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Abstract
This paper focuses on effects of the wind flow velocity on the air flow and the air
pollution dispersion in a street canyon with Skytrain. The governing equations of air
pollutants and air flow in this study area are the convection–diffusion equations of
species concentration and the Reynolds-averaged Navier–Stokes (RANS) equations of
compressible turbulent flow, respectively. Finite element method is utilized for the
solution of the problem. To investigate the impact of the air flow on the pattern of air
pollution dispersion, three speeds of inlet wind in three different blowing directions
are chosen. The results illustrate that our model can depict the airflows and
dispersion patterns for different wind conditions.
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1 Introduction
There are many forms of pollution, including air, water, thermal, noise, soil contamination,
etc. [1, 2]. The air pollution is considered to be the world’s top environmental cause of mor-
tality [3]. It has been reported that pollution has killed many million people in the world
[4]. The critical air pollutants, including carbon dioxide, lead, nitrogen dioxide, ozone par-
ticles, and sulfur dioxide [5–10], come from factories, industries, and transportation. The
transportation sector is responsible for a large portion of air pollution in large urban cen-
ters due to vehicle emissions. To protect public health, understanding how to keep the
air quality acceptable in street canyons or other urban areas is important. Over the last
few decades, many researchers have focused on the air quality control using both exper-
imental and numerical models. As experimental studies cannot illustrate the pattern of
pollutant dispersion accurately, numerical models have thus been used as a main tool over
the last few decades to investigate the local sources of air pollution in street canyon envi-
ronment under several aspects such as the presence of vegetation [11, 12] and dust [13],
the surrounding airflow, and air pollutant dispersion [14–24]. Chan et al. proposed a two-
dimensional model of air pollutant dispersion in an isolated street canyon [16]. Chang
et al. applied the wind tunnel model to predict the pollutant dispersion in urban street
canyons with different height arrangement [17]. Kim et al. studied the thermal effects on
the flow and pollutant dispersion in urban street canyons [20]. In 2011, Liu proposed two
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numerical models to predict vehicle exhaust dispersion in urban areas with or without a
wind field [25]. In his model, the effect of building and street canyon configuration and
the turbulent energy produced by moving vehicles on the pollutant propagation were in-
vestigated. A few years later in 2014, numerical investigations on pollutant dispersion in
street canyons with emission sources located near the ground level were performed by
Madalozzo et al. using the pseudo-compressibility hypothesis of mass conservation, the
Navier–Stokes equations, energy equation, and pollutant transport equation [26]. Their
results show that temperature and street-canyon geometry affect both the wind flow pat-
terns and pollutant concentration. Recently, Aristodemou et al. studied the effect of tall
buildings on turbulent airflows and pollution dispersion at a seven-building site config-
uration using the mesh-adaptive large eddy simulation of incompressible turbulent flow
[14]. Suebyat and Pochai investigated numerically air pollution in a heavy traffic area un-
der the Skytrain platform in Bangkok, Thailand [27]. Pothiphan et al. studied the impact
of wind speeds on heat transfer in a street canyon with a Skytrain station [28]. As the re-
sults obtained from existing models are mostly based on incompressible fluid flow with or
without the pseudo-compressibility assumption in street canyons with rows of buildings,
our understanding of traffic-related air pollution in the street canyon with Skytrain is very
limited.

In this study, we investigate the effect of wind velocity on dispersion pattern of the traffic-
related air pollution in the street canyon with Skytrain. For a single-pollutant approach to
air pollution, namely, carbon dioxide, governing equations of the problem in adiabatic
process are the Reynolds-averaged Navier–Stokes (RANS) equations of compressible tur-
bulent flow and the convection–diffusion equations of the CO2 concentration. Finite ele-
ment method is utilized for the solution of the problem. Nine wind conditions are chosen
to demonstrate the impact of airflow on the pattern of CO2 dispersion in the study region.

