
equal to −10.8◦. A similar delay is also observed when the airfoil is in the upstroke, with the transonic flow disappearing at

α=−9.93◦ for k = 0.4, α=−9.72◦ for k = 0.5, and α=−9.39◦ for k = 0.6.

Practically, this numerical analysis demonstrates that increasing the reduced frequency leads to a spread of incidences for

which the transonic flow regime is established.190

Figure 5 (a) and Figure 5 (b) show the lift and drag coefficients, respectively, as a function of the effective angle of attack

during the pitching motion of the airfoil. A moderate hysteresis loop appears for the lift, while a more pronounced hysteresis

is established for the drag. Furthermore, the width of the hysteresis loop is strongly correlated with the value of the reduced

frequency, so that higher reduced frequencies correspond to a larger variability of the aerodynamic loads acting on the wind

turbine section. In particular, an increase in this parameter results in an expansion of the loop for both lift and drag coefficients,195

as well as an increase in the risk of establishing a local supersonic flow. In addition, the presence of the hysteresis loop

observed in the pressure, lift, and drag coefficients illustrates that defining any threshold with a single value may be misleading

and certainly is prone to high uncertainties, since the existence of a hysteresis loop rather involves the definition of a range of

values.
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Figure 5. (a) Lift coefficient as a function of the effective angle of attack for k=0.4 (blue line), k=0.5 (green line), and k=0.6 (black line);

M∞=0.35 and Re=9×106: downstroke (solid line), upstroke (dashed line). (b) Drag coefficient as a function of the effective angle of attack

for k=0.4 (blue line), k=0.5 (green line), and k=0.6 (black line); M∞=0.35 and Re=9× 106: downstroke (solid line), upstroke (dashed line).

3.1.2 Shock wave occurrence for varying frequency200

Following Vitulano et al. (2025), it should be emphasized that establishing a local supersonic flow regime does not necessarily

imply the occurrence of (visible) shock waves, as also confirmed by experimental findings in Aditya et al. (2024, 2025).

Therefore, these two physical phenomena must be analyzed separately. The occurrence of a transonic flow can simply be

identified when the local Mach number exceeds unity, indicating that the flow becomes locally supersonic. For the identification

of shock waves, this is not sufficient. Here, we follow the method proposed by Lovely and Hsimes (1999) to identify the205

presence of (visible) shock waves, which relies on the evaluation of the normal Mach number. In this approach, we make use
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