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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, 

the drag reduction of 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 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 sport economy (4.4-

5.7%), speed (3.61-4.67%), and performance (173.8-223.3s) compared to race walking alone. The 

findings can serve as a reference for race walkers' positioning strategy and provide insights for 

considering drafting formations in various running events. 

Keywords: race walking; error analysis; numerical simulation; aerodynamic drag reduction; drag 

reduction mechanism; performance evaluation 

 

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 

[1–5], 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 conducted a study on drafting in short track speed skating 

and reported positive effects on metabolic activity, heart rate, and lactate response [8]. Terra 

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 
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could be achieved [10]. van den Brandt 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 

[11]. Ainegren 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 [12]. 

Similarly, drafting is a key strategy employed in most track and field events. Besides wind-

tunnel experiment, which often involves the use of scaled models with similar Reynolds numbers, 

computational fluid dynamics (CFD) has emerged as a prevalent method for precisely evaluating 

drag distribution among athletes. Beaumont used CFD simulation to study the effect of drafting in 

two formations [14,15]. The results showed that second in line of five runners achieved the optimal 

drag reduction of 63.3%, whereas the third runner in 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 

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 an analysis 

of the flow field and the mechanism behind drag reduction. Schickhofer employed CFD simulation 

to investigate the effects of various drafting formations (one double, two triple, and one quadruple) 

during a marathon race [17]. They discovered that the most significant drag reduction of 75.6% and 

a performance improvement of 154s were achieved when a runner positioned himself 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 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 simple 

formation mentioned above, neglecting more complex formations. 

Furthermore, the majority of drag calculations for athletes in drafting formations are based on 

CFD simulation and lack verification through wind-tunnel experiment. Due to the complex structure 

of the human body, the geometry and motion of the athletes need to be simplified during CFD 

numerical simulation compared to wind-tunnel experiment Consequently, there is often a significant 

disparity in drag obtained by these two methods. Blocken was the first in performing numerical 

simulations of tandem interactions considering various cyclist postures [18]. 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 wind-tunnel experiment by Zdravkovich [19] 

and Kawamura [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 1m, and the difference in drag between 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 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 of the results of Zdravkovich’s wind-tunnel experiment [19,21]. 

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 
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between the aerodynamic drag obtained from both methods. Furthermore, if any discrepancies exist 

between the drag of two methods, further investigation should be conducted to explore alternative 

explanations for the inconsistencies. 

This study aims to achieve the following objectives: firstly, to investigate the drag reduction of 

drafting formations involving two, three, and four race walkers using both wind-tunnel experiment 

and CFD simulation. The comparison of drag coefficient 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 by 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 of 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 meters by 3.0 meters. 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 experiment 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. 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 [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 spacing 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 meters and a minimum lateral spacing of 0.75 meters. For 

more detailed information on the wind-tunnel experiment, please refer to the literature by Hu [22]. 
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(a) positions of double drafting formation.       (b) double drafting formation 4 experiment site [22]. 

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). 

2.2. Numerical simulation method based on computational fluid dynamics 

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 nose. Nevertheless, these gaps pose challenges for subsequent mesh generation. During the pre-

processing stage, Space Claim software offers the Shrinkwrap feature, which generates a patch-based 

enclosure, wraps the model, closes gaps, and smoothens 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 (3mm, 5mm, and 10mm) on drag and 

observes that the drag error remained below 0.5%. Consequently, a gap size of 10mm is selected in 

this paper to improve 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 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. 
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(a) (b) 

Figure 2. The model of (a) core race walker and (b) an example of drafting formation (the core race 

walker in the middle). 

