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Abstract: Improving air quality in urban environments and transportation systems is crucial.
Concerns are related to health and environmental issues associated with huge costs. Car cabin is a
microenvironment where pollutants can accumulate with possible risks for occupants. In automotive
engineering, it has then become mandatory to study the path and dispersion of such pollutants
emitted from the tailpipe of a car. In the present paper, the relation between the flow topology and
the dispersion of ultrafine particles (UFP) in the wake of a vehicle is discussed. Experiments were
undertaken at a reduced scale using simplified car models. Experimental conditions were defined to
be representative of a vehicle in an urban environment. Based on experimental data, a simplified
analytical model is developed, which aims at describing the concentration fields of UFP in the wake
of a single vehicle for different rear slant angles. The strengths and limits of the present model are
discussed and ways of improvements are suggested. Additional experiments are presented to assess
the influence of the inter-vehicle distance on this recirculation region. Critical inter-vehicle distances
were determined based on defined criteria for different rear slant angles of the leading vehicle and
compared to safety clearances.

Keywords: pollutant dispersion; ultrafine particles; wind tunnel; analytical model; ahmed bodies;
wake flows

1. Introduction

All around the world, people are sensitized to air quality. Its severe deterioration is particularly
harsh in ground transportation systems. In the past ten years, many reports and papers were published
on that topic by scientific institutes and researchers. Some of them were interested in describing
the emissions of pollutants depending on the fleet and the traffic load [1], the exposure of people
including commuters, cyclists, pedestrians and drivers [2–6], the pollutant levels in cars cabins [7–10]
and the effects of ventilation settings on them [11,12], in buses or near roads. Others discussed
the toxicity of pollutants as well as their harmful health effects [13–19]. This issue has become
crucial. Indeed, in 2012, tailpipe emissions from Diesel engines were classified as carcinogenic [20].
In her recent study, Valentino [21] suggested that diesel engine exhaust alters placental function and
induces intergenerational effects in rabbits. From a general point of view, pollutants are emitted
in the atmosphere by different sources such as industries and manufactories, agriculture, heating
systems, green waste burning and transports (ground, sea, air). Focusing on ground transportation
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systems such as cars, buses and trains, pollutants can be either particles including fine (FP, PM2.5),
ultrafine (UFP, PM0.1) and nanoparticles (PM0.05) or gases such as carbon dioxid (CO2), ozone (O3),
nitrogen oxide (NO) and nitrogen dioxid (NO2). Note that PMX refers to Particulate Matter with an
aerodynamic diameter less than x µm regardless of their chemical composition or physical aspect.
Among particles, UFP and nanoparticles are particularly dangerous since they can penetrate more
deeply in the respiratory and circulatory systems (lung, pulmonary alveoli) and in the brain leading
(but not limited) to cancers, heart and neurological diseases [5,13,15,22,23]. According to the French
Environment and Energy Management Agency [24], 15% of PM10 come from Diesel engines and
dust produced by roads, brakes and tyres. Depending on weather conditions, pollution peaks can be
reached above the alert levels. For instance, in the Ile de France region (Paris and suburbs, France),
regulations are defined by an inter-prefectoral order (n◦2016-01383, 19 December 2016) and set as
80 µg/m3 daily for PM10. In France, people are aware of that since traffic restrictions are taken when
thresholds are exceeded and recommendations are provided to young and older people. As an example,
limitation of outdoor activities is suggested. Being exposed to high pollution levels for a long period
of time is hazardous. Recent studies pointed out the increase of cardiovascular diseases, asthma or
cancer [5,15,25]. In urban environments, outside concentrations of pollutants can be enhanced by street
architecture (canyon streets for instance) as well as by the increasing number of vehicles and traffic
jam [2]. On the one way, not only pedestrians, cyclists, drivers and car passengers are exposed but also
workers in building and kids at school. It was clearly shown that UFP can penetrate into building
through cracks [26,27], windows and leakages [28]. On the other way, car cabins can be considered as
microenvironments where pollutants can accumulate. As a matter of fact, it was shown that commuters
can be exposed to high levels of pollutants inside their vehicle depending on different factors such as
the age of the vehicle, the ventilation settings and the outdoor levels [2–4,9–11,29–31]. These results
were underlined by Mehel et al. [11]. Based on a large set of on board measurements in and around
Paris (France), they quantified the concentration of particles in mass and number in the car cabin for a
wide range of conditions. They pointed out the key role of the ventilation settings, the topology of
the roads (highways, ring road . . . ) and the road infrastructures. For example, tunnels were always
associated with an important increase of inside levels for particles when the air intakes are open.
It means that the outside concentration strongly influences the levels at which drivers and passengers
are exposed. A key point is then to assess how these particles disperse in the wake of the emitting
vehicle and how they disseminate in the surrounding environment. In other words, understanding
the interaction between the flow topology and particles is essential as it is obviously connected to
their capability to infiltrate the following vehicle. Campagnolo et al. [32] demonstrated the major
role of the leading vehicle emissions on the in-vehicle airborne fine and ultrafine particulate matter
exposure. They concluded that reducing the emissions of vehicles was mandatory to decrease human
in-cabin exposures during urban and suburban driving conditions and to improve the air quality in
traffic environments. This is crucial since reduction in PM10 concentrations has an impact on human
mortality [23]. Depending on the ventilation settings, Mehel et al. [11] indicated that the traffic load
plays an important role. In other words, the inter-vehicle distance should be a parameter, which role
should be evaluated more accurately. The present paper deals on that issue. The main goal is to study
the interaction between wake flows and ultrafine particle dispersion. An experimental campaign in a
wind tunnel was undertaken at a reduced scale using simplified car models known as Ahmed bodies.
These models were first proposed by [33]. From a fluid mechanics point of view, [34] indicated that the
governing parameter of the flow developing in the wake of such models is the rear slant angle (ϕ).
Having a unique shape for the front face, these models are easily machinable and cheap. Over the
last two decades, they have been intensively studied numerically [35–37] and experimentally [38–49].
Numerical studies were mostly interested in discussing the influence of turbulence models, aspect
ratio and stilts on the flow features. Wind tunnel measurements provided information regarding the
sensitivity to experimental conditions (sharp versus rounded edges for instance), the recirculation
region and the vortices developing in the wake (positions, centres). Altogether, they showed that
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different flow topologies can be reproduced depending on the rear slant angles representing real
situations. This point will be developed in the second section. Working with such car models is then
relevant. Based on experimental data, the dispersion of UFP in the wake of different car models is
studied and a simplified analytical model capable of depicting this dispersion is presented. Note that
coagulation and condensation are out of the scope and not considered.

