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INTRODUCTION  
 
Improving air quality has become a major issue, particularly in terms of public health and environment
Health Organization (WHO), air pollution is responsible for 7 million premature deaths per year worldwide
the deterioration of air quality. This is at the origin of the aggravation of allergies, the development of cardiovascular and 
pulmonary diseases in particular. Among victims, the elderly and children are the most exposed
million children worldwide live in a place where outdoor air pollution is six times higher than international standards
time, if we take into account the costs of repairing and maintaining buildings and monuments whose deterioration is linked to
pollution, the overall cost of this pollution will be around 1% of GDP (Gross Domestic Product) by 2060, according to the OECD 
(Organization for Economic Cooperation and Development) 
transport is a major contributor, particularly in urban areas
recent report, Roumegas and Saddier (2016) indicate that in France the road sector is responsible for the emissions of NOx, P
and PM2. 5 up to 54%, 16% and 19%, respectively 
in a microenvironment such as the passenger compartment of a vehicle or bus, it is necessary to better understand their dynam
from the exit of the exhaust and their interaction with the surrounding flow
infiltration into the following vehicles by both passive and active means
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ABSTRACT  

This report aims to make a state the nanoparticles resulting from transportation systems lead to 
degradation of air quality causing damage to human health. The dynamics of these ultrafine particles 
is strongly related to the flow characteristics. The present work is devoted to numerical simulation of 

wo phase flow (air + nanoparticles) which develops downstream of a circular cylinder of a 
diameter d=2. 5cm. The goal is to provide a better understanding of the influence of turbulence and 
vortex structures created in the wake of a cylinder on the dispersion of the carbon nanoparticles
studied flow (Re = 9300) was solved with the URANS model coupled with a lagrangian particle 
tracking. On the one hand, the results show that the nanoparticles tend to be located in the street of the 
vortices created by the wake of the cylinder. On the other hand, it is shown that the turbulence allows 
a wider dispersion compared to the case where no turbulence was considered
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air quality has become a major issue, particularly in terms of public health and environment
Health Organization (WHO), air pollution is responsible for 7 million premature deaths per year worldwide

This is at the origin of the aggravation of allergies, the development of cardiovascular and 
Among victims, the elderly and children are the most exposed.

ldren worldwide live in a place where outdoor air pollution is six times higher than international standards
time, if we take into account the costs of repairing and maintaining buildings and monuments whose deterioration is linked to

lution, the overall cost of this pollution will be around 1% of GDP (Gross Domestic Product) by 2060, according to the OECD 
(Organization for Economic Cooperation and Development) (3). There are different sources of pollution

s a major contributor, particularly in urban areas. The main pollutants emitted are ultrafine particles (UFP)
recent report, Roumegas and Saddier (2016) indicate that in France the road sector is responsible for the emissions of NOx, P

5 up to 54%, 16% and 19%, respectively (4). If we want to limit human exposure to these pollutants, particularly harmful 
in a microenvironment such as the passenger compartment of a vehicle or bus, it is necessary to better understand their dynam

om the exit of the exhaust and their interaction with the surrounding flow. The ultimate objective is to reduce/limit their 
infiltration into the following vehicles by both passive and active means.  
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air quality has become a major issue, particularly in terms of public health and environment. According to the World 
Health Organization (WHO), air pollution is responsible for 7 million premature deaths per year worldwide(1). This is partly due to 

This is at the origin of the aggravation of allergies, the development of cardiovascular and 
. According to UNICEF (2), 300 

ldren worldwide live in a place where outdoor air pollution is six times higher than international standards. At the same 
time, if we take into account the costs of repairing and maintaining buildings and monuments whose deterioration is linked to this 

lution, the overall cost of this pollution will be around 1% of GDP (Gross Domestic Product) by 2060, according to the OECD 
There are different sources of pollution. Among these, road 

The main pollutants emitted are ultrafine particles (UFP). Thus, in a 
recent report, Roumegas and Saddier (2016) indicate that in France the road sector is responsible for the emissions of NOx, PM10 

If we want to limit human exposure to these pollutants, particularly harmful 
in a microenvironment such as the passenger compartment of a vehicle or bus, it is necessary to better understand their dynamics 

The ultimate objective is to reduce/limit their 
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vortex structures and turbulence on the carbon nanoparticles 



