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Abstract With the rapid development of urbanization the problems of pedestrian-level
wind comfort and natural ventilation of tall buildings are becoming increasingly prominent.
The velocity at the pedestrian level (MVR ) and variation of wind pressure coefficients AC

between windward and leeward surfaces of tall buildings were investigated systematicalfgf
through numerical simulations. The examined parameters included building density p,
height ratio of building oy, width ratio of building a;, and wind direction 6. The linear and
quadratic regression analyses of MVR and AC, were conducted. The quadratic regression
had better performance in predicting MVR and AC, than the linear regression. MVR and
AC, were optimized by the NSGA-1I algorithm. The LINMAP and TOPSIS decision-
making methods demonstrated better capability than the Shannon’s entropy approach. The
final optimal design parameters of buildings were p = 20%, ay = 4.5, and a3 = 1, and the
wind direction was @ = 10°. The proposed method could be used for the optimization of
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pedestrian-level wind comfort and natural ventilation in a residential area.
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1. Introduction

With the increase in population growth and urbanization,
the pedestrian-level comfort and natural ventilation have
attracted more and more attention. Good wind conditions
provide people with comfort in outdoor and indoor spaces
(Abdel-Ghany et al., 2013; Lai et al., 2014). Urban environ-
ments are affected by building parameters, building
configurations, and approaching flow (Wu and Niu, 2017,
Liu and Niu, 2019). To improve the urban wind environ-
ments, multi-objective optimization of the pedestrian-
level comfort and natural ventilation should be conducted.

Yim et al. (2009) performed computational fluid dynamics
(CFD) simulations to investigate the interference effect of
an upwind building on wind conditions at the pedestrian
height around the downward building. The velocity at the
pedestrian height around the principal building was
significantly reduced due to the shielding effect of the
upstream interfering building. Tsang et al. (2012) studied
the pedestrian-level wind environment in the area with
different building configurations by wind tunnel tests. A
wider building configuration improved the pedestrian-
level comfort due to the reduction of areas with large
velocities. Zhang et al. (2005) examined the effect of
building arrangement on the flow fields around buildings
via CFD simulations. A special building arrangement was

proposed to improve the quality of natural ventilation. An
innovative and creative passive element was added to
improve the natural ventilation of the building (Shaeri et
al., 2022). The pedestrian-level wind environment and
natural ventilation were investigated in the literature.
Nevertheless, the effects of design parameters of buildings
on the pedestrian-level comfort and natural ventilation
were not jointly examined.

Du et al. (2018) investigated the optimization scheme
of pedestrian-level wind condition around an isolated
building with lift-up design through CFD simulations and
the response surface methodology (RSM) technique. A
multi-variable optimization method was proposed to
achieve the high-level pedestrian comfort. Zhang et al.
(2018) studied the effects of some important design
parameters on the wind comfort around a lift-up building
in the wind tunnel. A non-linear second-order multivariable
regression model was employed to predict the velocity at
the pedestrian height around the lift-up building. The
literature has reported the optimization of velocity at
pedestrian height. However, the multi-objective optimization
of both the pedestrian-level comfort and natural
ventilation was less studied.

In this study, the velocity at the pedestrian level and the
variation of wind pressure coefficients between windward
and leeward surfaces of buildings were studied via CFD
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simulations. The examined parameters included building
density p, height ratio of building oy, width ratio of
building ap, and wind direction 6. Besides, regression
analyses of velocity ratios and variations of wind pressure
coefficients with various parameters were conducted. The
genetic algorithm of NSGA-II was utilized to carry out
the multi-objective optimization.