In the second section, the experimental facilities, the selection of three car models and measurement
techniques are detailed. In the third section, the relations between the flow topology and the
concentration fields of UFP in the wake of a single simplified car model are discussed for conditions
representing an urban environment. The proposed model is developed and assessed. Its accuracy is
discussed and possible improvement suggested. Then, the role of the inter-vehicle distance on the
main properties of the wake flow is discussed depending on the rear slant angle of the leading vehicle.
Potential consequences on particle dispersion are exposed when two vehicles interact. In the last
section, conclusions and perspectives are presented.

2. Experimental Facilities and Measurement Techniques

2.1. Experimental Facilities

The experiments were carried out in the open wind tunnel located at ESTACA West Campus
(Laval, France). The test section has a length Lwt = 1 m, a width lwt = 0.3 m and a height Hwt = 0.3 m.
The flow is generated by a 3 kW engine situated at the downstream end of the facility. The maximum
velocity for the air flow is Umax = 40 m/s. Before entering the test section, the air flow passes through a
convergent with a 1:16 ratio. It constraints and ensures a 1D incoming flow. In the empty test section,
the ratio between the horizontal component of the velocity (U) and the vertical one (V) is larger than 20.
Out of the boundary layers, the turbulent intensity is about 1% and the horizontal gradient is less than
3.5%. The boundary layer thickness does not exceed 12 mm at the end of the test section. Walls are
made of transparent PMMA. It allows the use of optical devices such as LASER Doppler Velocimetry
(LDV) for velocity measurements.

For the car models, the simplified geometry called the Ahmed body was selected from the
literature review. As mentioned above, the key parameter is the rear slant angle. Three main classes
exist, which correspond to different flow topologies in the wake of these vehicles [34]:

• For ϕ < ~10◦: the wake flow is defined as “squareback” and it is considered as 2D away from the
walls. Experimental studies were provided by [38–41];

• For ~10◦ < ϕ < ~30◦: the wake flow is defined as “fastback”. Due to the interactions between
vertical structures, the flow is highly 3D. For ϕ = 25◦, interesting results come from [42–48];

• For ϕ > ~30◦: the wake flow is closed to that observed for ϕ < ~10◦. It is then almost 2D away
from the walls. For ϕ = 35◦, the contributions of Tunay et al. [42], Wang et al. [47] are among the
most cited references.

Whatever the rear slant angle, a recirculation region develops in the close wake. This region
is larger for ϕ = 0◦ and smaller for ϕ = 25◦. In this latter case, it is mainly explained by the flow
attachment on the rear slant. Nevertheless, manufacturing conditions can influence this behaviour [49].
For ϕ = 35◦, the situation is intermediate.

Considering the dimensions of the experimental facility, working with car model at scale 1 is not
possible. Reduced scaled models were then designed. In order to avoid wall effects, the main criterion
was focused on the aspect ratio (AR). It is given by Equation (1):

AR =
h × l

lwt × Hwt
, (1)

where h and l are the height and the width of the car models, respectively.
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If AR is below 6% [50], then no correction of the velocity measurements are expected due to the
wall effects. According to the original shape proposed by Ahmed et al. [33], the dimensions of the
models were defined as h = 0.054 m (height) and l = 0.073 m (width). The length of the vehicle was
L = 0.196 m. With respect to the original model, the scale of the present models is 1:5.3 for an AR of
4.8%. Three car models were built with rear slant angles of 0◦ (squareback model), 25◦ and 35◦. For each
vehicle, four stilts were manufactured to fix the car on the bottom of the wind tunnel. Their height
was hs = 15 mm, which is larger than the boundary layer thickness. Then, the dimensionless ground
clearance was hg = hs/h = 0.28. Figure 1 presents three sketches (rear, side and bottom views) of the car
models with all relevant notations.
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Measurements were conducted either with a single vehicle (SV) or with two vehicles. In this
latter case, three conditions were studied depending on the rear slant angle of the leading vehicle (LV):
ϕ = 0◦, 25◦ or 35◦. The following vehicle (FV) was always a squareback model. For measurements
with particles, a tube with an inner diameter (dt) of 4 mm was glued on the bottom face of the vehicle,
17 mm on the right side of the origin (Figure 1, rear view) corresponding to a dimensionless position
z/h = −0.31. It represented the tailpipe. All vehicles were fixed at the centreline of the channel (z* = 0)
and aligned with the main flow direction (x). In the present paper, x, y and z is the horizontal (positive
in the streamwise direction), vertical (positive upward) and transversal (positive from right to left,
rear view) directions, respectively. The origin O was taken at the rear face of the leading vehicle,
on the centreline of the channel at the lowest level of the rear face. x*, y* and z* are the dimensionless
corresponding distances (x* = x/h, y* = y/h and z* = z/h).

In order to reproduce the dynamics of a vehicle in an urban environment, the ratio between the
inflow velocity (U0 for the model, U∞ for the prototype) and the particle velocity at the exit of the
tailpipe (VUFP,tailpipe) was kept constant for model and prototype (Equation (2)). This was defined as
the similitude law for the present experiments.(

U0

VUFP,tailpipe

)
model

=

(
U∞

VUFP,tailpipe

)
prototype

, (2)

where U∞ is the velocity of the prototype (vehicle in an urban environment). Here, U∞ = 13.9 m/s.
Based on an “average” engine as defined by [51], VUFP,tailpipe for the prototype was assessed as 10.3 m/s.
For more details, one can refer to Rodriguez [49].
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2.2. Measurement Techniques

Velocity measurements were recorded with a 2D LDV system (DANTECMD Dynamics 2D Flow
Explorer). Two pairs of LASER beams were emitted, one per velocity component (U is the horizontal
component of the velocity and V the vertical one). Their wavelengths were 660 nm and 785 nm.
The sizes of the measuring volume were 0.1684 × 0.1681 × 2.806 mm3 and 0.2003 × 0.1999 × 3.338 mm3,
respectively. The numbers of fringes were 30 per pair of LASER beam. The interfringes were 5.448 mm
and 6.396 µm. The focal length was lfl = 500 mm and the frequency shift for the Bragg cell was 80 MHz.
The uncertainty for the measurement of the velocity was 0.07% [52,53]. This system was mounted on a
3D displacement table. The displacement spans over 410 mm in each direction with an accuracy of
0.01 mm. Figure 2a shows this experimental arrangement with the LDV system while Figure 2b is a
zoom on the test section with the two car models (LV and FV).
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The BSAFlow software (v5.03.00) was used for data acquisition. The Individual realization (IR)
mode was selected for the acquisition. It means that all particles crossing the measuring volume
and validated by the processor are recorded. Nevertheless, some bias may occur in the analysis
justifying the development of the new method to assess mean and turbulent components of the
velocity [54]. To ensure a good data rate, a fog generator was used. For the present study, the seeding
was SAFEXMD Inside Nebelfluid Extra Clean [55,56] provided by DANTEC. This fluid was heated by
the SAFEXMD S 195 G, which generated particles with an average radius of 1.068 µm in agreement
with the recommendation of Tropea et al. [57].

