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Introduction

Air pollution has become a major issue since it is responsible for several adverse health effects. Among pollutants, exposure to particle matter (PM) including ultrafine (UFP) and nanoparticles has been defined as particularly hazardous. It was shown (Oberdörster, 2001;[START_REF] Pope | Cardiovascular Mortality and long-term exposure to particulate air pollution[END_REF] that PM exposure increases the risks of cardiovascular and respiratory diseases. Particles size is strongly linked to their dangerousness. The smaller they are, the higher their deposition rate and their ability to penetrate respiratory and blood system are. Former studies carried out in underground train stations across the world revealed that particle concentration rates can reach higher levels than outdoor [START_REF] Braniš | The contribution of ambient sources to particulate pollution in spaces and trains of the Prague underground transport system[END_REF][START_REF] Kim | Spatial distribution of particulate matter (PM10 and PM2.5) in Seoul Metropolitan Subway stations[END_REF][START_REF] Kam | Particulate matter (PM) concentrations in underground and ground-level rail systems of the Los Angeles Metro[END_REF].Thus, commuting is one of the main contribution to daily personal exposure to particulate pollutants [START_REF] Chillrud | Elevated airborne exposures of teenagers to manganese, chromium and iron from steel dust and New York City's subway system[END_REF][START_REF] Knibbs | A review of commuters exposure to ultrafine particles and its health effects[END_REF][START_REF] Querol | Variability of levels and composition of PM10 and PM2.5 in the Barcelona metro system[END_REF]. Particles being in subway platforms are mostly ferruginous compounds. They are mostly emitted by friction between wheels and rail and by mechanical braking systems while trains are stopping at stations (Moreno et al, 2015;[START_REF] Airparif | Mesures de la qualité de l'air intérieur sur les quais du RER C en gare SNCF d'Austerlitz[END_REF]. However, most of the studies investigating PM levels was undertaken to monitor global PM rates inside stations rather than the exact contribution of each PM source. To achieve this goal, one approach consists in studying the particles dynamics from their emission to their complete dispersion. To date, little is known about wear particles dynamics inside train stations [START_REF] Octau | Etudes expérimentales et numériques d'un jet de particules : application au freinage ferroviaire[END_REF], while flow turbulence resulting from passing trains have a strong influence on PM levels at the platform [START_REF] Salma | Time-resolved mass concentration, composition and sources of aerosol particles in a metropolitan underground railway station[END_REF][START_REF] Querol | Variability of levels and composition of PM10 and PM2.5 in the Barcelona metro system[END_REF]. This work aims to increase our knowledge about particle dynamics issued from trains brake discs in the context of an underground station.

Then, the influence of the flow surrounding a train passing a station at low speed is investigated. Three three different particle sizes emitted from brakes are considered. Size ranges are fine particles (FP), ultrafine particles (UFP) and nano-sized particles (NSP), with mean diameters of 𝑑 𝑝 =2.5µm, 𝑑 𝑝 =0.8µm and 𝑑 𝑝 =0.07µm, respectively. The first two sets of particles have been identified by both published studies [START_REF] Olofsson | A study of airborne wear particles generated from a sliding contact[END_REF][START_REF] Olofsson | A study of airborne wear particles generated from the train traffic -Block braking simulation in a pin-on-disc machine[END_REF] and SNCF (French National Railways Company) tribology experiments. The exact diameter peaks in a Particle Size Distribution (PSD) depends on friction materials and sliding velocity. However, their order of magnitude remains the same. Concerning the NSP peak, it seems to be correlated with the temperature increase of materials resulting from the sliding contact [START_REF] Sundh | Wear rate testing to airborne particles generated in a wheel-rail contact[END_REF][START_REF] Namgung | Generation of nanoparticles from friction between railway brake disks and pads[END_REF].

To assess the particle dynamics for these three specific size ranges, three-dimensional numerical simulations are conducted using the commercial code Fluent 19.2. The Eulerian-Lagrangian approach is used allowing a fine tracking of particles in the flow around the rolling stock. The turbulent mean flow is computed using Unsteady Reynolds-Averaged Navier-Stokes (URANS) through the RNG k-ε turbulence model. Particles dispersion from disks brakes to the station is computed with the Discrete Phase Model.