2. CFD Validation

2.1. Description of the case for validation

In this study, the case of an idealized building array
(AlJ, 2016) was selected. The experimental results from
the benchmark wind tunnel tests in the AIJ guideline
(AlJ, 2016) were used for the validation of CFD simulations
in this study. As shown in Figure 1(a), the principal
building (marked by red color) was surrounded by eight
buildings. The dimensions of all nine cubic buildings
were the same, and the side length was 0.2 m at the model
scale. The spacing between the adjacent buildings was
0.2 m. Furthermore, 120 measurement points were set
around the principal building. Figure 1(b) shows the
normalized mean wind velocity and its fluctuating
counterpart profiles. Note that the velocity fluctuation
referred to the ratio of the root-mean-square value of
velocity to the mean velocity at the reference height (0.1
m above the ground). Detailed experimental setup and
inflow boundary conditions can be referred to the literature
(AlJ, 2016).

2.2. Numerical set-up

The computational domain was shown in Figure 2,
where 3 x 3 arrayed buildings were set to be consistent
with AIJ guideline (AlJ, 2016) for validation. The
dimensions of the computational domain were set based
on the literature (Franke etal., 2007; Tominaga et al.,
2008). The upstream and downstream domain distances
were SH (450 m) and 15H (1350 m), respectively, where
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Table 1. Boundary conditions

Boundary Setup
Inlet =K, 0= ”k C,=0.09
Outlet Outflow
Top and Side Symmetry
Ground Wall with z,= 0.42 m
Interface-out and -in Interface
Building surface Wall with z,= 0

H is the height of the highest building among all studied
cases (H=90m). The height of the domain was 7H
(630 m). The maximum blockage ratio was less than
3.0%, satisfying the requirements (Franke et al., 2007,
Tominaga et al., 2008). The boundary conditions were
listed in Table 1.

The y+ values ranged from 30 to 600, satisfying the
requirement of proper near-wall mesh quality by the
standard wall functions (Yang et al., 2016; Wang et al.,
2017). The grid growth rate was approximately 2.0. ANSYS
Fluent was used as the CFD solver and convergence was
assumed when all scaled residuals reached 107,

The width and length of the studied area were 150 m
and 160 m at full scale, respectively. The depth D of
buildings was kept as 20 m, whereas the widths B of
buildings were 30 m, 40 m, and 60 m. Furthermore, the
width and length of the residential area were 150 m and
160 m, respectively. The heights of buildings were 30 m,
45 m, 60 m, 75 m, and 90 m, respectively. The building
density was defined as the ratio of the planned areas of
buildings to the residential area (p = Sp/Sg, Sz and Sy are
the planned areas of buildings and the residential area,
respectively). Hence, the building densities were 10%,
20%, 30%, and 40%. At each width ratio, i.e., B/D=1.5,
2.0 and 3.0, four kinds of building densities, i.e., p = 10%,
20%, 30%, and 40%, were studied. For building density
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Figure 1. (a) Diagram of measurement points (plan view) and (b) wind profile of wind tunnel tests (AlJ, 2016).
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Figure 2. Computational domain: (a) side view and (b)
top view.

of 10%, buildings are equally spaced in one column along
the direction perpendicular to the zero wind direction at
the center. Similarly, at p = 20%, 30%, and 40%, there are
2, 3, and 4 columns of equally spaced buildings, respectively.
The various building densities were related to numbers of
buildings in the area. Given the symmetrical geometry of
the buildings and measurement points, the simulations
were conducted at five different wind directions (6= 0°,
22.5°, 45°, 67.5°, and 90°).

2.3. Grid-independence analysis

The velocity ratio VR was used to evaluate the wind
comfort at the pedestrian level (2 m above the ground), as
indicated in Equation (1).

yR=L (1)

where u and u, were velocities at the height of 2.0 m
above the ground in the disturbed (with buildings) and

(a) (b)

- -
- -
=)

undisturbed (without buildings) flows, respectively.

The variations of wind pressure coefficients AC, on the
windward and leeward faces of buildings were employed
to assess the natural ventilation potential of buildings
(Esfeh et al., 2021; Jiang et al., 2022). Large AC, would
induce high wind velocities through buildings and thereby
enhance the natural ventilation, whereas small AC, would
reduce the performance of natural ventilation.

aC,=2vli 2
7 0.5pU,,¢ )

where P,, was wind pressure on the windward surfaces
of buildings, P, was wind pressure on the leeward
surfaces of buildings, p was the air density, and U, was
velocity at the roof height.

