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ABSTRACT 
 

The increased traffic emissions and reduced ventilation of urban street canyons lead to the formation of high particle 
concentrations as a function of the related flow field and geometry. In this context, the use of advanced modelling tools, 
able to evaluate particle concentration under different traffic and meteorological conditions, may be helpful. 

In this work, a numerical scheme based on the non-commercial fully explicit AC-CBS algorithm, and the one-equation 
Spalart-Allmaras turbulence model, was developed to perform numerical simulations of fluid flow and ultrafine particle 
dispersion in different street canyon configurations and under different wind speed and traffic conditions. The proposed 
non-commercial numerical tool was validated through a comparison with data drawn from the scientific literature. 

The results obtained from ultrafine particle concentration simulations show that as the building height increases the 
dispersion of particles in the canyon becomes weaker, due to the restricted interaction between the flow field in the street 
canyon and the undisturbed flow. Higher values of approaching wind speed facilitate the dispersion of the particles. The 
traffic effect has been evaluated by imposing different values of particles emission, depending on the vehicles type, with the 
lowest concentration values obtained for the Euro 6 vehicles, and the highest for High Duty Vehicles. A parametric 
analysis was also performed concerning the exposure to particles of pedestrians in different positions at the road level as a 
function of street canyon geometry, traffic mode, and wind speed. The worst exposure (1.25 × 106 part./cm3) was found at 
the leeward side for an aspect ratio H/W = 1, wind speed of 5 m/s when High Duty Vehicles traffic was considered. 
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INTRODUCTION 
 
Ultrafine Particles in Urban Areas 

Management of urban air quality is a key aspect in 
reducing the personal exposure to typical traffic-related 
pollutants and their resulting health effects. Among these 
pollutants, in the last decades ultrafine particles (UFPs, 
particle smaller than 100 nm in diameter) are receiving 
particular attention as they are recognized to cause adverse 
health effects (Pope and Dockery, 2006). 

Monitoring atmospheric aerosol is important for several 
reasons: the toxic nature of the particles due to the organic 
compounds on itself (Eiguren-Fernandez et al., 2010), the 
ability of UFPs to penetrate in the epithelial cells of the 
lower respiratory tract and accumulate in lymph nodes (Nel 
et al., 2006), the oxidative damage effects on DNA which 
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may increase the risk of cancer (Møller et al., 2008), and 
the potential association with paediatric asthma (Andersen 
et al., 2008) are some of the harmful effects on human 
health caused by exposure to nanoparticles. 

Vehicular traffic is considered the main contributor to 
UFPs emission (Kittelson et al., 2004; Gidhagen et al., 
2005) even if a threshold limit value for emission from light 
passenger and commercial vehicles has been stated in terms 
of particle number (Commission Regulation (EC) No. 
692/2008); such local source, along with the development 
of clusters of buildings and the increasing vehicular traffic, 
are some of the reasons for deterioration of air quality in 
urban areas. This is the case of the so called street canyon, 
which is a typical urban configuration of a street flanked 
by buildings on both sides. In a street canyon, air exchange 
provided by natural ventilation may become weak with 
consequent formation of high particle concentration zones. 
For these reasons, urban microenvironments may increase 
human short-term exposure to high particle concentrations, 
and significantly contribute to the increase of the daily dose 
(Buonanno et al., 2011; Buonanno et al., 2012), leading to 
worsening of existing pulmonary and cardiovascular disease 
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(Pope III and Dockery, 2006; Brugge et al., 2007; Andersen 
et al., 2010). 

From a legislative point of view, air quality threshold 
limit values are only stated in terms of particle mass: PM10 

(particulate matter collected by a selective inlet with a 50% 
cut-off efficiency at 10 μm of aerodynamic diameter) and 
PM2.5 (particulate matter collected by a selective inlet with 
a 50% cut-off efficiency at 2.5 μm of aerodynamic diameter). 
In particular, the European Directive (Directive 2008/50/EC) 
provides a limit concentration value of 50 µg/m3 on daily 
basis for PM10, and guidelines for PM2.5. Such limit has 
been stated only in terms of average values and does not 
take into account daily variations of particle concentration 
which could be related to atmospheric dynamic or source 
emission characteristics. Moreover, only an amount of fixed 
sampling points (FSPs) are recommended by EU Directive 
99/30 (Council Directive 1999/30/EC) for monitoring of air 
quality in urban areas as a function of the citizen number, 
adopting these values for the entire population living nearby, 
without analysing the orographic and microclimatic 
characteristics of the site. This approach completely neglects 
UFP monitoring, so becoming too simplified for the 
understanding of the real human exposure to pollutants since 
individuals move through multiple urban microenvironments 
that may affect their daily and long-term exposure to 
airborne particles. The real exposure is influenced by 
several parameters including street geometry, road layout, 
vehicle emissions, meteorological conditions and driving 
and walking behaviours which can influence the aerosol 
dynamic (Briggs et al., 2008; Buonanno et al., 2011). 
 
Numerical Modelling of UFPs Distribution Inside Street 
Canyons 

Measurement in FSPs cannot be properly used to 
characterize the real human exposure to airborne particles 
in micro-environments such as street canyons. This 
experimental approach to evaluate particle concentration 
levels in urban areas is inadequate for several reasons: the 
number of sampling points is scanty; the choice of the 
sampling point position is influenced by practical constraints; 
and the measurements are only representative of the micro-
climatic and traffic conditions taking place during the 
sampling period. The complexity of the analysed phenomena 
makes Computational Fluid Dynamics (CFD) models a 
promising tool to evaluate particle concentration levels in 
every point of the micro-environment under consideration, 
by solving the mass, momentum, turbulence and pollutant 
dispersion equations. 

