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Abstract: Trees have a significant impact on the airflow and pollutant diffusion in the street canyon
and are directly related to the comfort and health of residents. In this paper, OpenFOAM is used
for simulating the airflow and pollutant diffusion in the street canyon at different height-width
ratios and tree layouts. Different from the drag source model in the previous numerical simulation,
this study focuses on the characterization of the blocking effect of tree branches on airflow by using
more precise and real tree models. It is found that the airflow is blocked by the tree branches in
the canopy, resulting in slower airflow and varying velocity direction; the air flows in the pore area
between trees more easily, and the vortex centers are different in cases where the street canyon shape
and tree layout are different. Low-velocity airflow distributes around and between two tree canopies,
especially under the influence of two trees with different spacing. At the height of the pedestrian,
the tree branches change the vortex structure of airflow, and thereby high pollutant concentration
distribution on both sides of the bottom of the leeward side of the street canyon changes constantly.
In the street canyon, the small change in tree spacing has a very limited influence on the pollutant
concentration. The street canyon has the lowest average pollutant concentration at the largest y-axis
direction spacing between two trees.

Keywords: numerical simulation; street canyon; real tree; pollutant

1. Introduction

A street canyon is a typical micro-unit of urban architecture. The air quality of street canyons
deteriorates because of pollutant emissions from automobiles. More importantly, the long-term
exposure of residents to the pollutants, including volatile organic compounds, NOy, SOy, etc.,
in automobile exhaust will lead to various kinds of adverse health problems. The existence of trees can
remove the pollutants with smaller particle sizes through dry deposition and biochemical effects to
some extent. However, trees weaken the air circulation velocity and intensify the pollution in the street
canyon [1,2].

The development of computer hardware promotes the numerical simulation of airflow and
pollutant diffusion under the influence of trees in the street canyon. The accurate numerical simulation of
pollutant diffusion under the influence of trees in the street canyon depends on the fine characterization
of trees. At present, trees are characterized by two methods, including the implicit approach, in which
the damping effects of trees are represented by the surface parameters, and the explicit approach,
in which trees are modelled by porous media. Salim et al. [3] studied the effects of the inclusion of
trees in the numerical simulation of wind flow in urban areas with different approaches. They found
that the numerical results obtained by implicit and explicit approaches are obviously different. It is
difficult for these models to describe the influence of the tree structures on the flow fields.
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The influence of trees on the pollutant diffusion in the street canyon is a very complicated process.
The wind direction perpendicular to the street canyon is the most unfavorable for pollutant diffusion.
Numerical simulation and experiments have revealed that the presence of trees reduces the circulation
velocity in the street canyon, increasing the pollutant concentration in the street canyon, especially
on the leeward side and near the ground [4,5]. Buccolieri et al. [6] investigated the airflow field and
pollutant concentration field in a street canyon with the height-width ratio of 2 by numerical simulation
and wind tunnel experiment. They found that the height-width ratio of the street canyon was the
critical parameter affecting the horizontal pollutant accumulation at the height of the pedestrian.
Gromke and Ruck [7] investigated the trees of various tree-stand densities and crown porosities with
variations in the aspect ratio and wind direction. Sun and Zhang [8] studied the effects of avenue trees
in urban street canyons on traffic pollutant dispersion. They found that a terraced building raises
pollutant concentration at the windward wall and reduces concentration at the leeward wall at the
pedestrian level. Huang et al. [9] argued that two factors (including tree layout and the height of tree
trunk) impact the flow field and pollutant dispersion in a street canyon. Wang et al. [10] proposed
a coupled large-eddy simulation-Lagrangian stochastic model to study the pollutant dispersion in
urban canopy layers under the influence of trees. These studies further confirm that street canyon
geometry and trees jointly affect the pollutant diffusion and airflow in the street canyon.