Thus, the improvement of our state knowledge on the spatial and temporal evolutions of the concentrations of nanoparticles from 
the exhaust of a vehicle in connection with wake flow is of major importance. Indeed, the dynamics of these ultrafine particles are 
strongly influenced by the structure of the flow and in particular by the presence of turbulent vortices. Dispersal of particles by 
turbulence has been shown to be a predominant mechanism (Mehel et al. 2010). It is therefore essential to characterize the 
structure of wake flow and to quantify the interaction of particles with this flow. Some studies have investigated these interactions 
by conducting dispersal measurements in the wake of a vehicle. For example, Carpentieri and Kumar (2011) made measurements 
using a grid mounted on the rear of a vehicle in the near wake area with a total of 9 sensors placed at distances ranging from 0. 
45m to 0. 8m from the bumper. Their study gives an idea of the dynamics of particle dispersion but the area covered remains very 
limited. In view of the difficulties of having a large number of measurements of concentrations at different locations in the wake 
of a vehicle, some work has opted for the study of the dispersion of ultrafine particles in the wake of model vehicles in wind 
tunnels. For example, Kanda et al. (2006) worked with two types of vehicle models (a car and a truck). They showed that the 
exhaust gases dispersion increases significantly in the wake in the presence of the vehicle compared to the case without a vehicle. 
Carpentieri et al. (2012) investigated the influence of the boundary layer on the bottom through a mobile floor. They showed that 
the dispersion of ultrafine particles in the near wake is attenuated while it is increased in the far wake. However, both studies used 
a tracer gas in the wake to simulate particle dispersion. Unlike solid particles, which can undergo deposition and agglomeration 
mechanisms (Carpentieri et al. 2011), the latter does not undergo transformation, which alters their dispersion dynamics (Mehel 
and Murzyn 2015).  The numerical work presented is in this context. It is then a question of injecting solid particles instead of 
tracer gases. In particular, the influence of vortex structures and turbulence on the dispersion of carbon nanoparticles is sought to 
be finely characterized. For this, our approach is initially concerned with the flow that develops in the wake of a simple obstacle 
and well referenced in the literature: the cylinder. Our cylinder has a diameter of 2. 5cm and the upstream speed is U=5. 56 m/s for 
a number of Reynolds Re=9300. After the presentation of the conditions of our numerical modelling (choice of the turbulence 
model, definition of the mesh, etc. ), the main results will be presented focusing particularly on the concentration fields at different 
distances downstream of the cylinder. The last part will be devoted to the synthesis of the results and a presentation of the 
perspectives and future developments. In particular, for our next step, the cylinder will be replaced by a simplified vehicle 
geometry (Ahmed’s body) in order to get even closer to a real situation for which our results can be compared with experimental 
data obtained in wind tunnel.  
 
Numerical method: Our study is based on a 2D simulation of the flow with an Eulerian approach type URANS (Unsteady 
Reynolds Average Navier-Stokes) combined with a lagrangian monitoring of the particles. Our simulations were carried out using 
the commercial code Fluent (version 16. 1). The statistical resolution of the Navier-Stokes averaged equations of equation (Eq. 1) 
reveals new terms, namely the double correlations that form the Reynolds tensor. Thus, for the resolution of the turbulence 
represented by this double correlation, we opted for the Reynolds Stress Model (RSM) associated with a near-wall treatment type 
Enhanced Wall Treatment (EWT). This choice stems from a preliminary comparative study with the existing literature concerning 
in particular two characteristic parameters related to the topology of the monophasic flow of the wake cylinder:the separation 
angle θ and the recirculation length measured by the cylinder diameter (noted Lr/d). The main results of this study are presented in 
Table 1. Analysis of the latter shows that our results are in good agreement with various experimental studies ((5), (6)). Norberg et 
al. (1994) (5) stated that Lr/d of the downstream flow of the cylinder decreases from 1. 8 to 0. 8 when the Reynolds number 
increases between 1500 and 15000. Similarly, Perrin (2005) [6] found that the angle of detachment remained constant when Re 
went from 1000 to 100000 (Table 1).  

