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Abstract

The present work investigates fluid—structure instabilities and stall flutter of a pitching NACA0012
airfoil through numerical simulations. The flow is modeled using the compressible Navier—Stokes
equations in a non-inertial rotating reference frame, while the structural dynamics are represented
by a torsional spring—mass—damper system. The analysis focuses on the effects of reduced velocity,
equilibrium angle of attack, and elastic axis position on the aeroelastic behavior. The results show a
transition from steady flow to vortex-shedding regimes and, at higher reduced velocities, to limit-cycle
oscillations. Increasing the equilibrium angle of attack leads to an earlier onset of instability and
stronger aerodynamic forcing, while moving the elastic axis downstream has a similar destabilizing
effect due to the larger aerodynamic moment arm. Frequency analysis highlights the progressive
coupling between fluid and structural dynamics: vortex shedding dominates at low reduced velocity,
whereas the structural frequency governs the response in the limit-cycle regime. The study provides
a consistent description of the mechanisms driving stall flutter and of the parameters influencing
aeroelastic stability.

Keywords: stall flutter; aeroelastic response; frequency analysis

1. Introduction

Fluid-structure interaction (FSI) phenomena arise in a wide range of natural and engineering
systems, where the coupling between aerodynamic loads and structural dynamics can lead to complex
and potentially unstable behaviour. In aeronautical applications, aeroelastic instabilities such as
flutter represent a critical design constraint, as they may compromise structural integrity and must be
avoided within the operational envelope [1]. At the same time, controlled fluid-structure coupling
is increasingly exploited in modern configurations, including flexible and morphing wings, where
aeroelastic effects can enhance aerodynamic performance.

Flutter is fundamentally governed by the interaction between unsteady aerodynamic forces and
structural dynamics. In its simplest form, the problem can be interpreted as a competition between
structural and flow time scales [2]. The structural response is characterized by its natural frequency and
damping, while the flow introduces additional time scales associated with separation, vortex formation,
and reattachment. Their interaction may lead to self-sustained oscillations when the aerodynamic
energy input overcomes structural dissipation.

At low Reynolds numbers, the role of flow separation and dynamic stall becomes particularly
important, leading to strongly nonlinear behaviour. In these regimes, the aeroelastic response is often
characterized by large-amplitude limit-cycle oscillations (LCO), hysteresis, and complex bifurcation
structures that cannot be described by linear theory. Understanding the mechanisms governing these
regimes is therefore essential for predicting and controlling aeroelastic instabilities.

The unsteady aerodynamics of pitching airfoils under prescribed motion has been extensively
investigated to characterize separation dynamics and vortex evolution. It has been shown that the
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development of boundary layer separation depends sensitively on reduced frequency [3], while
Reynolds number effects significantly influence aerodynamic loads [4]. More recent studies have
further clarified the reattachment process in dynamic stall conditions, highlighting the presence of
multiple temporal stages [5].

In parallel, flow-induced oscillations of elastically supported airfoils have been widely studied
using simplified configurations, typically consisting of a rigid airfoil mounted on a torsional spring—
damper system. Despite their apparent simplicity, such systems exhibit rich nonlinear dynamics.
Experimental investigations have reported self-sustained oscillations at transitional Reynolds numbers
[6], while cyber-physical experiments and numerical studies have demonstrated the strong sensitivity
of the aeroelastic response to both structural and aerodynamic parameters [7,8].

A common interpretation emerging from these studies is that flutter can be described in terms of
energy exchange between the fluid and the structure. Oscillations grow when the net aerodynamic
work over one cycle exceeds structural dissipation, and saturate when the two contributions balance.
This perspective has been formalized through energy-based approaches, including the concept of
energy maps for forced oscillations [2], and more recent extensions to stall flutter prediction and control
[9,10].

