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Introduction: The impacts of building layout on pedestrian level wind
comfort and gas pollutant diffusion are simulated using computational fluid
dynamics method.

Published 29 June 2021 Materials and methods: The control equations of flow and pollutant diffusion
are solved by using ANSY'S Fluent. The SIMPLE algorithm is selected for the
Keywords: pressure-velocity coupling. The data from wind tunnel experiment at Tokyo

Polytechnic University is employed in the validation case.

Results: The velocity field and turbulence intensity at pedestrian level under
different building layouts are obtained. The distribution and evaluation of
wind comfort grade and pollutant concentration are given.

Conclusion: Building layouts have significant impacts on flow and pollutant
diffusion at pedestrian level. The outward staggered layout of building group
can improve both wind comfort grade and air quality, but the inward staggered
layout has the adverse effect. Non-staggered layouts are the worst in terms of
the wind comfort grade in this paper.
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Introduction
of tropical and sub-tropical areas, moderate

wind speed is necessary for pedestrian thermal
comfort [8—10]. The effects of lift-up design on
the improvement of the low wind conditions at
pedestrian level were numerically investigated
[8, 9]. At the same time, air pollution such as
traffic pollutants also cannot diffuse under low
wind conditions [11-14]. In densely built-up
cities, many factors such as building height, roof
shape, and balcony have impacts on pollutant
dispersion near ground [15-19]. Therefore, it is
necessary to achieve an appropriate wind speed

The high-rise buildings in urban areas block the
wind at high altitude and lead its kinetic energy
down to the ground, which sometimes causes
uncomfortable wind environment for pedestrians
[1-6]. Numerous studies were focused on the
discomfort conditions caused by the strong wind
at pedestrian level and the measures of reducing
wind speed such as modification of building
corner and selecting appropriate orientation and
building layout [4, 7].

However, in the muggy and humid summer
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at pedestrian height for both wind comfort and
good air quality.

In fact, building layout plays an important role in
influencing flow fields near buildings [5, 11]. In
previous studies on this issue, pollutant diffusion
and wind comfort were rarely considered
simultaneously. This work aims to discuss the
impact of building layout on wind comfort and
gas pollutant diffusion together, and give the
optimum building layouts that can meet the
requirements of pedestrian level wind comfort
and be conducive to air pollutant diffusion.

To obtain the characteristics of wind environment
and pollutant diffusion around buildings,
computational fluid dynamics (CFD) method has
been widely used for its advantages of low cost and
short time-using [20-22]. It generally applies the
finite volume method to solve the fluid continuity,
momentum and species transport equations. CFD
method gives basically satisfactory results in both
the wind field simulation of regular and irregular
buildings and the simulation of ideal and real
urban pollutant diffusion [5, 6, 11]. Because the
flow around buildings is mostly turbulent, an
appropriate turbulence model should be selected
[23].

Materials and methods

Equations of flow and pollutant diffusion

Egs. 1 and 2 are the conservation laws of mass
and momentum for the steady air flow around
buildings.
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Where X, and u, are the coordinate component
and velocity component in the j direction, p is the
pressure, | is the fluid kinematic viscosity, and

p is the fluid density, —pu';u’; is the turbulent
stress. When the influence of sunshine on air
temperature is not considered, p can be taken as
a constant.

Eq. 3 gives the expression of turbulent stress,
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Where k is the turbulent kinetic energy, p, is the
turbulent viscosity coefficient.

To solve p in Eq. 3, the standard k-¢ turbulence
model is used to describe the turbulence effect.
Egs. 4 and 5 are the transport equations of k
and &, in which ¢ stands for the turbulent energy
dissipation rate. Thus u can be obtained by using
Eq. 6.
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Where, G, represents the generation of turbulence
kinetic energy, C_, C, and C, are empirical
constants, o, and c_ are the turbulent Prandtl
numbers for k and €. In addition to the standard
k-¢ model, RNG k-¢, standard k-o and SST k-o
models are also used in the following simulations
and the detailed description of these models can
be found in Ref. [24].

When there is no chemical reaction in the air, gas
pollutants can be considered as passive scalars.
The governing equation of pollutant concentration
distribution is expressed by:

0 YP( ‘ut
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Where Y, is the concentration of pollutant P,
S, is the pollutant emission rate, D, ~is the
molecular diffusion coefficient of pollutant P, Sc,
is the turbulent Schmidt number, p. /Sc, represents
pollutant diffusion due to turbulence.

