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Abstract
The rapid expansion of cities has caused enormous changes in the underlying surface, and coupled 

with the intensification of human activities, it has resulted in a series of ecological and environmental 
problems, such as urban heat island, air pollution, and so on. Through combining building height and 
air pollution source information, and using the computational fluid dynamics (CFD) model, this study 
simulated the distribution characteristics of wind speed, temperature and SO2 concentration under the 
condition of urban three-dimensional expansion, and then the analysis was performed on the influence 
of three-dimensional expansion on air environment diffusion during winter and spring in the Shenyang 
Tiexi District under the urban landscape pattern of 2005 and 2011. Monitoring data from 10 sampling 
sites were used to validate the model. The results showed that the R2 values for wind speed, temperature 
and SO2 were 0.76, 0.79 and 0.64, respectively. The wind speed, temperature and SO2 concentration 
distribution pattern at the same height of the study area is obviously different because of the differences 
in urban building height, density and layout between 2005 and 2011. From 2005 to 2011, with the change 
in the urban architecture landscape pattern, the city corridor significantly changed. 
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Introduction

The world is currently undergoing an unprecedented 
process of urbanization that has resulted in numerous 
adverse effects on the environment, economy and 
society. Urbanization-driven land use changes the urban 
microclimate [1]. An important environmental impact is 
increasing air pollution [2]. The increase in impervious 
surfaces following urbanization without reasonable 
urban planning, and increased energy consumption 
in response to the growth of the urban population 
in metropolitan regions, exacerbate air pollution [3]. 
Air pollution can seriously endanger human health, 
particularly leading to respiratory problems, which  
has caused increasing concern regarding air quality  
[4-7].

Urbanization has a greater impact on the pollutant 
concentrations in some areas of a city. The study of 
the impact of urban expansion on the atmospheric 
environment is mainly concentrated on the effect of 
urban horizontal expansion on urban air temperature 
and the urban heat island (UHI) effect. Researchers 
have shown that rapid urban expansion leads to an 
expansion of the UHI because the urban expansion 
increases surface radiant temperature in urbanized area 
[8-10] and the UHI effect is greater during the night 
than during the day [11]. Expansion of a non-vegetated 
area even without population growth is a significant 
factor related to temperature increase [12].

The urban structure has significant effects on 
pollution. Highly constructed cities are subject to 
higher NO2 and PM10 concentrations, and densely 
populated cities have higher SO2 concentrations 
[13]. Large metropolitan regions ranking highly on 
a quantitative sprawl index experience a greater 
number of ozone exceedances than more spatially 
compact metropolitan regions [14]. There is an 
increasing amount of impervious urban surface area 
that contributes to more severe air pollution during 
the urban expansion process [15, 16]. Some studies 
have suggested that population, urbanization, and 
industrial structure all have a negative influence on the 
atmospheric environment [17]. Urban form may play 
an important role in improving air quality [18, 19].  
It is hoped that during the rapid urbanization process,  
it is possible to put forward the best urban design 
scheme that is beneficial to atmospheric diffusion 
in terms of the climatic characteristics of the study 
area and is of great theoretical significance to the 
development of healthy urban environmental quality. 
Despite the potentially important effects of urban form 
on air quality, relatively few studies in this domain 
exist [20]. There are few reports regarding the impact 
of urban three-dimensional changes on the urban 
environment [21-23]. 

It is difficult and expensive to dynamically and 
accurately monitor air pollutant concentrations; thus, 
an atmospheric pollution diffusion model is used to 
simulate and predict atmospheric pollutant diffusion. 

The main advantage of numerical simulation model 
data compared to observational data is that the model 
can simulate multiple scenarios and analyze the impact 
of different scenarios on air pollutant distribution and 
transport [24-26]. In addition, monitoring can only 
be conducted at several points and individual areas, 
while model simulation can obtain results for the entire 
region [27, 28]. Recent advancements in numerical 
models, such as the Reynolds average Navier stocks 
(RANS) equation, large eddy simulation (LES), and 
direct numerical simulation (DNS), etc., accurately 
simulate the flow field in an urban area; these models 
are a significant step toward plume dispersion accuracy. 
With advancements in computational resources and grid 
generation techniques, the computational fluid dynamics 
(CFD) models are increasingly being used to simulate 
pollutant transport and dispersion in urban areas [29-
32]. CFD is a numerical method used to numerically 
analyze flow motion and can adequately address most 
flow fields [33]. CFD is particularly suited for high-
resolution modeling in space and time of wind velocity, 
temperature and concentration fields for statistically 
stationary conditions [25].