Since the dispersion of pollutants is strongly influenced 
by the turbulent flow field established in the canyon, a 
suitable turbulence model is needed. Amongst different 
turbulence modelling approaches, Reynolds Averaged 
Navier-Stokes (RANS) based models are widely used in 
simulations of flow and pollutant dispersion when the 
geometrical layout is complex (Venetsanos et al., 2003; 
Kim and Baik, 2004; Xie et al., 2005). The most commonly 
used model for the simulation of turbulent flows in street 
canyons is the well-known two equations k-ε model 
(Launder and Spalding, 1974). Other models use a single 

transport equation for the evaluation of eddy viscosity, 
requiring less computational resource. In some recent 
works, the LES (Large Eddy Simulation) technique was 
adopted (Walton and Cheng, 2002; Liu et al., 2004; Liu et 
al., 2005; Letzel et al., 2008). According to LES approach, 
large eddies are resolved directly by the computational 
grid while the effects of the small, unresolved eddies are 
modelled. However, LES technique is very computationally 
demanding (Walton and Cheng, 2002). In addition, even 
though the LES technique is able to provide information 
about instantaneous fluctuations of concentration field, which 
cannot be obtained by RANS computations, more detailed 
investigations are required for its application in street canyons 
(Tominaga and Stathopoulos, 2011). In this paper, the RANS 
approach and the one equation Spalart-Allmaras (SA) 
turbulence model (Spalart and Allmaras, 1992) are employed. 
The use of the one equation SA model, allows to save 
computational resources when complex three-dimensional 
domains are considered and also offers the possibility to 
switch to a Detached Eddy Simulation (DES) scheme. The 
DES option attempts to combine the best features of RANS 
and LES (Viswanathan and Tafti, 2006; Hasse et al., 2009; 
Paik et al., 2009), and represents a future development of 
this work. Such a hybrid approach reduces to RANS near 
solid boundaries and to LES away from the wall and is very 
promising for fully three-dimensional studies of pollutants 
dispersion modelling in urban areas. 

Several models addressing dispersion of gaseous pollutants 
and particulate matter (on a mass basis) at different urban 
scales are currently available. These may include simple 
box models, Lagrangian or Eulerian models, Gaussian 
models and Computational Fluid Dynamics (CFD) based 
models (Sharma and Khare, 2001; Vardoulakis et al., 2003; 
Holmes and Morawska, 2006; Li et al., 2006).  

Referring to UFPs dispersion, very few models able to 
specifically take into account the UFPs dynamics are 
nowadays available to predict particle number concentrations 
inside street canyons. Vignati et al. (1999) used a modal 
particle transformation model, coupled to a jet plume 
diffusion model, to estimate the coagulation and particle 
growth due to water uptake. In their study, they demonstrated 
that coagulation was insignificant due to the rapid dilution 
of the fresh emitted particles. Using the same jet plume 
model coupled to a monodisperse dynamical aerosol model, 
Pohjola et al. (2003) also showed that coagulation is of 
negligible importance in street environments. In this work, 
the coagulation-condensation processes were neglected, 
since in outdoor environments dilution typically prevails 
over the growth of the particles, as reported from Ketzel 
and Berkowicz (2004). The dilution was taken into account 
by properly setting the size of the domain where particle 
emission is imposed.  

In a future development of the model, the simulation 
will be extended to polidisperse aerosols, moreover, the 
coagulation-condensation processes will be taken into 
account. 
 
Aims of the Work 

In this work, numerical modelling of UFPs dispersion in 
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street canyons is performed using the RANS type Spalart-
Allmaras one equation turbulence model and a K-theory 
dispersion model (Moreira and Vilhena, 2010). These models 
are solved through a non-commercial fully explicit algorithm: 
the Artificial Compressibility (AC)-Characteristic Based 
Split (CBS) scheme (Massarotti et al., 2006; Arpino et al., 
2010). The use of a fully explicit algorithm involves a matrix 
inversion free procedure that offers several advantages, 
such as low computing requirements even for complex 
three-dimensional problems and the possibility of simple 
and efficient parallelization. The required robustness of the 
algorithm has been obtained developing a stability analysis 
based on the order of magnitude of each term of the 
governing equations, while the proposed model has been 
validated by comparing the obtained results with reference 
data available in the scientific literature (Arpino et al., 
2011). The use of a non-commercial numerical tool offers 
the required flexibility when complex phenomena coupled 
to each other need to be modelled, over and above the 
possibility of directly handling the code, virtually eliminating 
any limitation deriving from the use a commercial CFD 
software. 

The performance of the proposed AC-CBS algorithm, in 
conjunction to the SA turbulence model and the K-theory 
dispersion model, has been firstly assessed by simulating a 
wind tunnel study of car exhaust dispersion in street canyon, 
available in the scientific literature (Meroney et al., 1996). 
A mixture of ethane and air was used to simulate the 
dispersion of pollutant in the street canyon model, thus the 
AC-CBS algorithm was set to simulate the dispersion of such 
gas, defining appropriate Neumann type boundary condition 
and diffusion coefficient for the specie under investigation. 
Then, the validated model was applied to the simulation of 
UFPs dispersion in different street canyon configurations. 
The diffusion coefficient used in the simulation is a function 
of the particle size under examination. 