2 Mathematical model
To describe the transport of CO2 in a street canyon with Skytrain, a transport model for an
adiabatic system is developed. The compressible turbulent airflow and propagation of CO2

pollutant in the street canton with Skytrain Ω region are governed by the following ini-
tial boundary value problem (IBVP) which includes the Reynolds-averaged Navier–Stokes
(RANS) equations and the convection–diffusion equations of the CO2 concentration [29],
namely:

• Mass conservation equation of compressible fluid:

∂ρ

∂t
+ ∇ · (ρ�u) = 0, (1)

• Reynolds-averaged Navier–Stokes (RANS) equations:

ρ
∂�u
∂t

+ ρ(�u · ∇)�u = ∇ ·
[

–pI + μe
(∇�u + (∇�u)T)

–
2
3
μe(∇ · �u)I –

2
3
ρkI

]
+ F , (2)

ρ
∂k
∂t

+ ρ(�u · ∇)k = ∇ ·
[(

μ +
μT

σk

)]
∇k + Pk – ρε, (3)

ρ
∂ε

∂t
+ ρ(�u · ∇)ε = ∇ ·

[(
μ +

μT

σε

)]
∇ε + Cε1

ε

k
Pk – Cε2ρ

ε2

k
, (4)
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Table 1 Unknown variables

Notation Explanation and unit

ρ density (kg/m3)
�u air velocity (m/s)
k turbulent kinetic energy (m2/s2)
ε turbulent dissipation rate (m2/s3)
c concentration of carbon dioxide (mol/m3)

Table 2 Model constants

Constant Value Unit

Cε1 1.44
Cε2 1.92
Cμ 0.09
σk 1.00
σε 1.30
κv 0.41
δw 0.20
κ 1.40
μ 1.509716 ×10–5 (Pa· s)
α 0.1592 (m2/s)
uref 1.00 (m/s)

• Pollutant transport equation:

∂c
∂t

– ∇ · (α∇c) + �u · ∇c = S, (5)

where ρ , �u, k, ε and c are unknown variables (see the details in Table 1), α denotes
diffusion coefficient of CO2, and F and S respectively denote body force and pollution
source, and μe and Pk are the effective viscosity and turbulent kinetic energy
production, which are respectively defined by

μe = μ + μt with μt = ρCμk2/ε, and

Pk = μt
(∇�u :

(∇�u + (∇�u)T))
.

Other constant model parameters are shown in Table 2.
In equation (2), F corresponding to body force due to concentration effect is defined by

F = ρβ(c – c0)�g, (6)

where β is the coefficient of volumetric expansion due to concentration variation, �g is the
gravity acceleration vector, and c0 is a reference value for concentration. In adiabatic flow,
pressure term p, a function of density ρ and the ratio of specific heat κ [30], is defined by

p =
1
κ

ρκ . (7)

To completely define the initial boundary value problem (IVBP), the set of initial and
boundary conditions [31] is established as follows:

• The values of CO2 concentration at initial state t = 0 s is assumed to be zero, i.e.,

c(�x, 0) = 0, ∀�x ∈ Ω .
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• The pollutant emission sources are from traffic vehicles located near the ground level.
On the inflow boundary of CO2 pollutant, we set

c(�x, t) = c0, ∀�x ∈ ∂ΩS.

• On the inflow boundary of turbulent airflow ∂Ωin, we set

�u(�x, t) = u0û, k(�x, t) =
3
2

(uref IT )2, ε(�x, t) = cμ

3
4

k 3
2

LT
,

where û is the unit vector representing wind direction, IT and LT denote turbulent
length scale and turbulent intensity, respectively, defined by

IT = 0.16Re
1
8 , LT = cμ

k 2
3

ε
.

