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ABSTRACT 

Due to increasing interest in the first decade of the 21st century for HALE (High Altitude Long 
Endurance) aircraft handling a plurality of goals, the aerospace industry, also driven by the need 
for greener, lightweight, therefore more elastic vehicles, started developing flying machines 
characterized by extremely slender wings. Due to their elongated shape, such components are 
exceptionally flexible, reaching an in-flight deflection up to 25% of their semispan, thus posing 
new challenges in the estimation of aircraft's flutter boundaries.  
In these kinds of designs, it may occur, for example, that divergent modes lead to Limit Cycle 
Oscillations (LCOs), a nonlinear phenomenon characterizing post-flutter structural behaviour, 
which, depending on the cycle amplitude, may cause structural failure.  
An essential step in the assessment of novel nonlinear models is wind tunnel testing, allowing 
to gather data for computational models' validation. With this aim, the Pazy Wing, designed to 
experience deformation up to the 50% of its semi-span, was built at Technion [1] . It manifested 
both hard and soft flutter, and several LCOs. In particular, there is a Hump Mode region that is 
a speed bounded region of instability where the wing experiences LCOs. However, increasing 
the airspeed past this region, the wing regains stability, until it gets into an unbounded 
oscillation that is denominated Hard Flutter. 
The purpose of the present study is to evaluate if this nonlinear aeroelastic behaviour can be 
assessed using mid-fidelity approaches. Additionally, by using these simulations, this work 
aimed at assessing the nature of such LCOs, trying to discriminate if they are dominated by 
structural or aerodynamic nonlinearities or by both. 
A reduced order structural model, namely a beam, whose inertia and stiffness characteristics 
were determined by a previous study, which started from the Finite Element Method model of 
the wing [2] was created in MBDyn [3] and loaded using three different aerodynamic models: 
strip theory, Vortex Lattice Method (VLM) and Panel Method (PM) [4]. 
While the MBDyn representation was validated by means of comparison of the predicted 
frequencies and modes with the same quantity identified in both the wind tunnel tests and the 
paper [2], the predictive capabilities of the different aerodynamic methods were initially 
evaluated through a comparisons among the individuated static deformed shape of the loaded 
wing, in terms of tip torsional angle and out-of-plane bending, as shown in Figures[1-2] for the 
case α=5°. 
The VLM and PM results appears to be more coherent with the experimental results than the 
strip-theory ones. Therefore, the strip theory model was deemed unsuitable for performing an 
accurate aeroelastic analysis. Thus, the following studies were deepened only through the VLM 
and PM aerodynamic models. 



 
 
 
 
 
 
 
 
 
 

 
The dynamic simulations for the wing aeroelastic assessment were all performed in time 
domain, due to software capabilities. The stability limits were identified by looking at 
oscillations in the tip vertical position, using a pseudo-experimental approach. The studies were 
then deepened by performing a post-processing of simulation results in the frequency domain. 

 
 
 
 
 
 
 
 
 
 

 
Figure [3] displays the soft flutter region in the prescribed alpha and U, retrieved by means of 
the VLM with and without considering its nonlinear correction. No significant differences are 
visible between the two models. Therefore, the nonlinear aerodynamic effects do not seem to 
play a relevant role in the individuation of the hump mode boundaries, or in the determination 
of the amplitudes of the oscillations. 
Then, the unstable regions, identified using PM and VLM are overlapped in Figure [4], showing 
limited differences in the full envelope of conditions. 
With the aim of validating the obtained results, while assessing at the same time which modes 
were coalescing giving birth to the instability, a frequency study, by means of a perturbation 
analysis, was conducted. This investigation was carried out for a variety of velocities and angles 
to understand when, for different deformed shapes, the modes coalesced. The results of this set 
of analyses are summarized in Figure [5], which shows a good agreement among the 
information retrieved in the frequency and time domains. 

Figure 2: Out of plane tip displacement at α = 5°. Figure 1: Tip torsional rotation at α =5°. 

Figure 3:Hump Mode boundaries: VLM and NL-VLM 
comparisons α=7°. 

Figure 4: Hump Mode Area Comparison. Figure 3:Hump Mode boundaries: VLM and NL-VLM 
comparisons α=7°. 

Figure 1: Out of plane tip displacement at α = 5° Figure 2: Tip torsional rotation at α = 5° 



 
Figure 5: OOP2-T1 modes frequency oscillation at α = 5°. 

 
In the end, with the aim of investigating the post flutter behaviour, two simulations were run in 
the mid of the hump mode speed range, using both the PM and the VLM. Figure [6] at α=7° 
shows that the PM predicts an amplitude that is closer to the experimental one. 
 

 
Figure 6: Post flutter wing tip oscillation at α = 7° in the hump mode range. 

 
Given the results related to vertical tip displacement with the VLM and NL-VLM models, as 
also reported in Figure [3] the amplitude of the oscillations is independent of nonlinear 
aerodynamic effects. Consequently, the magnitude mismatch cannot be attributed to these 
effects. Results from the wind tunnel tests present good agreement in terms of oscillations size 
with those retrieved through the PM, therefore, it is possible to say that such a difference in the 
amplitude of the motion can be attributed to 3D aerodynamic effects, which are correctly caught 
by the PM, but are not correctly detected by the VLM or its nonlinear correction, since it 
remains locally a bi-dimensional method. 
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