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ABSTRACT

To assess the impact of different heights of the viaduct on air pollutant dispersion
and the prediction accuracy of pollutant concentration in urban street canyons,
simulation results based on LES and RANS models are analyzed. The presence of a
viaduct generated a poorly ventilated region underneath it, and RANS significantly
underestimated the wind speed and grossly overestimated the pollutant
concentration. LES gives better results for the flow pattern, distribution of turbulent
kinetic energy and mean pollutant concentration. With a fluctuation of less than 15%
of the pollutant concentration, both RANS and LES cases show that an increase in
the viaduct height has a weak impact on the concentration of pollutants in most areas
of the canyon except windward, and cases with a viaduct height of 0.75H had the
lowest predicted pollutant concentration relative to other cases with a viaduct as a
result of better ventilation. In addition, LES found a subregion of pollutant
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accumulation above the ground, but RANS did not.

1. INTRODUCTION

Owing to increasing vehicle ownership and rapid
urbanization, traffic exhaust has become one of the most
important sources of urban air pollution (Pu & Yang,
2014). Especially in densely built areas, urban street
canyons (referred to as "canyons"” in the following text)
formed by spaces between buildings weaken the ability of
pollutant dispersion by reducing natural ventilation (Li et
al., 2006; Tominaga & Stathopoulos, 2013). Moreover,
viaducts are commonly used in many cities to increase the
traffic capacity in places with heavy traffic, which could
lead to a more complex pollutant dispersion mechanism
and more severe air pollution. Residents and pedestrians
nearby may be at increased health risks of being
hospitalized for a range of problems, such as lung and
heart diseases, following long- and short-term exposure to
heavy air pollution (Zhou et al., 2013; Kim et al., 2015;
Liu et al., 2020;). Therefore, investigations of pollutant
dispersion processes in canyons have become a hotspot
and frontier issue in environmental research.

To date, numerous studies on air pollutant dispersion
in canyons have been based on three methods: outdoor
field measurements (Eliasson et al., 2006; Kumar et al.,
2009), controlled laboratory experiments (Kastner-Klein

& Plate, 1999; Chang & Meroney, 2003; Gromke & Ruck,
2009) and numerical simulations based on computational
fluid dynamics (CFD) (So et al., 2005; Toparlar et al.,
2017; Zhang et al., 2018).

Most of these studies have focused on the effects of
several key parameters, including the AR of canyons-(Li
et al., 2008; Ng & Chau, 2014; He et al., 2017; Chew et
al., 2018a; Hang et al., 2018), building height variation
(Gu et al., 2011; Hang et al., 2012; Kikumoto & Ooka,
2012), roof shape (Takano & Moonen, 2013; Bouarbi et
al., 2016; Llaguno-Munitxa et al., 2017; Allegrini, 2018),
wind conditions (Jon et al., 2023a, b), atmospheric
temperature stratification (Huang et al., 2023) and urban
vegetation (Oachim & Ichhorn, 2004; Gromke & Ruck,
2007; Salim et al., 2011a). In general, the main form of
canyons is determined by their H, L and W. When L/W is
greater than 20, an isolated 3D canyon with H/W=1 can be
simplified and analyzed as a 2D canyon (Mei et al., 2019).
For incoming winds perpendicular to the street, the flow
regimes in 2D canyons are primarily determined by aspect
ratios: at H/W<0.3, a recirculating flow is formed on the
leeward side; as H/W increases, the wake from the upwind
building starts to disrupt the recirculating flow, and then
the wake.
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NOMENCLATURE
H building height
W street width
SKE standard k-¢
LES  Large Eddy Simulation
WT  Wind Tunnel
depth of boundary layer
emission intensity
road length
diffusion flux of pollutant in air
KE  Turbulent Kinetic Energy
mass diffusion coefficient for pollutant in
mixture