In recent years, the research on pollutant diffusion in the street canyon under the influence of
trees has been extended to the complicated structures of urban buildings [11], dry deposition [12],
tree-planting pattern and trunk height [9], air stability [13], etc. There are more and more research
methods, including the Monte Carlo method [14] and the Lattice Boltzmann method [15], etc. However,
the most basic research methods for trees in the street canyon could still possibly be further optimized,
especially in the modeling of tree branches in the street canyon. Most of the existing studies on trees have
focused on the canopies, and the primary characterization method is porous media model or drag source
model, which is unable to simulate the tree’s blocking effect on the airflow. Most researchers deemed
that low walls, noise barriers and balconies in the street canyon decrease the airflow velocity [16-18].
The same phenomenon may also occur in the street canyon under the influence of tree branches. Hong
et al. [19] believed that through the numerical simulation of airflow around three-dimensional real
trees, more accurate and realistic simulation results could be obtained.

Although the existing research has revealed the diffusion and transfer mechanism of pollutants
under the influence of trees, the drag source model, which is used to characterize trees during research,
is unable to describe the blocking effect of tree branches on the airflow, especially the influence of tree
branches on the airflow in the street canyon after the leaves fall off in winter. The influence of street
canyon shape factors on the pollutant diffusion is seldom systematically expounded. In this paper,
the pollutant diffusion behavior at different shape factors (height-width ratio) and tree layouts was
studied by the real tree trunk model. This study reflects the influence of trees on the pollutant diffusion
in the street canyon more truly and is of considerable significance to the planning of the street canyon
shape and arrangement of trees.

2. Model

2.1. Mathematical Model

The below dynamic mathematical model has been widely used to simulate the airflow and
pollutant diffusion in the street canyon without the thermal effect [20]. In this paper, the dynamic
behavior of airflow is modeled by Navier-Stokes equation, and the transfer model of pollutants is
described by the convection-diffusion equation in the Euler—Euler framework. Assuming that the air is
incompressible, the mass equation of describing the airflow is as follows, if the working conditions of
vehicles are not taken into account: o
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where u; means the time-averaged velocity component in the i direction, and x; is the spatial coordinate
in the 7 direction.
The momentum equation is as follows:
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where v is the kinematic viscosity, p is the pressure, p is the air density, and u; is fluctuation velocity in
the 7 direction.

At present, there are many turbulence models used to simulate the turbulence in the street canyon.
Although the LES model is more accurate than other models, it has some shortcomings, such as
requiring more computing resources, defining appropriate sub-grid scale models and difficulty in
setting the inlet boundary conditions [19]. The standard k-¢ equation, which was used in this paper,
is widely used to simulate the airflow in the street canyon with tress [8,21,22].
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where k is the turbulent kinetic energy, ¢ is the turbulent energy dissipation rate, and v; is the turbulent
kinetic energy viscosity. Py is the generation of turbulence kinetic energy due to the mean velocity
gradients. G, represents the generation of turbulence kinetic energy due to buoyancy. The model
constants, C;, C.1, Ce2, are 0.09, 1.44, 1.92, respectively. o5 and o, are the turbulent Prandtl numbers
for k and ¢, respectively.

The pollutant convection—diffusion equation is adopted to simulate the pollutant transport in the
street canyon [20].

This study focuses on the influence of tree branches on airflow and pollutants after the leaves fall
off in winter, so the damping effect of the leaves on airflow is not considered. The above equations are
discretized based on the finite volume method using the OpenFOAM (open source fluid dynamics
software [23]). By implanting the pollutant transfer and diffusion equation in the simpleFoam solver,
a new solver is established for calculation of the above mathematical model.

2.2. Physical Model

As shown in Figure 1, a physical model of street canyon different morphologies under the presence
of trees is given. The tree model is 10 m in y-direction, 11.8 m in x-direction and 14.4 m in z-direction.
Figure 1a is a schematic diagram under the presence of trees in the street canyon. Figure 1b gives the
physical model, with the ward side height, H, of the street canyon, the height, 18 m, from the top of the
building at the windward side to the top of the computational domain, the width, W1, of the street
canyon, the length, L, of the street canyon, and the width, W2, of the computational domain. Figure 1c
gives the x-z section of street canyons with one tree at different height-width ratios (1, 2, 0.5 from left
to right). Figure 1d shows the x-y sections of symmetrical street canyons with the height-width ratio
of 0.5 at different layouts of two trees. The widths of the street canyons from left to right are 10, 15,
and 20 m, respectively. Additionally, it is convenient to find the position of the sections (y = 0, 1.5, 3 m)
more clearly as mentioned in Section 4. We mark them in the Figure 1d.
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Figure 1. Physical models of street canyons with different morphologies in the presence of trees.
(a) Diagram of street canyon; (b) Physical model of a single tree; (c) Different shape; (d) Tree layout.