UFP were generated by a PALASMD DNP 2000 [58]. They were made of carbon with a mean
diameter between 20 nm and 100 nm. The operating principle is detailed by Rodriguez [49]. In these
working conditions, the mass flow rate of these UFP was qm = 6.5 mg/h. UFP were carried by nitrogen,



Atmosphere 2020, 11, 39 6 of 23

which flow rate was qtailpipe = 8 L/min. Taking into account the diameter of the tailpipe dt in the wind
tunnel, the velocity of UFP at the tailpipe exist was given by Equation (3):

(
VUFP, tailpipe

)
model

=
4 × qtailpipe

π × d2
t

= 10.6 m/s, (3)

(
U∞

VUFP,tailpipe

)
prototype

=
U∞

4 × Qtailpipe

π × D2
tailpipe

, (4)

where Qtailpipe and Dtailpipe are the flow rate and the diameter of the tailpipe for the prototype, respectively.
Then, after few rearrangements, the relation for the determination of U0 becomes (Equation (5)):

U0 =

(
U∞

VUFP,tailpipe

)
prototype

×

(
VUFP, tailpipe

)
model

= U∞ ×
D2

tailpipe

Qtailpipe
×

qtailpipe

d2
t

, (5)

Finally,

U0 = 13.9 ×
0.0552

2.45× 10−2 ×
1.33× 10−4

0.0042 ∼ 14.3 m/s, (6)

Assuming that Dtailpipe = 0.055 m and Qtailpipe = 0.0245 m3/s for an average vehicle in an urban
environment [49].

The upstream air velocity was then chosen (U0 = 14.3 m/s) and kept constant. Based on the height
of the car model, the Reynolds number was Re = 49,500.

At the tailpipe exit in the present experiments, the size distribution of the UFP generated by
the PALAS indicated that more than 93% of them had an aerodynamic diameter between 30 nm and
109 nm with an average concentration of 6.96 × 107 part/cm3 (Ce,c).

For the measurements of the Particle Number Concentration (PNC) in the wake of the car model,
an ELPI (Electrical Low Pressure Impactor) was used. It allows concentration measurements for
particles having a diameter between 30 nm and 10000 nm. For the detailed description of this device,
one can refer to DEKATI [59] and Rodriguez [49]. Note that it was successfully used in previous work
on the same topic [60]. A bended sampling probe was introduced into the test section. It sucked the air
in the wake of the car model at a certain flow rate, which must correspond to an average velocity as
close as possible to the inflow velocity. In the present case, considering the characteristics of the ELPI,
this velocity was 13.3 m/s (difference was less than 7% compared to the inflow velocity U0). It was
manually moved from one sampling point to another.

The experimental setup is presented on Figure 3 with the instrumentation.
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2.3. Experimental Conditions, Data Acquisition and Analysis

For all devices, calibrations were performed before measurements to define the best data collection
duration [49]:

• For LDV, measurements lasted 90 s with a maximum of 5000 collected samples. A new method
for data filtering was developed avoiding burst effect [54,61]. Depending on the position of the
measuring point, the data rate was between few Hertz and hundreds of Hertz;

• For PNC measurements, data acquisition lasted at least 80 s. It is divided in three different
phases: (1) determination of the ambient levels (duration ~5 s, no particle generated), (2) particle
generation (duration ~10 s until a stabilized level is reached) and (3) measurements (~60 s, PNC
levels are recorded). The data rate was 1 Hertz;

Regarding the spatial mesh for the velocity measurements, it was defined according to two cases:

• Measurements with a single vehicle: the horizontal step between two points was 10 mm in
the close wake (0.09 < x* < 1.94) and 50 mm for 1.94 < x* < 5.65. The vertical step was 5 mm
for 0.09 < y* < 1.11, which covers the entire height of the car model. Boundary layer profiles
were also determined in the wake of the vehicle for −0.28 < y* < 0.09. Furthermore, additional
measurements were made above the rear slant for ϕ = 25◦ and 35◦ to characterize the flow
attachment or detachment. Lastly, 4 vertical planes were investigated to cover half width of the
vehicle (z* = −0.68, −0.46, −0.23 and 0). Altogether, more than 5700 points were considered;

• Measurements with two vehicles: six inter-vehicle distances (d) were studied. Using dimensionless
distances, they were given by D = d/h = 0.93; 1.85; 2.78; 3.70; 4.62 and 5.56. The horizontal step
was always 10 mm for D = 0.93, 1.85, 2.78, 3.70 and 4.62. For D = 5.56, it was either 10 mm
(0.19 < x* < 2.22) or 20 mm (2.59 < x* < 5.56). In the vertical direction, it was 5 mm for 0 < y* < 1.11.
For this configuration with two vehicles, measurements were made at the centreline of the channel
(z* = 0) at more than 3700 positions.

These choices ensured an accurate spatial resolution, especially for the determination of the
recirculation length (Lr). This length is defined as the longest distance measured from the rear part of
the vehicle for which U is negative, U being the horizontal component of the velocity. At this stage,
it is acknowledged that the influence of the tailpipe on the wake flow was assessed. No significant
effect was noticed [49].

Regarding the measuring points for the PNC measurements (SV), they started from x* = 0.57 to
2.89 with a horizontal step of 25 mm and a vertical step of 5 mm. From x* = 3.35 to 7.06, the horizontal
(respectively vertical) step was 50 mm (respectively 10 mm). In the z direction, measurements were
made from z* = −0.62 to + 0.62 with a step of 16.7 mm (full width of the vehicle) for x* = 0.57 to 2.89.
For x* = 3.35 to 7.06, additional measurements were made with a dimensionless step x* = −0.93 at
z = −1.85; −1.24; −0.62; −0.31; 0, 0.31; 0.62; 1.24 and 1.85. Altogether, these positions ensured a 3D
description of the PNC fields in the wake of the vehicle.

3. Results

In this part, the results concerning the flow dynamics in the wake of a single vehicle are reported
first. Mean and turbulent properties are presented and compared to the existing literature. Then, the
mechanisms of UFP dispersion are detailed for each configuration. The roles of the recirculation region
and the longitudinal vortices are underlined. Based on these experimental data, an analytical model
is proposed and assessed showing promising capabilities for different conditions. Some shortfalls
are pointed out. A first way of improvement is suggested and tested showing promising capabilities.
Finally, preliminary results of the flow dynamics between two vehicles are exposed depending on the
inter-vehicle distances and possible implications regarding UFP dispersion are introduced.
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3.1. Single Vehicle

3.1.1. Wake Flow Dynamics

In a first step, the mean properties of the flow developing downstream of the Ahmed body were
described depending on the rear slant angle. This aims at validating the experimental setup. First, the
length of the recirculation region was identified in each case. Table 1 summarizes the results for the
three rear slant angles [49].