2.2.1. Governing equation 

Computational fluid dynamics (CFD) 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 the momentum conservation, are discretized using the Reynolds-averaged 

(RANS) approach. The simulations are performed with the commercial CFD code Ansys Fluent 2023 

R1 [23]. Under the assumption of unsteady state, the governing equation for the mainstream region 

can be expressed as follow [24]: 

（1)Continuity equation: 𝜕𝜌𝜕𝑡 + 𝜕𝜕𝑥𝑖 (𝜌𝑢𝑖𝑢𝑗) = 0, (1) 

（2)Momentum equation: 𝜕𝜕𝑡 (𝜌𝑢𝑖) + 𝜕𝜕𝑥𝑖 (𝜌𝑢𝑖𝑢𝑗) = − 𝜕𝑝𝜕𝑥𝑖 + 𝜕𝜏𝑖𝑗𝜕𝑥𝑖 + 𝐹𝑖, (2) 

where 𝜌 is the air density, 𝑢𝑖 is the velocity of the air in each direction, 𝑝 is the hydrostatic pressure, 𝜏𝑖𝑗 is the stress tensor in each direction,  𝐹𝑖 is the external forces in each direction. 

（3)Energy equation: 𝜕𝜕𝑡 (𝜌𝐸) + 𝜕𝜕𝑥𝑖 [𝑢𝑖(𝜌𝐸 + 𝑝)] = 𝜕𝜕𝑥𝑖 [𝑘𝑒𝑓𝑓 𝜕𝑇𝜕𝑥𝑖 − ∑ ℎ𝑗𝐽𝑗 + 𝑢𝑗(𝜏𝑖𝑗)𝑒𝑓𝑓𝑗 ] + 𝑆ℎ, (3) 

where 𝑘𝑒𝑓𝑓 is the effective conduction coefficient, ℎ is the enthalpy, 𝐽 is the diffusive flow,  𝑆ℎ is 

the heat source term. 

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. 
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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. 

2.2.2. Computational domains and meshes 

To validate the accuracy of the CFD results, the computational domain is simulated using the 

identical geometry employed in the wind-tunnel experiment, as shown in Figure 3. Inoue conducted 

wind-tunnel experiment that demonstrated an approximately 10% increase in drag values during 

running alone when employing a moving-belt system compared to a stationary setup [26]. This 

experimental setup inhibited the formation of unrealistic ground boundary layers, which is also the 

case in our study. Here, we utilize stationary models of race walkers coupled with a moving ground 

boundary, which has proven adequate for predicting the overall aerodynamic drag. Symmetric 

boundary conditions are applied to the upper and lateral surfaces of the computational domain. 

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 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 is set to 303 K, while the body surface temperature 

was set to 310 K. 

 

Figure 3. Computational domain and boundary conditions. 

The 3D mesh is generated using ANSYS Workbench Meshing, employing 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 are 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 increases by a factor of five, while the drag coefficient remains constant, thereby confirming 

the 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. 

2.3. CFD numerical simulation results and verification 

2.3.1 Results of race walking alone 

To validate the accuracy of the CFD simulation drag coefficient calculations in race walking 

alone, a comprehensive comparison is conducted. This comparison involves examining drag 

coefficient obtained from CFD simulation, wind-tunnel experiment, and relevant literature. The 

results of this comparison are presented in Table 1. 
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Table 1. Comparison of drag coefficient in various track and field events. 

Author Activities Method Speed(m/s) drag coefficient Relative error 

This study Race walking CFD 6 0.70 Calculation basis 
Hu et al. [22] Race walking Wind-tunnel 6 0.83 18% 

Schickhofer et al. [17] Running CFD 5.83 0.68 -3% 
Polidori et al. [16] Running CFD 5.75 0.81 15% 

Walpert and Kyle [27] Running Wind-tunnel 4.5-13 0.64-0.79 -8%-13% 

The CFD numerical simulation results exhibit similarities with Schickhofer in terms of drag 

coefficient, achieving 0.68 at a comparable speed of 5.83m/s, with a relative error of 3% [17]. Similarly, 

Polidori reported a drag coefficient of approximately 0.81 at a similar speed of 5.75m/s, albeit with a 

relatively larger relative error of 15% [16]. Moreover, the CFD results present in this study fall within 

the range of wind-tunnel experiment results reported by Walpert and Kyle [27]. However, the drag 

coefficient obtained from CFD simulation and wind-tunnel experiment were 0.7 and 0.83, resulting 

in a relative difference of 18% [22]. Therefore, additional systematic analysis is required to investigate 

the disparities between CFD simulation and wind-tunnel experiment. 