O 4«0

L street length

AR building height/street width

RANS Reynolds-Averaged Navier—Stokes
SF sulfur hexafluoride

Y mass fraction of pollutant in air

u, friction velocity

ct normalized concentration

Cc observed concentration

Urer wind velocity at reference height

K Von Kérman constant, 0.4

An interference regime can be observed when the
H/W is between 0.3 and 0.7. Furthermore, the skimming
flow regime is expected with one single main vortex in the
canyon at 0.7<H/W<1.5. In a deep canyon (H/W>1.5), one
or more vortices are formed in terms of the Reynolds flow
number (Chew et al., 2018a). It has been shown that
deeper canyons weaken the ventilation efficiency and
consequently cause heavier air pollution inside the
canyons (Li et al., 2008; Kikumoto & Ooka, 2012; Ng &
Chau, 2014; He et al., 2017; Chew et al., 2018a; Hang et
al., 2018). Additionally, the flow and air pollutant
dispersion mechanisms are also significantly influenced
by the other crucial variables. For example, the presence
of trees reduces the ventilation and wind velocity while
increasing the concentration of pollutants on the leeward
side. As the tree crown diameter increases, the
concentration on the leeward side increases (Gromke &
Ruck, 2007). By contrast, other parameters, including
building height variations and roof shape, may produce
much greater vertical ventilation flow rates and improve
the air quality in canyons (Gu et al., 2011; Hang et al.,
2012; Kikumoto & Ooka, 2012). In particular, the
presence of a viaduct spills the air flow, greatly impeding
the dispersion of pollutants in canyons. Consequently,
studies investigating air pollutant dispersion in canyons
with a viaduct have gained increasing attention.

An overview of CFD studies on the impacts of
viaduct settings on air pollutant dispersion in canyons was
presented, including the use of numerical methods,
turbulence models, street aspect ratio settings, and viaduct
heights in Table 1.

Jian Hang and his colleagues completed a series of
studies on the impacts of viaduct settings on air quality in

both 2D (Hang et al., 2016, 2019; Zhang et al., 2019) and
3D (Hang et al., 2017; He et al., 2017; Hang et al., 2018)
street canyons. They indicated that a viaduct can be
viewed as an addition of a new horizontal surface that
reduces the effective aspect ratio in the canyon. Their
extensive studies revealed that viaduct settings affect flow
patterns and pollutant exposure in regular 2D canyons
(H/W=0.5~1) more than in deep canyons (H/W=5~6), and
the presence of viaducts affects the pollutant concentration
distribution characteristics in 3D canyons. In addition,
field measurements (Joerger & Pryor, 2018) and
numerical simulations (Qin et al., 2018) from previous
research have verified the major impact of urban viaducts
on air pollutant dispersion. The effect of different viaduct
height settings on pollution flow and concentration in
canyons has also been studied by researchers. C. Zhang et
al., 2012 compared the performance of the SKE model
with respect to the viaduct width and height. They
concluded that the width of the viaduct has a more
significant impact on pollution dispersion than does the
height at which it is placed, while the height has a greater
influence on flow patterns (Zhou et al., 2013; Kim et al.,
2015; Li et al., 2018; Liu et al.,, 2020), which they
discovered by setting four different heights in a deep
canyon.

In addition, based on the RNG k-¢ turbulence model,
(Ding et al., 2019) built a 2D ideal canyon with two
different roof shapes and a viaduct to study air flow and
pollutant transportation. They found that as the viaduct
increases to 0.71~0.988H, the vortex above the viaduct
changes into a main clockwise vortex, and pollutants build
up on the windward side.

Table 1 Overview of CFD studies in street canyons considering different viaduct heights

Ref. Turb. model | Dim. AR The viaduct height/H WT

(Zhang et al., 2012) RANS SKE 2D 1 0.25,0.5,0.75 -

(Lietal., 2018) RANS SKE 2D 1 0.4,06,038,1 -
(Zhang et al., 2019) RANS SKE 3D 2 0.42,0.75 No viaduct
(Ding et al., 2019) RANS RNG 2D 1 0.2,0.47,0.6,0.875,1.2 | 0.6H, 0.9H

(Ming et al., 2022) RANS SKE 2D 1 0.4,06,038,1 -
(Meroney et al., 1996) - - - - No viaduct
(Kastner-Klein & Plate, 1999) - - - - No viaduct
(Chang & Meroney, 2003) RANS 3D 1,4,6 - No viaduct
(Gromke, 2013) - - - - No viaduct