Our methodology is described in the first part of this paper, followed by the results of flow computation. Train-induced flow influence on brake particle dispersion is discussed in the third section. This paper ends with our conclusions about regions of interested highlighted by the present study and perspective for further studies to assess properly particle dispersion in underground stations.

Methodology

Geometry and boundary conditions

This study is based on a full-scale SNCF Z20500 french commuter train (Figure 1a), which is widely used by this company for underground commuting. Computer-Aided Design (CAD) was achieved with the help of SNCF blueprints and existing partial CADs (Figure 1b). Although details such as ventilation units, pantographs or accessibility equipment are not considered, the main geometry is kept similar to the original. The full trainset is made of a front-end motor car, two trailer cars and a tail-end motor car. Model length, width and height are respectively 𝐿 𝑡 =98.76m, 𝑊 𝑡 =2.82m and 𝐻 𝑡 =4,32m. The train is located in an underground station with a 7.2m wide (including 0.3m overhang at both sides) and 0.6m high central platform, which is a common architecture for SNCF underground stations. Station length, width and height are 𝐿 𝑠 =240m, 𝑊 𝑠 =17.6m, 𝐻 𝑠 =6m. Rail width is extended to wheel thickness in order to simplify the contact between wheels and rails. The origin of the coordinate system is defined in the mid-plane of the platform, x=0 corresponds to the exit of the station (the nearest side from train's front-end) and z=0 at the bottom level of the track. Thus, in Figure 1b, point A is located at x=0m, y=0m, z=0.6m. A uniform velocity 𝑈 0 =12.5m.s -1 with a turbulent intensity of 10% are set at the inlet. This is supposed to be representative of the train approach speed in underground stations. The Reynolds number based on 𝐻 𝑡 is 3.10 6 . A zero gauge pressure is set at the outlet. No-slip condition in the direction of the flow is set to station's wall to avoid non-realistic boundary layer development induced by the freestream velocity. Stationary walls and no-slip conditions are set at train's surfaces. Time step is calibrated following [START_REF] Wang | The performance of different turbulence models (URANS, SAS, DES) for predicting high-speed train slipstream[END_REF] recommendations for high-speed train CFD using URANS as no studies has been found so far for low-speed train aerodynamics. With the boundary conditions above mentioned, 𝑇 𝑟𝑒𝑓 =𝐻 𝑡 /𝑈 0 , is about 0.35s. Thus, time step is set at 𝛥𝑡=0.05𝑇 𝑟𝑒𝑓 to ensure step independence [START_REF] Wang | The performance of different turbulence models (URANS, SAS, DES) for predicting high-speed train slipstream[END_REF]Niu et al., 2018).

Particles are generated for 8.5𝑇 𝑟𝑒𝑓 after 26𝑇 𝑟𝑒𝑓 single-phase computation to ensure the flow has advected more than the entire train length (22𝑇 𝑟𝑒𝑓 ) with a margin for the slipstream. No particle is generated from motor bogies, as there is no disc brake and one trailer bogie has been only considered. Both injection time and locations have been chosen to be in agreement with a reasonable computation time. The last trailer bogie has been chosen for particles injection to limit the number of time step required for the particles to reach the platform and the train wake flow. Injection time has been set to ensure a sufficient number of particles emitted with acceptable calculation cost. Total particle mass flow is based on former SNCF internal experiments for brake materials similar to those used for a Z20500 trainset. The mass flow for each particle size class is calibrated according to Olofsonn (2011) assuming all particles emitted from brakes are made of steel dust.

Meshing

Domain meshing is made of tetrahedral elements combined with fine element in terms of size at face conditions in order to capture geometry details of cars and bogies. Three different levels of refinement zones, summarized in Table 1, are used to ensure the accuracy of predictions in critical regions. Far field is meshed with relatively coarse elements, while the train near-wake zone has finer elements and bogies areas are the most refined. Inflation layers are used at all domain surfaces to capture the boundary layer development resulting from the flow induced by the train.