Three grid schemes were adopted to examine the grid
sensitivity. The smallest sizes of the three sets of grids
were 0.06 m (coarse), 0.03 m (basic), and 0.015 m (fine)
(Anbarsooz and Amiri, 2022; Dai et al.,, 2022). The
coarse grid had 1.4 million cells, the basic grid had 2.93
million cells, and the fine grid had 6.05 million cells,
satisfying the requirement according to Zheng et al.
(2020). The three sets of grids are displayed in Figure 3.

Figure 4 compares V'R in the y-z plane at x =0 among
the three grid schemes. The results showed that the
variations of VR between the coarse and basic grids were
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Figure 4. Comparison of VR between grid schemes: (a)
coarse and basic grids and (b) basic and fine grids.
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Figure 3. Mesh details of three set of grids: (a) coarse, (b) minimum, and (c) fine.
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Figure 5. Comparison of VR between CFD simulation
and experimental results (AlJ, 2016).

large (see Figure 4(a)). However, the basic and the fines
grids showed similar results (see Figure 4(b)). Considering
the balance between the computational cost and prediction
accuracy, the basic grid (2.9 million cells) was chosen for
numerical simulations.

2.4. Validation results

To validate the CFD methodology, the prediction
results were compared with the experimental data (AlJ,
2016). Figure 5 compared V'R of 120 points (see Figure 1)
calculated by the SST 4w (Menter, 1994) and RNG 4—
¢ (Yakhot and Orszag, 1986) turbulence models with the
test results (AlJ, 2016). Both the SST and RNG models
agreed well with the experimental results for large VR,
whereas they slightly underestimated VR for small VR.
The underestimation of VR is attributed to that the RANS
models might not be able to properly reproduce the
complex flows at the rear regions of buildings. In general,
the SST model showed good performance to predict VR
around buildings compared with the RNG model. Hence,
the numerical simulations were conducted by the SST
model.

3. Results and discussion

3.1. Prediction models of pedestrian-level comfort and
natural ventilation

The area-weighted MVR was defined to assess the
wind comfort at pedestrian level in the entire area.

j VRAA
MVR=——

©)

where 4 was the area. The mean variation of wind pressure
coefficients between windward and leeward surfaces was
defined to evaluate the natural ventilation as follows:

zn:ACP(i)

AC, == —— “

where AC,(i) was the variation of wind pressure on the

surfaces of the ith building, and » was the number of
buildings in the studied area. _

The quadratic regressions of MVR and AC, with
various parameters could be obtained as follows:

MVR =
1.001 —3.243y+ 0.064 5 + 0.029sin 9 — 0.655c0s &
+ 1.789ssin8+ 3.001 ycosd )

AC, =
P
-0.092 —0.569co0s 0 —1.005)cos 8+ 0.025 + 0.73sind
Q)

where y was the building density, ay was the building
height ratio, ap was the building width ratio, and 6 was
the wind direction.

Figure 6 shows the linear (first-order) and quadratic
(second-order) regression of MVR and AC,, with various
parameters. Observations showed that the linear model
encountered underestimations of AC,, larger than 0.3 (see
Figure 6(c)). The quadratic regression performed well in
predicting both MVR and AC,, compared with the linear
regression. Hence, the quadratic models could be applied
for the estimation of pedestrian wind environment and
natural ventilation in building areas.