In this work, we investigate flow-induced pitch oscillations of a rigid NACA0012 airfoil elastically
supported by a linear torsional spring and damper. The analysis is conducted at low Reynolds number
(Re = 1000), where nonlinear flow phenomena can be examined in detail. The coupled fluid-structure
system is solved numerically using the compressible Navier-Stokes equations formulated in a rotating
reference frame, together with a single-degree-of-freedom structural model. After verification and
validation of the numerical framework, we focus on the influence of reduced velocity, equilibrium
angle of attack, and elastic axis position on the aeroelastic response. The objective is to identify
the parameters controlling flutter onset, oscillation amplitude, and frequency characteristics, and to
characterize the transition from vortex-shedding-dominated behaviour to fully coupled aeroelastic
regimes. Although the present study is restricted to low Reynolds numbers, the results provide insight
into the fundamental mechanisms governing stall flutter and fluid—structure coupling, which are
relevant to more complex aeroelastic systems.

2. Problem Setup

We consider a two-dimensional NACA0012 airfoil immersed in a uniform flow of free-stream
velocity ug. The airfoil is allowed to rotate about a prescribed elastic axis and is analyzed within a
non-inertial reference frame rigidly attached to the body, as schematically shown in Figure 1. This
formulation allows the airfoil to remain fixed in the computational domain, while its motion is
accounted for through additional source terms in the governing equations.
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Figure 1. Schematic of the problem configuration. Left: non-inertial reference frame (ex, ey) rigidly attached to
the airfoil and rotating with angular velocity €} with respect to the inertial frame (ey, e;). Right: airfoil elastically
supported by a torsional spring-damper system with inertia I, stiffness k, and damping b, allowed to rotate about
an elastic axis located at X, around the equilibrium angular position ag. The airfoil is immersed in a uniform

flow of density p and viscosity y, with free-stream velocity u.
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The aerodynamic field is described by the compressible Navier-Stokes equations expressed in the
rotating frame. In terms of relative variables, the conservation of mass reads
9P .
L4y (pa) =0, (1)
ot
where the hat symbol denotes the quantities in the rotating frame.
The momentum equation is written as

a(gtu) =V - (pa®a)—Vp+V-6+200xQ—pQ x (Q x &)+ pQ x %, ()

where ) is the angular velocity vector and £ the position vector. The additional terms represent the
Coriolis, centrifugal, and Euler forces arising from the non-inertial formulation. The viscous stress
tensor is defined as

&:ﬁ(va+vaT) 2V a)L 3)
3
The total energy equation reads
o(pE .
W08 — 0 (piB) +V (& )~V fu @
where § = —kV T and fiot - 1 is the power density of non-inertial forces.

The velocity in the rotating frame is related to the absolute velocity through
A=u—Qxr. (5)

The system is closed using the perfect gas law and Sutherland’s law for viscosity. The airfoil is
elastically supported by a torsional spring—damper system, providing a single rotational degree of
freedom, as illustrated in Figure 1. The structural dynamics are governed by

I'a+ b+ k" (o —ap) = Cyy, (6)

where I*, b*, and k* are the non-dimensional inertia, damping, and stiffness coefficients, Cy, is the
aerodynamic moment coefficient, « = —6 is the angle of attack, and «g is the equilibrium angular
position of the airfoil. The damping is also expressed through the non-dimensional damping ratio

b
*
= —. 7
N 7
The aeroelastic response is characterized by the reduced velocity

* U
u =—_—, 8
s ®)

and the natural frequency

1 /k
fn_27'[\/;' (9)

The coupled fluid—structure system is obtained by solving the flow equations together with the
structural dynamics, where the aerodynamic moment acts as the forcing term driving the airfoil
motion.

3. Numerical Method

The governing equations are discretised using a finite volume method on a structured body-fitted
grid. The conservative form of the compressible Navier-Stokes equations is integrated over each
control volume. Convective fluxes are evaluated using a central differencing scheme, stabilised through
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the triple-splitting form proposed by Pirozzoli [11,12], Soldati et al. [13], such that the overall kinetic
energy of the fluid is discretely preserved in the limit of inviscid, incompressible flow. Viscous fluxes
are discretised using second-order central differences. Time integration is performed using an explicit
third-order Runge-Kutta scheme, which provides efficient convergence to the solution. The source
terms associated with the rotating reference frame are explicitly included in the residual evaluation,
ensuring consistency between the flow solution and the airfoil motion.

