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INTRODUCTION
Nowadays, the air pollution issue has turned
into one of the biggest problems, especially in
big cities, which has certain drawbacks on hu-
man health, the environment, and the economy
(Brook et al., 2004; World Health Organization,
2000). Turbulent wind flow around buildings in
urban areas is one of the best cases to evaluate
the accuracy and efficiency of turbulence models
due to physical complexities such as sharp cor-
ners, ground effect, various vortices formations,
and other factors (Abd Razak et al., 2013; Gao
et al., 2009). The study of pollutant dispersion
around buildings has become one of the most
important research topics due to the increasing
concerns about human health risks due to air pol-
lution in recent decades (Nardell et al., 1991). To
ensure that the concentration of pollutants does
not exceed the permitted level for human health,
designers must estimate how pollutants spread
around the buildings in a street canyon (Deng et
al., 2019; Riley et al., 1978; Xie et al., 2006).
Although many of these studies have relied
on wind-tunnel and water-channel measure-
ments (Blocken et al., 2008; Blocken et al., 2016;
Karra et al., 2017; Khayrullina et al., 2017; Li et al.,
2008; Neophytou et al., 2014; Partridge & Linden,
2013; Pournazeri et al., 2012; Ricci et al., 2017;
Tsang et al., 2012), numerical simulations are
less expensive and faster to perform (American
Institute of Aeronautics and Astronautics, 1998).
To study the dispersion of pollutants in street
canyons the computational fluid dynamics (CFD)
has been widely applied. CFD provides detailed
information over the whole computational do-
main, and its main advantage is full control of the
flow variables and boundary conditions at every
node of the domain. For achieving accurate and
reliable CFD results, a validation for the study is
mandatory and the results must satisfy certain
criteria (Allegrini & Carmeliet, 2018). There are
many CFD approaches in the simulation of flow
around buildings. A review of the literature
shows that Large Eddy Simulation (LES) and
Reynolds-Averaged Navier-Stokes simulations

(RANS) are the two most popular methods in this
field (An et al,, 2013; Anderson, 1995; Antoniou
et al.,, 2017). Most such studies have used RANS
models to simulate pollutant distribution (Ah-
madi et al., 2019; Awbi & Setrak, 1986; Blocken
et al., 2007; Tian et al., 2006), while LES models
are more suitable for estimating the wind flow
in the atmospheric boundary layer and the dis-
persion of pollutants in the domain. Because LES
resolves the time-dependent large-scale eddies,
it captures the inherently unsteady flow around
buildings, such as separation, recirculation and
vortex shedding, more accurately than steady
RANS models. For many years, LES, which can
substantially improve flow prediction, was the
main alternative to RANS (Abdalla et al., 2007;
Baetke et al., 1990; Baker, 2007; Bazdidi-Tehrani
et al,, 2013; He et al., 2017; Holmes et al., 2000;
M. Wang et al., 2012).

To overcome the weaknesses of LES and RANS,
hybrid RANS/LES methods have become an in-
creasingly popular strategy in turbulent-flow sim-
ulation (Meroney & Derickson, 2014; Meroney,
2016; Tominaga & Stathopoulos, 2016; Xu et al.,
2017). Their basic idea is to retain the accuracy
of LES while reducing the computational cost.
The main aim of hybrid LES/RANS simulations is
to apply RANS equations in the inner layer near
walls to avoid the need for an excessively fine
grid required by the LES, whereas the LES equa-
tions are solved in the outer layer of a boundary
layer (Allmaras et al.,, 2012; Mockett et al., 2018;
Shur et al., 2015). Detached-eddy simulation
(DES), one of the first hybrid RANS/LES models,
was proposed by Spalart et al. (1997). In recent
years, many types of research have been carried
out to study the dispersion of pollutants around
buildings. Tominaga and Stathopoulos (2010)
compared several k- models and the Smagorin-
sky LES model with experimental results. They
concluded that the standard k-¢ model does not
have sufficient accuracy to estimate the pollutant
concentration. However, models such as k-¢ RNG
and k-¢ Realizable showed better compatibility
with experimental results. They also stated that

