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Introduction 

    Wind turbines operate in a rotating frame that is subject to highly-transient conditions such as turbine yaw, gusts, and wind shear [1]. These 

unsteady events result in a spanwise variation in angle-of-attack (α), as shown in Figure 1. As a result, three-dimensional structures such as the 

delayed stall vortex are introduced, posing a substantial challenge to modeling blade forces [2–4]. The angle of attack gradient causes a gradient in 

vorticity generation, which subsequently results in vorticity convection, dynamically redistributing circulation along the blade span and thus 

influencing stall vortex stability [5-7]. The current study experimentally investigates the effect of this angle-of-attack gradient on stall vortex stability. 

Two test cases were considered: a nominally two-dimensional reference case with a blade actuated in pure-pitch; and a three-dimensional case with a 

blade actuated in both pitch and flap to generate a spanwise angle-of- attack gradient analogous to those found on the turbine blade. 

 
Figure 1. Relative angle-of-attack (Δα) change shown at two spanwise positions (left). A change in the axial velocity ΔU has a larger impact on 

angle-of-attack for smaller values of z/R. The resulting spanwise angle-of-attack magnitude and  gradient change experienced by a turbine blade 

during a gust (right). The region investigated in this study is highlighted in grey with corresponding boundaries z1 and z2 indicated. 

 
Results and Initial Conclusions  
    It was found that a spanwise angle-of-attack gradient generates a corresponding spanwise gradient of vorticity (∂ωz⁄∂z) along the blade, as shown 

in Figure 2, along with other parameters relating to vortex stability. The 2D case exhibited negligible spanwise flow (w) and gradient of vorticity 

(∂ωz⁄∂z). In contrast, spanwise flow and spanwise-vorticity gradient increased as a function of convective time for the entire duration of measurement 

for the 3D case. The combination of spanwise flow and vorticity gradient resulted in the transport of circulation along the span of the blade. 

Subsequently, the 3D case exhibited higher circulation (Γ) than the pure pitch case over all convective times, despite identical angle-of-attack 

histories.   

 
Figure 2. From top left to bottom right: spatially-averaged spanwise flow (w), spanwise vorticity gradient (∂ωz⁄∂z), circulation (Γ), and chordwise 

vortex position (x) for 2D and 3D test cases. Note the greater circulation in the 3D case, suggesting a reduced level of vortex stability. 

 

   The higher circulation values indicate that the 3D case will reach a critical size first, and is therefore less stable than the 2D case. Therefore, it can 

be concluded that while vortex stability is often observed in rotational systems, rotation is not a sufficient condition for vortex stability. Thus, it is not 

necessary to address rotation explicitly when modelling wind turbine stall, as long as the above effects are included. 
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