The mesh used for this study, shown in Figure 2 (a), (b) and (c), is within the requirement for medium refinement [START_REF] Wang | The performance of different turbulence models (URANS, SAS, DES) for predicting high-speed train slipstream[END_REF], which is the better compromise between computation cost and results accuracy. (2015) suggested that RNG k-ε model has a better behaviour than SST k-ω outside the boundary layer region. The RNG k-ε model was used for various studies of train's aerodynamics performances in tunnels [START_REF] Huang | A numerical study of the train-induced unsteady airflow in a subway tunnel with natural ventilation ducts using the dynamic layering method[END_REF][START_REF] Rabani | Numerical analysis of airflow around a passenger train entering the tunnel[END_REF]. In this work, the interaction between particles and wake coherent structures is investigated. Thus, the k-ε model combined to the Enhanced Wall Treatment were chosen to perform flow simulations.

Discrete phase simulation

Particle dispersion is simulated by tracking a large number of particles injected from discs brakes. The Lagrangian approach consists in computing each particle trajectory considering the forces acting on it. For submicron particles, Brownian motion has to be considered besides drag force [START_REF] Li | Dispersion and deposition of spherical particles from point sources in a turbulent channel flow[END_REF]. Within the size range investigated here, the influence of other forces such as Saffman lift force [START_REF] Wang | On the role of the lift force in turbulence simulations of particle deposition[END_REF], virtual mass force or pressure gradients [START_REF] Ounis | Analysis of dispersion of small spherical particles in a random velocity field[END_REF]) can be neglected. Thus, the particle instantaneous velocity 𝑢 𝑝 is given by equation (3):

𝑑𝑢 𝑝 𝑑𝑡 = 𝐶 𝐷 𝑅𝑒 𝑝 24𝜏 (𝑢 -𝑢 𝑝 ) + 𝐹 𝐵 (3)
Where, 𝐶 𝐷 is the particle drag coefficient, 𝑅𝑒 𝑝 the particle Reynolds number and 𝜏 the particle relaxation time defined in equation ( 4). The term 𝐹 𝐵 accounts for Brownian force. It is expressed in equation ( 6) as a white noise process, where 𝐺 is a zero mean, unit variance, normally distributed random number and 𝑆 0 the spectral intensity.

𝜏 = 𝑆𝑑 𝑝 𝐶 𝑐 18𝜈 𝑓 (4)

In equation ( 4), S is the particle-to-fluid density ratio, 𝜈 𝑓 the fluid kinematic viscosity and 𝐶 𝑐 the Stokes-Cunningham slip correction factor, which is computed from equation ( 5):

𝐶 𝐶 = 1 + 2𝜆 𝑑 𝑝 (1.257 + 0.4𝑒 -(1.1𝑑 𝑝 2𝜆) ⁄ ) ( 5 
)
Where 𝜆 is the mean free path of air, which is equal to 0.07µm [START_REF] Jennings | The mean free path of air[END_REF]. In the present case, 𝐶 𝐶 =1.07 for 𝑑 𝑝 =2.5µm, 𝐶 𝐶 =1.22 for 𝑑 𝑝 =0.8µm and 𝐶 𝐶 =3.98 for 𝑑 𝑝 =0.07µm.

𝐹 𝐵 = 𝐺 √ 𝜋𝑆 0 𝛥𝑡 (6)
Instantaneous flow fluctuations are the main mechanism for particle dispersion. However, by using URANS equations, instantaneous fields are not depicted. In order to take into account turbulent diffusion by flow fluctuating components, the Discrete Random Walk Model (DRW) combined with the Fluent Random Eddy Lifetime (REL) model is used. DRW is a stochastic method, which models the effect of instantaneous turbulent velocity fluctuations to track the statistical evolution of a cloud of particles, which successively encounters different eddies [START_REF] Gosman | Aspects of computer simulation of liquid-fueled combustors[END_REF]. Fluctuation velocities are given as:

𝑢 𝑖 ′ = 𝐺 √ 𝑢 𝑖 ′ 2 ̅̅̅̅ (7)
In equation ( 7 ̅̅̅̅ is assumed to be equal to 

𝜏 𝑒 = -𝑇 𝐿 ln (𝑟) (8) 
Here, 𝑇 𝐿 is the local turbulence Lagrangian time scale, which is equal to 0.15 𝑘 𝜀 [START_REF] Oesterlé | On Lagrangian time scales and particle dispersion modeling in equilibrium turbulent shear flows[END_REF] and 𝑟 a random number greater than zero and less than one [START_REF] Tian | Particle deposition in turbulent duct flows -Comparisons of different model predictions[END_REF]Fluent User's Guide, 2018). The interaction time of a particle with an eddy depends on the time taken for this particle to cross the eddy [START_REF] Gosman | Aspects of computer simulation of liquid-fueled combustors[END_REF] and is defined by equation ( 9):

𝑡 𝑐 = -𝜏 ln [1 -( 𝐿 𝑒 𝜏|𝑢 -𝑢 𝑝 | )] (9) 
Where 𝐿 𝑒 is the eddy length scale, |𝑢 -𝑢 𝑝 | is the magnitude of relative slip velocity.