370



Int. J. Urban Manage. Energy Sustainability, 7(2):369-383 2026

the accuracy of the Smagorinsky averaged results
are better than the results of the k-¢ models.
The spread of gaseous pollutants around a cube-
shaped building was studied by Gousseau et al.
(2011). They used the Smagorinsky model for
simulation and compared their findings with
the results obtained from the wind tunnel. They
affirmed that the results of the wind tunnel
and the Smagorinsky model are in excellent
agreement. Evaluation of DES and DDES models
in simulating turbulent wind flow on a build-
ing was performed by Jadidi and Heidarinejad
(2013). The mentioned models were compared
with turbulence models such as Smagorinsky
and k-e. The results showed that the DES model
has higher accuracy than the RANS models and
has a shorter iteration time than the LES model.
They also stated that the DES model has good
potential to simulate turbulent wind flows on the
buildings. Huang et al. (2016) recently studied
the effects of height and shape of the building
rooftops on the pollutant dispersion and flow
field inside an isolated street canyon. They used a
two-dimensional numerical simulation for their
research. Their results showed that the shape and
the height of the building roofs have a strong im-
pact on the vertical flow structure and pollutant
distribution within an isolated canyon. In another
study, air pollutant dispersion around high-rise
buildings was simulated by Yu et al. (2017). They
tested different roof shapes under different wind
incidence angles. This research aimed to investi-
gate the mechanisms behind the transition of the
pollutant dispersion pathway. More recently, Ah-
madi et al. (2020) treated the pollution as a sepa-
rate phase and investigated a 3D incompressible
turbulence model under isothermal conditions.
They considered the hybrid RANS-LES method
with a Sub-Grid Scale (SGS) technique within the
framework of two-phase flow to study pollution
distribution in urban street canyons.

The present paper continues this investiga-
tion by evaluating and comparing the application
of the hybrid (RANS-LES) model against LES and
RANS models on the mentioned case study. In
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RANS simulation, the standard two-equation
k-¢ turbulence model is employed, on the other
hand, since no homogeneous direction exists in
the flow in the hybrid (RANS-LES) method, the
LES and Smagorinsky Sub Grid-Scale (SGS) model
are implemented with standard k-¢ turbulence
model as RANS. Pollutant dispersion in an urban
street canyon is simulated by these three models.
In addition, although pollutant particles may be
assumed in the same phase as air but for more
details and better illustration, they are consid-
ered as a separated phase. Thus, in this study air
is considered as the first phase and the pollutant
(carbon dioxide) as the second phase. Unlike
earlier comparisons, which treated the pollutant
as a passive scalar, the three turbulence models
are compared here within the same two-phase
VOF framework and on the same three-dimen-
sional street-canyon configuration, so that both
their accuracy and their computational cost can
be quantified. Also, to investigate the pollutant
dispersion into the street canyon VOF method is
utilized. The results can assist our understand-
ing of the utilization of LES, hybrid (RANS-LES),
and RANS method for simulation of pollutant
distribution in urban street canyons. Moreover,
the accuracy of each model can be evaluated,
and the selected model can help future building
design and pollutant distribution in urban street
canyons. The results show that LES provides the
most detailed information on the instantaneous
fluctuations of the flow and the pollutant dis-
tribution in street canyons. It was also seen that
the LES model spent the largest computing time,
while the RANS model took the least. The compu-
tational time of the hybrid model was 5.14 times
lower than that of LES but 4.35 times higher than
that of the RANS model.

MATERIALS AND METHODS

In this paper, a practical comparison was done
between hybrid RANS-LES, LES, and RANS turbu-
lence models. For pollutant simulation, the two-
phase method was utilized to the whole urban
space as shown schematically in Figure 1. Build-
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ing C2 is located upstream of C1, and C3 down-
stream of C1. The various sizes and dimensions
of each building are presented in Table 1. This
research aims to identify the differences between
the above-mentioned models. The wind direc-
tion is considered to be orthogonal to the street
canyon and the geometry is fixed along the street
canyon direction. The computational dimensions
are assumed as (4.0hx2.0hx1.0h), where h is the
height of building C2 and is considered as the ref-
erence length scale with a value of h = 0.1 m. All
buildings have a width of w=0.5h. Moreover, in

the streamwise and spanwise directions, bound-
ary conditions are set to be periodic for the whole
domain, this configuration represents a demand-
ing test case for model selection. Also, a constant
pollutant concentration with an area source at
the ground level of the first street canyon is con-
sidered (shown with red color in Figure 1). The
inlet Reynolds number is defined with reference
length (h) and reference velocity (U) as Re = UhA,
where v is the kinematic viscosity. In this article,
the inlet Reynolds number is fixed at Re = 50,000.
(Tab. 1)

Table 1: Building dimensions in the computational domain.

