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Abstract: The high intensity of solar radiation and long sunshine time in the Turpan area lead to the
necessity of sunshade construction. Sunshade components can effectively block direct solar radiation
and the secondary heating of buildings. Through the analysis of the importance and sensitivity of
sunshade components, it was found that the importance of sunshade components accounts for the
largest proportion of multi-parameters, and the sensitivity of sunshade components accounts for
about 60% of the total. At the same time, the change in sunshade length has an important influence on
the proportion of air conditioning energy consumption and space comfort when the sunshade length
reached the 0.6 m—0.8 m range. The energy consumption curve of air conditioning no longer decreased
and tended to be horizontal, which showed that a sunshade could effectively reduce the energy
consumption of air conditioning, while the PMV comfort curve gradually increased and tended
to be horizontal, indicating that a sunshade could effectively improve indoor comfort; therefore, a
sunshade could reduce direct solar radiation, reduce the energy consumption of air conditioning and
improve indoor thermal comfort. In view of the extremely harsh climate characteristics of Turpan,
although Turpan needs to carry out shading design, as a typical wind-sensitive component, the
structural safety of the visor under the action of an extreme wind environment is the primary focus
of designers. The design requires wind loads as control loads. Based on the ANSYS Workbench
platform, this study used the fluid—structure coupling technology to calculate and solve for the wind
load stress and strain of a horizontal sunshade and a vertical sunshade in a cantilevered external
sunshade of different buildings orientations. In this study, by solving for the maximum principal
stress and maximum principal elastic strain under 10 working conditions, the results showed that the
maximum principal stress of the sun visor under all working conditions was 0.39 MPa, which is much
smaller than the tensile strength of C25 concrete. The calculated maximum principal elastic strain of
the sun visor was 0.12 x 10~%, which is much smaller than the maximum strain value of concrete.
Therefore, the wind load under this research condition had no great influence on the structural safety
of the concrete sunshade, which proves the structural feasibility of the building sunshade member in
the Turpan area, and provides a reference for the future practical engineering of cantilever members
in the Turpan area.

Keywords: building shading; computational fluid dynamics; wind load characteristics; numerical
simulation

1. Introduction

Turpan is located in the intermountain basin in the middle-eastern part of the Xinjiang
Uygur Autonomous Region. This basin is the lowest basin in China. Turpan has five
major characteristics: long sunshine hours, a large temperature difference between day and
night, low precipitation, high temperature, and strong wind. It belongs to the temperate

Processes 2022, 10, 857. https:/ /doi.org/10.3390/pr10050857 https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr10050857
https://doi.org/10.3390/pr10050857
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr10050857
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10050857?type=check_update&version=1

Processes 2022, 10, 857

2 of 38

desert climate [1]. According to relevant specifications, for areas with hot summers and
cold winters, that is, for areas with high solar radiation intensity in summer and long
periods of sunshine, the solar radiation intensity in winter is relatively low [2]. Buildings in
such areas need to take certain measures to achieve heat protection in summer conditions
and heat preservation in winter. According to statistics, in Turpan, the total annual solar
sunshine time in summer reaches more than 3000 h, the annual sunshine rate is 70%, and
the solar radiation is 5940-6120 MJ /m?, of which, the solar radiation intensity is from June
to August [3]. Turpan air conditioners are used from May to October every year for more
than five months. The air conditioner degree days are 553 °Cd. According to the data
analysis obtained by the research group, the importance analysis and sensitivity analysis of
the sunshade components are shown in Figures 1 and 2.
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Figure 1. Analysis of the importance of shading components.
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Figure 2. Sensitivity analysis of shading components.

