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downstream. Meanwhile, small-scale vortices are generated inside the individual dimples. As 

a result of the shear layer instability, the momentum in the near-wall flow increases, and with 

the increased momentum, the flow that reattaches on the trailing edges of the dimples is able 

to overcome the adverse pressure gradient more and travel further downstream, which 

consequently delays the full flow separation.  

The investigation of the lateral force variation and wake flow structure for the 

stationary cases shows that for both the golf ball and smooth sphere, the lateral forces change 

irregularly with time in both the magnitude and direction in the subcritical regime, and a 

large-scale wave motion is pronounced in the wake areas of both models with a wavelength 

similar to each other. In the critical regime, the lateral forces acting on both models exhibit a 

larger magnitude of oscillation when compared to the subcritical cases, and the directions of 

the lateral forces differ irregularly with time. In the supercritical regime, both models are 

subjected to a nonzero lateral force during a long time interval, and the lateral force direction 

exhibits a rotation trend with time. However, the magnitude of the lateral force acting on the 

golf ball is visibly smaller when compared to the smooth sphere, indicating a suppression of 

the lateral force in the supercritical golf ball case. 

The ordinary Magnus effect and negative Magnus effect were successfully reproduced 

for both the self-spinning golf ball and smooth sphere. In the subcritical and supercritical 

regimes, the boundary layers on the top side, where the geometry surface rotates with the 

approaching flow, and the bottom side, where the geometry surface rotates against the 

approaching flow, exist in the same state. As a result of the self-spinning motion, the near-

wall flow gains momentum on the top side while it loses momentum on the bottom side. This 

further leads to the flow separating at a position further downstream on the top side than on 

the bottom side, which consequently gives rise to a positive Magnus force acting on both of 

the models. In contrast, in the critical regime, the boundary layer on the top side stays laminar 

whereas on the bottom side it becomes turbulent. This is attributed to the locally higher 

relative Reynolds number on the bottom side which makes the flow on this side more 

sensitive to perturbations and consequently promotes the laminar-turbulent boundary layer 

transition. As a result, the flow separates at a position further downstream on the bottom side 

than on the top side, which consequently produces a negative Magnus force acting on both 

models. 

The investigation of the lateral force variation and wake flow structure for the self-

spinning cases shows that for both models in the subcritical regime, the variation of the 

lateral force is more regular when compared to the stationary cases, and the lateral force 
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oscillation is more dominant in the lift force direction than in the side force direction. In the 

critical regime, the lateral force acting on the rotating golf ball experiences a visibly smaller 

oscillation when compared to the stationary case, whereas the lateral force acting on the 

rotating smooth sphere exhibits a considerable oscillation in the lift force direction. In the 

supercritical regime, the variation of the lateral force is more regular for both rotating models 

when compared to the stationary cases. Interestingly, the lift force acting on the golf ball is 

around 40% smaller when compared to the smooth sphere, while the drag force acting on 

these two models remains comparable. 
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Fig.1-1 Drag crisis of a smooth sphere as a function of Reynolds number 2 

 

Likewise, for the aerodynamics of a golf ball, one of the most important things is the 

drag crisis phenomenon. It was found in the previous studies 3-6 that the dimples on the golf 

ball surface as well as some other convex surface roughness could generally promote the drag 

crisis, i.e. when compared to a smooth sphere, the drag crisis occurs at a lower Reynolds 

number when the flow passes over a golf ball or other rough surfaced spheres. With the 

reduced drag force by dimples, golf balls are able to fly longer distances in the games, which 

is also one of the primary pursuits in golf ball manufacturing. 

Another important factor that remarkably affects golf ball aerodynamics is the self-

spinning motion, which a sports ball always experiences while flying in the real-life games. 

Generally, when a sphere placed in a flow field is rotating, a lift force is imposed on the 

sphere. This phenomenon is known as the Magnus effect 7. However, it was also found that, 

under some conditions, the lift force points to the direction opposite to the one predicted 

based on potential flow theory, which is termed as the negative Magnus effect 8-10. The lift 

force generated due to the ordinary/negative Magnus effect directly contributes to the change 

of flying trajectories of the sports balls. Therefore, to gain insights into the foundation of the 

effect of the self-spinning motion on the flow behaviors is of particular importance for the 

golf ball aerodynamics. 

Although some studies regarding the effects of dimples and self-spinning motion on 

the golf ball aerodynamics have been conducted, there are still some questions that remain 

not clearly understood. 
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3. To reproduce the ordinary and negative Magnus effects on the self-spinning golf 

ball, and address the corresponding physical mechanism of the Magnus effect. 

4. To investigate the lateral force development of the self-spinning golf ball and 

compare the corresponding results with the self-spinning smooth sphere. 

Particular attention is focused towards the analysis of the unsteady aerodynamics. 

 

1.3 Literature review 

1.3.1 Flow past smooth spheres 

As one of the most basic and relevant topics to the research of golf balls, the 

investigation of the flow over smooth spheres is often studied for a variety of different 

aspects.  

1) The drag crisis and wake flow structures 

The probably most famous contribution is the experiment of the flow past smooth 

spheres conducted by Achenbach. In the year of 1971, Achenbach 2 directly measured the 

drag coefficient of the smooth spheres at the Reynolds numbers ranging from 5×104 to 6×106, 

and successfully reproduced the whole drag crisis area from the subcritical regime to the 

supercritical regime. Based on the measurement results, it is indicated that the mechanism of 

the drag crisis phenomenon is attributed to the shifting of the position of boundary layer 

separation, which is caused by the boundary layer transition from the laminar state to the 

turbulent state. 

