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Abstract: Many studies have investigated the forces acting on a football in flight and how these 
change with the introduction or modification of surface features; however, these rarely give insight 
into the underlying fluid mechanics causing these changes. In this paper, force balance and 
tomographic particle image velocimetry (PIV) measurements were taken on a smooth sphere and a 
real Telstar18 football at a range of airspeeds. This was done under both static and spinning 
conditions utilizing a lower support through the vertical axis of the ball. It was found that the 
presence of the seams and texturing on the real ball were enough to cause a change from a reverse 
Magnus effect on the smooth ball to a conventional Magnus on the real ball in some conditions. The 
tomographic PIV data showed the traditional horseshoe-shaped wake structure behind the sphere 
and how this changed with the type of Magnus effect. It was found that the positioning of these 
vortices compared well with the measured side forces. 
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1. Introduction 

Consistent aerodynamics of association footballs are crucial to enable fair competition in the 
world’s most popular sport. Many studies have been undertaken to understand how the 
aerodynamic forces on one football model compare to those on another [1–3], or how adding or 
changing features on a ball can alter the force characteristics [4–7], indicating how sensitive the 
aerodynamic performance of the ball is to its surface features. Several sources have also investigated 
what happens to a ball’s aerodynamics when it begins to spin and undergoes either a conventional 
or a reverse Magnus effect [8–10]. These are all useful to quantify the effect that a change will have 
on the aerodynamic loading (and, hence, flight behaviour) of the ball, but how the surface features 
on the ball can influence the underlying fluid mechanics is still unclear. This uncertainty means that 
optimising a football’s aerodynamic performance tends to be based on empirical trends and 
experience, rather than on an understanding of the fluid mechanics. To begin to develop this 
understanding, the flow fields must be measured in increasingly quantitative ways. 

The flow around a football has been visualized qualitatively using methods such as dust [11] or 
smoke [12]. It is difficult to extract much quantitative information from these as the flow is unsteady, 
making repeat measurements difficult. Particle image velocimetry (PIV) is an effective technique to 
measure the flow due to the large field of view and the good reliability, accuracy and speed [13]. 
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Two-dimensional planar PIV measurements have been taken on footballs previously [14,15], but this 
study utilises tomographic PIV techniques to measure a 3D, three-component flow field in the wake 
of a smooth sphere and a real football. These are then analysed to identify significant flow features 
and compare the flow field between the smooth sphere and a real football. 

2. Materials and Methods 

2.1. Experimental Setup 

The tests were all undertaken in the Loughborough University large wind tunnel—a low-speed, 
open-circuit, closed-jet wind tunnel with a 1.32 × 1.92 m working section. The tunnel can achieve a 
maximum velocity of 45 m/s and an upper Reynolds number (Re, see Equation (1)) of 7.3 × 105 in the 
working section based on a football diameter of 0.22 m. In this tunnel, a size 5 football or similar 
prototype produces a blockage ratio of approximately 1.70%. Thus, the subsequent results have not 
been corrected for blockage. The clean tunnel turbulence intensity was measured in accordance with 
Johl et al. [16] as 0.15% at 40 m/s. The ball was placed 220 mm above the floor, away from the tunnel 
boundary layer effects. Further details of the wind tunnel can be found in Johl et al. [16]. 

The balls used were a smooth sphere machined from resin and a real Telstar 18 football filled 
with expanding foam (see Passmore et al. [8]. These were mounted to a 20 mm diameter stainless 
steel shaft, which was connected to a DC motor underneath the tunnel floor. This could spin these 
balls through a range extending over 500 rpm and were consistent to within ±5 rpm over the duration 
of a test. See Figure 1a for a setup schematic and Figure 1b for an image of a ball in the tunnel. 

