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Abstract: With the enhancement of people’s awareness of heritage protection, research communities
focusing on the natural ventilation of the layouts of ancient buildings have paid more attention
to the planning and protection of these buildings. Based on the relationship between the natural
ventilation environment and the layout of the building, we can reduce the adverse effects of energy
consumption and outdoor wind, improve the environment and quality around the building, and
achieve harmony between humans and nature. In this study, Fluent software was used to simulate the
wind environment of Xingguo Temple. The advantages of combining computer simulation software
with ancient building protection planning are illustrated by comparing the wind environment before
and after the temple reconstruction with Fluent software. Through the simulation of the building’s
wind environment, some suggestions are put forward for the early layout of the outdoor environment
in the ancient building reconstruction planning area.

Keywords: ventilation research; building environment; CFD; environment simulation; traditional
buildings

1. Introduction

Having been a civilised country for thousands of years, China has accumulated an
abundance of historical treasures in its long history. Among them, excellent Buddhist
architecture is an essential part.

During the Eastern Han Dynasty, Buddhism was introduced to China from India. Bud-
dhist architecture also formed the unique characteristics of Chinese Buddhist architecture in
light of the features of Chinese architecture. Existing buildings with a relatively long history
are mostly Buddhist architecture. The future preservation of these traditional buildings
is not optimistic. Many excellent historic buildings have disappeared in the last hundred
years, along with the continuous development of the social economy, historical building
protection and commercial land development at the same time [1]. This contradiction is
increasingly severe, so protecting these excellent historical buildings is necessary [2]. The
protection and utilisation of these buildings are important aspects that need to be studied.

In the current literature on the protection and utilisation of Buddhist architecture,
some scholars have studied Buddhist architecture from the aspect of religious culture [3,4],
and many scholars have continued to study and utilise architectural remains from the
perspective of architectural culture [5–9]. Other studies have looked at digital technology,
acoustics and so on [10–12]. Not many works in the literature have analysed Buddhist
buildings’ wind environments from the perspective of green buildings. Yuhang Li et al.
used Computational Fluid Dynamics (CFD) simulations to predict the wind pressure on a
complex high-rise wooden Buddhist tower [13]. Yu-Chou Wu et al. used Computational
Fluid Dynamics (CFD) simulations to examine the interaction between the flow and the
Jean-Marie Tjibaou Cultural Center, designed by Renzo Piano [14]. There is currently no
literature focusing on the comparative analysis of the wind environment before and after
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renovation. This paper analyses the wind environment before and after a monastery’s
construction and the water body’s influence on the wind environment.

Recently, most studies in the literature analysing the green environments of traditional
buildings have mainly focused on studying conventional residential buildings. Some
scholars have studied the thermal comfort of traditional residential buildings [15–17]. Other
scholars emphasised combining traditional culture with green building technology [18,19].
Some of the literature focuses on the study of historical settlement architecture [20,21].

Gaotang Liangcun Xingguo Temple is located in Gaotang County, 15 km north of
Liangcun Town (Figure 1). The northeastern part of the base is the main hall of Xingguo
Temple, which is a provincial cultural relic protection unit of Hebei Province. Xingguo
Temple covers an area of 46,287 square metres, of which the building area accounts for 6300
square metres. The ancient pagoda covers an area of 33 square metres. It is a hollow brick
tower, like a wooden pavilion. It is made of black, white and grey brick on the outside and
black brick and yellow mud inside. The building is 38.86 m high, and its base circumference
is 22.8 m. The tower base covers an area of 33 square metres (Figure 2) [22].
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Figure 1. Planning and transformation.

After the founding of the People’s Republic of China, the temple fell into disrepair,
and most of its buildings were severely damaged. Only the ancient tower of ancient Huai
and a small monument were left. After that, there were two maintenance projects. The first
was only to strengthen the building, and the second was to overhaul the tower, called “the
major surgery”. Around 2000, the government used some funds to restore the temple, and
designers renovated and rebuilt it [23].
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With a long history of ancient temples, Gaotang County has typical Buddhist archi-
tectural features. In the planning and transformation of the Buddhist culture, a deeper
understanding is first required. After Buddhism’s introduction to China, Buddhist archi-
tecture’s unique characteristics were formed. Buddhist buildings were built throughout
the country in the Ming and Qing Dynasties. There are still many Buddhist buildings
throughout the country, which gradually merged with local facilities in terms of form and
other aspects. Buddhism buildings have similar characteristics to the local architecture,
mainly in the following points: the overall layout was courtyard-styled, and the plane is in
the middle of the two symmetrical axes, north–south and east–west [24]. In the north–south
vertical orientation, there are generally multiple courtyard layouts. From south to north
generally lies the gate, King Hall, main hall, etc. There are halls on both the east and
west sides.

Xingguo Temple was chosen as the research object in this study, firstly because we had
participated in the design and restoration of the building years ago. We could thus provide
more detailed basic information for this research. Secondly, the layout of Xingguo Temple
has the planning characteristics of typical traditional architecture, which is suitable for this
research. This study used the CFD technique to analyse the wind environment before and
after regional planning and transformation [25].

