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Abstract: The drag and lift of footballs have been mainly measured by wind tunnel tests. In the 
present study, computational fluid dynamics (CFD) and the lattice Boltzmann method were used to 
visualise the wakes of spinning and non-spinning footballs and analyse the dynamics of the 
observed vortex structures. The dominant vortex structures in the wakes of the footballs were 
determined to be large-scale counter-rotating vortex pairs. The fluctuation of the vortex pair for the 
spinning football was also estimated to be smaller and more stable than that for the non-spinning 
football. Although the presence of an unstable, large-scale counter-rotating vortex pair in the wake 
of a non-spinning ball has been previously observed in wind tunnel tests, the present study 
particularly found that the dominant vortex structure of a spinning ball was a stable, large-scale 
counter-rotating vortex pair. 
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1. Introduction 

The drag and lift of non-spinning balls measured in previous studies related to the aerodynamic 
characteristics of footballs have revealed the existence of a drag crisis [1–3]. Spinning balls were 
considered in these studies because they were relatively easy to implement in the utilised wind tunnel 
tests. Similar tests have been conducted on spinning balls to measure their Magnus force and 
trajectory [3–5]. Attempts have also been made to measure the aerodynamic characteristics of 
footballs by free flight tests that closely approximate the actual processes [6,7]. These previous studies 
mostly involved measurement of the forces such as the drag and lift that act on the ball. Few studies 
have utilised visualisation and analysis of the flow and vortex structure around the ball, by which 
the forces acting on the ball are actually generated [8]. Furthermore, the spinning of a football during 
a curved shot or pass, as often occurs during competitive football games, is one of the important 
issues for clarifying the aerodynamic characteristics and the flow and vortex structure around a 
spinning football. 
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Computational fluid dynamics (CFD) can be used to visualise and analyse the flow and vortex 
structure around a bluff body, especially a steady-state analysis using turbulence models such as the 
k-ε model [9,10]. Nevertheless, a method for applying CFD to unsteady-state analysis using the lattice 
Boltzmann method was more recently developed. Some studies have also been conducted on 
improving the analysis precision [11,12]. In addition, the availability of powerful computing 
resources has increased the analysis capability for high Reynolds numbers. It is now possible to 
implement large eddy simulations (LESs), very-large eddy simulations (VLESs), and detached eddy 
simulations (DESs) [13], which facilitate more detailed descriptions of the vortex structure; as well as 
direct numerical simulations (DNSs) [14] without using a turbulence model. 

In the present study, VLESs based on the lattice Boltzmann method were used to visualise and 
analyse the drag, side, and lift forces that act on a spinning football, as well as the flow around the 
ball. The purpose was to clarify the aerodynamic characteristics and vortex structure. 

2. Methods 

A three-dimensional model of the football considered in this study (Brazuca; Adidas; Figure 1) 
was constructed using data obtained from a 3D laser scanner (AICON 3D; Breuckmann GmbH, 
Meersburg, Germany). The orientation of the ball surface features (the pattern) was employed as the 
high symmetricity orientation from outer flow direction. For the spinning ball cases, the flow at the 
velocity inlet was set to a Reynolds number (Re) of 4.25 × 105, which corresponds to a speed of 28 m/s, 
and the spinning rates of the ball were defined as 25.1, 50.2, and 75.4 rad/s (4, 8, and 12 rps), 
respectively. For the non-spinning cases, the flows at the velocity inlet were set to Re values of  
1.25 × 105 (8.2 m/s), 2.8 × 105 (19.0 m/s), and 4.0 × 105 (27.0 m/s). A Cartesian grid was used to generate 
a spatial grid of size 20 × 20 × 40 m (W × H × L) comprising nearly 500 million cells (Figure 2). A 
sectional grid scale technique was employed with minimum and maximum scales of 1 and 4 mm, 
respectively, for the spinning cases. For the non-spinning cases, minimum scales of 1.63 × 10−1,  
7.13 × 10−2, and 5.02 × 10−2 mm were employed for Re values of 1.25 × 105, 2.80 × 105, and 4.00 × 105, 
respectively, with a maximum scale of 4 mm. Although these grid structures could not be used to 
perfectly represent the detailed vortex scales including the Kolmogorov length scale (Table 1), it was 
adopted because of the limitations of the available computing resources [15]. The pressure outlet was 
defined by 1013.25 hPa (i.e., atmospheric pressure). A no-slip boundary condition was assumed for 
the wall of the football, while slip was considered for the other walls including the  
ground surface. 

 
Figure 1. 3D scanning football model. 

 
Figure 2. Cartesian grid used to generate the spatial grid (W 20 × H 20 × L 40 m) for the CFD analysis. 
The flow is from left to right. 
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Table 1. Minimum vortex size with respect to the Reynolds number. 