2.2. Balance Measurements 

The aerodynamic balance is a high-accuracy, six-axis, under-floor, virtual-centre balance 
designed for aeronautical and automotive testing. The quoted accuracy for the relevant balance 
components is ±0.012 N for drag and ±0.021 N for side force. Using an estimate of the expected forces, 
the resolution is approximately ±0.05% and ±0.50% of the full scale for the drag and lateral 
components, respectively. Time-averaged force measurements were taken over a period of 120 s; non-
dimensional drag (Cd) and lateral force coefficients (Cy) were calculated using Equations (2) and (3): 𝑅𝑒 = 𝜌𝑉𝐷𝜇  (1) 

C = 2𝐹𝜌𝐴𝑉  (2) 

C = 2𝐹𝜌𝐴𝑉  (3) 

where: ρ, V, D and μ are the air density, airspeed, ball diameter and dynamic viscosity, respectively; 
F, A and Vf are the measured force, frontal area and free-stream velocity, respectively. 

Balance measurements were captured at spin rates (𝜑) of 100, 200, 300 and 400 rpm and, at each 
spin rate, the air speed was increased from 10 to 32 m/s in approximately 3 m/s steps (Re = 1.4 × 105 
to 4.5 × 105). This gives a range of spin ratios (𝑟𝜑/𝑉 ) between 0.04 and 0.46. The measurements were 
corrected for the support forces and interference as described by Passmore et al. [1]. 
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2.3. Tomographic PIV 

Tomographic PIV is a 3D, three-component flow measurement technique. Four cameras were 
placed in a star formation and are calibrated using a calibration plate to obtain a 3D mapping 
function. This led to a root-mean-square (RMS) error of below 0.01 px. Seeding particles (helium-
filled soap bubbles (HFSB) with an average diameter of 300 μm) were introduced into the flow using 
a seeding wing at the start of the working section. Laser light was passed through a volume optic and 
re-collimated using a Fresnel lens to illuminate the target volume. Two images were taken with each 
camera at a known time separation and corrected using background subtraction techniques and the 
calibration mapping function; in each test, 1000 image sets were taken at a frequency of 5 Hz. 

  
(a) Tomographic PIV schematic (b) football in tunnel. 

Figure 1. Wind tunnel setup. 

Using LaVision DaVis v8.4 software, the volume was reconstructed using a FastMART 
algorithm to calculate where the particles are in 3D voxel space; six passes of this algorithm were 
used to remove erroneous ghost particles. The reconstructed volume was broken down into 
decreasing sizes of interrogation window, from 256 voxels down to 96 voxels with 75% overlap; a 
correlation-based technique was used on these to calculate the 3D velocity vectors. This resulted in a 
vector density of one vector every 7.7 mm in each dimension. These vectors were post-processed 
using outlier detection methods to remove spurious vectors and were averaged across the 1000 image 
sets to produce the flow fields reported. This is a very simplified description of tomographic PIV; for 
more information about the tomographic PIV setup at Loughborough University, see Pavia et al. [17]. 

3. Results 

3.1. Balance Results 

Figure 2a shows the drag coefficient against speed for the smooth sphere and Telstar ball in a 
non-spinning case with the underneath support. These are compared to smooth sphere data from this 
test, as well as from Achenbach [18] and Telstar data by Goff et al. [2], all supported from the rear. 
The underneath mounting is known to affect the balance measurements [1] more than the rear 
support; this is evident here, but it is unavoidable in a spinning test. The rear-supported smooth ball 
is close to Achenbach’s data. In both setups, the smooth sphere transitions at a higher speed than the 
Telstar (Re = 2.5 × 105 and 1.5 × 105, respectively, for the underneath support). It is known that the 
seeding wing also influences the measured forces due to an increase in upstream turbulence; the 
presented data are all with the wing in place. Figure 2b shows the side force coefficient with the ball 
spinning at 100 and 300 rpm. In all cases, the smooth sphere has a lower side force than the Telstar 
ball and exhibits reverse Magnus effects at 100 rpm, which the Telstar does not. 
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(a) Cd, Non-spinning (b) Cy, Spinning (𝜑 = 100 and 300 rpm) 

Figure 2. Time-averaged force coefficients against airspeed. 

3.2. Tomographic PIV Results 

Figure 3 shows the tomographic PIV results for a range of tests using the smooth sphere. They 
show a plane that is placed half of the ball radius (r) behind the ball and is coloured according to 
normalised velocity magnitude (Vmag*). The isosurface is based on the normalised λ2 criterion to 
identify vortex structures (see Jeong and Hussain [19] for definition) and is coloured using 
normalised streamwise vorticity (ωx*). The interesting features here are the two strong vortices shown 
by the isosurfaces; these are a counter-rotating pair, shown by the opposite vorticity. 