• On open (outlet) boundary ∂Ωout, the conditions are set to be

[
–

ρκ

κ
I + μe

(∇�u + (∇�u)T)
–

2
3
μe(∇ · �u)I –

2
3
ρkI

]
�n = f0�n, (8)

∇k · �n = 0, and ∇ε · �n = 0 if �u · �n ≥ 0, (9)

k(�x, t) =
3
2

(Uref IT )2 and ε(�x, t) = C3/4
μ

k3/2

LT
if �u · �n < 0, (10)

–�n · α∇c = 0 if �n · �u ≥ 0, (11)

c(�x, t) = c0 if �n · �u < 0. (12)

• In addition, we apply the near-wall condition on other boundaries ∂Ωw, including the
walls of the Skytrain and surrounding buildings, and the surface of the road and the
sidewalks, i.e.,

�u · �n = 0, ∇k · �n = 0, ε = ρ
Cμk2

κvδ+
wμ

, (13)

[
μe

(∇�u + (∇�u)T)
–

2
3
μe(∇ · �u)I –

2
3
ρkI

]
�n = –ρ

uτ

δ+
w

�ut , (14)

for �ut = �u – (�u · �n)�n and uτ being the friction velocity.

3 Finite element formulation
The variational statement corresponding to the above IBVP is

Find �u ∈ [H1(Ω)]3, ρ, k, ε, c ∈ H1(Ω) that satisfy all boundary conditions, ∀ωu,ωρ ,ωk ,
ωε ,ωc ∈ H1

0 (Ω),

(
∂ρ

∂t
,ωρ

)
+

(∇ · (ρ�u),ωρ

)
= 0, (15)

(
ρ

∂�u
∂t

,ωu

)
+

(
ρ(�u · ∇)�u,ωu

)
+ (μe∇�u,∇ωu) –

〈
μe

∂�u
∂�n ,ωu

〉
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= –
(

∇ ρκ

κ
�I,ωu

)
+ (�F ,ωu), (16)

(
ρ

∂k
∂t

,ωk

)
+

(
ρ(�u · ∇)k,ωk

)
+

((
μ +

μT

σk

)
∇k,∇ωk

)

= (Pk ,ωk) – (ρε,ωk), (17)(
ρ

∂ε

∂t
,ωε

)
+

(
ρ(�u · ∇)ε,ωε

)
+

((
μ +

μT

σε

)
∇ε,∇ωε

)

=
(

Cε1
ε1

k
Pk – Cε2ρ

ε2

k
,ωε

)
, (18)

(
ρ

∂c
∂t

,ωc

)
+ (α∇c,∇ωc) + (�u · ∇c,ωc) = (s,ωc), (19)

where (u, v) =
∫
Ω

uv dΩ , H1(Ω) is the Sobolev space W 1,2(Ω) with norm ‖·‖1,2,Ω , H1
0 (Ω) =

{v|v ∈ H1(Ω) and v = 0 on ∂Ω}, and L2(Ω) is the space of integrable functions.
The fourth term on the LHS of equation (15) is

〈
μe

∂�u
∂�n ,ωu

〉
=

∫
∂Ωout

ωu

(
f0 +

(
ρκ

κ
+

2
3
μe∇ · �u +

2
3
ρk

)
I
)

�n ds

+
∫

∂Ωw

ωu

(
–ρ

uτ

δ+
w

�ut +
(

2
3
μe∇ · �u +

2
3
ρk

)
I
)

�n ds. (20)

Applying the Galerkin approximation, we choose an N-dimensional subspace HN ⊂
H1(Ω) for �u, ρ , k, ε and H0 ⊂ H1

0 (Ω) for ωu, ωρ , ωk , ωε , ωc. Let {φj}N
j=1 be a set of basis

functions of HN and H0. Then any unknown function f and test function h can be ex-
pressed in the following form:

f 	 fN =
N∑

j=1

fj(t)φj(�x), h 	 hN =
N∑

i=1

hiφi(�x).

