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Abstract

:

The surface structure of soccer balls, such as the number and shapes of the ball panels, has recently changed, and research on the aerodynamics and flight trajectories of new soccer balls is actively proceeding. However, these studies are focused on new soccer balls, whereas the used soccer balls were never studied. In this study, the aerodynamic characteristics of soccer balls kicked 1000 times by a robot were investigated through wind tunnel tests. The results were compared with those obtained using new soccer balls. Regarding the aerodynamic characteristics of the soccer balls, it was found that the critical Reynold number, Recrit, changes with usage. This is related to the transition from laminar to turbulent flow of airflow around the ball. The comparison of the drag coefficients of the balls at Recrit showed that the drag coefficients of the new and used Telstar18 balls were 0.15 (Re = 2.5 × 105) and 0.14 (Re = 2.2 × 105), respectively; those of the new and used Merlin were 0.13 (Re = 2.8 × 105) and 0.13 (Re = 2.2 × 105), respectively; and finally, those of the new and used Derbystar were 0.14 (Re = 2.1 × 105) and 0.14 (Re = 2.1 × 105), respectively. The surface conditions of a soccer ball, such as the surface roughness and surface damages, are essential factors to determine the aerodynamics of the soccer balls.
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1. Introduction


In the last few years, the design of the official soccer balls has changed in each FIFA World Cup. In particular, between the 2006 World Cup in Germany (Teamgeist, 14-panels, Adidas) and the 2018 World Cup in Russia (Telstar 18, 6-panels, Adidas), the shape of the official soccer balls changed significantly. The number of ball panels was considerably reduced from 32 (used from the 1970 World Cup in Mexico until the 2002 World Cup in South Korea and Japan), to 14 (2006 World Cup), 8 (2010 World Cup), and 6 (2014 and 2018 World Cup). Furthermore, from the 2008 EURO Cup event, the surface roughness of the soccer balls changed from being very smooth to having small protrusion patterns with different shapes, such as square, triangular, and hexagonal [1]. The players, the coaches, and the spectators are very interested in the aerodynamics and flight trajectories of the new type of soccer balls. Many studies on the effects of the soccer balls’ shapes on aerodynamics and flight trajectories have been conducted [2,3,4,5,6,7,8,9,10,11,12,13]. Studies on the effects of the panel orientation variations, owing to the number of panels reduction, on the aerodynamics and flight trajectories of the soccer balls have also been published [14,15,16,17,18]. In modern soccer balls, not only the number of panels but also the surface roughness (bumps and dimples) significantly change, substantially affecting the ball aerodynamics [1,19,20,21,22]. Additionally, depending on the type of soccer ball and its producer, the material used for the ball surface varies considerably. Specifically, the aerodynamic properties change significantly depending on whether the seam structure between the soccer ball panels is made using stitching threads or adhesive bonds. This increases or decreases the distance of the soccer ball, and also affects the stability of the ball during flight [8,19]. It is considered extremely difficult to directly compare such soccer balls as is. A review on these soccer balls was also published [23].



However, in all previous studies, only new soccer balls were tested to study their aerodynamics. While in international events such as the FIFA World Cup, it is possible to use a new ball for each game, in games not involving the professional teams, such as amateurs, schools, and club teams, used balls are utilized. However, no fluid dynamics studies were ever conducted on used soccer balls. For this reason, in this study, we analyzed the flight trajectories and aerodynamics of soccer balls kicked 1000 times (used balls) by a robot for a certain period. In this study, we used three new and three used soccer balls (① Telstar 18 (Adidas), ② Merlin (Nike), ③ Derbystar (Select Sports)) designed by three different manufacturers. We compared the aerodynamics of these soccer balls through wind tunnel tests. Additionally, we studied the effects of the soccer ball conditions (used vs. new) on the aerodynamic forces acting on the ball by analyzing the flight trajectories of each ball. Based on the results obtained from these experiments, we aim to elucidate the aerodynamic characteristics and flight trajectory characteristics of the used soccer balls.




2. Tests and Methods of Analysis


2.1. Wearing out Balls Using a Kicking Robot


The balls used in the tests were all kicked 1000 times by a robot to generate the same surface conditions (Figure 1). The speed of the ball, when kicked by the robot, was set to 30 m/s, and the kicks were repeated 1000 times. Since there is no previous research on used balls, we set the standard as 1000 strong kicks (30 m/s), which can cause the ball to wear out. A large net was placed at approximately 1 m in front of the robot to limit external interferences. Since the three “used soccer balls” used in the tests had been all kicked 1000 times, they were in the same condition.