To compare these complex 3D plots in a quantitative way, the normalised Y velocity component 
(V*) is averaged through the volume. Figure 4 shows this for a range of conditions looking upstream 
at the rear of the ball (𝑉∗ is from left to right); the streamlines are based on the averaged Y and Z 
velocity components. 

  

(a) Smooth Vf = 15 m/s 𝜑 = 0 rpm (b) Smooth Vf = 30 m/s 𝜑 = 0 rpm 

(c) Smooth Vf = 12 m/s 𝜑 = 100 rpm (d) Smooth Vf = 30 m/s 𝜑 = 300 rpm 

Figure 3. Tomographic PIV data for a range of conditions with the smooth ball. The isosurface is based 
on λ2* and coloured by ωx*. The plane is placed at r/2 behind the ball and coloured by Vmag*. 
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(a) Smooth  
Vf = 12 m/s 𝜑 = 100 rpm 

(b) Smooth  
Vf = 15 m/s 𝜑 = 300 rpm 

(c) Smooth  
Vf = 30 m/s 𝜑 = 300 rpm 

   
(d) Telstar  

Vf = 12 m/s 𝜑 = 100 rpm 
(e) Telstar  

Vf = 15 m/s 𝜑 = 300 rpm 
(f) Telstar  

Vf = 30 m/s 𝜑 = 300 rpm 

Figure 4. Averaged normalised V velocity component through the measurement volume for a range 
of conditions. The streamlines are based on the averaged V and W velocity components. 

4. Discussion 

The smooth sphere experiences transition at a higher speed than the Telstar ball. There is a 
difference between the lateral forces experienced by the two balls: At low speed, the sphere and 
Telstar balls exhibit reverse and conventional Magnus effects, respectively. This is caused by the 
additional roughness of the Telstar ball’s seams and surface texturing. 

The tomographic PIV results show the horseshoe-shaped wake structure typical of the flow over 
a sphere. This is formed by a counter-rotating vortex pair, as shown in Figure 3 by the two isosurfaces 
with opposite vorticity values. The shape of this structure is as expected from literature, but does not 
rotate around the streamwise axis as found previously [20,21]; it is thought that it is locked to the 
support required to spin the ball. When spatially averaging the time mean velocity components 
through the volume (𝑉∗), more negative values are found in those cases with higher Cy. This is 
expected, as the side force can be considered as a reaction to the change in transverse momentum 
flux; however, the measurement volume is not large enough to capture the full extent of the wake. 

The positions of the vortices move based on the type of Magnus effect experienced; under a 
conventional Magnus effect (Figure 4b,c,e and f), the vortices move clockwise around the ball; in a 
case with approximately zero side force (Figure 4d), the vortices are at the bottom of the ball (likely 
forced by the support), and in a reverse Magnus case (Figure 4a), the vortices move anti-clockwise 
around the ball. Figure 5 shows the mean position of the two vortices in each of the test cases, 
coloured by Cy. This position correlates well with the measured Cy value in each case. 

If this understanding between flow structure and aerodynamic forces can be built upon, it may 
be possible to infer quantitative results from qualitative measurements (e.g., smoke tests). This may 
help to direct prototype development based on controlling the flow field, rather than on empirical 
trends. 
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Figure 5. Mean location of the two vortex cores in each test case, coloured by Cy. 

5. Conclusions 

 Balance measurements were captured for a range of airspeeds and spin rates for a smooth sphere 
and a real Telstar football. 

 Tomographic PIV data were captured for the first time on a spinning sphere at points coincident 
with the balance measurements. 

 The roughness on the surface of the Telstar ball triggered a change from reverse to conventional 
Magnus effect in some conditions compared to the smooth ball (Re < 2.5 × 105 at 100 rpm). 

 The tomographic PIV measurements identified the traditional horseshoe-shaped wake structure. 
 The two vortices move clockwise around the ball when under a conventional Magnus effect and 

anti-clockwise in a reverse Magnus effect. 
 The angular position of these vortices matched well with the experienced side forces. 
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