Boundary conditions are defined consistently with the rotating reference frame formulation. At
the airfoil surface, a no-slip condition is enforced, corresponding to zero relative velocity in the rotating
frame. At the far-field boundaries, free-stream conditions are imposed using velocity components
expressed in the rotating frame. To avoid spurious reflections at the outer boundaries, a sponge
layer is introduced in the far-field region. Within this region, the flow variables are gradually relaxed
toward free-stream conditions through a spatially varying damping coefficient. The damping intensity
increases smoothly with the radial distance from the airfoil, ensuring a continuous transition between
the inner computational domain and the outer boundary.

The computational domain is discretised using a structured C-type mesh around the airfoil, as
shown in Figure 2. This configuration allows accurate resolution of the boundary layer along the airfoil
surface and an appropriate representation of the wake region.

Y Axis

X Axis

Figure 2. Computational grid. Left: global view of the two-dimensional computational domain. Right: detailed
views near the airfoil (top) and near the trailing edge (bottom).

The grid is generated by rotating the airfoil geometry according to the prescribed equilibrium
angle of attack (), ensuring alignment between the mesh and the flow configuration. Grid spacing
is refined near the airfoil surface to resolve boundary layer gradients, while a gradual coarsening is
applied in the far-field and wake regions according to a geometric progression to reduce computational
cost. The overall resolution is selected to ensure a balance between accuracy and efficiency, while
maintaining smooth grid transitions and avoiding excessive stretching ratios.

4. Verification and Validation

A grid convergence study is performed to assess the sensitivity of the solution to spatial resolution.
Three structured grids of increasing resolution are considered, and the resulting time histories of the
angle of attack and lift coefficient are compared. Notice that all the time series plot in this study are
function of the dimensionless time t* = (t — t() ug/c in order to exclude the transient time interval.

As shown in Figure 3, the intermediate grid provides a solution that is essentially indistinguishable
from the finer grid, while significantly reducing the computational cost. This grid is therefore adopted
for all subsequent simulations.

s). Distributed under a Creative Commons CC BY license.
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Figure 3. Time evolution of the angle of attack (a) and lift coefficient (b) obtained using three grids of increasing

resolution.

The correctness of the structural model implementation is verified by considering the case without
aerodynamic forcing, for which an analytical solution is available. In this limit, the governing equation
reduces to a damped harmonic oscillator.

201 —— Present
———'Analytical solution

0 25 50 75 100
t*

Figure 4. Time evolution of the angle of attack for the unforced structural response obtained from the numerical
simulation and compared with the analytical solution.

The numerical results are in perfect agreement with the analytical solution, as shown in Figure 4,
thereby confirming the correct implementation of the structural dynamics.

Regarding the flow-induced dynamics, a comparison is carried out with the results obtained by
Xia et al. [9] for the case with {* = 0.03, X" = 0.5, I* = 4.5, Re = 1000, M = 0.1, and U* = 6. As
shown in Figure 5, the present results are in good agreement with those reported in the reference
paper.

The numerical results reproduce both the amplitude and temporal evolution of the oscillations
with good accuracy, demonstrating the capability of the solver to capture the coupled aeroelastic
dynamics.
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Figure 5. Time evolution of the angle of attack (a) and moment coefficient (b) obtained from the numerical
simulation and compared with the results reported by Xia et al. [9].

5. Results
5.1. Flow Regimes for the Rigid Airfoil

The aerodynamic response of the rigid airfoil is first analyzed in order to characterize the baseline
flow behaviour in the absence of structural coupling. Three equilibrium angles of attack are considered,
namely a9 = 0°, 15°, and 30°.