3. CFD Methodology

3.1. Mesh

The following steps were used for mesh generation of the above physical models: (1) a structured
mesh of tree-free street canyon was generated, as shown in Figure 2a, with the mesh scale of 0.3 m in
different directions; (2) The tree model geometry file in STL format is shown in Figure 2b. The mesh
generated was firstly split, and the mesh points were aligned according to the tree surface geometry
information using snappyHexMesh function. A serial of operations was iteratively performed with
mesh quality control. Finally, the unstructured mesh of the street canyon with a fine tree model was
obtained [24]. Figure 2c is the generated tree surface mesh, Figure 2d is the partially enlarged tree
surface mesh, and Figure 2e is the surface mesh of the street canyon containing trees. The computational
domain was generated by mesh generation of different physical models in Table 1 by the above steps.

3.2. Algorithm and Boundary Condition

The residual of different physical quantities was set to 10~°. The linear scheme was used for the
diffusion term, and the Gamma scheme was used for convection [25,26]. The velocity and pressure
in steady-state flow were coupled by SIMPLE algorithm (Semi-Implicit Method for Pressure Linked
Equations) [27-29]. The velocity at the inlet was described by U = Uy (z/z9)*, where Uy is 4.7 m/s,
zg is 18 m, and « is 0.23 [30]. The two pollutant line sources were located on both sides of the trees at
the bottom of the street canyon, with —2.7 m > x > —4.8 m and 2.7 m < x < 4.8 m in the x-direction.
We assumed that trees and trees are closely connected. For the velocity, we adopted the Dirichlet
boundary condition at the inlet and the Neumann boundary condition at the outlet and the top, and the
slip boundary condition at both sides of the street canyon. More details regarding the boundary
condition settings of different physical quantities can be found in the reference [24]. The physical
quantities near the wall were solved by wall functions.
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(c) (d) (O]

Figure 2. Mesh. (a) Mesh of street canyon without tree; (b) Real tree model; (c) Tree surface mesh (d)
Local surface mesh of tree; (e) Mesh of street canyon with trees.

Table 1. Case Settings.

Tree Number H (m) W1 (m) W2 (m) L (m) H/W1 Aim
Case 1 1 18 18 36 10 1
Case? 1 36 18 36 10 ” Height-width-ratio
Case3 1 18 36 54 10 0.5
Case 4 2 18 36 54 10 0.5
Case5 2 (distance5m) 18 36 54 15 05 Tree layout
Case 6 2 (distance 10 m) 18 36 54 20 0.5

3.3. Case Setting

The case settings are shown in Table 1 below. There are six different cases in total. Case 1, Cases 2
and 3 are the parameters of the street canyon with different height-width ratios of the street canyon
with trees, and Cases 4-6 are the parameters of the street canyon with different tree layouts in a wide
street canyon.

4. Verification

4.1. Mesh Independence Verification

The computational domain of Case 1 in Table 1 was carried out by different mesh division scales
in order to explore the appropriate mesh division in numerical calculation. Figure 3a—c show the mesh
division in the street canyon at the y = 0 m section with the mesh scale of 0.2 m, 0.3 m, and 0.5 m,
and the total mesh number of 1,215,000 (fine), 356,400 (medium) and 77,760 (coarse), respectively.
Figure 3d gives the vertical velocity distribution at the y = 0 m section in the middle of the street canyon
obtained by the calculation model and method in this paper and shows the very similar calculation
results obtained at the mesh scale of 0.2 and 0.3 m and better calculation results at 0.2 and 0.3 m than at
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0.5 m. Considering the calculation resources and accuracy, the mesh scale of 0.3 m was selected for
mesh division.
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Figure 3. Mesh and independence test. (a) fine mesh; (b) medium mesh; (c) coarse mesh; (d) comparison.

