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With the acceleration of urbanization, cities have shown a development trend of high density, high height, and high intensity,
which significantly weakens the airflow in the city, resulting in the accumulation of heat and pollutants, and in the urban
environment, the problem is getting worse. Therefore, it is particularly necessary to strengthen urban ventilation in the urban
environment. However, in the real urban environment, the building layouts are diverse, the building forms are different, and
the interaction of the building wind environment is complex due to the lack of relevant research on the complex building
spatial form in the urban mesoscale area on the outdoor pedestrian. The research results are difficult to be applied in actual
urban construction, and it is difficult to guide the optimization of the urban wind environment. To solve this problem, this
paper adopts the CFD method in a real-scale (1 : 1) urban mesoscale regional wind environment simulation study. On this
basis, the influencing factors of the urban pedestrian wind environment are analyzed, and the optimization strategy of the
wind environment is proposed, which can provide practical guidance for the planning practice of enhancing urban wind comfort.

1. Introduction

As the level of economic and social development continues
to rise, the process of industrialization and urbanization
around the world continues to accelerate. According to the
World Urbanization Prospects, the proportion of the global
urban population has exceeded 48% and is growing at an
average annual rate of 1.9% [1]. At the same time, China’s
urbanization level has been increasing year by year in the
past decade. As of 2019, China’s urban population has
increased from 645.12 million in 2009 to 848.43 million,
and its proportion in the total population has increased from
48.34% to 60.60% [2]. Vigorous urban development has
improved the living standards of residents to a certain
extent, but it has also increased the burden on the environ-
ment, bringing about environmental problems such as poor
urban ventilation, the heat island effect, and the accumula-
tion of pollutants [3].

On the one hand, the development of urban complex
architectural spatial forms increases the urban roughness,
which in turn exacerbates the complexity of turbulent

motion near the ground. Studies have shown that under
the influence of buildings, the air forms around the build-
ings, such as downdrafts, wakes, and angular flows, which
will affect people’s outdoor work and activities [4]. On the
other hand, due to the extensive use of artificial construction
materials and the reduction of urban blue-green space
(water bodies and green space in the city), the structure of
the urban underlying surface has changed, resulting in the
reduction of turbulent heat transfer in the urban boundary
layer, and the urban heat dissipation and moisture storage
capacity decreases; at the same time, the heat generated by
humans is frequently emitted, which increases the heat
inside the city and makes the urban heat island effect more
pronounced [5].

Studies have shown that the urban heat island effect will
not only affect the thermal comfort of urban residents but
also lead to an increase in air-conditioning energy consump-
tion and even lead to an increase in population mortality [6].

In this context, strengthen urban ventilation to make the
city “breathe” better. Creating a good urban wind environ-
ment can not only alleviate the urban heat island effect and
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meet the outdoor human comfort requirements of residents
but also reduce the generation of unfavorable wind condi-
tions around the building, promote the diffusion of pollut-
ants, and improve the air quality in residential areas and
buildings [7]. However, in the current urban planning and
construction, too much attention is paid to the single build-
ing form, but the relationship between the complex architec-
tural spatial form and the wind field in the large-scale
building group is ignored. Design and architectural layouts
are addressed [8].

However, my country lacks corresponding regulations
and standards to specify the outdoor wind environment,
and urban planners also lack scientific means to study and
evaluate the wind environment of complex architectural spa-
tial forms in urban mesoscale areas [9]. Therefore, in a mod-
ern city with high-density development, using scientific
means to accurately predict and optimize the urban wind
environment has important practical significance for the
sustainable development of the city and urban planning
and design [10].