0.54 0.54 0.54

=0.54 0.5+ -0.54

T T T T T T . T T T T . T T —T T L
-1.0 -0.5 0.0 0.5 1.0 15 2.0 -1.0 =05 0.0 0.5 1.0 15 2.0 -1.0 -0.5 0.0 0.5 1.0 15 2.0

(@) (b) (0)

Figure 6. Instantaneous vorticity fields for increasing equilibrium angles of attack: (a) xg = 0°, (b) #g = 15°, and
(c) g = 30°.

As shown in Figure 6, the flow undergoes a clear transition with increasing the equilibrium angle
of attack. At ag = 0°, the flow remains steady and symmetric, with no evidence of vortex shedding.
At ap = 15°, periodic vortex shedding develops, associated with a coherent separated shear layer.
At oy = 30°, the flow becomes strongly separated and exhibits more complex and irregular vortex
dynamics, indicative of a nonlinear regime.

This transition is further quantified through frequency analysis of the aerodynamic loads. The
frequency response is expressed in terms of the Strouhal number, St = fc/ug, where f is the dominant
frequency extracted from the signals of Cp; and C;. Figures 8 and 7 shows the corresponding time
histories and power spectral densities.

At oy = 0°, no dominant frequency is observed, confirming the steady nature of the flow. For
xy = 15°, a clear peak appears at a characteristic Strouhal number corresponding to periodic vortex
shedding. Besides this fundamental frequency, higher harmonics appear indicating a tonal response.
At ag = 30°, the fundamental frequency shifts to a lower value. Multiple peaks are present, reflecting
the coexistence of several interacting flow scales and the onset of nonlinear dynamics.

These results identify three distinct flow regimes: a steady regime at low equilibrium angle of
attack, a periodic vortex-shedding regime at intermediate angles, and a strongly nonlinear separated

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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regime at high angles. These baseline behaviours provide the reference framework for interpreting the

aeroelastic response of the coupled system.
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Figure 7. Time evolution of the aerodynamic moment coefficient using a common y-axis for two equilibrium
angles of attack: (a) g = 15° and (b) g = 30°.
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Figure 8. Power spectral density of the lift coefficient (top row) and moment coefficient (bottom row) as a function
of the Strouhal number for the rigid airfoil at two equilibrium angles of attack: #p = 15° (left column) and

ag = 30° (right column).

5.2. Flutter Onset and Amplitude Response

The aeroelastic response of the system is investigated as a function of the reduced velocity U*
for different equilibrium angles of attack. The analysis focuses on the evolution of the oscillation
amplitude and the identification of the transition to large-amplitude limit-cycle oscillations.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Maximum, minimum, and mean values of the angle of attack as a function of the reduced velocity
U* for different equilibrium angles of attack: oy = 0° (a), ap = 15° (b), and &g = 30° (c). The gray dashed line
indicates the equilibrium angle of attack, while the red dashed line denotes the reduced velocity corresponding
to the Strouhal-number peak of the associated rigid-airfoil case. The black lines represent the maximum and
minimum values of the angle of attack, and the green line denotes the mean value.

Figure 9 shows that the system exhibits a transition from small-amplitude oscillations to large-
amplitude motion as the reduced velocity increases. The critical value of U* at which this transition
occurs depends strongly on the equilibrium angle of attack. For ag = 0°, the system remains essentially
stable over a wide range of reduced velocity, and a sudden transition to large oscillations is observed
at a critical threshold. This behaviour is characteristic of a subcritical bifurcation, where the instability
appears abruptly once a sufficient level of aerodynamic forcing is reached. A subcritcal Hopf bifurcation
at ag = 0° was consistently observed by Dimitriadis and Li [14] and Onoue et al. [7]. In contrast,
for g = 15° and 30°, the oscillation amplitude increases progressively with U*, starting from small
values and smoothly growing into the limit-cycle regime. This behaviour is indicative of a supercritical
bifurcation, associated with the presence of flow separation and vortex shedding already at moderate
amplitudes.