Ref.: References. Dim.: Simulation dimension, 2D or 3D.
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Fig. 1 CFD setups for the boundary conditions and computational domain

Only arelatively limited number of publications have
reported studies about the impact of different viaduct
heights, and including both RANS and LES. In fact, few
studies researchers perform their simulations by using the
LES method, which is often not a viable option due to its
great computational demand (Wong & Liu, 2014; Li et al.,
2016). However, a variety of studies comparing steady-
state RANS and LES methods have shown that LES
modeling can better reproduce the horizontal diffusion of
pollutant concentrations and represent secondary flow
topological features because of its ability to address
unsteady and intermittent fluctuations in the flow fields in
canyons without viaducts (Li et al., 2008; Gousseau et al.,
2011; Tominaga & Stathopoulos, 2013; Chew et al.,
2018b; Hayati et al., 2019), which cannot be obtained from
RANS. In general, RANS methods are unable to simulate
such complex flows, while LES methods perform well in
predicting complex turbulent vortices (Breuer et al., 2003;
Shao & Zhang, 2006).

The overview of CFD studies in street canyons with
a viaduct clearly demonstrates that there is currently not
enough exploration of this issue based on the LES model.
The effect of the viaduct height on pollution dispersion is
nearly limited to 2D numerical simulations. Compared to
2D simulation, 3D simulation is able to provide spatial
results rather than a flat surface, thus truly restoring the
flow field and pollution field inside the canyon. Moreover,
comparisons of the performances of several CFD methods
on the flow and removal of pollutants are still limited.
Source height has a major impact on street-level
concentrations of pollutants (Chatzimichailidis et al.,
2019). Viaducts enhance turbulence instability, and the
sources of pollution they carry at different heights from
the ground may affect the distribution of pollution.
Discrepancies between the prediction accuracy of RANS
and LES in canyons within a viaduct setting may be
significantly enlarged. However, quantitative analyses of
the impact of the viaduct setting at different heights on
flow and pollution dispersion in canyons are still lacking.
Based on LES simulation results, some important
information regarding instantaneous fluctuations in flow
and concentration could be better understood. Therefore,
the objective of this work is to compare 3D steady RANS
and LES modeling of the impacts of viaduct settings at
different heights on air pollutant flow and dispersion in a

typical canyon (H/W=1) and to analyze the relationship
between pollutant removal and the flow field. Targeted
cases were designed to compare the results between the
RANS and LES methods, and a detailed analysis of the
effects of the viaduct height is given. This approach may
help us determine which simulation approach is better at
forecasting air pollutant dispersion processes and gain a
better understanding of pollution dispersion mechanisms
in canyons with viaducts at different heights.

The remainder of this paper is organized as follows.
The methodology, including different physical and
mathematical models and corresponding numerical
settings, is described in Section 2. The modeling results
and discussion are presented in Section 3. Lastly,
conclusions are provided in Section 4.

2. MODEL DESCRIPTION

2.1. Street Canyon Model and Boundary Conditions

An idealized 3D street canyon model (W/H=1) was
built based on the wind tunnel experimental studies of
(Gromke & Ruck, 2007). The concentration data are
available on the website www.codasc.de (Gromke, 2013).
The model scale is 1:150 for a street canyon with a length
of L=180 m and height of H=18 m. The computational
domain is a cube of x=30H, y=24H, and z=8H, as shown
in Fig. 1. The flow entry is configured to the inlet
boundary condition when it is 8H away from the closest
building. The outlet at a distance of 19H from the
upstream obstacles was defined as the outflow boundary
condition. For the building walls, viaducts and floors, non-
slip conditions were applied. Lastly, symmetry conditions
were imposed on the two sides and the top of the domain
to guarantee parallel flow.