2. State of the Art

2.1. The Concept of the Wind Environment

2.1.1. Forming Factors. The wind environment refers to the
wind field formed by the outdoor natural wind under the
influence of the urban landform or natural landform. At
present, the wind environment is mainly studied in the sci-
entific field of architectural design and urban planning.
The wind environment acts on the outdoor natural wind
conditions and is a wind field formed by the influence of
the urban topography [11]. The formation of the wind envi-
ronment is complex and changeable, and it is formed under
the influence of many aspects of the earth’s surface [12].
Firstly, the flow of gas caused by the influence of the atmo-
sphere is one of the reasons for the formation of wind
[13]. Secondly, the atmospheric circulation in the equator,
the north and south poles, and the local winds including
monsoons, sea-land winds, and canyon winds are responsi-
ble for the entire wind environment (main classification).
Finally, under the action of urban construction planning,
mechanized turbulent motion caused by buildings of differ-
ent heights, trees, and terrain differences is also one of the
factors that form the wind environment [14].

2.1.2. Definition of Wind Parameters. According to the con-
tent of “Chinese Standard Weather Data for Building Ther-
mal Environment Analysis” (Chinese Standard Weather
Data (CSWD)), the country takes the wind speed and wind
direction as the research object, establishes the intensity level
and direction of wind, and selects 16 numbers. It expresses
the wind direction and azimuth, in which 0 means still wind,
and the specific corresponding relationship is shown in
Table 1.

2.2. Research Methods of the Urban Wind Environment. The
research methods of the urban wind environment are
roughly three types. The convenience and practicability of
each research method are different in different research

scales and research contents [15]. Among them, the mea-
sured data is analyzed at the macroscale (the research scale
is usually in urban areas of 10 km to 100 km), the mesoscale
(the research scale is usually in the range of 10 km~100 km)
[16], and the microscale (the research scale is usually in the
single building, building array, and street valley area in the
range of 10m to 1 km), and it mainly studies the distribution
of a single building [17]. Analyze the wind comfort in the
valley and urban areas. The wind tunnel test mainly con-
ducts the qualitative and quantitative analysis of the micro-
and mesoscale of urban areas. Computational fluid dynam-
ics (CFD) numerical simulation mainly studies the wind
fields of single buildings, street valleys, and building com-
plexes at the microscale time; meanwhile, the WRF
(Weather Research and Forecasting) model is used. Wind
field studies in urban mesoscale regions are also carried
out in conjunction with CFD simulations [18].

2.2.1. Field Measurements. Field measurement plays a vital
role in urban wind environment research because it can
obtain the basic data of the research object in the actual envi-
ronment. Field measurements can directly reflect the air
movement in the city and are widely used in research and
analysis of various scales. In the macroscale meteorological
movement, detailed wind and heat field data are obtained
mainly by collecting and analyzing scattered weather sta-
tions and satellite data [19].

However, due to the high cost of equipment, it has not
been widely used. Similar to the studies at the macroscale,
the studies of the urban wind environment at the mesoscale
mainly collect data from small weather stations and satel-
lites. In the microscale research of individual buildings,
street valleys, and small-scale building groups, field mea-
surement technologies such as infrared imaging and scat-
tered wind and heat data acquisition are widely used [20].

In addition, measurement technologies such as scattered
point data collection, infrared imaging, and high-speed cam-
eras are also efficient means of measuring the indoor wind
environment of buildings. Kitous et al. took the macroscale
city of Gerhardia as the research object and used the field
scatter measurement method to discuss the impact of com-
plex terrain and urban layouts on the urban wind and heat
environment. Zhang Bohua et al. took mesoscale residential
quarters and explored the spatial layout of the quality of the
wind environment through field measurement of the wind
environment. By collecting data from weather stations, Cui
et al. studied the wind and heat environment around differ-
ent U-shaped street valleys in the ancient city of Xi’an and
conducted an on-site assessment of the pedestrian-level air
quality. Zhang Kang took the factory in the Suzhou area as
a typical case and used an on-the-spot measurement method
to explore the indoor wind environment of the factory in dif-
ferent regions.

Although field measurement methods are widely used in
urban wind environments and can accurately collect pri-
mary data, they still have some drawbacks. For example, in
a specific test environment, whether the data analysis con-
clusions obtained through limited collection points are rep-
resentative still needs to be demonstrated; at the same
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time, whether the conclusions under specific test conditions
are general still needs to be discussed.