The equilibrium angle of attack therefore plays a key role in determining both the onset of flutter
and the nature of the transition. Higher values of « lead to an earlier onset of instability, reflecting the
stronger aerodynamic forcing associated with separated flow conditions. In addition, the results show
that the mean position of the oscillation deviate slightly from the imposed equilibrium angle at low
amplitudes, indicating that limit-cycle oscillations are asymmetric [7]. This behaviour reflects a shift of
the mean aerodynamic state prior to the onset of fully developed limit-cycle oscillations.

Overall, the system exhibits two distinct transition mechanisms: a subcritical transition at low
equilibrium angle of attack and a supercritical transition when separation effects become dominant.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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This difference in the bifurcation topology highlights the importance of nonlinear aerodynamic effects
in governing stall flutter onset.

5.3. Frequency Coupling and Synchronization

Further insight into the aeroelastic dynamics is obtained by analyzing the frequency content of
the response as a function of reduced velocity. The dominant frequencies of the pitch motion and of
the aerodynamic moment are extracted and expressed in terms of the Strouhal number (St, and St ),

respectively).
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12— : : : 0.4
10 e St
: | | StM 0.34
0.84 St
0.61 0.2 -' 2
0.4
0.11
0.2 d
a
0.0+ : - . : : 0.0 . . .
00 02 04 06 08 10 12 0.0 0.1 0.2 0.3 0.4
St, St
(a) (b)
05
0.4
0.31
0.2
. . . . . . 0.1 . . .
00 02 04 06 08 10 12 0.1 0.2 0.3 0.4 05
St, Sty
(©) (d)
U
10050 30 20 15 1.0 0.5
a4 ‘ ‘ ‘
e St 04
1.2 | StM ’
1
0.31
0.2
0.1 T T .
0.1 0.2 0.3 0.4 0.5
Sty
)

Figure 10. Peak Strouhal numbers as a function of the natural Strouhal number for different equilibrium angles
of attack: ag = 0° (top row), ag = 15° (middle row), and &g = 30° (bottom row). The left column shows the full
frequency range, while the right column shows a zoom at low frequencies. The black line denotes the Strouhal
number associated with the angle of attack, and the red line the Strouhal number associated with the moment
coefficient. The gray dotted line indicates the natural Strouhal number, while the green dotted line denotes the
Strouhal-number peak value for the corresponding rigid-airfoil case.
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Figure 10 shows a clear transition in the frequency response as the reduced velocity increases.
Overall, at low U* (high frequencies), the dominant frequency Stj; remains nearly constant and
corresponds to the vortex-shedding frequency of the rigid airfoil. In this regime, the structural
motion is passively driven by the flow; the coupling between fluid and structure is weak and pitching
oscillations occur approximately at the natural frequency St,. As U* increases, an intermediate regime
is observed in which multiple frequency components coexist. In addition to the vortex-shedding
frequency, a lower frequency associated with the structural dynamics emerges. This regime reflects
a partial coupling between fluid and structure, where both mechanisms contribute to the response.
At sufficiently large U*, the system transitions to a regime in which both Stj; and St collapse into a
single dominant frequency corresponding to the natural frequency of the structure. In this limit-cycle
regime, the aerodynamic loads and structural motion become synchronized, and the dynamics are
governed by the structural response.

As highlighted in the zoomed view in Figures 10(b), 10(d), 10(f), the dominant pitching frequency
is slightly lower than the natural frequency St,;. Onoue et al. [7] reported a similar result and ascribed
to the periodic formation of a leading edge vortex, which generates an aerodynamic torque, thereby
reducing the effective stiffness and the effective natural frequency.

These results demonstrate a progressive transition from a flow-dominated regime to a fully-
coupled aeroelastic regime, where frequency synchronization plays a key role in the establishment of
limit-cycle oscillations.