Here, we consider a two-dimensional problem. For a 2D linear triangular element, we
have a system of nonlinear ordinary differential equations, for i = 1, 2, 3,

3∑
j=1

(∫
Ω

φiφj dΩ

)
ρ̇j +

(∫
Ω

(∇ · �u)φiφj dΩ

)
ρj = 0, (21)

3∑
j=1

(∫
Ω

φiφj dΩ

)
�̇uj +

(∫
Ω

φi(�u · ∇φj) + νe∇φi∇φj dΩ

–
2

3ρ

∫
∂Ωout

μeφi
∂φj

∂n
ds –

2
3ρ

∫
∂Ωw

μeφi
∂φj

∂n
ds

)
�ut

=
1
ρ

∫
∂Ωout

φi

(
f0 +

ρκ

κ
+

2
3
ρκ

)
I ds +

1
ρ

∫
∂Ωw

φi

(
–ρ

uτ

δ+
w

�ut +
2
3
ρk

)
I ds

–
1
ρ

∫
Ω

φi

(
∇ ρκ

κ
I + �F

)
dΩ , (22)

3∑
j=1

(∫
Ω

φiφj dΩ

)
k̇j +

(∫
Ω

φi(�u · ∇)φj dΩ +
∫

Ω

(
ν +

νT

σk

)
∇φi∇φj dΩ

)
kj
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=
1
ρ

∫
Ω

Pkφi dΩ –
∫

Ω

εφi dΩ , (23)

3∑
j=1

(∫
Ω

φiφj dΩ

)
ε̇j +

(∫
Ω

φi(�u · ∇)φj dΩ +
∫

Ω

(
ν +

νT

σε

)
∇φi∇φj dΩ

)
εj

=
∫

Ω

φi

(
Cε1

ε

ρk
Pk – Cε2

ε2

k

)
dΩ , (24)

3∑
j=1

(∫
Ω

φiφj dΩ

)
ċj +

(∫
Ω

α∇φi∇φj dΩ +
∫

Ω

φi�u · ∇φj dΩ

)
cj =

∫
Ω

sφi dΩ , (25)

or in matrix form as

M(e)u̇ + A(e)u = b(e), (26)

where u̇T = (ρ̇, �̇u, k̇, ε̇, ċ)T , uT = (ρ, �u, k, ε, c)T , M(e) and A(e) are the element matrices, and
b(e) denotes the load vector defined as follows:

M(e) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

M 0 · · · · · · · · · 0

0 M 0
...

...
. . . . . . . . .

...
...

. . . . . . . . .
...

... 0 M 0
0 · · · · · · · · · 0 M

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

21×21

, (27)

M = (mij)3×3 =
∫

Ω

φiφj dΩ , (28)

A(e) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Aρ 0 · · · · · · 0

0 A�u 0
...

... 0 Ak 0
...

... 0 Aε 0
0 · · · · · · 0 Ac

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

21×21

, (29)

Aρ = (ρaij)3×3, ρaij =
∫

Ω

(∇ · �u)φiφj dΩ ,

A�u = (�uaij)3×3,

�uaij =
∫

Ω

φi(�u · ∇φj) + νe∇φi∇φj dΩ –
2

3ρ

∫
∂Ωout

μeφi
∂φj

∂n
ds –

2
3ρ

∫
∂Ωw

μeφi
∂φj

∂n
ds,

Ak = (kaij)3×3, kaij =
∫

Ω

φi(�u · ∇)φj dΩ +
∫

Ω

(
ν +

νT

σk

)
∇φi∇φj dΩ ,

Aε = (εaij)3×3, εaij =
∫

Ω

φi(�u · ∇)φj dΩ +
∫

Ω

(
ν +

νT

σε

)
∇φi∇φj dΩ ,

Ac = (caij)3×3, caij =
∫

Ω

α∇φi∇φj dΩ +
∫

Ω

φi�u · ∇φj dΩ , (30)
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b(e) =

⎡
⎢⎢⎢⎢⎢⎢⎣

bρ

b�u
bk

bε

bc

⎤
⎥⎥⎥⎥⎥⎥⎦

21×1

, (31)