Simulation method and settings

ANSYS ICEM is used to discretize the
computational domain. Due to the regular shape
of the building and domain, the structured grid
is adopted and refined near the places where
flow changes dramatically such as grounds and
building walls. The mesh size of the first layer
near the wall is taken as about 1-2% of the
building height. In solving the control equations
of flow and pollutant diffusion with ANSYS
Fluent, the SIMPLE algorithm is selected for the

pressure-velocity coupling and convection terms
are discretized by using the second-order upwind
scheme. The criterion for judging the iterative
convergence is that the scaled residuals for all
equations are less than 10~.

Model validation
Geometry and settings

Based on the experiment of a single-block
building at the wind tunnel of Tokyo Polytechnic
University [25], a validation model was built as
shown in Fig. 1. Flow and concentration fields
around the building are numerically simulated.
The reliability of the selected computation
model and method is validated according to the
agreement between the simulated results and
experimental data.

Fig. 1. Geometry of the building and point source [25]
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As shown in Fig. 1, the rectangular building is
0.2 m in height (H)) and 0.1 m in both length
and width. Ethylene is selected as pollutant,
which is released outward from the point source
set on the ground and 0.25 Hj away from the
leeward of the building. Experimental results of
velocity and pollutant concentration at 4 lines
on the symmetry plane (y=0) are chosen in
model validation. The 4 lines are right behind
the building and named as line-x-H-0.125,
line-x-H -0.25, line-x-H-0.5 and line-x-H-1.0
respectively. The name line-x-H -0.125 represents
the line is 0.125 H, away from the leeward of the
building, and the positions of other three lines
can be determined in the same way.

The computational domain setting (shown in Fig.
2) conforms to the CFD guidelines [26]. The total

number of mesh is approximately 2.5 million.
According to the wind tunnel experiment, the
domain inlet velocity is given as:

u=Ux(z/Ho)*? (8)

Where Ur=4.2m/s. The turbulent intensity at the
domain inlet is given as piece-wise functions
which are obtained by fitting the experimental
data. The outlet face is set as an outflow condition.
All walls are set as non-slip conditions. In
addition, the two lateral sides and top surface are
all specified as symmetry conditions. When using
the standard k-¢ model and RNG k-g model, the
region near wall is treated by the standard wall
function.

Fig. 2. Schematic of computational domain size and boundary conditions
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Flow field validation

Fig. 3 shows the comparison of the vertical
wind velocity between CFD simulation results
and the experimental data at 4 lines on the
symmetry plane. Standard k-& model, RNG k-¢
model, standard k- model and SST k- model
are adopted in simulation. Fig. 4 shows that
the performance of the standard k- model is
not good, especially at line-x-H -0.25. At the
positions with z/H>0.8, the simulation results

1.6
® Exp
| = Standard k-¢
—RNG k-¢
12 Standard k-o

szO

@ Exp.
| = Standard &-&
——RNG k-¢
Standard k-e
=—S58T ko

124
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0.0

of the other three models are basically the same
and all maintains good agreement with the
experimental data. However, with the increase
of x-coordinate value, the predicted velocity
near the ground is smaller than the experimental
value, which is also reported in the study by
some researchers [11]. Generally the standard
k-&¢ model performs better in consistency with
the experimental values than RNG k-¢ and SST
k-o models.

1.6
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Fig. 3. Comparison of the velocity between CFD simulation results and experimental data: (a) line-x-H -0.125,
(b) line-x-H -0.25, (c) line-x-H -0.5, (d) line-x H -1.0
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Fig. 4 shows the streamline and velocity
distribution on the symmetry plane (y=0) and
the horizontal plane with z/H=0.25 using the
standard k-g¢ model. Obviously the standard
k-¢ model is capable of predicting the main
characteristics of the flow around the bluff body.

The above analysis shows that the standard k-¢
model is a fast and accurate choice for CFD
simulations of wind flow near the building.
Therefore, the pollutant concentration field
discussed next is obtained on the basis of the
flow field with the standard k-¢ model.