The validation of the SA turbulence model in the AC-
CBS scheme here adopted, has been reported in a previous 
work of the authors (Arpino et al., 2011) and represents 
the first step of the development of a complete pollution 
dispersion model in a three-dimensional urban area. 
 
MATERIALS AND METHODS 
 
Governing Equations of the Turbulent Flow Field 

Since the wind direction is assumed perpendicular to the 
street canyon, a two-dimensional computational domain 
was considered in the simulations. The air inside the street 
canyon was assumed to be incompressible with constant 
density and kinematic viscosity. As the proposed model is 
at its first stage of development, thermal effects have not 
been taken into account. Kim and Baik (2001) and Sini et 
al. (1996) have shown that thermal effects inside urban 
street canyons may influence both fluid flow patterns and 
pollutant dispersion. Thermal effects will be included in 
future developments of the model. For brevity, only an 
outline of the mathematical model will be given here, 
while a more detailed description may be found in 
scientific literature (Brooks and Hughes 1982; Zienkiewicz 

et al., 2005). The dimensionless conservation of mass and 
momentum equations are: 

Mean-continuity: 
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where 

i
u  denotes the averaged velocity component in the 

i-direction, p  the averaged pressure field, τij is the laminar 
shear stress tensor, and β is an artificial compressibility 
parameter. The Reynolds-stress tensor τij

R is introduced to 
relate the nonlinear term 

j iu u  , with the averaged variables, 
according to the Boussinesq hypothesis: 
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In the Eq. (3), the turbulent kinetic energy, κ, is often 

dropped for simplicity (Zienkiewicz et al., 2005). The 
eddy viscosity vT is computed via an intermediate variable 
̂  through the relation: 
 

 1ˆT vf    (4) 

 
The intermediate variable ̂  is computed by solving the 

SA turbulence model, based on the following non-
dimensional transport equation: 
 

̂
t


 u j̂ 
x j

 cb1Ŝ̂ 
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Further details about terms and constants of the SA 
model can be found in the scientific literature (Spalart and 
Allmaras, 1992) and are not reported here for brevity. 
 
Stability Conditions  

The present AC-CBS algorithm is based on a fully 
explicit time iterative procedure. Therefore, an accurate 
stability analysis is required for the calculation of appropriate 
time step limits at each pseudo-temporal iteration (D'Acunto, 
2004; Hirsch, 2007; Arpino et al., 2008). A stabilization 
procedure, based on an order of magnitude analysis of 
each term in the conservation equations, has been recently 
developed and successfully applied to the AC-CBS algorithm, 
also in the presence in very large source terms. Details about 
such procedure can be found in Arpino et al. (2010) and 
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Arpino et al. (2009), and are not provided here for brevity. 
 
Species Transport Equation 

In order to calculate the pollutant dispersion, an Eulerian 
approach based on a K-closure model was used (Moreira 
and Vilhena, 2010). Such models are most suited to deal 
with complex problems, such as the dispersion of pollutants 
over complex terrain or the diffusion of non-inert pollutants, 
and are based on the numerical resolution of the following 
mass conservation equation of the chemical species, written 
invoking the Boussinesq hypothesis: 
 

  2
T

c
u c D c S

t

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

  (6) 

 
where c  is the averaged concentration and vT the eddy 
viscosity, D and S  are the molecular diffusion coefficient 
and the emission strength of the chemical specie, 
respectively. 
 
Stability Conditions for the Species Transport Equation 

The species conservation equation is explicitly solved 
within the numerical procedure and a stability analysis is 
required to ensure the needed robustness. On the basis of 
the order of magnitude analysis approach, adopted for the 
stabilization of fluid flow equations, a stability condition in 
terms of pseudo time-step limitation has been derived for 
each term of the species transport equation: 

Convective term 
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Source term 
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where h is the mesh element size, computed as the 
minimum of the ratio between the element area and the 
element side length at the opposite of each node; c  is the 
concentration and S is the source strength value. The nodal 
optimum time-step adopted in the simulation is the 
minimum value obtained from the application of relations 
(7)–(9). 
 
AC-CBS Scheme 

The AC-CBS algorithm is based on the temporal 
discretization along the characteristics of the flow. The 
spatial discretization is obtained by employing the standard 
Galerkin finite element procedure (Brooks and Hughes 
1982; Zienkiewicz et al., 2005). The AC-CBS method 
combines the operator splitting with the standard artificial 

compressibility procedure to obtain a stable solution. 
The scheme is essentially based on three steps: in the 

first step, an intermediate velocity field is calculated; in the 
second step, the pressure is obtained from the resolution of the 
continuity equation; and, in the third step, the intermediate 
velocity field is corrected to get the final velocity values. 
Further steps can be added as a function of the problem 
under investigation. In this work the scalar equation of the SA 
turbulence model and the species conservation equation are 
solved as a fourth and fifth step of the algorithm, respectively. 
Further details about the AC-CBS algorithm can be found 
in (Massarotti et al., 2006; Arpino et al., 2010; Arpino et 
al., 2011). 
 
Model Validation Case: Tracing Gas Dispersion in an 
Isolated Street Canyon Model 

To assess the performance of the present AC-CBS 
scheme in the calculation of turbulent fluid flow and pollutant 
dispersion, the wind tunnel study of car exhaust dispersion 
in street canyon achieved by Meroney et al. (1996) was 
reproduced. This experimental study was performed in the 
atmospheric boundary layer wind tunnel (BLASIUS) of the 
Meteorological Institute of Hamburg University, obtaining 
vertical profiles of pollutant concentration in several points 
of the “in scale” street canyon, for different values of the 
approaching wind velocity. A Mixture of ethane and air was 
used to simulate the dispersion of pollutants; the continuous 
linear pollutant source was experimentally approximated 
by a line of closely spaced point sources, located at the 
bottom of the canyon in the centre of the street floor. 
 
