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Abstract

:

Drafting formations have been long recognized as highly effective for reducing drag and enhancing athletic performance, particularly in race walking events. The precise spacing and positioning of the race walkers are critical to optimizing the effectiveness of drafting. In this study, drag reduction in 15 drafting formations is investigated using wind tunnel experiments and CFD numerical simulations. The results show excellent consistency in drag reduction rate between the two methods, with differences being within 10%. This can be attributed to spacing replacing body shape differences as the primary factor influencing drag reduction. Optimal double, triple, and quadruple drafting formations produce the same results in both the wind tunnel experiments and CFD simulation, resulting in drag reductions of 67%, 66%, and 81% (wind tunnel) and 65%, 72%, and 85% (CFD). The sources of drag differences in the two methods are discussed from various aspects. The flow field obtained through CFD analysis is used to examine the mechanism of drag reduction, revealing that drafting formations have a significant shielding effect on incoming air, which reduces the number and speed of airflow impacting the core race walker. This shielding effect is identified as the primary cause of drag reduction. Using an empirical model for mechanical power output, optimal double, triple, and quadruple drafting formations enhance sports economy (4.4–5.7%), speed (3.61–4.67%), and performance (173.8–223.3 s) compared to race walking alone. The findings can serve as a reference for race walkers’ positioning strategies and provide insights for considering drafting formations in various running events.
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1. Introduction


In most sports where athletes compete or are timed alongside others, athletes are required to exert their utmost effort to overcome the drag caused by the surrounding fluid (e.g., water or air). The magnitude of this drag frequently plays a critical role in competition results. Hence, utilizing the presence of other athletes to reduce drag has become a popular competitive strategy in racing events. For example, when athletes form a drafting formation, the wake created by the leading athletes not only significantly reduces the fluid velocity, but also generates a negative pressure coefficient that creates a suction effect. These factors contribute to the improved performance of the athletes following behind.



Drafting formation strategies are widely employed in various summer sports, such as cycling [1,2,3,4,5], swimming [6,7], and winter sports, such as short-track speed skating [8,9], speed skating [10,11], and cross-country skiing [12,13]. Rundell (1996) [8] conducted a study on drafting in short-track speed skating and reported positive effects on metabolic activity, heart rate, and lactate response. Terra (2023) [10] evaluated the aerodynamic benefits of drafting in speed skating by varying the lateral and longitudinal spacing between the lead and trailing athletes and found that up to 40% drag reduction could be achieved. van den Brandt (2021) [11] studied the effects of drafting in speed skating training and showed that at the same external intensity, the drafting benefit resulted in lower physical and perceived intensity compared to speed skating alone and would lead to mental relaxation in athletes. Ainegren (2022) [12] observed clear positive effects of drafting behind a skier during double poling. This resulted in reductions in propulsive force, drag area, oxygen cost, metabolic rate, and heart rate.



Similarly, drafting is a key strategy employed in most track and field events. In track and field competitions, the large number of participants leads to various arrangements during the race. Different configurations in terms of the number of participants and spacing can influence the aerodynamic drag experienced by individual athletes, sometimes even increasing drag, thereby affecting their performance in the competition. Hence, conducting research on the drag reduction effect and mechanism of drafting formations will provide valuable scientific guidance for athletes in selecting the most advantageous positions within the competition formation. For example, athletes can achieve this by either strategically creating optimal formations or avoiding unfavorable positions. This approach mitigates the adverse impact of aerodynamic drag, thereby enhancing race performance. In addition to the wind tunnel experiment, which often involves the use of scaled models with similar Reynolds numbers, computational fluid dynamics (CFDs) has emerged as a prevalent method for precisely evaluating drag distribution among athletes. Beaumont (2021, 2019) [14,15] used CFD simulation to study the effect of drafting in two formations. The results showed that the second in a line of five runners achieved the optimal drag reduction of 63.3%, whereas the third runner in a line of three runners had a drag reduction of only 33%. A reduction of 63.3% in drag was associated with a 4.4% increase in running economy and a 2.9% increase in running speed. Similarly, a 33% drag reduction led to a 6% decrease in oxygen consumption, a 1% reduction in heart rate, and a 33% decrease in energy consumption. Polidori (2020) calculated the drag and energy expenditure corresponding to three quadruple formations and found that maintaining a spacing of 1.3 m from the middle runner in the front resulted in a 57.3% reduction in drag and a 2.84% decrease in metabolic power [16]. However, the above studies were conducted to evaluate the impact of drag reduction on runners’ economy and physiological parameters. They specifically concentrated on drag reduction using CFD simulation without incorporating analyses of the flow field or the mechanism behind drag reduction. Schickhofer (2021) [17] employed CFD simulation to investigate the effects of various drafting formations (one double, two triple, and one quadruple) during a marathon race. They discovered that the most significant drag reduction of 75.6% and a performance improvement of 154 s were achieved when a runner positioned themselves between two runners, one in front and one behind. Furthermore, a basic analysis of the drag reduction mechanism suggested that the reduction in drag is a result of no sharp deceleration of air and the resulting formation of areas of high stagnation pressure on the core runner’s surface. However, the study lacked an explanation of the pressure reduction mechanism and did not quantify the pressure changes. Additionally, no conclusions have been reached regarding the impact of other athletes on pressure and the mechanism by which it influences the drag reduction effect when exploring additional formations. Moreover, there is currently limited research on drafting formations in race walking, and the existing research on drafting formations in track and field events primarily focuses on the simple formations mentioned above, neglecting more complex formations.



Furthermore, the majority of drag calculations for athletes in drafting formations are based on CFD simulations and lack verification through wind tunnel experiments. Due to the complex structure of the human body, the geometry and motion of the athletes need to be simplified during CFD numerical simulations compared to wind tunnel experiments. Consequently, there is often a significant disparity in drag obtained by these two methods. Blocken (2018) [18] was the first to perform numerical simulations of tandem interactions, considering various cyclist postures. The result showed that the greatest reduction in drag was observed for trailing riders when two riders maintained an upright position at the closest distance, resulting in a drag reduction of 27% compared to riding alone. This drag reduction trend was consistent with the results of the wind tunnel experiment by Zdravkovich (1996) and Kawamura (1993) [19,20], where the drag reduction benefit decreased linearly as the traction distance increased for all riders’ postures. However, the drag variation was large, especially when the spacing was 1 m, and the difference in drag between the CFD simulation and wind tunnel experiment reached 21%. The drag results from different wind tunnel experiments on complex human structures sometimes differ as well. Barry (2015) [21] performed a full-scale wind tunnel experiment under controlled conditions and observed a significant 40% reduction in drag at a distance of 0.7 m, showing a large difference of about two times the results of Zdravkovich’s [19] wind tunnel experiment. Whether this difference is attributable to differences in posture or experimental artifacts (e.g., high blockage rates) remains unclear.



