] has to be satisfied. This is often achieved by choosing the integrated
interface velocities as the time derivative of the volume swept by the interface, namely

dVi,ik

dt
=

∫

∂Cik

v ·n and
dVi,∂

dt
=

∫

∂Ci∩∂Ω

v ·n. (3)

Eq. (2) is solved for the fluid variables u at time level n+ 1 implicitly by means of
standard integration techniques. The Jacobian matrix is computed by resorting to a first
order approximation of the integrated fluxes and a dual time-stepping technique [16].
Second and third order Backward Differentiation Formula (BDF) schemes are adopted to
approximate the time derivatives.

Following [12] and [9] the numerical scheme outline above is used together with mesh
adaptation techniques. The local modifications of the topology of the grid occurring dur-
ing the adaptation step, e.g. edge-swapping and node insertion/deletion, are interpreted
as a continuous deformation of the finite volumes associated to the grid. The interface
velocities given by Eq. (3) are thus computed accounting for the distortion of the finite
volumes caused by the modifications in grid topology. Such approach allows to compute
the solution onto the new, adapted, grid simply integrating Eq. (2) without any explicit
interpolation step. To ensure the conservativity of the resulting scheme additional flux
contributions must be taken into account for every removed edge [12] and additional
conservation equations must be integrated for every removed node [9]. Such additional
fluxes and equations can be dropped after a given number of time steps depending on
the time-integration scheme adopted, e.g. two for a BDF2 and three a BDF3, since their
contribution is identically equal to zero.
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(a) β = 0◦ (b) β = 12◦

Figure 3: Numerical grid for two flap rotations.

3 FLUID-STRUCTURE INTERACTIONMODELING FOR THE AILERON
BUZZ

The structural model used to describe the aileron motion is a simple one degree of
freedom equation expressing equilibrium of moments about the aileron hinge, namely

Iβ̈ = M , (4)

where I is the inertia moment of the flap around the hinge and M is the aerodynamic
moment about the hinge line. Given the value of the flap rotation β at a given time tn+1,
the position of the grid nodes belonging to the boundary is updated and the inner nodes
are displaced resorting to a mesh deformation algorithm based on the elastic analogy that
preserves the good quality of elements close to the airfoil [12, 4].

The direct time integration of the fluid-structure interaction problem is tackled using
a partitioned loosely coupled algorithm. Both aerodynamic and structural systems are
integrated using an implicit scheme, thus achieving linear stability for any value of time-
step ∆t. In particular, Eq. 2 has been integrated using a second order accurate BDF
scheme, while a predictor-corrector method derived from Crank-Nicholson [7] has been
adopted for the structural subsystem. The latter scheme is here briefly outlined.

1. The known values of flap angle, flap angular velocity and aerodynamic loads at the
time n are used to prediction of the structural state at time n+ 1, i.e.







βn+1
p = βn +∆t β̇n + ∆t2

2I
Mn,

β̇n+1
p = β̇n + ∆t

I
Mn.
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2. The predicted predicted structural state, βn+1
p and β̇n+1

p is used to compute the new

mesh and subsequently the aerodynamic loads, Mn+1 = M(βn+1
p , β̇n+1

p ).

3. The predicted loads are used to correct the value of the structural state at tn+1, i.e.






βn+1 = βn +∆t β̇n + ∆t2

2I
Mn+1+Mn

2
,

β̇n+1 = β̇n + ∆t
I

Mn+1+Mn

2
.

4 NUMERICAL RESULTS
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Figure 4: Comparison of experimental and numerical stability boundaries of the Mach-angle-of attack
plane.

Aileron buzz is now examined to study the suitability of the proposed approach to
investigate aeroelastic phenomena in two dimensional cases. The prerogative is to as-
sess non-classical aileron buzz (type B using Lambourne classification [10]) over a range
of transonic Mach numbers. Tests are conducted on a RAE 102 typical section model
clamped on its mass center to avoid pitch or plunge movements and to allow only flap
rotation around its hinge. Flap-chord/chord ratio is 25% and non-dimensional frequency
parameter is f = 0.063 approximately (which corresponds to a reduced frequency of
k = ωc/V∞ = 0.1). A circular domain with a radius of 20 chords is chosen to avoid
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(a) M=0.86375
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(b) M=0.865