Computational Domain for the Model Validation Case 

In Fig. 1 the street canyon configuration reproduced for 
the validation of the model is reported. It is an isolated 
street canyon with square buildings and aspect ratio W/H = 
1, where W = 0.06 m is the width of the street and H = 
0.06 m is the building height, corresponding to a physical 
scale model of 1:500 for the real street canyon case. The 
line source (width of 0.01 m) is located at ground level in 
the street centre. The 2D computational domain used in the 
simulations is evidenced in Fig. 1 by the bold line. 
 
Boundary Conditions for the Model Validation Case 

Details about boundary conditions employed in the 
simulations are available in Fig. 1. Different approaching 
maximum wind velocity values have been considered in 
the simulations: 1 m/s, 3 m/s and 4 m/s. The corresponding 
Reynolds numbers, calculated on the basis of the canyon 
height (H) are equal to 4000, 12000 and 16000, respectively. 
The physical properties of the air are taken at 25°C and 
atmospheric pressure. On the exit and upper side of the 
domain, a pressure and horizontal symmetry boundary 
conditions are imposed, respectively. At the inlet, different 
values of the intermediate turbulence variable for different 
wind speed values are imposed. 

Approaching horizontal velocity profiles is available in 
Meroney et al. (1996), while mean inlet intermediate 
turbulence variable values ̂  are obtained from a separate 
simulation of the channel upstream the canyon, chosen of



 
 
 

Scungio et al., Aerosol and Air Quality Research, 13: 1423–1437, 2013 

 

1427

 
Fig. 1. Ethane dispersion simulation in an isolated street canyon: computational domain and boundary conditions employed. 

 

 
Fig. 2. Computational domain and boundary conditions considered for the evaluation of the mean turbulence intermediate 
variable ̂  to be set at inlet section of the street canyon simulation. 

 

appropriate length to allow the complete development of 
the flow. Details about the computational domain and the 
boundary conditions employed are available in Fig. 2. In 
particular, the upstream side of the canyon has been 
modelled as an horizontal channel with a constant inlet 
velocity profile and a symmetry boundary condition on the 
upper side. On the bottom side and at the channel exit, wall 
boundary condition and zero pressure boundary condition 
were imposed, respectively. At the inlet, a very low value 
of the intermediate turbulence variable was imposed (̂  = 
0.0001), in accordance to prescriptions available in Saxena 
and Nair (2002). The mean value of the intermediate 
turbulence variable, and wind speed profile on the exit of 
the channel are used as inlet boundary conditions for the 
street canyon case. The simulations were performed for 
different wind speed velocity, corresponding to different 
mean values of the intermediate turbulence variable, as 

reported in Table 1. 
As regards species conservation equation resolution, the 

following boundary conditions have been employed: zero 
concentration value has been set at the inlet section and at 
the top side of the domain; solid walls have been considered 
impermeable. 
 
Emission Source for the Model Validation Case 

The ethane source that represents pollutant from car 
exhausts, was modelled as a species flow rate that has been 
set equal to 4.54 × 10–5 mol/s. It corresponds to 4 L/h, as 
reported in experiments by Meroney et al. (1996), at 
atmospheric pressure and 25°C, assuming the ethane as an 
ideal gas. The diffusion coefficient of the ethane in air was 
assumed equal to 1.37 × 10–5 m2/s at 25°C, estimated on 
the basis of the Chapman-Enskog theory (Chapman and 
Cowling, 1970). 
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Table 1. Value of the mean intermediate turbulence variable 
imposed at the SC inlet section for different approaching 
wind speeds, as obtained from numerical simulation of the 
wind tunnel tract upstream the SC. 

Approaching  
wind speed (m/s) 

Mean intermediate  
turbulence variable (̂ ) 

1 0.00056 
3 0.00261 
4 0.00355 
5 0.00445 

10 0.00893 
15 0.01337 

 

Model Validation: Comparison with Experimental Data 
The results of the ethane dispersion simulations are 

reported in terms of vertical profiles of concentration 
evaluated on leeward and windward sides of the canyon in 
correspondence of the building walls for three different 

values of the approaching wind speed (1 m/s, 3 m/s and 4 
m/s). All the calculations were performed on computational 
grids obtained from a sensitivity analysis. The computational 
grid used is composed of about 20000 nodes and 39500 
free triangular elements and are refined in correspondence 
of the solid walls in order to correctly capture the velocity 
boundary layer (Tominaga et al., 2008). In Fig. 3 the 
comparison between the results obtained from the proposed 
numerical tool, and the experimental data are reported. In 
particular, the profiles in the figure show the dimensionless 
concentration K, expressed as a function of: real ethane 
concentration C (mol/m3), reference wind speed uref (m/s), 
height of the building H (m), length of the line source L 
(m), and ethane flow rate Qe (mol/s) through the following 
equation proposed by Meroney et al. (1996): 
 

ref

e

Cu HL
K

Q
=  (10) 

 

 