Building Height Width Length
C2 h 0.5h 0.5h
C1 0.5h 0.5h 2h
c3 2h 0.5h 0.5h

Finally, the volume of fluid (VOF) method is ap-
plied to capture the interface between the phases
(Ahmadi & Khosravi Farsani, 2020; Aland & Voigt,
2012; Ding & Yuan, 2014; Hirt & Nichols, 1981;
Soligo et al., 2019; Y. Wang et al., 2015; Y. Wang
et al., 2018). The volume fraction of each phase
is inserted as an additional variable in the gov-
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erning equations. The well-known Finite Volume
Method (FVM) is used to discretize the basic
equations (Ferziger & Peri¢, 1996; Launder &
Spalding, 1972; Patankar, 1980), and an in-house
FORTRAN code was developed for the numerical
solution of the case study based on the SIMPLEC
algorithm. (Fig. 1)

Computational Domain

on| | €3

2h

w=0.5h

w=0.5h

Figure 1: The geometry of problem.

Numerical method
Governing equations consist of a two-phase
method for the numerical solution of the fluid

flow and the dispersion equations. The main
equations are derived from the Navier-Stokes
equations, which are the basic principles of con-

372



Int. J. Urban Manage. Energy Sustainability, 7(2):369-383 2026

tinuity and momentum conservations, and an
extra equation is solved regarding the pollution
concentration conservation. In addition, another
equation is required for the description of the
phase interfaces. All calculations are performed
at a constant temperature of 300 K. Also, a 3D
Cartesian co-ordinates system is applied in an
unsteady, incompressible and isothermal flow of
a Newtonian fluid.

Governing equations for the standard k_tur-
bulence model are expressed as follows (Ferziger
& Peri¢, 1996; Launder & Spalding, 1972; Patan-
kar, 1980):

Continuity equation:
ou;
Ox; 70/

momentum equation

oU; __
6‘_xj -Ujit) +F

=00, _16P 0 p
jaxj 7_pax,- axj v

(2)
In equation (2) Fs is the volumetric represen-
tation of the surface tension force. Also U;; and
U-, are the mean and fluctuating components of
the velocity and Ui is the velocity in the xi-direc-
tion, Also in the above equations, P is the mean
pressure, p is the density and v is the kinematic
viscosity of the fluid.

K and ¢ transport equations of the standard k_
turbulence model are as follows:

0Kk — oKk 0§ K oU; oU: au;

= J»—=;(ﬂ—) to (=) e 3)
ot ex;  oxj \og Oy &x;  Ox;” Oxy

0 = 0 0 [uvce £ éu;  8U; | or;
—tU—=—|—=—]+-(C,j0,(—+t—=)—-C,5¢ 4
o ey axj(g_gaxj) §(Ca ’(exj ax,)axj 20 (4)
Where:

au; | el;
Ui kéfj‘”r(?Jrgl_) (5)
2
=C f—
Uy ,u(ﬁ) (6)
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K and ¢ are turbulent kinetic energy and turbu-
lent dissipation rate. v, denotes the turbulent
eddy viscosity, 3, is the Kronecker delta and
C_p=0.09, ok=1.0, 6=1.314, C_=1.44, C ,=1.92 are
the default constants for the standard k-< turbu-
lence model. The above constants are obtained
from fine and exact data fittings over a wide
range of standard turbulent flows. The standard
wall functions are applied for the near-wall flow.
In the LES method, using a spatial filtering oper-
ation, the large scale and small-scale eddies of
the flow will be separated, so the large-scale ed-
dies are solved directly and the small-scale ed-
dies are modeled and expressed as follows (Fer-
ziger & Peri¢, 1996; Launder & Spalding, 1972;
Patankar, 1980; You & Moin, 2007):

oU;

