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Introduction

Air pollution is one of the "most important environmental risk to human health" [START_REF]Air quality in Europe -2020 report[END_REF]. In 2019, global air pollution was responsible for 6.67 million deaths. This represents more than 1 in 9 deaths and has ranked air pollution as the fourth risk factor in human health leading to premature death [2]. Air pollutants can be gaseous: carbon dioxide (CO2), ozone (O3), carbon monoxide (CO), nitrogen oxides (NOx) and sulphur oxides (SOx) or solid particles. These are generally referred as particulate matter (PM). Both pollutants are released into the atmosphere mainly from anthropogenic activities (transport, energy supply, waste generation, industry, and agriculture). In densely populated regions with increased human activity, such as urban areas, high levels of air pollution are reached. In 2020, 96% of the European urban population was exposed to fine particulate matter PM2.5 (PM with a diameter less than 2.5 µm) concentrations above the 2021 World Health Organization (WHO) guidelines [START_REF]Europe's air quality status 2022[END_REF]. Furthermore, 56.2 % of the global population live in urban regions and in Europe, 70% of the population are reported to live in cities [START_REF]World Urbanization Prospects: The 2018 Revision[END_REF]. This means that most of the global population is regularly exposed to threatening concentrations of pollutants. This results not only in a significant burden on the health of the population but also in considerable economic impact. In 2015, the cost of ambient air pollution in 41 countries under study was estimated to be 5.1 trillion dollars [START_REF] Roy | The Rising Cost of Ambient Air Pollution thus far in the 21st Century : Results from the BRIICS and the OECD Countries[END_REF].

Compared to gaseous pollutants, exposure to PM has been related to a much higher number of cardiovascular and respiratory diseases as well as cancer, diabetes, and premature deaths. In 2019, European authorities reported 373,000 premature deaths related to chronic exposure to fine PM compared to 47,700 premature deaths due to chronic nitrogen dioxide (NO2) exposure and 19,070 premature deaths due to ozone (O3) exposure [START_REF]Health impacts of air pollution in Europe[END_REF]. The main sources of PM are energy consumption and supply, industrial activities like manufacturing and extraction, waste and road transport. The main sector contributing to particulate matter emissions is the residential, commercial, and institutional energy use which contributes 54% and 41% respectively of the PM2.5 and PM10 (PM with a diameter less than 10 µm) emissions in Europe. Road transport only contributes to 11% and 10% of the total PM2.5 and PM10 emissions [START_REF]Air quality in Europe -2020 report[END_REF]. However, the impact of the emitted pollutants not only depends on the emitted amount but also on other factors like the proximity of the source, the topology and dispersion conditions. As a result, low emissions sectors like road transport can make large contributions to the local concentrations, especially in urban areas where transport activities are more, thus contributing considerably to health and economic impact. In urban areas, traffic is an important source of fine and ultrafine particles, which includes various emissions coming from the exhaust tailpipe as result of fuel and lubricant combustion as well as the mechanical wear of braking lining, tires, and other mechanical components [START_REF] Karagulian | Contributions to cities' ambient particulate matter (PM): A systematic review of local source contributions at global level[END_REF]. In addition, these particles can be re-suspended by vehicle traffic as well as coarser PM such as and road wear particles and dust [START_REF] Vern | Étude expérimentale des mécanismes et des conditions d'envol des poussières[END_REF].

In the last decades, road transport regulations and environmental policies have successfully contributed to a noticeable decrease in exhaust emissions and thus exposure to PM. In Europe, the proportion of urban population exposed to PM10 concentrations above the 2005 WHO guidelines (annual concentrations above 20 µg/m 3 ) decreased by 36% between 2000 and 2020 [START_REF]EU urban population exposed to air pollutant concentrations above WHO air quality guidelines[END_REF]. However, when considering the latest 2021 WHO guidelines for PM10 exposure (annual concentrations above 15µg/m 3 ), the decrease was only 26% [START_REF]Urban population exposed to air pollutant concentrations above 2005 WHO air quality guidelines, EU-27[END_REF]. To further reduce the population exposure to PM and meet the requirements of reformed policies, a comprehensive understanding of the pollutant emission, dispersion, and transport mechanisms in the atmosphere, is needed. This is particularly true for the sectors that contribute most to the exposure of the population to unsafe concentration levels, such as road transport.

On one hand, recent investigations [START_REF] Rodriguez | Etude expérimentale de la dispersion de particules ultrafines dans le sillage de modèles simplifiés de véhicules automobiles[END_REF], [START_REF] Gosse | Etude expérimentale de la dispersion d'un scalaire passif dans le proche sillage d'un corps d'Ahmed[END_REF] in the road vehicle field have revealed the strong interaction between the flow structures and the pollutant (both particles and gaseous) concentration fields in the wake of simplified geometry vehicles called Ahmed bodies [START_REF] Ahmed | Some Salient Features of The Time-Averaged Ground Vehicle Wake[END_REF]. Rodriguez [START_REF] Rodriguez | Etude expérimentale de la dispersion de particules ultrafines dans le sillage de modèles simplifiés de véhicules automobiles[END_REF] revealed that square-back configuration presented the largest recirculation region and showed the highest and most homogeneous concentration levels in the near wake. It should be noted that the recirculation region is defined as the region in the wake where the horizontal component of the velocity remains negative. On the other hand, the effects of Reynolds number and ground clearance on vehicle flow dynamics have been previously investigated [START_REF] Barros | Wake and Drag Manipulation of a Bluff Body Using Fluidic Forcing[END_REF], [START_REF] Lahaye | Caractérisation de l'écoulement autour d'un corps de Ahmed à culot droit[END_REF] and [START_REF] Grandemange | Analysis and Control of Three-dimensional Turbulent Wakes: from Axisymmetric Bodies to Road Vehicles[END_REF]. However, these studies mainly focused on drag reduction and did not consider simultaneously both parameters. In the present study, a further step is proposed by focusing on the effects of both, ground clearance and Reynolds number on the wake flow structures of a 19% scale square back Ahmed body. Wind tunnel investigations were conducted using a 2D Laser Doppler Velocimeter (LDV) for different incident velocities and ground clearances. Results present the mean and turbulent quantities in the wake region to achieve an accurate description of the wake flow. A quadrant analysis based on the Reynolds shear stress (RSS) was also conducted. Finally, the influence of wake flow structures on the dispersion of pollutants (both gaseous and particulate) will be discussed.