To investigate the impacts of the viaduct settings on
flow and pollution dispersion in canyons, an idealized
viaduct model with width W,=0.5H and thickness 0.077H
was constructed along the canyons at height hy above the
ground. In this study, a total of 8 cases were combined
with different viaduct settings (different viaduct heights
h,=0, 0.5H, 0.75H and 1H) using steady RANS or LES, as
shown in Table 2 and Fig. 2. The two cases with hy=0
indicate no viaduct in the canyon. Noise barriers and piers
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hv/H =10 hviH =0.5

hv/H =075 hv/H=1

Fig. 2 Sketches (a slice in the x-z plane) of street canyons with viaducts at different heights hy above the ground.

hv/H=0 also indicates a canyon without a viaduct

Table 2 Setups for 8 case studies

Index | Model | Viaduct height | Index | Model | Viaduct height
Casel | RANS 0 Case5 | LES 0

Case2 | RANS 0.5H Case6 | LES 0.5H
Case3 | RANS 0.75H Case7 | LES 0.75H
Case4 | RANS 1H Case8 | LES 1H

n
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Fig. 3 Inlet profiles of the (a) velocity magnitude and (b) TKE
were ignored in this study to simplify our models and
significantly so that we could focus on primary factors.
] . k:uf/./(C#)*(l—zlé) (3)
According to wind tunnel tests (Gromke & Ruck,
2007), the velocity inlet profile satisfies where u, is the velocity at vertical height z, k is the TKE,

u, =4.7%(z/0.12)" (1)

The equations for the dissipation rate (Eq. 2) and

¢ is the dissipation rate, and & is approximately 0.5 m. Fig.
3 shows the inlet profiles of the velocity magnitude and
TKE for the wind tunnel experiment and simulation.

TKE, (Eqg. 3) of the velocity-inlet profiles are described as Table 3 gives the value of u, and the constant values
of the other equations. The constants in Table 3 refer to

o=ul/xz*(1-2/5) ) i : i - Sali
b previous studies (Salim et al., 2011a; Salim & Ong, 2013).
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Table 3 The values of the constants in the equations

Constant Value Equation
U, 0.54 m/s 3)
K 0.4 (3)
Cy 0.09 3), (M
Ok 1.00 M
O, 1.30 M
Cie 1.44 (8)
Cye 1.92 (8)

The concentration data are given in normalized form
according to

¢ =CU,HL/Q (4)

where c* represents the normalized concentration and Q /
L denotes the emission intensity per unit length.

2.2.  Flow Modeling

Considering the characteristics of low wind speeds in
canyons and in referring to urban canyon studies (Salim et
al., 2011a, b), we use the incompressible N-S (Navier-
Stokes) equation for fluid modeling. The steady-state
RANS turbulence models have been widely employed to
produce numerical predictions of turbulent flow in street
canyon-scale environments. Egs. (5) and (6) are the
continuity equation and the momentum equation,
respectively.

au, /ox =0 ()
and
U, 1op,  ou ouuy (6)
U t=———tu— 773

K P PO 0X

Egs. (7) and (8) are transport equations for k and e,
respectively.

o(pky) 0 M\ oK . )
Vo VAP £y 146 —
ox axj[(”+ak)axj]+ K — PO
and
6(p6ui)7£ ﬂ@ Cyo _ i (8)
o H g g It GGy

o J

where  denotes time averaging and & and u' are
the mean velocity and fluctuating velocity components,
respectively. p is a constant and represents fluid density,
p is the mean pressure, u is the fluid kinematic viscosity,
and oy, 0., C;e and C,. serve as the default closure
constants.

In this study, the SKE model has the best
performance in this scene according to (Zheng & Yang,
2021), so it is adopted to solve the RANS mean solution.
A second-order upwind scheme is used for the transport
equations, and SIMPLE is employed for solving the
pressure-velocity field. For all the solving parameters, the
residual is setat 1 x 1075,

The LES method is increasingly used as a tool for
studying urban air pollution. The LES equation can be

described as a spatial filtering operation of the N-S
equations,

o, /ox =0 9)
and
M g0 1ap, 0 0uy OF (10)

ot oax px ox o oxoox,
where the tilde ~ indicates spatial filtering and the
SGS turbulent stress term is