4.2. Velocity Verification

The numerical algorithm and turbulence model used are the same as those used in our previous
research. As shown in Figure 4, we used the water-channel experiments used by Li et al. [31] to simulate
the velocity in the street canyon in order to study the accuracy of the numerical algorithm at steady-state.
At different locations of the computational model (x = 0.25 H, 0.5 H, 0.75 H), the numerical simulation
results are in good agreement with the experimental results [31] and numerical simulation results using
large eddy simulation [32], meaning that the algorithm in this paper can be used for the numerical
simulation research of pollutant diffusion and airflow in the street canyon under the influence of trees.
Only the urban street canyon was used to simulate the air flow to lower the computational loads.
So, there are different normalized velocities above the street canyon when comparing experimental
data [20].
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Figure 4. Comparison of normalized velocities at different locations in the street canyon. (a) x = 0.25 H;
(b) x =0.5H; (c) x =0.75 H.

5. Result and Discussion

5.1. Flow Field

The structure of the flow field in the street canyon is affected by three factors, including street
canyon morphology, number of trees in the street canyon, and tree spacing. Figure 5a shows the
structure of the flow field in the street canyon with a height-width ratio of 1:1 in the existence of a tree.
The air sheared by the windward building in the street canyon flows along the surfaces of the windward
buildings. Due to the block effect of the tree branches in the middle of the street canyon, the flow field
is complex. Figure 5b shows the streamline in the deep street canyon (with a height-width ratio of 2)
with a tree and reveals that a large vortex exists in the street canyon. This is mainly because the tree
trunks and branches block the airflow and the flow direction and intensity changed synchronously.
As shown in Figure 5c, there is also a vortex in the street canyon. This means that the height-width
ratio does not affect the number of vortices in the street canyon with a tree. Figure 5d—f show that
the tree spacing affects the airflow in the wide street canyon (with a height-width-ratio of 1:2) in the
presence of two trees. Although the flow field in the street canyon is more complicated in different
cases, a flat vortex is formed. However, such a vortex is different in shape and center in different cases,
possibly due to the fact that the air easily flows to the area without tree branches (with smaller blocking
effect) because of the arrangement of the two trees.

Figure 6 gives the flow field in a horizontal section of the canyon at z = —16.5 m. In Figure 6a,
the air consistently flows from the windward side to the leeward side of the street canyon with a tree.
In Figure 6b, the air flows around the tree trunks in the middle of the street canyon first and then
along both sides of the street canyon to the leeward side under the influence of a single tree in the
deep street canyon. In Figure 6¢, the air also goes around the tree trunk and forms two approximately
symmetrical vortices on the leeward side of the street canyon under the influence of a single tree in
the wide street canyon. It is worth mentioning that the shape of the tree canopy in this paper is not
completely symmetrical, but a self-similar structure; that is to say, the incomplete symmetry of the
canopy structure does not significantly affect the approximate symmetry of the airflow field structure
in the lower part of the street canyon. In Figure 6d—f, the airflow deflects under the influence of the tree
trunks close to the windward side during the flow from the leeward side to the windward side due to
the blocking effect of the trunks’ distance in the y-direction between two trees. In addition, different
distances in the y-direction between two trees may cause a more complicated flow field. Moreover,
one stream of air flows along the walls of the street canyon on both sides and the other stream flows
between the two tree trunks at the leeward side of the street canyon and forms the vortices with
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different sizes. Especially in Figure 6f, the airflow direction changes significantly during the flow from
the windward to the leeward side due to the largest gap between the two trees. For the same reason,
there is no significant difference in the flow direction between the middle and the windward side of
the street canyon. It should be noted that the boundary conditions on both lateral sides of the street
canyon influence the air flow.

x(m)

)

Figure 5. Flow field in different three-dimensional cases. (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4;
(e) Case 5; (f) Case 6.
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Figure 6. Flow field in the street canyon in different cases at z = —16.5 m. (a) Case 1; (b) Case 2; (c) Case
3; (d) Case 4; (e) Case 5; (f) Case 6.