Table 1. Recirculation length as a function of the rear slant angle for a single vehicle.

Rear Slant Angle 0◦ 25◦ 35◦

Lr/h 1.39 0.58 1.06

The difference between the three configurations is due to the flow attachment or detachment
on the rear slant. For ϕ = 25◦, the flow is attached. It induces a strong downwash effect limiting
the volume of the recirculation region. For ϕ = 0◦, the flow is fully detached and characterized by
the longest recirculation length. For ϕ = 35◦, an intermediate situation takes place. However, a
flow detachment is observed leading to longer recirculation length compared to = 25◦. These results
were compared to the literature showing strong agreements. Indeed, Barros [62] found 1.45 < Lr/h
< 1.52 while Grandemange et al. [40] gave Lr/h ~ 1.50 in agreement with Lahaye [63]. They worked
with Reynolds numbers between 90,000 and 700,000. These coherent findings tend to validate the
experimental setup. Furthermore, according to the literature [34,38,41,42,45,47,63,64], two counter
rotating vortices develop in the close wake for the three configurations (the upper one being A and the
lower one B). The corresponding positions of their centres (xA*; yA*) and (xB*; yB*) depend on and can
be identified from streamlines. Table 2 present the comparison between the present results and those
provided from the above-mentioned literature.

Table 2. Positions of upper (A) and lower (B) vortices of the present experiments.

Positions of Upper and Lower Vortices ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

Centre of upper vortex A (xA*; yA*). Present study (0.62; 0.84) (0.19; 0.37) (0.21; 0.70)
Centre of upper vortex A (xA*; yA*). Literature (0.81; 0.82) (0.24; 0.38) (0.43; 0.67)

Center of lower vortex B (xB*; yB*). Present study (0.70; 0.14) N/A N/A
Center of lower vortex B (xB*; yB*). Literature (0.74; 0.13) (0.36; 0.06) (0.56; 0.09)

Overall, a good correlation is highlighted with the literature. Note that for ϕ = 25 and 35◦,
the measurement of the position of the lower vortex was not possible because the vertical component
of the velocity was not accessible closed to the ground level.

In a second step, the turbulent fluctuations were characterized in the symmetry plane (z* = 0).
Both longitudinal (Ix = u’/U0, u’ being the Root Mean Square (RMS) value of the horizontal component
U of the velocity) and vertical (Iy = v’/U0, v’ being the RMS value of the vertical component V of the
velocity) turbulent intensities were assessed as well as the turbulent kinetic energy (TKE) and Reynolds
shear stresses (RSS). As an example, Figure 4 show the turbulent intensity in the streamwise direction
(Ix) for the three car models. On these plots, the positions of the centres of the upper (A) and lower (B)
vortices are indicated as well as the boundaries of the recirculation region (black lines).

For ϕ = 0◦, the results for both Ix and Iy tend to indicate that two shear layers appear in the
upper and lower parts of the wake flow, the upper one being more intense (Ix,max = 29%) than the
other one (Ix,max = 26%). This upper shear layer also spreads over a larger area [49]. At x* = 5.65,
Ix = 13%. For ϕ = 25◦, the lower shear layer is more intense (Ix,max = 29%) compared to the upper one
(Ix,max = 18%). From x* = 1.72, Ix is below 13%. This is explained by the downwash effect due to the
flow attachment on the rear slant. For ϕ = 35◦, the peak for Ix (31%) is located in the lower shear
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layer. From x* > 3.01, Ix decreases below 13%. Similar trends are observed for the dimensionless TKE
(TKE*). [49] indicated that the boundaries of the recirculation regions for each configuration match
with the regions where TKE* reach its highest values. For ϕ = 0◦, TKE* decrease to 0.03 at x* = 3.18
while the same level is reached at x* = 1.05 (ϕ = 25◦) and 2.11 (ϕ = 35◦). Regarding the dimensionless
Reynolds Shear Stresses (RSS*), for the three configurations, positive values are measured in the lower
shear layer while negative ones are observed in the upper one [49]. On the one hand, a symmetry is
observed for ϕ = 0◦ up to x* = 3 (in magnitude) even if it appears to be slightly larger in the upper
shear layer (RSSmax* = 0.043 versus 0.026). On the other hand, no symmetry is depicted neither for
ϕ = 25◦ nor for ϕ = 35◦. Additional characteristics will be given in the last part of the present paper and
comparisons will be discussed with the experiments involving two vehicles. Overall, these preliminary
results are in agreement with the literature [47,62] and confirm the reliability of the experimental setup.
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3.1.2. Particle Dispersion in the Wake of a Single Vehicle

In this part, the results obtained from the experimental measurements detailed in [65,66] are
briefly presented. The proposed approach is new and original. Indeed, solid particles were used
whereas most of the previous experimental works available in the literature used gas tracers [67–69].
Different 2D maps of the PNC fields in both horizontal and vertical plans were obtained [49]. Overall,
the experimental data point out different UFP dynamics depending on the rear slant angle:

• For ϕ = 0◦, highest levels of PNC are obviously aligned with the tailpipe. High levels of PNC are
also revealed in both streamwise and vertical directions. In the vertical direction, particles spread
almost over the total height and width of the vehicle but with different magnitudes. Indeed, when
they are ejected from the tailpipe, they are entrapped by the recirculation region, which is the
largest one in this case. The two counter-rotating vortices appearing in the close wake catch UFP
enhancing their dispersion. Similarly, the horizontal turbulent structures disperse the UFP in the
transversal direction. The average levels of PNC tend to decrease when the distances in x, y and z
directions from the tailpipe increase. In the recirculation region, the horizontal 2D maps of PNC
fields show a strong mixing characterized by homogeneous concentrations. Top views of the PNC
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fields in the wake of the car model reveal their symmetry with respect to z* = 0. This is a first
evidence of the strong correlation between the flow topology and the PNC fields;

• For ϕ = 25◦, the PNC fields confirm the strong downwash effect due to the attachment of the flow
on the rear slant. The vertical spreading is weaker than for ϕ = 0◦ as the recirculation region is
less volumic. The horizontal 2D maps of the PNC for different vertical dimensionless positions y*
above the bottom indicate a clear dissymmetry depicting the key role of the longitudinal vortices
developing from the edges of the car model in this case. One more time, the flow topology is a
key parameter influencing the particle dispersion;

• For ϕ = 35◦, the results ascertain the influence of the recirculation region on the particle dispersion.
Overall, they are quite close to those observed for ϕ = 0◦ as the flow is detached on the rear slant
(no downwash effect). From the 2D vertical maps at different z*, the PNC distributions exhibit a
homogeneous trend over the height of the vehicle in the close wake with decreasing levels as the
distance to the tailpipe increases.