 
Fig. 3. Vertical profiles of dimensionless concentrations of ethane on leeward and windward sides of the isolated street 
canyon for different values of wind speed: comparison between the results obtained from the proposed model and the 
numerical and experimental data form the scientific literature (Chan et al., 2002). 
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The Fig. 3 shows in general a good agreement of the 
numerical results from the proposed numerical model and 
the experimental data, with a better matching of the data 
for the highest value of wind speed both for leeward and 
windward sides of the canyon. In the windward side, the 
model tends to underestimate the experiments for all wind 
speed values; on the other hand, at the leeward side, the 
results from the present model underestimate ethane 
concentration for u = 1 m/s, while slightly overestimate 
experiments for the other wind velocity considered. On the 
leeward side, the concentration significantly decreases from 
the bottom of the street to the top of the upstream building; 
on the windward side however, the concentration variation 
as a function of the building height is generally less 
pronounced, even though in the case of u = 3 m/s and u = 4 
m/s the obtained profiles show a slope change at the base 
of the canyon. The deviations of numerical results from 
experiments observed at low wind speed are expected to be 
related to the experimental uncertainties affecting the wind 
tunnel measurements, as evidenced by Meroney et al. (1996). 
In fact, the same data discrepancy was found also by Chan 
et al. (2002). 

In the Fig. 3, the numerical results obtained from the 
proposed model, are compared also with three versions of 
the widely used two equations k-ε turbulence model: 
realizable k-ε, RNG (Renormalization Group) k-ε (Yakhot 
and Orszag. 1986) and standard (STD) k-ε. All these model 
versions are implemented in the commercial FLUENT® 
software, and have been employed in the simulations 
performed by Chan et al. (2002): except for the RNG version 
of the k-ε model, the STD and realizable versions show a 
clear overestimation of the experimental data that increases 
as the wind velocity increases, both at leeward and windward 
sides of the canyon. The proposed SA model performs 
similarly to the RNG version of the k-ε model and is expected 
to be less computationally demanding, especially for complex 
3D problems, and is also expected to be more general. In 
fact, looking at the scientific literature, it can be observed 
that the RNG model results are strongly dependent on the 
values of model constants (Speziale and Thangam, 1992), that 
need to be tuned as a function of the case under investigation. 

From the analysis of the Fig. 3, it can be also noted that 
at both leeward and windward sides of the canyon, the mean 
concentration values obtained from the proposed model 
weakly depend on the approaching wind speed. This is in 
accordance with the results obtained by Meroney et al. 
(1996), who stated that in the H/W = 1 canyon configuration, 
the pollutant dispersion in terms of dimensionless 
concentration is almost independent on the Reynolds number. 
 
Model Application: UFPs Dispersion in Street Canyons 

The model was applied to the simulation of UFPs 
dispersion in a real street canyon, where a source at its 
centre was placed, in order to simulate pollutant emission 
from vehicles. In Fig. 4 are reported the computational 
domain and the boundary conditions employed. The aspect 
ratio H/W was set equal to 1, with height of building from 
street level H, and width of the street, W equal to 14 m. 
The length of the SC has been considered infinite and so a 

 
Fig. 4. Numerical modeling of UFPs concentration field in 
a real street canyon: computational domain and boundary 
conditions employed. 

 

two-dimensional (2D) domain has been employed for 
numerical investigations. Five different values of the 
approaching wind speed were considered in the present 
study: 1 m/s, 3 m/s, 5 m/s, 10 m/s, and 15 m/s. A uniform 
velocity profile has been imposed at the inlet section of the 
computational domain. The air physical properties have 
been taken at 25°C and atmospheric pressure. The Reynolds 
number corresponding to imposed air velocity values, and 
calculated on the basis of the canyon height (H), ranges 
from 9 × 105 to 1.4 × 107. 
UFPs were modelled as a gas phase, imposing their 
diameter by the definition of a corresponding diffusion 
coefficient as reported by Baron and Willeke (2001). The 
relation between diffusion coefficient and UFPs diameter is: 
 

3 p

kTC
D

dph
=  (11) 

 
where D is the diffusion coefficient, k is the Boltzmann 
constant (1.38 × 10–23 Nm/K), C is a slip correction factor, 
η is the air viscosity and dp the particle diameter. Since a 
particle size of 30 nm was considered as emitted by the 
source, the corresponding diffusion coefficient, calculated 
from equation (11) is D = 6.2553 × 10–9 m2/s. Particles of 
30 nm were considered since this is the typical mode of 
UFPs size distributions from vehicle combustion generated 
aerosols (Kittelson et al., 2006; Wehner et al., 2009). 

UFPs concentration fields have been numerically obtained 
using different geometries, approaching wind speeds and 
source strength, in order to assess the influence of each 
parameter on the UFPs dispersion inside the canyon.  

The size of the domain where UFPs source was imposed 
(a square with side length equal to 0.1 m, at 0.1 m from 
ground in the street centre) approximates the vehicle exhaust 
pipe size. This allows to reproduce the dilution effect of 
particles emitted from a road vehicle. 
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Parametric Analysis 
In this paper, in order to evaluate the influential 

parameters on the UFPs exposure of pedestrians in urban 
microenvironment, a parametric analysis has been proposed. 
The reference approaching wind velocity has been set to 3 
m/s in the analysis. The background concentration was set 
to 5.0 × 103 part./cm3, kept constant for all the analysed 
cases. The reference UFPs source term was 1.01 × 107 
part./cm3/s, corresponding to the emission of Light Duty 
Vehicles (LDV) as reported from Keogh et al. (2010). 
With respect to the reference case, the parametric analysis 
was performed varying: i) the velocity of the approaching 
flow; ii) the geometry (aspect ratio H/W, step-up and step-
down configuration) and iii) the emission source value. A 
summary of the parameters adopted in the performed 
parametric analysis is reported in Table 2. 