In addition, due to the difficulty in controlling the test
environment in field measurement, factors such as test
parameters, the number of measurement points, the accu-
racy of measurement instruments, measurement methods,
and time affect the quality and value of the field measure-
ment results. Therefore, high-quality and high-value field
measurement research requires an enormous investment in
equipment, manpower, and time.

2.2.2. Wind Tunnel Test. The wind tunnel experiment in
fluid mechanics refers to an aerodynamic experiment
method in which an aircraft or other object model is placed
in the wind tunnel to study the gas flow and its interaction
with the model so as to understand the aerodynamic charac-
teristics of the actual aircraft or other objects. The wind tun-
nel test is a method to study large-scale phenomena through
microscale experiments in an artificially simulated atmo-
spheric environment by using a scale model based on similar
principles. Wind tunnel tests were widely used in the field of
research in the 1890s, mainly in the microscale wind envi-
ronment analysis and research of single buildings, building
groups, and blocks with a horizontal diameter of less than
1 km.

Usually, measurement methods include hot wire or hot
film technology, pulsed hot wire technology, and probe tech-
nology. The wind field characteristics with the relatively pre-
cise location make the wind tunnel tests have significant
advantages in the study of the urban wind environment.

Tse et al. took a single building as the research object and
used a laser Doppler anemometer to explore the change of
the single building at different deflection angles of the wind
direction. Weerasuriya et al. conducted a wind tunnel exper-
imental study using a laser Doppler anemometer to explore
the ventilation efficiency and wind speed levels at pedestrian
heights around one and more groups of buildings. Allegrini
et al. used a particle image velocimeter to conduct a 1 : 400
wind tunnel test study to explore the wind speed distribution
and turbulence in the building passage under different
angles of the building form.

It is not difficult to find that the above measurement
techniques can only perform “point measurement.”
Although LDA and PIV technologies can perform 3D real-
time monitoring, they are expensive, and the laser is easily
blocked by scale models, making it difficult to achieve 3D
measurement of the entire flow field in urban areas. At the
same time, wind tunnel tests need to follow similar criteria,
and the costs of personnel, equipment, and models for wind
tunnel tests are relatively high, which limits the large-scale
application of wind tunnel tests to a certain extent.

2.2.3. Computer Numerical Simulation. The comprehensive
analysis has been widely used in many fields such as single
buildings, wind environment and parameter research
around buildings, urban street valley wind environment
assessment, and pollutant diffusion research. Gong Bo used
CFD numerical simulation to explore the wind and heat
building under different wind directions and building spac-
ing. Taking a large commercial building as the research
object, Du Xiaolei et al. used CFD numerical simulation to
analyze and evaluate the wind and heat environment around
the building. Cai Yadong et al. used the Reynolds average
method to study the overall and local pedestrian wind com-
fort in a university in Changchun. Huang Wenfeng et al.
took the typical building group as the research object and
used the Reynolds average method to study the wind envi-
ronment around the building group under different wind
directions and different building layouts. Fan et al. used a
standard k-ε model based on the Reynolds average equation
to study the air quality and pedestrian wind comfort in iso-
lated and nonisolated street canyons with different opening
structures.

In addition, the WRF model (a mesoscale weather fore-
cast model) is also used in urban wind environment
research, and its simulation results are usually used for
CFD numerical simulation, and then the research in urban
areas is carried out. By coupling WRF and CFD numerical
simulation methods, Shen Lian et al. revealed the distribu-
tion law of wind fields in urban communities with different
incoming winds. Temel et al. provided inflow conditions
for the complex terrain of Riad City in Spain through a
mesoscale WRF model and used the CFD method to explore
the wind flow in the Riad Ferrol Channel. Hu Shasha and
others used WRF and CFD methods to analyze the heat
environment in the urban area of Huangshi and determined
the layout of the air ducts in this area. Compared with the
field measurement and wind tunnel test, the numerical sim-
ulation represented by CFD can realize the comparative
analysis of a large number of different case results. It has
the advantages of low computational costs and higher visu-
alization of results. However, the accuracy of CFD simula-
tion results is affected by many parameters such as
governing equations, turbulence models, computational
domain sizes, boundary conditions, and convergence
criteria.