According to the analysis of the importance of the shading components, the im-
portance of the parameters of the shading components is much higher than that of the
building window-to-wall ratio, the thickness of the roof insulation layer, the comprehen-
sive heat transfer coefficient of the external windows, and the parameters of the envelope
structure [4]. The order of importance from high to low is window-to-wall ratio in the
south (WWR_S), window-to-wall ratio in the north (WWR_N), and window heat transfer
coefficient (WHTC); according to the sensitivity analysis of the sunshade components, the
sensitivity of the sunshade components in the multi-parameter analysis accounts for about
60% of the total.
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Bruhwiler studied the radiative heat transfer characteristics of 26 bicycle helmets and
their associated sun visors were evaluated using a thermally simulated head shape in the
climate chamber to evaluate their ability to protect the wearer from the sun, which showed
that all the helmets of the study resisted 50-75% of the radiant heat in the case of no visor
and resisted 65-85% of radiant heat in the case of a visor [5]. With the development of
computational fluid dynamics technology, Qing et al. used ecological building ECOTECT
simulation software analysis of the influence of a sun visor on the solar radiation in a
university building, the radiation changes in the sun visor in the reading room were
analyzed, and the corresponding sun visor adjustment control strategy was given [6].
Huo et al. conducted on-site comparison tests in a cold area of China by comprehensively
studying the effects of external shading on the thermospective optical properties of ultra-
low energy consumption [7]. The results showed that the outer shading device helped to
keep the indoor temperature in the sunside area below the temperature of the reference
area in the summer and helped the indoor temperature of the sunshade area to stay below
the temperature of the reference area. Ye et al. showed through simulation and experiments
that by using high reflective materials, the inner shade can significantly reduce the cold
load. If they are used, the reduced cold load of the internal sunshade can even match the
outer sun [8]. Sun et al. used simulation software to analyze the indoor fluid environment
and energy-saving effects after setting outdoor shading devices [9]. The results showed
that through reasonable outdoor sunshade design, the indoor thermal environment and
comfort level could be significantly improved while reducing air conditioning energy
consumption. Shahdan et al. studied the effects of external sunshade equipment for
different configurations on the energy consumption of a case study building [10]. The
results showed that the energy consumption of different configurations was significant and
was best configured as an egg box sunshade. Alhuwayil et al. analyzed the energy-saving
potential and economic feasibility of implementing external passive shading strategies
for multi-story hotel buildings under the typical wet hot weather of Saudi Arabia [11].
Studies showed that implementing passive shading strategies can reduce the annual energy
consumption of the benchmark building by 20.5%. However, this study was specifically
targeted toward the Northern Hemisphere and in the main climate, the proposed sunshade
strategy was only available for a given direction. Through further research, it was found
that the sunshade components had a significant impact on the energy consumption of
the air conditioner. Arifin et al. studied indoor temperature and relative humidity using
indoor temperature and relative humidity equipment (Hobo Data Logger) in office rooms
that were affected by three different types of shading equipment in Malaysia, focusing on
vertical shading, horizontal shading, and egg-crate shading [12].

In many buildings, energy usage can be significantly reduced by adopting passive
strategies [13]. Building shading is considered to be an economic and effective passive
technology. Many scholars have conducted a series of related research on architectural
shading. The shave sunshade is preferably between the sun and the area to be cooled,
and the sunshade coefficient is between 0.29-0.33. Existing research has promoted the
development of architectural shading, but most studies are universal, mainly concentrated
in urban buildings or public buildings [14-19]. The external boundary conditions of the
building do not consider the impact of various local factors, and it is not possible to adapt
to the specific extreme thermal climatic conditions, such as those in Turpan, which cannot
be effectively combined with the geographical properties of the building. Moreover, the
optimization design of the sunshade member does not take into account the influence of
the extreme wind environment; furthermore, the research is mainly concentrated in the
southern hot areas, with less research on regional buildings in the Northwest Basin [20,21].

Moreover, wind disasters are the largest part of natural disasters, which will cause
great losses and damage to buildings and many aspects of production and life [22]. Turfan
has an average wind speed of more than 17 m/s for nearly three months. The effect of
wind on an object will affect the structural system and produce wind pressure. The wind
that plays a role in structural safety is usually formed by atmospheric movement under
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conditions of intense activity. The wind-induced displacements have a certain periodicity
and change steadily [23]. The software used in this study was ANSYS, where the numerical
wind tunnel was simulated using CFD technology; the stress and strain were realized
through a workbench; and finally, through the Workbench platform, the fluid-structure
coupling was realized. Therefore, in modern buildings, this research can play a guiding
role in the design and application of cantilevered external shading components. Through
the studies, it can be seen that previous studies on sun visors were still not perfect, the
research on the wind load of sun visors was different, and the feasibility analysis of sun
visor structures under extreme wind environments was even more lacking. Therefore, for
modern buildings, this research can play a guiding role in the design and application of
cantilevered external shading components under extreme wind conditions [24].