=P ruj_pl]iNj (11)

which is modeled by choosing the dynamic SGS
(Smagorinsky-Lilly Sub-grid Scale) model according to
previous studies (Salim, et al., 2011a, b; Moonen et al.,
2013; Salim & Ong, 2013). In addition, the momentum is
solved by a bounded central difference scheme, while the
species transport equations are solved by using a second-
order time-advancement and a second-order upwind
algorithm. The pressure-velocity couples are solved by
SIMPLE. All LES cases converge at 1 x 10~3 for the
convergence residual of the time step, and the
dimensionless time step length is set to 2.5 x 1073 with
reference to previous studies (Salim et al., 2011a; Salim &
Ong, 2013). The LES results averaged over 15000 time
steps, corresponding to 37.5 s of flow time. To ensure that
the averaging time is long enough to obtain statistically
steady results, the mean velocity at different locations
inside the canyon was monitored over time. (Salim et al.,
2011a, b) reported that steady-state conditions were
achieved at 30 s under the same boundary conditions
according to the LES model.

2.3. Dispersion Modeling

The dispersion of pollutants is modeled by using the
advection-diffusion method as Eq.(12),

J=—(pD+4415¢,)VY (12)

where p is the mixture density, p, is the turbulent eddy
viscosity, and Sc, is the turbulent Schmidt constant. The
exhaust emission is modeled by putting two line sources
on the ground and one additional line source on the
viaduct. Each line source is simulated with SF, discharged
at a rate of Q =10g/s, acting as the pollutant
species. Figure 4 shows the settings of the line source on

Wind direction
—

Leeward Windward

0.44H

H [

PN
v ‘_1_4 t_A
0.23H 0.35H ‘
H W=H

Fig. 4 Sketches of the positions of the line sources,
windward wall and leeward wall

2779



R. Xuet al./JJAFM, Vol. 17, No. 12, pp. 2775-2790, 2024.

SH

Fig. 5 Grid arrangement in the CFD validation cases
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Fig. 6 Grid sensitivity analysis: comparison of mean normalized concentration profiles at different locations
(y/H=0 and 3.79) close to the leeward and windward sides

the ground and viaduct as well as the location on the
windward and leeward sides.

2.4. Model Validation

Grid sensitivity analysis All the cases are performed
in the CFD software Fluent, which has been frequently
employed in urban microscale environmental research.
Fig. 5 shows the densified area and the strategy for
dividing grids. Three grid arrangements were tested for
RANS with the SKE model. The coarse, medium and fine
grids contained 795536 cells with a minimum Ax =
0.1H, 1426620 cells with a minimum Ax = 0.077H, and
1978140 cells with a minimum Ax = 0.067H . These
three grid sizes are the same as those in the study by (Salim
et al., 2011a). An analysis of the grid sensitivity analysis
by means of the normalized concentration of SF, at
different wvertical locations along the leeward and
windward sides (at each wall: y/H=3.79 and y/H=0) is
shown in Fig. 6. Compared to Mesh A, Mesh B provided
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more accurate computations when using RANS. The
simulation results of fine cells in Mesh C did not
significantly differ from those in Mesh B (0.72%); hence,
the increase in cost was not unexpected.

The LES simulation is conducted on coarse and
medium grids to reduce the computational cost since the
minimum cell size for Mesh B is 0.077H, which is
considered the most suitable mesh and was verified by
(Salim et al., 2011b). The comparisons also show that the
Mesh B arrangement possesses credible numerical
accuracy in predicting airflow and pollutant filed.
Therefore, Mesh B is adopted for further case studies of
both the RANS and LES considering both the numerical
accuracy and computational demand efficiency.

It should be noted that the y* ranged from 30 to 300
at wall surfaces in the RANS, while the value was lower
than 10 in most regions of wall surfaces in the LES Sc,for

modeling dispersion in this work was determined to be 0.7
based on historical
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Fig. 7 Mean normalized concentration at three different locations (y/H=0, 1.26 and 3.79) on the-leeward and
windward sides. The "RANS" and ""LES" were obtained from the present cases without viaducts

Table 4 Metrics for statistical performance in the validation case

] Leeward Windward o
Metric Acceptance criteria
RANS | LES | RANS | LES
NMSE | 0.037 | 0.026 | 0.161 | 0.021 <15
FB 0.087 | 0.114 | 0.234 | 0.117 [-0.3,0.3]

studies (Zheng & Yang, 2021), which is consistent with
the experimental data.