Therefore, in related research, the field measurement,
wind tunnel test, and CFD simulation are usually combined:
the field measurement provides basic boundary conditions
and other parameter data for CFD simulation, the wind tun-
nel test provides verification data for CFD simulation, and
the CFD simulation provides the wind environment. The
study provides multiparameter and full flow field analysis

Table 1: Correspondence table of the wind direction and azimuth.
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data. Jiang Sicheng et al. took a street valley in an old urban
area as the research object, provided boundary conditions
and other parameters for CFD simulation through the cli-
matic characteristics of field observations, and studied the
aspect ratio and direction of different streets on the internal
wind environment of the street valley. Ma Mengyao studied
the outdoor pedestrian wind environment of a gymnasium
by combining the on-the-spot measurement and CFD
numerical simulation method. Yang Liguo et al. took a ski
resort, used the CFD numerical simulation method to
explore the influence of the complex terrain in this area,
and used the wind tunnel test results to verify and explain.

3. Establishment and Verification of the CFD
Numerical Model

3.1. Area Selection. Before simulating the wind environment
of the outdoor building group, the actual measurement
method should be used to compare the wind speed to verify
the accuracy of the Airpak software simulation.

Shanghai has four distinct seasons, a mild climate, abun-
dant sunshine and rainfall, and a subtropical monsoon cli-
mate. Influenced by the geographical location, Shanghai
has the longest characteristics in summer, followed by win-
ter, and the shortest in spring and autumn. In summer,
under the action of the Pacific subtropical high, the Shanghai
area is mostly southeasterly, and the weather is hot and
humid. In winter, it is controlled by the cold high pressure
of Siberia, prevailing northwesterly winds, and the weather
is cold and dry. The main meteorological disasters in Shang-
hai include strong winds, typhoons, fog, haze, thunder-
storms and floods, high temperature and heat waves, and
cold waves. The four-month flood season begins in June,
and its characteristics can be summarized as the increase
in the total amount of precipitation, the increase in the
amount of plum rain, the increase in the number of high-
temperature days, and the increase in the number of
typhoons as shown in Figure 1.

With the wind speed over the past 2000-2020 released by
the Shanghai Meteorological Bureau in Figure 2, the overall
trend of the average wind speed and maximum wind speed
statistics in Shanghai in the past 20 years is stable, the aver-
age wind speed is 3.06m/s, and the maximum is 5.59m/s.
From 2000 to 2005, the city’s average wind speed showed
an upward trend. The highest average wind speed in five
years appeared in 2004 and 2005, and the wind speed was
both 3.62m/s. Since 2006, the average wind speed in Shang-
hai has been decreasing, but the decrease is not large, and the
average wind speed remains at 3m/s. Overall, the lowest
wind speed in the first 10 years in Shanghai appeared in
2002, speed of 3.05m/s, and the lowest value per minute in
the last 10 years appeared in 2020, speed of 2.56m/s. The
overall trend of the maximum wind speed in Shanghai in
the past 20 years is similar to the overall trend of the average
wind speed. Since 2003, the value range has increased signif-
icantly. In 2004, the high value of the maximum wind speed
was 6.38m/s, and then it began to decline significantly in
2005. The low value of the maximum wind speed appeared
in 2002 with a wind speed value of 5.4m/s. In 2010, a new

round of high wind speed was ushered in, with a maximum
wind speed of 5.72m/s. In the next 10 years, the increase in
wind speed was not obvious, and the lowest value of the
maximum wind speed appeared in 2020, with a wind speed
value of 4.87m/s.

3.2. Establishment of the CFD Numerical Model. Building
clusters affect the flow of wind. When the wind flows to
the building complex, physical phenomena such as friction,
collision, separation, and adhesion circulation are generated
with the surrounding building complex, and a tiny airflow
field is formed around the building complex. The airflow
generated by the building is a low-speed incompressible tur-
bulent flow, which conforms to the Boussinesq hypothesis.
In the simulation, the standard RNG model is used to solve
the wind environment around the building. The control
equations and momentum conservation equation are as
follows:

(1) Continuity equation

For incompressible fluids whose fluid density is constant,
the equation simplifies to

∂ui
∂xi

= 0: ð1Þ

In the formula, ui is the speed i.