Experimental set-up and campaign

Experimental investigations presented in this paper were carried out in an open circuit wind tunnel located at ESTACA research laboratory in Laval, France. The wind tunnel, manufactured by DeltaLab (model EA103) has a speed range of 0 -40 m/s with a contraction ratio of 16:1. The transparent test section length, width and height are respectively 1 m, 0.3 m, 0.3 m. The LDV data were gathered in back scattering mode by a DANTEC Dynamics "2D Flow Explorer". Two LASER beams of respective wavelengths 660 nm and 785 nm are focused using a 500 mm focal length lens mounted on a 3D traverse system. The Bragg cell shift is 80 MHz. Acquisition and displacement are controlled using DANTEC's BSA Flow Software v5.03.00. The incident flow is seeded using DANTEC "SAFEX Inside Nebelfluid Extra Clean", which is a mixture of water and diethylene glycol. The "SAFEX S195G" fog generator provided scattering particles with an average mean diameter of 1.068 µm.

2D and 1D LDV data acquisitions were made in the wake of a simplified car geometry known as Ahmed body [START_REF] Ahmed | Some Salient Features of The Time-Averaged Ground Vehicle Wake[END_REF]. The chosen configuration is a square-back Ahmed body. The length L, height H and width W of the model are 196 mm, 54 mm, and 73 mm, respectively. The model was at 19% scale of the original geometry to minimise blockage effects in the wind tunnel. The model is secured in the test section by a 5 mm diameter cylindrical rod that attaches the underside of the model to the floor of the tunnel. Cylindrical stilts near the four corners of the model are used to establish three different non dimensional ground clearances h* = h/H = 0.09, 0.18, and 0.27. In addition, a 0 mm ground clearance was studied. Three incident velocities 𝑈∞ were set: 5, 10 and 25 m/s, corresponding to model heightbased Reynolds numbers ReH of 17,307, 34,615, and 86,538 respectively. Figure 1 shows the coordinates system (O, x, y, z) associated with the h* = 0.27 (h = 15 mm) ground clearance configuration. For all the tested ground clearances, the centre O of the cartesian coordinate system used is located on the lower edge of the rear end, in the mid-plane across the width of the model. All distances were scaled by the height of the model H=54 mm leading to a dimensionless coordinate system (O, x*,y*,z*). The measurements were performed in three separate planes along the z-direction: z* = 0, z* = -0.33 and z* = -0.67. Only the results in the plane z* = 0 will be presented in this paper.

Figure 1 presents different measurement regions in the wake flow. Each region is characterized by a gap between measurement points. The first region is called "near-wake flow" which covers all the (x*;y*) positions ranging 0.09 ≤ x* ≤ 1.94 and 0 ≤ y* ≤ 1.1. Between points, a 10 mm spacing was used along the x-axis and a spacing of 5 mm along the vertical y-axis. The same vertical spacing of 5 mm was used for the "far-wake flow" region, covering the 2.8 ≤ x* ≤ 5.6 and 0 ≤ y* ≤ 1.1 range. The horizontal gap in this area is 50 mm. In these two regions, the horizontal and vertical velocity components, respectively denoted 𝑢 and 𝑣 were measured for each location. Nevertheless, due to interference with the test section floor of the LASER beams measuring the vertical component, the 2D LDV measurements for h* = 0 and h* = 0.09 (h = 5) mm configurations started from y* = 0.18 and y* = 0.09, respectively. Furthermore, an additional row of measurement points located at y* = 1.3 was conducted for the near and far wake to keep a reference of the incident flow. Finally, the number of points measured for the "near-ground" region depended on the ground clearance. In this region, only the horizontal component u was measured. For all the tested configurations, the vertical spacing between the measurement points in the near-ground region was 1 mm and a horizontal gap of 5 or 50 mm depending on whether the measurement point is located below the near or far-wake region. To avoid reflections and the interference of the LASER beams due to the presence of adhesive joints between the walls of the test section, the closest measurement to the test section floor was made at 3 mm from the floor of the test section. 

Data acquisition and processing

LDV is a well-known, non-intrusive experimental technique that can provide accurate information about the velocity magnitude and flow direction. This makes it suitable to study separated flows as the one presented in this paper. LDV instantaneous flow measurements can be used to compute the timeaveraged statistical quantities, such as mean and fluctuating velocities as well as high-order moments.

Additionally, the Reynolds stresses can be measured using a two-component system if two channels are sampled simultaneously. However, the LDV data needs to be post-processed. Measurements depend on the arrival of scattering particles into the measurement volume, which is a completely random process. This random process is directly dependant on the nature of the flow and the processor capability to sample each individual particle event. From literature, it is known that the sampling process is biased as the average of sampled velocities is shifted towards higher velocities as faster particles are more frequently captured than slower particles [START_REF] Mclaughlin | Biasing correction for individual realization of laser anemometer measurements in turbulent flows[END_REF]. Different techniques have been developed to compensate this bias so-called "velocity bias". There are two categories: sampling methods and average weighting schemes. In this study, an innovative weighting correction technique was used, which was introduced by Rodriguez et al. [START_REF] Rodriguez | An innovative LDV data processing method for statistical error corrections. Application to homogeneous and non-homogeneous seeding[END_REF] and is called the ITTT method. This method is based on two previously existing weighting correction techniques known as transit time (TT) and particle interarrival-time (IT) methods.