In addition to the measurement of the drag force, the wake structure and vortex 

shedding pattern behind smooth spheres also received plenty of attentions. Achenbach 12 

studied the features of the vortex shedding from the smooth spheres by directly measuring the 

vortex shedding signals using hot-wire equipment. It is suggested in this study that the vortex 

separation point rotates along the circumferential direction of the sphere, which is indicated 

by the phase shift of the vortex shedding signals obtained simultaneously at different 

azimuthal petitions. 

By applying oil-flow, smoke and tuft-grid methods, Taneda 13 provided some 

impressive observations of the wake flow structures behind a smooth sphere in various 

Reynolds number regimes. The visualizations primarily lead to two interesting conclusions: 

At the subcritical and critical Reynolds numbers, a progressive wave motion is distinct in the 

sphere wake flow, and the plane comprising the streamwise central cross section of the 

sphere, in which the wave motion performs, rotates randomly about the streamwise axis 

across the center of the sphere. At the supercritical Reynolds number, a pair of streamwise 
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2) The development of the unsteady aerodynamic forces 

In addition to the contributions mentioned above, Constantinescu and Squires 15 

further provided the time history data of both the drag coefficient and lateral force 

coefficients in the subcritical and supercritical regimes, as well as the power spectral analysis 

of the corresponding aerodynamic forces. It is indicated by the time-dependent force 

evolution that, at the subcritical Reynold number, the mean lateral force is close to zero over 

a sufficiently long time interval, whereas at the supercritical Reynolds number, the mean 

lateral force is non-zero even during a long time period, which corresponds to the 

asymmetrical wake flow structures observed in this Reynolds number regime. Furthermore, it 

is revealed by the results obtained in the spectrum analysis that the Strouhal number 

associated with large-scale shedding in the supercritical regime is much higher than the one 

in the subracial regime, leading to a more rapid rate of the shedding of large-scale vortices at 

the supercritical Reynolds number compared to the case at the subcritical Reynolds number. 

Yun et al. 16 also investigated the time histories of the corresponding aerodynamic forces and 

concluded that the time-averaged lateral force in the subcritical regime was close to zero over 

a long time interval. In addition, Yun et al. provided some insights into the unsteady lateral 

force variation using phase diagrams. Based on the features of the total lateral force shown in 

the phase diagrams, it is indicated that both the magnitude and direction of the total lateral 

force vary irregularly in time in the subcritical Reynolds number regime. 

More recently, Norman and McKeon 17 conducted a comprehensive experimental 

measurement of the unsteady aerodynamic forces for the flow over a smooth sphere at the 

Reynolds numbers ranging from the subcritical value to supercritical value. It was found in 

this study that the large-scale vortex shedding frequency observed in the subcritical case 

appeared to be no longer distinct in the supercritical case. The measurements also indicate 

that the large-scale vortex shedding does not have significant effect on the drag force 

fluctuations for both the subcritical and supercritical cases. More interestingly, it is suggested 

in this study that the mean lateral force is close to zero at both the subcritical and supercritical 

Reynolds numbers. The latter conclusion is apparently contradictory to the results obtained 

by Taneda 13 and Constantinescu and Squires 15. However, it should be noted that the mean 

values of the lateral force reported by Norman and McKeon were obtained over more than 

one thousand dimensionless time units. This time interval was much longer when compared 

to the previous studies, especially the numerical works by Constantinescu and Squires 15. 
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3) The ordinary/negative Magnus effect on self-spinning smooth spheres 

When a sphere/cylinder placed in the flow field is rotating about an axis normal to the 

incoming flow direction, a lift force is imposed on the sphere/cylinder. This phenomenon is 

termed as the Magnus effect 7. However, under the conditions of certain Reynolds numbers 

and spinning speeds, the lift force exerted on the sphere/cylinder points to the direction 

opposite to the indication based on the ordinary Magnus effect. This phenomenon is known 

as the negative/negative Magnus effect 8-10, 18. 

After the ordinary and negative Magnus effects were revealed, Taneda 8 might be the 

first one who experimentally investigated the detailed conditions under which the negative 

Magnus effect occurred. It is indicated by the measurements that the negative Magnus force 

is generated at Reynolds number around 2.5 × 105 (critical regime) with the spin parameter 

(defined as the ratio of the tangential speed on the sphere to the incoming flow speed) less 

than 0.6. However, Taneda also pointed out that the Reynolds number range in which the 

negative Magnus effect occurs may shift depending on the disturbance in the main flow. 

Based on the indication that the corresponding Reynolds number was in the critical regime, 

Taneda further proposed the underlying mechanism of the negative Magnus effect on a 

smooth sphere attributing to the boundary layer transition. It is indicated that the negative 

Magnus effect occurs because the boundary layer becomes turbulent on the side rotating in 

the opposite direction to the main flow due to a larger relative speed, whereas the boundary 

layer stays laminar on the side rotating in the same direction of the main flow. 

Due to the difficulty of measuring the near wall flow of a rotating sphere, the 

mechanism of the negative Magnus effect had not been quantitatively investigated until very 

recently. 

Relying on the improved computing technology, Muto et al. 9 numerically 

investigated the ordinary and negative Magnus effects on a smooth sphere by conducting 

large-eddy simulations. The results obtained based on the numerical method quantitatively 

demonstrate the mechanism of the negative Magnus effect. When the sphere was rotating at 

the critical Reynolds number with a relatively small spin parameter, the boundary layer on 

the upstream-moving side became turbulent, which consequently delayed the flow separation 

and the recovery of surface pressure on this side, whereas the boundary layer on the 

downstream-moving side stayed laminar, leading to a flow separation at more upstream 

position and a quicker recovery of surface pressure on this side. These flow behaviors 

correspondingly lead to the generation of negative Magnus force. For the cases in which the 
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sphere was rotating at some other Reynolds numbers or with different spin parameters, the 

ordinary Magnus effect appeared. 