(2) Momentum conservation equation

∂
∂xj

ρuiuj

� �
= ∂p
∂xi

+
∂τij
∂xj

+ ρgi + Fi: ð2Þ

In the formula, ρ is the density, p is the pressure, τij is
the tensor, ρgi is the force, and Fi is the heat source, and
we also have the pollution source term due to the
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Figure 1: Statistical distribution of the average height of plots in
the study area.
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contamination source, etc., of which,

τij = μ
∂ui
∂xj

+
∂uj

∂xi

" #
−
2
3 μ

∂ui
∂xi

δij, ð3Þ

where μ is the viscosity, and the above formula (3) is the vol-
ume diffusion.

(3) Mass conservation equation

∂u
∂x

+ ∂v
∂y

+ ∂w
∂z

= 0: ð4Þ

(4) Energy conservation equation

∂u
∂xi

ρuihð Þ = ∂
∂xi

k + kið Þ ∂T∂xi
+ Sh, ð5Þ

where k is the conductivity; kt is the thermal diffusion:

kt =
cpμt
Prt

: ð6Þ

For the boundary conditions of the entrance and exit, the
wind speed of the entrance flow is uniformly distributed.
Different heights produce different wind speeds, and the
wind speed increases with height. The formula for calculat-
ing the altitude and wind speed is as follows:

vh = v0
h
h0

� �n

, ð7Þ

where vh is the wind speed at height h, in m/s; v0 is the wind
speed at the reference height h0, in m/s, generally taken as
the wind speed at 10m; and n is the exponent, taken as 0.33.

The strong wind area ratio RQ is defined as

RQ = SQ
S0

� �
× 100%, ð8Þ

where SQ is the area occupied by the strong wind area in the
flow field (m2) and S0 is the area (m2) at the height of the
strong wind area without interference from buildings.

In the same way, the quiet wind area is the area with a
small value of urban spatial wind speed. In the urban space,
it is a quiet wind area. Through the size of the area ratio
index of the quiet wind area, the proportion of the poor
wind environment can be judged. The quiet wind area ratio
RJ is defined as

RJ =
SJ
S0

� �
× 100%: ð9Þ

In the formula, SJ is the area occupied by the calm wind
area in the flow field (m2) and S0 is the area (m2) at the
height of the calm wind area when it is not disturbed by
buildings.

Based on the postprocessing of the simulation results of
Airpak software, Photoshop software was used to process
the air age cloud map; that is, the air age values and areas
represented by different color blocks were calculated, and
the weighted average method was used to calculate the aver-
age air age of the study area. The mean air age A is defined as

�A = A1 × S1 + A2 × S2+⋯An × Sn
S1 + S2+⋯Sn

: ð10Þ

In the formula, A is the average air age (s), An is the air
age represented by different color blocks, and Sn is the time
spent in An.

Combined with the practical application of this paper,
the middle wind speed ratio is used as the relative comfort
zone wind speed ratio RS to judge the size of the area at
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the height of 1.5m that meets the comfort of outdoor pedes-
trians. The relative comfort zone wind speed ratio RS is
defined as

RS = 1 − RQ − RJ: ð11Þ

The inlet wind profile is set through user-defined func-
tions. The inlet vertical velocity boundary condition is mod-

ified based on the exponential law wind speed profile model
combined with the wind tunnel test, regardless of the wind
direction difference, and the final wind speed profile is

V = 7:5 × Z
0:6

� �0:11
: ð12Þ
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The governing equation of the LES model is

∂
∂t

ρuið Þ + ∂
∂Xj

ρuiuj

� �
= ∂
∂Xj

μ
∂ui
∂Xj

 !
+ ∂�p
∂Xi

−
∂τij
∂Xj

, ð13Þ

where τij is the subgrid stress, defined as

τij = ρuiuj − ρui ⋅ uj: ð14Þ

The eddy viscosity calculation equation in the
Smagorinsky-Lilly model is

μt = ρL2S �S
�� ��: ð15Þ
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4. Experimental Results and Analysis