Flow topology

Figure 3 presents a 2D (xy) vector map of the dimensionless velocity magnitude at the centreline of the train. It depicts the apparition of a recirculation zone in the near-wake of the train characterized by negative horizontal velocities. This structure has been formerly found at higher freestream velocities for trains with high roof angle and sharp-edged nose [START_REF] Weise | Slipstream velocities induced by trains[END_REF][START_REF] Bell | The effect of tail geometry on the slipstream and unsteady wake structure of high-speed trains[END_REF], which is a common design for commuter trains.

The recirculation length (𝐿 𝑟 ) corresponds to the length for which the sign of the streamwise velocity changes from negative to positive. In the present case, 𝐿 𝑟 is equal to 0.54𝐻 𝑡 at Z*=z/𝐻 𝑡 =0.37 (between the two vortices). The lowest value of the horizontal velocity component (𝑈 𝑥 /𝑈 0 )=-0.25 is recorded at a dimensionless distance 0.16𝐻 𝑡 downstream of the tail-end nose.

The maximum vertical velocity component (𝑈 𝑦 /𝑈 0 )=0.20 is found at Z*=0.19 and X*=x/𝐻 𝑡 =0.42 downstream of the tail-end. It is consistent with our former preliminary study in wind tunnel [START_REF] Durand | Particle dispersion from railway rolling stock: preliminary results from wind tunnel experiments and CFD[END_REF]. Scale effects and the presence of the bottom sleeve, which could not be reproduced at the scale used for our former wind tunnel study, may explain the differences. Figure 4 shows 2D maps (yz) of the dimensionless velocity magnitude in the wake of the last trailer bogies (where particles are injected) at 4 dimensionless distances X*. The first pair of brake discs is not visible here and is located just before the plane X*=26.8. The second pair can be seen at X*=27.2 between the wheels. The platform (not displayed) is at the left of the rolling stock. Our results point out an asymmetric flow around the bogie, influenced by the presence of the platform at the left side and the station wall at the right side. The presence of the platform affects the flow topology in its proximity and reduce the streamwise velocity component. Thus, maximum velocity magnitudes are seen at the right side of the bogie. Inter-gaps present a particular flow topology, depicted in Figure 5. In these regions, the flow is redirected upwards. Negative vertical velocity components are found outside of train boundaries and more particularly at low Z*. However, these negative components can be found all along the train, where positive components at this magnitude are only found at inter-gaps. Under the passageway (at Z*=0.23) the maximum vertical velocity components (𝑈 𝑧 /𝑈 0 )=0.089 and (𝑈 𝑧 /𝑈 0 )=0.082 are respectively found at Y*=y/𝐻 𝑡 =1.00 and Y*=1.43. Width of the left peak is constraint by the vicinity of the platform (the top of the platform reaches Z*=0.14); however, the order of magnitude of the vertical velocity is roughly the same for both peaks. At Z*=0.46 and Z*=0.69, a clear vertical velocity asymmetry is shown. Vertical velocities remain quite similar on the platform side. In this region, the flow is no more influenced by the platform (that may explain the larger peak length). Vertical velocity reaches (𝑈 𝑧 /𝑈 0 )=0.16 at Z*=0.69 at the station wall side, which may be explained by the proximity between inter-gap passageway side wall and station wall.

The structure and the dynamic of the flow in the regions described above are of great importance and will have a significant influence on particle dispersion, as it will be described in the next section.

