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Abstract: Low mountainous areas provide high-quality ecological environments, offering a high
urban development value globally. However, cold low mountainous areas are greatly affected by
wind environments. Therefore, this study investigates a simulated block wind environment in a
typical city in a cold low mountainous area. As opposed to previous work, we put forward the block
spatial modes quantitatively for cold low mountainous areas. Computational fluid dynamics (CFD)
technology is used to simulate the wind environment of building blocks, including point-type high-
rise buildings and row-type multi-story buildings. We propose a new targeted wind environment
measurement system developed using PHOENICS 2018 and a spatial combination model using urban
information sensing for sustainable development. By comparing the average wind speed (WAS) and
calm wind area ratio (SCA) under different simulation conditions, we were able find that when the
building form, slope direction, and slope were constant, WAS was inversely proportional to SCA,
following the order of south slope > west slope > southwest slope > southeast slope. Second, proper
selection of 1:2 and 1:3 ratios for point-type high-rise buildings (HPT) can provide good ventilation
for cold low mountainous areas. In addition, continuous high-rise buildings should be avoided.
These strategies have been applied in practice in the spatial design of the Lianhuashan tourist resort in
Changchun. Possible optimization strategies for planners and governments could include promoting
pedestrian spatial environments in these special areas. Moreover, this research is significant for
the collection and mining of data-based wind information in cold low mountainous areas, thereby
providing scientific quantitative evaluation methods and spatial organisation optimisation guidelines.

Keywords: urban design; wind environment; thermal comfort; low mountainous areas; cold regions;
spatial form

1. Introduction

Low mountainous areas are attracting increasing attention as important ecological
areas, with relatively high population densities in many cities [1–3]. Such areas are not
strictly a geographical unit, nor do they constitute a geomorphological type. Rather, a low
mountainous area refers to the transitional area from high mountains to plains, including
terrain features such as low elevation mountains, hills, terraced tablelands, and eroded
gullies [2]. With rapid urbanisation and population growth after the Second World War,
suitable flat land resources for construction have become increasingly scarce [3], resulting
in increased urban construction activity in low mountainous areas in order to provide
residential dwellings and recreation spaces for citizens. The altitude of low mountainous
areas is typically in the 100–300 m range [1–3], with characteristic hilly terrain.
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Furthermore, urban spatial organisation has a significant impact on regional live-
ability [4–6]. The wind environment of the block spatial form is a key topic in built
environment research considering the comfort of outdoor spaces in low mountainous
areas [1,7]. Moreover, the unique topographic characteristics of low mountainous areas
have led to distinctive wind environments influenced by several factors, including velocity,
direction, and turbulence [1,8].

Wind environment simulations of low mountainous areas have significant impacts
on urban wind environmental improvement research [9,10]. Most recent studies on low
mountainous areas have shown that wind environment simulations are affected by factors
such as building style and topography. Other factors include the building packing density,
which strongly affects city breathability within the urban canopy layer [11,12]. In many low
mountainous areas, a comprehensive wind environment assessment is required to obtain a
building permit from the city authority [13]. For example, technical guidelines prescribed
by the Air Ventilation Assessment Technical Circular (AVA TC 2003) published in Hong
Kong require wind tunnel experiments or computational fluid dynamics (CFD) simulations
to be conducted for any land development procedure in order to ensure wind environment
comfort at a pedestrian height [13–15]. However, due to the specificity of the simulation
environment, a uniform standard for the construction of its spatial forms has not yet been
adopted.

The research and simulation methods of urban spatial wind environments are quite
sophisticated and include field tests, wind tunnel tests, and computer numerical simula-
tions [15–17]. As the most widely used method in wind environment simulations, CFD is
being increasingly applied to predict the wind environment around actual high-rise build-
ings, including the flow field around high-rise buildings and different types of building
complexes in actual urban areas, [18,19], which presents clear advantages in urban micro-
climate research [20–22]. CFD analysis results in strong wind regions, showing a prediction
accuracy within 10% for the standard k-εmodel and better accuracy for the modified k-ε
models [23]. Other research results have found that LES with a dynamic subgrid-scale
model can provide satisfactory predictions of mean and dynamic wind loads on tall build-
ings, and has the additional advantage of providing rapid solutions. [24,25]. Such work
requires a number of calculation cases, such as multiple wind directions, situations before
and after construction of a proposed building, and measures after construction, and time
for evaluation is limited in the practical design stages [23,26]. At the residential scale, it
has been used to optimise the street design and to determine the location of air quality
monitoring points by simulating the ventilation of residential streets bounded by different
forms of buildings [27]. While the effects of urban morphology on outdoor ventilation,
wind speed, and direction have been proven by multiple approaches, the versatility and
high fidelity of CFD has enabled the quantitative assessment of outdoor ventilation design
for generic configurations with parallel streets of equal and unequal widths [28].