06

Concentration field validation

The turbulent Schmidt number is set as
0.7 in simulating the concentration field.
Fig. 5 depicts the comparison between the
simulated pollutant concentration results and
the experimental data at positions of line
-x-H -0.125, line-x-H -0.25, line-x-H -0.5
and line-x-H -1.0. In Fig.5 the normalized
concentration K is used to indicate pollutant
accumulation around the building. K is
defined as:

BRY

B
-

y(m)

Sl s g

Fig. 4. Streamline and velocity distribution on the symmetry plane and horizontal plane: (a) y=0, (b) zH = 0.25
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K=c/Co ©)
where c is the volume fraction of pollutant
(ethylene), and C, is the reference emission
concentration. According to the experiment
[25], C, is defined as Cos q/u, H,* in which q is
the flow rate (5.83x10° m3/s) of the mixture of
ethylene and air released and ¢, the ethylene
concentration, is 1.0x10° ppm.

Since the ground source is 0.25 H away from
the leeward side of the building, the pollutants
released are transported to the building by the

1.6

® Exp
standard k-
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wn 0.8
0.6
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0.2 F

0 5 10 15 20
cf(.'a
()

u 0.8 F
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backflow close to the ground (see Fig. 4(a)),
resulting in high K values at lower height of
line-x-H -0.125 and line-x-H -0.25 (Fig 5(a) and
(b)). The K decreases rapidly at the positions of
line-H -0.5 and line-x-H -1.0 (Fig.5(c) and (d)).
As 1llustrated in Fig. 5, the K values simulated
agree well with the experimental data at positions
with z/H >0.5. In the upstream positions of the
source, the K values at locations close to the
ground are also consistent with the observed
values.
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Fig. 5. Comparison of the concentration between CFD simulation results and experimental data: (a) line
-Xx-H -0.125, (b) line-x-H -0.25, (c) line-x-H -0.5, (d) line-x H -1.0
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However, at positions with z/H <0.2 of line
-x-H -0.5 and line-x-H -1.0, the simulated K is
about one half of the experimental value (Fig.5(c)
and (d)). The discrepancy could be explained by
the flow distribution in Fig. 4 (¢) and (d). The
simulated u is negative at positions with z/H <0.2
of line-x-H -0.5 and line-x-H -1.0, meaning that
the flow here inhibits the convective transmission
of pollutants from the source and resulting in
lower values of K. In fact, the experimental u at
the positions is positive, although u is very small.
It is evident that the positive u can transport the
pollutant downstream, resulting in relatively
higher values of K. The underestimation of
concentration predicted especially at positions
with low pollutant levels has also been reported
in literatures [11, 27], but it seems that no clear
explanation has been provided.

In general, the simulated concentration data
obtained by the standard k-¢ model accord well
with the experimental values.

—_—

Wind

Source of pollition

Impacts of building layout on flow and pollutant
diffusion

Building group geometries and settings

The layout of real urban building group is usually
irregular and complex in shape, so it is difficult to
determine the key factors and clarify their impacts
on the flow and dispersion patterns. Therefore,
this paper discusses the simplified regular layout
of building groups shown in Fig. 6. The group is
composed of 54 identical rectangular buildings,
6 rows and 9 columns in total. The length L,
width W, height H and building interval D of the
buildings are all 30m. The area surrounded by the
red line is the target area with 3 columns upstream
and 2 columns downstream. The setting of the
traffic pollution source refers to the research by
Hang [15]. Carbon monoxide (CO) is selected as
pollutant, which is released from the source zone
next to the target area (see Fig. 6). the source
zoneis 2 m high, and emission rate (M) is
1 x 107kg/m?*:s,

Target area

Pl

Fig. 6. Schematic of building layout
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The computational domain is designed similarly
as that of the validation case (see Fig. 7). The
inlet, side and top surfaces of the domain are
5 H away from the peripheral boundary of the
building group, and the outlet surface is 15 H
away from the last column of buildings. Due to
the symmetrical features of the flow, one half of
the domain is taken to save the computational
resources. Each building in the target area is
named as Bij, where 1 is the number of columns
and j is the number of rows. Referring to the
layout shown in Fig. 7, this paper also designs
other four types of layout and the buildings
outside the target area remains unchanged. Fig.
8 illustrates the layout designs, names and grid
distributions around the buildings.