3.1.3. Modelling of the Particle Dispersion in the Wake of a Single Vehicle

From these results, a preliminary analytical model is developed. It aims at describing the
dispersion of UFP in the wake of a single car model for the three rear slants. For such conditions, it is
acknowledged that the diffusion by turbulence is the most important parameter, which governs the
dynamics of the UFP. So, the diffusion/convection equation is considered to model the concentration C
of the UFP in the wake of the car model. It is given by Equation (7):

∂C
∂t

= Di∆C−∇Cu, (7)

where C is the concentration of UFP (particles/m3), t is the time (s), Di (I = y or z) the diffusion coefficient
(i.e., Dy is the diffusion coefficient in the vertical direction and Dz the diffusion coefficient in the
transversal direction, m2/s), is the laplacian, ∇ is the gradient and u the velocity (m/s).

Assuming a steady flow with a constant advection velocity (u = U0), then Equation (7) can be
written as:

Di∆C = U0∇C, (8)

Considering a 2D flow in the vertical plan (x,y), assuming that ∂C
∂x �

∂C
∂y and that the diffusion

coefficient in the vertical direction (Dy) is constant, then Equation (8) can be rewritten as:

∂2C
∂y2 =

U0

Dy

∂C
∂x

, (9)

According to [70], a solution of Equation (9) is given by:

C(y) = Cmax(x) × exp
(− 1

4
U0
Dy

(y−yCmax )
2

x )
, (10)

where Cmax is the maximum concentration and yCmax (m) the position of this maximum above the
bottom of the wind tunnel.

Using dimensionless numbers, Equation (10) becomes:

C
∗

f ,t(y∗) = maxy∗(x∗)

(
C
∗

f ,t

)
× exp

(− 1
4

U0h
Dy

(y∗−y∗
max(C∗f ,t)

)2

x∗ )
, (11)

where C
∗

f ,t =
C f ,t

Ce,c
, C f ,t being the final total concentration measured by ELPI.
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Similarly, in the transversal direction, Dz can be given by:

C
∗

f ,t(z
∗) = maxz∗(x∗)

(
C
∗

f ,t

)
× exp(−

1
4

U0h
Dz

(z∗−z∗
max(C∗f ,t)

)2

x∗ ), (12)

Based on this theoretical approach, Dy and Dz were determined based on the measurements made
in the wake of a single vehicle for the three configurations.

First, Dy was assessed from Equation (11). Since Dy is the sole unknown of the equation, it can
be achieved from the data by identifying y∗

max(C
∗

f ,t)
(the dimensionless position at which the peak of

PNC is measured) and maxy∗(x∗)

(
C
∗

f ,t

)
(the corresponding peak of PNC), for a given couple (x*, z*).

Attention was focused on three vertical plans given by z* = −0.31; 0 and 0.31. Knowing y∗
max(C

∗

f ,t)
and

the corresponding PNC, Dy can be determined (Equation (13)):

Dy ∗

X︷                      ︸︸                      ︷
4x∗

U0h
ln

maxy∗(x∗)C
∗

f ,t

C
∗

f ,t(y∗)

 =
Y︷              ︸︸              ︷(

y∗ − y∗
max(C

∗

f ,t)

)2

, (13)

Dy is deduced from a linear regression assuming that Dy ×X = Y. In order to discuss the accuracy
of this linear regression, the corresponding correlation coefficient r2 was estimated in each case.
For ϕ = 0◦, it was mostly between 0.92 and 0.99 (with an average value of 0.95 and a standard deviation
of 0.04). Nevertheless, in the closest part of the wake (x* = 0.57), weaker values were found between
0.74 and 0.88. This region is part of the recirculation region and the assumptions on which the model
is based were probably less realistic. For ϕ = 25◦, the flow has a 3D behaviour. Then, r2 was lower
compared to ϕ = 0◦ and 35◦: the average value is 0.91 and the standard deviation is 0.10. For ϕ = 35◦,
the model tends to be satisfying, the average value and standard deviation for r2 being 0.98 and 0.02,
respectively. Table 3 indicates the full results. Figure 5 presents the corresponding results for the whole
set of data. Blue dots account for r2 > 0.9 while red dots are for r2 < 0.9. At the final stage, Dy was
assessed as a function of x* for each vertical plan z* and for each car model. The corresponding mean
values and standard deviations were determined for each vehicle. Table 4 summarizes the results.

Atmosphere 2020, 11, x FOR PEER REVIEW 11 of 23 

 

Attention was focused on three vertical plans given by z* = −0.31; 0 and 0.31. Knowing 𝑦௫ቀ,∗ ቁ∗  and 

the corresponding PNC, Dy can be determined (Equation (13)): 

𝐷௬ ∗ ସ௫∗బ 𝑙𝑛 ቆ௫∗ሺೣ∗ሻ,∗,∗ ሺ௬∗ሻ ቇᇩᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇫ = ൬𝑦∗ − 𝑦௫ቀ,∗ ቁ∗ ൰ଶᇩᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇫ
 , (13)

Dy is deduced from a linear regression assuming that 𝐷௬ × 𝑋 = 𝑌. In order to discuss the accuracy 
of this linear regression, the corresponding correlation coefficient r2 was estimated in each case. For φ = 
0°, it was mostly between 0.92 and 0.99 (with an average value of 0.95 and a standard deviation of 0.04). 
Nevertheless, in the closest part of the wake (x* = 0.57), weaker values were found between 0.74 and 
0.88. This region is part of the recirculation region and the assumptions on which the model is based 
were probably less realistic. For φ = 25°, the flow has a 3D behaviour. Then, r2 was lower compared to 
φ = 0° and 35°: the average value is 0.91 and the standard deviation is 0.10. For φ = 35°, the model tends 
to be satisfying, the average value and standard deviation for r2 being 0.98 and 0.02, respectively. Table 
3 indicates the full results. Figure 5 presents the corresponding results for the whole set of data. Blue 
dots account for r2 > 0.9 while red dots are for r2 < 0.9. At the final stage, Dy was assessed as a function 
of x* for each vertical plan z* and for each car model. The corresponding mean values and standard 
deviations were determined for each vehicle. Table 4 summarizes the results. 

Table 3. Mean and standard deviation for r2 and percentage of profiles for which r2 > 0.9 (vertical 
diffusion coefficient Dy). 

r2 φ = 0° φ = 25° φ = 35° 
Average 0.949 0.906 0.983 

Standard deviation 0.043 0.100 0.015 
r2 > 0.9 83.3% 66.7% 96.7% 

 
Figure 5. Normalized elevations as a function of dimensionless concentrations [49]. 