3.2. Multi-objective optimization

There are multiple solutions for multi-objective
optimization problems. The optimization objective functions
are normally constrained by each other, inducing that the
optimal solutions cannot be achieved at the same time.
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Figure 6. The linear and quadratic regressions of MVR

and A—Cp: (a) linear for MVR, (b) quadratic for MVR, (c)

linear for A—CP, and (d) quadratic for A—Cp.
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Table 2. Parameters used in the NSGA-II algorithm

Parameter Value
Population size 150
Maximum generation 500
Tournament size 10
Crossover probability 0.9
Mutation probability 0.1
Pareto fraction 0.6

Table 3. Ranges of parameters for optimization

Parameter Range
Building density p (0, 50%]
Height ratio ay [1, 5]
Width ratio ap [1, 5]
Wind direction 6 (0, 180°]

For multi-objective optimization problem, the Pareto
optimal front can be calculated by the genetic algorithm
of NSGA-II (Srinivas and Deb, 1994; Deb, 2001), with
good robustness and convergence. The set of optimal
solutions by NSGA-II are named as the Pareto optimal
front. o

Smaller MVR suggests better wind comfort at the
pedestrian level and larger AC,, means higher quality of
natural ventilation. Nevertheless, the optimal pedestrian
wind comfort and natural ventilation cannot be achieved
simultaneously. The multi-objective NSGA-II was
employed to obtain the Pareto optimal front of MVR and
AC, . The setting parameters of NSGA-II algorithm are
listed in Table 2 and the ranges of parameters for
optimization are listed in Table 3.

3.3. Optimum results

The optimization method in this study was a genetic
algorithm-based optimization technology based on genetic
algorithm and decision-making. This method could optimize
multiple design variables and multiple objectives. The
optimization method had three stages: (1) to develop a
surrogate model for optimization, (2) to implement the
multi-objective optimization process, and (3) to conduct
the decision-making scheme. In doing this, the optimization
for pedestrian-level wind comfort and natural ventilation
of buildings could be accomplished in a systematic way.
_In Section 3.2, the Pareto optimal front of MVR and
AC, was obtained and were plotted by red dots in Figure
7. To determine the optimal solutions, three decision-
making methods (LINMAP (Yu, 1985; Olson, 1996),
TOPSIS (Hwang and Yoon, 1981; Yu, 1985; Olson, 1996),
and Shannon’s entropy (Guisado et al., 2005)) were
employed. As shown in Figure 7, the blue dots represent
the non-ideal and ideal solutions, while the black dots at
the pareto optimal front denote the final optimum
solutions achieved by LINMAP, TOPSIS, and Shannon’s

14 v v v v v +

1 2@ Non-ideal solution

08} Shannon entropy

MVR

LINMAP & TOPSIS

Ideal solution ®

700 01 02 03 04 05 0.6
%
Figure 7. The Pareto optimal front by the three decision-
making methods.

entropy methods.

To select a final optimum solution, the deviation value
s (Du et al., 2019) was calculated. The values of s for the
LINMAP, TOPSIS, and Shannon’s entropy methods were
0.508, 0.508, and 0.721, respectively. Therefore, the
results from LINMAP and TOPSIS methods gave the
final solution. MVR and AC, were 0.68 and 0.39, respec-
tively. The optimal parametric settings were p =20%, oy
=4.5, ap=1.0, and 0=10°.

4. Conclusions

The linear and quadratic regression analyses for MVR
and AC, were conducted. The quadratic regression
performed well for both MVR and AC, compared with
the linear regression. The relationships between MVR
and AC, with the various parameters were examined.
Those regression models could be used to assess the
pedestrian-level wind comfort and natural ventilation in
residential areas.

The LINMAP, TOPSIS, and Shannon’s entropy were
used to determine the final optimal solutions. The results
showed that the LINMAP and TOPSIS approaches did a
better work than the Shannon’s entropy method. The
optimal MVR and AC, were 0.68 and 0.39, respectively.
The optimal parameters were p = 20%, oy = 4.5, ag = 1,
and 6= 10°. The proposed multi-objective optimization
method could be employed to optimize the design parameters
of residential buildings for optimal pedestrian-level
comfort and natural ventilation.
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