Therefore, it is crucial to verify the results of the wind tunnel experiment through CFD numerical simulations. The accuracy of the findings can be ensured by validating the agreement between the aerodynamic drag obtained from both methods. Furthermore, if any discrepancies exist between the drag of the two methods, further investigations should be conducted to explore alternative explanations for the inconsistencies.



This study aims to achieve the following objectives: firstly, to investigate the drag reduction in drafting formations involving two, three, and four race walkers using both wind tunnel experiments and CFD simulations. The comparison of the drag coefficients obtained from both methods will be analyzed to identify the contributing factors leading to the differences between them. Additionally, the drag reduction rates of the two methods will be assessed to verify their consistency. Secondly, the CFD analysis will provide a detailed study of the flow field of different formations based on the differences between their streamlines and pressure to elucidate the mechanism behind the optimal drafting formation with various numbers of race walkers. Lastly, using the 20 km race walking event as an example, the benefits of drafting formations with different numbers of race walkers will be evaluated based on sports economy, speed, and overall performance.




2. Methods for Drag Reduction in Drafting Formations in Race Walking


2.1. Wind Tunnel Experiment


The wind tunnel experiments to test race walking drafting formations were conducted at the National Ice and Snow Sports Training and Research Base in Beijing, China. The wind tunnel employed in this study was an open-circuit, low-velocity wind tunnel with a resident room. Situated inside the resident room, the test section had dimensions of 8 m in length and a rectangular cross-section measuring 2.5 m by 3.0 m. The test wind speed ranged from 0 to 42 m/s and could be smoothly adjusted in a continuous manner.



The turbulence level of the airflow was maintained below 0.75%, and the deflection angle of the airflow was kept below 0.75°. Specifically, the wind tunnel experiments focused on race walkers from the Chinese national team participating in various drafting formations involving two, three, and four race walkers. These formations were simulated in order to measure the aerodynamic drag under different drafting formations. In each formation, a core race walker was positioned statically on a boxed six-component balance in a standard stance posture during walking, while auxiliary race walkers were added according to the desired formation. With the PLC control system configured for the wind tunnel fan, the precision of the wind speed can be controlled to within 2% (when the wind speed is less than 10 m/s), and when the wind speed is more than 10 m/s, the precision of the wind speed can be controlled to be within 1%. The measurement accuracy of the force measurement system is 0.05%. The primary errors of the wind tunnel experiment consist of two factors: the test error of the wind tunnel itself and the error caused by personnel shaking during the test. According to the error transfer formula, the   C d A   test error of race walking alone is −3.9% to 4.2%. The latter error is mainly eliminated by selecting the average value of multiple tests in the wind tunnel experiment.



Figure 1 depicts the positions of seven double drafting formations and a race-walking scene. Specifically, Figure 1b represents the wind tunnel experiment conducted by Hu (2022) [22], corresponding to double formation 4 in Figure 1a. The core race walker is represented by a red point in Figure 1a, while the auxiliary race walkers are indicated by blue points. The longitudinal and lateral spacings between the race walkers in the drafting formations are determined based on the criterion of not interfering with the race walkers’ stride, with a minimum longitudinal spacing of 1.1 m and a minimum lateral spacing of 0.75 m. For more detailed information on the wind tunnel experiment, please refer to the literature by Hu (2022) [22].




2.2. Numerical Simulation Method Based on Computational Fluid Dynamics


2.2.1. Race Walker Geometry


This study employs static models of race walkers in typical drafting formations. A 3D scanner is used to acquire a model of the core race walker in a standard race walking pose. The 3D-scanned human body model exhibits high precision and captures intricate details such as clothing folds, ears, and noses. Nevertheless, these gaps pose challenges for subsequent mesh generation. During the pre-processing stage, Spaceclaim v19 offers the Shrinkwrap feature, which generates a patch-based enclosure, wraps the model, closes gaps, and smooths sharp areas, thereby improving the mesh quality. It is crucial for researchers to meticulously determine the ideal size of the gaps around the ears and nose. The study investigates the impact of gap sizes (3 mm, 5 mm, and 10 mm) on drag and observes that the drag error remained below 0.5%. Consequently, a gap size of 10 mm is selected in this paper to improve the grid quality and decrease the number of grids. Figure 2 presents the model of the core race walker and an example of drafting formations in CFD simulation. The model of the core race walker has a height of 1.76 m, an orthographic windward area of 0.46 m2, a mass of 61.2 kg, and a volume of 0.656 m3.



In wind tunnel experiments and CFD simulations, static human models are typically preferred over dynamic models. This preference arises from the complexity introduced by dynamic models and the associated challenges, such as accommodating the changing postures of athletes. Presently, there is a deficiency in well-established technologies for effectively addressing these challenges. Static models can partially meet our needs for studying the drafting effect of the human body model. Static human models partially fulfill our needs for studying the drafting effect of the human body model by allowing us to gather essential data on aerodynamic drag and drafting effects. This approach proves particularly suitable for comparing aerodynamic variations among athletes under different speeds and wind conditions. For instance, the majority of recent studies investigating the drafting effect of humans in motion employ static models, encompassing a range of sports including cycling, running, swimming, and cross-country skiing [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. While static models cannot replicate all the intricacies and dynamics of real motion, they can still yield valuable insights and guidance through a thorough analysis of comprehensive experimental data and computational models. These research findings offer valuable assistance in sports equipment design, training optimization, and the formulation of competitive strategies.



In actual competitions, each athlete’s body shape and movement posture are different, and the situation is also very complicated. This poses challenges for wind tunnel experiments and CFD calculations to account for differences between multiple athletes. Current studies generally employ some simplifying methods and assumptions. For example, in wind tunnel experiments, multi-person experiments are usually performed. Although the body shape of each athlete is different, the movement posture remains the same. This makes it easier to compare differences in aerodynamic properties between athletes of different body shapes. These experiments are usually analyzed using averaged parameters and metrics to draw general conclusions about aerodynamic drag and other aerodynamic properties. Similarly, CFD simulations typically employ a single-scanned human body model. This occurs because considering variations in the body shape and posture of multiple athletes significantly escalates model complexity, simultaneously demanding greater computational resources and time. Consequently, to streamline models and computations, single-scan human body models are commonly employed to capture general aerodynamic effects and trends [16,17]. Despite the inherent limitations of these simplified methods and assumptions, they can still offer valuable guidance. As an illustration, we can derive some general principles regarding the impact of body shape and motion posture on aerodynamic drag, providing valuable insights, particularly for the drag reduction effect of drafting formations emphasized in this article.