Brake particles dispersion

Figure 6 presents 2D maps (yz) of dimensionless velocity vectors colored by their velocity magnitude overlaid with filled contours of dimensionless particle concentration in a streamwise brake disc cross-section. In this figure, particles have been continuously injected for 5.7𝑇 𝑟𝑒𝑓 . In order to make the figure readable, maximum dimensionless concentration values are not clipped to range, which means that in black-colored zones concentration can reach higher levels than the scale presented. A clear accumulation area is visible at the top of the front braking discs. It is correlated with the presence of a vortex, which traps freshly emitted particles. Other remarkable concentration zone are located either at vortices cores (particles are trapped by the vortex) or at the periphery of the vortices (in which case, particles are transported along the flow). It denotes that vortices induced by bogies strongly influence particles accumulation regions and their dispersion. Nevertheless, particles remains confined under the rolling stock in bogies regions by the flow transversal and vertical components. Particles generated from the last trailer bogies are then transported by the flow under the rolling stock. As soon as they reach the inter-gap between the carriages, some of them are raised up around the passageway, where the flow has remarkable positive vertical velocity components. Dimensionless particle concentrations (C*=C/Cmean) around the inter-gap at t=5.7𝑇 𝑟𝑒𝑓 after the start of injection are provided in herein below Figure 7. A clear asymmetry of concentrations is observed depending on the side (platform side at left, station wall side at right). The height reached by particles is higher at the station wall side. This is coherent with the higher vertical velocities found in the previous section. A puff phenomenon is visible on this side (low concentrations Z*=0.46 and high concentrations Z*=0.69). It may results from flow unsteadiness. At some given time, the flow can release particles trapped in previous vortices. However flow unsteadiness characteristics require further post-processing to be properly assessed. Once particles have reached the near wake of the train (at t=11.5𝑇 𝑟𝑒𝑓 ), they are sucked up by the lower vortex located in the recirculation zone as depicted in Figure 8. The Z*=0.46 line, where a concentration peak appears around X*=33.7, is located just above this vortex and before the zone with the maximal vertical flow. Once particles are raised up, they are redirected towards train tailend nose, as horizontal velocity components are negative between the two vortices. After that, they reach the tail-end. Some of them stay stuck in the lower vortex while others are captured by the upper one. Others peaks are visible in Figure 8, particularly around X*=34.1 and X*=34.4. It corresponds to the particles formerly lifted above the train at inter-gaps or by the recirculating region. These particles are transported by the flow to the far field after the recirculation zone (as shown in Figure 3). However, we acknowledge that the computation may not have last sufficient time to observe the complete influence of the wake on particle dispersion. 

Conclusions and perspectives

In the present paper, a preliminary numerical study has been undertaken to assess particle dispersion from railway rolling stock brakes in an underground station. Three regions of interest were highlighted.

The first one is the region around bogies. Coherent structures induced by bogies may trap particles or, at least, slightly influence their trajectory. It creates clear accumulations areas inside vortex core. Concentrations rates are higher in vortices close to the point where particles are released and at the boundaries of the vortices.

The second one corresponds to the inter-gaps between carriages. Remarkable vertical velocity components are found in these regions. It leads to a rise of the particles passing under the passageway before being conveyed to the wake flow by the mean stream above the train.

The last one is the 0.54𝐻 𝑡 long recirculation zone in the near-wake of the train, which has the ability to suck up and trap particles coming from under the last carriage of the train.

The present study does not show high lateral dispersion of particles in any of the above mentioned regions. However we only considered the flow induced by the train itself. As wake influence may have been underestimated, further computational resources will be added soon to investigate this point. Piston effect induced by the train displacement in a confined place [START_REF] Khayrullina | CFD simulation of train aerodynamics: traininduced wind conditions at an underground railroad passenger platform[END_REF] or station ventilation design [START_REF] Moreno | Subway platform air quality: Assessing the influences of tunnel ventilation, train piston effect and station design[END_REF]) may also significantly affects particle dispersion. While station ventilation conditions are quite easy to set up for further assessment, piston effect requires dynamic layering method to be assessed. This kind of technique may be used in the future to assess its effect on particle dispersion. This may be combined with heavier geometrical simplification to reduce the high computation costs. The last limit of our study is related to the isotropy of the turbulence in the model we used. Turbulence anisotropy has an important effect on particles dispersion particularly close to walls. This point will be taken into account using second order turbulence models [START_REF] Tian | Particle deposition in turbulent duct flows -Comparisons of different model predictions[END_REF].