The soccer balls used in this study were official balls used in the 2018–2019 season: ① Telstar 18 (6-panel, Adidas) EPL (English Premier League) official soccer ball, ② Merlin (4-panel, Nike) Seria A (Italian Football League) official soccer ball, ③ Derbystar (32-panel, Select Sports) Bundesliga (German Football League) official soccer ball. Three used and three new balls (Figure 2) were utilized in the wind tunnel tests.




2.2. Wind Tunnel Tests


The tests were conducted using the closed-circuit, low-speed, and low-turbulence wind tunnel (San Technologies Co., Ltd., Tochigi, Japan) at the University of Tsukuba (Figure 3). The maximum flow speed of this wind tunnel is 55 m/s, the blower outlet surface is 1.5 m × 1.5 m, the flow speed distribution is within ±0.5%, and the turbulence is 0.1% or less. Furthermore, the blockage of the measured soccer ball was within 5% of the nozzle size. For example, when the wind speed was set to 25 m/s, the measured mean wind speed was 25.28 m/s, with the measurement position in the range of −0.46 to 0.45 and a wind speed distribution within ±0.5%. Similarly, the degree of turbulence downstream of the nozzle at a wind speed of 25 m/s was 0.05 to 0.06, within approximately 0.1%, so the error from the ball position was believed to have a negligible effect on the wind speed [17]. Furthermore, in this study, the dynamic pressure can be measured automatically with 0.1 Pa intervals using the Pitot-static tube placed above the measuring portion of the soccer ball. In addition, because the position of the ball during the measurement procedure is set almost at the center of the nozzle cross-section to adjust the distance between the nozzle and the ball to zero, the flow generated from the Pitot tube may not have a direct effect on the flow around the ball. Furthermore, the sting used in this study was 0.6 m long and 0.02 m wide. Moreover, because the effect of sting vibrations is reduced to a small value by placing the six-component force detector behind the soccer ball, the magnitude of the sting forces was ignored in this study. The tests were conducted by placing three used and three new balls in the wind tunnel. In this study, aerodynamic measurements for each soccer ball were performed for wind speeds (Reynolds number) from 7 m/s (approximately Re = 1.0 × 105) to 35 m/s (approximately Re = 5.5 × 105) at intervals of 1 m/s [17]. The relationship between the Reynolds number and wind speed is as follows:


Re = UD/v



(1)




where Reynolds number (Re) is a dimensionless number defined as the ratio of inertial force to viscous force, U is the wind speed (m/s), D is the ball diameter (m), and v is the kinematic viscosity (m2/s).



These forces were measured using a sting-type six-component force detector (LMC-61256, Nissho Electric Works). In addition, through the aerodynamic forces measured in the tests [1,5,6,7,8], the drag coefficient (CD), lift coefficient (CL), and side force coefficient (CS) were calculated using Equations (2)–(4):


   C D  =   2 D   ρ  U 2  A    



(2)






   C L  =   2 L   ρ  U 2  A    



(3)






   C S  =   2 S   ρ  U 2  A    



(4)




where ρ is the air density, expressed as ρ = 1.2 kg/m3; U is the flow velocity, and A is the projected area of the soccer ball, expressed as A = π × 0.112 = 0.038 m2.




2.3. Simulation of the Flight Trajectory


The flight trajectory simulation was performed using the drag force measured in the wind tunnel tests. A 2D flight simulation [24] was used for the computations. Furthermore, the knuckling effect occurring in non-spinning soccer balls [25,26] and the lift and side forces acting on the ball were not considered in this study.



The following equations were used for the simulation:


  m  a h  = − D cos γ  



(5)






  m  a v  = − D sin γ − m g  



(6)




where m is the mass of the football,    a h    is the horizontal acceleration of the ball,    a v    is the vertical acceleration of the ball,  g  is the gravitational acceleration, and  γ  is the initial attack angle of the ball flight trajectory.





3. Results


3.1. Drag Coefficient Obtained from the Wind Tunnel Tests


Figure 4 shows the drag coefficient curves of the soccer balls. The drag characteristic curves represent the mean values over three trials for each soccer ball. Additionally, the error of the CD value in each soccer ball is denoted by the dotted line (Figure 4). The comparison of the drag coefficients of the balls at the critical Reynolds number (Recrit) showed that the drag coefficients of the new and used Telstar18 balls were 0.15 (Re = 2.5 × 105) and 0.14 (Re = 2.2 × 105), respectively, those of the new and used Merlin were 0.13 (Re = 2.8 × 105) and 0.13 (Re = 2.2 × 105), respectively. Finally, those of the new and used Derbystar were 0.14 (Re = 2.1 × 105) and 0.14 (Re = 2.1 × 105), respectively.