As an established industrial base in northeastern 
China, Shenyang is undergoing rapid urbanization. 
According to the annual report of the Shenyang 
Environmental Protection Bureau, the annual averaged 
PM2.5 concentration in 2016 was ∼54 μg/m3, which 
is 1.5 times higher than the national standard level of 
China (35 μg/m3) [34]. During certain wintertime haze 
episodes, the hourly concentration of PM2.5 in Shenyang 
could even reach 1000 μg/m3 [35]. Air pollution in 
Shenyang was not only related to the local emissions, 
but also contributed by transboundary transport from 
the upstream region. The aerosols emitted from the 
Beiijng-Tianjin-Hebei region accounted for similar to 
20% of near-surface PM2.5 in Shenyang [34]. Rapid 
urban expansion, economic growth, social development 
and population growth all aggravate the atmospheric 
environmental pollution in Shenyang. In this study, 
we combined 3-dimensional building heights and a 
CFD model to simulate the distribution of wind speed, 
temperature and SO2 at different heights. There were 
two major goals for this study: (1) develop an effective 
and efficient method to simulate the atmospheric 
environment in the Shenyang urban area and (2) 
simulate and analyze the distribution of wind speed, 
temperature and SO2 at different heights and during 
different years.

Materials and Methods 

Study Area 

Tiexi District (41°45’N-41°50’N, 123°18’E-123°23’E) 
is part of the core urban area of Shenyang in 
northeastern China and has an area of 39.48 km2. 
Beginning in 1913, Tiexi District began to take heavy 
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industry as a starting point for urban development. 
During the early and middle 19th century, the Tiexi 
District became an important industrial base of China 
and was praised as the “Eastern Ruhr” as it made great 
contributions to the development of China. Since 1978, 
China has put forward a reform and opening-up policy, 
and the focus of economic development has shifted to 
the eastern coastal areas. Thus, since the 1980s, many 
state-owned enterprises have been in a dilemma. Many 
enterprises have closed, workers have been laid off 
and the economy has weakened. The Tiexi District 
was a typical representative of the recession of China’s 
old industrial base. In 1986, the State Council listed 
the overall renewal of Tiexi District as a pilot project 
for regional renovation in China. With the decline 
in traditional industries and the “Retreat into three” 
of the industrial structural adjustment, many heavily 
polluting, energy-intensive and inefficient industrial 
enterprises have been gradually relocated, transformed 
or shut down. After a series of urban transformations, 
such as the transformation of shantytowns and 
dilapidated buildings, the three-dimensional urban 
landscape significantly changed and urban vertical 
expansion was significant. The construction patch 
density increased from 243.8 to 270.69 unit/km2, the 
average building height increased from 9.74 m to  
19.34 m, and the urban space congestion index 
increased from 1.86 to 3.38 from 1997 to 2011 [36]. The 
Tiexi District has a temperate continental monsoonal 
climate with an average temperature of 8.1ºC and 
distinct seasons. The air pollutant temporal-spatial 
distribution characteristics were obvious in Tiexi. Air 
pollution is the most serious problem during winter, 
followed by spring and autumn. According to the 
China International Exchange Station Ground Climate 
Standard Value Daily Data Set, the wind direction in 
the Tiexi District is south-southwest (SSW), the wind 
speed is 3.5 m/s, and the temperature is 9.5ºC during 
spring; during the winter the wind direction is ENE, 
the wind speed is 2.6 m/s and the temperature is -8.5ºC 
[37]. 

Three-dimensional urban expansion mainly refers 
to changes in building heights inside the city. The 
Barista software used in building three-dimensional 
information extraction is a photogrammetric software 
developed by the Institute of Geographic Information 
of the University of Melbourne in cooperation with the 
Research Center for Space Information Cooperation 
[38]. In the Tiexi District, 3D information on buildings 
and chimneys was extracted using QuickBird images 
in 2005 and 2011 and the Barista software version 3.2. 
The urban underlying surface is very complex and it 
is impossible to simulate all elements in a computer 
model. Taking the main urban roads, green spaces 
and water as boundaries, the buildings within a close 
distance were generalized into a single building block. 
The height was the average height of the buildings in a 
block.