2.2.2. Governing Equation


Computational fluid dynamics (CFDs) is utilized with the finite volume method to compute the flow field variables and resultant aerodynamic forces acting on the race walkers. The Navier–Stokes equations, governing momentum conservation, are discretized using the Reynolds-averaged (RANS) approach. The simulations are performed with the commercial CFD code Ansys Fluent v19 [23]. Under the assumption of an unsteady state, the governing equation for the mainstream region can be expressed as follows [24]:



(1) Continuity equation:


    ∂ ρ   ∂ t   +   ∂   ∂   x   i     ( ρ   u   i     u   j   ) = 0 ,  



(1)







(2) Momentum equation:


    ∂   ∂ t     ρ   u   i     +   ∂   ∂   x   i       ρ   u   i     u   j     = −   ∂ p   ∂   x   i     +   ∂   τ   i j     ∂   x   i     +   F   i   ,  



(2)




where   ρ   is the air density,     u   i     is the velocity of the air in each direction,   p   is the hydrostatic pressure,     τ   i j     is the stress tensor in each direction,     F   i     is the external forces in each direction.



(3) Energy equation:


    ∂   ∂ t     ρ E   +   ∂   ∂   x   i         u   i     ρ E + p     =   ∂   ∂   x   i         k   e f f     ∂ T   ∂   x   i     −   ∑  j      h   j     J   j   +     u   j       τ   i j       e f f       +   S   h   ,  



(3)




where     k   e f f     is the effective conduction coefficient,   h   is the enthalpy,   J   is the diffusive flow,     S   h     is the heat source term.



The turbulence model plays a crucial role in aerodynamic drag calculations, particularly in capturing momentum transfer near surfaces and within boundary layers. This in turn influences the occurrence of flow separation, which is pivotal for precise drag predictions. The   k − ω   SST turbulence model has undergone extensive validation in the field of external aerodynamics, exhibiting superior performance in flow situations involving adverse pressure gradients and free shear layers when compared to other models such as the Spalart–Allmaras and   k − ε   models [25]. In this study, a recently developed generalized   k − ω   turbulence model is utilized, delivering comparable accuracy to the   k − ω   SST model while demanding fewer mesh requirements. Moreover, the discretization in this study employs a second-order scheme for the spatial derivatives. Pressure, velocity, and enthalpy are calculated using a coupled approach. Convergence is achieved in this study when the total residual value in all the above-mentioned equations falls below 10−6.




2.2.3. Computational Domains and Meshes


This paper’s main objective is to investigate the drag reduction mechanisms in drafting formations. Thus, ensuring that the computational domain aligns more closely with real-world conditions than the wind tunnel experiment becomes imperative. By adopting the core race walker’s length as the reference (  L  ), the dimensions of the entire computational domain are defined as   35 L × 20 L × 10 L  , as depicted in Figure 3. The left and right boundaries are positioned at a distance of   10 L   from the central position of the core athlete, while the gap between the upper boundary and the core athlete measures   15 L  .



To determine the boundary conditions for the athlete’s upper, lower, left, and right sides in the CFD simulation, the actual situation serves as a guideline, and either the Symmetry boundary or Wall boundary is chosen. Symmetry boundary reduces the impact of boundary effects by setting the normal velocity and tangential force in the motion equation to zero and applying zero heat flux in the energy equation to decrease the temperature gradient along the symmetry plane. Wall boundaries assigned to surfaces of a fluid region prevent flow through those surfaces. When opting for Wall boundaries, it is necessary to account for the force conditions acting on the wall and furnish details concerning slip conditions, wall velocity, slip model, friction coefficient, and other pertinent parameters. In the actual open race walking environment, there are no upper, left, or right boundaries. Therefore, opting for the Symmetry boundary is recommended to minimize its influence on the overall flow field calculation.



In real competitions, as athletes constantly move forward, there exists a relative speed difference with respect to the ground. Hence, it is advisable to adopt moving boundary conditions similar to those of a treadmill. For instance, Inoue (2016) [26] conducted an analysis of the impact of moving ground on running. His findings revealed that employing moving ground conditions can mitigate the development of an unrealistic ground boundary layer, making the simulation more realistic. Nevertheless, due to hardware and technical constraints in wind tunnel experiments, the cited experiments in this article did not employ moving wall conditions, potentially introducing some errors. Therefore, this study includes the moving ground boundary in CFD simulation research and adopts settings consistent with Schickhofer’s moving ground boundary conditions. Furthermore, this paper compares the disparities in calculating the drag coefficient of race walking alone on moving ground versus stationary ground. The results indicate that employing moving ground conditions yields a drag coefficient of 0.70, whereas the use of stationary ground conditions results in a drag coefficient of 0.68, representing a decrease of 2.8%.



The inlet velocity shown in Figure 3 is set to the typical race-walking velocity of 6 m/s, which is the combination of the race-walking velocity of 4 m/s in the absence of ambient wind and the headwind velocity of 2 m/s. The selected speed of 4 m/s is based on the core race walker’s average speed of 1:22:03 in the 20 km of the 2021 Tokyo Olympics [27]. The headwind velocity is selected based on the super wind speed of 2 m/s in track and field rules [28]. The turbulence intensity is set to 0.5%, consistent with the value used in the wind tunnel experiment. At the outlet, a pressure boundary condition is applied with an ambient static pressure of 1 atm. The ambient temperature was set to 303 K, while the body surface temperature was set to 303 K.



The 3D mesh was generated by a stable growth factor of 1.2 and an expansion layer thickness of 10 layers. The average mesh size near the surface is 5 × 10−4 m, while the average cell size at the outer boundary is 0.2 m. To ensure accurate results, all solid boundaries were directly inserted, resulting in a y+ value of approximately 1 at the surface of the human model. Furthermore, during grid refinement for different numbers of race walkers, the grid count increased by a factor of five while the drag coefficient remained constant, thereby confirming grid independence. The mesh size varies from 8.35 million cells for a single race walker to 22.39 million cells for four race walkers. Taking a single race walker grid independence as an example, its refinement stage is shown in Figure 4.