Table 4. Mean values and the corresponding standard deviation for the diffusion coeffient in the 
vertical direction Dy for the three car models. 𝑫𝒚 ሺ𝐦𝟐/𝐬ሻ φ = 0° φ = 25° φ = 35° 

Mean value 0.0207 0.0107 0.0182 
Standard deviation (r2 > 0.9) 0.0048 0.0065 0.0106 

For φ = 0°, the highest average value is found with a very good accuracy. Dy is almost constant 
with x* for each z*. For φ = 25°, Dy is two times smaller compared to φ = 0°. The vertical diffusion is 

Figure 5. Normalized elevations as a function of dimensionless concentrations [49].



Atmosphere 2020, 11, 39 12 of 23

Table 3. Mean and standard deviation for r2 and percentage of profiles for which r2 > 0.9 (vertical
diffusion coefficient Dy).

r2 ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

Average 0.949 0.906 0.983
Standard deviation 0.043 0.100 0.015

r2 > 0.9 83.3% 66.7% 96.7%

Table 4. Mean values and the corresponding standard deviation for the diffusion coeffient in the
vertical direction Dy for the three car models.

Dy (m2/s) ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

Mean value 0.0207 0.0107 0.0182
Standard deviation (r2 > 0.9) 0.0048 0.0065 0.0106

For ϕ = 0◦, the highest average value is found with a very good accuracy. Dy is almost constant
with x* for each z*. For ϕ = 25◦, Dy is two times smaller compared to ϕ = 0◦. The vertical diffusion is
then less important. A less intense mixing operates in the wake of this Ahmed body, the recirculation
region being smaller for this configuration characterized by a strong downwash effect. For ϕ = 35◦, the
results tend to indicate that Dy is larger in the close wake (x* < 1). Dy can reach 0.063 m2/s for z* = 0.31.
This is associated with the size of the recirculation region in this part of the flow. Far downstream,
Dy becomes more stable.

Overall, the proposed analytical model tends to be accurate for Dy and well-adapted for this kind
of wake flow. The vertical diffusion of UFP is well-described. It is stronger for ϕ = 0◦ compared to
ϕ = 35◦ and 25◦. It seems to be related to the size of the recirculation region (Lr).

Then, the same analyis was conducted to assess the transversal diffusion coefficient (Dz). Table 5
gives mean and standard devation for r2 as well as the percentage of profiles for which r2 > 0.9. Overall,
these results are lower compared to those obtained for Dy (Table 3).

Table 5. Mean and standard deviation for r2 and percentage of profiles for which r2 > 0.9 (transversal
diffusion coefficient Dz).

r2 ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

Average 0.821 0.754 0.811
Standard deviation 0.038 0.086 0.094

r2 > 0.9 34% 20% 42%

Despite this lower accuracy, the percentages in the last line (Table 5) being below those given in
Table 3, the transversal diffusion coefficient (Dz) was assessed for the three car models. Results are
given in Table 6. As above, profiles for which r2 > 0.9 are considered.

Table 6. Mean values and the corresponding standard deviation for the diffusion coeffient in the
vertical direction Dz for the three car models.

Dz (m2/s) ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

Mean value 0.0167 0.0208 0.0321
Standard deviation (r2 > 0.9) 0.0085 0.0104 0.0142

This table shows that Dz (ϕ = 35◦) > Dz (ϕ = 25◦) > Dz (ϕ =0◦). The convergence of the streamlines
for ϕ = 0◦ may explain the limited dispersion in the transversal direction. For ϕ = 25◦, the development
of the longitudinal vortices contribute to increase this transversal diffusion. For ϕ = 35◦, the flow
detachment on the rear slant may contribute to these findings.
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In order to discuss the accuracy of the present model to depict the transversal diffusion, a detailed
analysis was conducted. Two different situations were identified:

• The first one for which the proposed analytical model is accurate and the distribution of the UFP
concentration is almost Gaussian. This is observed for ϕ = 0◦ (Figure 7);

• The second one for which the model is less accurate as the distribution of the UFP concentration
is bimodal (Figure 6): two peaks are highlighted at z* ~ −0.50 and z* ~ 0.50. In this case, it is
mostly related to the presence of the two longitudinal vortices (ϕ = 25◦). On the tailpipe side
(z* < 0), concentrations are the most important while a second and lower peak is noticed on
the opposite half width (z* ~ 0.50). As a consequence, this model tends to overestimate Dz for
this configuration.
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Taking that point into account, a first attempt was tried to improve the model. It considered the
sole half-width of the vehicle containing the tailpipe. The updated model was applied at the same
position as for Figure 6 showing that the correlation was significantly improved (Figure 8) on the
tailpipe side. The diffusion coefficient in the z direction was re-evaluated to Dz = 0.0215 m2/s. In the
previous model, Dz was overestimated (0.0253 m2/s), the difference being 18%.
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To date, only a limited number of points were re-analysed and further investigations are then
required. Nevertheless, it is believed that this preliminary result concerning the improved model is
encouraging. The present model would be an asset to improve numerical models.

3.2. Two Vehicles

In real urban conditions, a single vehicle is not often encountered. Due to the traffic load, traffic
lights and infrastructures (roundabout, road crossings . . . ), the distance between two vehicles may
be shortened while the vehicle speed is reduced. When the inter-vehicle distance is small, then an
interaction between the two vehicles can arise in terms of fluid mechanics. The flow in the gap can
be influenced by both vehicles (suction effect for instance). In the previous section, the key role of
the recirculation region on the particle dispersion in the wake of a single vehicle was underlined.
The interest is now focused on discussing the impact of the inter-vehicle distance on the mean and
turbulent flow characteristics between two car models. It is reminded that the rear slant angle of the
leading vehicle was either ϕ = 0◦, 25◦ or 35◦ while the following one was always a square back vehicle
(ϕ = 0◦). Six dimensionless inter-vehicle distances were studied (D = d/h = 0.93; 1.85; 2.78; 3.70; 4.63
and 5.56). The case with the single vehicle will be considered as a reference case for which D tends to
be infinite (D→∞). Here, the attention is drawn to the flow between the vehicles. Particles were not
considered at this stage.

First, the influence of the inter vehicle distance on the recirculation length was studied. Table 7
provides the results for each experimental conditions. As an example, Figure 9 present the streamlines
and dimensionless streamwise velocity for z* = 0 for the six inter-vehicle distances for ϕ = 35◦.
The green lines represent the isocontours (U = 0) used to define the recirculation length.

Table 7. Recirculation length as a function of the inter-vehicle distances. Comparison with a single
vehicle (SV).

Dimensionless Recirculation Length (Lr/h)

D 0◦ 25◦ 35◦

0.93 0.93 0.93 0.93
1.85 1.85 0.63 1.47
2.78 1.55 0.58 1.18
3.70 1.43 0.58 1.12
4.63 1.39 0.57 1.08
5.56 1.40 0.55 1.07

SV (D→∞) 1.39 0.58 1.06
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Figure 9. Streamlines and dimensionless streamwise velocity for z* = 0 for the six inter-vehicle distances
D (ϕ = 35◦). Green lines are isocontours U/U0 = 0.