3.2. Changes in the Lift and Side Forces


Figure 5 shows the variations in lift and side forces acting on each ball. To illustrate the irregular movement of the soccer ball accurately, we used scatter plots for the lift and side forces instead of the lift and side coefficients. The graphs show the variations of the forces acting on the balls in the vertical (up–bottom) and lateral (left–right) directions measured in a 10 s interval with an airspeed of 20 m/s. A comparison between the standard deviations (SD) of the variations of the forces acting on the soccer balls showed that for the new Telstar18 the SD of the side and lift forces were 0.37 and 0.46, respectively, while for the used Telstar18, the SD of the side and lift forces were 0.42 and 0.53, respectively. For the new Merlin, the SD of the side and lift forces were 0.49 and 0.55, respectively, while for the used Merlin, the SD of the side and lift forces were 0.42 and 0.56, respectively. Similarly, for the new Derbystar, the SD of the side and lift forces were 0.57 and 0.58, respectively, while for the used Derbystar, the SD of the side and lift forces were 0.76 and 0.68, respectively. Thus, among the tested soccer balls, the used Derbystar showed the most irregular force changes.




3.3. Results on the Soccer Balls Flight Trajectories


Figure 6 shows the flight trajectories of the soccer balls. In these graphs, the soccer ball flight trajectories were estimated using an initial speed of 30 m/s and a release angle of 20°, which are representative values of a strong kick [14]. For Telstar18, the horizontal trajectory lengths of the new and used balls were 43 m and 41.7 m, respectively, while for the new and used Merlin, the corresponding lengths were 45.5 m and 43.7 m, respectively. Finally, for the new and used Derbystar, the corresponding lengths were 44.7 m and 45.6 m, respectively.



Figure 7 shows the trajectories of the soccer balls when kicked from the starting point (0 m) to the impact point (height) with the net at 20 m. The trajectories were estimated using an initial speed of 20 m/s and a release angle of 15°. For Telstar18, the heights of the trajectories at the impact point of the new and used balls were 1.48 m and 1.42 m, respectively. For the new and used Merlin, the corresponding values were 1.63 m and 1.54 m, respectively. For the new and used Derbystar, the corresponding values were 1.61 m and 1.64 m, respectively.





4. Discussion


In this study, we investigated the aerodynamics and flight trajectories of used soccer balls for the first time. The balls were prepared by kicking them repeatedly 1000 times for a certain period of time using a kicking robot.



4.1. Usage Effects on the Ball Aerodynamics


The wind tunnel test results showed that the aerodynamic forces (drag coefficient) acting on the ball slightly differ between a new and used ball. Furthermore, it was observed that at Recrit, where the transitions from laminar to turbulent flows occur, the results differ depending on whether the ball is used or new. In fact, these transitions occur when the ball is used owing to the variations in the surface roughness produced by kicking the ball. As observed in Figure 4, the CD values of the new and used balls differ in the power-kicks speed range. A previous study on the aerodynamics of cricket balls has reported that when the air boundary becomes turbulent and unstable (at approximately Re = 3.5 × 105), the CD of a used ball is 0.65, which is much larger than the CD of a new ball, which is 0.45. This result was attributed to the increase in the drag force owing to a worn surface [27]. Similar results were observed in our tests for speeds beyond the medium speed range (Re ≥ 3.5 × 105) for the Telstar18 and Merlin soccer balls. However, for the Derbystar, although the CD value of the used ball increased in the medium speed range (3.0 × 105 ≥ Re ≥ 4.0 × 105), it decreased in the high-speed range (Re ≥ 4.0 × 105), as shown in Table 1.



Furthermore, in previous studies on tennis ball aerodynamics, it was reported that as the fuzz of tennis balls has longer fibers, the drag force increases by about 10% [28,29,30]. In this study, the CD of used balls showed a tendency to increase by approximately 7–20%. The significant variations in the surface structures (number of panels and patterns) of the soccer balls used in this study caused a considerable variation in the CD values. The effects of a worn and damaged surface are similar to those of the fuzz of a tennis ball. They induce a faster transition from laminar to turbulent flows around the ball, shifting the airflow separation line towards the back of the ball. Detailed studies on the airflow around used and new soccer balls are considered necessary for future visualization tests such as the PIV (Particle Image Velocimetry) and CFD (Computational Fluid Dynamics). These studies have never been conducted before, and many concepts have not yet been understood. In this work, a comparative study was conducted using new balls, and balls kicked 1000 times. However, a study on the difference with unused balls based on a finer definition of used balls (for example, the state after 100, 1000, and 5000 kicks) is necessary to better quantify the data.