2.3. CFD Numerical Simulation Results and Verification


2.3.1. Results of Race Walking Alone


Owing to disparities in human models and boundary conditions used in CFD simulation versus those in wind tunnel experiments, discrepancies may arise in their calculated results for race walking alone. Consequently, it is imperative to offer a comparison of the corrected drag coefficient to account for error sources in the wind tunnel experiment and CFD simulation. In this study, the discrepancies between the CFD simulation and wind tunnel experiment primarily pertain to the following aspects: (1) Model discrepancy: certain intricate structural details may be lost during the 3D scanning process for CFD analysis, resulting in delayed air separation and diminished drag. Loose clothing, for instance, causes earlier air separation and increases drag, resulting in an approximate increase of 4.2% [29]. Similarly, hair length contributes to a drag increase ranging from 4% to 6% [30]. Longer hair moves with more friction and interference with the surrounding air, leading to an increase in air-flow instability and separation phenomena. In addition, longer hair alters the flow field around the head, making it easier for the airflow to separate from the head surface, which further increases drag. (2) Posture discrepancies: prolonged standing during wind tunnel experiments can cause posture alterations and subsequent shaking. (3) System errors in both wind tunnel experiments and CFD simulations, including a higher blockage rate for race walkers, control and measurement errors in parameters such as wind velocity and direction, as well as discretization, mesh-related, turbulence models, boundary conditions, and numerical errors in CFD simulations.



Error analysis has shown that wind tunnel experiments need to consider the impact of loose clothing and hair length on drag, which differs from CFD simulations. As a result, wind tunnel experiment drag is approximately 8.2% to 10% higher than that in CFD simulation. Additionally, the CFD simulation revealed that drag decreases by 2.8% when on moving ground compared to stationary ground. However, the wind tunnel experiment utilized a stationary ground, requiring an upward adjustment of the drag coefficient by 2.8%. Furthermore, it is essential to consider the systematic error in the wind tunnel experiment, which ranges from −3.9% to −4.2%. Accounting for these error factors, the wind tunnel experiment’s drag coefficient will be adjusted from 0.77 to a range of 0.69–0.75. To validate the accuracy of drag coefficient calculations in CFD simulations, we conducted a comprehensive comparison that encompassed CFD simulations, corrected wind tunnel experiment outcomes, and corrected drag coefficients from similar studies. Specifically, the model employed by Schickhofer [17] does not account for the influence of loose clothing and hair length on human body drag, and the boundary conditions precisely match those in this paper. Therefore, its drag coefficient [17] remains unaltered. However, Polidori [16], despite not accounting for loose clothing and hair length, utilized a stationary ground, necessitating an upward adjustment of its original drag coefficient of 0.81 by 2.8%. Other literature [31,32] did not adjust the drag coefficient due to unknown wind tunnel experiment equipment and the applied theoretical analysis method. The detailed correction Cd and rationales are presented in Table 1.



The CFD numerical simulation conditions employed in this paper closely resemble those in Schickhofer’s work. The sole difference lies in the positioning of the arms and legs in the human body model. However, the Cd values for the two are highly similar, with a deviation of only −2.8%. The drag coefficient computed in this article is 0.70, and it falls within the range of the adjusted wind tunnel experiment results, ranging from 0.69 to 0.75. Furthermore, it aligns with the wind tunnel experiment outcomes reported by Walpert and Kyle, ranging from 0.64 to 0.79, and correlates with the results derived by Pugh through theoretical calculations. These findings serve as additional confirmation of the accuracy of the CFD simulation results presented in this article.



Similarly, the calculation of individual drag is intricately tied to a multitude of factors, including athletic movements and the positions of the legs and hands. For instance, both Polidori and Schickhofer [17] employed the   k − ω   SST model to investigate the aerodynamic drag reduction effect of static models in running postures. Despite their models sharing similar postures, their drag coefficients significantly differ, with values of 0.68 and 0.81, respectively, constituting a 19% difference. When considering the contrast in the bottom boundary conditions (Polidori [16] employs stationary ground, while Schickhofer [17] uses moving ground), the error expands to 22%. In comparison to Polidori’s [16] findings, this article exhibits a similarly high error rate of 18.5%. Presently, the precise causes underlying this error necessitate further investigation. A more accurate comparative error analysis can only be conducted when the calculation conditions are rigorously identical.




2.3.2. Race Walking in Drafting Formations


Given that the primary objective of this article is to investigate the drag reduction mechanism of drafting formations, demonstrating the consistency of drag reduction results in these formations takes precedence over verifying the accuracy of individual drag calculations. Therefore, this paper proposes a new parameter, drag reduction rate   θ  , to evaluate the drag reduction effect of the drafting formation. The drag reduction rate is defined as the rate of the difference in drag between the core race walker in drafting formations and race walking alone.


  θ =     F   d 0   −   F   d       F   d 0     × 100 % ,  



(4)




where     F   d 0     is the aerodynamic drag when race walking alone,     F   d     is the current aerodynamic drag. Figure 5 depicts the positions for five triple drafting formations and three quadruple drafting formations.



Figure 6 depicts Cd and the drag reduction rate of the core race walker for 15 drafting formations obtained from both the wind tunnel experiments and CFD simulations. The maximum absolute error in drag reduction rate for all drafting formations is 6%, with a corresponding maximum relative error of 9.2%, which falls below 10%. Importantly, the optimal drafting formations of different numbers of race walkers are consistent in the CFD simulations and wind tunnel experiments. Specifically, double formation 3, triple formation 4, and quadruple formation 3 exhibit the highest drag reduction rates among their respective numbers of race walkers. The drag reduction rates of these formations in the wind tunnel experiment are 67%, 66%, and 81%, respectively. In the CFD numerical simulation, the corresponding drag reduction rates are 65%, 72%, and 85%.



According to Figure 6, both the wind tunnel experiment and CFD simulation demonstrate that double drafting formations 1, 2, and 3 can significantly reduce the aerodynamic drag experienced by the core race walker who is following behind another one. Among the three formations, double drafting formation 3, where the two walkers are closest to each other, exhibits the highest effectiveness, achieving a drag reduction rate of 65% in the CFD simulation and 67% in the wind tunnel experiment. Conversely, the other double drafting formations have minimal effect on drag reduction. Therefore, it is recommended that the core race walker maintain a position as close as possible directly behind the front race walker to achieve the greatest reduction in drag when utilizing double drafting formation in race walking.



Regarding triple drafting formations, the most notable reduction in drag is observed in triple drafting formation 4, where an additional race walker is added behind the core race walker of the optimal double drafting formation. This drafting formation resulted in a drag reduction rate of 72% in the CFD simulation and a 66% reduction in the wind tunnel experiment. The second highest reduction is achieved by triple drafting formation 5, where an additional race walker is added in front of the front race walker of the optimal double drafting formation. This drafting formation results in a drag reduction rate of 62% in the CFD simulation and a 64% reduction in the wind tunnel experiment. The other triple formations have minimal or negative effects on drag reduction. Thus, in triple drafting formation, it is advisable for the core race walker to position themselves between two race walkers in front and behind him.