Concentration validation for the canyons Further
pollutant concentration validation was completed by
performing comparisons with wind tunnel data (Gromke,
2013). The mean normalized concentrations at three
locations on the leeward and windward sides from case 1
(RANS without viaduct) and case 5 (LES without viaduct)
are compared with the wind tunnel data. The NMSE and
FB were used to quantify the accuracy of the simulation
results. The metrics were computed using Eg. (13) and Eq.
(14), where Py is the value of the wind tunnel
experiment and P is the value of the simulation
experiment. — represents the average. As shown in Fig. 7
and Table 4, whether on the leeward or windward side, the
NMSE and FB are within acceptable error limits,
indicating that our simulations in this study are reasonable.
“Salim” in Fig. 7 shows the simulation results of the LES
in (Salim et al., 2011a). Except for the FB on the leeward
side, the LES has a smaller error than does the RANS for
both NMSEs. The performance metrics of LES are better
than those of RANS.
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3. RESULTS AND DISCUSSIONS

3.1. Turbulent Flow

In all the cases, the approaching wind with vy =
4.7m/s is perpendicular to the canyon's central axis. In the

canyon, there will be only one major vortex (Baik & Kim,
1999).

In this situation, the traffic pollutants carried by the
vortex accumulate on the backside of the canyon, leading
to high local concentrations. If a viaduct is erected in the
canyon, the skimming regime may be destroyed. The 3D
streamlines in the canyons at different viaduct heights h,,
are shown in Fig. 8.
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Fig. 8 3D streamlines in street canyons with viaducts at different heights h,, above the ground: comparison
between (a) RANS results and (b) LES results

ms

0 0.1020.30.40.5060.7080.9 1 1112 TKE: m’/s’

RANS

LES

Fig. 5 Distributions of TKE and flow visualization (time-averaged data) at the mid-plane of the canyon (y/H=0
and x/H=9-10): comparison between the (a) RANS results and (b) LES results

The RANS results are presented in Fig. 8(a), in which
a single main vortex is found inside the canyon without a
viaduct (h,/H = 0). When a viaduct is erected (h,/H >
0), only one strong vortex surrounding the viaduct is
observed for different h,,/H, which is consistent with the
RANS results obtained by (Hang et al., 2017; He et al.,
2017) for 3D canyons with similar aspect ratios. However,
in the 2D street canyon studied by (Zhang et al., 2012),
two strong vortices formed in the canyon when the viaduct
was placed at h,,/H = 0.5. The difference between the 2D
and 3D cases may have occurred because a 3D canyon
with finite length cannot be completely regarded as an
ideal 2D canyon. However, in the LES results presented in
Fig. 8(b), a similar flow regime as that in the RANS case
without a viaduct was observed, as expected.
Nevertheless, the single main vortex is split by the viaduct
into two vortices when 0 < h,/H < 1, which are quite
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different from those in the RANS cases. Therefore, the
LES cases in this study are more reasonable than the
RANS cases, implying that the RANS methods fail to
ensure the accuracy of predictions of the flow regime
within canyons with a viaduct. Lastly, when the viaduct is
erected at the roof of the canyons (h,/H = 1), the flow
above the viaduct is directly affected by the ambient wind,
and only one strong vortex is formed under the viaduct.

The TKE is the key variable in the micro-atmospheric
environment for measuring the intensity of turbulence. It

is made with k = %(W+W+W), where uj = u; —
i, is the velocity fluctuation. It has been verified that the
agreement of the TKE between the measurement data and
LES is better than that for the RANS (van Hooff et al.,

2017). Figure 9 presents the TKE and flow visualization
in the mid-plane (y/H = 0) of the canyon.
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Since small-scale turbulence is captured by LES
cases, LES shows more realistic results compared with the
hierarchical distribution of k in RANS cases, and the value
of k given by LES is larger than that of RANS in the region
underneath a viaduct and the leeward facade, while the
opposite pattern occurs above the viaduct.