However, previous wind environment simulations have mainly been conducted for
Shenzhen, Macao, and other cities in South China. There is limited relevant research for
cold cities, especially those in cold low mountainous areas [28,29]. The results of wind
environment simulation analyses must be integrated into the construction of spatial forms
in cold low mountainous areas. Here, we adopt CFD technology for the cold shallow
mountainous area of Changchun, China, with its typical climate and terrain conditions,
thereby addressing a gap in the literature. In terms of novelty, compared with previous
works we put forward the block spatial modes quantitatively for cold shallow hilly areas.
By comparing the average wind speed (WAS) and calm wind area ratio (SCA) under different
simulation conditions, spatial optimization strategies for cold shallow mountainous areas
can be proposed.

A notable example of a densely-populated cold low mountainous area is the Changbai
Mountains region, where the climate notably affects northeast China, South Korea, North
Korea, and the Russian far east. Nearly 30% of the land across the countries and provinces
in the region is designated as special cold and low mountainous areas, with most of these
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areas being densely populated [5,6]. As an example of a government administrative region
at the large-province scale, Jilin Province in China has a population of more than 27 million
people who are affected by this mountainous area. The capital city of Changchun has
the highest population density in the province as well as a low-temperature climate that
persists for more than 50% of the year, which leads to objectively poor thermal comfort
in winter. Moreover, China has a vast amount of territory with a severe cold climate.
Located in the southeast of Eurasia, it is often affected by cold air from Siberia during
winter. Compared with other countries at the same latitude, the winter temperature of cold
cities in China is much lower, with an average temperature below −18 ◦C in January [30].
Therefore, in this research Changchun was taken as a case study on wind environment
simulation and optimisation strategies for block spatial forms in cold low mountainous
areas.

In this study, we propose a new targeted wind environment measurement system
using PHOENICS 2018 and a spatial combination model comparing the average wind speed
and calm wind area ratio under different simulation conditions using urban information
sensing for sustainable development. PHOENICS 2018 was used to extract the typical block
spatial forms and process the CFD simulation progress, with automatic computational
grid settings for improved accuracy and visualisation capabilities. The optimal spatial
organisation in low mountainous areas was explored by inputting the regional wind
direction and meteorological conditions and then applying the results to specific regional
cases, which is an important aspect of sensing urban environmental changes. The effects
of regional parameters such as wind pressure, wind speed, and comfort were simulated.
Furthermore, PHOENICS is compatible with mainstream urban design software (such as
AutoCAD, SketchUp, and 3ds Max), enabling easy interconvertibility between models in
this study.

Due to the unique climate and geomorphic conditions of Changchun, China, the con-
struction of the urban wind environment plays a key role in urban design. Starting with the
most important elements of the wind environment, the simulation and optimisation path
of block spatial forms are explored in this study to guide the construction and development
of liveable cold city environments. From the perspective of wind environment simulations,
the block organisation mode of Changchun, as a typical cold low mountainous area, may
provide a point of reference for many countries and regions in similar areas. Optimization
strategies are provided in order to promote pedestrian spatial environment planning for
governments in these special areas, where the collection and mining of data-based wind
information in these special areas can be helpful.

2. Data and Methods
2.1. Research Data
2.1.1. Meteorological Data

The basic wind data for Changchun were obtained from the Chinese Meteorological
Administration and the Changchun City Meteorological Service. Parameters included
the average wind speed and prevailing wind direction. For cold low mountainous areas,
the parameters directly affecting the wind environment are the wind direction and wind
speed [31,32]. The wind speed data used in the model were extracted from meteorological
data sampled between 2011 and 2021, based on a total of 120 records. Furthermore, the
prevailing wind direction was west–southwest throughout the year, whereas the overall
wind speed was typically below 5.5 m/s.

2.1.2. Geographic Information Data

The acquisition of slope and aspect data is the premise of wind environment analysis in
block spaces. Based on global positioning system (GPS) control points and field excursions,
the average slope of the low mountainous area in Changchun was 5◦. AutoCAD and
SketchUp software were used to simulate the slope in the terrain. In the actual case analysis,
remote sensing images were obtained from a multispectral unmanned aerial vehicle and
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these were employed to extract slope data using a geographical information system (GIS)
toolbox. The terrain data were imported into PHOENICS 2018 software for simulation
analysis.

2.2. Research Method
2.2.1. Research Outline

First, the spatial forms of the low mountainous areas in Changchun were summarised
based on their suitability for the wind environment and were divided into high-rise build-
ings of the point-type (HPT) and multi-story buildings of the row-type (MRT). Next, the
wind environment of the corresponding spatial forms was calculated and simulated using
the PHOENICS model. The wind environment was simulated at different altitudes under
different modes by controlling the variables and the results were compared. On this basis,
the data were processed using the MATLAB platform. After the analysis of the experi-
mental results, an optimisation strategy was proposed based on the wind environment in
order to guide revision of the urban design scheme. The research path is shown in Figure 1;
the specific steps include the classification of the spatial form and the construction of the
simulation model.