As regards the traffic, the emission factors were evaluated 
on the basis of experimental data available in literature, as 
summarized in Table 3. The related source emission values 
were obtained considering a flux of about 17 vehicles/min. 
 
RESULTS AND DISCUSSIONS 
 

In this section, the results of UFPs dispersion simulations 
are reported. All the grids used in the simulations have 
been determined in the basis of a mesh sensitivity analysis. 
For simplicity, only the results about the sensitivity analysis 
performed for the square canyon (H/W = 1) are reported. 
Fig. 5 shows different grids used in the mesh sensitivity 
analysis composed by: (a) 8401; (b) 15048; (c) 28945; and 
(d) 60001 triangular elements. All the grids are refined in 
correspondence of the wall in order to properly capture the 
velocity boundary layer (Tominaga et al., 2008). 

Fig. 6 shows the vertical profiles of the horizontal 
component of the velocity at the leeward and windward 
sides of the canyon (at a distance of 1 m from the nearest 
wall) obtained from the four different grids employed. From 
the analysis of Fig. 6, it can be seen that no significant 
velocity variations have been obtained close to the street 
level, inside the canyon, when different computational grids 
are employed. On the basis of the obtained results, the mesh 
c has been chosen to perform the numerical analysis. 
 
CFD Model Results: Flow Characteristics 

The flow regimes in urban street canyons are determined 
by the interaction between the vortex generated behind the 
upwind building and the downwind building, and can be 
categorized in isolated roughness flow, wake interference 
flow and skimming flow (Oke, 1988; Hunter et al., 1990). 
In the case of isolated roughness flow, because of the 

Table 2. Influential parameters for the evaluation of 
geometry effect, traffic effect and wind speed effect on the 
dispersion of UFPs in a real SC. 

Geometry Traffic Wind speed (m/s)
H/W = 1 Euro 6 1 
H/W = 2 Fleet 3 
H/W = 3 HDV 5 
Step up LDV-cruise 10 

Step down LDV-idle 15 

 

distance between the buildings, the interaction between the 
vortices formed on the downwind building and the upwind 
building is negligible. If the buildings are less distant, this 
interaction between the two vortices is possible, producing 
a wake interference flow. The skimming flow regime is 
usually characterized by the presence of a single main 
vortex inside the canyon (Baik and Kim, 1999). In two-
dimensions, the height to width ratio strongly influences 
the flow field characteristic inside the canyon. 

In Fig. 7, the streamlines obtained for the following 
different configurations of the canyon geometry is reported: 
H/W = 1 (Fig. 7(a)); H/W = 2 (Fig. 7(b)); H/W = 3 (Fig. 7(c)); 
and step down configuration (Fig. 7(d)). According with the 
flow definition of Oke (1988), in all the four cases analysed, 
a skimming flow regime was found. From the figure it can 
be observed that in the H/W = 1 case there is only one main 
single clockwise rotating vortex and two small secondary 
vortices on the two corner bases of the canyon, as described 
by Baik and Kim (1999) and Hassan and Crowther (1998), 
with the centre of the main vortex located approximately at 
the centre of the canyon. In the H/W = 2 case, in which the 
building height is double of the street width, there are two 
main vortices rotating in opposite direction: the upper vortex 
rotating clockwise, and the lower vortex rotating counter 
clockwise: this agrees with the findings of Hunter et al. 
(1992) and Sini et al. (1996) who found the same two-vortex 
configuration, but contrasts with the studies of (Johnson 
and Hunter, 1999), where a single vortex was observed. 
The two secondary vortices at corner base of the canyon 
are still present but result weaker. Since the grid 
independency has been ensured by a proper mesh sensitivity 
analysis, the size reduction of secondary vortices is probably 
due to the reduced velocity of the main lower vortex with 
respect to the square cavity case. In the H/W = 3 case (the 
building height is threefold the street width) three main 
vortex were recognized. The upper one, as in the H/W = 1 
and H/W = 2 cases, rotates clockwise because of the direction 
of the above free stream; the middle and lower vortices are 
counter clockwise and clockwise rotating, respectively, in

 

Table 3. Different emission factors and UFPs source terms as a function of traffic type. 

Traffic type Emission factor (part./km/veh) Source value (part./m3/s) 
Euro 6 6.00 × 1011 (Commission Regulation (EC) No 692/2008) 1.67 × 1010 
Fleet 7.26 × 1014 (Keogh et al., 2010) 2.02 × 1013 
HDV 6.40 × 1015 (Keogh et al., 2010) 6.11 × 1013 

LDV-cruise 3.63× 1014 (Keogh et al., 2010) 1.01 × 1013 
LDV-idle 4.67 × 1013 (Jayaratne et al., 2009; Keogh et al., 2010) 1.30 × 1012 
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Fig. 5. Numerical simulation of a real square SC. Computational grids considered to perform grid sensitivity analysis 
composed by: (a) 8401; (b) 15048; (c) 28945; and (d) 60001 triangular elements. 

 

 
Fig. 6. Numerical simulation of a real SC: vertical profiles of the horizontal component of the velocity on the leeward and 
windward sides of the SC, at a distance of 1 m from the nearest wall, obtained employing the four computational grids 
available in Fig. 5 Approaching wind velocity set to 3 m/s. 