—L=p (7)
ox;

momentum equation:

oU; =— 8U; 16P @8 , 8U;

—+ U —=—+—(0—-T, )+

ot []J o pox; Ox (U ex; U) FS (8)

In equations (7 and 8), U7, is the filtered veloc-
ity and P is representing the pressure and not
time-averaged values as in RANS equations. t;
is a tensor which represents due to the filtering
operation, and it is assumed that small scales are
more universal and isotropic than large scales. t;
is called the Sub Grid-Scale (SGS) stress and is
calculated from:

5 Tby=2u, (9)
5 1,909

U 2% ax o (10)
u,=pL2|S| -
131= 25,3, (12)
L=min (kd, C.V/3) (13)
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Where S, is the rate-of-strain tensor, p, the
subgrid-scale turbulent viscosity, Ls the mixing
length for the subgrid scales, k the Von Karman
constant (k=0.4), d the closest wall distance, Cs
the Smagorinsky constant, and V is the compu-
tational cell volume.

A linear interpolation based on the y+ value
is used for switching between RANS (k ) and the
LES model and it can be expressed as follows
(Sajjadi et al., 2017):

(14)
Ut LES if vyt > vl
Uy = (1'B)Dt'K_E+BUt,LES "f y;own < y+ < y;p
Ut,K—s lf y+ < yz;awn

y+ - y;own

:}’Jp - y;awn (15)
B is the weight factor and y,  *, y,, are the
lower and upper limits of the transition region
which are selected as 60 and 300 (Patankar,
1980). Moreover, a convective-diffusive equa-
tion is assumed for calculation of pollutant con-
centration;

oC;, 9d(ucC) o oG
I+ (u/ l)_ ( I>+Si

ot ox; ox; \  9x;

(16)

Where C is the pollutant concentration and
K and Si are the diffusivity coefficient and the
pollutant source, respectively. Also for all sol-
id boundaries, the Von Neumann (zero-nor-
mal-gradient) conditions are considered. VOF
method is an interface tracking technique for
various phases, which has a conservative na-
ture, and is expressed as follows (Hirt & Nichols,
1981):

%C+V.(uf)—f V.u=0

(17)
In equation (17), u mentions the velocity vector,
and (f) is the VOF function with a value between
0 and 1. Average values of density and viscosi-
ty at the interface are calculated and weighted
with the function f:

p=fp,+1-f)p, (18)

u= £ #(1 u, (19)

Where p,, p,, 1,, and i, denote the density and
viscosity of the phases. The equations (18 and
19) ensure mass conservation and play the role
of the conservation law for the VOF function. In
the momentum equations, F, is the surface ten-
sion force and appears in the momentum equa-
tions as a volumetric force. It is modeled by the
Continuum Surface Force (CSF) method (Brack-
bill et al., 1992). It also acts in the vicinity of the
interfacial region and is expressed as (Ahmadi
etal., 2020):

F = yxVf (20)
The interfacial tension y is also assumed con-

stant and the curvature of the interface (k) is
calculated from:

vf
k=V.— (21)
VAl
Solution procedure

Two-phase LES, Hybrid, and standard k- models
were employed in this paper to simulate the tur-
bulence effects. Discretization of the governing
equations was carried out using the Finite Vol-
ume Method (Ferziger & Peri¢, 1996; Launder &
Spalding, 1972; Patankar, 1980) on a fully struc-
tured grid to conduct the numerical solution
procedure. For the momentum equation discret-
ization in LES, a second-order upwind-central
numerical scheme is utilized. For the standard
k_model also, the second-order central differ-
encing scheme was used to discretize the mo-
mentum equation, turbulent kinetic energy (k),
and turbulent dissipation rate (&) equations.
Furthermore, for the time marching, the implic-
it second-order method is applied. In order to
achieve more accurate results, the Second-order
Van Leer approach was applied (Ahmadi & Khos-
ravi Farsani, 2020; Ahmadi et al., 2020; van Leer,
1979). The SIMPLEC algorithm was also selected
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to resolve the problem of velocity and pressure
coupling. The TDMA and the Strongly Implic-
it Procedure (SIP) algorithms were utilized for
pressure correction and the convergence criteria
for all flow parameters were set at 10-6.