Among the quadruple drafting formations, the aerodynamic drag experienced by the core race walker is reduced, although to different extents. The quadruple drafting formation 3, which adds one race walker to the front left and right of the optimal double drafting formation, forming a V shape in front of the core race walker, demonstrates the most significant reduction in drag. This formation achieves the highest drag reduction rate, with a reduction of up to 85% in the CFD simulation and 81% in the wind tunnel experiment. If the two side race walkers in front move back to a side-by-side position (quadruple drafting formation 1), the drag reduction rate decreases to 71% in the CFD simulation and 65% in the wind tunnel experiment. If they move further back to an inverted V position (quadruple drafting formation 2), the drag reduction rate further deteriorates to 44% in the CFD simulation and the wind tunnel experiment. Thus, in quadruple drafting formations, it is ideal for the three auxiliary race walkers in front of the core race walker to form a V shape.



Figure 7 displays the fitting results of the drag reduction rate obtained from the wind tunnel experiment and CFD simulation, demonstrating a strong agreement between the two methods with a fitting error below 10%. This further illustrates the consistency of the drag reduction rate between the two methods and validates the accuracy of the CFD numerical simulation results.



The primary cause of the drag error in the drafting formation lies in the use of different race walker models in the wind tunnel experiment, whereas the CFD simulation employs the core race walker model. Consequently, significant disparities exist in their model postures. Interestingly, notwithstanding the substantial shape disparities between the models, the error in the drag reduction rate remains below 10%. This confirms that within a drafting formation, the primary influence on the drag reduction effect stems from the relative positions of athletes, with the variation in model posture having a lesser impact. To validate this conclusion, the following experiments were carried out:



(1) The front race walker model in the optimal double drafting formation was mirrored, and the results showed that the drag reduction rate of the core race walker was reduced from 65% to 62%, with an error of 4.6%;



(2) The drag reduction performance of optimal double and triple drafting formations, as observed in both Schickhofer’s [17] study and this article, was compared. Results showed that when Schickhofer [17] applied the optimal double drafting formation similar to the one used here, the core race walker achieved a 69% drag reduction rate, differing by 6% from the 65% reported in this article. Similarly, when Schickhofer [17] employed the optimal triple drafting formation akin to that used here, the core race walker also achieved a 76% drag reduction rate, with a 6% deviation from the 69% reported in this article.



In single-athlete drag calculations, drag is affected by various postural factors, resulting in significant variations in drag data from different sources. Conversely, when studying drafting formation, the primary factor driving the drag reduction effect is the relative positioning of athletes, with posture having minimal influence on the reduction effect. Consequently, future research will utilize these formation models for a thorough analysis of the formation’s drag reduction mechanism. This drag-reduction mechanism can also be universally applied to similar movements under different postures.






3. Drag Reduction Mechanism in Race Walking Drafting Formations


In race walking, aerodynamic drag is characterized by an augmented pressure difference between the front and rear of the race walker, caused by the impact of airflow ahead of the race walker. The pressure coefficient is defined as:


    C   p   =   P −   P   ∞       1   2     ρ   ∞     U   ∞   2     ,  



(5)




where the static pressure at infinity     P   ∞   = 101,325   Pa, the incoming velocity     U   ∞     = 6 m/s,   P   is the static pressure at the specific point,     ρ   ∞     is the air density.



The drag experienced by the core race walker is primarily determined by the pressure difference between the front and back. Figure 8 and Figure 9 display the surface pressure of the core race walker and the ambient pressure experienced around the core race walkers in different optimal drafting formations. Figure 8 clearly shows that as the number of race walkers in optimal formations increases (from left to right), the pressure coefficient in front of the core race walker decreases gradually, while the pressure coefficient at the back increases gradually. This results in a smaller pressure difference between the front and rear, thereby achieving a better drag reduction effect. The drag reduction effects, as indicated by CFD simulation, are 0%, 65%, 72%, and 85% from left to right. Figure 9 also provides an intuitive view that, as the number of race walkers in optimal formations increases, the positive pressure area in front of the core athlete and the negative pressure area at the rear gradually decrease. Taking the chest pressure of the core race walker as an example, when race walking alone, the chest pressure is 0.95 and the back chest pressure is −0.55, resulting in a front-to-back pressure difference of 1.4. However, with an increase in the number of optimal formations, the front-to-back pressure difference gradually decreases to 0.75 in double drafting formation, 0.16 in triple drafting formation, and 0.06 in quadruple drafting formation, respectively.



In the optimal formation of double drafting, a race walker is added and positioned directly in front of the core race walker at the shortest distance, resulting in a reduction in aerodynamic drag of 65%. When compared to race walking alone, race walking in different formations demonstrates a more significant decrease in the pressure difference from front to back, as depicted in Figure 9b. Taking the coefficient of chest pressure as an example, the coefficient decreases by 0.36 in the front and increases by 0.14 in the rear in comparison to race walking alone. This results in a reduction in the pressure difference by 0.5. To better comprehend the changes in the pressure difference between the front and rear, an analysis was carried out on the velocity, streamline, and velocity vector around the core race walker, as illustrated in Figure 10b, Figure 11b and Figure 12b. These figures demonstrate the streamlines in the optimal double drafting formation, illustrating the shielding effect of the airflow by the front race walker. Figure 10b clearly indicates a noticeable decrease in velocity in front of the core race walker when compared to Figure 10a, resulting in reduced kinetic energy of the incoming flow. Consequently, the core race walker experiences less impact and lower pressure at the front. From Figure 11b and Figure 12b, it can be observed that only a small portion of the incoming airflow directly passes through the gap, impacting the core race walker, while the majority of the airflow is diverted towards the sides due to the obstruction created by the front race walker. The diverted airflow gradually converges towards the center as a result of the pressure difference between the diverted airflow and the inner airflow, impacting the core race walker. The extent of convergence of the diverted airflow primarily depends on the velocity of the air on both sides, wherein higher velocity leads to lower pressure and slower convergence. Consequently, the core race walker experiences reduced impact from the airflow, resulting in lower pressure on the front surface of the core walker. Furthermore, Figure 13b illustrates that the reduction in the number and velocity of incoming airflow directly leads to a decrease in the air velocity behind the core race walker. This reduction mitigates the formation of turbulence and vortex at the rear, thereby increasing the pressure in the rear regions.



Analyzing the flow field in the optimal double drafting formation reveals that achieving superior drag reduction necessitates minimizing the quantity and speed of incoming airflow affecting the core race walker. Firstly, minimizing airflow that directly affects the core race walker through gaps between front race walkers is crucial. Secondly, delaying the convergence of airflow on both sides is necessary to alleviate its impact.



