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The noise reduction effect of noise barriers has been extensively studied, but the effect on pollutant dispersion
remains unclear. A computational fluid dynamics (CFD) simulation is conducted to investigate the effects of
different heights, lengths, and types of noise barriers and different wind speeds on pollutant dispersion in street
canyons with viaducts. The field synergy theory of the convective mass transfer process is used for quantitative
analysis of pollutant dispersion in street canyons. The results show that as the height and length of the noise
barrier increase, the pollutant dispersion capacity decreases. As the wind speed increases, the rate of decrease
in the average CO concentration declines. The effect of the wind speed on the synergistic improvement of the
speed and concentration gradient vectors differs for different types of noise barriers. The performance follows the
order: fully-closed noise barrier > left noise barrier > right noise barrier > semi-closed noise barrier. The different
noise barrier types significantly impact the flow field and pollutant dispersion and reduce the CO concentration
to varying degrees, except for the fully-closed type. The average CO concentration in the pedestrian breathing
zone is reduced by a maximum of 55.85% on the leeward side and by 53% on the windward side, indicating
that an appropriate noise barrier on the viaduct reduces noise pollution and improves the air quality in street

canyons, especially in the pedestrian breathing zone.

1. Introduction

Urbanization has increased population and traffic densities, wors-
ening urban ventilation. Motor vehicles are necessary for travel. Their
surge in numbers and the resulting traffic congestion contribute signifi-
cantly to particulate and gaseous pollutants in urban areas, and the re-
sulting traffic noise pollution cannot be underestimated. It was found
that approximately 50% of the adult mortality from air pollution or
22,000 deaths per year could be attributed to traffic sources in Aus-
tria, France, and Switzerland [1]. They estimated that traffic was re-
sponsible for an additional 15,000 cardiovascular hospital admissions
in these three countries annually. Therefore, it is critical to analyze the
dispersion characteristics of traffic-generated pollutants in urban areas
to improve environmental quality.

Nicholson [2] first introduced the concept of the street canyon in
1975 and defined it as a street surrounded by buildings on both sides,
resulting in a canyon. Subsequently, researchers investigated the street
canyon microenvironment since it represents a major area for human
activities. Numerous computational fluid dynamics (CFD) simulations

* Corresponding author.
E-mail address: yjwu2019@whut.edu.cn (Y. Wu).

https://doi.org/10.1016/j.enbenv.2022.05.003

and water/wind tunnel experiments and field measurements [3-6] have
been carried out to study the impacts of different urban designs on ur-
ban airflow and pollutant dispersion [7,8]. Various factors influencing
urban pollutant dispersion have been examined, including the geom-
etry of street canyons [9-12], building geometry [13,14], local atmo-
spheric conditions [15-18], chemical reactions of pollutants [17-20],
thermal effects caused by solar radiation [14,21], turbulent kinetic en-
ergy caused by vehicle movement [22-25], obstacles of street canyon
facilities such as tree plantings [3,26], and viaducts [27,28]. For exam-
ple, high wind speed and an oblique wind direction are favorable con-
ditions, whereas a perpendicular wind direction increases the pollutant
level. In an asymmetric street canyon, one vortex occurred in a step-up
street canyon, while two counter-rotating vortices were observed in the
step-down street canyon. Step-up street canyons and street canyons with
non-uniform building heights are beneficial to pollutant dispersion. The
chemical reactions of pollutants depend on the layout of street canyons,
atmospheric conditions and the presence of other chemicals. The height
of a viaduct should be lower than the top of the street canyon to prevent
a lid effect. Heating on the windward side or unsf thermal stratification
provide favorable conditions and improve air quality in street canyons.
The wind direction had a significant influence on the turbulent kinetic
energy induced by moving vehicles. In addition, planting low foliated
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Fig. 1. Geometric model and details of street canyons.

trees and aligning them nonuniformly in the canyon improve air quality.
Although viaducts in street canyons can alleviate local traffic congestion
in urban areas, their lid effect worsens the air quality in street canyons.
Increasing urbanization has led to greater building heights on both sides
of urban roads [29,30], further aggravating environmental pollution in
street canyons. Moreover, traffic noise pollution adversely affects hu-
man health [7,31]. Noise effects include annoyance [32], deterioration
of sleep quality [33], and increased risk of cardiovascular diseases [34],
diabetes [35], and metabolic disorders [36].