Figure 1 :

 1 Figure 1: SNCF Z20500 trainset (a) (photo from Romain Martin shared under CC BY-SA 2.5 license), full-scale train CAD model inside a station with central platform (b) and a closer look at the inter-gap between cars (c).

Figure 2 :

 2 Figure 2: Transverse cross section views of the mesh refinement around the full-scale train model: at the tail-end (a), around a trailer bogie (b) and in a longitudinal cross section view in the wake where far-field sized cells can be seen at the extreme right (c).
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  RMS local fluctuation velocity. For k-ε model, 𝑢 𝑖 ′ 2

  The time scale of each eddy 𝜏 𝑒 , which is called eddy life time is given in the REL model by equation (8):
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 3 Figure 3: Dimensionless velocity magnitude (𝑈/𝑈 0 ) vectors at the centerline of the train (Y*=1.20).

Figure 4 :

 4 Figure 4: Dimensionless velocity magnitude (𝑈/𝑈 0 ) contours at different (yz) planes at the level of the last trailer bogie.

Figure 5 :

 5 Figure 5: Vertical dimensionless velocity component (𝑈 𝑧 /𝑈 0 ) at the level of the inter-gap between carriages.

Figure 6 :

 6 Figure 6: Dimensionless contours of particles concentration (C*=C/Cmean) in a brake disc cross-section of the bogie and (xz) velocity vectors colored by their velocity magnitude (√𝑈 𝑥 + 𝑈 𝑧 /𝑈 0 ), 5.7𝑇 𝑟𝑒𝑓 after injection start (flow from left to right).

Figure 7 :

 7 Figure 7: Dimensionless particles concentration (C*=C/Cmean) around the inter-gap passageway 5.7𝑇 𝑟𝑒𝑓 after injection start.

Figure 8 :

 8 Figure 8: Dimensionless particles concentration (C*=C/Cmean) in the near-wake of the train 17𝑇 𝑟𝑒𝑓 after injection start.

Table 1 :

 1 Meshing parametersWhere 𝜇 𝑓 is the fluid dynamic viscosity, 𝜌 𝑓 the fluid density, 𝑝̅ the mean pressure, 𝑢 𝑖 ̅ represents the mean flow velocity components and 𝑢 𝑖 ′ is for fluctuating values. The term -𝜌 𝑓 𝑢 𝑖 ′ 𝑢 𝑗

	Mesh		Zone				Value						
	Cell size		Train surface		0.01𝐻 𝑡					
			Platform surface	0.01𝐻 𝑡					
			Rail surface			0.01𝐻 𝑡					
			Bogies region		0.002𝐻 𝑡 -0.01𝐻 𝑡			
			Wake region		0.01𝐻 𝑡 -0.05𝐻 𝑡			
			Far-field region	0.05𝐻 𝑡 -0.12𝐻 𝑡			
	Inflation layers		All surfaces			12						
	Wall y +		Train surface		1-35						
	Number of cells (millions)					113						
	1.3 Flow simulation														
	The flow around the train is governed by Navier-Stokes continuity (1) and momentum (2)
	equations. URANS equations are given by:									
							𝜕𝑢 𝑖 ̅ 𝜕𝑥 𝑖	= 0							(1)
	𝜕𝜌 𝑓 𝑢 𝑖 ̅ 𝜕𝑡	+	𝜕𝜌 𝑓 𝑢 𝑖 ̅ 𝑢 𝑗 ̅ 𝜕𝑥 𝑗	= -	𝜕𝜌 𝑓 𝑝̅ 𝜕𝑥 𝑖	+	𝜕 𝜕𝑥 𝑖	[𝜇 𝑓 (	𝜕𝑢 𝑖 ̅ 𝜕𝑥 𝑗	+	𝜕𝑢 𝑗 ̅ 𝜕𝑥 𝑖	)] +	𝜕 𝜕𝑥 𝑗	(-𝜌 𝑓 𝑢 𝑖 ′ 𝑢 𝑗 ′ ̅̅̅̅̅̅ )	(2)

′

̅̅̅̅̅̅ represents the Reynolds stress tensor, whose components are unknowns. Thus, k-ε model aims to approximate the Reynolds stresses by solving two further equations. One accounts for the turbulent kinetic energy (k) and the other one for the turbulent dissipation rate (ε). Morden et al.
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