Figure 5: Comparison of flap rotation transient at α = 0◦ on different grids : (a) stable responses; (b) un-
stable responses.
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t [-]

β
[°]

50 100 150 200 250 300
-10

-8

-6

-4

-2

0

2

4

6

8

Coarse grid
Fine grid

(b) M=0.8125

Figure 6: Comparison of flap rotation transient at α = 3◦ on different grids : (a) stable response; (b) un-
stable/stable responses.

far-field boundary conditions interferences on the unsteady phenomenon. The result ob-
tained is the stability boundary in the Mach-angle-of-attack plane. Since RAE 102 is
a symmetrical airfoil, tests at α = 0◦ are conducted imposing a non-dimensional initial
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Figure 7: Snapshots of adapted grids and Mach number contour during a cycle of an unstable aileron
buzz case (M=0.865,α = 0◦).

angular velocity of flap around the hinge different from zero (β̇ = −10−3). Differently,
computations with an angle of attack α = 3◦ don’t need an initial perturbation thank to
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Figure 8: Snapshots of adapted grids and Mach number contour during a cycle of an unstable aileron
buzz case (M=0.865,α = 0◦).

a sufficient initial value of flap hinge moment coefficient Cm = M
1/2ρV 2c2

.
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Numerical computations are conducted at different Mach numbers (0.8 < M < 1.0)
with two different angles of attack (α = 0◦, α = 3◦) in order to define numerical boundary
stability. Moreover two different grids are used to perform a sensitivity of the phenomenon
with respect to the computational discretization spacing; a coarse grid with 10 396 nodes
and 19 745 elements and a fine computational grid with 20 845 nodes and 40 482 elements.
All computations are performed using the second-order BDF time integration scheme
with ∆t = 0.5235 and a non-dimensional simulation time T = 314.15.

Figure 4 shows the comparison of the computed stability boundary on the Mach-angle-
of-attack plane with the experimental one. Euler equations model produces a result far
away from the experimental model instability [10]. In fact, since viscous effects are not
considered in Euler equations, a lower stability boundary is obtained. Boundary layer
presence implies an increase airfoil thickness for inviscid flow providing an higher stability
boundary in terms of Mach number. On the other hand, numerical results are in fairly
good agreement with inviscid computations by Bendiksen [1].

In figure 5 is shown the response in terms of flap rotation β for α = 0◦ across the
stability boundary (respectively M=0.86375 and M=0.865) using two different grid spac-
ings. In general, a reduced grid spacing determines a more negative aerodynamic damping
effect, both for stable and unstable cases. This is due to numerical viscosity increase with
volume cell. Flap rotation responses for α = 3◦ are shown in figure 6. In this case numer-
ical stability boundary has been evaluated about M=0.8125. In fact, across this value of
Mach number a different behaviour can be noticed in changing grid space. The fine grid
gives an unstable response while the coarse grid a stable one. This is in agreement with
the increase of aerodynamic damping effect with cell volume.

Figure 7 and figure 8 show the details of some subsequent flow-fields around the flap
during an unstable response at M = 0.865, a = 0◦. Numerical computation has been
performed using a grid adaptation technique to improve the capturing of shocks move-
ments on airfoil and flap surface. Mesh adaptation has been driven by an error indicator
based on the Hessian matrix and the gradient of the Mach number over the whole com-
putation domain. Initial grid at t = 0− has been created using 21 625 nodes and 42 747
elements. When the flap starts moving upward the upper shock moves forward and lower
its strength while the lower shock does the opposite.

5 CONCLUSIONS

A novel conservative adaptive-grid for the Euler equations was applied to the computa-
tion of the stability boundary for the non-classical buzz problem for the RAE 102 airfoil.
The proposed technique does not require cross-grid reinterpolation. As expected, for a
given angle of attack, numerical simulations of the buzz phenomena on the denser grid
are found to indicate a lower stability limit for the Mach number with respect to coarse
grid computations. Remarkably enough, adapted grid computations are found to be less
accurate in predicting the location of the stability boundary with respect to the coarse
and dense grid ones, which is higher for the adapted case. This is believed to be related
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to the adaptation sensors, which allows to gather grid points close to the shock wave but
it is not sufficient to increase the accuracy in the smooth regions that contribute to the
overall value of the hinge momentum. Current research activities are devoted to further
study suitable sensors to improve the adaptation process in terms of the evaluation of the
stability limit.
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