Grid Study

During the simulation process, grid refinement
is one of the most important issues to acquire
accurate and reliable results, especially near
the walls and fluid phase boundaries. As was

previously discussed a non-uniform and fully
structured computational grid was selected. A
maximum stretching ratio of 1.12 was applied to
reduce the grid density in areas far away from
the regions of interest. The Y+ value near the
walls was reduced to less than 10 by making the
grid finer due to the presence of larger gradients
in the solution variables. To ensure the results
are independent of the grid size, a coarse and a
fine mesh were generated for each model and
their details are presented in Table 2. (Tab. 2)

Table 2: Mesh details; h is the reference length, which is the building height of the inlet street canyon.

Number of elements (x Xy x z)
Grid Axmin or Azmin Aymin
Street canyon Free surface layer

coarse mesh (Hybrid) 140 x 60 x 80 140 x 60 x 70 4.19x10h 8.56x10h
fine mesh (Hybrid) 180 x 80x 120 180% 80 x 90 1.83x10h 6.56x10-h
coarse mesh (LES) 180 x 80 x 120 180 x 80 x 90 1.83x10°h 9.85x10-h
fine mesh (LES) 260 x 120 x 160 260x 120 x 160 4.75x10-*h 1.56x10=h
coarse mesh (k-¢) 90 x 40 x 60 90 x 40 x 40 9.11x10h 9.85x10~h
fine mesh (k-¢) 120 x 60 x 90 120 x 60 x 70 6.12x10h 8.56x10-h

The experimental wind tunnel results were se-
lected for the grid study (Chavez et al., 2011).
Figure 2 shows the comparison of normalized
dilution on the rooftop of a building on the
street canyon of Figure 1. As can be seen in Fig-
ure 2, the fine grid yields grid-independent re-
sults. (Fig. 2)

e

5

8

Normalized Dilution

o/a

Distance From Upwind Edge
Figure 2: Comparison of normalized dilution on rooftop of
a building on the street canyon as Figure 1. Calculation by
current LES model and fine mesh; Calculation by the cur-
rent k- model and fine mesh; ¢, Wind-tunnel experiment
(Chavez et al., 2011).
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Validation

After selecting the appropriate grid, the ob-
tained numerical results were compared against
experimental data from open literature (Rafail-
idis & Schatzmann, 1995). Dimensionless pol-
lutant concentration, K, was compared on the
leeward and windward walls with the available
data. Figure 3 shows that the calculated results
of all turbulence models are in good agreement
with those obtained from the experiment al-
though the predicted concentrations are slightly
lower than the measured values. After this com-
parison, it can be concluded that the current
turbulence models are capable of handling the
flow and pollutant fields in the street canyons.
Furthermore, Figure 2 can also be used as anoth-
er validation for the results of this study against
the obtained results by Chavez et al. (2011). (Fig.
3)

FINDINGS AND DISCUSSION
After selecting the appropriate grid and verifying
the performance of the computer code, different
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[ o
60 80 100 120 140 20 30 L 50

Dimensionless Concentration Dimensionless concentration

Figure 3: Distribution of dimensionless concentration, K, on
the building walls of the street under different turbulence
model. (a) Leeward side, (b) windward side. Calculation by
the current LES; Calculation by the current hybrid model;
Calculation by the current standard k-¢ turbulence model;
Wind-tunnel experiment (Rafailidis & Schatzmann, 1995).

runs were conducted with different models. The
inlet Reynolds number (Re) is assumed to be
constant at Re=50000 and the geometrical pa-
rameters are fixed for all cases. In the following
sections, the comparisons of the results obtained
by different turbulence models are presented.
Also, the properties of phases are presented in
Table 3. (Tab. 3)

The flow field comparison of LES, Hybrid, and k-«
models

Firstly, a general view of the computations in
terms of streamline and velocity field is analyzed
for the previously mentioned models. Based on
the distribution of the streamlines and velocity
contours, it was seen that there are different
flow patterns in the street canyons. (Fig. 4)

Table 3: Properties of Air and Carbon dioxide at 30 oC.

p(kg/m?) p(kg/(m-s))
Air 18.61*10°
Carbon dioxide 15.18*10°¢

The flow field comparison of LES, Hybrid, and k-
models

Firstly, a general view of the computations in
terms of streamline and velocity field is ana-
lyzed for the previously mentioned models.
Based on the distribution of the streamlines and
velocity contours, it was seen that there are dif-
ferent flow patterns in the street canyons. (Fig.
4)

b)

2)

Figure 4: Streamlines a) LES, b) Hybrid and c) k-& model at
the centerline of geometry plan(y=0).

