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(a) (b) (c)

Figure 8. Minimum pressure coefficient as a function of the effective angle of attack for M∞ = 0.25 (a), 0.35 (b), and 0.45 (c); k=0.6 and

Re=9× 106: downstroke (solid line), upstroke (dashed line). The yellow line corresponds to the fixed airfoil.

hysteresis loop is confirmed for all three inflow Mach numbers. Note that the critical Cp is not explicitly shown in Figure 8 (a),245

being outside of the represented range. For a Mach number of 0.25, the value of the minimum pressure coefficient remains well

below the critical level that is −10.25, which corresponds to the absence of transonic flow. Considering a Mach number of 0.35,

instead, a local supersonic flow appears when the effective angle of attack exceeds a certain incidence. In particular, a delay

in both upstroke and downstroke is observed, compared to the static case where a transonic flow occurs up to an incidence of

−10.8◦ (Vitulano et al., 2025). Practically, this leads to an increase in the range of incidences for which transonic flow occurs,250

as shown in Figure 8. Finally, a local supersonic flow also appears for M∞=0.45. Looking at Figure 8 (c), a plateau for the

minimum pressure coefficient appears in the upstroke phase, associated with α approximately ranging from −15◦ to −7.5◦;

beyond this threshold, a sudden change in the slope of Cpmin is observed. This behavior arises as a consequence of the onset

stall, which occurs at these incidence and inflow Mach numbers as shown in Figure 9 (a).

Flow separation arises during the downstroke at an angle of attack of approximately α=−7.5◦, and the flow remains255

separated until an incidence of α=−15◦. Reattachment occurs when the airfoil is pitching up. This behavior is indicative of

the onset of a dynamic stall. The occurrence of flow separation is further confirmed by examining the distribution of the skin

friction coefficient shown in Figure 10. As the incidence increases from |α|= 7.5◦ to 15◦, the Cf profiles exhibit a minor

upstream shift of the separation onset, with the skin friction minima becoming slightly more pronounced at higher angles of

attack. Notably, at equivalent instantaneous incidences, the distributions for the upstroke and downstroke phases appear to be260

largely overlapping, indicating a negligible aerodynamic hysteresis in terms of boundary layer separation for the conditions

investigated. This behaviour might be partly attributed to the inherent limitations of the URANS turbulence modelling, which

may provide a conservative estimation of the aerodynamic hysteresis and the transient response of the boundary layer under

unsteady conditions. In addition, discontinuities in the skin friction coefficient are observed in flow configurations exhibiting

transonic behavior, highlighting the complex nature of the flow in these regimes.265

It is also crucial to observe an increase in the absolute value of the minimum pressure coefficient, going from M∞ = 0.25 to

0.35, with a subsequent decrease in this quantity at M∞ = 0.45, resulting from the strong compressibility effects experienced

12

o o o