5.2. Velocity

As shown in Figure 7, the velocity distribution at y = 0, 1.5 and 3 m in the street canyon in different
cases is given. In Figure 7a, the distribution area of low velocity is in the middle at different y-axis
sections. As can be seen from Figure 7b, the low-velocity areas in the deep street canyon at different
sections distribute in the middle of the street canyon in a vertical stripe in the presence of a single tree,
and shrink and move up because the influence of the trunk on the air velocity weakens with increasing
distance from the tree trunk at the y-axis direction. In Figure 7c, the low-velocity areas in the wide
street canyon at different sections mainly distribute in the right area of the tree canopy, and a step
change of the velocity distribution occurs at the bottom of the y = 0 m section due to the blocking
effect of the nearby tree trunk. In Figure 7d—{, the tree-planting patterns affect the velocity distribution
in the street canyon in the presence of two trees in the wide street canyon. As shown in Figure 7d,
when the two trees are arranged in parallel without spacing between them, the low-velocity areas at
different sections mainly distribute in the canopy and its surrounding areas between two trees and
have a much bigger distribution area than that in Figure 7c. The low-velocity areas scatter outside
the two tree canopies in the overlapping area of two trees (at y = 0 and 1.5 m), as shown in Figure 7e.
The reason is that the air may flow through the area between the two trees. The airflow field structure
shown in Figure 6e can also prove this phenomenon. In addition, the low-velocity area distributes
around the canopy near the windward side at y = 3 m, mainly because of the high velocity without
trees on the leeward side. In Figure 7f, at the maximum spacing between two trees in the street canyon,
the low-velocity area distributes only around the canopy due to no overlapping area between the
two trees. It should be noted that the air blocking and flow-around effects of tree branches affect the
velocity distribution, and the structural complexity of tree branches and tree layout aggravates the
complexity of velocity distribution, so the predicted velocity distribution may differ due to ignorance
of the influence of tree branches.



Sustainability 2020, 12, 2105 10 of 14

y(m) y(m)
(e) (D

N [ | S— —— I .
0.100 0.147 0.216 0.317 0.466 0.686 1.008 1.481 2.176 3.198 4.700 (m/s)

Figure 7. Velocity distribution at different sections in different cases. (a) Case 1; (b) Case 2; (c) Case 3;
(d) Case 4; (e) Case 5; (f) Case 6.

5.3. Pollutant

Figure 8 gives the pollutant concentration distribution at y = 0, 1.5, and 3 m in different cases.
In Figure 8a, with a tree in the street canyon, the maximum pollutant concentration in the street
canyon occurs at the bottom of the leeward side at y = 0 m due to being near the trunk in the y-axis
direction, decreasing with increasing height. This is because the trunk blocks and weakens the air
flow speed, and thus the transport of pollutants is more difficult. Figure 8b shows that the pollutant
concentration on the leeward side of the deep street canyon is much higher at y = 0 m than that at
other sections, maybe due to the fact that the pollutant has difficulty flowing from the bottom to the
middle and outside of the street canyon because of the weakened air velocity at the bottom around
trunk. As can be seen from Figure 8c, when only one tree exists in the wide street canyon, the high
pollutant concentration areas exist from the bottom to the leeward side of the street canyon, with a
small difference in pollutant concentration distribution between different sections. Figure 8d shows
the difference in pollutant concentration distribution between different sections in the wide street
canyon in the presence of two trees in parallel. The pollutant concentration on the windward side is
significantly less at y = 3 m than at y = 1.5 and 0 m, possibly due to the fact that the branches occupy
such a small space that the air easily flows and thereby the pollutant concentration reduces. Figure 8e
shows that at a bigger spacing between two trees, the pollutant concentration is smaller at y = 3 m than
aty = 1.5 and 0 m, especially in the windward area. The reason for this may be that some pollutants
flow out of the street canyon because of higher air velocity at y = 3 m, where there are only trees
near the windward area, than at y = 1.5 and 0 m, where two trees overlap. Aty = 0 m, the air flows
slowly and the pollutants difficultly diffuse due to two trees overlap. Figure 8f shows lower pollutant
concentration in different sections than Figure 8d,e mainly because the air flows faster under the small
blocking effect of the branches at y = 0 and 1.5 m, where the canopy edge areas are located.
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Figure 8. Pollutant concentration distribution at different sections in different Cases. (a) Case 1;
(b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6.