2. Wind Environment Analysis Methods
2.1. Methods for Analysis of Wind Environments—Numerical Simulation

The wind tunnel model test method is one of the main methods to predict the surface
wind pressure of buildings. However, with the rapid development of computer technology,
numerical simulation has gradually become a new and effective method to predict the
surface wind pressure, ambient wind speed and turbulence characteristics of buildings
in wind tunnel tests. There are many mathematical models for the numerical simulation
of the flow field around buildings. However, the k-ε two-equation turbulence model is
the most commonly used in engineering. The equation is usually used to simulate the
three-dimensional flow field around buildings using the k-ε turbulence model based on
the Reynolds mean N-S equation. A multifunctional commercial programme (FLUENT5.4)
was used to calculate the flow according to incompressible three-dimensional turbulence.
The Gambit programme was used for grid generation. In complex models, Gambit auto-
matically generates hexahedral grids, thus significantly reducing the computation time.

The numerical simulation method adopted aims at determining the wind field and wind
pressure of buildings. The plan can not only simulate individual buildings and obtain the
wind field and wind pressure of structures with different wind directions but also simulate
buildings and obtain the distribution of the wind field in buildings. A series of problems, such
as the vortex distribution, the pressure gradient, the negative pressure zone and the influence
of spacing between buildings on the wind field, can be understood through diagrams.
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The numerical simulation method can reasonably predict the flow line distribution
around complex buildings and the average wind pressure on the surface. The simulation
results agree well with the wind tunnel test results. The powerful analysis ability of
computer numerical modelling technology foresees its broad development prospects in the
engineering application field.

Currently, Phoenics, Fluent, Vent, AirPark and other software for the numerical simula-
tion of wind environments are widely used. Fluent is characterised by efficient computation,
intuitive expression, fast modelling, automatic mesh division and direct parameter setting.
After much research and many practical engineering applications, the reliability of the
calculation results was verified by comparing the results with wind tunnel test results.

As powerful and widely used numerical simulation software, Fluent has been used
by many scholars to analyse the wind environment of buildings in recent years and has
achieved good results. Qureshi et al. used Fluent software to analyse the evaluation of the
horizontal wind environment of pedestrians in the plane form of cross-shaped high-rise
buildings [26]. Wei, You et al. used Fluent software to study the relationship between the
building layout and ventilation efficiency to improve the residential wind environment [27].
Y. Yu et al. used Fluent software to study the diffusion of air pollutants around high-rise
buildings with different wind incidence angles [28]. Kaustav used Fluent to analyse the
influence of changing the building size and location on natural ventilation and airflow in
staggered residential projects in Singapore [29]. Lan Chen et al. studied street canyons’
wind and thermal environment values with Fluent software [30].

In this study, Fluent software was used for CFD analysis. In the study of the wind
environment, the aim is to establish a mathematical model and construct a model equation,
discretise the fluid mass conservation equation and momentum equation based on the wind
as the essential fluid, solve the discrete algebraic equations and obtain the approximate
value of the required physical quantity. In recent years, as the performance of computer
hardware has been dramatically improved, computer numerical simulation technology has
been more widely used in the study of wind environments.

2.2. The selection of the Mathematical Model

Computational Fluid Dynamics (CFD) is a new branch of the numerical simulation
and analysis of hydrodynamic problems using electronic computers and discrete numerical
methods. With the development of the computer hardware industry, CFD has been widely
applied in the past 20 years due to its low cost, ability to simulate relatively complex
calculation processes and minor differences from the results of wind tunnel experiments.

The CFD software used in this simulation is by FLUENT Inc. The FLUENT software
combines computing software in different fields to form a CFD computer software group.
The numerical exchange can be carried out conveniently in the software, and unified pre-
and post-processing tools are used to simulate complex flows, from incompressible to
highly compressible. Due to the adoption of a variety of solution methods and multiple-
grid accelerated convergence technology, FLUENT can achieve the best convergence speed
and solution accuracy.

The process of numerical simulation is divided into geometric modelling, the selection
of the physical turbulence model, the definition of boundary conditions, the generation of
the mesh, the solution and post-processing.

The standard K-ε model proposed by Launder and Spalding is the primary tool for
calculating the engineering flow field [31]. This model assumes that the flow is entirely
turbulent and ignores the influence of molecular viscosity. Due to its low fluctuation,
high accuracy and appropriate calculation amount in numerical calculations, it is widely
used [32,33]. This study adopted the RNG K-ε turbulence model for simulations [34,35].
The governing equation of turbulence is shown in Equation (1). As shown in (4), (1) is the
continuity equation, (2) is the momentum equation, (3) is the k equation, and (4) is the
ε equation.

∂Ui
∂xi

= 0 (1)
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In the equation:

R=−
Cuη3(1− η

η0
)ε4

(1+βη3)k
, η=

Sk
ε

, S2= 2SijSij; (5)

Among them, Ui (=1,2,3) represents the average velocity components along the X, Y
and Z axes, respectively; k and ε are the turbulent kinetic energy and turbulent dissipation
rate; P is the average pressure; ρ is the air density; Sij is the mean strain tensor component;

γ is the airflow motion viscosity; γi =
Cµk2

ε is the motion viscosity of the vortex mass;
Cu = 0.085, C1 = 1.42 and C2 = 1.68; σk = 0.72; σε = 0.72; η0 = 4.38; and β = 0.015.