 
Table 1. Calibration of the numerical model with existing literature 

 
 Lr/d θ Re 

Norberg et al. (1994) [5] 1,8 à 0,8 - 1500<Re<15000 
Perrin Thesis (2005) [6] - 80 1000<Re<100000 

Presentstudy 0,9 81 Re= 9300 
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The term ����

����
� is a constraint resulting from the turbulent agitation movement. This is Reynolds stress. The interaction of the 

nanoparticles with the turbulence of the flow is ensured by the EIM (Eddy-Interaction Model) model of the particles dispersion by 
turbulence. It is a stochastic model used to model turbulent flow fluctuations. It consists in generating fluctuating velocities of the 
carrier fluid respecting the local average turbulent intensity and kept constant for a given time [7]. The fluctuating velocity of the 
fluid seen by the particle noted by��

∗ is generated via the equation below: 
 

��
∗ = ��〈��

�²〉   (Eq. 2) 
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with�〈��
�²〉the standard deviation of the mean value of fluctuating velocities and G a random number of the Gaussian distribution 

centered and reduced.  
 
Geometry and Mesh: Figures 1 and 2 respectively represent the geometry and mesh of the study field with a zoom on the 
boundary layer mesh (Figure 2). Dimensional parameters for the study area were selected in accordance with the study by Nishino 
et al. (2008) (8). The length between the cylinder center at the inlet and the outlet cylinder center of the domain are Li=10d and 
Lo=20d respectively. The height of the domain is H=10d. Note �� the infinite speed upstream, x the main direction of flow 
(horizontal axis) and y the vertical direction. The origin of the mark is taken as the middle of the cylinder at the coordinate point 
(x=0, y=0). In the boundary layer in the vicinity of the cylinder wall, 10 layers are created with a progression rate of 1. 2 from the 
size of the first layer. Beyond, and within a radius of 7cm, the size of the elements is 2mm. Far from the wall, the size of the mesh 
is 5mm. The total number of elements is 28402.  

 
 

 

 

Figure 1: study field of geometry Figure 2: Domain Mesh 

 

Simulation conditions: For the continuous fluid carrier phase, the inlet air velocity (velocity-inlet) is U =5. 56 m/s corresponding 

to a Reynolds number Re= 9300, where d=25 mm. The relative outlet pressure (pressure-outlet) is set at the standard atmospheric 
pressure (P=101325 Pa). Regarding the particles properties and injection, the injector simulating the exhaust pipe is located below 
the cylinder at a dimensionless position (x/d=0 and y/d=-0. 62) (9). The origin is taken at the cylinder center, x being the stream wise 
direction positive downstream and y being the vertical direction positive upward. We inject 1000 parcels of carbon nanoparticles 

with a diameter nmdP 10  (St= 310-6) and a density p = 2000 kg/m3 at each time step t = 10-4s. The particles injection 

velocity is ��,�= 6. 875 m/s with a mass flow rate of carbon nanoparticles
��

��
= 0. 0625 mg/s. This flow rate was calculated according 

to the standard EURO6 concerning the limitation levels of particles emitted by vehicles (4,5mg/km) and for an urban velocity of (50 
km/h). Finally, each parcel represents 5. 97106 carbon nanoparticles. The total iteration number is 2500. Brownian diffusion is not 
considered in this study.  
 

RESULTS 
 
The evaluation of the turbulence influence on nanoparticle dynamics was carried out by comparing the results obtained when the 
turbulence dispersion model (EIM) is activated with those for which it is not take into account. For effect of vortex structures on 
nanoparticles dispersion in the wake, we also simulated the flow with and without a cylinder while injecting the particles in the same 
position. This approach allows us to have a reference situation (without the presence of the cylinder, Figure 3a).  Figures 3a-b-c 
represent the different positioning maps of carbon nanoparticles at time t=0. 25s colored by their residence time. In this study, 
residence time is the residence time of nanoparticles in the computational domain. It is highly variable and depends essentially, for a 
given particle size, on their interaction with turbulent vortex structures. Figure 3a represents the reference case (without the presence 
of the cylinder). Figure 3b corresponds to the results with cylinder when the dispersion model (EIM) is not activated and Figure 3c if 
this model is activated.  