The pollutant concentration distribution at pedestrian height is closely related to the health of
urban residents in the street canyon. Figure 9 shows the pollutant concentration distribution in different
cases at pedestrian height. As shown in Figure 9a—f, high pollutant concentration distributions are
complicated and significantly different on the leeward side in the street canyon in different cases.
In Figure 9a,b, high pollutant concentrations mainly distribute in the negative y-direction of the leeward
side in the deep street canyon under the influence of a single tree in the middle. Figure 9c shows that
the high pollutant concentrations mainly distribute in the positive y-direction of the leeward side in
the wide street canyon, contrary to Figure 9b. As can be seen from Figure 9df, in the presence of two
trees, the high pollutant concentration distribution constantly changes on both sides of the bottom of
the street canyon, possibly due to the fact that the pollutants accumulate on the left or right side of the
leeward side because the air laterally flows under the influence of trees in the street canyon. It can
be found by comparing Figure 6d vs. Figure 9d, Figure 6e vs. Figure 9e, Figure 6f vs. Figure 9f that
under the influence of trees, the high pollutant concentration distribution is related to the flow field
and the high pollutant concentration usually distributes in the master vortex control area with a large
leeward side.

The spatial average pollutant concentrations in the street canyon in different cases are given
in Figure 10. Among them, Case 2 (deep street canyon with single tree) has the highest average
concentration value, 0.0757 g/L, 3.5% higher than that in Case 1. Generally speaking, the pollutant
concentration is significantly higher in the deep street canyon than in the street canyon with a
height-width ratio of 1:1, mainly because the pollutants have difficulty flowing outside the street
canyon due to the weak circulation intensity in the deep street canyon. This means that pollutants
accumulate in the deep street canyon. In this study, the deep street canyon has high inlet velocity and
thereby a lower increase in pollutant concentration than the street canyon with a height-width ratio of
1:1. In addition, although Case 3 has only one tree, it has much higher pollutant concentration than
Cases 4-6. This is caused by the fact that the tree, located in the middle of the street canyon in Case 3,
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weakens the air velocity in the street canyon. As a result, it is difficult for the pollutants to move out
of the street canyon. In Cases 4-6, the spacing between trees increases, so the circulation intensity in
the street canyon improves and the pollutant concentration decreases. It is worth mentioning that
Cases 4 and 5 have similar pollutant concentrations, 0.0456 and 0.0426 g/L, respectively, in the street
canyon, but Case 6 has the pollutant concentration of 0.0273 g/L, meaning that smaller tree spacing
leads to smaller decrease in average pollutant concentration in the street canyon. What is more, when

the inflow speed becomes larger or the wind direction is parallel to the street canyon, the pollutant is
easier to transport.
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Figure 9. Pollutant concentration distribution at pedestrian height. (a) Case 1; (b) Case 2; (c) Case 3;
(d) Case 4; (e) Case 5; (f) Case 6.
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Figure 10. Average pollutant concentration in street canyon in different cases.

6. Conclusions

(1) Due to the blocking effect of the tree, the flow field structure is relatively complicated in the street
canyon. The height-width ratio of the street canyon does not affect the number of vortices in the
street canyon, and the street canyon is controlled by a vortex. The air easily flows from the pore
area between the two trees due to difference in tree spacing.
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(2) The discontinuous low-velocity area appears around the tree canopy and the trunk at the bottom
of the street canyon. The low-velocity area in the deep street canyon is thin and long, and the
low-velocity area in the wide street canyon is like the windward side. Influenced by the spacing
between two trees, the velocity is lower around and between two tree canopies.

(3) The tree canopy and trunk are anisotropic, such that the pollutants distribute unevenly in the
y-axis direction in the street canyon. At pedestrian height, the high pollutant concentration
distribution constantly changes on both sides of the leeward side of the street canyon due to
the height-width ratio of the street canyon and the layout of trees. The street canyon has a low
average pollutant concentration at large y-axis direction spacing between two trees.

Although this study reveals the influence of tree layout and street canyon shape factors on
pollutant diffusion and air flow, there are still many scientific factors to be investigate in future research,
including the reasonable setting of boundary conditions, wind direction, branch movement, different
tree species, etc.
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