This paper mainly analyses the architectural complex; the wind environment inside
the building needs to be discussed.

3. Simulation Analysis
3.1. External Environment

Xingguo Temple in Gaotang County is under the jurisdiction of Liaocheng City, Shan-
dong Province, a city with a resident population of 50 million people and an area of
960 hectares. The county is flat because it is mainly in plain terrain. The terrain is high
in the southwest and low in the southeast, with a slope of about 1/7000–1/9000. For the
territory at the lower elevation, the highest point is only 32.1 m, and the lowest point is
only 22.6 m. The climate of Gaotang County is a temperate semi-arid monsoon regional,
continental climate. It has apparent seasonal wind changes, high wind speeds and less
precipitation in the spring. In summer, it has high temperatures and humidity, and rainfall
is mainly concentrated in July and August; precipitation in autumn is reduced, and the
temperature drops sharply. In winter, the precipitation is less, but the temperature is
low [36]. By accessing relevant information, we obtained the relevant meteorological data
in the Gaotang area, as shown in Figures 3 and 4.
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As shown in Figure 4, the region’s maximum annual wind speed is about 21 m/s. The
different colours in the figure represent the total length of wind speeds at all levels through-
out the year. Through a meteorological data analysis, we can obtain the meteorological
conditions of Liaocheng City. This experiment simulated the typical working conditions of
summer southeast wind by using Fluent and the technical aspects of the rationality of the
temple’s layout. Since the main analysis object of this case is the external wind environment
of the architectural complex, steady-state analysis can be adopted in the selection of the
analysis type. The reference pressure is set to one atmosphere. Since the building outflow
field is forced flow, it is unnecessary to consider the influence of gravity.

3.2. Model Simplification

We use the Gambit modelling tool to establish the model for the temple group simula-
tion. The plane simulation results at 1.5 m, 15 m and 20 m from the ground were selected
to simultaneously analyse the central activity plane’s wind environment in the monastery.
Figure 6 is a simplified model diagram before and after the planned transformation, of
which (a) is a streamlined model before the planning and renovation, with only the ancient
tower and a neglected pool. In the revised model, the old building is set as an octagonal
cylinder with a radius r = 3.4 m, with a total height of 39 m (Figure 6a). The bottom elevation
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of the building is taken as the 0 elevation point. The level of the pool is −1 m. (b) Figure 6
is a simplified model for the CFD simulation of Xingguo Temple after renovation. In the
modelling process, the main object of the analysis is the interior wind environment. The
foundation is at 0 m, and the elevation of the water surface is −1 m. The ratio between the
two models and the actual complex is 1:1.
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3.3. Boundary Conditions and Meshing

After the mathematical model and the control equations are determined, reasonable
boundary conditions must be selected so that the simulation experiment is close to the
actual situation. According to Figures 3 and 4, the wind speed and direction in summer at
the location of Xingguo Temple were obtained to establish the input and output conditions
of the simulation area. Although the actual wind speed and direction vary over time, a
constant value must be set for convenience in the analysis. This condition defines the inlet
as the velocity–inlet boundary condition in Fluent. From the geographical and climatic
characteristics of Liaocheng, due to the high temperature and humidity in summer, the
wind environment effect is more evident in the analysis than in other seasons, so the wind
was set to be typical for summer (southeast wind, wind speed 3 m/s). In the calculation,
we defined the outlet using free outflow boundary conditions, assuming that the flow
on the outflow surface has been fully developed and the flow has reverted to the normal
flow without obstructions from the buildings; that is, the relative pressure of the outlet is
zero [37]. The reflux method is total pressure, and the reflux direction is perpendicular
to the boundary. The boundary of the building surface is set as the wall, and the airflow
velocity at the wall surface is zero.

In the simulation process, the grid quality often affects the calculation’s accuracy and
precision. Yoshihide’s research group compared the numerical analysis, wind tunnel test
and measured results of 7 cases and summarised some principles of mesh partitioning
in CFD calculations [38]. In this work, with the help of Gambit and the pre-processing
software FLUENT, the flow field calculation area was divided into unstructured grids. The
Gambit software has robust meshes that can be divided into high-quality meshes with special CFD
requirements, such as boundary layers. Using Gambit software will significantly reduce the time
required to build geometric models and flow fields and divide meshes during CFD applications,
especially for generating unstructured meshes. The unstructured grids have no stable topologi-
cal structure, many mesh shapes, and high flexibility, which is convenient for simulating
complex underlying surfaces. In the test, relatively dense grids were first arranged on
the walls of the buildings to adapt to the changes in the flow field. In contrast, relatively
sparse grids were placed on the periphery of the architectural complex, and then the whole
flow field was divided regionally from the surface to the volume. The grid division of the
building surface and ground is shown in Figure 7.
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3.4. Before and after the Transformation of Planning at Different Levels of Wind
Environment Performance

The two models were subjected to numerical simulation analysis, and after the iterative
calculation was performed a sufficient number of times, the following cloud was obtained.