2. Methodology

In recent years, the rapid development of computers has brought new research break-
throughs to wind engineering. The numerical simulation of computational fluid dynamics
is similar to wind tunnel experiments and is called a “Numerical Wind Tunnel (NWT)” [25].
In the process of wind load research using computational fluid dynamics technology, con-
sidering the different sizes of turbulence vortices, the degree of convergence and accuracy
of the calculation results will be largely affected by the selection method of the turbulence
model such that different turbulence models are critical to the accuracy and precision of
the numerical simulation of the wind load on the building’s north-south horizontal and
vertical sunshades [26]. Among them, the fluid mechanics equation is the basis of the
solution [27]. Based on the different scale of the turbulent vortex, the Nmurs equation can
obtain the exact solution of the turbulence information of the fluid motion process from the
theoretical level [28].

This research was based on ANSYS numerical simulation, which can analyze the defor-
mation or movement of a deformed solid under the action of a fluid load. After establishing
a reasonable building model, the fluid—structure coupling technology of the workbench
platform and fluid field analysis was adopted. Fluent was used, and Mechanical was used
for the solid field analysis. The study used Fluent calculations, and the calculation process
used the finite volume method. By comparing the effects of different turbulence models on
the accuracy of numerical simulation, and combining with the related research results of
various turbulence models at home and abroad [29-31], in this study, Reynolds average
N-S equations model and standard k-¢ turbulence model were selected for numerical
wind tunnel simulation. Among them, the turbulence model of the fluid field was the
standard k-epsilon model, and the solid field calculation used the finite element method.
Through the workbench platform, the wind field was imported into the solid field, and
the calculation results of the flow field (pressure field) of Fluent were read by Mechanical,
and the equivalent stress, strain, maximum principal stress, and principal elastic strain
were calculated, thereby completing the shading component structural safety analysis in
wind loads.

Through field investigations, it was found that many renewable energy utilization
technologies have been put into use in the Turpan demonstration area, and the compre-
hensive use of photovoltaic and photothermal technologies has been adopted. The whole
demonstration area will be the renewable energy utilization mode of ground source heat
pump cooling and heating, microgrid system operation and meteorological observation
station operation, new energy bus station, and solar roof photovoltaic power generation.

Through testing the indoor environment data of the Turpan demonstration area, it
was found that the indoor thermal environment of modern buildings in Turpan was poor
under the action of natural ventilation, and the comfort of the space is largely provided by
the active energy supply. In this area, due to the lack of reasonable sunshade components
and the large window-to-wall ratio, there are a large number of transparent enclosure
structures (such as windows), which leads to some problems in the running state of
L equipment. The air conditioning and heating of the building are all in the same group of
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ground source heat pump units, and the power consumption of this unit is an important
embodiment of the overall cooling and heating load of the building. At the same time,
under the condition of using solar energy resources in the demonstration area, the energy
consumption per unit area of the building for refrigeration was 24.17 kW-h/m?, and the
energy consumption for heating was 26.35 kW-h/m?, which was higher than the energy-
saving standard of 65%. Therefore, taking scientific and reasonable measures to reduce the
adverse effects of solar radiation on buildings is in line with Turpan’s regional policy of
promoting new urbanization.

2.1. Optimal Parameter Combination and Numerical Solution Design
2.1.1. Parameter Combination Analysis of Building Orientation and Shading Components

Model construction is the basis of finite element analysis. This article used Rhino
software to model a 1:1 full-scale model and import it into ANSYS software for further
numerical calculations. There are many kinds of sun visor materials [32]. External sun-
shading visors include sun visors, sun-shading roller blinds, awnings, movable shutters,
and other types. This study selected C25 reinforced concrete as the sun visor material. The
corresponding elastic modulus Ec was 2.8 x 10* MPa, the Poisson’s ratio Vc was 0.2, the
density pc was 2400 kg/m?3, and the damping coefficient was 0.05. The size of the building
was 23.46 m x 12.06 m x 18.2 m. Due to the difference in the width of different windows,
the length of the horizontal sun visor was generally between 1.2 m and 2.0 m, and the
length of the outer cantilever was 0.8 m; The cantilever length of the vertical sunshade is
0.6 m, the height was 1.5 m, and the thickness was 0.08 m. The partial schematic diagram is
shown in Figure 3.

(a) (b)

Figure 3. Schematic diagram of building model with sun visors. (a) Schematic diagram of the
south-facing horizontal sun visors; (b) Schematic diagram of the north-facing horizontal sun visors.