These results indicate that the momentum diffusion
was underestimated by the RANS method. As the viaduct
height increases, both the RANS and LES models indicate
that the TKE underneath the viaduct decreases. Based on
the LES results, the presence of a viaduct reduces the TKE
at the bottom of the leeward facade. The maximum value
of k beneath the viaduct can still exceed 0.5m?/s? on the
windward side when the height of the viaduct is set to
0.5H. Similarly, at 0.6H (slightly above the viaduct),
clockwise vortices are observed near both locations. In
cases 7 and 8, the heights of the viaduct are set to 0.75H
and 1.00H, the k underneath the viaduct ranges from 0 ~
0.2m?/s? , and the center of the clockwise vortex
generated underneath the viaduct moves toward the
windward side as the height of the viaduct increases.
Moreover, k always had a maximum value on the
leeward/windward sides at the same height as that of the
viaduct. This finding implies that the presence of a viaduct
in a canyon strengthens the turbulence transmission near
the viaduct.

In Fig. 6, the mean velocity is calculated using w* =
u(z)/u(H), where u(H) is the free-stream velocity. Both
RANS and LES captured only one main vortex when
h,/H=0 and h,/H =1, and LES revealed more
vortices underneath the viaduct when 0 < H,/H < 1.

Fig. 6 graphically presents the mean normalized
vertical velocity contours at the mid-plane of the canyons.
Generally, in all cases, RANS underpredicted the
maximum vertical velocity compared to LES. In cases
without a viaduct, both RANS and LES form two obvious
vertical velocity cores, and the maximum normalized
vertical velocity magnitude is 0.2, indicating that the
results are quite similar. The vertical velocity contours in
the RANS cases show that small negative values (0 ~
—0.04m/s) were observed near the ground.

In addition, the location of the largest vertical
velocity on the leeward side changes with the height of the
viaduct in both the LES and RANS cases. The vertical
velocities in the whole street canyon are reduced by the
viaducts, which weakens the dispersion of pollutants
underneath the viaducts.

3.2. Pollutant Concentration

The impact of the viaduct settings on the pollutant
concentration within the canyons is given in this section
as well as a comparison between RANS and LES. The
presence of a viaduct changes the structure of the flow
field within the canyons, and the maximum vertical
velocities were found at the height of the viaduct. The
gaseous pollutant used in this study is the inert gas SF;.
Thus, there is no chemical reaction involved in our
simulations. The pollutant disperses under the advection
diffusion of the mean flow and the mixing process of the
turbulent fluctuations. However, viaducts change the flow
regime within street canyons and affect the distribution of
air pollutants.
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side

In this section, the impacts of viaduct settings on the
flow and air pollutant dispersion will be investigated, and
a comparison between LES and RANS will be discussed.
The mean normalized concentrations of the leeward
facades of the canyons are presented in Fig. 7, and the
concentration profiles at three locations (y/H=0, 1.26 and
3.79) were selected to determine the detailed
concentration distributions in the vertical direction.

Generally, the concentrations obtained from RANS
models are mostly M-shaped in the y-plane, as shown in
Fig. 7. RANS tends to underestimate the accumulation of
pollutants in the middle of the canyon, while the LES
results show the maximum pollutant concentration in this
location. The tendency of RANS to show a smaller
concentration than LES on a horizontal section was also
observed in a previous study. This phenomenon illustrates
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the necessities of performing the analysis on the horizontal
plane along the street canyon.

Further observations from Fig. 8 imply that the
maximum concentration obtained from the RANS on the
leeward facade is nearly twice as high as that of the LES
results at the middle plane (y/H=0). This result reflects
that RANS underestimated the vertical velocity on the
leeward side, resulting in an overprediction of pollutant
accumulation. Based on the LES results, compared to the
cases without a viaduct, the maximum concentration on
the leeward side increases from 39.76 (h,/H=0) to 69.80
(h/H=0.5), 65.79 (hJ/H=0.75), and 75.97 (hJ/H=1),
increasing by 75.55%, 65.47%, and 91.07%, respectively.
When the viaduct height is 0.75H in case 7, it showed the
best ventilation efficiency compared with the other
cases with a viaduct, leading to the maximum pollutant
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Fig. 10 Mean normalized concentration profiles at three different locations (y/H=0, 1.26 and 3.79) on the
windward sides

concentration on the leeward side being lower than that in
the other LES cases. An increase or decrease in the viaduct
height has a weak impact on the pollution concentration,
with a fluctuation within 15% but exceeding 50% in the
RANS cases.

