Guillaume Polidori 
  
Fabien Legrand 
  
Fabien Bogard 
  
Farouk Madaci 
  
Fabien Beaumont 
  
Numerical Investigation of the impact of Kenenisa Bekele's cooperative drafting strategy on its running power during the 2019 Berlin marathon

In this paper we examined the aerodynamic drag and the resulting decrease of power output associated with the drafting positions used by Kenenisa Bekele at the 2019 Berlin marathon.

Examination of videos of the race revealed three different positions adopted by Bekele directly behind a frontline of three runners. These drafting positions were numerically studied using CFD simulations performed with the RANS equations and the SST k-ω model.

Depending on his position behind the pacers, our analyses indicated that Bekele's drafting strategy resulted in reductions of 38.5% to 57.3% of the drag resistance and aerodynamic power. In terms of metabolic power, Bekele's drafting positions yielded an estimated 1.91% to 2.84% reduction compared to the calculated metabolic power of 1427.89 W (or equivalent metabolic power relative to body mass of 25.50W/kg) that Bekele would have developed if he had run alone at the same speed of 5.75 m.s -1 .

INTRODUCTION

Widely used in sports such as cycling, open-water swimming, speed skating, cross-country skiing and triathlon [START_REF] Belloli | Drafting effect in cycling: Investigation by wind tunnel tests[END_REF][START_REF] Bilodeau | Effect of drafting on heart rate in cross-country skiing[END_REF][START_REF] Bilodeau | Effect of drafting on work intensity in classical cross-country skiing[END_REF]Blocken et al., 2013a;[START_REF] Brisswalter | Consequences of drafting on human locomotion: benefits on sports performance[END_REF][START_REF] Chatard | Drafting distance in swimming[END_REF][START_REF] Hagberg | The effects of drafting[END_REF][START_REF] Hausswirth | Effect of two drafting modalities in cycling on running performance[END_REF][START_REF] Millet | Effects of drafting on energy expenditure in in-line skating[END_REF][START_REF] Rundell | Effects of drafting during short-track speed skating[END_REF][START_REF] Silva | Analysis of drafting effects in swimming using computational fluid dynamics[END_REF][START_REF] Zouhal | Drafting's Improvement of 3000-m running performance in elite athletes: is it a placebo effect[END_REF], drafting in running is a strategy used in most long distance world record attempts such as marathons. In such competitive events, the term "drafting" describes the tactic of performing the activity in sheltered position, behind one or several pace-setters. It serves a dual purpose of reducing the mental effort required to (1) set and (2) monitor a challenging pace [START_REF] Renfree | The influence of collective behaviour on pacing in endurance competitions[END_REF].

Conserving energy is another advantage that has been associated with drafting because it can decrease air resistance, provided that the runner maintains his/her position in the close wake of those in front of him [START_REF] Kyle | Reduction of Wind Resistance and Power Output of Racing Cyclists and Runners Travelling in Groups[END_REF][START_REF] Zouhal | Drafting's Improvement of 3000-m running performance in elite athletes: is it a placebo effect[END_REF][START_REF] Barry | Aerodynamic drag interactions between cyclists in a team pursuit[END_REF][START_REF] Beaumont | How does aerodynamics influence physiological responses in middle-distance running drafting?[END_REF]. But, as illustrated by the two sub-2 hours marathon attempts by Eliud Kipchoge (Nike Breaking 2 event, Monza, May 2017 and Ineos 1:59 challenge, Vienna, October 2019), drafting advantage may vary depending on where the runner stands within the pack of leading runners. In his first attempt (Monza, 2017), Kipchoge was surrounded at all times by teams of seven pacemakers to minimize air resistance, with six forming an arrowhead in front of him and one more behind him. In the second event (Vienna, 2019), the aerodynamic pattern of the group was different with five pacers forming an inverted arrowhead in front of him, and two additional runners behind him.