Figure 1. Block diagram of the overall methodology.

2.2.2. Classification of the Spatial Form

The public statistical government document CHANGCHUN STATISTICAL YEARBOOK-
2020 shows that HPT and MRT are the main building forms of blocks, accounting for more
than 80% of all blocks in the low mountainous areas of Changchun. The main influencing
factor for the HPT is the ratio of the street width to the building height, RHD, whereas for
the MRT it is the building height [32–34]. Therefore, simulations were conducted for blocks
composed of both HPT and MRT, combining the building form with the slope direction
and slope intersection of the building to obtain different spatial patterns for simulation and
analysis.

2.2.3. Methods of Evaluation and Calculation

(1) Average wind speed and calm wind area ratio
The average wind speed (WAS) and calm wind area ratio (SCA) are important factors

affecting the block space wind environment in cold mountainous areas. According to
the Assessment Standard for Green Buildings (GB/T 50378-2019), the WAS values of urban
residents around the building should not exceed 5 m/s within the human habitat [35–37].
Most cities in China regard 1 m/s as the minimum standard for mitigating the urban
heat island effect and the problem of air pollution [38,39]. Creating a comfortable wind
environment in block space faces many challenges in low mountainous areas, such as
poor human thermal comfort caused by low temperatures in winter and excessive wind
speeds [40]. This study combined the upper limits of various standards and norms as an
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evaluation basis (Table 1). Second, SCA was used to evaluate the comfortable ratio arc of
the block spatial wind environment, calculated according to equation

SCA = SCC/SA (1)

Table 1. Relationship between comfort at pedestrian scale and wind speed [41].

Wind Speed (m/s) Human Feeling

1 < V < 5 Comfortable
5 < V < 10 Uncomfortable, movement affected

10 < V < 15 Very uncomfortable, movement is severely
affected

15 < V < 20 Cannot stand
V > 20 Danger

In this equation, SCC is the area in which the wind speed is within the interval of
1 m/s < Vp < 5 m/s, and SA is the total area of the block.

(2) Mathematical model
In the numerical simulation, air was regarded as an incompressible viscous fluid

and the external gas flow was regarded as a steady-state turbulent form. When the air
contacted the outer surface of the building a wall-restricted flow was formed; the restricted
flow for the wall is expressed using the RNG k-ε Model [42]. As our goal was to apply
the results to the block spatial forms for a large scale, the RNG k-εModel in PHOENICS
software was adopted in this study. The standard k-ε model has the advantages of low
cost, small numerical fluctuation, and high relative accuracy, and is widely used in the
simulation of low-speed turbulence models [42,43]. In the construction of our theoretical
model, AutoCAD 2020 and SketchUp 2020 software were used to build the physical model
of the urban spatial model and save it as an skp file. The constructed skp model file was
imported and parameters such as wind speed, wind direction, and solar radiation were set
as shown in Figure 2.

Figure 2. Parameter settings of wind speed and direction.
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The boundary conditions should be set according to the actual situation, mainly by
including inlet and boundary conditions tailored to accurately represent the elevation
dependence of the freestream wind mean velocity and turbulent kinetic energy profiles.
Roughness parameters were set to represent the roughness at ground level in the absence
of formal representation as block forms, such as for vegetation and objects (Figure 3). In
addition, the influencing factors included building height, building density, slope (with the
simulation conditions based on an average slope of 5◦), slope aspect, and ground roughness.
The horizontal wind speed and the calm wind area were the main focus of the investigation.

Figure 3. Schematic sketch of the geometry and boundaries used in the simulations (south slope).

To set the inflow boundary conditions, the wind environment of the building group
was regarded as an incompressible fluid with different heights of 1.5 m, 10 m, and 20 m.
Simultaneously, the roughness of the ground formed a gradient wind. Therefore, the
method of exponential relationship analysis and correcting gradient wind was adopted.
The equation used in the PHOENICS simulation process is as follows:

Uz

U0
=

(
Z
Z0

)α

(2)

where UZ is the horizontal wind speed at height Z (m/s), U0 is the wind speed in the
horizontal direction of reference height Z0 (m/s), and α represents Hellman’s wind shear
component. In keeping with the government standard document Load Code for the Design
of Building Structures (GB 50009-2001), the terrain was divided into four categories (Table 2).
Changchun belongs to type C, where α = 0.22.

Table 2. The α value of different area types.