Kray et al. 19 also investigated the Magnus effect by means of experimental 

measurement under the conditions of various Reynolds numbers and spin parameters. The 

curves indicating the variation of the Magnus force as a function of the spin parameter were 

plotted for cases in different Reynolds number regimes. Additionally, Kray et al. obtained a 

considerable side force in their experiment when the negative Magnus effect occurred, and 

correspondingly concluded that the Magnus effect was of three-dimensional features. 

More recently, Kim et al. 10 further conducted an experimental investigation of the 

negative Magnus effect on a rotating smooth sphere. Based on the measurements, Kim et al. 

proposed an empirical model which can be used for predicting the negative Magnus area and 

the magnitude of the negative lift force. 

 

1.3.2 Flow past roughness spheres 

In addition to the contributions to the flow past smooth sphere, Achenbach also 

conducted experimental measurement of the flow past roughness spheres 6. In his study, the 

surface roughness was obtained by pasting small glass spheres on the surface of the big 

smooth sphere. The probably most important conclusion made based on the measurements is 

that, as the height of the roughness elements increases, the critical Reynolds number 

decreases, whereas the drag coefficient in the supercritical and transcritical regimes increases. 

Another interesting observation is that the Strouhal number corresponding to the large-scale 

vortex shedding in the subcritical regime stays almost identical between cases with different 

roughness height. This indicates a somewhat limited effect of the surface roughness at the 

subcritical Reynolds numbers. 

Norman and McKeon also extended their researches to the roughness sphere by 

placing isolated cylinder roughness element on the sphere surface 20. It is indicated by the 

measurements that, in the subcritical regime, the roughness element leads to a local delay in 

flow separation, whereas in the supercritical regime, the roughness element causes a 

premature flow separation. 

 

1.3.3 Flow past golf balls 

Davies 18 might be among the first to experimentally investigate the aerodynamic 

forces of golf balls by dropping the spinning golf balls in a wind tunnel. However, the drag 

and lift forces were not directly measured but calculated based on the drift of the balls. 
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increasing Reynolds number, the shear layer instability inside the local separation bubble 

appears at further upstream angular positions, whereas the complete flow separation is nearly 

fixed at the same angular position. 

Due to the challenges of computing the flow past golf balls 21, the flow behaviors 

revealed by Choi had not been numerically demonstrated until recently. Smith et al. 5 

investigated the flow over a stationary golf ball at both the subcritical and supercritical 

Reynolds numbers by conducting direct numerical simulations (DNS) within the framework 

of an immersed boundary approach. The drag reduction of the golf ball, which occurred at a 

lower Reynolds number when compared to smooth spheres, was successfully captured in 

their numerical work, along with a satisfactory agreement of the drag coefficients with the 

experimental measurements. Moreover, the local separation bubble inside individual dimples 

proposed by Choi et al. 4 was numerically demonstrated, and the corresponding small-scale 

turbulent flow structures were visualized. 

More recently, Beratlis et al. 11 extended the work of Smith et al. 5 to the investigation 

of flow past self-spinning golf balls. They conducted the direct numerical simulations of the 

rotating golf ball with the same spin parameter at four different Reynolds numbers spanning 

from the subcritical regime to the supercritical regime. The boundary conditions on the golf 

ball surface were solved based on the Eulerian grid using an embedded boundary formulation. 

When the golf ball was rotating, the part of the golf ball surface inside the dimples was 

considered as a porous surface. The negative Magnus force was obtained in the simulation 

results for one of the cases in the critical Reynolds number regime. Based on the 

measurements of the time-averaged tangential velocities on both sides of the golf ball, 

Beratlis et al. suggested that the flow separation on the side spinning against the main flow 

was delayed due to its local instability, which directly contributed to the generation of the 

negative lift force. This conclusion is analogous to the assumption by Bearman and Harvey 3. 

However, although the negative Magnus effect was demonstrated by statistics, no details 

concerning the development of unsteady forces exerted on the spinning golf ball was 

provided in the work of Beratlis et al 11. 
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(a) 

 
(b)                                                                         (c) 

Fig.2-4 Geometry details of the golf ball respectively visualized from the (a) upstream view; (b) 

negative side force view; (c) positive side force view. 

 

In the present study, an unstructured grid was adopted for the mesh generation of both 

models. Particularly, triangular elements were generated on the surface of the golf 

ball/smooth sphere, and prism layers were allocated along the normal-wall direction starting 

from the surface mesh.  

For properly reproducing boundary layer separation and the laminar-turbulent 

boundary layer transition in the drag crisis region, the numerical grid around the solid wall 

boundaries must be of sufficient resolution 5, 9. An estimation of the required grid resolution 
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(a) t=t1 

 
(b) t=t2 

 
(c) t=t3 

Fig.2-8 Translation of the spherical computation domain with time for the self-spinning golf ball cases; 

the moving direction is from the right to the left; t1<t2<t3. 
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Chapter 3: Flow past the stationary golf ball and smooth sphere 
 

This chapter presents the investigation of flow past the stationary golf ball and smooth 

sphere. First, the drag crisis phenomenon of the stationary golf ball is validated. The 

underlying mechanism of how the dimple roughness lowers the critical Reynolds number 

range when compared to the smooth sphere is discussed. Finally, the transient features of the 

aerodynamic forces and wake flow structure is presented. 