As shown in Table 1, we can see the wind pressure of the monastery and the monastery’s
planned transformation after the planning of the Xingguo Temple at 1.5 m, 15 m and 20 m
in height. In summer, the wind pressure and total pressure of the monastery within a 1.5 m
height are maintained between 0 pa and 6 pa. The vast majority of buildings will form
a positive-pressure area. Along the direction of the airflow, the static pressure and the
absolute pressure in the ancient tower area are relatively high, about 5 pa; next to the waters,
due to the impact of water evaporation, a wind pressure area also formed, about 0.75 pa.
After the transformation of the monastery, the south and north of the monastery (morning
bell, west hall, possession of the Court) form a longer static pressure zone, where the wind
pressure is 0.3 pa or so. In these low-pressure areas, the wind speed is not conducive to
the spread of pollutants, and it is not easy to blow away heat around the building in the
summer [39,40].

We can see the wind speed of the monastery before and after the planning of Xingguo
Temple at 1.5 m, 15 m and 20 m heights in Table 1. Before the monastery’s transformation,
the wind speed at a 1.5 m height around the ancient pagoda was maintained at 1–2–4 m/s
at most. The maximum wind speed was between 2.4 and 3.4 m/s. In the old tower and
the waters next to the emergence of two extended wind areas, as the height increases, the
static wind area behind the ancient building remains [41]. After the transformation of the
monastery, the wind speed around the monastery at the height of 1.5 m remained between
0.2 and 2.2 m/s because the new buildings and walls blocked it. Around the ancient tower,
the wind speed was reduced to 0.4–1.6 m/s, and the temple appears to have a quieter wind
area, the rate of which is 0.2 m/s or so. The wind speed of these areas is not conducive to
the proliferation of pollutants [42]. With the height growth, the wind speed increased at
15 m, where most of the local wind speed remained at 1.6–3 m/s, but the ancient tower,
main hall and waters still have a sizeable static wind area.

The wind vectors of the monastery and the monastery’s planned transformation of
Xingguo Temple at 1.5 m, 15 m and 20 m heights are shown in Table 1. As can be seen in
the figure, before the transformation of the monastery, there was a large whirlpool next to
the ancient tower. After the monastery’s planned transformation, among the main hall,
the King Hall, the Side hall, the Scripture library and the pagoda formed many smaller
whirlpools. In these areas, wind treatment is essential; otherwise, it will cause discomfort
to tourists [43,44].
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Table 1. Height of the wind pressure, wind speed and wind direction (1.5 m, 15 m, 20 m) before and
after the planned transformation.

Before Transformation After Transformation

Wind pressure

1.5 m
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Table 1. Cont.

Before Transformation After Transformation

20 m
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We can see the wind speed of the monastery before and after the planning of Xingguo 
Temple at 1.5 m, 15 m and 20 m heights in Table 1. Before the monastery’s transformation, 
the wind speed at a 1.5 m height around the ancient pagoda was maintained at 1–2–4 m/s 
at most. The maximum wind speed was between 2.4 and 3.4 m/s. In the old tower and the 
waters next to the emergence of two extended wind areas, as the height increases, the 
static wind area behind the ancient building remains [41]. After the transformation of the 
monastery, the wind speed around the monastery at the height of 1.5 m remained between 
0.2 and 2.2 m/s because the new buildings and walls blocked it. Around the ancient tower, 
the wind speed was reduced to 0.4–1.6 m/s, and the temple appears to have a quieter wind 
area, the rate of which is 0.2 m/s or so. The wind speed of these areas is not conducive to 
the proliferation of pollutants [42]. With the height growth, the wind speed increased at 
15 m, where most of the local wind speed remained at 1.6–3 m/s, but the ancient tower, 
main hall and waters still have a sizeable static wind area. 
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15 m, where most of the local wind speed remained at 1.6–3 m/s, but the ancient tower, 
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3.5. Building Surface Wind Environment Analysis

Table 2 shows the elevation wind map of the temple after the reconstruction, the
wind pressure map and the wind vector. As seen in the Table 3, the wind area formed by
high-rise buildings (ancient tower, main hall) is more significant than that of multi-storey
buildings or low-rise buildings (Dazang Pavilion, side hall, early bell). The farther the
distance between the multi-storey buildings, the less the shielding effect of the front wind
environment. The wind speed at the bottom of tall buildings is minimal, the wind direction
on the lee side is lower, and the wind speed on the lee side is lower. As the wind increases,
the wind environment on the leeward side of the high-rise building and the building
combination depend more on the height and plane of the building itself [45–48].
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Table 2. The elevation wind map of the temple after the reconstruction, the wind pressure map and
the wind vector.

Elevation wind map
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as one of the Buddhist tourism scenic areas attracts many tourists. Compared with the 
building before reconstruction, the difference between the open environment and the re-
constructed structure will inevitably affect the construction of the wind environment [49–
51]. 