2.1.2. Orthogonal Experiment Combination Design

In this research, 10 numerical orthogonal experiments with 5 building orientations
under the conditions of southeast wind and northwest wind were carried out, and all
working conditions were screened. The specific working conditions are set as shown in
the Table 1. The calculation of this project adopted extreme wind conditions, where the
wind speed was 28 m/s, and the southeast wind and northwest wind were selected as the
dominant wind directions according to the local wind rose chart. Five orientations were
selected for the architectural orientation, namely, south, south by west 15, south by west 30,
south by east 15, and south by east 30.
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Table 1. Orthogonal experiment table.

Building Orientation Model Name Characteristic Wind Total
Southeast wind 28 m/s
South Orientation_S

Northwest wind 28 m/s
Southeast wind 28 m/s

South by east 15 Orientation_E_S_15
Northwest wind 28 m/s
Southeast wind 28 m/s

South by east 30 Orientation_E_S_30 10
Northwest wind 28 m/s
Southeast wind 28 m/s

South by west 15 Orientation_W_S_15
Northwest wind 28 m/s
Southeast wind 28 m/s

South by west 30 Orientation_W_S_30
Northwest wind 28 m/s

2.2. CFD Numerical Wind Tunnel Calculation Parameter Setting
2.2.1. Calculation Parameter Settings

The inlet velocity boundary condition was used at the inlet of the windward side
of the calculation basin to define the average wind speed and direction of the incoming
flow, the turbulence intensity was set to 5%, and the turbulence viscosity ratio was 10. The
calculation adopted the self-maintaining technology of the inlet wind profile, which further
improved the accuracy of the numerical simulation. A fully developed outflow boundary
condition was used at the outlet of the calculation basin. The ground and building surface
adopted the non-slip static wall boundary condition (wall), and the roughness constant
was 0.5. Symmetrical free-slip wall boundary conditions (symmetry) were used on the top
and sides.

In this study, the turbulence model in the analysis process used the SSTk-w model,
which has a good effect on the flow around bluff bodies. The N-S control equation, second-
order upwind style, the pressure base solution method, and SIMPLE velocity pressure
coupling algorithm were used, and other parameters were the default settings. Based on the
above parameter settings, the target building and sunshade components were calculated
in the CFD numerical wind tunnel. Furthermore, this study conducted stress and strain
analysis on the wind load of the building’s shading components under the action of two
maximum wind speeds with a certain turbulence intensity (v = 28.0 m/s, southeast wind
and northwest wind).

2.2.2. Computational Domain Selection and Meshing

When using numerical wind tunnels, one should choose a sufficiently large computa-
tional domain to minimize the influence of the computational domain’s size on the flow
field near the model. At the same time, the selection of the calculated watershed also has a
great influence on the analysis time and the accuracy of the results. Therefore, in order to
fully develop the flow and considering the calculation efficiency, the calculation domain
was 50 m x 80 m x 30 m and the blocking rate was 2.0%.

This model was meshed in advanced meshing software. Because the cantilever struc-
ture of the building changed with height, it presented different wind load conditions in
the wind environment. Therefore, the meshing process adopted a non-uniform structure
with relatively good adaptability. Structured triangular and quadrilateral hybrid mesh
patterned mesh were used in the process of generating the grid in order to enable the grid
to reproduce the shape of the building, and to obtain more accurate calculation results, the
grid sizes of different parts were different. The minimum grid size of the building surface
was 1/80 of the height of the building, the grid size at the sun visor was 1/140 of the height
of the building, and the maximum grid size of the computational domain was 1/40 of the
height of the computational domain
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In order to increase the calculation speed, the grid in the middle of the model was
relatively sparse; in order to calculate the accuracy, the grid on the left and right sides of the
model was encrypted. The grid model of the numerical wind tunnel in this study is shown
in Figure 4, in which the grids of the main building and the surface boundary layer were
encrypted. After the division was completed, the total number of model body elements
was 1,962,800 and the total number of mesh nodes was 342,413.

0.000 15.000 30.000 (m)
I 0O

7.500 22.500

Figure 4. Computational domain meshing.

