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Abstract 

We previously identified the appearance of negative Magnus lift on a sphere rotating about an axis 

perpendicular to an incoming flow at a critical Reynolds number using large-eddy simulation and 

obtained the statistically time-averaged lift and pressure coefficients around the sphere. We have 

now numerically investigated the unsteady characteristics of the boundary layer around a rotating 

sphere at three Reynolds numbers (1.0×104, 2.0×105, and 1.14×106). At a Reynolds number in the 

subcritical or supercritical region, the direction of the lift force followed the Magnus effect 

independent of the rotational speed. In contrast, at the critical Reynolds number when a particular 

rotational speed was imposed, negative lift was observed and a boundary-layer transition occurred 

only on one side of the sphere, as indicated by the visualization of the vortical structures around 

the sphere. A change in these structures and a shift of the separation points along with a change in 

the Reynolds number or rotational speed of the sphere were investigated in the context of 

boundary layer transition by using visualization around the sphere. 

 

Keywords: bluff body aerodynamics, Magnus effect, boundary layer transition, 

large-eddy simulation 

 

Introduction 

The Magnus effect is a phenomenon by which a clockwise-rotating sphere or 

cylinder subjected to a left-to-right flow has a lift force [1]. While the mechanism 

is usually explained in terms of the inviscid flow, the same phenomenon is also 

used to explain the curious and unpredictable motions of the spinning balls used 

in such sports as baseball, volleyball, and football. The phenomenon in these 

cases is complicated due to viscous effects in the flow as the boundary layer on 

the surface of the ball separates due to an adverse pressure gradient. The 

difference in the relative velocity of the sphere surface with respect to the 

incoming uniform flow generally makes the boundary layer on the downstream-

moving side (upper side in this context) thinner than that on the upstream-moving 

side. Thus, boundary-layer separation is delayed on the downstream-moving side 

while it is accelerated on the upstream-moving side. As a result, the wake flow is 

distorted downward, and a positive lift force, based on the principle of action and 

reaction, acts on the sphere. In addition, the laminar-turbulent transition of the 

boundary layer complicates the phenomenon even more as it causes the separation 
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the sphere at each Reynolds number is shown in Fig. 2. The total number of 

elements was about 5.3, 44, and 48 million for Reynolds numbers of 1.0×104, 

2.0×105, and 1.14×106, respectively. A no-slip boundary condition was used on 

the sphere surface, and the clockwise rotation of the sphere was represented by the 

rotating velocity distribution on the surface. A uniform velocity profile without 

perturbation was imposed as the inlet boundary condition. The gradient-free 

condition for the pressure and velocity was applied to the duct outlet. 

 

 

Fig. 1. Coordinate system and geometry of computational domain [5] 
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Fig. 4. Variation in lift coefficient with respect to spin parameter [5] 
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Spatial distribution of separation points on sphere surface 

The distribution of the separation points on the sphere surface changes when the 

boundary layer becomes turbulent. Figures 7(a) to (i) show the instantaneous iso-

line of the zero-shear stress on the surface of non-rotating and rotating spheres at 

each Reynolds number. The coordinate system used for these figures is shown in 

Fig. 8. 

For Rep = 1.0×104 (Figs. 7(a) to (c)), the iso-line is distributed smoothly compared 

to that for the other Reynolds numbers. As the rotational speed increased, the 

separation line shifted along with the rotation of the sphere on the downward-

moving side (Figs. 7(b) and (c)) while the separation line on the upward-moving 

side became invisible. The reason for this was apparently due to the rotational 

speed of the sphere exceeding the counter flow velocity generated along with the 

separation for the non-rotational sphere. Subsequently, the point where the 

relative velocity between the sphere surface and the flow near the sphere became 

zero disappeared. 

For Rep=2.0×105, the distribution of the iso-line for the rotating sphere (Fig. 7(e)) 

shows that, with a rotating sphere, the separation points form small discrete 

regions on the upstream-moving side, which indicates that boundary-layer 

transition occurs on that side and that the velocity distribution is more perturbed 

than that for a non-rotating sphere, as shown in Fig. 7(d). When the rotational 

speed was 1 (Fig. 7(f)), the distribution of separation points became smooth 

because the relative velocity between the sphere surface and streamwise velocity 

approached zero. 

Finally, for Rep = 1.14×106 (Figs. 7(g) to (i)), the distribution of separation points 

was not smooth. The points formed small regions on both the upstream and 

downstream-moving sides of the sphere regardless of the rotation speed. This is 

because the boundary layer on the sphere fully transited to the turbulent state. 
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Fig. 7. Instantaneous static pressure coefficient on sphere surface and iso-line of the zero-shear 

stress on sphere surface under various conditions 

 

   

Fig. 8. Coordinate system, rotational direction (left), and color bar corresponding to pressure 

coefficient Cp on sphere surface (right) for Figs. 7(a) to (i) 

 

Summary 

We numerically simulated the flow field around a rotating sphere around a critical 

Reynolds number by using large-eddy simulation. Unsteady characteristics of the 