According to the planning layout of Xingguo Temple, there was only one ancient 
pagoda and a small pool in the base before the transformation. The plan of the renovated 
building restores the old pagoda, expands the pool area and restores the axisymmetric 
courtyard layout of the ancient Xingguo Temple, according to ancient books. The restored 
buildings generally face south and have an incidence angle of about 30–50° from the sum-
mer wind. This planar orientation not only ensures the good ventilation of the building 
but also prevents discomfort caused by wind directly passing through the building or 
forming a large air duct. The water area after restoration is much larger than that before 
restoration. Because the water body can absorb heat and emit water vapour in the 
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Table 3. Three-dimensional wind pressure and direction maps (the picture above shows the situation
before the transformation).

Before Transformation After Transformation

3D Wind Pressure
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3.6. Wind Environment Analysis Based on Pedestrian Comfort

After the transformation, the region’s development for religion, tourism and culture as
one of the Buddhist tourism scenic areas attracts many tourists. Compared with the building
before reconstruction, the difference between the open environment and the reconstructed
structure will inevitably affect the construction of the wind environment [49–51].

According to the planning layout of Xingguo Temple, there was only one ancient
pagoda and a small pool in the base before the transformation. The plan of the renovated
building restores the old pagoda, expands the pool area and restores the axisymmetric
courtyard layout of the ancient Xingguo Temple, according to ancient books. The restored
buildings generally face south and have an incidence angle of about 30–50◦ from the
summer wind. This planar orientation not only ensures the good ventilation of the building
but also prevents discomfort caused by wind directly passing through the building or
forming a large air duct. The water area after restoration is much larger than that before
restoration. Because the water body can absorb heat and emit water vapour in the summer,
increasing the water body area can play a specific role in cooling, providing visitors with a
more comfortable sensory experience.

The following is a comparative analysis of the data on the pedestrian-height (1.5 m)
wind environment before and after the planning [52].

As shown in Figure 8a,b, a square having a side length of 400 m was selected as the
observation area in the previously calculated location, and the entirety of the monastery
may be included. Figure 8b shows the diagram after the transformation. In the same
squares, we can select three straight lines parallel to the wind direction as the observation
lines and observation points on the observation lines, denoted L1, L2 and L3; there are
410,943,410 observation points, and these points in the data are read for the analysis. In
these two schematics, three lines, L1, L2 and L3, are in red, black and green, respectively.
The L2 diagonal goes through the ancient tower. L1 and L3 observation lines are before and
after the end of the square’s four sides. The wind pressure, speed and temperature values
of the three wind observation points are read after the drawing analysis [53], as shown in
Table 1, the comparative analysis table.
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In the analysis chart in Table 4, the horizontal axis coordinates are the point positions
from northwest to southeast, and the vertical axis is wind pressure, speed and tempera-
ture. The different colored lines and shapes in the table correspond to L1, L2, and L3 in
Figure 8. In the left and right comparison columns, the range of the vertical and horizontal
coordinates of these graphs are the same, so the wind environment changes caused by the
transformation can be intuitively seen by contrasting these left and right figures [54].

Table 4. Observation points’ pressure, wind speed and temperature comparison before and after
the transformation.

Before Transformation After Transformation

P (Pa)
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crease, and the ventilation is good. On L2, due to the existence of the ancient tower, we 
can see that the wind speed on the abscissa at the 570 m position has a sharp reduction, 
with a minimum removal of 0 m/s. Then, the wind speed along the wind direction grad-
ually increases on the abscissa at 200 m. The speed in this position has risen to 2.9 m/s. 

Energies 2023, 16, x FOR PEER REVIEW 14 of 21 
 

 

Table 4. Observation points’ pressure, wind speed and temperature comparison before and after 
the transformation. 

  Before Transformation After Transformation 

P (Pa) 

  

V (m/s) 

  

T (K) 

  

In the comparative analysis of the wind speed, it can be seen that in the wind speed 
diagram before the transformation, the wind speed values of the observation points on L1 
and L3 are the same at 3.0 m/s, which is also the initial wind speed set at the boundary 
entrance. In the absence of building blocks, the winds at points on L1 and L3 do not de-
crease, and the ventilation is good. On L2, due to the existence of the ancient tower, we 
can see that the wind speed on the abscissa at the 570 m position has a sharp reduction, 
with a minimum removal of 0 m/s. Then, the wind speed along the wind direction grad-
ually increases on the abscissa at 200 m. The speed in this position has risen to 2.9 m/s. 

V (m/s)

Energies 2023, 16, x FOR PEER REVIEW 14 of 21 
 

 

Table 4. Observation points’ pressure, wind speed and temperature comparison before and after 
the transformation. 

  Before Transformation After Transformation 

P (Pa) 

  

V (m/s) 

  

T (K) 

  

In the comparative analysis of the wind speed, it can be seen that in the wind speed 
diagram before the transformation, the wind speed values of the observation points on L1 
and L3 are the same at 3.0 m/s, which is also the initial wind speed set at the boundary 
entrance. In the absence of building blocks, the winds at points on L1 and L3 do not de-
crease, and the ventilation is good. On L2, due to the existence of the ancient tower, we 
can see that the wind speed on the abscissa at the 570 m position has a sharp reduction, 
with a minimum removal of 0 m/s. Then, the wind speed along the wind direction grad-
ually increases on the abscissa at 200 m. The speed in this position has risen to 2.9 m/s. 

Energies 2023, 16, x FOR PEER REVIEW 14 of 21 
 

 

Table 4. Observation points’ pressure, wind speed and temperature comparison before and after 
the transformation. 