 
The overall analysis of Figures 3a to 3c shows that the flow structure has a strong influence on nanoparticles dynamics. Indeed, 
without the presence of the cylinder (Figure 3a), that is to say in the absence of the vortex structures, the nanoparticles tend to 
follow the longitudinal passing through the injection point with a lower residence time in the domain (maximum around 0. 1s). For 
the case of cylinder presence, the nanoparticles are dispersedsolely by the impact of the vortex structures that develop in the wake 
flow of the cylinder. The maximum values of residence time in this case is 0. 24s. By activating the EIM model (Fig. 3c), we notice 
that the carbon nanoparticles diffuse more significantly in the wake of the cylinder. Furthermore,particles with a high residence time 
are found in the core of the vortices. This trends show that vortices trap carbon nanoparticles first at the periphery of vortices and 
then in their core.  To develop our analysis, we also looked at the evolution of the carbon nanoparticles concentration in different 
vertical planes downstream of the cylinder for different distances x/d. When 1<x/d<10, we will be considered the near wake 
cylinder. The far wake of a cylinder is associated with the case where x/d>10. Figures 4, 5 and 6 represent the concentration profiles 
of as dimensionless concentrations (C*). C* is given by Eq 3: 
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Figure 3.  Contours of nanoparticle positions colored by their residence time: a) without cylinder with EIM; b) 
with cylinder and without EIM; c) with cylinder with EIM

 

C*=C/Cmax   

 
where C(kg/m3) is the instantaneous concentration of particles and 

 
As mentioned earlier (Figure 3), the first element that emerges from Figures 4, 5 and 6 is the demonstration of the decrease 
concentration of particles during the passage of the near wake to the distant wa
without cylinder, EIM model enabled or not). 
base and the decrease in the amplitude of the peak concentration
 
In Figure 4 (case without cylinder), in the absence of vortex structures, dispersion remains limited
the injection position y/d=-0. 62. Indeed, particles have a much important horizontal component of velocity than the 
component. Figures 5a and 5b (with cylinder, EIM model not activated) and 6a and 6b (with cylinder, EIM model activated) provide 
information of the turbulence influence on concentration fields
dispersion of nanoparticles is more homogeneous and extensive (Figure 6) than when the EIM model is deactivated (Figure 5)
 
For example, the scatter field in x/d=18 is found to be between y/d=
on Figure 5b where the scatter is between y/d=
Figure 5b, which indicates the passage of a charged particle tourbillon as shown in Figure 3c
and 6 show that the particles are simply driven by the flow, the dispersion (base of the peak concentration) being reduced
due to the proximity of the measurement to the injector position
is zero (Figure 5a). The reason for this is that, at this location, you are in a zone of unleashed vortex structures coming from the 
recirculation zone. The length of the cylinder wall is 0
 
This release occurs alternately on either side of the central axis (y/d=0) which explains that the line x/d=2 records the passage of 
particles in a sinusoidal manner. The final time of our simulation (t=0
nanoparticles above the center line in y/d=0 (Figure 3b)
with the presence of the cylinder are compared with those obtained in the absence of the cylinder
and 6 shows that the vortex structures lead to an increased dispersion on both sides of the Von
peaks in concentrations on both sides in relation to the center of the cylinder which is at y/d=0
at the center of the vortices are those that have a greater residence time (Figure 3c)
in these vortex that make up Von Karman Street
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Contours of nanoparticle positions colored by their residence time: a) without cylinder with EIM; b) 
with cylinder and without EIM; c) with cylinder with EIM 

 

) is the instantaneous concentration of particles and Cmax is the maximum corresponding value

As mentioned earlier (Figure 3), the first element that emerges from Figures 4, 5 and 6 is the demonstration of the decrease 
concentration of particles during the passage of the near wake to the distant wake, regardless of the configuration tested (with or 

. In these figures, the lateral dispersion is represented by the widening of the curve at its 
base and the decrease in the amplitude of the peak concentration.  