The optimal triple drafting formation improves upon the optimal double drafting formation by introducing an additional race walker behind the core race walker. This augmentation further enhances the drag reduction effect, achieving a rate of 72%. Additionally, Figure 8c displays an additional decrease in frontal pressure and an elevation in rear pressure on the core race walker in comparison to Figure 8b, leading to a reduction in the disparity between front and rear pressures. Figure 9a–c depicts that the frontal chest pressure coefficient of the core race walker measures −0.01, while the rear chest pressure coefficient stands at −0.03. As a result, a pressure differential of 0.02 emerges, which is 0.6 units lower than race walking alone and 0.1 lower than race walking in double drafting formation. Additionally, Figure 10c presents a continued reduction in the velocity ahead of the core race walker. Moreover, Figure 11c and Figure 12c visually depict instances of backflow caused by the airflow colliding with the trailing race walker, leading to a delay in the inward convergence of the airflow. These factors contribute to a continued reduction in the impact of airflow on the core race walker. Meanwhile, the sustained decrease in the quantity and speed of airflow affecting the core walker leads to a decrease in the rear air velocity, as demonstrated in Figure 13c. This, in turn, further suppresses the development of rear turbulence and vortex, elevates the pressure coefficient at the rear, and reduces the pressure differential between the front and rear.



The optimal quadruple drafting formation is an extension of the optimal double drafting formation, involving the inclusion of race walkers at the left front and right front positions of the leading walker, creating a V-shaped formation. This augmentation substantially amplifies the drag reduction effect, yielding an impressive rate of 85% in drag reduction. A comparison between Figure 8c,d reveals that the optimal quadruple drafting formation showcases a more pronounced reduction in frontal pressure in comparison to the optimal triple drafting formation. Meanwhile, the rear pressure experiences relatively minor alterations. Figure 9d displays the most minimal pressure disparity between the frontal and rear chest areas across all drafting configurations, measuring at −0.02. Figure 10d illustrates that having race walkers on both sides ahead of the V-shaped formation leads to heightened airflow speed on both flanks of the leading race walker. This, in turn, leads to a decrease in the pressure variance between the airflow on the sides and the inner aspect, as evident in Figure 11d. This delay in the inward merging of the airflow additionally contributes to mitigating the influence of the core race walkers on the airflow, when contrasted with Figure 11c. Nonetheless, given that both the optimal triple and quadruple formations attain notable drag reduction, distinctions between Figure 12c,d and between Figure 13c,d are marginal and not discernible from visual inspection of the figures. For a more comprehensive understanding of airflow’s role in drag reduction, the velocity within Figure 12 and Figure 13 is subjected to quantitative analysis. The mean velocity vector magnitude in Figure 12c measures 3.29, contrasting with the mean velocity of 2.97 in Figure 12d, affirming reduced airflow influence in the optimal quadruple drafting configuration. In both Figure 13c,d, the average velocity stands at 4.08, suggesting a minimal divergence in diminishing the generation of rear turbulence and vortices. Hence, the disparity in the rear pressure coefficient between the optimal triple and quadruple drafting formations is minor.



Analyzing both race walking alone and three optimal drafting formations reveals that drag reduction is achieved through the shielding effect of the front race walker on the oncoming flow. This effect minimizes the impact of fluid on the core race walker, leading to a reduced pressure difference between the front and rear.




4. Metabolic Power Savings and Performance Predictions


To calculate the power consumed by the core race walker against the aerodynamic drag, the basic kinematic equations and an empirical mathematical model of mechanical power output are utilized. Cavagna (1977) conducted an experiment with race walkers on a force platform to establish an empirical model of mechanical power output [33]. This model considers the power generated by moving the center of mass, limb movement, and the work required to overcome aerodynamic drag, enabling the expression of mechanical power output.


    P   R   = ( 9.42 + 4.73 v + 0.266   v   1.993   )   4.1868 m   60   +   P   a e r o   ,  



(6)




where   v   is the speed,     P   R     is the mechanical power output,     P   a e r o     is the work required to overcome aerodynamic drag,   m   is the mass of the core race walker.



The formula for overcoming the work required by aerodynamic drag is


    P   a e r o   =   F   a r e o   · v ,  



(7)




where     F   a r e a     is aerodynamic drag.



The metabolic power     P   m e c h     can be expressed as:


    P   m e c h   =     P   R     ϵ   ,  



(8)




where   ϵ   is the metabolic efficiency. Race walking, while similar in form to walking, requires athletes to sustain a fast pace for extended periods, demanding significant physical fitness. Metabolically, it shares more similarities with running than traditional walking. Cavagna’s experiments involved walking speeds ranging from 2.5 to 8 km/h, considerably slower than race walking’s pace at 4 m/s (equivalent to 14.4 km/h), aligning it more closely with running in terms of speed. Cavagna’s findings suggest that running speeds between 10 and 15 km per hour primarily rely on aerobic processes, consistent with the metabolic demands of race walking. Within this speed range, running efficiency typically ranges from 0.4 to 0.5. Therefore, this study adopts a metabolic efficiency   ϵ   value of 0.488, corresponding to a speed of 4 m/s [33].



The sports economy   R E   can be expressed as [34].


  R E =     P   m e c h     m   ,  



(9)







In accordance with the drag coefficient calculations presented in Section 2.3, the work required by aerodynamic drag     P   a e r o    , the mechanical power     P   R    , the mechanical power     P   m e c h    , and sports economy   R E   of core race walker in different drafting formations are computed utilizing Equations (6)–(9), as depicted in Table 2. According to Table 2, the optimal double, triple, and quadruple drafting formations result in   ∆ R E   increases of 4.4%, 4.9%, and 5.7%, respectively, compared to race walking alone.



Kipp (2019) observed that in high-level racing events, speed increases with   R E  , as shown in Figure 14 [34]. When   R E   increased by 3% relative to the 2:04:00 time of the Berlin Marathon in 2015 (with the introduction of a more economical running shoe), the speed increased by 1.97%, resulting in a time of 2:01:36. This time is remarkably close to the recent world record set by Kipchoge, thus confirming the accuracy of Kipp’s model [34]. Figure 14 indicates that at a speed of 4 m/s, an increase in   R E   by 1% corresponds to a 0.82% increase in speed.



Table 3 presents the speed and performance of the core race walker in the optimal formations with different numbers of race walkers in the 20 km race walking competition after improving the sports economy. Based on the   ∆ R E   in Table 2, the core race walker’s speed is increased by 3.61%, 4.03%, and 4.67% in the optimal double, triple, and quadruple drafting formations, and the performance is improved by 173.8 s (3.48%), 193.5 s (3.87%), and 223.3 s (4.47%).