Several factors that contribute to discrepancies in drag coefficient between CFD simulation and 

wind-tunnel experiment are identified: (1) Posture discrepancies: Prolonged standing during wind-

tunnel experiment can cause posture alterations and subsequent shaking; (2) 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% [28]. Similarly, hair 

length contributes to a drag increase ranging from 4-6% [29[. (3) Systems errors in both wind-tunnel 

experiment and CFD simulation: Including higher blockage rate for race walkers, control and 

measurement errors in parameters such as wind velocity and direction, as well as discretization, 

mesh-related, and numerical errors in CFD simulation. 

2.3.1 Race walking in drafting formations 

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 = 𝐹𝑑0−𝐹𝑑𝐹𝑑0 × 100%, (4) 

where 𝐹𝑑0 is the aerodynamic drag when race walking alone, 𝐹𝑑 is the current aerodynamic drag. 

Figure 4 depicts the positions for five triple drafting formations and three quadruple drafting 

formations.  
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(a) triple formation 

 

(b) quadruple formation 

Figure 4. Race walking positions of triple and quadruple drafting formations. (Red points indicate 

core race walker, blue points indicate auxiliary race walkers). 

Figure 5 depicts the drag reduction rate of the core race walker for 15 drafting formations 

obtained from both wind-tunnel experiment and CFD simulation. 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 CFD simulation and wind-tunnel experiment. 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 

wind-tunnel experiment are 67%, 66%, and 81%, respectively. In CFD numerical simulation, the 

corresponding drag reduction rates are 65%, 72%, and 85%. 
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(a) (b) 

Figure 5. Comparison of drag reduction rate of the core race walker in 15 drafting formations between 

wind-tunnel experiment and CFD simulation, (a) race walking in double drafting formation, (b) race 

walking in triple and quadruple drafting formation. 

According to Figure 5, both wind-tunnel experiment and CFD simulation demonstrate that 

double drafting formation 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 CFD simulation and 67% in wind-tunnel 

experiment. Conversely, the other double drafting formations have minimal effect on drag reduction.  

Therefore, it is recommended that the core race walker should 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 CFD simulation and 66% reduction in 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 CFD simulation and 64% reduction in 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 himself 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 CFD simulation and 81% 

in 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 CFD simulation and 

65% in 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 CFD simulation and 

wind-tunnel experiment. Thus, in quadruple drafting formation, it is ideal for the three auxiliary race 

walkers in front of the core race walker to form a V shape. 

Figure 6 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. 
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Figure 6. 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%). 

As the core race walker engages in drafting formations with different numbers of race 

walkers, the encountered aerodynamic drag demonstrates corresponding variations. 

Nonetheless, the mannequins used in the CFD numerical simulations are 3D scanned models of 

the core walker, employed to simulate the other race walkers in the drafting formation, while in 

the wind-tunnel experiment, the other race walkers display diverse body shapes, resulting in 

significant differences compared to CFD simulation. This paper introduces the drag reduction 

rate (𝜃) as an evaluation index. It is observed that the discrepancy between the drag reduction 

rate obtained from wind-tunnel experiment and CFD simulation is less than 10%, thereby 

establishing their consistency. This observation emphasizes that as the spacing between race 

walkers increases, the influence of body shape variations on drag reduction decreases, with the 

spacing between race walkers emerging as the primary factor in drag reduction. 

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: 𝐶𝑝 = 𝑃−𝑃∞12𝜌∞𝑈∞2 , (5) 

where the static pressure at infinity 𝑃∞ = 101325 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. Figures 7 and 8 displays the surface pressure of the core race walker and 

ambient pressure experienced around the core race walkers in different optimal drafting formations. 