 

3.1 Drag crisis of flow past the golf ball 

 

 
Fig.3-1 Comparison of the drag coefficients for golf balls and smooth spheres; Lines: experimental 

results; Symbols: numerical results. 

 

Fig.3-1 shows the drag coefficients of the present golf ball as a function of the 

Reynolds number. The numerical and experimental results reported in the previous literatures 

for both golf balls 3, 4 and smooth spheres 2, 9, 34 are also included as references. As indicated 

in this figure, the drag force exerted on the present golf ball shows a considerable decrease as 

the Reynolds number increases around the critical area. At the subcritical Reynolds number 

Re=4.3×104, the drag coefficient of the golf ball stays at around 0.49. This value is 

comparable to the ones reported in the literatures 2 for the smooth sphere cases at the same 





29 
 

 
(a) 

 
(b) 

 
(c) 

Fig.3-2 Time-averaged surface pressure distributions on the golf ball (obtained in the section y=0; see 

Fig.2-4 (a) in Chapter 2) and the smooth spheres in the (a) subcritical regime; (b) critical regime; (c) 

supercritical regime; Lines: numerical simulation results; Symbols: experimental results. 
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(a) 

 
(b) 

 
(c) 

Fig.3-3 Comparison of the time-averaged surface pressure distribution on the golf ball obtained 

respectively in the plane y=0 and plane yv (see Fig.2-4 (a) in Chapter 2) along the same polar angular 

direction at the (a) subcritical regime; (b) critical regime; (c) supercritical regime. 
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(a) Re=4.3×104                                                                            (b) Re=1.0×104 

     
(c) Re=7.5×104                                                 (d) Re=2.0×105 

     
(e) Re=1.1×105                                                 (f) Re=1.14×106 

Fig.3-4 Instantaneous surface pressure distribution and contours of the instantaneous non-dimensional 

streamwise velocity distribution around the separation points of the golf ball and smooth sphere 

viewed in the plane y=0. 
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(a) Re=4.3×104                                                   (b) Re=1.0×104 

     
(c) Re=7.5×104                                                   (d) Re=2.0×105 

     
(e) Re=1.1×105                                                   (f) Re=1.14×106 

Fig.3-5 Time-averaged surface pressure distribution and time-averaged non-dimensional streamwise 

velocity distribution in the wake area of the golf ball and smooth sphere viewed in the plane y=0. 
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The shifting of the position of boundary layer separation is strongly affected by the 

boundary layer transition. As revealed in Fig.3-4, for both the golf ball and the smooth sphere, 

the boundary layer becomes more turbulent as the Reynolds number increases. The turbulent 

boundary layer with high momentum could overcome the adverse pressure gradient more, 

and does not reach full separation until traveling further downstream. It is evident that the 

dimples lead to the boundary layer transition occurring at a lower Reynolds number when 

compared to the smooth sphere. The corresponding mechanism is discussed in section 3.3. 

However, comparing the flow field around the separation point in the subcritical regime, a 

similarity is observed in the flow behaviors for both the golf ball and the smooth sphere. This 

suggests the limited effect of the dimples on the laminar boundary layer separation. 

Additionally, two separation points at different polar angular positions were reported by 

Muto et al. 9 for the smooth sphere case at the critical Reynolds number (Re=2.0×105) due to 

the existence of the global separation bubble. For the golf ball, however, the separation 

bubbles exist locally inside individual dimples, as presented in section 3.3. 

Provided in Fig.3-5 are the time-averaged surface pressure distribution and the 

corresponding non-dimensional streamwise velocity magnitude in the flow field. It is 

apparent that, in the subcritical regime, the width of the wake area behind the golf ball stays 

comparable to the width of the wake area behind the smooth sphere, again indicating the 

similar flow behaviors between these two cases. As the Reynolds number increases from the 

subcritical values to the supercritical values, one can clearly observe that the wake regions for 

both the golf ball and the smooth sphere shrink remarkably as a result of the delay in the 

complete flow detachment. This shrinkage of the wake area further leads to the decrease of 

drag coefficient exhibited in the drag crisis phenomenon. 

 

3.3 Mechanism of drag reduction by golf ball dimples 

Fig.3-6 depicts the details of the local flow behavior as it traverses the golf ball 

dimples from 65° to 115° at the supercritical Reynolds number. The time-averaged non-

dimensional streamwise velocity obtained in the yv plane is displayed with the increasing 

polar angle values. When the flow traverses the dimple located at 70°, as indicated in Fig.3-6, 

it locally detaches at around 65° while passing the leading edge of the dimple, but reattaches 

to the geometry boundary again at a position further downstream before exiting this dimple at 

75°.  A separation bubble consequently forms in the dimple due to the local flow detachment 

and reattachment. These behaviors repeat again when the flow travels to the next dimple 

located at 80°. Due to the local reattachment occurring around the trailing edge of the dimple, 
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values observed in these two cases between the polar angle of 65° and 75° correspond to the 

local flow reattachment. As clearly shown in Fig.3-7, the Cp value for the supercritical 

Reynolds number drops quickly around 75° as the reattached flow continues traveling further 

downstream, whereas the Cp value for the subcritical Reynolds number does not further 

decrease due to the complete flow separation. 