Case A and case E are of the same type with no

buildings staggered. The open space in Case E is
used for public activities. The other three types
are staggered in different ways. For Case B, the
second column sz moves inward by 0.5 W in
—y direction while the third column B,, moves
outward by 0.5 W in +y direction. In Case C, B,,
and B 4 are translated with the same distance and
direction as B, and B, in Case B. Then in Case
D, sz, B3j and B 4 are shifted outward by 0.5 W,
1.0 W and 1.5 W respectively in +y direction.

For the staggered cases, the computational
domain size is almost the same as that of the non-
staggered cases, but the lateral sides extend 5 H
from the outermost building of the target area. In
simulation, the standard k-¢ model is selected.
The boundary conditions and other settings are
consistent with those of the validation case.

15H

Wind
3
Source of pollution Target area
(7d BJ BJ B [ [
A B4 Bd B B [0 [
B BB B [

Fig. 7. Schematic of computational domain settings for building group
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(e)
Fig. 8. Top view of the grid for five cases of building layouts: (a) case A (b) case B (c) case C (d) case D (e) case E

http://japh.tums.ac.ir



Journal of Air Pollution and Health (Spring 2021); 6(2): 117-134 127

Results and discussion

Impacts of layout on pedestrian level wind
comfort

Referring to the definition of wind velocity ratio
in Ref. [8], this paper employs R, . to evaluate
the pedestrian level wind comfort. R | is defined
as follows:

Ri5= Uis/Us (10)

Where U, . stands for the wind speed of any
position at the height of 1.5m above the ground in
the building group, and U _ is the inlet velocity at
the same height upstream of the building group.
In this paper, U is 2m/s according to Eq. 8. The
index R can reflect the influence of building
group on the strength of wind speed. The reason
for choosing 1.5m is that this height is not only
within the range of human activity but also within
the zone of human respiration. The pollutant
concentration at the height is discussed in the
next session.

Table 1 shows the grades of wind comfort based
on the range of R .. With the increase of R, the

grade changes from G1 to G5. According to Ref.
[9], The threshold value 1.5m/s is the minimum
noticeable wind velocity for human, while
Sm/s is the highest acceptable mean velocity
set in pedestrian level wind comfort criterion
[1].The median of G3 is 1.5m/s, so G3 is set
as the lowest grade meeting the wind comfort
requirement. G1 and G2 are regarded as the
levels not conforming to the requirement, while
G4 and G5 are higher levels since they meet the
requirement of wind comfort and provide good
body feeling for pedestrians. Obviously when
U, varies, the lowest grade should changes
accordingly.

Fig. 9 shows R, and streamline distributions at
pedestrian level. Due to the shielding effect of the
upstream buildings, the wind speed outside the
target area increases, and flow is introduced into
the building group. In case A, the introduced flow
weakens when it reaches B,,. The wind comfort
grade is G1 and G2 near the B, and B, while
the grade increases to G3 near B,. Generally the
wind comfort grade is lower for most area of case
A. The flow and grade of case E is roughly the
same as that of Case A, though buildings B,, and
B,, are removed (see Fig. 9 (a) and (¢)).

Table 1. Wind comfort grade

Grade name

Gl

G2

G3

G4

G5

Ris
(0,0.3]
(0.3,0.6]
(0.6,0.9]
(0.9,1.2]

(1.2,1.5]
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Ris 210

Gs
G4
G3 180
G2
Gl

60

G3

240 270
x(m) x(m)

(d)

270 300
x(m)

(©

Fig. 9. Distribution of R ;and streamline at pedestrian level: (a) case A, (b) case B, (c) case C, (d) case D, (¢) case E
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In the target area, when the downstream buildings is
staggered outward along the +y direction relative to
the adjacent upstream buildings, the flow introduced
into the building group from the outside becomes
stronger (see Fig. 9 (b), (c) and (d)). This is the most
evident in Case D, in which sz, B3j and B ,; moves
in +y direction in succession. Consequently about
one half of the area in Case D is labeled with G3 or
higher. In case C, B3j and B 4 are staggered outward
in +y direction relative to B, and B, respectively,
resulting in slight improvement of wind comfort
grade compared with that of case A. In case B,
the outward staggered distance between sz and
B3j increases to H, which leads to the local wind
comfort grade a little higher. However, the general
grade of case B is worse than that of case C.