Air Pollution Sources

Sulfur dioxide (SO2) was the main air pollutant 
considered in this atmospheric pollutant diffusion 
simulation of Tiexi. Polluting SO2 in the atmosphere 
mainly originates from combustion of coal, oil, natural 
gas and other sulfur fuels and the production process 
using sulfur raw materials. SO2 emissions from coal 
combustion in China account for more than 90% of total 
SO2 emissions [39]. Thus, in this study, the chimneys 
of industrial enterprises in Shenyang were used as the 
source of SO2 emissions. The pollution sources were 
simplified by using the Gaussian diffusion model and a 
continuous discharge point source diffusion model.

There are 79 industrial chimneys throughout 
Tiexi District (Fig. 1). These chimneys are mainly 
concentrated in manufacturing enterprises and heating 
companies. According to an investigation of the 
enterprises, the inner diameter of the chimney outlets 
is 1.5-5 m, and the height of the chimney is 50-210 m. 
The flue gas speed at the chimney outlet is 10-20 m/s in 
the case of a boiler adopting a mechanical ventilation 
mode and full load operation, and the SO2 emission rate 
is 20-157 g/s. The flue gas temperature at the exit of the 
chimney is 120-180°C after flue gas desulfurization. 
The flue gas temperature at the exit of the chimney 
in this study was set to 120°C, i.e., T = 393.15K. We 
assumed that the chimney discharge was continuous 
during the simulation. The parameters of industrial 
chimneys were used in the CFD modeling.

Fig. 1. Study area and chimney distribution.
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CFD Simulation

The simulation and computation of air pollution 
diffusion in the Tiexi District was performed using 
CFD simulation (ANSYS-FLUENT software). The air 
within the simulation domain can be considered as an 
incompressible turbulent flow and the air and pollutant 
densities are assumed to be constant. Pollutant diffusion 
is regarded as a purely physical diffusion process 
without considering the chemical changes of pollutants 
during the process of pollutant emissions from 
chimneys. The governing equations for airflow are the 
continuity equation and the steady Reynolds-averaged 
Navier-Stokes equations coupled with the standard k−ε 
turbulence model [40]. The employed turbulent model 
used in the CFD was the k–ε model, which has good 
atmospheric boundary layer estimation accuracy [33, 
41, 42].

We interpreted the three-dimensional building 
height information in Barista, then we imported the 
building information into AutoCAD to draw a three-
dimensional geometric model of the Tiexi District, and 
finally imported the model file into GAMBIT of Fluent 
for mesh generation. A structured grid generation 
method was used to mesh the regular building blocks. 
To achieve more accurate simulation results, this mesh 
generation was based on the size of the building blocks 
to select different grid sizes. Based on the requirements 
of the computer configuration and the accuracy of 
the calculation results, the grid size of buildings was 
5, 10, 15, 20 and 25 m after many adjustments. The 
chimneys were divided into unstructured grids. The 
chimney outlets and the chimney walls were divided 
into 1.0-m-sized grids. The size of the CFD domain was 
50,000 × 50,000 × 250 m.

Field Measurements for CFD Validation

According to several CFD best practice guidelines 
[25, 43, 44], CFD simulations should be critically 
evaluated and the results should only be considered 
reliable after comparison to some measurement data. 
Validation of CFD simulations with experimental 
data is essential [30]. Many studies have validated the 
accuracy of using CFD to simulate the diffusion of 
urban wind and polluted gas [45, 46], which indicated 
that CFD can be applied to the study of urban heat 
islands and air pollution in complex urban terrain [24, 
47]. We simulated wind flow, surface temperature and 
SO2 for the Tiexi District by using observed data on 
November 24, 2013. Ten sampling sites were selected 
for monitoring in the Tiexi District in industrial, 
commercial and residential zones. Portable air quality 
monitoring was used to collect data at a sampling 
height of 1.5 m. The frequency of the measured data 
was collection once per minute. At each sampling point, 
we continued to monitor for 10 minutes, and then the 
average value of wind flow, surface temperature and 
SO2 concentrate was used for validation.

Results and Discussion

CFD Model Validation

Meteorological data on November 24, 2013 from a 
nearby meteorological station were used for input into 
the CFD model to simulate the air conditions. The 
simulated wind flow, surface temperature and SO2 
concentrations using the CFD model were evaluated 
against the measured values of the same day.