Both techniques are based on the assumption of homogeneous particle seeding. However, homogeneous seeding is hardly achievable in separated flows, particularly in recirculation and stagnation regions. To compensate the lack of particles in these regions, particle bursts are introduced into the flow. During
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bursts, many particles are introduced into the flow over a short period. The time-averaged quantities can be significantly affected due to burst presence. The ITTT method enables to correct both: velocity bias and random error.

Before the ITTT method is applied, LDV data are filtered. First, a statistical filter based on the standard deviation (denoted as σ) is applied. For each velocity component, the sampled velocity values outside the range of ±4σ from the mean velocity value are removed. Compared to 2σ or 3σ ranges commonly used for LDV data filtering, the 4σ range allows the removal of only insignificant and spurious values without affecting the distributions of the recorded velocities. This filter assumes a Gaussian distribution of turbulence. However, velocity distributions obtained by LDV are often non-Gaussian resulting in loss of valuable data using 2σ or 3σ filters. The second filter is based on the individual realisation assumption (IR) that consists in considering a single particle present in the measurement volume when the velocity value is sampled. In the present study, the LDV processor was positioned in "burst" mode meaning that every velocity realisation validated by the processor is sampled. To achieve IR only, the transit time (τ) of a particle is compared to the inter-arrival time between itself and the following particle (Δt = ti+1ti).

If the transit time is greater than the interarrival time, the next particle is discarded.

After 4σ and IR filtering processes, the ITTT weighting method is applied. This method introduces the weighting factor g = Δt•τ when computing mean (𝑢 ̅ and 𝑣̅ ) and turbulent (𝑢 ′ , 𝑣 ′ , and 𝑢′v′ ̅̅̅̅̅ ) quantities, which are defined mathematically using the equations below.

𝑢 ̅ = ∑ 𝑢 𝑖 • 𝑔 𝑖 𝑁 𝑖=1 ∑ 𝑔 𝑖 𝑁 𝑖=1 (1) 
𝑢′ = √ ∑ (u 𝑖 -u ̅) 2 • 𝑔 𝑖 𝑁 𝑖=1 ∑ 𝑔 𝑖 𝑁 𝑖=1
(2)

𝑢′𝑣′ ̅̅̅̅̅ = ∑ (𝑢 𝑖 -𝑢 ̅) • (𝑣̅ i -𝑣̅ ) • 𝑔 𝑖 𝑁 𝑖=1 ∑ 𝑔 𝑖 𝑁 𝑖=1 (3) 
In addition, the velocity vector modulus (𝑈) is computed:

𝑈 = √ 𝑢 ̅ 2 + 𝑣̅ 2 (4) 
Regarding measurement duration and the number of collected samples for each measurement point, 90second acquisitions were made for 2D measurements with a limit of 5,000 samples. An assessment of the convergence of the measured LDV data can be found in [START_REF] Garcia | An investigation of data convergence and processing techniques in LASER Doppler Velocimetry[END_REF]. Results showed that 5,000 samples have achieved an error level of 1% of the incident velocity 𝑈 ∞ in mean and turbulent magnitudes for most of the wake measurement points. This percentage of error represents for three incident velocities (5, 10 and 25 m/s), an accuracy of 0.05, 0.1, and 0.25 m/s respectively. For 1D measurements, 60-second acquisitions are sufficient as convergence was rapidly achieved.

In the next sections, the results of the stated quantities are presented as non-dimensional magnitudes.

Velocities will be scaled by the incident flow velocity 𝑈∞ and will be noted with an * in superscript. It should be noted that distances are scaled by the model height H.

Results and discussion

The wake behind a square-back Ahmed body is a complex, unsteady, and highly three-dimensional flow. However, a time-averaged characterisation of the flow allows to highlight important properties such as vortex structures, shear layers and recirculation regions. These elements can play an important role in the transport of pollutant particles, particularly those with a Stokes number (St) very small compared to unity. The Stokes number is defined as:

𝑆𝑡 = 𝜌 𝑝 𝑑 𝑝 2 𝑈 18𝜇𝐿
Were 𝜌 𝑝 is the particle density, 𝑑 𝑝 is the particle diameter, 𝜇 is the gas dynamic viscosity, U is the fluid velocity and L is a characteristic length of the considered problem.

For diesel engines, which are considered to emit most fine and ultrafine particles [START_REF] Hammond | In-vehicle measurement of ultrafine particles on compressed natural gas, conventional diesel, and oxidation-catalyst diesel heavy duty transit buses[END_REF], exhaust particles diameters are in the range of 1 nm to 1 µm [START_REF] De Sarabia | Investigation of the influence of humidity on the ultrasonic agglomeration of submicron particles in diesel exhausts[END_REF]. The density generally considered for these particles is 𝜌 𝑝 = 2000 kg/m 3 [START_REF] Deng | Particle deposition in the human lung: health implications of particulate matter from different sources[END_REF]. By considering this data, the Stokes number based on the height H of the Ahmed body and for the three considered Reynolds numbers, ranges between 6.6x10 -10 and 3.3x10 -3 . When St << 1, particle inertia is negligible. As a result, the response time of particles are fast enough to follow flow fluctuations. Under this assumption, the transport and dispersion of emitted particulate pollutants like PM10, PM2.5, and PM0.1 can then be studied through the flow structures analysis.