A critical inter-vehicle distance can be identified for each configuration. For ϕ = 0◦, when D >

2.78, Lr/h appears to be constant (Lr/h ~ 1.4). Fluctuations are less than 3% with respect to the SV case.
For ϕ = 35◦, when D > 2.78, Lr/h ~ 1.08 and the corresponding fluctuations are below 6%. For ϕ = 25◦,
the critical inter-vehicle distance is D = 1.85. Above that distance, Lr/h ~ 0.57 with a fluctuation of
~5%. Overall, above these distances the following vehicle has a minor influence on the mean flow
developing between the two vehicles.

In Table 8, the dimensionless positions of the centres of the upper (xA*; yA*) and lower (xB*; yB*)
vortices appearing in the recirculation region are indicated.

Table 8. Positions (x*, y*) of lower and upper vortices in the recirculation region in the symmetric plane
(z* = 0). Comparison with a single vehicle (SV).

Positions of the Lower and Upper Vortices

D

ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

Upper
Vortex A

Lower
Vortex B

Upper
Vortex A

Lower
Vortex B

Upper
Vortex A

Lower
Vortex B

0.93 (0.44, 0.82) (0.45, 0.18) (0.28, 0.65) (0.34, 0.07) (0.21, 0.71) N/A
1.85 (0.70, 0.86) (0.88, 0.15) (0.18, 0.36) (0.27, 0.08) (0.27, 0.73) (0.76, 0.09)
2.78 (0.72, 0.86) (0.86, 0.14) (0.18, 0.36) (0.12, 0.08) (0.28, 0.67) (0.65, 0.05)
3.70 (0.65, 0.82) (0.80, 0.15) (0.18, 0.38) (0.13, 0.08) (0.27, 0.65) (0.70, 0.06)
4.63 (0.70, 0.87) (0.70, 0.13) (0.18, 0.37) (0.50, 0.09) (0.25, 0.65) (0.70, 0.05)
5.56 (0.60, 0.85) (0.60, 0.13) (0.18, 0.37) (0.15, 0.08) (0.25, 0.63) (0.70, 0.05)

SV (D→∞) (0.62, 0.84) (0.70, 0.14) (0.19, 0.37) N/A (0.21, 0.70) N/A
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The present findings show that the centre of upper vortex is almost stable for ϕ = 0◦ (xA/h ~ 0.70
and yA/h ~ 0.85), except for D = 0.93 where it tends to be closer to the rear face of the vehicle. Although
the dispersion seems to be slightly larger for the longitudinal position xB*, a similar trend is observed
for the lower vortex (xB/h ~ 0.7 and yB/h ~ 0.15). For ϕ = 25◦, the lower vortex is always located at
the underside level of the vehicle (yB/h ~ 0.1) while the upper vortex is at xA/h ~ 0.2 and yA/h ~ 0.40,
except for D = 0.93. It is due to the downwash effect on the rear slant. For ϕ = 35◦, the positions of
both upper and lower vortices are remarkably stable for all D: xA/h ~ 0.25 and yA/h ~ 0.65 for the upper
one, xB/h ~ 0.70 and yB/h ~ 0.05 for the lower one.

To compare the results of the longitudinal turbulent intensity (Ix) with those obtained for a single
vehicle (Figure 4), the corresponding findings are presented on Figure 10 for the 6 dimensionless
inter-vehicle distances, the leading vehicle having, for this example, a rear slant angle ϕ = 0◦.
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Figure 10. Turbulence intensity in the streamwise direction for z* = 0 for the six inter-vehicle distances
D (ϕ = 0◦). Black lines are isocontours U/U0 = 0.

For the largest dimensionless inter-vehicle distance (D = 5.56), the highest levels of turbulence
intensity are 28% in the upper shear layer and 23% in the lower shear layer. These magnitudes are very
close to that observed for a single vehicle (Figure 4, top). Furthermore, in the upper shear layer, the
maximum turbulent intensity remains nearly constant for all D (~26 to 28%) while in the lower part of
the flow, the maximum (29%) is reached for the shortest inter-vehicle distance (D = 0.93). Overall, it is
noticed that for D > 2.78, similar trends are depicted confirming the previous observation regarding
the critical inter-vehicle distance.
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In order to deepen the characterization of the turbulent part, the maximum values of the
dimensionless turbulent kinetic energy (TKE*) and their corresponding dimensionless positions are
provided as a function of the dimensionless inter-vehicle distance for the three configurations (Table 9).
A 2D vertical map of the TKE* at the centreline of the wind tunnel (z* = 0) is presented on Figure 11 for
the six inter-vehicle distances for ϕ = 35◦. On this figure, the red lines correspond to the isocontours
U/U0 = 0. Similarly, the maximum and minimum values of the dimensionless Reynolds Shear Stresses
(RSS*) in both upper and lower shear layers are given in Table 10 with their dimensionless positions.
The reference values for a single vehicle (D→∞) are also indicated. Figure 12 present the 2D vertical
map of RSS* field at the centreline of the wind tunnel (z* = 0) for the six inter-vehicle distances for
ϕ = 35◦. On this figure, the black lines correspond to the isocontours U/U0 = 0.

Table 9. Peak of TKE* and the corresponding positions (x*, y*) in the symmetric plane (z* = 0).

Peaks of TKE and Corresponding Positions

D
ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

TKE*max and the
Corresponding Position

TKE*max and the
Corresponding Position

TKE*max and the
Corresponding Position

0.93 0.068 at (0.55, 0.72) 0.059 at (0.55, 0.00) 0.074 at (0.38, 0.00)
1.85 0.054 at (1.10, 0.90) 0.048 at (0.35, 0.00) 0.074 at (1.10, 0.00)
2.78 0.059 at (1.10, 0.85) 0.095 at (0.25, 0.00) 0.062 at (0.75, 0.00)
3.70 0.056 at (0.85, 0.85) 0.054 at (0.25, 0.09) 0.063 at (0.75, 0.00)
4.63 0.060 at (0.85, 0.85) 0.074 at (0.25, 0.19) 0.067 at (0.60, 0.00)
5.56 0.064 at (1.25, 0.75) 0.061 at (0.25, 0.09) 0.074 at (1.10, 0.19)

SV (D→∞) 0.070 at (0.99, 0.83) 0.070 at (0.26, 0.09) 0.080 at (0.49, 0.09)
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Table 10. Minimum and maximum values of Reynolds Shear Stresses and their corresponding positions
(x*, y*) in the symmetric plane (z* = 0).