 

accordance with Sini et al. (1996), who stated that in very 
narrow street case, a multi vortex skimming flow regime can 
be found. In the H/W = 3 configuration, the two secondary 
vortices at the bottom corners are almost disappeared. In 
fact, as the H/W ratio increases, the energy transferred 
from the free stream region to the two secondary vortices 

at corner base decreases. Halving the downstream building 
height, the step down configuration is achieved. In this case 
there are two main vortices rotating in opposite direction 
but they appear stretched in respect of the symmetric canyon 
configuration: the upper clockwise rotating vortex results 
extended and covers the downwind building roof, the lower 



 
 
 

Scungio et al., Aerosol and Air Quality Research, 13: 1423–1437, 2013 

 

1432

vortex results flattened. 
Fig. 8 shows turbulent intermediate variable ̂  (Fig. 

8(a)), vorticity (Fig. 8(b)) and Reynolds stress (Fig. 8(c)) 
distributions inside the H/W = 1 street canyon geometry. 
The intermediate turbulent variable significantly increases 
at the centre and at the top side of the canyon. As a 
consequence, momentum and species diffusion increases: 
enhancing momentum transfer from the free stream region 
to the flow region inside the canyon; facilitating UFPs 
dispersion from the canyon to the free stream region. From 
the analysis of Fig. 8(c), the Reynolds stress shows different 
zones with positive and negative values. In the upper region 
of the canyon, the model predicts negative Reynolds stress, 
with a peak on the windward side. Following the definition 
of Raupach (1981), this zone may be originated by the 
sweeps, which are a contribution to the mean Reynolds 
stress originated by a situation whereby u'i ≥ 0 and u'j ≤ 0. 
Rotach (1993) used the method of conditional sampling in 
order to investigate the nature and mechanisms of turbulent 

processes and concluded that sweeps were associated with 
large scale motions and that momentum is transported inside 
the canyon by eddies penetrating from above. From Fig. 8(c), 
it can be observed that these sweeps predominantly occur 
on the windward side of the canyon. Following the same 
definition of Raupach (1981), the zones in which the 
Reynolds stress is predicted to be positive correspond to 
outward interaction (u'i ≥ 0 and u'j ≥ 0) or inward interaction 
(u'i ≤ 0 and u'j ≤ 0). According to Baik and Kim (2002), 
since the mean flow at roof level is horizontal, turbulent 
processes are responsible of the transport of pollutants 
outside the canyon through the turbulent diffusion. 

 
CFD Model Results: Parametric Analysis on 
Concentration Profiles 

The dependence of UFPs dispersion on the street canyon 
configuration, wind speed and pollutant source type, is 
evidenced in Fig. 9, that shows the vertical concentration 
profiles of UFPs calculated on leeward and windward

 

 
Fig. 7. Numerical simulation of a real SC. Streamlines obtained for different geometrical configurations: (a) H/W = 1; (b) 
H/W = 2; (c) H/W = 3; (d) step down configuration. Approaching wind velocity set to 3 m/s. 
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Fig. 8. Numerical simulation of a real square SC: (a) field of intermediate turbulence variable ̂ ; (b) vorticity distribution; 
and (c) Reynolds stress distribution normalized with respect to the reference wind speed of 3 m/s. 

 
sides of the canyon at a distance of 1 m from the nearest 
building walls, corresponding to the sidewalks zones, as 
geometry, wind speed and traffic type vary. 
 
Geometry Effect 

The effect of the building height on the UFPs dispersion 
is shown in Fig. 9(a). The traffic considered is the LDV 
(source equal to 1.01 × 107 part./cm3/s) and the wind speed 
is 3 m/s. As the building height increases (i.e., the H/W 
aspect ratio), the mean value of the concentration becomes 
higher. Higher concentrations were detected on leeward or 
windward sides according to the number and the direction of 
rotation of mean vortices; i.e. the aspect ratio: in the H/W = 1 
configuration, UFPs concentration values results higher on 
the leeward side; whereas, in the H/W = 2 configuration the 
concentration is higher on the windward side. Furthermore, 
the Fig. 9(a) shows a significant increase of the concentration 
for the H/W = 3 configuration, because the interaction between 
the roof wind and street level wind becomes weaker, leading 
to a more intense stagnant phenomena in the canyon. 

Fig. 9(b) shows the influence of the step down 
configuration compared to the symmetric street canyon: in 
the step down configuration, the concentration becomes 
higher on the windward side and the vertical profile shows 
a strong decrease at about 6 m from the ground due to the 
halving of the downwind building. 
 
Wind Speed Effect 

The increase of wind speed enhances the air exchange 
from the canyon to the above undisturbed flow, resulting 
in a reduced concentration of particles (Buonanno et al., 
2011). The Fig. 9(c) quantifies the wind speed effect on 
particle concentration for different wind speed values: when 
the wind speed decreases, the concentration vertical profiles 
shift to higher values. Therefore, on the windward side, the 
vertical concentration remains almost constant, whilst, on 
the leeward side, it decreases exponentially in the first 5 m 
from the ground; this behaviour is significantly noticeable 
for the lowest wind speed value (1 m/s), indicating the 
formation of an accumulation zone in the lower corner of 
the leeward wall. With higher values of wind speed, the 

increased ventilation enhances the dispersion of particles, 
then, the profiles on leeward side become almost constant; 
moreover, also the difference of concentration between 
leeward and windward side tends to decrease. 
 