In the following sections, the obtained time-averaged flow results for the tested Reynolds numbers and ground clearances are presented. Results show the distributions of computed mean (𝑢 ̅ * , 𝑣̅ * , 𝑈 * ) and turbulent (𝑢′ * , 𝑣 ′ * , 𝑢 ′ 𝑣 ′ ̅̅̅̅̅̅ * ) quantities. First, the analysis focuses on the effects of ground clearance in the wake. After that, the effects of Reynolds number are studied. Finally, a quadrant analysis of the Reynolds shear stresses is conducted to identify the flow structures that can contribute the most to the transport and dispersion of pollutant particles. Table 1 mentions all the tested configurations. 

Effects of the ground clearance

In this section, the results obtained in the z* = 0 plane for Re1[h1*], Re1[h2*], Re1[h3*] and Re1[h4*] are presented. Figure 2 shows the non-dimensional mean horizontal velocity 𝑢 ̅ * flow maps for the abovementioned configurations. For all the presented figures, the contour 𝑢 ̅ * = 0, defining the recirculation region was plotted with a black dotted line. Rodriguez [START_REF] Rodriguez | Etude expérimentale de la dispersion de particules ultrafines dans le sillage de modèles simplifiés de véhicules automobiles[END_REF] highlighted the importance of the form and size of the recirculation region in the transport and dispersion of pollutant particles. Inside this region, different vortical structures coexist. These vortical structures carry and disperse pollutant particles that are introduced into the recirculation region. Figure 3 presents the dimensionless modulus of the velocity vector. The streamlines are plotted to visualise the vortical structures.

Figures 2 and3 show that the flow coming from the underbody has a crucial importance on the form and size of the recirculation region and the formation of different vortical structures. When the ground clearance h* is zero, a large recirculation zone is observed (Figure 2a) and only one vortical structure is presented (Figure 3a). This vortex (denoted A) is created by the flow detachment in the upper rear edge of the Ahmed body. 

B

For Re1[h2*], the vortex B is significantly smaller compared to the vortex A (Figure 3b). In contrast, as the ground clearance increases for Re1[h3*] and Re1[h4*], the vortex B is positioned further downstream and increases in size. For these two configurations, the upper vortex is noted A'. The difference between vortices A and A' will be explained in section 4.2. In both configurations, the vortex B is positioned approximately symmetrically to the vortex A' along the horizontal symmetry axis of the model (Figures 3c and3d). Rodriguez [START_REF] Rodriguez | Etude expérimentale de la dispersion de particules ultrafines dans le sillage de modèles simplifiés de véhicules automobiles[END_REF] showed that upper and lower vortices have a major contribution to the dispersion of pollutant particles. Indeed, the particles emitted in the lower part of the flow zone, are introduced into the recirculation region by the lower shear layer and then transported along the vertical direction by the vortex B. By interaction between these two vortices, the particles are then carried by A'/A. Particles are then dispersed by turbulent mechanisms, in particular the upper shear layer. Gosse [START_REF] Gosse | Etude expérimentale de la dispersion d'un scalaire passif dans le proche sillage d'un corps d'Ahmed[END_REF] also revealed that pollutant gases from the tailpipe can be transported by both vortical structures. From Figure 4, it can be seen that the wake is a region of high horizontal turbulence with an overall average of 15%. An exception is made for shear layers where turbulence levels reach up to 30%. For Re1[h1*] and Re1[h2*] configurations in Figures 4a and4b, turbulence levels of the upper shear layer are considerably less intense (𝑢 ′ ~18% ) than those of Re1[h3*] and Re1[h4*] configurations in Figures 4c and4d respectively (𝑢 ′ ~27%). When comparing upper and lower shear layers of these two configurations, it is well observed that the lower shear layer is much weaker and propagates less downstream (up to x* = 1) than the upper shear layer where turbulence levels around 20% can still be observed at x* = 2. In addition, the ground clearance variation between these two configurations does not seems to introduce considerable changes in the horizontal velocity fluctuation distributions. For the Re1[h2*] case, a shear line is not clearly observed (Figure 4b). Instead, high turbulence levels (𝑢 ′ ~ 25%) are located at the boundary of the recirculation region contour, i.e., (x* = 0.27; y* = 0). This high turbulence intensity location will be thereafter refered as a "turbulent cluster". Similar results were obtained for the vertical velocity fluctuation distributions 𝑣 ′ for the above mentioned configurations. An average turbulence level around 15% was observed in the overal wake. The upper shear layer presented the highest levels of turbulence reaching up to 25%. Likewise, only for Re1[h3*] and Re1[h4*], the upper shear layer was clearly identified and high turbulence levels were observed up to x* = 2 for both configurations. Unfortunately, the vertical turbulence in the lower shear layer is unknown due to the failure of the LDV system to perform flow measurements in the near-ground region (y* < 0).

The transport and dispersion of pollutant particles can be analysed through the Reynolds shear stresses. Klose and Shao [START_REF] Klose | Stochastic parameterization of dust emission and application to convective atmospheric conditions[END_REF] studied the mechanisms of dust particle dispersion and established that the wind force acting on dust particles and contributing to their suspension is directly proportional to the Reynolds shear stresses. Figure 5 In summary, the results show that the ground clearance has considerable effects on the near-wake flow.

Relevant flow structures such as the recirculation region and vortices are affected by the increase of the ground clearance. The flow coming from the underbody is responsible for the generation, position, and size of the lower vortex and thus affects the upper vortex. The upper and lower shear layers and the RSS distributions on the near-wake are considerably modified by the ground clearance.