Peaks of RSS in the Upper and Lower Shear Layers and the Corresponding Positions

D
ϕ = 0◦ ϕ = 25◦ ϕ = 35◦

RSS*min and RSS*max the
Corresponding Positions

RSS*min and RSS*max the
Corresponding Positions

RSS*min and RSS*max the
Corresponding Positions

0.93 −0.030 at (0.74, 0.09)
0.032 at (0.74, 0.09)

−0.017 at (0.00, 0.93)
0.032 at (0.74, 0.00)

−0.014 at (0.00, 0.93)
0.042 at (0.55, 0.00)

1.85 −0.031 at (1.66, 0.83)
0.018 at (0.37, 0.00)

−0.008 at (0.55, 0.37)
0.028 at (0.37, 0.00)

−0.018 at (0.93, 0.75)
0.050 at (1.11, 0.00)

2.78 −0.031 at (1.11, 0.83)
0.016 at (1.48; 0.09)

−0.009 at (0.55, 0.37)
0.022 at (0.55, 0.00)

−0.018 at (1.30, 0.65)
0.038 at (1.11, 0.00)

3.70 −0.031 at (1.11, 0.83)
0.026 at (0.55, 0.00)

−0.008 at (1.11, 0.19)
0.028 at (0.55, 0.00)

−0.015 at (1.11, 0.56)
0.038 at (1.11, 0.00)

4.63 −0.036 at (0.93, 0.83)
0.017 at (0.37, 0.00)

−0.019 at (0.55, 0.37)
0.023 at (0.83, 0.00)

−0.019 at (0.55, 0.83)
0.035 at (0.93, 0.00)

5.56 −0.042 at (1.3, 0.83)
0.019 at (0.55, 0.00)

−0.021 at (0.55, 0.37)
0.033 at (0.55, 0.00)

−0.016 at (0.55, 0.83)
0.037 at (1.11, 0.00)

SV (D→∞) −0.043 at (1.22, 0.83)
0.026 at (1.05, 0.18)

−0.021 at (0.65, 0.36)
0.035 at (0.32, 0.09)

−0.020 at (−0.05, 0.93)
0.044 at (0.82, 0.09)
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Figure 12. 2D vertical map of the RSS* at the centreline of the wind tunnel (z* = 0) for the six inter-vehicle
distances (ϕ = 35◦).

For ϕ = 0◦, the most intense region is found in the upper shear layer from D = 1.85 to D = 5.56.
An active region is shown for 0.5 < x* < 2 and 0.5 < y* < 1 closed to the boundary of the recirculation
region. In these cases, the 2D map of the TKE* is not symmetric. For the shortest inter vehicle distance
(D = 0.93), two intense regions are depicted, which are almost symmetric with respect to y* = 0.5.
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The maximum of TKE* in the upper shear layer is 0.068 while it is 0.065 in the lower one. For ϕ = 25◦,
the results are quite different. The 2D maps of the TKE* exhibit a major peak in the lower shear
layer over a limited area (x* < 0.5 and y* < 0.2), which is the sole region of turbulent activity in the
close wake. The downwash effect on the rear slant avoids peaks in the upper shear layer. In terms
of magnitude, the region of this turbulent activity spreads over a smallest area compared to ϕ = 0◦.
For the shortest inter-vehicle distance, no more symmetry is observed as for ϕ = 0◦. For ϕ = 35◦,
the most intense region is still located in the lower shear layer and spreads over a longer distance
compared to ϕ = 25◦ (0.5 < x* < 1.5; 0 < y* < 0.2). These results are consistent with those of [49] for a
single vehicle (SV, D→∞).

The RSS represent the correlation between the fluctuations of the velocity components in both
horizontal and vertical directions. In the present experiments, negative values are always observed in
the upper shear layer while positive ones are depicted in the lower shear layer. This is in agreement
with the results of [49]. Furthermore, the relative area of each of them changes with the rear slant angle.
For ϕ = 0◦, the distribution of RSS* is almost symmetric with respect to y* = 0.5 (RSS* < 0 for y* > 0.5;
RSS* > 0 for y* < 0.5). The magnitude is larger in the upper shear layer (~0.03 to 0.04) compared to the
lower one (~0.015 to 0.020), except for D = 0.93 where close values are found (~0.03). For ϕ = 25◦, the
region of negative RSS* becomes significantly larger compared to that associated with positive values.
One more time, it can be explained by the downwash effect created by the rear slant and the attachment
of the flow in it (in this region, U > 0 and V < 0). Furthermore, larger magnitudes are observed in the
lower shear layer even for the shortest inter vehicle distances (~0.02 to 0.03) compared to the upper
one (~0.01 to 0.02). For ϕ = 35◦, the situation is rebalanced. The flow is no more attached on the rear
slant explaining a larger area of positive RSS in the lower shear layer. In terms of magnitude, it is more
intense in this lower shear layer (~0.035 to 0.05) compared to the upper one (~0.015 to 0.02).

4. Conclusions and Perspectives

In the present paper, new results dealing with the dispersion of UFP in the wake of three simplified
car models were reported. Based on wind tunnel experiments at a reduced scale, the relation between
the flow dynamics (mean and turbulent) and the Particle Number Concentration (PNC) fields is
studied. First, a brief description of the main properties of the flow in the wake of a single vehicle is
given. The key role of the recirculation region in the close wake on the dispersion of UFP in the close
and far fields is pointed out. Depending on the rear slant angle (ϕ), the crucial role of longitudinal
vortices developing from the side of the vehicle on the particle dispersion was also depicted (ϕ = 25◦).
They strongly influenced the dynamics of UFP emitted from the tailpipe of simplified car models.
Then, an analytical model was developed aiming at describing the UFP concentration fields in the
wake of three Ahmed bodies. On the one hand, the developed model is almost accurate to depict the
vertical dispersion for the three rear slants. The dispersion coefficient in the vertical direction (Dy) is
stronger for ϕ = 0◦ compared to ϕ = 35◦ and ϕ = 25◦, respectively. On the other hand, the model seems
to be less efficient to assess the transversal dispersion coefficient (Dz) although some good results were
obtained for ϕ = 0◦. Indeed, for ϕ = 25◦, the longitudinal vortices, which originate from the edges of
the car model, modify the PNC fields. A second peak appears on the profiles impacting the accuracy of
the model. Based on this finding, an improved version of the model is suggested. It only considers the
half width of the car model containing the tailpipe. Applied to some preliminary points, it improved
significantly the description of the UFP dispersion for ϕ = 25◦. In the last part of the present paper,
a new set of experiments is presented considering the interaction of two car models depending on the
inter vehicle distance. A critical distance was identified above which the presence of the second vehicle
has not a strong influence of the development of the recirculation region. Altogether, it is believed that
the present results bring new insights on the understanding of pollutant dispersion in the wake of
vehicle and their related issues for ground transportation. Future works will be dedicated to the study
of particle dispersion with two vehicles and different inter-vehicle distances. A better calibration and
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Improvement of the analytical model will be suggested for the benefit of computing engineers and
numerical analysts.
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