5. Limitations


5.1. Limitations of a Single Stationary Human Body Model


This study employs static models for both CFD simulations and wind tunnel experiments, opting for simplicity over complex dynamic models. This choice is made due to the limitations of current CFDs’ technology in handling the dynamic changes in athlete models effectively. Static models can furnish vital insights into aerodynamic drag and formation effects, fulfilling the requirements of research on drafting formation effects. Furthermore, static models are extensively employed in other research domains like cycling, running, swimming, and cross-country skiing to investigate drafting effects in human movement [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. While static models cannot completely mimic the dynamic intricacies of actual motion, a thorough analysis of combined experimental data and computational models can yield valuable insights and guidance.



Moreover, in real competitions, athletes exhibit diverse body shapes and movements, resulting in a highly intricate scenario. To streamline research, current methodologies frequently rely on simplified models and assumptions. For instance, in wind tunnel experiments, multiple individuals are frequently tested in identical movement positions, regardless of their varying body shapes. This approach facilitates the comparison of aerodynamic properties among athletes with diverse body types. Similarly, CFD simulations often use a single human body model. This is due to the fact that accounting for variations in the body shape and posture of multiple athletes would substantially elevate model complexity, demanding greater computational resources and time. Despite the limitations of these simplified methods and assumptions, they continue to offer valuable guidance.



The study revealed that, despite variations in the postures of human models in CFD and wind tunnel experiments, the difference in drag reduction rates remained below 10%. Furthermore, a comparison with the drag reduction rate of the optimal double drafting formation after mirroring and similar formations in existing literature revealed that even with variations in model posture and body shape, the drag reduction rate error after mirroring was merely 4.6%. Moreover, the discrepancy in drag reduction rates between the optimal triple drafting formation, the optimal double drafting formation, and Schickhofer’s research results is also below 6%. These findings indicate that while a single static model possesses certain limitations, its influence on the drag reduction effect of drafting formations is minimal, rendering it suitable as a benchmark for analyzing the drag reduction effect and mechanism.




5.2. Limitations on Wind Speed


In real walking competitions, the human body’s aerodynamic drag is influenced by the constantly changing wind speed, direction, and varied walking routes. The chosen windward side’s constant wind speed of 2 m/s in this study may not precisely replicate actual competition conditions. Drag coefficient and drag reduction rate outcomes are predominantly determined by the Reynolds number and the human body shape. During race walking competitions, the wind speed varies relatively little (0–2 m/s), leading to minimal fluctuations in the Reynolds number. Furthermore, the human model used in the CFD simulation remained constant. Therefore, the selected speeds and normal wind speeds have a marginal impact on the drag coefficient and drag reduction rate results, with no effect on the analysis of the drafting drag reduction mechanism.



To confirm the limited effect of wind speed on drag coefficient and drag reduction rate, we conducted a comparison between two wind speed conditions: 0 m/s (  R e = 1.9 ×   10   5    ) and 2 m/s (  R e = 2.8 ×   10   5    ). The results demonstrate that at 0 m/s wind speed, the drag coefficient for an individual walking is 0.69, a mere 1% reduction compared to 0.70 at 2 m/s wind speed. Furthermore, at 0 m/s wind speed, the optimal double drafting formation achieves a drag reduction rate of 65.4%, representing a 0.6% improvement over the 65% rate observed at 2 m/s wind speed. It is evident that varying wind velocities have minimal influence on both drag coefficient and drag reduction rate, ensuring that the analysis of drag reduction effects and mechanisms remains unaffected.





6. Conclusions and Discussions


This study utilizes wind tunnel experiments and CFD numerical simulations to investigate the drag reduction impact of different drafting formations. The main conclusions can be drawn as follows:



Firstly, this paper introduces a method to evaluate drag reduction consistency in drafting formations with different numbers of race walkers by comparing wind tunnel experiments and CFD simulations using the drag reduction rate   θ  . The results show that both methods have drag reduction rate errors below 10%, which is better than the comparison of single-person drag calculations. This underscores that in drafting formations, athlete positioning is the key factor influencing drag reduction, with model posture differences having a minimal impact. This article supports this assertion by comparing the drag reduction rates before and after mirroring the postures of the front race walker in the optimal double formation, resulting in rates of 65% and 62%, respectively, with an error of 4.8%. Furthermore, the drag reduction rate discrepancies between this article and Schickhofer’s optimal double and triple formations are both below 6%, further validating this point. These research findings not only emphasize the importance of athletes’ relative positions in formation walking for drag reduction effects but also provide a reliable basis for using static models to study drag reduction effects in drafting formations.



Secondly, the drag reduction in 15 different drafting formations was evaluated using both CFD simulations and wind tunnel experiments. Our findings indicate that the optimal drafting formations are consistent with different numbers of race walkers in both CFD simulations and wind tunnel experiments. The core race walker experiences drag reductions of 67%, 66%, and 81% in double, triple, and quadruple formations in the wind tunnel experiment, and 65%, 72%, and 85% in the CFD simulations. The utilization of CFD analysis to investigate drafting formations in race walking revealed that drag reduction is achieved through the shielding effect of the race walkers on the oncoming flow. This effect minimizes the impact of fluid on the core race walker, resulting in a reduced pressure difference between the front and rear.



Finally, the effect of drag reduction on performance is analyzed by an empirical model for mechanical power output. Using a 20 km race walk as a case study, the benefits of different drafting formations with race walkers are evaluated in terms of sports economy, speed, and performance. The results indicate that, compared to race walking alone, the core race walker in the optimal double, triple, and quadruple drafting formations experienced improved sports economy of 4.4%, 4.9%, and 5.7%, increased speed by 3.61%, 4.03%, and 4.67%, and enhanced performances by 173.8 s (3.48%), 193.5 s (3.87%), and 223.3 s (4.47%).



It is worth mentioning that in the CFD simulation, the race walkers’ model remains static, and only one model is used in the formation with a fixed posture, which may differ from the situation in actual race walking. However, the main research purpose of this paper was to focus on the interaction between air and race walkers in the drafting formation and the drag reduction effect. The study found that the drag reduction rates of different race walkers in the formation, both in the wind tunnel experiment and the CFD simulation with a single model, are essentially the same. This result also confirms that the spacing between race walkers, rather than the differences in body posture, is the most critical factor affecting the drag reduction effect and the drag reduction mechanism of the drafting formation. Therefore, this study suggests that CFD simulations using specific postures can provide a foundation for understanding drag reduction effects and mechanisms in race walkers within various formations.



