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Présentation du projet doctoral, contexte et objectif

In view of diminishing the environmental footprint of civil aircrafts, the manufacturers are
redesigning the wing shape to improve their aerodynamic performance. Shape of wings are
optimized to delay the laminar/turbulent transition in the boundary layer and thus decrease the skinfriction drag of the wings. These aerodynamic benefits may however be mitigated by the occurrence
of new aeroelastic phenomena that are still partially understood and affect the structural integrity
of wings. The flutter phenomenon, which is a spontaneous wing’s motion induced by its coupling
with the surrounding flow, may be modified by the state of the boundary layer developing over the
airfoils. For turbulent boundary layers, the flutter classically occurs by the coupling of two structural
modes. But when the boundary layer is laminar over a large part of the airfoil, the flutter may appear
with only one structural mode and potentially for lower critical flutter speed. The objective of this
thesis is to investigate numerically and experimentally the flutter of laminar wings in subsonics flow
conditions.
The flutter of laminar wings around low angle of attack in subsonic flow conditions is known as
laminar separation flutter. It was first identified during experiments in a subsonic wind tunnel of
NACA0012 airfoil mounted on a (single) torsional spring [1,2]. Symmetric pitching oscillations of
the airfoil around the zero angle of incidence appeared for Reynolds number in the range 5. 104 <
Re < 2.105 and could be suppressed by triggering the flow transition in the boundary layer
developing on the airfoil. In that range of Reynolds numbers, another surprising aerodynamic
phenomenon occurs for purely rigid wings: the aerodynamic lift and moment coefficients both
exhibit a negative slope [7] which indicate that the flow provides a negative added-stiffness to the
airfoil. When the added-stiffness is sufficiently strong to counteract the restoring torsional spring
stiffness, a divergence instability occurs leading to the existence of non-symmetric state. Such nonsymmetric state have yet not been observed experimentally. The first part of this project is
dedicated to an experimental investigation of the competition between the laminar separation flutter
and the static divergence instability. Experiments will be performed in the free-surface recirculating
water channel of the Fluids Laboratory for Aeronautical and Industrial Research (FLAIR) at Monash
University in Melbourne, by adapting the experimental set-up classically used for investigation on
vortex-induced vibration of cylinders [8].
The second part of the PhD will be performed at ONERA to investigate numerically those
phenomena. Numerical investigations of the laminar separation flutter was already performed
based on two-dimensional simulations of the Navier-Stokes (NS) equations and of the Reynolds
Averaged-Navier Stokes equations (RANS) in [3] as well as on three-dimensional high-order
implicit large-eddy flow simulations in [4] coupled with structural dynamics. In the latter
investigation, a symmetric Limit Cycle Oscillations (LCO) of the airfoil spontaneously emerge
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without any external distrubances for moderate Reynols numbers Re < 105. For the higher
Reynolds number Re = 2.105, a symmetric Limit Cycle Oscillations was also observed only if
trigerred by a large external disturbance (of the angle of attack, for instance). The oscillations of
the airfoils around non-zero angle of attack as never reported.
More recently, the onset of these LCOs were investigated based on linear fluid-structure stability
analysis performed around mean flows [5]. These mean flows are obtained by averaging in time as
well as in the spanwise direction the unsteady flow computed by Direct Numerical Simulations for
a fixed airfoil. Results for the angle of attack 0° showed that a zero-frequency mode (corresponding
to a divergent instability) was unstable unlike the flutter mode that remains stable for all values of
Reynolds number. This linear result cannot explain the Limit Cycle Oscillation observed in both
experiments and simulations. Despite that discrepancy, it was shown in [5] that an external
disturbance of the angle of attack can trigger the Limit Cycle Oscillatino of the airfoil for certain
values of Reynolds numbers. More recently, the results of linear stability analysis was systemically
reproduced [6] based on various flow models for computing the mean flow: two-dimensional or
three-dimensional simulations of the Navier-Stokes equations as well as simulations of the
Reynolds-Averaged Navier-Stokes equations supplemented with a transition model. In all cases, a
divergence instability was obtained, showing that it is robust ot the flow model. Moreover, its
existence suggests the existence a quasi-static equilibrium at a non-zero angle of attack for which
the aerodynamic moment and the restoring elastic spring would balance. This scenario for the
onset of LCO was explored in a recent PhD thesis performed at ONERA. Direct Numerical
Simulations of the flow around rigid airfoils were performed for various angles of attack in the range
[0°, 2°]. They showed that the time-averaged aerodynamic moment coefficient has a negative
slope at angle of attack below 1° in agreement with experimental results [7]. Secondly, a fluidstructure stability analysis was then performed for mean-flows at non-zero angle of attack (using
the spring stiffness value corresponding to the static equilibrium) but results did not indicate the
destabilization of the flutter mode. Therefore, we revisited the linearization the governing fluidstructure equations around the mean flow and observed that the classical FSI mean flow analysis
neglects the effect of the Reynolds stress tensor. In particular, by including into the linear stability
analysis the variation of the Reynolds stress tensor with the angle of attack, we could obtain the
destabilization of the flutter mode. This new fluid-structure stability analysis, based on the apriori knowledge of the mean flow and Reynolds stress tensor, suggests that a closed form of the
governing equation is crucial for explaining such phenomenon. The Reynolds Averaged Navier
Stokes equations supplemented with turbulence and transition models form a closed aeroynamic
flow model. But they poorly predict the flow for such low Reynolds number and angles of attack. In
the second part of the project, we will improve the turbulence and transition models based on dataassimilation method [9] using the experimental data obtained during the first part of the PhD. This
improved aerodynamic flow model will then be used for a parametric investigation aiming at
establishing different scenari of laminar separation flutter. They will also be compared with those
obtained experimentally.

Context of the PhD work: This PhD project is funded thanks to a starting collaboration between
ONERA and Swinburne University of Technology. The successful candidate will spent
-18 months in Melbourne (Australia) at Swinburne University of Technology and Monash University
-18 months in Meudon (France) at the Departement of Aerodynamics, Aeroelasticity and Acoustics
of ONERA.
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