The comparison of various drafting configurations in running for the reduction of energetic costs has been only poorly examined in the literature. As one of the pioneer investigators, [START_REF] Pugh | Oxygen intake in track and treadmil running with observation on the effect of air resistance[END_REF][START_REF] Pugh | The influence of wind resistance in running and walking and the mechanical efficiency of work against horizontal or vertical forces[END_REF] runde showed that at a speed of 4.46 m.s -1 and against a 6 m.s -1 wind, 80% of the oxygen cost of overcoming air resistance was eliminated by running 1 m behind another runner, resulting in a 6.5% reduction in VO2 [START_REF] Pugh | The influence of wind resistance in running and walking and the mechanical efficiency of work against horizontal or vertical forces[END_REF]. Later on, Kyle [START_REF] Kyle | Reduction of Wind Resistance and Power Output of Racing Cyclists and Runners Travelling in Groups[END_REF] found that energy consumption decreased about 2%-4% in middle and long distances for runners behind a group, leading to an increase of their running speed of about 0.1 m.s -1 . [START_REF] Zouhal | Drafting's Improvement of 3000-m running performance in elite athletes: is it a placebo effect[END_REF] have assessed the influence of drafting on a 3,000 m running performance within a sample of ten elite athletes. They observed that runners who drafted just behind two pacers completed the 3,000 m 1.59% faster than leading runners, corresponding to an average gain of 8.85 s over this middle distance. More recently, [START_REF] Beaumont | How does aerodynamics influence physiological responses in middle-distance running drafting?[END_REF] investigated the relationships between aerodynamic parameters (computer simulations) and physiological responses (experiments) to a submaximal exercise (1,000 m at 5.83 m.s -1 on an indoor running track) in an international level middle-distance runner who ran in two conditions (solo or in drafting position behind two pace-setters). The results indicated that compared to running solo, running in the aerodynamic shadow of two other runners resulted in reduced frontal drag area (-33%), which translated into decreased oxygen consumption (-6%), heart rate (-1%) and energy cost (-33%). There are, to our knowledge, no other reported studies on the influence of drafting in an elite long-distance runner from an aerodynamical perspective. Consequently, using a Computational Fluid Dynamics (CFD) code, the present study offers an analysis of the aerodynamic drag forces on the front face of Kenenisa Bekele at the 2019 Berlin marathon, where he clocked a time of 2:01:41. Kenenisa Bekele established his performance using a negative-split strategy, meaning that the second half of the race was executed at a faster pace than the first one (1:01:05 in the first half for an average speed of 5.75 m.s -1 and 1:00:36 in the second half for an average speed of 5.80 m.s -1 ) (Figure 1). This means that taking advantage of aerodynamics can lower the mechanical cost of the first part of the race, and be beneficial later on. At the Berlin 2019 marathon, Bekele benefited from the presence of pacers up to the 25th kilometer because only a very limited number of runners in the world can maintain this pace beyond this distance. As can be seen in the full video of the race (https://www.youtube.com/watch?v=vL_5YYpLPig) Bekele was assisted by 3 pacers positioned side-by-side along a frontal axis to form a kind of aerodynamic shield. It can be noted that Bekele did not maintain a fixed position behind the pacers' line. Actually, three privileged positions have been identified after thoroughly watching the video: (1) behind one of the lateral pacers, (2) between the two lead runners, or

(3) behind the central pacer.

The objective of the present study was to determine the aerodynamic drag forces exerting on Kenenisa Bekele in each of these three drafting configurations and to quantify the resulting improvements in terms of running economy compared to the situation where Bekele ran solo 

NUMERICAL SETUP

A computational fluid dynamics study requires several distinct steps including the validation of the studied geometry as well as the computational domain that represents the area to be studied around the geometry. The simplified geometry of the runner's body in the running position has been designed using CAD software (Solidworks®), 3D printed and 3D scanned.