 

 
(a) 

 
(b) 

Fig.3-7 Time-averaged surface pressure distribution on the golf ball obtained respectively in the plane 

y=0 and plane yv (see Fig.2-4 (a) in Chapter 2) along the same polar angular direction from 25° to 

85°; (a) Re=4.3×104; subcritical regime; (b) Re=1.1×105; supercritical regime. 
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(a) 

 
(b) 

 
(c) 

Fig.3-8 The distribution of the instantaneous velocity vectors inside the dimple spanning from 32.5° 

to 43°; the incoming flow moves from the left to right; (a) Indication of position of the dimple 

spanning from 32.5° to 43°; (b) Re=4.3×104; subcritical regime; (c) Re=1.1×105; supercritical regime. 
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(a) 

 
(b) 

 
(c) 

Fig.3-9 The distribution of the instantaneous velocity vectors inside the dimple spanning from 65° to 

75°; the incoming flow moves from the left to right; (a) Indication of position of the dimple spanning 

from 65° to 75°; (b) Re=4.3×104; subcritical regime; (c) Re=1.1×105; supercritical regime. 
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(a) 

 
(b)                                                                     (c) 

 
(d)                                                                     (e) 

Fig.3-10 Profiles of the time-averaged streamwise velocity and the r.m.s fluctuation of the streamwise 

velocity measured above the dimple spanning from 65° to 75° at Re=1.1×105: (a) position 1-4 for 

profile plotting; (b) profiles obtained at position 1; (c) profiles obtained at position 2; (d) profiles 

obtained at position 3; (e) profiles obtained at position 4. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.3-11 Contours of the instantaneous azimuthal vorticity viewed on the yv plane at different 

Reynolds numbers; the vorticity direction is out-of-plane; (a) Re=4.3×104, subcritical; (b) Re=7.5×104, 

critical; (c) Re=1.1×105, supercritical; (d) Re=1.7×105, supercritical. 
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(a) 

 
                                    (b)                                                                       (c) 

Fig.3-13 Time series of the drag and lateral force coefficients for the stationary smooth sphere at 

subcritical Re=1.0×104 after the flow reached a statistically steady state: (a) temporal evolution of the 

drag coefficient Cd, side force coefficient Cs and lift coefficient Cl; (b) phase diagram of Cs and Cl, the 

red point represents the resultant lateral force at the non-dimensional moment indicated in Fig.3-15; (c) 

power spectrum of the side force coefficient Cs and lift coefficient Cl. 

 

As revealed in Fig.3-12, both the magnitude and the direction of the resultant lateral 

force vary irregularly with time for the subcritical golf ball case at Re=4.3×104. Similar 

features are also evident in Fig.3-13 for the subcritical smooth sphere case at Re=1.0×104, 

which agrees very well with the conclusions by Constantinescu et al. 15 and Yun et al. 16 
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regarding the flow over smooth spheres at the same Reynolds number. For both the golf ball 

and smooth sphere, the mean values of the lateral force components are close to zero over an 

adequately long time interval. However, as listed in Table.3-1, the standard deviations of both 

the side and lift forces acting on the golf ball are slightly larger when compared to the smooth 

sphere. In addition, one can observe from Fig.3-12 (b) and Fig.3-13 (b) that the curve in the 

phase diagram representing the golf ball is somewhat less concentrated around the origin. 

These features indicate that the magnitude and oscillation of the lateral force acting on the 

golf ball are slightly larger than those of the smooth sphere. This is probably associated with 

the greater shifting of the flow separation point along the azimuthal direction for the golf ball 

at the subcritical Reynolds number, as discussed in section 3.2. 

Respectively shown in Fig.3-12 (c) and Fig.3-13 (c) are the power spectra of the side 

force and lift coefficients for the stationary golf ball and smooth sphere in the subcritical 

regime, where St represents the Strouhal number. As clearly displayed in Fig.3-13 (c), two 

dominant frequencies exist for the lateral forces acting on the smooth sphere, which agrees 

very well with the previous conclusions 15, 16. It is considered that the higher dominant 

frequency (around St=0.15) corresponds to the large-scale wake instability, whereas the 

presence of the peak at the lower frequency (around St=0.075) is due to a modulation in time 
15, 16. Interestingly, similar features are also distinct in the subcritical golf ball case. As clearly 

shown in Fig.3-12 (c), two dominant frequencies appear in the power spectra of the lateral 

forces acting on the golf ball, and the higher one (around St=0.16) which is associated with 

the large-scale wake instability stays very close to the corresponding frequency of the smooth 

sphere. This indicates a similar wake flow structure behind the two different models, as 

presented in Fig.3-14 and Fig.3-15 below. 

 

  
                      (a) x-y plane; side force                                           (b) x-z plane; lift force 

Fig.3-14 Visualization of the instantaneous vortical structures in the wake area of the stationary golf 

ball at Re=4.3×104 using ISO surface of Q (Ut/D=21.5, the resultant lateral force at this moment is 

indicated in Fig.3-12 (b) by the red point). 
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(a) x-y plane; side force                                           (b) x-z plane; lift force 

Fig.3-15 Visualization of the instantaneous vortical structures in the wake area of the stationary 

smooth sphere at Re=1.0×104 using ISO surface of Q (Ut/D=21.5, the resultant lateral force at this 

moment is indicated in Fig.3-13 (b) by the red point). 