Classification Area Type α Value

A Coastal areas, islands, lakeshore, or desert areas 0.12

B Fields, villages or small and medium-sized cities with
sparse houses and suburbs of large cities 0.16

C Urban area with dense buildings 0.22

D Urban area with extremely dense and high buildings 0.30
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(3) Mesh and Boundary condition setting in the simulation
In order to reduce the calculation time and accelerate the convergence speed, the

block building model was simplified into a regular cube. According to previous simulation
experience, the height of the wind field was set to five times that of the highest building,
the length eight times, and the width five times that of the building group.

In addition, the model mesh was set in PHOENICS (see Figure 4). Special attention
was paid to achieving near-wall mesh resolution in order to ensure that the first-cell y+ (the
dimensionless length scale) was appropriate at every wall and ground surface. PHOENICS
was used to complete the verification process automatically. When the residual value of
each variable was less than 10 × 10−5 and tended to be flat with the iterative calculation,
the parameters of the model were judged to meet the convergence requirements. After the
computer completed the calculation and convergence was proven, the regional wind speed,
wind pressure, and other simulation results were exported in the form of 2D images.

Figure 4. Grid setting: (a) parameter setting of the grid and (b) grid setting layout.

For the outflow boundary condition setting, because the simulation area was smaller
than the calculation area of the numerical model in this study the flow restriction on the
outlet surface was minimal. Therefore, the outlet boundary condition was set as free
outflow. As the top and two sides of the upper surface were far away from the building,
the velocity gradient along the tangent direction was set as 0.

Combined with the above mathematical model and condition settings, PHOENICS
software was used in this simulation experiment with the following steps. According to the
terrain and climate characteristics of the low mountainous area in the cold region of north
China, regional factors such as temperature and architectural characteristics were consid-
ered when setting influencing factors in order to draw a more rational conclusion with
correlation comparisons. The procedure consisted of boundary conditions, experimental
validation, and grid-independence analysis.

3. Results and Discussion
3.1. Wind Environment Simulation Results

The building styles and four slope aspects were combined to form different types of
spatial patterns. The wind environment simulation was conducted via PHOENICS. Then,
the downwind environment of cross-sections with heights of 1.5, 10, and 20 m [44,45] at the
pedestrian scale was obtained (see Figure 5, and see Appendix A for detailed results).
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Figure 5. Wind environment simulation at different heights on point-type high-rise buildings (HPT)
on the west slope and the street width to building height ratio (1:3): (a) 1.5 m; (b) 10 m; and (c) 20 m.

The simulation results of the wind environment spatial model were compared for dif-
ferent slope aspect conditions in the low mountainous areas of Changchun. The MATLAB
platform was used to perform mathematical analysis of the results (Figure 6). The wind
environment results of the HPT and MRT were extracted and included the WAS and SCA at
heights of 1.5, 10, and 20 m (Tables 3 and 4).

Figure 6. Analysis interface of wind speed ratio based on MATLAB programming.

Table 3. Wind environment simulation results of block composed of point-type high-rise buildings (HPT).

Slope Type RHD
At a Height of 1.5 m At a Height of 10 m At a Height of 20 m

WAS (m/s) SCA % WAS (m/s) SCA % WAS (m/s) SCA %

Southeast aspect

1:4 2.84 19.6 2.97 18.9 3.46 17.3

1:3 2.89 20.2 3.12 19.4 3.51 17.8

1:2 2.94 19.3 3.45 18.7 3.71 16.0

1:1 3.01 20.4 3.51 19.8 3.80 17.1
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Table 3. Cont.

Slope Type RHD
At a Height of 1.5 m At a Height of 10 m At a Height of 20 m

WAS (m/s) SCA % WAS (m/s) SCA % WAS (m/s) SCA %

South aspect

1:4 2.61 27.3 2.85 24.9 2.91 20.0

1:3 2.70 27.7 2.87 25.4 2.97 22.5

1:2 2.74 29.3 2.87 28.9 3.00 23.1

1:1 3.01 30.4 3.13 29.8 3.22 27.1

Southwest aspect

1:4 2.63 20.3 2.77 19.9 2.86 17.1

1:3 2.79 23.7 2.92 20.4 3.11 20.0

1:2 2.84 25.3 2.99 22.9 3.22 21.0

1:1 3.01 26.4 3.21 25.8 3.30 24.1

West aspect

1:4 2.54 25.3 2.77 23.9 2.96 17.0

1:3 2.69 27.7 2.72 25.4 3.01 20.0

1:2 2.84 26.3 2.97 24.9 3.01 22.0

1:1 2.97 27.4 3.11 24.8 3.20 23.1

Table 4. Wind environment simulation results of block composed of multi-story row-type buildings (MRT).

