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ABSTRACT 

In recent decades, advances in aerospace engineering have intensified research efforts in 
aeroelasticity. The continuous demand for improved aerodynamic efficiency, reduced fuel 
consumption, and lower structural mass has led to the development of increasingly flexible 
wings with high aspect ratios. While these design trends offer significant aerodynamic benefits, 
they also increase the susceptibility to aeroelastic instabilities, among which flutter remains one 
of the most critical constraints in wing design [1]. 
High-aspect-ratio wings are characterized by low-frequency bending modes. When the first two 
bending modes have natural frequencies lower than that of the first torsional mode, a different 
type of flutter mechanism involving second bending-first torsion (B2–T1) coupling may occur. 
This flutter scenario is of particular interest, as it differs from the commonly studied first 
bending-first torsion coupling and introduces additional complexity related to the node of 
vibration of the second bending mode, that potentially affects the fluid-structure energy 
exchanges. The present study combines reduced order aeroelastic modelling and experimental 
validation to provide physical insight into this instability mechanism.  
A reduced-order aeroelastic model is developed by coupling a Rayleigh–Ritz structural 
formulation with an unsteady aerodynamic model based on Theodorsen’s theory [2]. The 
structural dynamic is represented using a combination of assumed mode shapes derived from 
the uniform cantilever beam theory, allowing for an efficient and physically meaningful 
description of bending and torsional deflections. The unsteady aerodynamic forces are 
considered through frequency-dependent aerodynamic coefficients, enabling the prediction of 
the modal parameter’s variation with airspeed. Based on the predictions of the reduced-order 
model, experimental wing models were designed and manufactured. The configurations were 
intentionally tailored to exhibit flutter at flow velocities below the operational limits of the 
respective wind tunnels. Two wings were built and tested: one in the IAT/Cnam wind tunnel in 
Paris [3] and the other in the ULiège wind tunnel in Liège [2]. Figure 1 presents photographs 
of the wings mounted in the wind tunnel, along with the variations of modal frequencies and 
total damping ratios with airspeed obtained from the reduced-order model and from 
experimental identification using the covariance-driven SSI method [4].   
The experimental results show good agreement with the reduced-order model predictions, both 
in terms of frequency evolution and damping trends. In particular, the unstable mode exhibits 
a characteristic “hump” behavior in the damping evolution: as the velocity increases, the 
damping initially rises before decreasing as the mode progressively transfers energy through 
modal interactions. At higher velocities, the damping increases again [5]. This non-monotonic 
behavior differs between the IAT/Cnam and ULiège wings: while the former remains stable 
over the investigated velocity range, the latter exhibits a clear unstable region. 



To further clarify the underlying physical mechanisms, the spatial distribution of aerodynamic 
energy transfer along the span is analyzed. With increasing reduced velocity, a spanwise change 
in the sign of the energy exchange is observed, which is attributed to the presence of a vibration 
node in the second bending mode. This velocity-dependent nodal point modifies the bending–
torsion coupling by inducing a redistribution of aerodynamic work along the span, resulting in 
alternating stabilizing and destabilizing regions as shown in Figure 2. For the ULiège wing, the 
clearer flutter region is also the consequence of a more pronounced B1 contribution in the 
unstable aeroelastic mode favorizing a more classical energy exchange and leading to an overall 
positive fluid–structure energy transfer for 𝑈∗ > 5. 

Overall, this study aims to highlight the importance of higher-order modal interactions in high-
aspect-ratio wings and to provide new insight into flutter mechanisms driven by second 
bending–first torsion coupling. The analysis will be performed using a dimensionless reduced-
order model. 
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Figure 1: Experimental and numerical damping and frequency variation with airspeed, together with pictures of the 
wind-tunnel setup, for (a) IAT/Cnam configuration and (b) ULiège configuration. Experimental data are indicated by 

blue circles (B2) and blue triangles (T1). 
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Figure 2: Space-velocity distributions of aerodynamic work over one vibration period for the flutter mode, together 
with the corresponding spanwise-integrated aerodynamic work, for IAT/Cnam wing (a-b) and ULiège wing (c-d). 
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