 

Fig.3-14 and Fig.3-15 respectively show the instantaneous vortical structures in the 

wake areas of the golf ball and smooth sphere using the Q-criterion method 35. Visualizations 

were obtained in two perpendicular planes. For the flow past smooth spheres at subcritical 

Reynolds numbers, it is well known that the flow in the wake area exhibits a large-scale wave 

motion 13, 15, 16. This feature is successfully reproduced in the present subcritical smooth 

sphere case, as illustrated in Fig.3-15. Interestingly, as can be clearly observed in Fig.3-14, a 

progressive waviness is also pronounced in the wake area in the subcritical golf ball case. In 

addition, for both the golf ball and smooth sphere, the wavelength of the wake flow structure 

spans about 6~7D, as indicated in Fig.3-14 (a) and Fig.3-15 (a). This similarity of wavelength 

corresponds to the similar dominant frequencies of the lateral force oscillation exhibited in 

these two cases, as evidenced in Fig.3-12 (c) and Fig.3-13 (c). Around the golf ball surface, 

the fully separated flow quickly becomes unstable in the shear layers and vortices are 

generated and shed distinctly. As the flow travels further downstream into the wake area, the 

hairpin-shape vortical structures become apparent, as is also observed in the wake flow of the 

smooth sphere. 

Another issue of interest regarding the wave motion in the wake flow is whether the 

azimuthal position of the waviness-containing plane changes. For smooth spheres specifically, 

it was reported 13, 15, 16 that such a plane rotates randomly with time. In order to investigate 

the corresponding feature for the golf ball case, a time-dependent trace of the evolution of 

instantaneous vortical structures behind the golf ball is provided in Fig.3-16. As revealed in 

this figure, the azimuthal position at which the wave motion is performed and the vortices are 

shed varies irregularly in time for the golf ball case as well. These characteristics again 
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demonstrate that the influence of the surface roughness introduced by the dimples on the flow 

behaviors is somewhat limited in the subcritical regime. 

 

 
                     Ut/D=5                            Ut/D=10                       Ut/D=15                      Ut/D=20 

Fig.3-16 Time-dependent trace of the instantaneous vortical structures around the stationary golf ball 

at Re=4.3×104 visualized from the upstream view. 

 

3.4.2 Transient lateral force and wake flow structure in the critical regime 

Fig.3-17 and Fig.3-18 display the time histories of the development of the drag and 

lateral force components in the critical Reynolds number regime for the stationary golf ball 

and smooth sphere respectively. As clearly depicted in Fig.3-17 (b) and Fig.3-12 (b), the 

resultant lateral force acting on the golf ball experiences a larger oscillation at the critical 

Reynolds number when compared to the subcritical case. In addition, as listed in Table.3-1, 

the standard deviations of both the side force and lift coefficients of the golf ball exhibit 

values approximately twice as large as those in the subcritical case. Similar features are also 

apparent for the smooth sphere at the critical Reynolds number when compared to the 

corresponding subcritical case. Concerning the direction of the resultant lateral force, 

generally, it varies irregularly with time for both models. However, in the case of the golf ball, 

the variations of the side force and the lift force sometimes follow the opposite trends (i.e. the 

side force increases while the lift force decreases). This, interestingly, makes the curve of the 

total lateral force shown in Fig.3-17 (b) somewhat tilted along the direction parallel to the 

line Cl/Cs=-1. 

Respectively shown in Fig.3-17 (c) and Fig.3-18 (c) are the power spectra of the side 

force and lift coefficients for the stationary golf ball and smooth sphere in the critical regime. 

For the smooth sphere, as revealed in Fig.3-18 (c), the single dominant frequency that 

appears at the critical Reynolds number remains similar to the Strouhal number exhibited in 

the subcritical case which is associated with the large-scale wake instability. For the golf ball, 

as indicated in Fig.3-17 (c), the lift force component exhibits a dominant frequency close to 

the one that corresponds to the large-scale wake instability at the subcritical Reynolds 
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number, whereas the side force component exhibits a visibly lower dominant frequency. This 

leads to a noticeable difference in the wavelengths of the wake flow structures between the 

golf ball and the smooth sphere, as presented in Fig.3-19 and 3-20. 

 

 
(a) 

 
                                    (b)                                                                       (c) 

Fig.3-17 Time series of the drag and lateral force coefficients for the stationary golf ball at 

Re=7.5×104 after the flow reached a statistically steady state: (a) temporal evolution of the drag 

coefficient Cd, side force coefficient Cs and lift coefficient Cl; (b) phase diagram of Cs and Cl, the red 

point represents the resultant lateral force at the non-dimensional moment indicated in Fig.3-19; (c) 

power spectrum of the side force coefficient Cs and lift coefficient Cl. 
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(a) 

 
                                    (b)                                                                       (c) 

Fig.3-18 Time series of the drag and lateral force coefficients for the stationary smooth sphere at 

Re=2.0×105 after the flow reached a statistically steady state: (a) temporal evolution of the drag 

coefficient Cd, side force coefficient Cs and lift coefficient Cl; (b) phase diagram of Cs and Cl, the red 

point represents the resultant lateral force at the non-dimensional moment indicated in Fig.3-20; (c) 

power spectrum of the side force coefficient Cs and lift coefficient Cl. 
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(a) x-y plane; side force                                           (b) x-z plane; lift force 

Fig.3-19 Visualization of the instantaneous vortical structures in the wake area of the stationary golf 

ball at Re=7.5×104 using ISO surface of Q (Ut/D=20.8, the resultant lateral force at this moment is 

indicated in Fig.3-17 (b) by the red point). 

 

  
(a) x-y plane; side force                                           (b) x-z plane; lift force 

Fig.3-20 Visualization of the instantaneous vortical structures in the wake area of the stationary 

smooth sphere at Re=2.0×105 using ISO surface of Q (Ut/D=25.5, the resultant lateral force at this 

moment is indicated in Fig.3-18 (b) by the red point). 