In Figure 4 (case without cylinder), in the absence of vortex structures, dispersion remains limited. It operates symmetrically around 
Indeed, particles have a much important horizontal component of velocity than the 

Figures 5a and 5b (with cylinder, EIM model not activated) and 6a and 6b (with cylinder, EIM model activated) provide 
information of the turbulence influence on concentration fields. When the EIM dispersion model is activated, it is not
dispersion of nanoparticles is more homogeneous and extensive (Figure 6) than when the EIM model is deactivated (Figure 5)

For example, the scatter field in x/d=18 is found to be between y/d=-2. 5 and y/d=2. 5 (Figure 6b) while this feature 
on Figure 5b where the scatter is between y/d=-1 and y/d=1. On the other hand, there is a much more pronounced peak in x/d=5 in 
Figure 5b, which indicates the passage of a charged particle tourbillon as shown in Figure 3c. In the near wake
and 6 show that the particles are simply driven by the flow, the dispersion (base of the peak concentration) being reduced
due to the proximity of the measurement to the injector position. In x/d=2, when the EIM model is not en

The reason for this is that, at this location, you are in a zone of unleashed vortex structures coming from the 
The length of the cylinder wall is 0. 0225m (Table 1).  

rs alternately on either side of the central axis (y/d=0) which explains that the line x/d=2 records the passage of 
The final time of our simulation (t=0. 25s), is in the ascent phase of structures containing 

above the center line in y/d=0 (Figure 3b). To characterize the effects of tourbillon structures, the results associated 
with the presence of the cylinder are compared with those obtained in the absence of the cylinder. For this, the analysis of Figures 5
and 6 shows that the vortex structures lead to an increased dispersion on both sides of the Von-Karman street
peaks in concentrations on both sides in relation to the center of the cylinder which is at y/d=0. On the other hand, the nano
at the center of the vortices are those that have a greater residence time (Figure 3c). So this leads us to think that they were trapped 
in these vortex that make up Von Karman Street.  
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Contours of nanoparticle positions colored by their residence time: a) without cylinder with EIM; b)  

 (Eq. 3) 

is the maximum corresponding value of C.  

As mentioned earlier (Figure 3), the first element that emerges from Figures 4, 5 and 6 is the demonstration of the decrease in the 
ke, regardless of the configuration tested (with or 

In these figures, the lateral dispersion is represented by the widening of the curve at its 

It operates symmetrically around 
Indeed, particles have a much important horizontal component of velocity than the vertical 

Figures 5a and 5b (with cylinder, EIM model not activated) and 6a and 6b (with cylinder, EIM model activated) provide 
When the EIM dispersion model is activated, it is noted that the 

dispersion of nanoparticles is more homogeneous and extensive (Figure 6) than when the EIM model is deactivated (Figure 5).  

5 (Figure 6b) while this feature is not as marked 
On the other hand, there is a much more pronounced peak in x/d=5 in 

In the near wake (x/d=1), Figures 5 
and 6 show that the particles are simply driven by the flow, the dispersion (base of the peak concentration) being reduced. This is 

In x/d=2, when the EIM model is not enabled, the fat concentration 
The reason for this is that, at this location, you are in a zone of unleashed vortex structures coming from the 

rs alternately on either side of the central axis (y/d=0) which explains that the line x/d=2 records the passage of 
25s), is in the ascent phase of structures containing 

To characterize the effects of tourbillon structures, the results associated 
For this, the analysis of Figures 5 
Karman street. Indeed, we notice 

On the other hand, the nanoparticles 
So this leads us to think that they were trapped 
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Figure 4. Evolution of the nanoparticles concentration at the cylinder presence: a) domain of the near wake; b) domain of the far wake 

  
Figure 5. Evolution of thenanoparticles concentration in the cylinder wake without taking into account the turbulent dispersion model 

(EIM): a) near wake; b) distant wake 

 
 

 

Figure 6. Evolution of the nanoparticles concentration in the cylinder wake with consideration of the turbulent dispersion model  
(EIM): a) near wake; b) far wake 

 
CONCLUSION 
 
In this work, a numerical study of the solid nanoparticles dispersion in the wake of a cylinder is presented. Our interest has 
focused in particular on an analysis of the turbulent and vortex structures influence that develop in the wake on the capture and 
transport of these nanoparticles. Our results show thatparticles dispersion dynamics are strongly related to the structure in the 
wake flow. In particular, we highlight that particles can be trapped by wake vortices. The next work will be to simulate the 
dispersion of these same carbon nanoparticles in the wake of a traditionally used model of motor vehicle: Ahmed body. It is a 
simplified geometric model for which only the tilt angle of the rear bezel influences the wake flow topology. Our interest will 
focus in particular on a square Ahmed body to allow us a comparative study with experimental data acquired in wind tunnel.  
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