Quite a few researches including field studies [37-40], numeri-
cal simulations [41-44], and wind tunnel measurements [45,46] have
been reported to investigated the impacts of road-side noise barriers on
near-road air quality. Recently, the urban traffic pressure has increased
rapidly with the continuous deepening of Chinese urbanization process,
complex three-dimensional traffic systems consisting of one or more of
the viaducts, underground tunnels, turntables, etc. are constantly up-
dating the traditional and simple urban traffic systems. The frequently
moving vehicles in the three-dimensional traffic system cause very seri-
ous noise pollution to the residents and pedestrians of the surrounding
buildings. Setting noise barriers on the viaducts become an effectively
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way to reduce traffic noise but affects the pollutant dispersion charac-
teristics in street canyons. However, there is a lack of comprehensive
studies on the impacts of noise barriers on viaducts on air quality. Noise
barriers can also reduce indoor noise pollution, and it was investigated
the impact of the viaduct configuration on gaseous and particle disper-
sion. The results showed that noise barriers on the viaduct slowed down
the flow above it and slightly increased indoor concentrations of gaseous
pollutants and the number of indoor particulates due to the enhanced
particle deposition onto viaduct surfaces [47]. They enhance the verti-
cal dispersion and initial mixing of pollutants and create a recirculation
zone behind the barrier, transporting emissions from the highway to-
wards the wall and reducing near-road pollutant concentrations [45].
Li et al. [48] studied the impacts of noise barriers on near-viaduct air
quality in Xi’an, China. The results suggested beneficial effects of noise
barriers and combination barriers for mitigating the air pollution near
viaducts. It was investigated that the effects of different shapes of noise
barriers on automobile emission reduction. An optimized range of the
T-shaped noise barrier was the best choice [49]. He et al. [50] explored
the impact of the street aspect ratio and the presence of viaducts and
noise barriers on the flow and vehicular passive pollutant exposure in
full-scale street canyons (H/W=1-6, W=24 m), suggesting that road bar-
riers slightly increased pollutant exposure in near-road buildings with
H/W=1 and slightly reduced them in buildings with H/W=3 and 5. Hang
et al. [47] examined the impact of a viaduct on the personal intake frac-
tion and found that the viaduct and noise barrier substantially affected
the vortex center and pollutant dispersion mode; the location of the pol-
lution source was a major contributor to pollutant dispersion. Zhi et al.
[43] found that noise barriers on viaducts affected the flow field in street
canyons. Two main vortices and two or three secondary vortices were
generated in the street canyon with a viaduct and noise barrier, but only
one main vortex was observed without a viaduct and noise barrier. Hao
et al. [42] investigated the effects of viaducts and noise barriers on the
flow pattern and particulate matter dispersion in street canyons. The
results demonstrated that viaducts were associated with more sources
of particulates and significantly affected flow patterns. The effect of a
noise barrier on the vortex and pollutant distribution depends on local
conditions.

From the literature review shown above, we can see that some schol-
ars have carried out very interesting investigation on the pollutant dis-
persion characteristics in the street canyon-viaduct system by setting
noise barriers and found that noise barriers have remarkable impacts
on the diffusion of vehicle pollutants. However, there is still a lack of
reliable theory and methodology to guide how to design the types of
noise barriers and enhance pollutant dispersion in complex urban street
canyons. Based on this, the field synergy theory is first introduced to
quantitatively assess the pollutant dispersion in street canyon-viaduct
system with various noise barriers by comparing with the cases of dif-
ferent types, heights, and lengths of noise barriers and different ambi-
ent wind speeds. The analysis result is helpful for the guidance of the
complex transportation system planning and air quality improvement in
urban areas.