bρ = (ρbij)3×3, ρbij = 0,

b�u = (�ubij)3×3,

�ubij =
1
ρ

∫
∂Ωout

φi

(
f0 +

ρκ

κ
+

2
3
ρκ

)
I ds +

1
ρ

∫
∂Ωw

φi

(
–ρ

uτ

δ+
w

�ut +
2
3
ρk

)
I ds

–
1
ρ

∫
Ω

φi

(
∇ ρκ

κ
I + �F

)
dΩ ,

bk = (kbij)3×3, kbij =
1
ρ

∫
Ω

Pkφi dΩ –
∫

Ω

εφi dΩ ,

bε = (εbij)3×3, εbij =
∫

Ω

φi

(
Cε1

ε

ρk
Pk – Cε2

ε2

k

)
dΩ ,

bc = (cbij)3×3, cbij =
∫

Ω

sφi dΩ . (32)

By assembling all element matrices and all element vectors, we obtain the global system

Mu̇ + Au = F, (33)

which can be solved by a time integration scheme at any instant of time:

M
un+1 – un


t
+ 
(un)un = Fn. (34)

Figure 1 Computational domain
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Figure 2 Domain mesh

Figure 3 Velocity field and streamlines of wind and contour lines of CO2 concentration obtained from the
model with the inlet wind magnitude of 5.40 knots (10 km/h) and the wind blowing from the southeast at
135 degrees
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Figure 4 Velocity field and streamlines of wind obtained from the model with various features of inlet wind:
wind speed of 5 km/h (first column), 10 km/h (second column), and 20 km/h (last column); and the wind
blowing towards 3 different directions: (a) northeast; (b) east; (c) southeast

4 Numerical result
This section investigates numerically the effect of the airflow on air pollution dispersion
within a street canyon having a Skytrain platform, 20- and 38-meter-tall buildings, and two
5-meter-width sidewalks. COMSOL Multiphysics Modelling software is applied to sim-
ulate the finite element approximation of solutions [29]. We assume that no airflow and
pollutant emission occur in solid structures including buildings, a Skytrain platform and
sidewalks, and emissions of carbon dioxide are only from traffic vehicles under the Sky-
train. Figure 1 presents two-dimensional Skytrain–street-canyon analysis with five emis-
sion sources on the ground level. The Skytrain station with width of 21 m and height of
12 m is located 13 m above the traffic level. The computational domain with a nonuniform
finite element mesh is shown in Fig. 2.

The emission rate of 0.068 mol/m3, equivalent to the amount of pollutant from 20 vehi-
cles, is chosen to analyze the impact of wind velocity on concentration distribution of air
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Figure 5 Contour lines of CO2 concentration obtained from the model with various features of inlet wind:
wind speed of 5 km/h (first column), 10 km/h (second column), and 20 km/h (last column); and wind blowing
towards 3 different directions: (a) northeast; (b) east; (c) southeast

pollutants. Air is assumed to flow into the study region from the left-side rooftop. Figure 3
shows wind velocity with its streamlines and contour lines of carbon dioxide concentration
obtained from the model with inflow wind speed of 10 km/h from southeast. The wind
splits into two parts, upstream and downstream, when it approaches the Skytrain station.
The downstream part flows into the Skytrain cavity in which three wind-circulation zones
occur. A large circulation zone is below the Skytrain station and two small circulation
zones are next to the buildings. This wind flow field has a significant impact on the disper-
sion and distribution of air pollutants in the Skytrain region. Air pollutants from traffic
vehicles propagate into three wind-circulation zones and the area next to the building and
Skytrain station. Figures 4 and 5 illustrate the effect of inflow features on the airflow pat-
tern and distribution of air pollutant concentration, respectively. The inflow wind with
speed of 5, 10, and 20 km/h gives different patterns of airflow and air pollutant concen-
tration compared to those obtained from the models with other inflow conditions. The
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Figure 6 Comparison of wind-velocity profiles and CO2-concentration profiles at 1.5-meter height above the
ground obtained from model with various conditions of the inlet wind speed and its blowing direction