The CAD geometry was subsequently adapted to Bekele's body size. In order to focus only on the influence of a drafting position change on the aerodynamic parameters, the same CAD geometry was used for modeling Bekele and its pacers. Once the geometry defined, the virtual runners were disposed within a computational domain (Figure 2) the dimensions of which (i.e., 3 m upstream and on each side of the runner, 2.5 m above the runner's head and 10 m downstream the runner) were chosen according to the best practice guidelines [START_REF] Franke | Best practice guideline for the CFD simulation of flows in the urban environment[END_REF]. More detailed Information about geometry and computational domain are given in appendix1.

A careful examination of the video of the race during the first half-marathon showed that Bekele remained at an average distance of 1.3 m behind the front line of the three pacers. This distance can be judged to be "acceptable", though not optimal to fully benefit from the drafting effect [START_REF] Pugh | Air resistance in sport[END_REF]. However, this strategy allowed Bekele to be located in the aerodynamic shadow (i.e., area of adverse pressure gradients) of the leading pacers while decreasing the risk of falls due to tripping. The numerical simulations were therefore performed with this distance of 1.3 m between the pacer's back and Bekele's chest whereas the lateral distance from shoulder to shoulder was set to 0.3 m. Figure 2 [START_REF] Menter | Zonal Two Equation k-ω Turbulence Models for Aerodynamic Flows[END_REF]. Detailed CFD methodology is available in appendix 1.

CFD VALIDATION

Since no comparison of the numerical results could be made with the results obtained in a wind tunnel to validate the numerical procedure, the validation was carried out with the limited experimental data from the literature for a single runner, particularly with regard to the drag coefficient. [START_REF] Hill | The air-resistance to a runner[END_REF] demonstrated that the drag coefficient of a runner was 0.9, while Davies found that this value ranged from 0.82 to 0.91. [START_REF] Walpert | Aerodynamics of the human body in sports[END_REF] found that the drag coefficient of a runner was 0.79. More recently, [START_REF] Gourley | Faster: demystifying the science of triathlon speed[END_REF] reported that the drag coefficient of a runner ranged from 0.8 to 0.9 depending on speed and runner's frontal area.

The CFD value of 0.812 in the present numerical study is found to be consistent with the range of experimental drag coefficients reported in the literature.

RESULTS

We aimed at identifying all the aerodynamic drag forces involved in the various drafting configurations used by Kenenisa Bekele. We were especially interested in the changes in the distribution of pressure on Bekele's body as well as in his surroundings. In aerodynamics, drag is intrinsically related to the distribution of pressures around and in the wake of the runners [START_REF] Pugh | The influence of wind resistance in running and walking and the mechanical efficiency of work against horizontal or vertical forces[END_REF]. The pressure coefficient can be used to predict the fluid pressure at different locations. The pressure coefficient is defined as follows:

= 2

(2)

where is the static pressure, the reference static pressure (i.e. the atmospheric pressure)

and , the speed of the body through the fluid (m.s -1 ).

Figure 3 represents the pressure coefficient Cp distribution in a horizontal plane passing through the torso of the runners as well as on the whole-body surface of the drafting runner for each investigated position.

In order to better highlight changes in the pressure field, we have arbitrarily limited the color bar range even if the maximum and minimum absolute Cp values are much larger. Only the extreme Cp values relating to the drafting runner are given in Figure 3(a). Figure 3(a) clearly

shows the area of overpressure in front of the studied trailing runner and the area of underpressure behind him. Whatever the drafting position and compared to the isolated runner, there is a decrease in the extend of both overpressure and underpressure areas, yielding to a drag reduction of the trailing runner. A similar trend has been mentioned by Blocken et al. (2013b) for drafting in cycling. The best configuration is when the drafting runner is sheltered behind the central pacer, followed by the one behind a lateral runner. The worst of these 3 situations is the one where Bekele is between two leading pacers. This is confirmed by the mentioned values of Cp in Figure 3(a).