2. Methodology
2.1. Physical model

We establish an ideal urban isolated street canyon model, as shown
in Fig. 1. The height of the building (20 m in the Z-axis direction) is
equal to the width of the street (in the X-axis direction), i.e., the aspect
ratio of the street canyon model (building height/street width= H/W)
is 1. The street length (in the Y-axis direction) is 70 m. At the center
of the canyon is a two-way four-lane street, with a lane width of 4 m
wide and a total width of 16 m, which is the same as the situation on
viaduct. Sidewalks with a width of 2 m are located on both sides of the
street. The inlet and outflow boundaries are 20 m from the upstream and
downstream buildings. The upper boundary is 40 m from the ground.
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The height of the viaduct is 0.4 H = 8 m, the height of the noise barrier
is 4 m, the length of the noise barrier is 30 m, and the length of each
side is 20 m. A uniform volumetric pollutant source is located on the
ground and above the viaduct, with an emission intensity of 107 kg/
(m3.s). The length is equal to that of the street, and the height is 0.5 m.
Moreover, The model in Fig. 1 is a simplified fully-closed noise barrier,
while the conventional types of noise barriers include fully-closed noise
barrier, semi-closed noise barrier, and single-sided noise barrier (left-
sided or right-sided),as shown in Fig. 2.

2.2. Mathematical model

The renormalization group (RNG) k-¢ turbulence model is a modifi-
cation of the standard k-¢ model. Several studies have used it to simulate
urban airflow fields and pollutant dispersion, producing reliable vali-
dation results [51,52]. The continuity equation, momentum equation,
pollutant transport equation, and the RNG k-¢ equation are defined as
follows:

Continuity equation:

U,
Fre
Conservation of momentum equation:

) + U,-E -1 + i(vﬂ + 2, u'.u.) + <M>g,~ 2
ot ox; pOx; O0x;\ 0x;  Ox; ! Po

Turbulent kinetic energy equationk:

ok ok 0 Vi \ 0k
ok Ly 9k _ 9 R UL A 3
ot Tox;  ox; [<v+ak)6xj]+ € ®

=0 (1)
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Fig. 2. Different types of noise barrier in
real life: (a, b) fully-closed; (c) semi-closed;
(d)single-sided.

il

\

Fig. 3. Schematic diagram of the mesh.
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Fig. 5. Comparison of normalized velocity obtained from the simulation and
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where ot is the turbulent viscosity coefficient;n = 0.5(k/e)(G/v,); Cu, Cy,,
C,,, B, and #, are constants (0.09, 1.44, 1.92, 0.012, and 4.38, respec-
tively). o and o, are the Prandtl numbers (1.0 and 1.3, respectively); #
=0.5 (k/e)(G/vp.
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Fig. 6. Comparison of normalized concentration obtained from the simulation
and experiments.

where C; is the species concentration; C is the species volume; D; is the
diffusivity coefficient; S, represents the pollutant source term defined in
this study, which is 10~7kg/(m?3es).

2.3. Boundary conditions

The gradient wind is the velocity inlet boundary and is perpendicu-
lar to the street canyon. The outlet boundary is set to a free-flow con-
dition. The upper boundary and sides of the computing domain are set
as symmetrical boundary conditions (zero-gradient boundary). Turbu-
lence does not fully develop in the near-wall area and near-ground area
of the building. A standard wall function is used for near-wall correc-
tion on the wall, viaduct, noise barrier, and bottom of the building. All
the other wall surfaces have slip wall boundary conditions. The vertical
characteristics of the ambient wind are affected by the terrain, espe-
cially the roughness. Therefore, the gradient wind is used to represent
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the ambient wind speed. The wind speed for the inlet boundary condi-
tion follows an exponential or logarithmic law [53,54]. In this study, a
user-defined function is used to define the exponential growth of the ve-
locity at the inlet. The turbulent kinetic energy and turbulent dissipation
rate are defined as follows:

U, =U,ef<z‘20> (6)
z
ref
U* 2
_ D
Ve,
U3
= —= 8)
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Fig. 7. Contours of the flow field and normalized CO concentration at y=0 for noise barriers with different heights: (a) 2 m; (b) 4 m; (c) 6 m; (d) 8 m.

where Uref represents the velocity at the reference height (2., = 20
m). a is the ground roughness index (0.2). U* represents the friction
velocity. k represents the von Karman constant (0.42); Cy=0.99 repre-
sents the empirical constant. We considered four incoming wind speeds
(Uref = 2 m/s, 4 m/s, 6 m/s, and 8 m/s) to represent very low, low,
medium, and high wind speeds, respectively. The lowest wind speed
(Uref = 2 m/s) corresponds to the smallest Reynolds number (Re= Uref
H/v=3002550) so that all simulations meet the Reynolds number inde-
pendence (Re>11000).