  Before Transformation After Transformation 

P (Pa) 

  

V (m/s) 

  

T (K) 

  

In the comparative analysis of the wind speed, it can be seen that in the wind speed 
diagram before the transformation, the wind speed values of the observation points on L1 
and L3 are the same at 3.0 m/s, which is also the initial wind speed set at the boundary 
entrance. In the absence of building blocks, the winds at points on L1 and L3 do not de-
crease, and the ventilation is good. On L2, due to the existence of the ancient tower, we 
can see that the wind speed on the abscissa at the 570 m position has a sharp reduction, 
with a minimum removal of 0 m/s. Then, the wind speed along the wind direction grad-
ually increases on the abscissa at 200 m. The speed in this position has risen to 2.9 m/s. 

T (K)

Energies 2023, 16, x FOR PEER REVIEW 14 of 21 
 

 

Table 4. Observation points’ pressure, wind speed and temperature comparison before and after 
the transformation. 

  Before Transformation After Transformation 

P (Pa) 

  

V (m/s) 

  

T (K) 

  

In the comparative analysis of the wind speed, it can be seen that in the wind speed 
diagram before the transformation, the wind speed values of the observation points on L1 
and L3 are the same at 3.0 m/s, which is also the initial wind speed set at the boundary 
entrance. In the absence of building blocks, the winds at points on L1 and L3 do not de-
crease, and the ventilation is good. On L2, due to the existence of the ancient tower, we 
can see that the wind speed on the abscissa at the 570 m position has a sharp reduction, 
with a minimum removal of 0 m/s. Then, the wind speed along the wind direction grad-
ually increases on the abscissa at 200 m. The speed in this position has risen to 2.9 m/s. 

Energies 2023, 16, x FOR PEER REVIEW 14 of 21 
 

 

Table 4. Observation points’ pressure, wind speed and temperature comparison before and after 
the transformation. 

  Before Transformation After Transformation 

P (Pa) 

  

V (m/s) 

  

T (K) 

  

In the comparative analysis of the wind speed, it can be seen that in the wind speed 
diagram before the transformation, the wind speed values of the observation points on L1 
and L3 are the same at 3.0 m/s, which is also the initial wind speed set at the boundary 
entrance. In the absence of building blocks, the winds at points on L1 and L3 do not de-
crease, and the ventilation is good. On L2, due to the existence of the ancient tower, we 
can see that the wind speed on the abscissa at the 570 m position has a sharp reduction, 
with a minimum removal of 0 m/s. Then, the wind speed along the wind direction grad-
ually increases on the abscissa at 200 m. The speed in this position has risen to 2.9 m/s. 



Energies 2023, 16, 1980 14 of 21

Energies 2023, 16, x FOR PEER REVIEW 13 of 21 
 

 

summer, increasing the water body area can play a specific role in cooling, providing vis-
itors with a more comfortable sensory experience. 

The following is a comparative analysis of the data on the pedestrian-height (1.5 m) 
wind environment before and after the planning [52]. 

As shown in Figure 8a,b, a square having a side length of 400 m was selected as the 
observation area in the previously calculated location, and the entirety of the monastery 
may be included. Figure 8b shows the diagram after the transformation. In the same 
squares, we can select three straight lines parallel to the wind direction as the observation 
lines and observation points on the observation lines, denoted L1, L2 and L3; there are 
410,943,410 observation points, and these points in the data are read for the analysis. In 
these two schematics, three lines, L1, L2 and L3, are in red, black and green, respectively. 
The L2 diagonal goes through the ancient tower. L1 and L3 observation lines are before 
and after the end of the square’s four sides. The wind pressure, speed and temperature 
values of the three wind observation points are read after the drawing analysis [53], as 
shown in Table 1, the comparative analysis table. 

 
(a) (b) 

Figure 8. Before and after the transformation: (a,b) observation line location diagrams. 

In the analysis chart in Table 4, the horizontal axis coordinates are the point positions 
from northwest to southeast, and the vertical axis is wind pressure, speed and tempera-
ture. The different colored lines and shapes in the table correspond to L1, L2, and L3 in 
Figure 8. In the left and right comparison columns, the range of the vertical and horizontal 
coordinates of these graphs are the same, so the wind environment changes caused by the 
transformation can be intuitively seen by contrasting these left and right figures [54]. 

In the comparative wind pressure analysis, we can see that the additional wind pres-
sure values for the observation points on L1 and L3 are almost 0 on the left side of the 
reconstructed wind pressure plot. On L2, due to the ancient tower’s existence, the wind 
pressure value at 570 m (Table 4) appears to jump, which is consistent with expectations. 
The wind pressure values at these points are relatively scattered in the wind pressure 
analysis chart after the transformation. The variation laws of L3 and L1 are similar, and 
the wind pressure drops slowly from 0.5 Pa to −0.5 Pa along the wind direction. In reduc-
ing the slight bounce, the pressure on L2 is profound compared to the transition before 
the change, but the tower still has a noticeable jump in its position in the tower. Several 
smaller jumps in the rear are related to the new building behind [55–57]. At points on L1 
and L3, the wind pressure values are more disturbed than before, especially in the middle 
zone, and the overall wind pressure value should be lower. 