Consider, for example, the situation where Bekele is behind the middle pacer. In the study section passing through the runner's torso, it is locally observed a significant decrease in the maximum Cp value in front of the runner of about 95%, from Cp=1.0 when running solo to Cp=0.05 behind the middle pacer. A contrario, in this same study section, on the runner's back negative Cp values range from Cp=-0.56 to -0.24 for the same situations corresponding to a 57% difference. Obviously, what is preponderant is the gradient of this parameter between the front and the back of the runner to suggest a reduction in energy costs. [START_REF] Pugh | The influence of wind resistance in running and walking and the mechanical efficiency of work against horizontal or vertical forces[END_REF] had also described similar results by showing that the pressure differential was significantly reduced by running shielded in the wake of another runner, all runners starting from second position benefiting from a reduction in the absolute value of the overpressure in front of them as well as in the absolute value of the low-pressure behind them. Whatever the drafting configuration, the frontal surface pressure is always higher than the freestream static pressure as shown in Figure 3b. However, the comparison of all three configurations reveals that the observation of a transverse plane passing through the runner's torso (Figure 3a) can be largely transposed to the entire body. It is also important to note that drafting not only reduces the aerodynamic forces exerted on the draft runner (i.e. Bekele) but also that of the pacer [START_REF] Beaumont | How does aerodynamics influence physiological responses in middle-distance running drafting?[END_REF]. Thus, a pacer will also benefit from the positive effect of drafting because it will decrease his/her energy expenditure and will therefore push him/her forward in the race. This positive effect was also evidenced in other sports such as cycling [START_REF] Fitton | The impact of relative athlete characteristics on the drag reductions caused by drafting when cycling in a velodrome[END_REF]. If we compare the three drafting configurations, a clear-cut distinction can be made between the configuration in which the trailing runner is located between two leading pacers (Figure 4b) and those where he is sheltered directly behind one of the leading runners (Figures 4c andd). In the first case, Bekele does not benefit from the aerodynamic shelter formed by the wake of the runners in front of him. He must fight against rectilinear air displacement between the bodies of leading pacers as if he were alone, as shown in Figure 4a. The other two drafting configurations (Figures 4c andd) are the most beneficial from an aerodynamic point of view.

Air-flow behavior around

Indeed, in these drafting configurations, Bekele stands within the wake of the leading one, benefiting from the area of adverse pressure, which translates into higher running economy.

Several factors have to be considered when estimating the air resistance forces, or aerodynamic drag, on a runner [START_REF] Davies | Effects of wind assistance and resistance on the forward motion of a runner[END_REF]. The force experienced by a body moving through air is, roughly speaking, proportional to the kinetic energy in the air intercepted by the body. Aerodynamic drag FD (N) varies as a function of the dimensionless drag coefficient (CD), the frontal surface area A (m²), the air density (kg.m -3 ) and the approach flow velocity u (m.s -1 ).

=

(3)

The aerodynamic drag force FD is inferred from CFD calculations and the frontal area A (m²) of runner's body determined by equation ( 1).

The power required to overcome the aerodynamic drag is given by the following formula:

= × = (4) 
Table 1 summarizes the various calculated aerodynamic parameters of the study that Bekele had to provide to fight air displacement for the different adopted drafting positions, as well as the aerodynamic power from equation ( 4 Results in table 1 perfectly reflect the fact that maintaining an optimal aerodynamic shelter position could have a positive impact on energy savings. Computer simulations showed that running solo resulted in an aerodynamic drag force of 7.77N acting on the runner, whereas this value was reduced to 3.32N in the best drafting position, which represents a gain of 57.3%. The aerodynamic power being proportional to the drag force, the same percentage gain of 57.3% is attributed to the aerodynamic power, varying from 44.69 W running solo to 19.15 W when optimally protected.