When studying the urban outdoor wind environment, this
study adopts the LES model for the incompressible unsteady
flow. The velocity inflow boundary and pressure outlet are
selected. The inflow boundary is the gradient wind distrib-
uted along the height index, which is realized by the UDF
setting. The inflow wind direction is realized by rotating
the corresponding angle of the study area; the two sides
and the top of the computational domain have zero shear
stress, which can significantly improve the calculation. It
has stability and little impact on the calculation results; the
ground and building walls are set as nonslip walls; for the
SIMPLE algorithm, the standard format type is used for
the others, and the calculation time step is 0.004 s. The resid-
ual error of convergence to the continuity equation is less
than 10e-03, and the residual error of each velocity compo-
nent is less than 10e-04.

According to the research of Weerasuriya et al., the
directional probability distribution of nontyphoon wind
speed in Shanghai (1953-2000) was obtained (Figure 3). In
this paper, three prevailing wind directions of easterly 90°,
northerly 0°, and northeasterly 292.5° were selected for
numerical simulation research.

4.1. Horizontal Homogeneity Test of the Flow Field. The
atmospheric boundary layer should maintain horizontal
homogeneity between upstream and downstream, so the
inflow characteristics of computational fluid dynamics
(CFD) simulations should be stable throughout the compu-
tational domain. In this study, the CFD numerical simula-
tion of the wind tunnel test flow was carried out in a blank

computational domain, and the flow characteristics (wind
speed, turbulence intensity) at the center were extracted
and compared with the inflow characteristics. As shown in
Figures 4 and 5, the CFD model established in this study
basically meets the requirements of horizontal homogeneity.
The wind speed characteristic curves of the inlet, center, and
outlet are basically consistent (Figure 4); although the turbu-
lence intensity curve deviates slightly (Figure 5), the maxi-
mum deviation is 6.7% (the box position in Figure 5),
which is less than 7%, which is within the acceptable range.

4.2. Model Validation Results. In this study, the measured
values of Weerasuriya et al. and other wind tunnel tests are
compared with the CFD results of three wind directions.
The positions of 14 measurement points in the wind tunnel
test are shown in Figures 6 and 7. The CFD results of 14
measurement points in three wind directions are very close
to the results in the test (Figure 8).

By linearly fitting the CFD simulation and the measured
values of the test, it is found that most of the points are
located on the y = x line, indicating the CFD values of the
wind tunnel test as shown in Figure 9.

5. Conclusion

(1) Through the UDF setting, the inflow wind direction
is achieved by rotating the corresponding angle of
the study area. The two sides and the top of the cal-
culation domain have zero shear stress, which can
significantly improve the calculation. It has good sta-
bility and little influence on the calculation results.
The ground and building walls are set as antiskid
walls. Other algorithms adopt the SIMPLE algorithm
of standard format, and the calculation time step is
0.004 s. The residual error converging to the conti-
nuity equation is less than 10e-03, and the residual
error of each velocity component is less than 10e-04

(2) In this paper, three prevailing wind directions, east
wind 90°, north wind 0°, and northeast wind 292.5°,
are selected for numerical simulation research. The
CFD model established in this study basically meets
the requirements of horizontal uniformity. The wind
speed characteristic curves at the inlet, center, and
outlet are basically the same (Figure 4). Although
the turbulence intensity curve has a slight deviation
(Figure 5), the maximum deviation is 6.7% (the box
position in Figure 5), which is less than 7%, which is
within the acceptable error range. Through the linear
fitting of the CFD simulation and experimental mea-
surements, it is found that most points are located on
the y = xline. The complex characteristics of airflow
around buildings significantly affect the local wind
field changes and the distribution of the wind veloc-
ity ratio. At the same time, due to the weakening of
the blocking effect of low-rise buildings on the wind,
the wind speed ratio of the field will increase
significantly
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Figure 9: Comparison of CFD simulation results with wind tunnel
test measurements: linear fit.
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Data Availability

The figure and table data used to support the findings of this
study are included in the article.
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