5.4. Effect of Elastic Axis Position

The influence of the elastic axis location on the aeroelastic response is examined by comparing
two configurations, corresponding to X, = 0.50 and X7, = 0.66. The analysis focuses on the evolution
of the oscillation amplitude as a function of reduced velocity.

As shown in Figure 11, the position of the elastic axis has a significant impact on the stability
threshold of the system. In all cases, moving the elastic axis from X;. = 0.5 ( 11(a), 11(c), 11(e))
to X3, = 0.66 (Figures 11(b), 11(d), 11(f)) leads to an earlier onset of large-amplitude oscillations,
corresponding to a lower critical reduced velocity.

This behaviour — particularly pronounced at #p = 0° and gradually diminishing as the equi-
librium angle of attack increases — can be attributed to the increase in the aerodynamic moment
arm, which enhances the coupling between aerodynamic forces and structural motion. As a result,
the system becomes more susceptible to instability. Despite this quantitative effect, the qualitative
behaviour of the system remains unchanged. In particular, the nature of the transition observed for
different equilibrium angles of attack is preserved. The subcritical behaviour at ayp = 0° and the
supercritical behaviour at higher angles are observed for both elastic axis positions.

The frequency response (not shown) follows a similar trend, with the transition from vortex-
shedding-dominated behaviour to synchronized aeroelastic motion occurring at lower values of
reduced velocity when the elastic axis is located further downstream. These results indicate that
the elastic axis position primarily affects the stability boundaries of the system, without altering the
underlying mechanisms governing the aeroelastic response.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 11. Maximum, minimum, and mean values of the angle of attack as a function of the reduced velocity U*
for two elastic-axis positions: Xg. = 0.50 (left column) and X;. = 0.66 (right column), and for different equilibrium
angles of attack: g = 0° (top row), ag = 15° (middle row), and &y = 30° (bottom row). The gray dashed line
indicates the equilibrium angle of attack, while the red dashed line denotes the reduced velocity corresponding
to the Strouhal-number peak of the associated rigid-airfoil case. The black lines represent the maximum and
minimum values of the angle of attack, and the green line denotes the mean value.
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6. Discussion

The aeroelastic response of a pitching NACAQ012 airfoil at low Reynolds number has been
investigated through a coupled fluid—structure numerical framework based on the Navier—Stokes
equations in a rotating reference frame and a single-degree-of-freedom structural model.

The analysis of the rigid airfoil highlights three distinct flow regimes as the equilibrium angle
of attack increases: a steady regime at low angle, a periodic vortex-shedding regime at intermediate
angles, and a strongly nonlinear separated regime at high angles. These baseline behaviours provide a
reference for interpreting the aeroelastic response of the coupled system.

When structural coupling is introduced, the system exhibits a transition from small-amplitude
oscillations to large-amplitude limit-cycle oscillations as the reduced velocity increases. The nature of
this transition depends on the equilibrium angle of attack. A subcritical bifurcation is observed at low
angle of attack, where oscillations appear abruptly beyond a critical threshold, whereas a supercritical
transition occurs at higher angles and is characterized by a gradual growth of the oscillation amplitude.

Frequency analysis reveals a progressive transition from a flow-dominated regime, governed by
vortex shedding, to a fully coupled aeroelastic regime in which the motion is synchronized with the
structural natural frequency. An intermediate regime is identified, in which both flow and structural
time scales contribute to the system response.

The equilibrium angle of attack plays a key role in determining the onset of instability, with higher
angles leading to earlier transitions and stronger aerodynamic forcing. The position of the elastic
axis primarily affects the stability threshold, with downstream locations promoting an earlier onset of
flutter, while the underlying bifurcation mechanisms remain unchanged.

Overall, the results demonstrate that stall flutter at low Reynolds number is governed by the
interaction between vortex dynamics and structural response, and that both aerodynamic conditions
and structural parameters strongly influence the stability boundaries and dynamical regimes of the
system.
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