In the next section, the results will focus on the effects induced in the wake by the Reynolds number.

For the sake of clarity and the synthesis of results, only the findings of h2* and h4* will be presented. It should be mentioned that h2* is a typical value for many current passenger cars.

Effects of the Reynolds number

In this section, the influence of Reynolds number is studied. As outlined earlier, three different heightbased Reynolds numbers were studied: Re1 = 17,307, Re2 = 34,615 and Re3 = 86,538. Some results from literature are presented for comparison and validation of the LDV experimental results.

Various studies have shown that the Reynolds number does not significantly change the wake structure. For example, Barros [START_REF] Barros | Wake and Drag Manipulation of a Bluff Body Using Fluidic Forcing[END_REF] showed that for a wide range of Reynolds number 200,000 ≤ ReH ≤ 400,000 the wake flow configuration showed similar trends and the recirculation region length increased by only 7.4% with the increase of the Reynolds number. Lahaye [START_REF] Lahaye | Caractérisation de l'écoulement autour d'un corps de Ahmed à culot droit[END_REF] pointed out the independence of the Reynolds number on drag for ReH ≥ 470,000. Some studies have covered a wide range of Reynolds numbers and most of them considered a non-dimensional ground clearance close or equal to the original Ahmed geometry, i.e., h* = 0.17. Nevertheless, relevant studies modified the ground clearance for a fixed Reynolds number. Grandemange [START_REF] Grandemange | Analysis and Control of Three-dimensional Turbulent Wakes: from Axisymmetric Bodies to Road Vehicles[END_REF] studied a range of non-dimensional ground clearance 0 ≤ h* ≤ 0.16 for a Reynolds number ReH = 58,500. He showed that the ground clearance has a strong influence on the wake for h* ≤ 0.12. In this section, the influence of Reynolds number (ReH ≤ 86,538) is further studied.

Figures 6 and7 show the horizontal mean velocity results for h2* and h4* configurations. For these two ground clearances, results are plotted for three Reynolds numbers Re1, Re2 and Re3. As mentioned in Section 4.1, the recirculation region is attached to the ground for Re1[h2*]. By increasing the Reynolds number to Re2 (Figure 6b), the flow coming from the underbody has enough momentum to divide the recirculation region into two bubbles. This is because viscous effects are dominant in the underbody flow at low ground clearances. As the Reynolds number increases, viscous effects become less dominant and thus increasing the momentum of the underbody flow. However, for the Re2 [h2*] configuration, the lower recirculation bubble remains attached to the ground. Finally, for the Re3[h2*] configuration, a single recirculation bubble with the known D-shape is recovered as shown in Figure 6c.

For the h4* configuration, no major changes are observed in the recirculation region by increasing the Reynolds number (Figure 7). However, the recirculation region does show a slight increase in its length: Lr*(Re1) = 1.28, Lr*(Re2) = 1.36 and Lr*(Re3) = 1.43. This means an increase of 6.2 % and 10.5% when changing from Re1 to Re2 and from Re1 to Re3, respectively. These results are in a good agreement with those of Barros [14] who studied the h* = 0.17 configuration for different Reynolds numbers (200,000 ≤ ReH ≤ 400,000). He stated that by doubling the Reynolds number, Lr* increased by 6.4 %. In contrast, the lower shear layer does not seem to be fully developed for Re3[h2*] (Figure 10c). For h4*, two well-marked shear layers are observed for three Reynolds numbers as presented in Figure 11. Furthermore, for Re1[h4*], the upper shear layer dominates (Figure 11a) while for Re2 [h4*] there is almost a good balance between the two shear layers. In addition, the extent of the upper shear layer in these three configurations is less important than for the h2* cases where turbulence intensities around 25% are observed up to x* = 2 (Figures 10b and10c). Overall, the results show that an increase in Reynolds number, for low ground clearance h* < 0.09, can induce significant changes in the wake configuration, affecting the presence and position of vortex structures as well as the shape and length of the recirculation region. The results obtained for the h2* configurations are very close to those of Grandemange [START_REF] Grandemange | Analysis and Control of Three-dimensional Turbulent Wakes: from Axisymmetric Bodies to Road Vehicles[END_REF]. Based on the present results and those found in the literature, for small ground clearances, a rise on its value could result in the same wake modifications as an increase in the Reynolds Further works are still needed to confirm this. On the other hand, for larger ground clearance configurations (h3* and h4*) the wake is not significantly affected by the increase of the Reynolds number. Results showed a slight increase in the length of the recirculation zone for the h4* configuration. In contrast, remarkable modification in the wake flow was observed for turbulent quantities. The presence, size, and intensity of shear layers were affected by the change in the incident velocity. Regarding the RSS, a symmetrical distribution was observed in the wake for the h4* configurations. However, a slight difference in turbulence intensity was noticed. In the next section, the distributions of the Reynolds shear stress are further studied. For this purpose, a quadrant decomposition technique is used to highlight turbulent events that may contribute significantly to the transport and dispersion of particulate pollutants.

Quadrant analysis of the Reynolds shear stress 𝒖'𝒗'

The quadrants analysis technique was first introduced by Wallace et al. [START_REF] Wallace | The wall region in turbulent shear flow[END_REF] to further investigate motion patterns previously identified by Corino and Brodkey [START_REF] Corino | A visualization of the wall region in turbulent flow[END_REF] in the viscous sublayer of a boundary layer in a turbulent pipe flow. Wallace et al. used the signs of velocity fluctuations (both 𝑢' and 𝑣') to establish four categories: Q1, Q2, Q3 and Q4 (as defined below):

-Q1: 𝑢' > 0 and 𝑣' > 0, called outward interactions -Q2: 𝑢' < 0 and 𝑣' > 0, called ejections -Q3: 𝑢' < 0 and 𝑣' < 0, called inward interactions -Q4: 𝑢' > 0 and 𝑣' < 0, called sweeps Q2 and Q4 are known as gradient-type as they contribute positively to the downward momentum flux.