Furthermore, race walkers share similar body shapes and speeds (4–6 m/s) with marathoners and middle-distance runners, resulting in a Reynolds number range of 2–4 × 105. Within this specific Reynolds number range, the aerodynamic drag law behaves similarly. Hence, the aerodynamic drag analysis of race walking drafting formations can be applicable to drafting formations in marathon and middle-distance running as well. This approach would lead to a more precise understanding of the drag reduction mechanism in drafting formations and facilitate the determination of an optimal positioning strategy.



However, in this study, the examination of the drag reduction in 15 typical drafting formations may not comprehensively consider the influence of race walkers’ spacing on drag reduction. To overcome this limitation, future research could employ CFD simulations to investigate drafting formations with different spacing. Additionally, while the formation does provide a certain level of aerodynamic drag reduction, it also has the effect of blocking the wind, leading to a decrease in convective heat exchange between the core race walker and the surrounding air. This reduced heat exchange may elevate the core race walker’s body temperature, impeding heat dissipation and, consequently, affecting their performance. Hence, it is advisable to consider further research on the heat dissipation effects of drafting formations in future studies.
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Figure 1. Positions of seven different double drafting formations and a race walking scene. Red point indicates core race walker, blue points indicate auxiliary race walkers. (a) Positions of double drafting formation, (b) double drafting formation 4 experiment site [22]. 
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Figure 2. The model of (a) core race walker and (b) an example of double drafting formation. The core race walker is in blue. 
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Figure 3. Computational domain and boundary conditions. The core race walker is in blue. 
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Figure 4. Mesh convergence demonstrated by the final four refinement stages of single race walker. (a) Relationship between the number of cell sizes and the drag coefficient, (b) the mesh on and around the human body surface after mesh refinement. 
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Figure 5. Race walking positions of triple and quadruple drafting formations. Red points indicate core race walker, blue points indicate auxiliary race walkers. (a) Triple formation, (b) quadruple formation. 
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Figure 6. Comparison of Cd and drag reduction rate of the core race walker in 15 drafting formations between wind tunnel experiment and CFD simulation; (a) Cd of race walking in double drafting formation, (b) Cd of race walking in triple and quadruple drafting formation, (c) drag reduction rate of race walking in double drafting formation, (d) drag reduction rate of race walking in triple and quadruple drafting formation. 
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Figure 7. Wind tunnel experiment and CFD simulation fitting result of drag reduction rate of core race walker while race walking in 15 drafting formations (error line, 10%). 
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Figure 8. Pressure coefficient of the core race walker in optimal drafting formations: (a) race walking alone, (b) race walking in optimal double formation, (c) race walking in optimal triple formation, and (d) race walking in optimal quadruple formation. 
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Figure 9. Pressure coefficient of race walking in optimal drafting formations: (a) race walking alone, (b) race walking in optimal double formation, (c) race walking in optimal triple formation, and (d) race walking in optimal quadruple formation. 
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Figure 10. Speed contour of race walking in optimal drafting formations: (a) race walking alone, (b) race walking in optimal double formation, (c) race walking in optimal triple formation, and (d) race walking in optimal quadruple formation. 
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Figure 11. Streamline of race walking in optimal drafting formations: (a) race walking alone, (b) race walking in optimal double formation, (c) race walking in optimal triple formation, and (d) race walking in optimal quadruple formation. 
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Figure 12. Velocity vector diagram of 0.2 m in front of the core race walker: (a) race walking alone, (b) race walking in optimal double formation, (c) race walking in optimal triple formation, and (d) race walking in optimal quadruple formation. 
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Figure 13. Speed contour of 0.1 m behind the core race walker of race walking in optimal drafting formations: (a) race walking alone, (b) race walking in optimal double formation, (c) race walking in optimal triple formation, and (d) race walking in optimal quadruple formation. 
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Figure 14. Percentage increase in operating speed after the improvement in operating economy [34]. 
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Table 1. Comparison of drag coefficients in various track and field events.






Table 1. Comparison of drag coefficients in various track and field events.















	Author
	Activities
	Method
	Speed (m/s)
	Cd
	Corrected Cd
	Correction Reason
	Error





	This study
	Race walking
	CFD
	6
	0.70
	0.70
	
	Basis



	Hu et al. [22]

(2022)
	Race walking
	Wind tunnel
	6
	0.77
	0.69–0.75
	Moving ground + (2.8%)

System error + (−3.9%–4.2%)

Model discrepancy − (8.2%–10%)
	−1.4–7.1%



	Schickhofer et al. [17]

(2021)
	Running
	CFD
	5.83
	0.68
	0.68
	
	−2.8%



	Polidori et al. [16]

(2020)
	Running
	CFD
	5.75
	0.81
	0.83
	Move ground + (2.8%)
	18.5%



	Walpert and Kyle [31]

(1989)
	Running
	Wind tunnel
	4.5–13
	0.64–0.79
	0.64–0.79
	
	−8.5–12.8%



	Pugh [32]

(1971)
	Walking
	Analytical
	5.49
	0.70
	0.70
	
	0%










 





Table 2. Aerodynamic power     P   a e r o    , mechanical power     P   R    , metabolic power     P   m e c h    , and sports economy   R E   of core race walker in optimal drafting formations.






Table 2. Aerodynamic power     P   a e r o    , mechanical power     P   R    , metabolic power     P   m e c h    , and sports economy   R E   of core race walker in optimal drafting formations.
















	Drafting Formations
	      F   a r e a   ( N )    
	      P   a e r o   ( W )    
	    ∆   P   a e r o      
	      P   R   ( W )    
	    ∆   P   R      
	      P   m e c h   ( W )    
	    R E ( W / k g )    
	    ∆ R E    





	Race walking alone
	7.5
	45
	
	675.3
	
	1383.8
	22.61
	



	Double formation
	2.6
	15.6
	65%
	645.9
	4.4%
	1323.6
	21.62
	4.4%



	Triple formation
	2.1
	12.6
	72%
	642.9
	5.1%
	1317.4
	21.53
	4.8%



	Quadruple formation
	1.1
	6.6
	85%
	636.9
	5.7%
	1305.1
	21.33
	5.7%










 





Table 3. The speed and performance of core race walker in optimal drafting formations in the 20 km race walking competition after improving sports economy.
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	Optimal Drafting Formations
	Speed after Improving Sports Economy (m/s)
	Percentage Increase in Speed
	Competition Time (s)
	Time Difference (s)
	Percentage Improvement in Performance





	Race walking alone
	4
	
	5000
	
	



	Double formation
	4.144
	3.61%
	4826.2
	173.8
	3.48%



	Triple formation
	4.161
	4.03%
	4806.5
	193.5
	3.87%



	Quadruple formation
	4.187
	4.67%
	4776.7
	223.3
	4.47%
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