Reynolds Number Kolmogorov Scale (m) Minimum Voxel Size (m) 
1.25 × 105 3.30 × 10−5 1.63 × 10−4 
2.80 × 105 1.80 × 10−5 7.13 × 10−5 
4.00 × 105 1.39 × 10−5 5.02 × 10−5 

Aerodynamic simulations were performed using a commercial CFD software (PowerFLOW 5.1, 
Exa Inc., Oak Harbor, WA, USA) and the lattice Boltzmann method. For the spinning cases, the 
boundary layer was simulated by a sliding mesh technique. The turbulence was modelled based on 
the principle of a very-large eddy simulation (VLES), which enables direct simulation of resolvable 
flow scales. Conversely, the unresolved scales were modelled using the re-normalisation group form 
of the k-epsilon equations with proprietary extensions, to achieve time-accurate physics in the VLES. 
The lattice of the solver was composed of voxels, which are three-dimensional cubic cells, and surfels, 
which are surface elements that occur where the surface of a body intersects a fluid. For the non-
spinning cases, direct numerical simulation (DNS) without using a turbulent model was employed.  

The average drag, lift, and side forces of the football model were calculated from the unsteady 
drag, lift, and side forces over a period of 1.0 s (The calculation is set to 0.2 s to 1.2 s). The following 
parameters were further calculated from the CFD and experimental data collected over a range of 
conditions: the wind velocity (U); the force acting in the opposite direction of the wind (i.e., the drag 
D); the force acting perpendicularly to the wind direction (i.e., the lift L); and the force acting sideways 
(S) (i.e., the Magnus force) with respect to the frontal view. The aerodynamic forces determined by 
CFD and experiment were converted into the drag coefficient (Cd), lift coefficient (Cl), and side-force 
coefficient (Cs) using Equations (1)–(3). 

Cd = 
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Here, ρ is the density of air (1.2 kg/m3), U is the flow velocity (m/s), and A is the projected area 
of the football (given by πR2, where R is the radius of the football). Cd is measured in the +X direction, 
Cl is measured in the +Z direction and Cs is measured in the +Y direction.  

The ratio of the peripheral velocity to the velocity through the air was denoted by Sp and 
calculated using Equation (4). 

Sp = ωR/U (4) 

where ω is the angular velocity of the football in radians per second (rad/s), and R is the radius of the 
football (0.11 m). An F-test was used to statistically test the standard deviations of the Cs values of 
the spinning and non-spinning balls. 

3. Results 

Based on the VLES results, the average Cd of the spinning ball was determined to be 
approximately 0.28 for Sp = 0.1, 0.34 for Sp = 0.2, and 0.36 for Sp = 0.3 (Figure 3). Based on the DNS 
results, the average Cd value for the non-spinning ball was determined to be approximately 0.39 for 
Re = 1.25 × 105 in the subcritical region, 0.19 for Re = 2.80 × 105 in the supercritical region, and 0.14 for 
Re = 4.00 × 105 (Figure 4). The turbulence value of this wind tunnel test was 0.1% or less, that of CFD 
was defined for 0.1%. The VLES results also produced an average Cl for the spinning ball of 
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approximately 0.22 for Sp = 0.1, 0.27 for Sp = 0.2, and 0.30 for Sp = 0.3 (Figure 5). The average Cl for 
the spinning ball thus tended to increase with increasing Sp.  

 
Figure 3. Comparison of the drag force coefficients of a spinning ball as respectively determined by 
CFD analyses and wind tunnel tests [1]. 

 
Figure 4. Comparison of the drag force coefficients of a non-spinning ball as respectively determined 
by CFD analyses and wind tunnel tests [1]. 

 

Figure 5. Comparison of the side force coefficients of a spinning ball as respectively determined by 
CFD analyses and wind tunnel tests [1]. 

In the DNS of the non-spinning ball, for Re values of 1.25 × 105, 2.80 × 105, and 4.00 × 105, both 
the unsteady state Cs and Cl tended to vary more significantly compared to Cd (Figure 6a–c). In 
contrast, for an angular velocity of 50.2 rad/s (8 rps) and Re of 4.25 × 105 (28 m/s), there were only 
small fluctuations of all of Cs, Cl, and Cd (Figure 6d). In addition, the fluctuations of the unsteady-
state Cs and Cl for the spinning ball were particularly smaller than those for the non-spinning ball.  

Large-scale counter-rotating vortex pairs were observed to be frequently generated in the wake 
of the non-spinning ball. Unstable fluctuation of vortex pair was also observed in the rotation of the 
ball about the axis in the motion direction [16] and the breakdown (Figure 7a–c). In the VLESs, large-
scale counter-rotating vortex pairs were formed in the wake of the spinning ball (ω = 50.2 rad/s, Re = 
4.25 × 105) on the downstream side of the rotation direction. The vortex pairs tended to be relatively 
stable with only small fluctuations (Figure 7d–f). The separation line of the boundary layer and the 
pressure distribution on the ball with respect to the axis of the motion direction were also observed. 
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Figure 6. CFD-determined drag, side, and lift force coefficients of the non-spinning football for  
(a) Re = 1.25 × 105; (b) Re = 2.80 × 105; and (c) Re = 4.00 × 105; and for the spinning football for  
(d) Re = 4.25 × 105 (8 rps). 