 

Respectively provided in Fig.3-19 and Fig.3-20 are the instantaneous vortical 

structures in the wake areas of the golf ball and the smooth sphere at the critical Reynolds 

numbers. Somewhat apparent for both models is the presence of the large-scale wave motions 

and the shed hairpin structures in the wake regions. Agreeing well with the experimental data 

by Taneda 13, the wavelength of the wake flow structure for the critical smooth sphere case 

remains about 6~7D, as indicated in Fig.3-20 (a), which is similar to that observed in the 

corresponding subcritical case. This corresponds to the similar frequencies of the variations 

of the lateral force components exhibited in these two different Reynolds number regimes. 

For the golf ball, however, a larger wavelength of the wake flow structure which spans about 

13D is pronounced in the critical case, as indicated in Fig.3-19 (a). This relates to the lower 

dominant frequency of the variation of the lateral force components exhibited in the critical 

case when compared to the corresponding subcritical case. 
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evident in the supercritical smooth sphere case. The higher frequencies that appear in the 

power spectra of both models are probably associated with the small-scale vortex shedding 

around the geometry surfaces and the corresponding shear-layer instabilities in the 

supercritical regime. 

 

 
(a) 

 
                                    (b)                                                                       (c) 

Fig.3-21 Time series of the drag and lateral force coefficients for the stationary golf ball at 

Re=1.1×105 after the flow reached a statistically steady state: (a) temporal evolution of the drag 

coefficient Cd, side force coefficient Cs and lift coefficient Cl; (b) phase diagram of Cs and Cl, the red 

point represents the resultant lateral force at the non-dimensional moment indicated in Fig.3-23; (c) 

power spectrum of the side force coefficient Cs and lift coefficient Cl. 
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(a) 

 
                                    (b)                                                                       (c) 

Fig.3-22 Time series of the drag and lateral force coefficients for the stationary smooth sphere at 

Re=1.14×106 after the flow reached a statistically steady state: (a) temporal evolution of the drag 

coefficient Cd, side force coefficient Cs and lift coefficient Cl; (b) phase diagram of Cs and Cl, the red 

point represents the resultant lateral force at the non-dimensional moment indicated in Fig.3-24; (c) 

power spectrum of the side force coefficient Cs and lift coefficient Cl. 
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(a) x-y plane; side force                                           (b) x-z plane; lift force 

Fig.3-23 Visualization of the instantaneous vortical structures in the wake area of the stationary golf 

ball at Re=1.1×105 using ISO surface of Q (Ut/D=28.9, the resultant lateral force at this moment is 

indicated in Fig.3-21 (b) by the red point). 

 

  
(a) x-y plane; side force                                           (b) x-z plane; lift force 

Fig.3-24 Visualization of the instantaneous vortical structures in the wake area of the stationary 

smooth sphere at Re=1.14×106 using ISO surface of Q (Ut/D=31.9, the resultant lateral force at this 

moment is indicated in Fig.3-22 (b) by the red point). 

 

Respectively shown in Fig.3-23 and Fig.3-24 are the instantaneous vortical structures 

in the wake areas of the golf ball and smooth sphere at the supercritical Reynolds numbers. 

As indicated in the figures, a large-scale vortex shedding appears in both the wake flow of the 

smooth sphere, which agrees well with Constantinescu et al. 15, and the wake flow of the golf 

ball. In the near-wall region behind the smooth sphere, the flow is severely deflected due to a 

strong oscillation, and a considerable lateral force is generated on the geometry, as indicated 

in Fig.3-22. As the flow travels further downstream, the completely asymmetric wake 

structures are formed, which significantly deviate from the streamwise axis that goes across 

the center of the sphere (x axis). The orientation of the asymmetry of the wake flow 

corresponds to the direction of the instantaneous resultant lateral force acting on the sphere. 

In contrast, the flow in the near-wall region behind the golf ball exhibits a visibly weaker 

oscillation and a less tilted pattern, as illustrated in Fig.3-23, and a visibly smaller lateral 
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three different locations, and it deviates further away from the streamwise axis that goes 

across the geometry center (x axis) as the flow travels downstream. It is considered that 

momentum is generated between the twin vortices along the direction normal to a line 

connecting the center of each vortex, which gives rise to the lateral force acting on the sphere 

in the opposite direction. In contrast, the vortices behind the golf ball show more random 

patterns and a more concentrated distribution around the geometry center at x/D=1.0 and 

x/D=1.5, as indicated in Fig.3-25 (a) and Fig.3-25 (b), while the twin vortices are observed at 

a location further downstream (x/D=3.0), as indicated in Fig.3-25 (c). Compared with the 

smooth sphere, the twin vortices behind the golf ball remain less deviated from the x axis. 

Further visualization of the different twin vortices behind the golf ball and the smooth sphere 

is provided in Fig.3-27 and Fig.3-28. 
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(a) 

 
(b) 

 
(c) 

Fig.3-27 Streamlines around the stationary golf ball at Re=1.1×105 viewed from: (a) -y view; (b) +z 

view; (c) an isometric view; MagV represents the magnitude of velocity. 
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(a) 

 
(b) 

 
(c) 

Fig.3-28 Streamlines around the stationary smooth sphere at Re=1.14×106 viewed from: (a) -y view; 

(b) +z view; (c) an isometric view; MagV represents the magnitude of velocity. 
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Fig.4-1 Comparison of the drag coefficients between the self-spinning and stationary cases for the 

golf ball and smooth sphere. 