They are also main contributors to the RSS. Q1 and Q3 offset the values of Q2 and Q4 and are known as counter-gradient type motions. The quadrant analysis is of particular interest when investigating those turbulent structures that contribute to the suspension and dispersion of particulate pollutants. As a matter of fact, Lelouvetel et al. [START_REF] Lelouvetel | Experimental investigation of ejections and sweeps involved in particle suspension[END_REF] highlighted those turbulent structures contributing to the suspension of glass beads in a hydraulic channel. Their study revealed that sweeps are responsible for suspensions and ejections contribute considerably to hold particles in suspension. In the present study, we are interested in the effects induced by the ground clearance and the Reynolds number in the distributions of sweeps and ejections as well as inward and outward interactions for different configurations. In the present study, low magnitude RSS events were excluded using a one standard deviation threshold. This threshold has been used previously and proved its ability to appropriately eliminate non-coherent events in the flow [START_REF] Wiggs | Turbulent flow structures and aeolian sediment transport over a barchan sand dune[END_REF]. Once the low magnitude events have been removed, each individual event is classified according to the four established quadrants as defined earlier in this section. The proportion n(Qi) is then calculated by dividing the number of events in each group by the total number of events.

Figure 14 presents the contours of n(Q2) and n(Q1) for all the four height configurations of Re2, which was chosen as the distributions of 𝑢′𝑣′ ̅̅̅̅̅ * from previous results showed high levels for this magnitude (Figure 13). Note that for Q2 only the contours of n(Q2) > 40% and n(Q2) > 60% have been plotted as no position exceeded 70% and only those flow regions where a high number of strong Qi events are studied. In the same way, only the contours of n(Q1) > 30% and n(Q1) > 40% are shown in Figure 14 as no position exceeded 50% for Q1 events. For Re2[h1*] (Figure 14a), only ejection events are observed. They are mostly located in the upper part of the wake (y* = 0.83) and spread throughout the wake. Strong ejections are found on the upper boundary of the recirculation region where the centre of the vortex is located for this configuration A (0.46; 0.68). For non-zero ground clearances (h2*, h3* and h4*) very similar distributions of Q2 events are found in the upper part of the wake. Q2 can also be found near the upper vortex A for h3* and h4*. Nevertheless, for Re2[h2*] (Figure 14b), the presence of strong ejection events is not observed in the vicinity of the upper vortex A'. It should be remembered that for this configuration, three vortices (A, B, and A') were observed (Figure 8). For this configuration, the upper vortex A' was not dominant in the wake. As a result, near the vortex centre A'(0.54; 0.87), n(Q2) ~20% which contour is not shown in Figure 13b. Furthermore, the ground clearance causes Q1 events to occur. Despite the absence of 2D LDV measurements in the near-ground flow, it appears that Q1 events are mainly found in the vicinity of the lower shear layer and turbulence intensity clusters such as the one shown previously in Figure 10b for the Re2[h2*] configuration. These events propagate further and further downstream into the wake as the ground clearance increases. The interest is now focused on the distributions of Q4 and Q3 events. Figure 15 presents the contours of n(Q4) > 40% and n(Q4) > 60% as well as n(Q3) > 30% and n(Q3) > 40% for all the ground clearances of Re2. Results show a dominance of Q4 events in the upper half of the near-wake. Compared to the Q2 distributions (Figure 14), the contours of sweeps show a downward deviation in all the configurations. In addition, strong Q4 events in the near-wake are located where the upper shear layer was identified in previous sections for Re2[h2*] and Re2[h4*] configurations (Figures 10b and11b). Regarding Q3 events, these are observed only for Re2[h2*], Re2[h3*], and Re2[h4*]. Like Q1 events, the increase of the ground clearance allows strong events to be found further downstream in the wake and the strongest events are found within the recirculation region. Numerous Q3 events are found in the vicinity of the lower vortex B. It would appear that strong Q3 events are produced by the lower vortex B in the wake. The quadrant analysis revealed the contributions of different flow structures in the wake to the Reynolds shear stresses. Results show that Q2 and Q4 events are concentrated in the upper half of the wake, while Q1 and Q3 events dominate the lower half of the wake. On one hand, the contour revealed that vortical structures produce strong Q2 and Q3 events. The centres of lower and upper vortices are situated within the contours where n(Q2) > 60% and n(Q3) > 40% respectively. On the other hand, shear layers and high turbulence intensity regions produce a large part of Q4 and Q1 events. By considering Lelouvetel's results about the suspension of particles [START_REF] Lelouvetel | Experimental investigation of ejections and sweeps involved in particle suspension[END_REF], Q2 and Q4 events are dominant in the upper part of the wake. This could contribute significantly to the dispersion of particulate pollutants, driven to the upper shear layer through counter-rotating vortices in the near-wake of the Ahmed body.

Summary and conclusions

In the present study, the effects of the ground clearance and the Reynolds number in the wake of a 19% scaled square-back Ahmed body are studied. Results were obtained in an open-circuit wind tunnel using Laser Doppler Velocimetry (LDV). 1D and 2D measurements were made in the near and far-wake of the Ahmed body. The measured LDV data was filtered, and post-processed using an innovative method called ITTT (Interarrival Time and Transit Time) to ensure the accuracy of flow results. The main purpose was to consider the possibility of the flow to transport and disperse particulate matter (PM) such as particles released from a tailpipe, emitted by brakes and/or resuspended by a vehicle. Due to the particle's small diameter, the Stokes number of these particles is very small compared to 1. This means that the transport and dispersion mechanisms may be governed by topology of the flow. For better understanding of the flow topology, the time-averaged quantities of mean and turbulent velocities were analysed for all the configurations. Further investigations will also focus on the dispersion of gaseous pollutants and PM by using multi-phase computational fluid dynamics (CFD) simulations.