By comparing the simulation results to the 
monitored data, the difference in wind speed 
was 0.36-1.35 m/s, the difference in temperature  
0.50-1.50ºC, and the difference in SO2 concentration 
0.01-0.02 mg/m3 (Fig. 2). Through regression analysis 
of the simulation results and monitoring data, we 
found that the correlation coefficients of wind speed, 
air temperature and SO2 concentration are 0.76, 0.78 
and 0.64, respectively, which indicated a good degree 
of fitting between the numerical simulation and the 
observation. The simulation results can reflect the actual 
situation of the city in terms of wind, temperature and 
SO2 concentration to a certain extent and can meet the 
simulation precision requirement of a regional scale. 
Therefore, it is feasible to use CFD to simulate the 
diffusion of urban air pollutants.

Fig. 2. Comparison of the simulated and measured values of 
wind flow, surface temperature and SO2.
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Wind speed distribution at different heights 

The wind speed at different heights was simulated 
using the CFD model. Five sections with different 
heights (H = 1.5, 10, 30, 50, 80, and 100 m) were 
selected to analyze the wind speed, temperature  
and SO2 concentration characteristics. Fig. 3 shows 
the horizontal distribution of urban wind speed 

at different vertical heights during the winter and 
spring of 2005 and 2011. With the increase in height,  
the resistance of the building to the wind speed 
distribution gradually decreases, while the urban areas 
affected by a strong wind gradually increase. With  
the increase in height, the difference between the 
maximum and minimum wind speeds gradually 
increases. In the wind speed field of the bottom and 

Fig. 3. Urban wind speed horizontal distribution at different vertical heights during winter and spring of 2005 and 2011.
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middle effect field, the wind speed on the windward 
side is greater than that on the leeward side. In the 
wind speed field of the top effect field, the speed field 
distribution of the wind tends to be stable. 

Comparison of urban wind speed distributions at the 
same vertical height during the same season of 2005 
and 2011 shows that with the vertical expansion of the 
city, building height and building density increased. 
Because of the drag effect of the building on the wind 
flow field, the area of the city affected by a stronger 
wind also increases. During the winter, the region with 
a high large wind speed is mainly the northwest and 
southeast parts of the city during 2005 and mainly the 
northwest, central and eastern parts of the city during 
2011. During the spring, the region with a high wind 
speed is mainly the northeast and western half of the 
city during 2005, but mainly the western and southern 
halves of the city during 2011. From the simulation 
results for the same season during 2005 and 2011, it can 
be seen that at the same height, the distribution area of 
the higher wind speed is greater than that of the former. 
It can be deduced that because the height of urban 
buildings and their density increases, the impact area 
of the higher wind speed increases as the distance from 
the ground increases.

By analyzing the distribution of the wind field in 
the Tiexi District, we obtained the distribution maps 
of ventilation corridors at a height of 30 m during the 
spring and winter of 2005 and 2011 (Fig. 4). From the 
urban ventilation corridor map we can see that there 
are two ventilation corridors, respectively, during the 
winter and spring of 2005 and 2011. During winter, the 
two corridors are nearly parallel, 48° and 51° north by 
east respectively during 2005. However, during 2011, 
two wind corridors converge in the southern part of the 
district. The main wind corridor is 18° north of east, 

and the secondary wind corridor is 84° north of east. 
During the spring, the two corridors are nearly parallel, 
30° and 43° north of east respectively during 2005; 
however, the two corridors converge in the southern 
part of the city in 2011. The main wind corridor is 30° 
north of east and the secondary wind corridor is 82° 
north of east.

From 2005 to 2011, the main ventilation corridor 
in this area basically remains unchanged, while the 
secondary ventilation corridor obviously changed, with 
the change in the urban architectural landscape pattern 
occurring during the same season. In contrast to the 
urban ventilation corridors during the winter and spring 
of the same year, the ventilation corridors of the cities 
changed during 2005, but during 2011 they were nearly 
the same. The results show that with the change in the 
urban architecture landscape pattern, the corridor of the 
city significantly changed.

Temperature Distribution of Different Heights

The horizontal distribution of urban temperature at 
different vertical heights during the winter and spring 
of 2005 and 2011 is shown in Fig. 5. The common 
characteristic of horizontal diffusion of temperature at 
different vertical heights during the same year is that 
with the increase in height, the diffusion resistance 
of buildings to temperature distribution gradually 
decreases during the same season. The regional range 
of urban higher temperature increases first and then 
decreases with the increase in height. Thirty meters 
above the ground is the inflection point of the higher 
temperature, which is mainly distributed in the northern 
and central parts of the region. The temperature 
difference at the bottom of the region is the largest, 
followed by the middle field and the minimum at the 
top. During 2005, the higher temperature control 
areas were mainly in the north during the winter and 
northwest during the spring. In addition, during 2011, 
the higher temperature control areas were mainly in 
the south, central and eastern parts of the region during 
winter and south during spring. By comparing the 
horizontal diffusion of surface temperature at the same 
vertical height during 2005 and 2011, with the vertical 
expansion of the city, the building height and density 
increase, and the higher temperature area in the city 
increases.