Figure 7 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 better drag reduction effect. The drag reduction effects, 

as indicated by CFD simulation, are 0%, 65%, 72%, and 85% from left to right. Figure 8 also provides 

an intuitive view that as the number of race walker 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 
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pressure is 0.95, 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. 

 

Figure 7. 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. 

 

Figure 8. 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. 

In the optimal double drafting formation, a race walker is added and positioned directly in front 

of the core race walker at the shortest distance, resulting in a drag reduction rate of 65%. Compared 

to race walking alone, race walking in different formations exhibits a more significant decrease in the 

front-to-back pressure difference, as illustrated in Figure 8b. Taking the chest pressure coefficient as 

an example, the coefficient decreases by 0.45 in the front and increases by 0.3 in the rear, in 

comparison to race walking alone. As a result, the pressure difference is reduced by 0.7. In order to 

gain a deeper understanding of the changes in pressure difference between the front and rear, an 

analysis is conducted on the velocity, streamline and velocity vector around the core race walker, as 

depicted in Figures 9b, 10b and 11b. These figures illustrate the streamlines in the double optimal 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 June 2023                   doi:10.20944/preprints202306.1872.v1

https://doi.org/10.20944/preprints202306.1872.v1


 12 

 

double drafting formation, showing the airflow's shielding effect by the front race walker. Figure 9b 

clearly indicates a notable decrease in the velocity in front of the core race walker compared to Figure 

9(a), resulting in reduced kinetic energy of the incoming flow. As a consequence, the core race walker 

experiences less impact and lower pressure at the front. From Figures 10b and 11b, it can be found 

that only a small portion of the incoming airflow passes directly 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 degree of convergence of the diverted airflow primarily depends on the velocity 

of the air on both sides, where higher velocity leads to lower pressure and slower convergence. As a 

result, the core race walker experiences reduced impact from the airflow, leading to lower pressure 

on the front surface of the core walker. Furthermore, Figure 12b 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 rear turbulence and vortex, thereby 

increasing the pressure of the rear pressure regions. 

 

Figure 9. 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. 

 

Figure 10. 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 11. Velocity vector diagram of 0.2m 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. 

 

Figure 12. Speed contour of 0.1m 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. 

The analysis of the flow field in the optimal double drafting formation indicates that, to achieve 

enhanced drag reduction, it is crucial to minimize the number and velocity of incoming airflow that 

impact on the core race walker. On one hand, it is essential to minimize the airflow that directly 

impact the core race walker through the gaps between the front race walkers. On the other hand, 

delaying the convergence of the airflow on both sides is necessary to mitigate the impact. 

The optimal triple drafting formation builds upon the optimal double drafting formation by 

adding another race walker behind the core race walker. This addition further enhances the drag 

reduction effect, reaching a level of 72%. Figure 7c also reveals a further reduction in front pressure 

and an increase in back pressure of the core race walker compared to Figure 7b, resulting in a 

decreased of the front and rear pressure difference. Figures 8a–c illustrate that the front chest pressure 

coefficient of the core race walker is 0.01, while the rear chest pressure coefficient is -0.17. This yields 

a pressure difference of 0.18, which is 1.32 lower than that race walking alone and 0.59 lower than 

race walking in double drafting formation. Figure 9c shows a further decrease in the velocity in front 

of the core race walker. Figures 10c and 11c provide illustrations of backflow occurring when the 

airflow impacts the rear race walker, resulting in a delay in the inward convergence of the airflow. 

These factors further reduce the impact of airflow on the core race walker. Simultaneously, the 

continued reduction in the number and velocity of airflow impacting the core race walker leads to a 

decrease in the rear air speed, as depicted in Figure 12c. This further diminishes the formation of rear 

turbulence and vortex, increases the pressure coefficient at the rear, and reduces the pressure 

difference between the front and rear.  
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The optimal quadruple drafting formation is derived from the optimal double drafting 

formation by adding a race walker to both the left front and right front of the front race walker, 

forming a V shape. This addition significantly enhances the drag reduction effect, resulting in a drag 

reduction rate of 85%. Comparing Figure 7d,c, it can be observed that the optimal quadruple drafting 

formation exhibits a further reduction in the pressure in front of the core race walker compared to 

the optimal triple drafting formation, while the rear pressure remains relatively unchanged. Figure 

8d shows the lowest pressure difference between the front and rear chest among all drafting 

formations, with a value of -0.06. Figure 9d reveals that the presence of race walkers on both sides in 

front of the V-shaped formation results in increased air velocity on both sides of the front race walker. 