2.4. Mesh generation and sensitivity analysis

Discretization of the computing domain is an essential component
of numerical simulations. The advantages of structured grids are that
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the mesh structure is simple, regular, and convenient, the calculation
is easy, and the memory requirement is low. Because the geometric
model in this study is relatively simple and regular, we use a structured
grid to ensure high calculation accuracy and low computational com-
plexity. Eight layers of boundary grids are used for the building walls,
the ground, the viaduct, and the noise barrier to ensure the applica-
bility of the standard wall function. The first layer mesh is 0.02 m to
ensure that the y+ at the boundary is 20. The internal mesh layout is
Ax x Ay=0.4 x 0.4, and the mesh is coarse in the boundary area of the
computational domain. The schematic diagram of the mesh is shown in
Fig. 3.

The commercial CFD software ANSYS FLUENT 19.2 is used for nu-
merical simulation. The incoming wind is compiled by the user-defined
function (UDF). The second-order upwind type is used for the discretiza-
tion of the convection term. The Green-Gaussian node method is used
for gradient interpolation. The experimental calculation method uses
the SIMPLE algorithm, and the standard algorithm is used for the pres-
sure interpolation. The RNG k-e¢ model is used. The convergence factor
of the energy equation is 1 x 1078, and the convergence factor of the
other variables is 1 x 107>,

We verified the mesh independence using three grid sizes (2446374,
3172224, and 4313104) and the same computer and same working con-
ditions (Uref = 2 m/s). Fig. 3 shows the grid independence test results
for the centerline of the street in the X-axis direction (Y=0m, Z=2m,
X from -10 m to 10). The velocity and the normalized CO concentration
on this line for the three grid sizes are shown in Fig. 4(a) and (b), respec-
tively. The results are similar for the 3172224 and 4313104 grid sizes,
and the maximum error of the speed and the normalized CO concentra-
tion is less than 5%. The error is the largest for the 2446374grid size.
A further increase in the grid size from 3172224 to 4313104 does not
change the speed and pollutant concentration substantially, demonstrat-
ing the accuracy of the numerical solution and the grid independence.
Therefore, we used a grid size of 3172224.

2.5. Pollution source

Pollutants in urban streets include gaseous pollutants and solid par-
ticles. The dispersion of the particles is affected by wind speed, particle
size, thermal buoyancy, air humidity, and other factors. CO is a colorless
and odorless gas but is highly toxic; CO poisoning is the most common
type of fatal poisoning in many countries [55]. Furthermore, the propor-
tion of CO in vehicle exhaust is relatively large, and its chemical prop-
erties are relatively stable; thus, CO does not readily react with other
substances in the air. We used CO as a tracer pollutant to simplify the
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analysis and investigate its diffusion in urban street canyons. In order to

effectively evade the effect of factors such as the height of buildings on

both sides, street geometry and other factors on the calculation results,

the pollutant concentrations were normalized to obtain a standardized

concentration as follows:
_ Peo CU,.; LH

5.7, ©

where C represents the pollutant concentration (CO mass fraction) ob-
tained from the FLUENT simulation results; Uref (m/s) represents the
wind speed at the reference height z,.¢; p,, is the density of CO (=1.295
kg/m?3); L (m) is the length of the pollution source; H (m) is the height
of the building; Sc is the total emission intensity of the pollution source
(kg/(m3es)); Vc (m3) is the control volume of the pollution source.

2.6. Field synergy theory

Pollutant dispersion in urban street canyons is a convective mass
transfer driven by the ambient wind [56].Ming et al. [57] applied
the field synergy theory to the study of pollutant dispersion in street
canyons. Results show that adding wind catchers can greatly improve
the air quality of the step-down street canyon and reduce the average
pollutant concentrations in the street canyon by 75%. Different types
of noise barriers in street canyons have different impacts on pollutant
dispersion. The Reynolds number Re and Schmidt number Sc remain
unchanged due to the same physical properties of the wind. The field
synergy number Fc,, can be used to evaluate the effect of convective
mass transfer. The greater the field synergy number Fc,,, the better the
synergy effect of the velocity field and the concentration field is, and the
stronger the convective mass transfer effect is. The field synergy number
is expressed as follows:

_ JoU-VCdv
=t
The Sherwood number is the ratio of the boundary diffusion resis-
tance of the fluid to the convective mass transfer resistance, characteriz-
ing the relative size of the convective mass transfer and diffusion mass
transfer. Because the pollutant dispersion in street canyons is driven
by the ambient wind, the convective mass transfer process dominates.
Therefore, the physical properties differ for different wind speeds. The
Sherwood number can be used to measure the strength of the pollutant
diffusion effect in the street canyon. The larger the Sherwood number
Sh, the higher the synergy between the velocity field and the concen-
tration field is, and the stronger the convective mass transfer effect is.
Eq. (11) shows that the Sherwood number depends on the Reynolds
number, the Schmidt number, the synergy angle of the velocity vector,
and the concentration gradient vector, i.e., the value of the dot product
of the two vectors in the target area. The Sherwood number is expressed
as follows:

foU-VCav

Sh=ReS.=——— an

(10)

FCm

3. Results and discussion
3.1. Validation study

We used the wind tunnel experimental data to evaluate the reliabil-
ity of the street canyon model with an aspect ratio of 1 [58]. The size
of the wind tunnel was 10 m x 0.3 m x 0.5 m. Ten rectangular parallel
pipes (0.298 m x 0.1 m x 0.1 m) of the same size were arranged at the
tuyere, and they were placed at an equal interval of 0.1 m (H) to simu-
late multiple street canyons. We used the fifth street canyon as the target
street canyon. The LDA system, a fiber-optic system (model 55X, sup-
plied by Dantec Dynamics), automatically controlled and measured the
change in wind speed in the z-axis direction at y/H=0, x/H=0.75 in the
target street canyon. Based on this wind tunnel experiment, an identical
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geometric model was established, and consistent boundary conditions
were set. The calculation result is shown in Fig. 5. The data obtained
from the numerical simulation agrees well with the wind tunnel test
data. Although there is a slight deviation, the overall error is within the
acceptable range. The results indicate that the proposed model and the
numerical simulation method can be used to analyze the atmospheric
field in the street canyon.

The reliability of simulating the pollutant concentration and disper-
sion in urban street canyons is verified using the wind tunnel experi-
mental data obtained from Meroney et al. [59]. According to the wind
tunnel experiment, a model of an ideal street canyon with an aspect ratio
of 1 (H/B=1, H=0.06 m) is established. The building height is 0.06 m,
and the pollutant discharge is linear on the ground parallel to the y-
axis. The tracer gas is ethane, the line source length is 0.90 m, and the
dimensionless concentration K (ethane) is obtained by the dimension-
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Fig. 9. Contours of the flow field and normalized CO concentration at y=0 for noise barriers with different lengths: (a) 30 m; (b) 40 m; (c) 50 m; (d) 60 m.

less Uref (free flow wind speed, 1 m/s) at 0.65 m above the street. The
ethane mixture emission volume is Qe=1.4 1/h, and the air emission
volume is Qa=100 I/h. The numerical simulation results are shown in
Fig. 6. The simulation results of the dimensionless concentration on the
windward and leeward sides are compared with the wind tunnel ex-
perimental data. The trends are in good agreement, indicating that the
established model and numerical simulation methods can be utilized to
analyze the pollutant concentration field in the street canyon.

3.2. Effect of the noise barrier height

Fig. 7 shows the flow field and dimensionless CO concentration dis-
tribution at y=0 for noise barriers with different heights. Four semi-
closed noise barriers with heights of 2 m, 4 m, 6 m, and 8 m were ana-
lyzed. As the noise barrier height increases, the flow field in the street
canyon does not change substantially. It can be divided into two main
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Fig. 10. Histogram of the field synergy number and average CO concentration.

vortices above and below the viaduct, and the center of the vortex ex-
hibits a slight shift. Due to the vortex structure in the street canyon, the
pollutants are concentrated near the ground on the leeward side of the
street canyon and above the viaduct. As the height of the noise barrier
increases, the level of pollutant dispersion decreases, and the average
pollutant concentration in the street canyon increases.