  

Figure 8. Before and after the transformation: (a,b) observation line location diagrams.

In the comparative wind pressure analysis, we can see that the additional wind
pressure values for the observation points on L1 and L3 are almost 0 on the left side of the
reconstructed wind pressure plot. On L2, due to the ancient tower’s existence, the wind
pressure value at 570 m (Table 4) appears to jump, which is consistent with expectations.
The wind pressure values at these points are relatively scattered in the wind pressure
analysis chart after the transformation. The variation laws of L3 and L1 are similar, and the
wind pressure drops slowly from 0.5 Pa to −0.5 Pa along the wind direction. In reducing
the slight bounce, the pressure on L2 is profound compared to the transition before the
change, but the tower still has a noticeable jump in its position in the tower. Several smaller
jumps in the rear are related to the new building behind [55–57]. At points on L1 and L3,
the wind pressure values are more disturbed than before, especially in the middle zone,
and the overall wind pressure value should be lower.

In the comparative analysis of the wind speed, it can be seen that in the wind speed
diagram before the transformation, the wind speed values of the observation points on L1
and L3 are the same at 3.0 m/s, which is also the initial wind speed set at the boundary
entrance. In the absence of building blocks, the winds at points on L1 and L3 do not
decrease, and the ventilation is good. On L2, due to the existence of the ancient tower, we
can see that the wind speed on the abscissa at the 570 m position has a sharp reduction, with
a minimum removal of 0 m/s. Then, the wind speed along the wind direction gradually
increases on the abscissa at 200 m. The speed in this position has risen to 2.9 m/s. The sharp
decrease in L2 is consistent with the presence of the windshield area of the ancient tower in
the figure. In the wind speed analysis chart, on the right side of the transformation, the
values of the three observation lines fluctuate. The wind speed on L1 is gradually reduced
from 3.0 m/s at 700 m to 2.2 m/S; at the L3 observation point, the wind speed decreases
from 3 m/s to 2.3 m/s and then again rises to 2.9 m/s, and at the L2 observation point,
the wind speed fluctuates. Along the wind speed direction, the wind speed slows down
from 3 m/s, and at the 700 m position, it has been reduced to 2.8 m/s. Then, from 600 m to
0 m/s, the wind speed at the L2 observation point fluctuates between 600 m and 400 m.
After 400 m, the wind speed gradually increases and rises to 3.0 m/s at 100 m. Comparing
the left and right figures, we can see that due to the addition of new buildings in the core
area of 400–600 m, the wind speed has significant fluctuations compared with before the
transformation and is less than 3.0 m/s. Still, it also shows no canyon effect, and the local
wind speed is not enhanced. However, due to the new buildings’ blockage, the wind area’s
core area has significantly increased in many places without wind. The ventilation in these
areas is not very good [58–60].

The temperature comparison analysis shows that the temperature values of observa-
tion points on L1 and L3 coincide with 300 K in the temperature map before the transforma-
tion on the left side, which is also the initial boundary value. The temperature value at the
observation point is 100.00~450 m, and the temperature value of this part is 300.001 K, but
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it is not the same as 300 K. The small effect on the temperature change can be considered
before the transformation, although there is a smaller pond. In the after-transformation
temperature diagram, the temperature value points on L2 and L3 are 300 K compared with
before the change, and the temperature value on L1 is altered. Along the direction of the
wind speed, the temperature point on L1 is also the initial temperature of 300 K in the range
of 700 m to 500 m. Still, from the 500 m position, the temperature of these points is reduced,
and it is not a continuous reduction. The temperatures at these points are more dispersed,
with the lowest reduced to 299.989 K, and the 300 m position has rebounded, rising to
299.95 K. In comparison, the small pond before the transformation has little effect on the
temperature of the whole area because of its small size [61–63]. After the transformation,
the water area increased significantly, in a particular range that can improve the regional
temperature environment and help improve the comfort of pedestrians.

In the comparison of the wind pressure, wind speed and temperature before and after
the transformation, the data on these observation points were statistically analysed, and
the average values of wind pressure, wind speed and temperature before and after the
transformation were obtained on L1, L2 and L3 [64,65]. Changes in the mean and the data
obtained from the statistics are shown in Table 5.

Table 5. Comparison of observation points before and after planning and transformation.

Observation Position Before Transformation After Transformation

P (Pa)
L1 0.0198 −0.0236
L2 0.1213 0.1367
L3 0.0197 −0.1325

V (m/s)
L1 3.0181 2.7157
L2 2.6117 2.3289
L3 3.0110 2.7675

T (K)
L1 300.0000 299.9971
L2 300.0001 300.0003
L3 300.0000 300.0000

These data are plotted as a comparative histogram in Figures 9–11.
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Figure 9 shows the average pressure change histogram on the three observation lines
before and after the transformation. It can be seen that the moderate wind pressure at
points on L1 and L3 has changed from positive to negative values, and significantly, L3
decreases the most. This is related to the impact of L3 on buildings, so corresponding
measures should be taken in the area where L3 is located.