SO2 Distribution at Different Heights 

The horizontal distribution of SO2 concentration at 
different vertical heights during the winter and spring of 
2005 and 2011 is shown in Fig. 6. The SO2 concentration 
distribution map indicates that the SO2 concentration 
in the windward area of the region is higher than that 
of the leeward side. With the increase in heights, the 
range of the influence of a higher concentration of 
SO2 increased first and then decreased. The largest 
distribution area of high concentration appears 30 m 

Fig. 4. Urban ventilation corridor at a height of 30 m during the 
spring and winter of 2005 and 2011.
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above the ground. In the simulation range of the study 
area, the concentration difference at the bottom is the 
largest, followed by the middle, and the concentration 
difference at the top is the smallest. With the increase 
in height, the SO2 concentration in the urban area had 
not significantly changed.

Compared to the SO2 concentrations during 2005 
and 2011, the vertical expansion of the city and the 
subsequent building height and density increase, the 

distribution area of SO2 higher concentration first 
increased and then decreased. During the winter, 
the concentrated distribution area of a high SO2 
concentration in the region changes from one point to 
multiple points. During the winter of 2005, the high 
SO2 concentration area was largely on the north side 
of Baogong Street in the northern study area. During  
the winter of 2011, it was concentrated in the 
northeastern corner of the study area, on both sides 

Fig. 5. Temperature horizontal distribution at different vertical heights during the winter and spring of 2005 and 2011.
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of Baogong Street and the central and eastern parts  
of the study area. During the spring, the distribution 
of the high SO2 concentration area in the city changed 
from block dispersion to a planar concentration.  
During the spring of 2005, it was concentrated west 
of Baogong Street, while during spring 2011 it was 
concentrated west of Baogong Street and south of 
Jianshe Road.

Compared to the simulation results during the 
same season during 2005 and 2011, it can be seen that 
the distribution area of the SO2 concentration greater 
than 0.06 mg/m3 is larger for the latter than for the 
former at the same height. It can be inferred that with 
the expansion of the city and the increase in building 
density, the impact of a higher SO2 concentration on 
the city is increasing. Compared to the same height 

Fig. 6. SO2 horizontal distribution at different vertical heights during the winter and spring of 2005 and 2011.
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during winter, the distribution area of the high SO2 
concentration during the spring is significantly larger 
than it is during the winter, which indicates that the SO2 
has a greater impact on the study area when south is the 
dominant wind direction during the spring.

Conclusions

In this study, a CFD model was used to simulate 
the distribution of wind speed, temperature and SO2 
concentration during winter and spring in the Shenyang 
Tiexi District under an urban landscape pattern of 2005 
and 2011. The following conclusions were obtained:

(1) The wind speed along the windward side of the 
city is higher than that of the leeward side. The area 
affected by the high wind speed increases with an 
increase in height. In the wind speed field of the top 
effect field, the speed field distribution of the wind 
tends to be stable. 

(2) The temperature difference at the bottom of the 
region is the largest, followed by the middle field and 
the minimum at the top. By comparing the horizontal 
diffusion of the surface temperature at the same vertical 
height during 2005 and 2011 with vertical expansion 
of the city, and subsequent building height and density 
increase, the higher temperature area in the city is 
increased.

(3) The SO2 concentration along the windward side 
of the city is higher than that of the leeward side. With 
the increase in height, the influence range of higher SO2 
concentration values first increases and then decreases; 
30 m in height above the ground is the inflection point. 
With the increase in height, the location of the higher 
SO2 concentration in the city did not significantly 
change.

(4) Under the same external conditions, with the 
increase in the vertical expansion of the city, and 
the subsequent building height and building density 
increase, the area affected by the higher wind speed and 
the higher polluted gas concentration increased at the 
same time at the same height of the city.

The influence of urban three-dimensional expansion 
on the atmospheric environment was simulated and 
analyzed, providing an important reference for urban 
planning and design, transformation policy and urban 
air quality control measures. However, the mechanism 
of urban expansion on the atmospheric environment 
needs further study, including quantitative study on the 
influence of urban land use, building landscape pattern 
and morphology on pollutant diffusion.
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