Slope Type Building
Height (m)

At a Height of 1.5 m At a Height of 10 m At a Height of 20 m

WAS (m/s) SCA % WAS (m/s) SCA % WAS (m/s) SCA %

Southeast aspect

20 2.84 24.3 2.97 23.9 3.06 18.2

40 2.89 23.7 3.11 22.4 3.19 17.6

80 2.94 21.3 3.18 20.7 3.24 16.5

South aspect

20 2.54 27.1 2.77 25.9 2.86 23.7

40 2.59 25.7 2.92 23.4 3.11 22.0

80 2.54 24.3 2.77 22.9 2.86 20.1

Southwest aspect

20 2.74 25.2 2.87 24.1 2.96 21.0

40 2.89 22.7 2.92 21.4 3.11 19.7

80 2.99 20.3 3.17 19.7 3.27 18.0

West aspect

20 2.78 13.3 2.95 11.5 3.04 14.2

40 2.61 11.5 2.71 10.5 2.95 9.3

80 2.66 1.4 2.84 1.3 3.01 1.0

3.2. Analysis of Simulation Results
3.2.1. General Relationship between Wind Environment and Block Spatial Form

From the simulation results, with increasing building height the ratio of the horizontal
average wind speed to the area of the static wind zone decreased, with the same building
form, sloping, and other influencing factors in the low mountainous areas in cold regions;
see Figure 7a. Concerning the degree of change, the area ratio of the calm wind area was not
completely consistent with the change of the horizontal average wind speed; moreover, the
slope aspect affected their relationship. Specifically, the south slope was the least affected
and the west slope was the most affected (WAS: south slope > west slope > southwest
slope > southeast slope).

With different building heights, the horizontal wind speed of the street space environ-
ment changed significantly (see Figure 7b). However, the trend of the change depended on
the slope conditions. For example, the horizontal wind speed increased with increasing
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building height related to the influence of urban dominant wind direction under the south-
east and southwest slope conditions. However, on the west slope, when the building height
was less than 40 m the horizontal wind speed decreased with increasing building height.
When the building height was more than 40 m, the horizontal wind speed increased with
increasing building height. On the south slope, the experimental results were completely
different. This reflects the difference between high-rise building blocks and multi-story
building blocks.

The experimental results show that there was no direct correlation between SCA and
the ratio of the street width to the building height. However, there was a certain relationship
between the area ratio of the calm zone and the setting of the building spacing (Figure 7c).
Specifically, when the building height ratio was 1:4, the strong wind zone at the pedestrian
level occupied a large area, thereby affecting the thermal comfort of residents. Meanwhile,
a ratio of 1:2—1:3 both ensured the flow of fresh air to the bottom of the city and reduced
the wind speed at the pedestrian height.

Figure 7. Analysis of simulation results: (a) relationship between building height and SCA/WAS;
(b) relationship between RHD and SCA; (c) relationship between building height and WAS; (d) rela-
tionship between building height and SCA.

However, for an environment with a certain street width, the ratio of the static wind
area in the wind field environment decreased with increasing building height; see Figure 7d.
The SCA of the street space on the south slope was the highest, and the comfort of the wind
environment was better. The wind environments of the southeast and southwest slopes
were similar, with a relatively small difference between them. However, the west slope
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conditions affected the area ratio of the calm zone. Especially for high-rise buildings, a
greater height resulted in a lower SCA zone at the pedestrian height. Similarly, the area
ratio of strong wind areas around the building increased significantly, especially in the
corner areas of the building (Figure 7a). This situation seriously affects the thermal comfort
of residents.

3.2.2. Optimisation Strategy

(1) Controlling the form of building enclosures
Based on the experimental results, the enclosed form of a street space directly affects

its wind environment in cold low mountainous areas. As such, in order to optimise the
architectural space form, the enclosure of low-rise buildings can be increased to form a
large calm wind area and improve comfort under the climate conditions of cold regions.
Specifically, a good ventilation environment in the upper space of the street can be achieved
by adopting spatial organisation modes, with the street width and building height in
ratios of 1:2 and 1:3. In such a situation, the pedestrian scale wind thermal environment is
favourable.

(2) Controlling the building height
When other parameters are constant, a greater the building height, means a smaller

ratio of SCA in the wind environment of cold low mountainous areas. Thus, in the block
space organisation of cold low mountainous areas, continuous high buildings should be
avoided. Moreover, through the simulation analysis of the enclosure forms of different
buildings, appropriately improving the enclosure degree of buildings can enhance the area
of the calm wind zone. This leads to a more static wind zone appearing, which is useful in
urban open space design in cold winter areas.

(3) Controlling the building combination
In designing urban block spaces, the most continuous organisation form of the building

group is the main form. In specific areas, such as cold low mountainous areas, the building
orientation of the block should be to the southwest. Through this measure the influence of
the southwest wind in winter is weakened, ensuring the continuity of the thermal comfort
of the block space environment in winter.