Figure 10 shows the average wind speed variation histogram on the three observation
lines before and after the transformation. As is seen in this figure, the average wind speed
on L1, L2 and L3 is reduced, and the reduction is about 0.3 m/s. The change is more
uniform, so the average wind speed from the point of view of the regional wind speed has
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a specific reduction after the transformation, but the reduction is more balanced. There is
no place where it is reduced by too much, and the ventilation is better [66].

Figure 11 shows the average temperature change histogram on the three observation
lines before and after the transformation. It can be seen that the moderate temperature
changes on the three observation lines are not very large. Still, the average temperature
drop at the L1 point reaches 0.003 K, and there is a specific improvement. The average
temperature on L2 and L3 is almost constant. These results also explain the role of water in
regulating the ambient temperature [67].

4. Discussion

The research objects of this paper are traditional Chinese courtyard buildings. Using
modern analytical techniques to analyse the green environment of the classical architectural
complex provides a new angle and method for the design and research related to the
restoration and protection of ancient buildings. Through the above analysis, the results
show that the combination of the building’s height and plane has a significant influence
on the building’s wind environment. In addition, it can be concluded that increasing the
water area can improve the regional temperature environment [68].

In addition to the above key points, the following shortcomings should also be studied
in the future.

• High wind speed is conducive to diffusing air pollutants and improving air quality.
However, it is essential to note that high airflow speeds at pedestrian height may
negatively affect human comfort [69–71]. Therefore, future research can combine air
quality indexes and human comfort indexes under different ventilation conditions.

• The CFD simulation was carried out in the summer. Due to the different heating
demands in different seasons, a future comparative temperature analysis before and
after renovation should be carried out in winter [72–74]. Thus, the pool’s size influence
on environmental temperature regulation can be further studied.

• Based on the importance of the spatial form in protecting ancient architectural heritage,
the renovation and reconstruction of old buildings have significant limitations on the
building’s height and plane [75–77]. This also puts forward higher requirements for
improving a green building’s environment. Future research should focus on improving
the architectural wind environment and human comfort as much as possible while
ensuring ancient buildings’ spatial structure and shape.

• Gaotang Xingguo Temple is located 15 kilometres north of the city of Liangcun Town,
which is part of the suburbs. For the preservation and restoration of ancient buildings,
most of the remains in urban areas are better preserved than those in suburban areas
due to their geographical advantages. Therefore, architectural protection focuses on
repairing and utilising historical buildings. The remains of ancient buildings in the
suburbs are usually seriously damaged due to disrepair. In addition to improving
critical cultural relics, the reconstruction and restoration of original buildings also
occupy a significant proportion of work. Therefore, preserving and utilising historical
buildings in suburban areas are more feasible in terms of a green environment than in
urban areas. Future research can start from the protection of a city’s historic buildings
to the exploration of the potential of green energy conservation in protecting and
repairing landmark buildings [78,79].

5. Conclusions

In recent years, with the continuous development of the economy, people’s sense of the
conservation of heritage has continued to strengthen, so many marginal building heritages
have been protected. However, many measures used to protect ancient buildings are still
not very appropriate and do not receive enough attention. In the new situation, on the
one hand, we have to strengthen people’s awareness of the protection of ancient buildings.
On the other hand, we should perform more analyses of these old buildings to provide a
basis for further protection. This study took Gao Tang Liangcun Xingguo Temple as the
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engineering background based on the Fluent Computational Fluid Mechanics software.
The wind environment of the monastery before and after the construction was compared,
and the influence of the water body on the wind environment was calculated and analysed.

• Regarding the wind pressure, after the monastery’s planned transformation, the south
and north (morning bell, west hall, possession of the Court) of the monastery formed a
longer static pressure belt, where the wind pressure is about 0.3 pa. The wind speed in
these low-pressure areas is not conducive to spreading contaminants and heat around
the summer building.

• Regarding the wind speed, after the monastery’s planned transformation, at the 1.5 m
height, the wind speed in the monastery between the ancient tower and the main hall
remained around 0.2–2.2 m/s. The waters have a large static wind area at a speed
of 0.2 m/s. Low wind speed is not conducive to the diffusion of pollutants. Many
vortices formed among the Main hall, the King hall, the Side hall, the Scripture library
and the pagoda. These places should be prepared for wind. Otherwise, it will cause
discomfort to visitors.

• In general, the programme’s transformation improved the building’s ventilation per-
formance, although to a certain extent, it reduced the wind speed, and the regional
reduction is more balanced. There are individual areas of static wind, and this needs
special attention. The new plan to increase the pool size of the original small pond
area will reduce the ambient temperature effect.

• Local climate conditions should be considered in the early layout design of the outdoor
environment in the ancient building reconstruction planning area. Based on the
restoration and maintenance of old buildings, the size of courtyards, water area and
building height can be adjusted to create comfortable and pleasant architectural wind
and thermal environments. For building restoration work, since the building scope is
mainly to restore the original form and ensure regulation, the analysis of the building’s
wind environment can intuitively visualise the static pressure zone, static wind area,
whirlpool and so on during the planning, which provides the design basis and starting
point for improvements in the early design stage. Thus, green water bodies optimise
and improve the overall environment by optimising local building combinations and
introducing windproof measures.
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