The results focused on the flow modifications introduced by the increase of the ground clearance and/or the Reynolds number. Results showed that the flow coming through the underbody of the Ahmed body is responsible for the creation of a vortex structure in the lower half of the near-wake flow. This vortical structure was observed for three non-zero ground clearances. Another vortex structure, which is in the upper half of the flow, was observed due to the strong flow detachment in the upper edge of the Ahmed body. For h* = 0.18 and 0.27, a symmetric configuration between upper and lower vortices was observed for the three tested velocities. The position of the vortices was not significantly affected neither by the Reynolds number nor by the ground clearance for these configurations. The length of the recirculation region also showed minor changes for the two highest ground clearances. In addition, the obtained flow results showed excellent agreement with those available in literature. However, the presence, size, and intensity of shear layers proved to be affected by a change in the incident velocity for these two configurations. In contrast, the h* = 0.09 ground clearance is clearly affected by the Reynolds number.

In fact, a particular shape of the recirculation region was observed for both Re1 and Re2 cases. For the Re1 case, the recirculation bubble remains attached to the ground and for the Re2 case, two recirculation bubbles were identified due to the presence of a third vortex in the wake flow. The results of this singular configuration also were in good agreement with those found in literature. Further works are needed to assess the influence of the Reynolds number and the ground clearance, especially for small ground clearances which are significantly affected by both parameters. In addition, small ground clearances (h* ~ 0.09) are found in many passenger cars and so the transport and dispersion of pollutant particles can be directly affected as major modifications in the flow were observed. As part of future work, both hot wire anemometry and LDV measurements will be performed to further investigate different ground clearances to address this point.

Finally, a quadrant analysis was applied to the Reynolds shear stresses to identify the strongest turbulent mechanisms involved in particle dispersion. Only the strongest events were taken into consideration by applying a threshold criterion. Then, the proportion distribution of each quadrant was analysed. Results revealed that Q2 and Q4 events are concentrated in the upper half of the wake, while Q1 and Q3 events dominate the lower half of the wake. On one hand, strong Q2 and Q3 events appear to be produced by upper and lower vortices, respectively. On the other hand, shear layers and a high turbulence intensity cluster produce a large part of Q4 and Q1 events. Regarding the dispersion of particles, the observed modifications of the wake clearly affect the distributions of Q2 and Q4 events, which are directly related to the suspension of particles. The implication of Q3 and Q1 events in the dispersion of PM and gaseous pollutants needs to be further investigated. Indeed, important turbulent mechanisms such as the lower shear layer and the lower vortex, are linked to the production of Q1 and Q3 events. In addition, these flow structures are located close to the sources of pollutant particles such as the engine exhaust (tailpipe), wheels, and road. Numerical simulations will be implemented in the next steps to better understand the relation between the flow dynamics and the dispersion of particulate and gaseous pollutants.

Figure 1 :

 1 Figure 1: Measurement positions in the wake of a 19% scaled square-back Ahmed. Three distinct flow regions are presented: near-wake flow, far-wake flow, and near-ground flow. Each region is characterised by a different horizontal and/or vertical spacing between the measurement points.

  Figures2 and 3show that the flow coming from the underbody has a crucial importance on the form and size of the recirculation region and the formation of different vortical structures. When the ground clearance h* is zero, a large recirculation zone is observed (Figure2a) and only one vortical structure is presented (Figure3a). This vortex (denoted A) is created by the flow detachment in the upper rear edge of the Ahmed body. For non-zero ground clearances, a second vortex (denoted B) is formed in the lower region of the flow. Vortices A and B are rotating in opposite directions. Furthermore, the recirculation region appears to be attached to the test section floor for Re1[h1*] and Re1[h2*]. For Re1[h2*] the flow coming from the underbody does not have enough momentum to cut through the recirculation bubble. Hence, a positive horizontal velocity area is formed near the rear end where the vortex B is generated.
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 23 Figure 2: 𝑢 ̅ * distributions for the configurations: (a) Re1[h1*], (b) Re1[h2*], (c) Re1[h3*] and (d) Re1[h4*]
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 44 Figure 4 shows the horizontal velocity fluctuations in the z* = 0 plane for Re1[h1*], Re1[h2*], Re1[h3*], and Re1[h4*] configurations. This quantity is expressed as a percentage u ′ * = (u ′ /U ∞ ) • 100.