Consequently, the pressure difference between the airflow on both sides and the inner side decreases 

as shown in Figure 10d. This delay in the inward convergence of the airflow further mitigates the 

impact of the core race walkers on the airflow, compared to Figure 10c. However, since the optimal 

triple and quadruple formations both achieve good drag reduction, the differences between Figure 

11c,d and Figure 12c,d are small and cannot be visually seen from the images. To provide a more 

detailed explanation regarding the impact of airflow on drag reduction, the velocity in Figure 11 and 

Figure 12 is further quantified. The average speed of the velocity vector in Figure 11c is 3.29, whereas 

the average speed in Figure 11d is 2.97, confirming a lower airflow impact in optimal quadruple 

drafting formation. The average velocity in both Figure 12c,d is 4.08, indicating a small difference in 

reducing the formation of rear turbulence and vortices. Therefore, the difference in the rear pressure 

coefficient between the optimal triple and quadruple drafting formations is small. The pressure 

difference between the front and rear chest is -0.06, which is the lowest among all drafting formations.  

The analysis of 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 core race walker against the aerodynamic drag, the basic 

kinematic equations and an empirical mathematical model of mechanical power output are utilized. 

Cavagna conducted experiment with race walkers on a force platform to establish an empirical model 

of mechanical power output [30]. This model considers the power generated by moving the center of 

mass, limb movement, and the work done to overcome aerodynamic drag, enabling the expression 

of mechanical power output. 𝑃𝑅 = (9.42 + 4.73𝑣 + 0.266𝑣1.993) 4.1868𝑚60 + 𝑃𝑎𝑒𝑟𝑜, (6) 

where 𝑣  is the speed, 𝑃𝑅  is the mechanical power output, 𝑃𝑎𝑒𝑟𝑜  is the work done to overcome 

aerodynamic drag, 𝑚 is the mass of the core race walker. 

The formula for overcoming the work done by aerodynamic drag is 𝑃𝑎𝑒𝑟𝑜 = 𝐹𝑎𝑟𝑒𝑎 · 𝑣, (7) 

where 𝐹𝑎𝑟𝑒𝑎 is aerodynamic drag. 

The metabolic power 𝑃𝑚𝑒𝑐ℎ can be expressed as: 𝑃𝑚𝑒𝑐ℎ = 𝑃𝑅𝜖 , (8) 

where 𝜖 is the metabolic efficiency and 𝜖 = 0.67 when the speed is 6𝑚/𝑠 [31]. 

The sport economy 𝑅𝐸 can be expressed as [31].  𝑅𝐸 = 𝑃𝑚𝑒𝑐ℎ𝑚 , (9) 

In accordance with the drag coefficient calculations presented in Section 2.3, the work done by 

aerodynamic drag 𝑃𝑎𝑒𝑟𝑜, the mechanical power 𝑃𝑅, the mechanical power 𝑃𝑚𝑒𝑐ℎ, and sport economy 𝑅𝐸 of core race walker in different drafting formations are computed utilizing equations (7)-(10), as 

depicted in Table 3. 
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Kipp observed that in high-level racing events, speed increases with 𝑅𝐸, as shown in Figure 13 

[31]. When 𝑅𝐸 increased by 3% relative to the 2:04:00 time of the Berlin Marathon in 2015, 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. 