As shown in Fig. 9 and Fig. 10, it is necessary to note
that RANS predicted more than 6 times the concentration
compared to LES on the windward fagcade when the
viaduct was abreast with the roof of the building (h,/H =
1). In case 4, pollutants accumulated most heavily at the
bottom of the canyon because RANS predicts low vertical
velocities and TKE at the bottom of the canyon. Fig. 11
and 13 showed that pollutant accumulation occurs on both
the windward and leeward sides. However, in case 8,

higher TKE and vertical velocities were clearly observed
compared to case 4, so the LES predicted lower
concentrations in the canyon.

In other cases, the predictions from RANS are
approximately twice those of the LES. The reasons for
these significant discrepancies are that when the viaduct is
abreast with the roof ( h,/H =1), the ventilation
underneath the canyon is extremely poor, and small-scale
horizontal vortices are formed (see Fig. 8(a)) near the
ground, which hinders the removal of pollutants.
Moreover, for street canyons with a viaduct, both RANS
and LES showed that h,/H = 0.75 predicted lower
concentrations than the others.
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Fig. 11 illustrates the mean normalized
concentrations at the mid-plane of the canyons. In cases
without a viaduct, the distribution of pollutants in RANS
is similar to that in LES, as expected, owing to their
similar flow fields.

However, RANS significantly overestimates the
concentration when a viaduct is erected. Moreover, the
main location of most pollutant accumulation predicted by

the two models shows no difference, but LES revealed a
subregion of pollutant accumulation above the ground. In
fact, these locations correspond exactly to the location
where the emission source is located, which further
reflects the accuracy of the LES predictions. Fig. 12 plots
the mean normalized concentration profiles below 0.4H at
three different locations (y/H=0, 1.26 and 3.79) in the
vertical central plane of the street canyon (x/H=9.50).
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Both RANS and LES imply that the accumulation of
pollutants becomes more severe from z/H = 0.15 to the
ground. At the ends of the canyon, where pollutants are
easily removed by external flow (y/H=3.79), the
predictions of the two models for pollutants are similar,
which demonstrates that in regions with better ventilation,
the predictions by RANS and LES may be consistent,
while in regions with weak ventilation, LES is more
accurate than RANS.

4. CONCLUSION

In this work, comprehensive comparisons between
the simulation results of steady RANS (SKE) and LES
(dynamic Smagorinsky SGS) in canyons with a viaduct
were conducted to understand the impact of the viaduct
settings on flow structures and air pollution. Four viaduct

settings were considered: no viaduct, hy/H=0.5,
hv/H=0.75, and h,/H=1.
The validation was based on the pollutant

concentration in the vertical direction in the canyon
without the viaduct. The validation shows that LES has
less error than RANS. Without the viaduct, RANS
predicted lower pollution concentrations in the y/H=0
plane than in the wind tunnel. Further detailed analysis
was performed based on the simulation results. When
different viaduct heights are taken into account, both the
RANS and LES results show higher pollution
concentrations. The presence of a viaduct deteriorates
ventilation in canyons. LES is able to capture the complex
flow structure within a canyon with a viaduct, while
RANS fails to predict the two-vortex flow regime in cases
with h,/H = 0.5 and 0.75. Both RANS and LES
predicted minimal pollution concentrations at h,/H =
0.75 near the ground. In the region below z/H = 0.4,
RANS predicted higher concentrations than LES, and the
results all showed contamination accumulation. LES can
capture more detailed flow structures due to the
reproduction of transient concentration features in
canyons, such as small-scale vortices in canyons, and
therefore performs better than steady RANS models.
Despite the change in the viaduct height, both RANS and
LES imply that the accumulation of pollutants becomes
more severe from z/H=0.15 to the ground when a viaduct
is built, and the "necking effect" is found in the region on
the leeward/windward side wall at the height of the
viaduct level, where the vertical velocity always has the
maximum positive/negative values.

These comparisons are crucial when deciding which
numerical method to use and to help in drafting guidelines
for analysis and optimization within a canyon scene. The
discussion about the impact of different viaduct height
settings on air pollutant dispersion can help to analyze the
causes of pollution in traffic microenvironments.
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