Figure 5 :

 5 Figure 5: 𝑢′𝑣′ ̅̅̅̅̅ * distributions for the configurations: (a) Re1 [h1*], (b) Re1 [h2*], (c) Re1 [h3*] and (d) Re1 [h4*] Figures 5a and 5b show a predominance of negative values of the RSS in the wake region. However, for Re1[h2*] (Figure 5b), a region of positive values can be observed near the lower rear end of the Ahmed body, where high horizontal velocity fluctuations (turbulent cluster) were previously identified, i.e. Figure 4b. For higher ground clearances h* > h2* in Figures 5c and 5d, very similar and symetrical distributions are observed. The identified symmetry lies along the y* = 0.5 line. Furthermore, in the upper region, the highest values of the RSS are negative (𝑢 ′ 𝑣 ′ ̅̅̅̅̅̅ * ~-0.032) and can be found in the upper shear layer (y* = 0.92). In the lower region, the distribution of positive values is much more homogeneous than in the upper region and the highest values reach up to 𝑢 ′ 𝑣 ′ ̅̅̅̅̅̅ * ~ 0.015. This can be explained by the difference in turbulence intensity between the two shear layers highlighted in previous paragraphs. The changes induced in the wake by the ground clearance are considerable for the Re1 configuration. The flow coming from the underbody induces the creation of the vortex B in the lower part of the wake. The centre of the vortex B is modified according to the ground clearance. When the ground clearance is equal to h2* = 0.09, the vortex B is close to the lower rear end and smaller in size than the upper vortex A. As the ground clearance increases for h3* = 0.18 and h4* = 0.27, the vortex B increases considerably in size and moves downstream of the wake into a symmetrical position with respect to A'. The centres of vortices A' and B are slightly affected when changing from h3* to h4*. For the Re1[h3*] configuration, the A' and B centres coordinates (x*;y*) are respectively: A'(0.72; 0.84) and B(0.68; 0.14) whereas for
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 67 Figure 6: 𝑢 ̅ * distributions for the configurations: (a) Re1[h2*], (b) Re2 [h2*] and (c) Re3 [h2*]
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 8 Figure 8: 𝑈 * distribution for the Re2[h2*] configuration. The centres of A, A' and B vortices are plotted for reference.

Figure 9

 9 Figure 9 𝑈 * distribution from [16] results for a the ReH = 58,500 and h** =0.07 configuration. The centres of A, A' and B vortices are plotted for reference. Here Lr** =Lr/W For h2*, the contours of the horizontal velocity fluctuations are presented in Figure 10. Results show the incident velocity affects the intensity of the upper shear layer. Turbulence levels increase significantly between Re1[h2*] and Re2[h2*]. For Re2[h2*] (Figure 10b), the turbulence levels in the upper shear layer reach 25% compared to 18% for Re1[h2*] (Figure 10a). For Re2[h2*], a turbulent cluster (𝑢 ′ ~25%) is located near the upstream boundary of the lower recirculation bubble at (x* = 0.83; y* = 0). A turbulent cluster was previously identified in Section 4.1 for Re1[h2*] at (x* = 0.27; y* = 0) (Figure 4b). For Re3[h2*], a shear layer is encountered in the upper part of the flow as shown in Figure 10c. Turbulence intensity levels of 20% are observed up to x* = 3 for this configuration as well as for Re2[h2*].In contrast, the lower shear layer does not seem to be fully developed for Re3[h2*] (Figure10c). For h4*, two well-marked shear layers are observed for three Reynolds numbers as presented in Figure11. Furthermore, for Re1[h4*], the upper shear layer dominates (Figure11a) while for Re2 [h4*] there is almost a good balance between the two shear layers. In addition, the extent of the upper shear layer in these three configurations is less important than for the h2* cases where turbulence intensities around 25% are observed up to x* = 2 (Figures10b and 10c).
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 1011 Figure 10: 𝑢′ * distribution for the configurations: (a) Re1[h2*], (b) Re2 [h2*] and (c) Re3 [h2*]

Figure 12 :Figure 13 :

 1213 Figure 12: 𝑢′𝑣′ ̅̅̅̅̅ * distribution for the configurations: (a) Re1[h2*], (b) Re2 [h2*] and (c) Re3 [h2*]

  The negative RSS values (in the upper part of wake) are more intense than the positive RSS values (in the lower part of wake). Among h4* configurations, Re3[h4*] showed the lowest values in the wake. A symmetrical distribution was observed for all the configurations except for Re1[h2*]. However, this symmetry is lost from x* = 2 for h2* whereas, it is still observed up to x* = 3 for h4*. No symmetrical distribution was observed for Re1[h2*], which had a strong dominance of negative values.

Figure 14 :

 14 Figure 14: n(Q1) > 30%, n(Q1) > 40%, n(Q2) > 40% and n(Q2) > 60% contours for the (a) Re2 [h1*], (b) Re2 [h2*], (c) Re2 [h3*], and (d) Re2 [h4*]

Figure 15 :

 15 Figure 15: n(Q3) > 30%, n(Q3) > 40%, n(Q4) > 40%, and n(Q4) > 60% contours for the (a) Re2 [h1*], (b) Re2 [h2*], (c) Re2 [h3*], and (d) Re2 [h4*]

Table 1 :

 1 Summary of the experimentally-tested configurations.

	Nomenclature	h*= h/H	U∞ [m/s]	Reynolds number ReH
	Re1 [h1*]	0		
	Re1 [h2*] Re1 [h3*]	0.09 0.18	5	17,307
	Re1 [h4*]	0.27		
	Re2 [h1*]	0		
	Re2 [h2*] Re2 [h3*]	0.09 0.18	10	34,615
	Re2 [h4*]	0.27		
	Re3 [h1*]	0		
	Re3 [h2*] Re3 [h3*]	0.09 0.18	25	86,538
	Re3 [h4*]	0.27		

  Three incoming velocities 𝑈 ∞ were tested: 5, 10, and 25 m/s corresponding to different Reynolds numbers (based on the height of Ahmed body) Re1 = 17,307, Re2 = 34,615 and Re3 = 86,538 respectively. Four non-dimensional ground clearances h* (0, 0.09, 0.18, and 0.27) were studied for each Reynolds number. Although these Reynolds numbers are not representative of full-scale passenger vehicles, the values of the incident velocity were chosen to meet real car velocity conditions in urban and peri urban areas (20 to 90 km/h). Future tests are planned on a 50% scaled model at higher Reynolds numbers.