Figure 13 indicates that at a speed of 4m/s, an increase in 𝑅𝐸 by 1% corresponds to a 0.82% 

increase in speed. According to Table 3, the optimal double, triple, and quadruple drafting formations 

result in ∆𝑅𝐸 increases of 4.4%, 4.9%, and 5.7%, respectively, compared to race walking alone. Table 

4 presents the speed and performance of the core race walker in the optimal formations with different 

numbers of race walkers in the 20km race walking competition after improving the sports economy. 

Based on the ∆𝑅𝐸 in Table 3, 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 

173.8s (3.48%), 193.5s (3.87%), and 223.3s (4.47%). 

 

Figure 13. Percentage increase in operating speed after the improvement of operating economy [31]. 

Table 2. Aerodynamic power 𝑃𝑎𝑒𝑟𝑜 , mechanical power 𝑃𝑅 , metabolic power 𝑃𝑚𝑒𝑐ℎ  and sports 

economy 𝑅𝐸 of core race walker in optimal drafting formations. 

Drafting formations 𝑭𝒂𝒓𝒆𝒂(𝑵) 𝑷𝒂𝒆𝒓𝒐(𝑾) ∆𝑷𝒂𝒆𝒓𝒐 𝑷𝑹(𝑾) ∆𝑷𝑹 𝑷𝒎𝒆𝒄𝒉(𝑾) 𝑹𝑬(𝑾/𝒌𝒈) ∆𝑹𝑬 

Race walking alone 7.5 45  675.3  1007.9 16.47  

Double formation 2.6 15.6 65% 645.9 4.4% 964.0 15.75 4.4% 

Triple formation 2.1 12.6 72% 642.9 5.1% 959.6 15.67 4.9% 

Quadruple formation 1.1 6.6 85% 636.9 5.7% 950.6 15.53 5.7% 

Table 3. The speed and performance of core race walker in optimal drafting formations in the 20km 

race walking competition after improving sport economy. 

Optimal drafting 

formations 

Speed after 

improving sport 

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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5. Conclusions 

This study utilizes wind-tunnel experiment and CFD numerical simulation to investigate the 

drag reduction impact of different drafting formations. The main conclusions can be drawn as 

follows: 

1) Combining the wind-tunnel and CFD results, it is found that the difference in drag between 

the two methods was 18% for race walking alone. A comprehensive analysis of the error reveals that 

the discrepancy in body shape plays a crucial role in causing the drag difference. The disparity in 

drag calls for the identification of a novel evaluation index to evaluate the consistency between the 

results obtained from CFD simulation and wind-tunnel experiments. Therefore, the drag reduction 

rate is further evaluated, revealing a difference of less than 10% between the two methods, which 

confirms the reliability of the CFD simulation results. Interestingly, it is the spacing between the race 

walkers, rather than the variation in body shape, is the most influential factor affecting drag 

reduction.  

2) The drag reduction of 15 different drafting formations is evaluated using both CFD simulation 

and wind-tunnel experiment. Our findings indicate that the optimal drafting formations are 

consistent with different numbers of race walkers in both CFD and wind-tunnel experiment. The core 

race walker experiences drag reductions of 67%, 66%, and 81% in double, triple, and quadruple 

formations in wind-tunnel experiment, and 65%, 72%, and 85% in CFD simulation. The utilization of 

CFD analysis to investigate drafting formations in race walking reveals 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. 

3) 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 sport economy, speed, and performance. The results 

indicates that, compared to race walking alone, the core race walker in the optimal double, triple, and 

quadruple drafting formations experienced improves sport economy of 4.4%, 4.9%, and 5.7%, 

increases speed by 3.61%, 4.03%, and 4.67%, and enhances performance by 173.8s (3.48%), 193.5s 

(3.87%), and 223.3s (4.47%). 

Furthermore, race walkers share similar body shape and speed (4-6 m/s) with marathoners and 

middle-distance runners, resulting in a Reynolds number range of 6-8×105. 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. 

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 and body shape on drag 

reduction. To overcome this limitation, future research could employ CFD simulation to investigate 

drafting formations with different spacing and analyze how race walkers with diverse body shapes 

impact drag reduction. 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. 
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