3.3. Application of Strategy in Urban Space Planning and Design

The wind environment simulation presented in this study has high practical appli-
cation value in the urban space design of cold low mountainous areas. The Lianhuashan
Ecotourism Resort in Changchun was selected as a case study in this investigation. The
resort is located in the low mountainous areas of Changchun and is the future main de-
velopment area of the city. As the first international ecotourism resort in the city, it has
received extensive attention from the government, citizens, and tourists. Therefore, the
development and construction of this region are rigorous, especially in the ecological space
environment and the comfort of human settlements. The wind environment of the urban
space design was simulated based on the master plan, Changchun Lianhuashan Ecotourism
Resort (2011–2020).

The elevation data were obtained from field investigations and multispectral un-
manned aerial vehicle (Phantom4-RTKCN) measurements. Once the obtained elevation
point data were imported into AutoCAD, the elevation point attribute was obtained. Next,
the processed elevation data were imported into the SketchUp software to generate the
terrain model; see Figure 8a. With the overall project scheme constructed in AutoCAD,
SketchUp was used to combine the architectural scheme with the previously built terrain
model to form the final experimental model at this stage. The existing scheme model
processed by SketchUp for wind environment simulation was imported into PHOENICS in
SKP format. MATLAB software was then used to simulate the results. The horizontal aver-
age wind speed of the existing scheme was 4.5 m/s, and the area of calm wind accounted
for 21.3% of the overall area. According to the combination formed between the four slopes
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and the slope directions involved in the previous scheme, the original scheme could be
optimised along with the main optimisation areas; see Figure 8b.

Figure 8. Preparation for simulation: (a) terrain model; (b) main optimisation; (c) validation point.

In order to validate the CFD performance, the wind speed in four areas (points 1–4 in
Figure 8c) was measured from 15:30 to 18:30 on 17 February 2022. The test instrument was
an anemometer (TESTO 4-10-2). The wind speed at each measuring point was measured for
ten groups, each lasting for 10 min. The average wind speed of the groups at each measuring
point was obtained according to the average value of 120 data records. Simultaneously,
the constructed PHOENICS model was used to simulate the wind speed. The relationship
between the measured and simulation results can be seen in Table 5. These findings prove
the applicability of the CFD model parameter set in Changchun. First, as the measured
data results were affected by the surrounding plants, pedestrians, and even the operators,
the software simulation value was generally higher than the measured values, however, it
was within the acceptable range. Second, the measured results in the green space (point 4)
show that the distribution of high-density plants changed the wind speed significantly.

Table 5. WAS results of physical measurement and simulation results at different points.

POINT
Mode Physical Measurement

(WAS)
Simulation Measure

(WAS)

POINT 1 4.19 m/s 4.21 m/s
POINT 2 3.92 m/s 3.92 m/s
POINT 3 3.61 m/s 3.63 m/s
POINT 4 3.33 m/s 3.38 m/s

Furthermore, with the help of CFD (Figure 9a) it was found that the SCA involved in
the plan was less than 20%. Therefore, the wind environment experience of the existing
urban space design is relatively poor. Starting from the building enclosure form, height
control, and block building organisation, two areas within the plot were selected for the
plan revision (Figure 9b). The main correction strategies are as follows.

Area 1 is the southwest slope aspect. The street aspect ratio of the block composed
of HPT buildings could be corrected from 1:4 to 1:2. Area 2 is the west slope aspect. The
building form is dominated by residential buildings of row-type. Here, 10% of the original
high-rise buildings of row-type are reduced to MRT buildings and group houses are set up
instead. Using CFD to help simulate the scheme, the average wind speed after revision can
be significantly reduced and the area of the calm wind zone significantly increased (see
Table 6). Area 3 is a southeast slope aspect, where the original high-rise structure could be
reduced to a multi-story building. Area 4 is the south slope aspect, where the original HPT
building could see the street width ratio adjusted to 1:2 or 1:3, with which people could
experience the best wind environment.
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Figure 9. Result of wind environment optimisation: (a) current stage of the plan and (b) after program
revision.

Table 6. Comparison results before and after regional wind environment correction.

Area

WAS SCA

Before
Correction

After
Correction Decrease Before

Correction
After

Correction Increase

Area 1 4.2 m/s 3.8 m/s 9% 17.1% 21.3% 24%
Area 2 3.9 m/s 3.5 m/s 10% 18.5% 24.1% 30%
Area 3 3.6 m/s 3.3 m/s 8% 19.3% 20.5% 21%
Area 4 3.4 m/s 3.2 m/s 6% 18.2% 22.4% 23%

4. Conclusions

Long winters provide a poor wind environment experience in most cold low moun-
tainous cities. Therefore, the urban block spatial form organisation has a significant impact
on the activities, comfort, and spatial experiences of residents. As wind environment
research in China is mostly concentrated in South China, research on cold cities, especially
those in cold low mountainous areas, has been very limited. Furthermore, research on the
combination of wind environment simulation analysis and spatial form construction of
cold low mountainous areas is very scarce.