air pollutant concentration obtained from the model with wind blowing from northeast
spreads throughout the Skytrain cavity and both sides of the Skytrain station while it dis-
tributes to the right-sided region for the inflow wind blowing from east and southeast.
Figures 6 and 7 compare the profiles of wind velocity and air pollutant concentration at
1.5- and 2-meter heights above the ground obtained from the inflow wind models using 3
different speeds and 3 different wind blowing directions. The results indicate that a lower
speed of the inflow wind blowing from both east and southeast gives a higher air pollutant
concentration in the Skytrain cavity. It is also found that there is no significant difference
of CO2 concentration in the Skytrain cavity for different speeds of the inflow wind blowing
from the northeast.

5 Conclusion
This paper demonstrates two-dimensional analysis of air pollution in the street canyon
with a Skytrain platform using numerical modeling based on an initial boundary value
problem (IBVP) governed by the Reynolds-averaged Navier–Stokes (RANS) equations of
compressible turbulent airflow and the convection–diffusion equations of species concen-
tration. The results indicate that the inflow wind on the rooftop of the building affects the
airflow pattern in the Skytrain street canyon, leading to a change in concentration of air
pollutants. The low wind speed is responsible for the concentrations of pollutants in the
area under the Skytrain platform. Our modeling technique may help civil engineers to find
technical solutions which will reduce air pollution emissions to more acceptable limits.
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Figure 7 Comparison of wind-velocity profiles and CO2-concentration profiles at 2-meter height above the
ground obtained from model with various conditions of the inlet wind speed and its blowing direction
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19. Ibrahim, A., Altinişik, K., Keskin, A.: The pollutant emissions from diesel-engine vehicles and exhaust aftertreatment
systems. Clean Technol. Environ. Policy 17(1), 15–27 (2015)

20. Kim, J.-J., Baik, J.-J.: A numerical study of thermal effects on flow and pollutant dispersion in urban street canyons.
J. Appl. Meteorol. 38(9), 1249–1261 (1999)

21. Li, L., Yang, L., Zhang, L.-J., Jiang, Y.: Numerical study on the impact of ground heating and ambient wind speed on
flow fields in street canyons. Adv. Atmos. Sci. 29(6), 1227–1237 (2012)

22. Mei, S.-J., Liu, C.-W., Liu, D., Zhao, F.-Y., Wang, H.-Q., Li, X.-H.: Fluid mechanical dispersion of airborne pollutants inside
urban street canyons subjecting to multi-component ventilation and unstable thermal stratifications. Sci. Total
Environ. 565, 1102–1115 (2016)

23. Miao, Y., Liu, S., Zheng, Y., Wang, S., Li, Y.: Numerical study of traffic pollutant dispersion within different street canyon
configurations. Adv. Meteorol. 2014, Article ID 458671 (2014)

24. Oyjinda, P., Pochai, N.: Numerical simulation to air pollution emission control near an industrial zone. Adv. Math. Phys.
2017, Article ID 5287132 (2017)

25. Liu, W.: Numerical models for vehicle exhaust dispersion in complex urban areas. Int. J. Numer. Methods Fluids 67,
787–804 (2011)

26. Madalozzo, D.M.S., Braun, A.L., Awruch, A.M., Morsch, I.B.: Numerical simulation of pollutant dispersion in street
canyons: geometric and thermal effects. Appl. Math. Model. 38(24), 5883–5909 (2014)

27. Suebyat, K., Pochai, N.: Numerical simulation for a three-dimensional air pollution measurement model in a heavy
traffic area under the Bangkok Skytrain platform. Abstr. Appl. Anal. 2018, Article ID 9025851 (2018)

28. Pothiphan, S., Khajohnsaksumeth, N., Wiwatanapataphee, B.: Effect of the wind speeds on heat transfer in a street
canyon with a Skytrain station. Adv. Differ. Equ. 2019, 258 (2019)

29. COMSOL Multiphysics V. 5, Comsol.com. COMSOL AB
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