Fig. 8 shows the CO concentration and field synergy number of noise
barriers with different heights. As the height of the noise barrier in-
creases from 2 m to 4 m, the increase in the concentration is less than
50% in the entire street canyon and in the pedestrian breathing area, and
the field synergy number decreases by 8.92%. As the height of the noise
barrier increases from 4 m to 6 m, the average pollutant concentration
in the street canyon increases by 60.63%. The average concentration
in the pedestrian breathing area increases by 88.62% on the leeward
side and by 54.62% on the windward side. The field synergy number
decreases by 6.23%. As the noise barrier height increases from 6 m to
8 m, the average pollutant concentration in the street canyon increases
by 126.19%. The average concentration in the pedestrian breathing area
increases by 120.23% on the leeward side and by 106.23% on the wind-
ward side, and the corresponding field synergy number is 19.31% lower.
The results indicate that increasing the height of the noise barrier does
not improve pollutant dispersion. The synergistic effect between the ve-
locity field and the pollutant concentration field in the street canyon is
weakened, the number of synergies decreases, and the pollutant con-
centration increases. A noise barrier with a height of 8 m prevents the
outward diffusion of pollutants on the viaduct and substantially reduces
the diffusion of pollutants below the viaduct because the noise barrier
blocks the incoming wind. The high-concentration area above and below
the viaduct increases significantly as the noise barrier height increases.
The peak concentration above the viaduct of the 8-m high noise barrier
is 4 times that of the 2 m high noise barrier, and the synergy number is
about 30% lower.

3.3. Effect of the noise barrier length

Fig. 9 shows the flow field and dimensionless CO concentration dis-
tribution at y=0 for noise barriers of different lengths. Four semi-closed
noise barriers with lengths of 30 m, 40 m, 50 m, and 60 m were ana-
lyzed. As the length of the noise barriers increases, the center of the main
vortex on the viaduct shifts slightly, but there is always only one main
vortex. The flow field is more complex below than above the viaduct.
When the length of the noise barriers is 40 m and 60 m, two main vor-
tices are formed below the viaduct. In contrast, only one main vortex
occurs for the noise barriers with lengths of 20 m and 50 m. The noise
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barrier restricts the flow, reducing the pollutant diffusion between the
noise barriers on the viaduct and below the viaduct. Fig. 9(a-d) shows
that the area of high CO concentration increases significantly with an
increase in the noise barrier length. Due to the vortex structure in the
street canyon, the pollutant is concentrated near the ground on the lee-
ward side of the street canyon and above the viaduct.

Fig. 10 shows the comparison of the average CO concentration and
field synergy number for noise barriers with different lengths. As the
length of the noise barrier increases, the level of pollutant diffusion de-
creases, and the synergistic effect of the velocity field and the pollutant
concentration field in the street canyon weakens. The average CO con-
centration in the pedestrian breathing area on the windward and lee-
ward sides and in the entire street canyon show an upward trend. The
field synergy number continues to decline. As the length of the noise
barrier increases from 30 m to 60 m, the synergy number decreases by
about 43%, the average CO concentration in the street canyon increases
by 160%, and the CO concentration in the pedestrian breathing area in-
creases by 155% on the leeward side and by 147% on the windward side.
Thus, the environmental quality in the street canyon decreases with the
increasing length of the barrier.

3.4. Effect of the noise barrier type

Fig. 11 shows the flow field and dimensionless CO concentration at
y=0 for different types of noise barriers. The presence of viaducts and
noise barriers in urban street canyons significantly changes the distribu-
tion of pollutants and flow fields in street canyons. Fig. 11(a—e) shows
the noise barrier on the viaduct significantly affects the flow field dis-
tribution in the street canyon, especially below the viaduct. Without
noise barriers on the viaduct, vortices occur on the viaduct and below
the bridge. The incoming wind is deflected by the noise barrier, and the
pollutants diffuse more evenly. The main vortex is observed above the
viaduct when a semi-closed noise barrier is present. The center of the
vortex under the viaduct has shifted to the upper right, and the pollu-
tants are concentrated near the ground on the leeward side of the street
canyon and above the viaduct. The noise barrier reduces the area of high
CO concentration, especially near the ground on the leeward side below
the viaduct. When the viaduct has a single noise barrier (left or right),
a main vortex forms above the viaduct. The flow field structure below
the bridge is more complicated; there are two secondary vortices, and
the peak concentration in the street canyon has decreased. The blocking
effect is weaker for the single noise barrier than the semi-closed noise
barrier, and the pollutant dispersion is more even. The fully-closed noise
barrier prevents upward or downward pollutant dispersion. However,
the maximum dimensionless CO concentration on the leeward side of
the viaduct is 4 times higher than without a noise barrier. The vortex
structure in the street canyon also differs from that of the other noise
barrier types. Three vortices are formed in the street canyon, two vor-
tices occur above the viaduct, and one main vortex is observed below
the viaduct.