DISCUSSION

From an aerodynamic perspective, running directly behind the central leading pacer offers to the drafting runner the maximum reduction of air resistance. This can be explained in reference to phenomena associated with boundary layer flows. That is, the turbulent wake generated by the leading pacer imposes free-stream turbulence on the boundary layer of the trailing runner. This produces early transition from laminar to turbulent flow in its own boundary layer, the consequence of which is a downstream shift in the position of boundary layer separation. The more the drafting runner is sheltered, the more the separation lines at his body surface move downstream, inducing a reduction in wake spreading. The notion of runner-dependent aerodynamic power may seem complex and obscure to coaches or athletes, who are more familiar with the concept of mechanical and metabolic power outputs.

CFD simulations do not allow for a direct estimation of mechanical power. Derived from gold-standard measurements of power output in running by [START_REF] Cavagna | Mechanical work and efficiency in level walking and running[END_REF], the absolute mechanical power output taking into consideration the work to move the center of mass and to swing the limbs, plus the aerodynamic work can be expressed as = 9.42 + 4.73 + 0.266 .&& + ' (. )(

Where Pmecha is expressed in cal/(kg.min), u in km/h, m in kg and Paero is given in Table 1.

Total mechanical power output can be seen as the sum of running-induced mechanical power and aerodynamic power. Bekele having a mass of 56kg (https://www.sportsreference.com/olympics/athletes/be/kenenisa-bekele-1.html), the total mechanical power (including aerodynamic power) at a running speed of 20. From this it also appears that the contribution percentage of aerodynamic power to Pmecha is more than two times less in the most economical drafting configuration (2.19%) compared to running solo (4.97%). Interestingly, it can be noted that in the best drafting position a maximum gain of 57.3% on the aerodynamic power leads to a maximum gain of 2.84% on the total mechanical power.

These values are consistent with findings by [START_REF] Kyle | Reduction of Wind Resistance and Power Output of Racing Cyclists and Runners Travelling in Groups[END_REF], which highlighted that while air resistance is responsible for most of the power output in cycling (80%-90%), its impact is considerably lower in running.

The metabolic power is defined as the ratio between mechanical power and efficiency of locomotion. In [START_REF] Cavagna | Mechanical work and efficiency in level walking and running[END_REF], the efficiency of locomotion for a running speed of 20.7 km/h can be read to be 0.63 (see Figure 3 p. 475). Accordingly, the metabolic power can be predicted to range from 1427.89 W (i.e., 25.50W/kg) when running alone to 1387.35W (i.e 24.77, W/kg) when running behind the middle pacer (best drafting position). This metabolic power reduction of 40.54W (or 0.72 W/kg) also corresponds to a 2.84% gain. This also clearly shows that, in the absence of wind, deviating from the best drafting configuration leads to a reduction in energy gains, from 2.84% to 1.91% when the runner is located between two pacers. For sake of clarity, complete results on mechanical power and metabolic power are presented in Table 2. To complete these results, is also presented in Table 2 an Chris Boardman (holder of the cycling world hour record), produced an average mechanical power output of 442W (6.31W/Kg) for 60 min when he set the benchmark of 56.375 km [START_REF] Jeukendrup | The bioenergetics of world class cycling[END_REF]. Considering an efficiency of 0.25 [START_REF] Di Prampero | Cycling on Earth, in space, on the Moon[END_REF], Boardman performed his record with a high intensity metabolic power of 25.25 W/kg during one hour, slightly lower than Bekele's (25.50 W/kg) if he had to run alone during the first part of his marathon race, showing energy costs of the same order of magnitude.