Figure 4 shows that a longitudinal vortex is
formed at the top of the building C1 and is
stretched on building C2. This longitudinal vor-
tex is mainly driven by the shear stress of the
free stream flow, and it leads to the generation of
other vorticities in each street canyon. As shown
in Figure 4, the streamlines in LES and Hybrid
methods are quite similar and there is little dif-
ference between them but the k-¢ model shows
a major difference with them. The height of the
longitudinal vortex which is predicted by the
hybrid model is equal to that of predicted by LES
and is larger than the k-¢ model result. In the
first street canyon, the hybrid and LES models
predicted two counter-rotating vortices, and the
first one is stretched at the top of building C1 but
the k-« model only predicted one vortex. (Fig. 5)
In Figure 5 the predicted velocity magnitude is
presented at the symmetry plan (y=0) for com-
parison. This comparative view of the results il-
lustrates the significant difference in the veloc-
ity field behavior. In the flow domain, the best
advantage of the LES model is its ability to cal-
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culate the instantaneous velocity field which is
not possible with the k- model. Also, the Hy-
brid model can predict the transient large-scale
velocity fluctuations in the flow region, but the
k-¢ model fails to simulate them. It is seen that
the hybrid model is capable of predicting the
velocity field reasonably well, but not as well as
the LES method, especially near the walls.

Figure 5: Velocity field a) LES, b) Hybrid and c) k- model at
the centerline of geometry plan(y=0).

The second phase distribution and volume fraction
comparison of LES, Hybrid, and k-< models

Figure 6 shows that, for both the LES and hybrid
models, the second phase spreads faster into the
first street canyon and then discharges into the
air whereas k-¢ model predicts an accumula-
tion of pollutants towards the corners, near the
walls, and within the street canyon. This may be
explained by the fact that LES and Hybrid mod-
els predict two counter-rotating vortices on the
first street canyon and the upper clockwise vor-
tex rotates much faster than the lower count-
er-clockwise vortex. Thus, it causes the rate of
momentum transfer between the longitudinal
vortex and the bottom vortex to be higher than
the k- model. In contrast to LES, the k-¢ mod-
el and, to a lesser extent, the hybrid model pre-
dicted low turbulence intensity at the bottom
and near the wall regions. Besides, LES provides
better results than the hybrid method because it
captures transient mixing, as well as the disper-
sion and diffusion of the second phase as shown

377

in Figure 6. From the study of streamlines and
volume fractions as shown in Figures 4 and 6, it
can be concluded that the second phase cannot
spread into the second street canyon, and the
pollutant exits from the first street canyon di-
rectly into the free streamflow. The main reason
can be due to the geometrical parameters and

H:'J_ :
0.05

Figure 6: Distribution of phases a) LES, b) Hybrid and c) k-¢
model at the centerline of geometry plan(y=0).

From Figure 7, the volume fraction of the sec-
ond phase at leeward and windward sides of the
first street canyon can be observed for different
models. It can be noticed in Figure 7 that both
k-¢ and Hybrid models predicted an accumu-
lation of pollutants more than LES towards the
leeward and windward walls. This overpredic-
tion is more evident for the k- model. This can
also be explained by the fact that the k-« model
and, to a lesser extent, the hybrid model under-
predicted the circulation strength in the first
street canyon and thus the lower maximum
values of negative and positive velocities were
predicted by this model as opposed to LES see
(Fig. 6). (Fig. 7)