Fig. 9 also shows that when the downstream
buildings are staggered inward along -y direction
relative to the upstream buildings, the flow outside
the target area cannot enter the building groups.
Instead the flow in the region goes out. This can be
seen in Fig. 9 (b) and (c).

The above analysis shows that appropriate
staggered layout of the building group increases the
wind speed and brings higher level of wind comfort
grade. In this paper, case D is the best layout while
case A and E are the worst for their low wind speed
in the target area.

Impacts of layout on pedestrian level concentration

Referring to the definition of dimensionless
concentration in Ref. [15], this paper uses K to
assess the pollutant level. K is defined as follows:

_ PcoCQwo
K === (11)

Where p_,, is the density of CO (1.25 kg/m™, under
normal temperature and pressure), ¢ is the volume
fraction of pollutant, Q_ is the reference flow rate,
which is the integral of inlet velocity on the plane
obtained by projecting the building group to the
inlet surface of the computation domain.

Fig. 10 shows K contours at pedestrian level.

Obviously the pollutants mainly accumulate around
B which is next to the pollution source. In the
vicinity of the B, and B » K is negligible. In terms of
the area with K >20, Case B and case C have larger
values than other cases. In case D, K is maintained
below 20 on most part of the target area, and the
maximum of K, which is about 50, is the lowest in
five cases. So case D is least affected by upstream
pollutants. The distribution of K in case A and case
E are similar, and their area with K >20 is larger
than that of case D but smaller than that of case B.

In fact, the K distribution is closely related with
the wind field between B and B,. Comparing
Fig.9 with Fig.10, it can be found that the flow in
-y direction between B, and B, prevents diffusion
of pollutants from the source. Particularly in case
D, the outward staggered arrangement creates the
strongest flow in -y direction, thus resulting in the
lowest pollutant concentration. While in case B
and case C, the inward staggered arrangement of
B, reverses the flow and weakens the wind speed,
thus leading to pollutant accumulation near B, In
the non-staggered case A and case E, the flows in -y
direction disappear at the corner of B, ,
of K between B, and B, increases gradually along
-y direction.

so the value

In addition to the influence of convection, the
turbulent diffusion also plays a role in pollutant
distribution. Fig. 11 shows the turbulent intensity
(TI) at pedestrian level. The area with high TI is the
largest in case D, which contributes to keeping the
pollutant concentration low by turbulent diffusion.
However the TI between B, and B, in case B and
case C is less than 10%, leading to weak diffusion
of the local pollutant. Therefore K is relatively large
between B, and B, of the two cases.

Fig. 11 also shows that at the sharp corners of the
outward staggered buildings, TI is greater than 20%,
such as B, in case B, B, in case C, B,,, B,,, and
B,, in case D. At the same time the strength of T1 is
also consistent with the velocity value. Comparing
Fig.10 with Fig. 11, it can be seen that the area with

higher wind speed is also covered with higher TL

http://japh.tums.ac.ir
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K
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Fig. 10. Distribution of K at pedestrian level: (a) case A, (b) case B, (c) case C, (d) case D, (¢) case E

enMEAREREEEEBEBEs

(=3

eNEOEZLBEERB3883

enEerssEBE5883883

210

180 =

60

210 240

270
x(m)

(d)

SNEIEZREEEEBIEES

http://japh.tums.ac.ir



Journal of Air Pollution and Health (Spring 2021); 6(2): 117-134 131

270 330
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Fig. 11. Distribution of turbulent intensity at pedestrian level: (a) case A, (b) case B, (c) case C, (d) case D, (¢) case E
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Conclusion

The CFD method in this paper is validated
according to the wind tunnel experimental data.
The impacts of building layouts on flow and
pollutant diffusion are numerically investigated
using the standard k-¢ turbulence model. The
wind comfort grade and pollutant concentration
at pedestrian level are assessed by normalized
parameters of R . and K respectively. The
outward staggered layout of building can
improve both wind comfort grade and air
quality, but the inward staggered layout has the
adverse effect. The wind comfort grade of non-
staggered layouts is the lowest in this paper. The
study reinforces the importance of optimizing
the building layout to maintain a livable outdoor
environment.
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