 

 
Fig.4-2 Lift coefficients of the corresponding self-spinning golf ball and smooth sphere cases shown 

in Fig.4-1. 
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The shifting of the drag coefficients as a result of the self-spinning motion is 

displayed in Fig.4-1 for both the golf ball and smooth sphere cases. As clearly shown in this 

figure, for the smooth sphere, the drag coefficients increase at each of the three different 

Reynolds numbers when the self-spinning motion is imposed on the geometry. For the golf 

ball, the drag coefficients increase slightly while the ball is rotating at the subcritical and 

supercritical Reynolds numbers. This is similar to the variations for the rotating smooth 

sphere in the same Reynolds number regimes. At the critical Reynolds number, however, the 

drag force acting on the rotating golf ball exhibits a considerable drop compared with the 

corresponding non-rotating golf ball. This trend is apparently opposite to the drag variation of 

the rotating smooth sphere at the critical Reynolds number. More quantitative discussions of 

the drag and lift force variations in the self-spinning cases are presented in detail in section 

4.4. 

 

4.2 Flow visualizations around the self-spinning golf ball and smooth sphere 

Fig.4-3 and Fig.4-6 respectively show the instantaneous surface pressure distribution 

and the non-dimensional streamwise velocity distribution in the flow field of the rotating golf 

ball and smooth sphere. Fig.4-4 and Fig.4-5 respectively display the instantaneous azimuthal 

vorticity around the flow separation points on the top side and bottom side of the rotating golf 

ball. Fig.4-7 and Fig.4-8 respectively display the instantaneous azimuthal vorticity around the 

flow separation points on the top side and bottom side of the rotating smooth sphere. For both 

the golf ball and smooth sphere, the top side of the geometry spins in the direction moving 

with the approaching flow, whereas the bottom side of the geometry spins in the direction 

moving against the approaching flow. 

In the subcritical regime, as shown in the figures, the boundary layers on both the top 

and bottom sides of each of the rotating models remain laminar. The shear layers developed 

after the full flow separation becomes unstable as they travel further downstream. These 

features are very similar to those exhibited in the stationary cases in the same Reynolds 

number regime. However, the self-spinning motion results in an apparent difference in the 

position of flow separation between the two sides of the geometries. For the golf ball, the 

flow detaches around 85° on the top side, and detaches around 75° on the bottom side. For 

the smooth sphere, similarly, the flow separates at a position more downstream on the top 

side (around 85°) than on the bottom side (around 78°). As a result of these asymmetries, the 

wake flow behind the rear surface of each of the models is tilted downwards for both the golf 

ball and smooth sphere. 
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In the supercritical regime, the boundary layers on both the top and bottom sides of 

each of the rotating models become turbulent, although for the golf ball it is mainly induced 

by the perturbation caused by the dimples, whereas for the smooth sphere it is induced mainly 

due to the increase in Reynolds number. As shown in the figures, one can observe that the 

boundary layers exhibit noticeable instability before the full flow separation and shed small-

scale vortices. Additionally, the shear layers become thinner as a result of the increase in 

Reynolds number. However, despite the fact that the boundary layers are of characteristics 

totally different from each other, the patterns of the flow separation in the supercritical 

regime are qualitatively similar to those exhibited in the subcritical regime. For both the golf 

ball and smooth sphere, the flow stays attached on the geometry for a longer distance on the 

top side than on the bottom side at the supercritical Reynolds numbers, which likewise leads 

to a downward-deflected wake flow behind the rear surface of the geometry. 

In the critical regime, where the negative lift force is generated, the boundary layers 

on the top side and the bottom side are in different states. In particular, on the top sides of 

both the golf ball and smooth sphere, the boundary layers do not become noticeably unstable 

and shed vortices that are experiencing Kelvin-Helmholtz instability until they travel some 

distance downstream from the separation points. These features are very similar to those 

exhibited in the subcritical regime, although the positions where the shear layers start to 

become unstable are generally closer to the separation points at the critical Reynolds numbers. 

On the bottom sides, however, the boundary layers exhibit clearly different features. For the 

smooth sphere, the boundary layer first separates after it passes the equator but reattaches to 

the solid wall at a position further downstream. For the golf ball, similarly, the near-wall flow 

shows the features typical of the turbulent boundary layer as exhibited in the corresponding 

supercritical case. As a result, the flow passing over both models in the critical regime 

detaches at a position more downstream on the bottom side than on the top side, which leads 

to an upward-deflected wake flow behind the rear surface of the geometry. 
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4.3 Mechanism of the ordinary and negative Magnus effect 

 

 
                   (a) Re=4.3×104                              (b) Re=7.5×104                              (c) Re=1.1×105 

Fig.4-9 Instantaneous surface pressure distribution obtained in section y=0 respectively along the top 

side and bottom side of the golf balls displayed in Fig.4-3. 

 

 
                   (a) Re=1.0×104                              (b) Re=2.0×105                              (c) Re=1.14×106 

Fig.4-10 Instantaneous surface pressure distribution obtained in section y=0 respectively along the top 

side and bottom side of the smooth spheres displayed in Fig.4-6. 

 

Fig.4-9 and Fig.4-10 respectively show the instantaneous pressure coefficient 

distributions obtained in section y=0 along the top side and bottom side of the rotating golf 

ball and smooth sphere. 

As presented before in section 4.2, for both models in the subcritical and supercritical 

regimes, the boundary layers on the top side and the bottom side exist in the same state, but 

the flow on the top side travels a longer distance before full  separation. This is attributed to 

the difference between the effects of the self-spinning motion on the flow passing over the 

two different sides. In particular, on the top side, the near-wall flow gains momentum as the 

geometries rotate with the approaching flow, whereas on the bottom side, the near-wall flow 

loses momentum as the geometries rotate against the approaching flow. With the increased 




































