The grid size and time comparison of LES, Hybrid,
and k-& models

As noted previously, one of the main reasons
for utilizing the hybrid model is to decrease
the computational time in comparison with
the LES model. The grid size used for different
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models, as discussed in Section 2.3. For vari-
ous models, the fine grid size was selected for
reaching accurate results as shown in Table 2.
It is seen that the required grid size for the k-«
model is less than the hybrid model which is
on the other hand less than that for the LES
model. The computational time for the volume
fraction of the second phase in the first street
canyon is shown in Table 4 and Figure 8 for
different models. All calculations are done for
different models on a dual-core computer. Af-
ter the comparisons, it is seen that the LES con-
sumes the longest time, while the k- model
takes the least time amongst all. (Fig. 8)

Lor a)Leeward OS5 s

b)Windward

0.8
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Figure 7: Leeward and Windward volume fraction of second
phase at the centerline of geometry plan(y=0) on the build-
ing walls of the first street at different turbulence model. (a)
Leeward side and (b) windward side. Calculation by the cur-
rent LES; Calculation by the current hybrid model; Calcula-
tion by the current standard k-¢ turbulence model.
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Figure 8: Volume fraction of phase 2 in the first street can-
yon. Calculation by the current LES; Calculation by the cur-

rent hybrid model; Calculation by the current standard k-«
turbulence model.

In the two-phase flow field and pollutant sim-
ulation without losing any information on the
results, the k- model required approximately
1.0 h (3,751 s), the hybrid model approximately
4.5 h (16,320 s) and LES approximately 23.3 h
(83,871 s) on the same computer (Tab. 4). The
computational time for the hybrid model was
lower than the LES model by a factor of 5.14 but
it was 4.35 times more than that of the k-« mod-
el.

Table 4: Comparison of the computational times for differ-

ent models.
Models Computational time (s)
LES 83870.8
Hybrid 16320.1
k-¢ 3751.2
RESULTS AND CONCLUSION

The aim of this research was to select an appro-
priate turbulence model for the pollutant dis-
persion in street canyons. For this reason three
widely accepted turbulence models, namely,
LES, Hybrid RANS /LES, and RANS models were
applied to the case. In the RANS simulation, the
two-equations standard k-e turbulence model
was employed, whereas in hybrid (RANS-LES),
the LES and Smagorinsky Sub Grid-Scale (SGS)
model along with the standard k-¢ turbulence
model as RANS were implemented. In the hybrid
model, RANS equations were applied in the inner
layer near walls to avoid the need for excessively
fine grid whereas the LES equations are solved in
the outer layer of a boundary layer. A two-phase
simulation for the fluid flow and pollutant dis-
persion in an urban street canyon was simulated
by these three models. To investigate the convec-
tive fluxes and the description of the interfaces
the Volume of Fluid (VOF) method was utilized.
Based on the presented result the following re-
marks were achieved:

*The Hybrid RANS/LES model predicted the
flow field and pollutant distribution with good
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accuracy at a reasonable computational cost and
reproduced the two counter-rotating vortices in
the upstream canyon predicted by LES.

*The computational time of the hybrid model
for the two-phase pollutant simulation was 4.35
times that of the k- model but 5.14 times lower
than that of LES.

The predicted results of the hybrid method
were less accurate than those of the LES method
and more accurate than those of k-¢.

*The volume fraction of phases can be more
accurately modeled by the LES model compared
to the Hybrid model, but the computational cost
of the LES model is several times higher than that
of the Hybrid model.

In this regard, the Hybrid model provided in-
formation that cannot be obtained using the k-¢
model. The findings can assist our understanding
of the accuracy, computational time and cost of
these three models. Moreover, the records of
the present study can help to choose an appro-
priate model for future simulations of the effects
of wind structure interactions on air pollutant
dispersion around buildings. This study has lim-
itations that point to future work. Carbon dioxide
and air are miscible gases, so treating them as
separate phases with the VOF method is a mod-
elling simplification that should be compared
with single-phase scalar-transport models. Only
one canyon geometry, one wind direction and
one Reynolds number were examined, and the
validation was qualitative. Future studies should
report quantitative validation metrics, such as
the fraction of predictions within a factor of two
of the observations (FAC2), the normalised mean
square error (NMSE) and the fractional bias, and
should consider other canyon aspect ratios, wind
directions and thermal (non-isothermal) effects.
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