The present study which explored the impact of aerodynamics on metabolic power paves the way for future investigations. For example, aerodynamic power is known to strongly depend on aerodynamic frontal area, which is anthropometry-dependent. A logical implication would be that smaller runners, because of a lower aerodynamic frontal area, would be more efficient in long-distance races. Compiling internet resources with print articles it appeared that the mean height for K. Bekele and the last five world record holders (E. Kipchoge, D. Kimetto, W. Kipsang, P. Makau, H. Gebreselassie) is 168 cm (standard deviation = 3.2 cm). Such relatively low values can be taken to support our assumption, but future studies are needed to further support this conjecture.
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  second half of the race). *****************************Figure 1 here***********************************

  shows the four different situations under investigation. For the reference case simulating non-drafting conditions, Bekele is running alone (a). The other cases are studied in a drafting situation, where Bekele is located in the wake of the lateral left pacer (b), between two pacers (c) and behind the central one (d). Note that with no crosswind conditions, running behind the left or right lateral pacer is similar. *****************************Figure 2 here*********************************** A constant and uniform horizontal speed (5.75 m.s -1 or 20.70 km.h -1 ) was used at the entrance of the fluid domain, corresponding to Kenenisa Bekele's average running speed during the first part of the race (distance 25 km; time 1:12:30). Simulations were performed using ANSYS Fluent © 2019 R3 CFD code. The SST k-ω model was used to solve the 3D Reynolds Averaged Navier-Stokes (RANS) equations

*

  ****************************Figure 3 here***********************************

  Kenenisa Bekele is displayed in Figure 4 (streamline patterns colored by velocities). For each drafting configuration, streamlines are presented in the runner's sagittal plane. The wake downstream of the runner representing Bekele is clearly visible. *****************************Figure 4 here***********************************

  ) and deduced corresponding power gain. *****************************Table 1 here***********************************

  estimation of the metabolic power developed by C. Boardman in cycling, during his world hour record in 1996. *****************************Table2 here***********************************

  

  7 km/h in non-drafting conditions can be estimated at Pmecha = 230.36 cal/(kg.min) or, expressed in W/kg, at Pmecha =

	16.06W/kg.	Bekele	having	a	mass	of	56kg	(https://www.sports-
	reference.com/olympics/athletes/be/kenenisa-bekele-1.html),	the	absolute	estimated
	mechanical power output results in Pmecha = 899.57 W when he is not in drafting position.
	Looking at our estimations for aerodynamic power presented in Table 1, Pmecha can be split as
	follows: 854.88W for running-induced mechanical power, and 44.69 W for aerodynamic
	power when running solo.						
	Since the different drafting strategies were run at the same speed of 20.7 km/h, it is assumed
	that the running-induced mechanical power was similar regardless of the drafting position and
	that only the aerodynamic power differed. Referring to Table 1 again, it can be deduced that
	Bekele's total mechanical power in drafting positions ranged from 874.03 W in the best
	drafting configuration (854.88 + 19.15) to 882.34 W between two pacers (854.88 + 27.46).

LIMITATIONS

The results reported here should be interpreted in the context of several limitations. First of all, the runner geometry used in this numerical study has been simplified and does not consider anthropometric differences between runners and pacers that could affect aerodynamic drag values. In addition, the CFD calculations were performed in a static position that did not consider the body's movement while running. Finally, this study was conducted in a windless environment.

CONCLUSION

This study represents an original effort to deepen our understanding of the aerodynamic drafting strategies used in marathons. Based on the negative-split strategy adopted by Kenenisa Bekele during the 2019 Berlin marathon, we numerically highlighted that the appropriate choice of sheltered position behind a front-line of three pacers allowed him to gain up to 57.3% in drag and deduced aerodynamic power. In terms of metabolic power, Bekele's drafting positions yielded an estimated 1.91 % to 2.84 % reduction compared to the calculated metabolic power of 1427.89 W (or equivalent metabolic power relative to body mass of 25.50 W/kg) that Bekele would have developed if he had run alone at the same speed of 20.7 km/h (i.e., 5.75 m.s -1 ).
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Appendix 1: CFD methods