Traffic Effect 

The Fig. 9(d) shows the effect of different kinds of traffic 
on the UFPs dispersion. The analysis was performed for an 
aspect ratio H/W = 1, the approaching wind speed was 
equal to 3 m/s, with a constant background concentration 
value of 5.0 × 103 part./cm3. Different traffic types lead to 
different emission factor values, as reported in  

Table 3. As the source strength increases (from LDV, to 
fleet, and HDV), an higher value of the mean 
concentration can be observed. In particular, the UFPs 
concentration results higher in correspondence of the 
leeward side for all the considered traffic types; besides, 
the difference between UFPs concentration at leeward and 
windward side increases in correspondence of the highest 
values of the emission source (HDV traffic type). 
 
CFD Model Results: Assessment of Pedestrian Exposure 
to UFPs in a Real SC. 

In this section, an assessment of pedestrians exposure 
UFPs in a real SC is reported, as a function of SC aspect 
ratio and configuration, pedestrian position at the street 
level (leeward, centre or windward side), and wind velocity. 
On the basis of the simulation results reported in section 
3.2, UFPs concentration values in 3 points of the domain 
are reported as a function of the different parameters 
analysed. The three points considered in the domain 
simulate the position of the pedestrians, and are located on 
leeward and windward sides at a height of 1.5 m, at 2 m 
from the nearest walls, and at the centre of the street at the 
same height (1.5 m). Fig. 10 shows the UFPs concentration 
as a function of: i) aspect ratio, ii) traffic type, iii) wind 
velocity, iv) step up and step down configurations. 

The exposure of pedestrian generally increases as the 
aspect ratio increases and results larger on leeward or 
windward side alternatively (Fig. 10(a)); the highest exposure 
value is related to the emission of HDV on the leeward
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Fig. 9. Numerical simulation of a real SC: vertical profiles of UFPs concentration as function of geometry, wind speed and 
traffic types, obtained on the leeward and windward sides of the SC, at a distance of 1 m from the nearest wall. 

 

side, while the lowest ones are referred to the emission of 
Euro 6 vehicles (Fig. 10(b)), with UFPs concentration equal 
to approximately the background value (≈ 5000 part./cm3). 
With the increasing of wind speed, a decreasing of the 
concentration on both leeward and windward sides as well 
as on the centre of the street is observed. Fig. 10(c) evidences 
that at low wind speed condition, even a small increase of 
such parameter causes a significant reduction of UFPs 
concentration in all the investigated points into the SC. 
The dependence of pedestrians exposure to UFPs becomes 
weak when the wind velocity is larger than 5 m/s. 
 
CONCLUSIONS 
 

In this paper, numerical investigations about UFPs 
dispersion in street canyons were performed by employing 
a non-commercial numerical tool based on the Artificial 
Compressibility (AC) version of the Characteristic Based 
Split (CBS) algorithm, the one equation Spalart-Allmaras 
(SA) turbulence model and a K-theory species transport 

equation for the calculation of UFPs concentration. In the 
author’s knowledge, the SA turbulence model has been 
applied for the first time to the simulation of turbulent flow 
in a SC, performing similar to the RNG version of 
thewidely used k-ε turbulence model. The interest in the 
SA turbulence model is related to the possibility to switch 
to Detached Eddy Simulation (DES) and to the reduced 
computational cost when complex three-dimensional 
problems are investigated. The numerical algorithm was 
stabilized by employing an order of magnitude analysis of 
each term of the governing equations, obtaining a stable 
and robust procedure. The proposed numerical scheme has 
been validated against experiments of ethane dispersion in 
a wind tunnel model of street canyon, available in the 
scientific literature. The profiles of dimensionless ethane 
concentration obtained from the simulations for different 
approaching wind velocities, were compared to experiments 
showing a very good agreement. The validated scheme 
was applied to the simulation of UFPs dispersion in a real 
street canyon, evaluating the influence of parameters such
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Fig. 10. Numerical simulation of a real SC: pedestrian exposure to UFPs as a function of geometry, wind speed and traffic, 
evaluated at leeward and windward sides, at a height of 1.5 m and in different positions at the street level. 

 

as the geometry of the street, wind speed, and the traffic 
type on the exposure of pedestrians to UFPs. The obtained 
results showed that with the increasing of the street canyon 
aspect ratio H/W, that is the ratio between building height 
and buildings distance, the dispersion of particles in the 
canyon becomes weaker due to the formation of different 
vortices that reduce vertical air exchange with the above 
roof-level atmosphere. The maximum UFPs concentration 
value (5.0 × 106 part./cm3) was found on the leeward side 
of the canyon in the case of H/W = 3 configuration and for 
a wind speed of 5 m/s. As concerns the wind speed, it was 
found that even though a higher value of the approaching 
flow facilitates the dispersion of the particles, this effect 
becomes weak when the wind speed is larger than 5 m/s. 
The traffic effect has been evaluated by imposing different 
UFPs source values as a function of the vehicles type, 
obtaining, as expected, the lowest UFPs concentration when 
Euro 6 vehicles are considered. In this case, the maximum 

calculated concentration value was found to be of the same 
order of magnitude of the background concentration value 
(5.0 × 103 part./cm3). On the contrary, the highest UFPs 
concentration was found on the leeward side when High 
Duty Vehicles (1.2 × 106 part./cm3) were considered in the 
simulations. UFPs concentration dependence on the SC 
configuration has also been numerically investigated 
analysing the step up and step down cases, and showing that 
pedestrian exposure to UFPs increases at the leeward side 
when the step up case is considered, and at the windward 
side in the step down configuration.  
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