In this study, Changchun, China, which has the key characteristics of a cold city located
in low mountainous terrain, was used as an example to solve the important problem of
reducing wind speed in winter to improve human comfort. Through a model summary
and wind environment simulation analysis of the existing spatial morphology of the low
mountainous area in Changchun City and guidance regarding the construction of the
spatial morphology of this area, a multi-disciplinary model was developed. First, when the
building form, slope direction, and slope were constant, WAS was inversely proportional
to SCA, following the order of south slope > west slope > southwest slope > southeast
slope. Second, proper selection of 1:2 and 1:3 ratios for HPT buildings can provide good
ventilation in the upper layer and the best pedestrian-scale wind environment in cold
low mountainous areas. In addition, continuous high-rise buildings should be avoided.
The results were integrated into the construction of the spatial morphology of cold low
mountainous areas, which were then analysed by controlling the variables. Then, the
different slope directions were simulated under the same architectural form.

Combined with CFD simulation analysis, a more accurate relationship between the
architecture and space organisation in cold districts was proposed at the pedestrian scale,
which can serve as a reference for improving wind environment comfort in space construc-
tion in similar areas. Through research on factors such as the street width ratio between
buildings, building height, and topographical aspects, the most suitable spatial form for
low mountainous areas in cold cities was determined. Moreover, the results of the wind
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environment analysis were integrated into the spatial morphology construction of low
mountainous areas in Changchun in order to guide this construction.

Due to the similarity of the wind environment characteristics in global cold cities,
especially in cold low mountainous areas, the results of this study can be implemented in
other areas, and can thus play a guiding role in the construction of spatial forms and the
macro-control of cold low mountainous areas.

As the optimisation strategy proposed in this study is based on the wind environment
simulation results of typical block types (HPT and MRT) in Changchun, there remain
limitations for other block-related strategies. Further research should involve in-depth
studies of alternative block types.

Author Contributions: Conceptualisation, H.Z. (Hongyu Zhao) and Y.C.; methodology, Y.C. and
X.J.; software, Y.C.; validation, H.Z. (Haina Zhang), S.Z. (Shinan Zhen), R.J. and S.Z. (Shichao
Zhang); formal analysis, Y.C.; investigation, Y.C., R.J. and S.Z. (Shichao Zhang); resources, H.Z.
(Haina Zhang) and S.Z. (Shinan Zhen); data curation, R.J. and S.Z. (Shichao Zhang); writing—
original draft preparation, Y.C. and X.J.; writing—review and editing, X.J.; visualisation, H.Z. (Haina
Zhang), S.Z. (Shinan Zhen), R.J. and S.Z. (Shichao Zhang); supervision, H.Z. (Hongyu Zhao); project
administration, H.Z. (Hongyu Zhao) and X.J.; funding acquisition, H.Z. (Hongyu Zhao) and X.J. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 52178042), the Technology Research Project of Jilin Provincial Department of Education in
China (grant number JJKH20220299KJ), and Key projects of Jilin Provincial Department of Science
and Technology (grant number 20210203213SF).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Wind simulation results for HPT at different RHD and heights (southeast slope aspect).

RHD 1.5 m 10 m 20 m

1:4

WAS: 2.84 m/s
SCA: 19.6%

WAS: 2.97 m/s
SCA: 18.9%

WAS: 3.46 m/s
SCA: 17.3%

1:3

WAS: 2.89 m/s
SCA: 20.2%

WAS: 3.12 m/s
SCA: 19.4%

WAS: 3.51 m/s
SCA: 17.8%
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Table A1. Cont.

RHD 1.5 m 10 m 20 m

1:2

WAS: 2.94 m/s
SCA: 19.3%

WAS: 3.45 m/s
SCA: 18.7%

WAS: 3.71 m/s
SCA: 16.0%

1:1

WAS: 3.01 m/s
SCA: 20.4%

WAS: 3.51 m/s
SCA: 19.8%

WAS: 3.80 m/s
SCA: 17.1%

Table A2. Wind simulation results for HPT at different RHD and heights (south slope aspect).

RHD 1.5 m 10 m 20 m

1:4

WAS: 2.61 m/s
SCA: 27.3%

WAS: 2.85 m/s
SCA: 24.9%

WAS: 2.91 m/s
SCA: 20.0%

1:3

WAS: 2.70 m/s
SCA: 27.7%

WAS: 2.87 m/s
SCA: 25.4%

WAS: 2.97 m/s
SCA: 22.5%
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Table A2. Cont.

RHD 1.5 m 10 m 20 m

1:2

WAS: 2.74 m/s
SCA: 29.3%

WAS: 2.87 m/s
SCA: 28.9%

WAS: 3.00 m/s
SCA: 23.1%

1:1

WAS: 3.01 m/s
SCA: 30.4%

WAS: 3.13 m/s
SCA: 29.8%

WAS: 3.22 m/s
SCA: 27.1%

Table A3. Wind simulation results for HPT at RHD and heights (southwest slope aspect).