4.2. Usage Effects on the Flight Trajectories of the Balls


The simulations of the flight trajectories of the soccer balls show that in powerful long kicks (initial speed 30 m/s, release angle 20°), the flight distance (horizontal) differs depending on the ball type. In particular, the new Telstar18 and Merlin reach farther distances compared to the used ones. However, the flight distance of the new Derbystar was approximately 1 m shorter than the used one. Furthermore, the simulations of free kicks (initial speed 20 m/s, release angle 15°) show that the vertical positions (height) of the ball impact point at the net placed at 20 m from the kick position differed by approximately 0.2 m depending on the ball type. These differences are approximately comparable to the size of a soccer ball and are therefore significant from the goalkeeper’s position. Furthermore, depending on the ball type, the difference in height between the used and new balls varied significantly from 0.03 m (Derbystar) to 0.09 m (Merlin). These results are similar to the variations in the flight trajectories depending on the ball type reported in previous studies [9,19]. However, in these tests, the computation results were obtained using the CD values from the wind tunnel tests. Further studies are necessary to determine the flight trajectories of used balls through a launching device such as a kicking robot.



The differences in the flight distances may be attributed to the worn surface of the kicked ball, the ball type, and the properties of the leather used for the balls (Figure 8). The Telstar18 and Merlin balls are manufactured using rubber-based synthetic leather and adhesive bonds, while the Derbystar balls are manufactured using artificial leather-based synthetic leather and hand-stitching. However, a detailed study on this topic using a super-microscope is necessary for the future.



In summary, the surface conditions (roughness, worn and torn leather materials) of the modern soccer balls change with usage, causing variations in the airflow around the balls, which affect the aerodynamics and flight trajectories of the balls. Based on the variations of the aerodynamic forces acting on the ball depending on the surface structure, we assumed that the surface conditions of the ball are essential to study their aerodynamics in addition to the number and shape of panels, ball orientation, and surface structure reported in previous studies [6,8,18].





5. Conclusions


In this study, we employed soccer balls by kicking them for a certain period of time, compared the aerodynamics of these balls with the new soccer balls, and investigated their differences in aerodynamics. The results indicate that the surface conditions with materials such as leather and vinyl-based synthetic leather covering the soccer ball surface significantly affect the aerodynamic forces acting on the soccer ball. In other words, it is determined that with the increased use of the soccer ball, the flying distance of the ball becomes shorter or longer. It is necessary to understand these advantages and adjust the strength of the pass or kick according to the condition of the ball used during practice and play. This study, for the first time, shows that the surface conditions of the soccer balls could affect the aerodynamics of modern soccer balls. Hence, it is suggested that the aerodynamic characteristics and flight trajectory of a soccer ball change with use.
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Figure 1. Kicking robot used to wear out soccer balls. 
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Figure 2. Soccer balls used in the tests. (A–C) are the Telstar 18, Merlin, and Derbystar used balls, respectively. (D–F) are the Telstar 18, Merlin, and Derbystar new balls, respectively. 
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Figure 3. Wind tunnel test setup. 
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Figure 4. (A–C) show the drag coefficients obtained for the Telstar18, Merlin, and Derbystar soccer balls, respectively. 
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Figure 5. Changes in the lift and side forces of each soccer ball (airspeed 20 m/s, 10 s interval). (A,C,E) are the Telstar 18, Merlin, and Derbystar used balls, respectively. (B,D,F) are the Telstar 18, Merlin, and Derbystar new balls, respectively. 
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Figure 6. Comparison of the flight trajectories of the soccer balls (initial speed 30 m/s, release angle 20°) (A–C) show the results for Telstar18, Merlin, and Derbystar, respectively. 






Figure 6. Comparison of the flight trajectories of the soccer balls (initial speed 30 m/s, release angle 20°) (A–C) show the results for Telstar18, Merlin, and Derbystar, respectively.



[image: Applsci 11 07204 g006]







[image: Applsci 11 07204 g007 550] 





Figure 7. Comparison of the height of the impact point of the soccer ball from the front (initial speed 20 m/s, release angle 15°). 
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Figure 8. The surface of used soccer balls. 
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Table 1. CD values of the new and used balls used in this experiment.
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Airflow Velocity

	
Type

	
Telstar18

	
Merlin

	
Derbystar






	
Re = 3.5 × 105

(about 23 m/s)

	
Used ball

	
0.22 (about 10% up)

	
0.15 (about 7% up)

	
0.18 (about 20% up)




	
New ball

	
0.20

	
0.14

	
0.15




	
Re = 5.0 × 105

(about 33 m/s)

	
Used ball

	
0.21 (about 15% up)

	
0.17 (about 15% up)

	
0.15 (about 7% down)




	
New ball

	
0.18

	
0.15

	
0.16
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