Fig. 12 shows the average CO concentration and field synergy num-
ber for different types of noise barriers. The noise barrier type influ-
ences the pollutant diffusion in the street canyon. As the field synergy
number decreases, the synergistic effect between the velocity vector and
the concentration gradient vector in the street canyon weakens, and the
level of pollutant dispersion decreases. The field synergy number is the
smallest (best synergistic effect), and the pollutant dispersion capacity
is the best without a noise barrier. In contrast, the pollutant dispersion
capacity is the worst for the fully-closed noise barrier. The field synergy
number is 21.25% lower, and the average CO concentration in the street
canyon is 132.23% higher than without a noise barrier. However, the
different noise barrier types (except for the fully-closed one) reduce the
average CO concentration in the pedestrian breathing areas. The aver-
age CO concentration in the pedestrian breathing areas is reduced by
a maximum of 55.85% on the leeward side and 53% on the windward
side. This result shows that noise barriers on the viaduct reduce noise
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Fig. 11. Contours of the flow field and normalized CO concentration at y=0 for different types of noise barriers: (a) left noise barrier; (b) right noise barrier;(c)
fully-closed noise barrier; (d) semi-closed noise barrier; (e) only viaduct without noise barrier.

and improve the air quality in densely populated areas, improving the
health of residents and pedestrians.

3.5. Effect of wind speed on different types of noise barriers

Blocken et al. [60] found that the air quality in street canyons was
lower when the ambient wind was vertical or parallel to the street
canyon. We investigate conditions when the ambient wind is perpendic-
ular to the street canyon and considered four inflow wind speeds (Uref
=1 m/s, 2 m/s, 4 m/s, 8 m/s) to represent very low, low, medium, and
high wind speeds. The wind speed and Reynolds number change with
the wind speed. The field synergy number cannot be used to character-
ize the effect of convective mass transfer and pollutant diffusion. Thus,
the Sherwood number is used to characterize the convective mass trans-
fer and pollutant diffusion effects of different types of noise barriers at
different wind speeds. The Sherwood number depends on the Reynolds
number and field synergy number Egs. (1)-(10) [57].

Fig. 13(a) shows the Sherwood number and the average CO con-
centration in the street canyon for different types of noise barriers and
different wind speeds. The results indicate that the pollutant concen-
trations of all noise barrier types decrease as the wind speed increases.
The Sherwood number of the single noise barrier (left or right) is the
largest at an ambient wind speed of 2 m/s. The Sherwood number is the
smallest for the fully-closed noise, indicating that the single noise bar-

rier has a structural advantage, with a more pronounced effect of the
left noise barrier. As the wind speed increases, the pollutant diffusion of
the different types of noise barriers improves to different degrees. The
average CO concentration in the urban street canyons decreases with
an increase in wind speed. The Sherwood number increases at different
rates for the same increase rate of the wind speed, reflecting the dif-
ferent effects of the wind speed on the synergistic improvement of the
speed and concentration gradient vectors of the different types of noise
barriers. The performance follows the order fully-closed noise barrier >
left noise barrier > right noise barrier > semi-closed noise barrier. As
the wind speed increases from 2 m/s to 8 m/s, the Sherwood number
of the fully-closed noise barrier increases the fastest, indicating that the
wind speed has the largest influence on the fully-closed noise barrier.
Fig. 13(b) shows that the fully-closed noise barrier has the highest
average CO concentration at a wind speed of 2 m/s. The concentration
is about 3 times that of the single noise barrier. The reason is that the
upward or downward pollutant diffusion on the viaduct is hindered by
the fully-closed noise barrier. As the wind speed increases from 2 m/s to
6 m/s, the synergistic effect of the velocity and concentration gradient
vectors is greatly enhanced, showing that the average CO concentration
of the fully-closed noise barrier declines the fastest. However, the aver-
age CO concentration of this barrier is the biggest. The decline rate of the
average CO concentration is similar for the single and semi-closed noise
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Fig. 12. Histogram of the field synergy number and average CO concentration.

barriers, and the former has the smallest average concentration. As the
wind speed continues to increase from 6 m/s, the pollutant concentra-
tion does not change much. In addition, as the wind speed increases, the
rate of decrease in the average CO concentration decreases, indicating
that the influence of the wind speed on pollutant dispersion declines.