RHD 1.5 m 10 m 20 m

1:4

WAS: 2.63 m/s
SCA: 20.3%

WAS: 2.77 m/s
SCA: 19.9%

WAS: 2.86 m/s
SCA: 17.1%

1:3

WAS: 2.79 m/s
SCA: 23.7%

WAS: 2.92 m/s
SCA: 20.4%

WAS: 3.11 m/s
SCA: 20.0%
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Table A3. Cont.

RHD 1.5 m 10 m 20 m

1:2

WAS: 2.84 m/s
SCA: 25.3%

WAS: 2.99 m/s
SCA: 22.9%

WAS: 3.22 m/s
SCA: 21.0%

1:1

WAS: 3.01 m/s
SCA: 26.4%

WAS: 3.21 m/s
SCA: 25.8%

WAS: 3.30 m/s
SCA: 24.1%

Table A4. Wind simulation results for HPT at different RHD and heights (west slope aspect).

RHD 1.5 m 10 m 20 m

1:4

WAS: 2.54 m/s
SCA: 25.3%

WAS: 2.77 m/s
SCA: 23.9%

WAS: 2.96 m/s
SCA: 17.0%

1:3

WAS: 2.69 m/s
SCA: 27.7%

WAS: 2.72 m/s
SCA: 25.4%

WAS: 3.01 m/s
SCA: 20.0%
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Table A4. Cont.

RHD 1.5 m 10 m 20 m

1:2

WAS: 2.84 m/s
SCA: 26.3%

WAS: 2.97 m/s
SCA: 24.9%

WAS: 3.01 m/s
SCA: 22.0%

1:1

WAS: 2.97 m/s
SCA: 27.4%

WAS: 3.11 m/s
SCA: 24.8%

WAS: 3.20 m/s
SCA: 23.1%

Table A5. Wind simulation results for MRT at different heights (southeast slope aspect).

Building Height 1.5 m 10 m 20 m

20 m

WAS: 2.84 m/s
SCA: 24.3%

WAS: 2.97 m/s
SCA: 23.9%

WAS: 3.06 m/s
SCA: 18.2%

40 m

WAS: 2.89 m/s
SCA: 23.7%

WAS: 3.11 m/s
SCA: 22.4%

WAS: 3.19 m/s
SCA: 17.6%

80 m

WAS: 2.94 m/s
SCA: 21.3%

WAS: 3.18 m/s
SCA: 20.7%

WAS: 3.24 m/s
SCA: 16.5%
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Table A6. Wind simulation results of MRT at different heights (south slope aspect).

Building Height 1.5 m 10 m 20 m

20 m

WAS: 2.54 m/s
SCA: 27.1%

WAS: 2.77 m/s
SCA: 25.9%

WAS: 2.86 m/s
SCA: 23.7%

40 m

WAS: 2.59 m/s
SCA: 25.7%

WAS: 2.92 m/s
SCA: 23.4%

WAS: 3.11 m/s
SCA: 22.0%

80 m

WAS: 2.54 m/s
SCA: 24.3%

WAS: 2.77 m/s
SCA: 22.9%

WAS: 2.86 m/s
SCA: 20.1%

Table A7. Wind simulation results for MRT at different heights (southwest slope aspect).

Building Height 1.5 m 10 m 20 m

20 m

WAS: 2.74 m/s
SCA: 25.2%

WAS: 2.87 m/s
SCA: 24.1%

WAS: 2.96 m/s
SCA: 21.0%

40 m

WAS: 2.89 m/s
SCA: 22.7%

WAS: 2.92 m/s
SCA: 21.4%

WAS: 3.11 m/s
SCA: 19.7%
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Table A7. Cont.

Building Height 1.5 m 10 m 20 m

80 m

WAS: 2.99 m/s
SCA: 20.3%

WAS: 3.17 m/s
SCA: 19.7%

WAS: 3.27 m/s
SCA: 18.0%

Table A8. Wind simulation results for MRT at different heights (west slope aspect).

Building Height 1.5 m Height 10 m Height 20 m Height

20 m

WAS: 2.78 m/s
SCA: 13.3%

WAS: 2.95 m/s
SCA: 11.5%%

WAS: 3.04 m/s
SCA: 14.2%

40 m

WAS: 2.61 m/s
SCA: 11.5%

WAS: 2.71 m/s
SCA: 10.5%

WAS: 2.95 m/s
SCA: 9.3%

80 m

WAS: 2.66 m/s
SCA: 1.4%

WAS: 2.84 m/s
SCA: 1.3%

WAS: 3.01 m/s
SCA: 1.0%
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