GEOMETRY

It is worth noting that for simplification purposes, the runner is considered as a static body in the computation process. In such a case, the running movements of the arms and legs are not modelled. However, cycling studies have shown that leg movement has a negligible influence on the aerodynamic forces acting on the cyclist/bicycle system [START_REF] Crouch | Dynamic leg-motion and its effect on the aerodynamic performance of cyclists[END_REF]. Based on this finding, we assume that this is also true for running. An accurate estimation of the frontal area of the runner is required to calculate the correct values of force-coefficients. It is possible to estimate Bekele's frontal area from its anthropometric data (https://www.sportsreference.com/olympics/athletes/be/kenenisa-bekele-1.html) using the following relationship [START_REF] Vaughan | Simulation of a sprinter. Part I. Development of a model[END_REF]):

A is the projected frontal area (m²) which is estimated at 0.475 m², H is the runner's size (1.65 m) and M the runner's weight (56 kg). The value of the projected frontal area deduced from equation ( 1) is in accordance with the results obtained with CAD software (Solidworks ® ).

COMPUTATIONAL DOMAIN AND GRID

The boundary layer mesh requires a very fine mesh near the wall to fully resolve the viscous/laminar sublayer. In order to correctly reproduce the boundary layer separation, an inflation layer composed of 40 layers of incremental thickness (growth ratio: 1.2) was generated around the body wall. To achieve a Y* value of less than 1, necessary for accurate boundary layer resolution, the size of the cells adjacent to the wall around the runner's body has been set to a value of 10 μm. The three-dimensional grid was generated using the ANSYS Workbench Meshing ® software and is composed of prism layers for inflation in the near-wall region and tetra elements in the free-stream. The average size of the mesh elements in the computational domain around and in the wake of the runners is 0.05 m. The mesh for the runner alone is made up of about 33 million cells, whereas it has nearly 67 million cells when there are 4 runners.

BOUNDARY CONDITIONS AND CFD SIMULATIONS

A turbulence intensity of 0.5% was chosen according to wind-tunnel experiments [START_REF] Inoue | Wind-tunnel experiment on aerodynamic characteristics of a runner using a moving-belt system[END_REF]. At the outlet, a pressure outlet condition with ambient static pressure was imposed, and the mass conservation law (all the gradients equal zero) was applied. A symmetry condition was imposed on the upper and side surfaces of the fluid domain. An air density of 1.219 kg/m 3 was used as a reference value for CFD calculation. The latter corresponds to the average temperature and humidity (14.8°C and 77.6% RH) recorded in Berlin during K.

Bekele's running time (https://www.infoclimat.fr/observationsmeteo/archives/29/septembre/2019/berlin-tegel/10382.html).

Focusing primarily on the aerodynamic forces acting on the runner's body, it was necessary to find a compromise between the computation cost and the accuracy of the findings. So, we performed a first calculation with the two methods RANS (Reynolds Averaged Navier-Stokes) and URANS (unsteady RANS). The monitoring of the drag coefficient value throughout the calculation showed in Figure 3 that there were no significant differences in the value of the forces acting on the runner. Moreover, compared to the RANS method, the URANS method requires a significant computation time (65 h vs. 14 h for a calculation performed on 48 processors). We therefore used the RANS (Reynolds Averaged Navier- The coupled algorithm was used for pressure-velocity coupling with second-order discretization schemes and gradients which were computed using the Green-Gauss cell-based method. The SST k-ω turbulence model is a two-equation eddy-viscosity model that is used for many aerodynamic applications. This turbulence model is fully adapted for adverse pressure gradients and separating flow, hence perfectly suited for aerodynamic studies in the field of sports [START_REF] Blocken | Aerodynamic drag in cycling pelotons: new insights by CFD simulation and wind tunnel testing[END_REF][START_REF] Fintelman | CFD simulations of the flow around a cyclist subjected to crosswinds[END_REF]. To improve convergence criterion, the pseudo-transient under-relaxation approach was used with 300 time-steps of 0.01s. The drag coefficients were monitored all along the calculation process for each runner, and stable convergence of results was achieved when the values no longer varied over time.

When the calculation was stopped, the residuals showed values close to 1 × 10