4. Conclusion

We investigated the effects of different heights, lengths, and types
of noise barriers and different wind speeds on pollutant dispersion in
complex street canyons with a viaduct. Computational fluid dynamics
(CFD) was used to establish a model of the viaduct and noise barrier sys-
tem in an urban street canyon. The pollutant dispersion in urban street
canyons is a convective mass transfer process driven by the ambient
wind. Our results provide reference data for urban planners to conduct
quantitative evaluations of the air quality in human activity areas in
street canyons. The field synergy theory of the convective mass transfer
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process was used to analyze the pollutant dispersion capacity in a street
canyon quantitatively. The conclusions are as follows:

(1) As the noise barrier height increased, the flow field in the street
canyon did not change substantially. It was divided into two areas with
vortices above and below the viaduct. The center of the vortex shifted
slightly with an increase in the barrier height. Increasing the height did
not improve pollutant dispersion. The synergistic effect between the ve-
locity field and the pollutant concentration field in the street canyon
weakened, the synergy number decreased, and the pollutant concen-
tration increased. The highest pollutant concentration above and below
the viaduct was observed at a noise barrier height of 8 m. The maximum
CO concentration above the viaduct for the 8-m high noise barrier was
4 times that of the 2 m high noise barrier, and the synergy number was
about 30% lower.

(2) As the noise barrier length increased, the center of the main vor-
tex on the viaduct shifted slightly, but there was always only one main
vortex. The flow field below the viaduct was more complicated. When
the length of the noise barriers was 40 m and 60 m, two main vor-
tices formed below the viaduct, whereas only one main vortex formed
at barrier lengths of 20 m and 50 m. As the length of the noise barri-
ers increased, the pollutant dispersion and the synergistic effect of the
velocity field and the pollutant concentration field in the street canyon
weakened. As the noise barrier length increased from 30 m to 60 m, the
synergy number decreased by about 43%, the average CO concentration
in the street canyon increased by about 160%, and the CO concentration
in the key pedestrian breathing area increased by 155% on the leeward
side and by 147% on the windward side, deteriorating the environmen-
tal quality in the street canyon and posing a threat to people’s health.

(3) Noise barriers on viaducts in urban street canyons significantly
changed the pollutant distribution and flow fields in the street canyon.
The synergistic effect of the velocity vector and the concentration gra-
dient vector was the strongest without a noise barrier, resulting in the
highest pollutant diffusion capacity and the lowest average CO concen-
tration. In contrast, the fully-closed noise barrier had the lowest pol-
lutant diffusion performance and the highest average CO concentra-
tion. The average CO concentration in the street canyon was similar for
the single and semi-closed barriers. However, in the densely populated
pedestrian breathing areas, all noise barriers except the fully-closed one
reduced the average CO concentrations to varying degrees. The aver-
aged CO concentration was reduced by a maximum of 55.85% on the
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Fig. 13. Sherwood number and average CO concentration at different wind velocities for different types of noise barrier: (a) Sherwood number; (b) average CO

concentration.
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leeward side and by 53% on the windward side. The results showed that
appropriate noise barriers on the viaduct reduced noise pollution and
improved air quality in densely populated areas, benefiting the health
of residents and pedestrians.

(4) As the wind speed increased, the rate of decline in the average
CO concentration decreased, indicating a decreasing influence of the
wind speed on pollutant dispersion. The Sherwood number increased at
different rates for the same increase rate of the wind speed, reflecting
the different effects of the wind speed on the synergistic improvement of
the speed and concentration gradient vectors of different types of noise
barriers. The performance followed the order fully-closed noise barrier
> left noise barrier > right noise barrier > semi-closed noise barrier.
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