 
Figure 7. Examples of the vorticities of the streamlines for the (a–c) non-spinning and (d–f) spinning 
footballs. The ball is spinning with a positive rotation about Z axis. The Re values for the non-spinning 
and spinning balls are respectively 2.80 × 105 and 4.25 × 105 (spin rate = 8 rps). The surface is colored 
by pressure coefficient whereas the streamlines are colored by vorticity. The view is from behind the 
ball (back view). 

The standard deviations of the unsteady-state Cs for the non-spinning ball were determined to 
be 0.078 for Re = 1.25 × 105, 0.090 for Re = 2.80 × 105, and 0.051 for Re = 4.00 × 105, whereas in the case 
of the spinning ball, they were 0.046 for Sp = 0.1, 0.036 for Sp = 0.2, and 0.048 for Sp = 0.3. The standard 
deviation of the unsteady-state Cs was thus generally significantly smaller for the spinning ball  
(p < 0.01). 

4. Discussion 

In this study, we investigated the aerodynamic characteristics of a spinning football by CFD 
analysis using the lattice Boltzmann method. For comparison, CFD analysis of a non-spinning 
football was also conducted. The dominant vortex structures in the wake of the balls were observed 
to consist of large-scale counter-rotating vortex pairs, which were formed in the wake of the balls, 
with the Cs and Cl of the spinning ball tending to vary less than those of the non-spinning ball. 

The DNSs produced an average Cd of the non-spinning ball comparable to that determined by 
previous wind tunnel tests [1], indicating that the present calculations were reasonable. In addition, 
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the VLESs produced an average Cs of the rotating ball only slightly larger than that determined by 
previous wind tunnel tests [1].  

The large-scale counter-rotating vortex pairs observed from the CFD results were found to 
deflect the separation line of the boundary layer and the pressure distribution on the ball. The vortex 
pairs are thus considered to be one of the causes of the side (lift) force that acted on both the non-
spinning and spinning balls. The vortex pairs in the wake of the spinning ball (curve) tended to be 
stable, whereas those in the wake of the non-spinning or slowly spinning ball tended to be unstable, 
exhibiting large fluctuations such as rotation about the axis in the motion direction and breakdown. 
These instabilities are considered to be one of the causes of the knuckling effect observed in non-
spinning and slowly spinning balls [17–19]. In addition, the deviation of side force coefficient of the 
spinning ball determined by CFD tended to be smaller than that of the non-spinning ball. The 
standard deviation of the side force coefficient of the spinning ball was also significantly smaller than 
that of the non-spinning ball (p < 0.01), indicating a smaller fluctuation of the side force coefficient of 
the spinning ball. The side force (lift) was deduced to be generated by the large-scale counter-rotating 
vortex pairs formed in the wake of the ball, similar to the effect of a wing tip vortex on an aircraft [20]. 
The stability of the counter-rotating vortex pairs in the wake of the spinning ball is thus considered 
to be the reason for the stability of the side force coefficient (or lift coefficient). The continuous spin 
of the ball is also thought to delay the stable separation of the boundary layer on the same side of the 
wake, thus reducing the unsteadiness of the vortex pair structure.  

The present study used VLES for the CFD analysis of the spinning ball, and DNS for the non-
spinning ball. The Kolmogorov minimum vortex scale [15] was, however, not calculated. In addition, 
further study using more powerful computing resources and analysis models with higher resolutions 
is required for a more detailed examination of the vortex structures and their stability. We expect that 
the orientation of the ball surface features (the pattern) affect the Cd, Cs, Cl for the spinning and the 
non-spinning cases. However, we calculated all cases in this study using only one surface orientation. 
Therefore, that is an important subject for future analysis. 

5. Conclusions 

In this study, we investigated a spinning football by CFD analysis using the lattice Boltzmann 
method. Through VLESs, the average Cd of the spinning ball was determined to be approximately 
0.28 for Sp = 0.1, 0.34 for Sp = 0.2, and 0.36 for Sp = 0.3, while the average Cl was determined to be 
approximately 0.22 for Sp = 0.1, 0.27 for Sp = 0.2, and 0.30 for Sp = 0.3. VLES visualisation also revealed 
the frequent occurrence of large-scale counter-rotating vortex pairs in the wake of the spinning ball, 
and this constituted the dominant vortex structures. The vortex pairs are considered to be the cause 
of the observed asymmetric pressure distribution and side force on the ball. The large-scale 
fluctuation of the side force (Magnus force) on the spinning ball was also determined to be smaller 
than that for the non-spinning ball, and this is considered to produce a more stable trajectory of the 
former (i.e., a smooth curve). 
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