2.3. Numerical Simulation of Fluid—Solid Coupling for Structural Analysis of a Sun Visor

The sunshade component of the research object was a reinforced concrete cantilever
structure, which had a small solid deformation under a wind load. Therefore, this study
adopted the unidirectional fluid-solid coupling method for the wind load calculation,
ignoring the influence of the sunshade’s deformation on the fluid field. The finite element
analysis road map of structural forces is shown in Figure 5.

Field research
and analysis
literature
Research

Visual analysis of
calculation results

Selection of sunshade Analysis of design parameters Orthogonal experimental
components of sunshade components design of research parameters

CFD numerical wind
I tunnel experiment I
mechanical static

analysis
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Workbench fluid-structure < ANSYS model |

coupling analysis

Analysis of Stress
Coefficient of Shading
Components

Y

Arrangement and analysis Appropriate combination Safety analysis of sunshade
of calculation results - - analysis components
Analysis of Strain

Coefficient of Shading

Components {

Figure 5. Road map of finite element analysis of structural forces.

ANSYS software comes with a powerful meshing function; therefore, the building
model shown in Figure 4 was imported into the Mechanical computing environment for
meshing. The exterior surfaces of the building and the sun visors were all meshed with
quadrilateral elements. The grid of the solid field after division is shown in Figures 6 and 7,
and then the north-south horizontal and vertical sun visor finite element calculation model
was obtained. The number of nodes in the grid was 14,415,953, the number of cells was
3,515,856, the growth rate was 1.2, and the transition ratio was 0.272.



Processes 2022, 10, 857

8 of 38

0.000 5.000 10.000 (m)
— I
2500 7500

Figure 6. South-facing horizontal sun visor structure grid.

0.000 5.000 10.000 (m)
L I
2.500 7.500

Figure 7. North-direction vertical sun visor structure grid.

Under strong wind conditions, the load on the sun visor in the calculation model
of this study was composed of wind load and dead load. The wind load was the static
load of the southeast wind and the northwest wind (28 m/s) under the setting conditions,
and the dead load was generated by the gravity of the sun visor itself. In this working
condition, the connection between the north—-south sunshade and the building structure
was a fixed constraint.

3. Analysis Results of Shading Components under Different Working Conditions
Wind Load on Sunshade Components under Changing Building Orientation

In order to facilitate the subsequent analysis, the building’s south-facing horizontal
sun visors were divided into I-IV areas according to the height of each floor, and the sun
visors of each layer were numbered (D—(e) in the horizontal direction, as shown in Figure 8;
for the same reason, the north-facing vertical sun visors of the building were divided into
I-XVIII areas according to the vertical axis, and the sun visors of each layer were numbered
@O—® in the vertical direction, as shown in Figure 9.
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II1
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0.000 5.000 10.000 (m)
— —
2.500 7.500

Figure 8. Schematic diagram of south-facing sun visors.

0.000 5.000 10.000 (m)
I —
2.500 7.500

Figure 9. Schematic diagram of north-facing sun visors.

(1) The southeast wind, where the southward horizontal sun visors changed with the
orientation of the building

In the southeast wind conditions, the comparison of the von Mises equivalent stress
distribution cloud diagrams of wind loads for different building orientations showed
that the building orientation had a greater influence on the equivalent stress of the south-
facing horizontal sun visors and the overall coefficient of variation was 96.18%. On the
whole, the average value of the equivalent stress of the south-facing horizontal sun visors
under the southeast wind condition was 162,422.88 Pa. When the building orientation
was true south and south by west 15, the maximum equivalent stresses of the south-
facing horizontal sun visors were respectively 377.28 Pa and 577.11 Pa. When the building
orientations were south by west 30, south by east 30, and south by east 30, the maximum
equivalent stresses of the south-facing horizontal sunshades were 336,220 Pa, 194,540 Pa,
and 280,400 Pa, respectively.
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From Figure 10a—e, it can be clearly seen that under southeast wind conditions, the
building orientation had a certain influence on the equivalent stress distribution of the south
horizontal sun visor wind load and the south horizontal sun visor wind load of different
building orientations. The distribution area of the effective force was different. When
the building was facing south, the maximum equivalent stress was distributed at the sun
visor numbered III-@. When the building was oriented south by west 30, the maximum
equivalent stress was distributed at the sun visor numbered I-@. When the building
orientations were south by west 30, south by east 15, and south by east 30, the equivalent
stress of the wind load of the building’s south-facing horizontal sunshade was continuously
strengthened with the height of the story and the stress concentration area was at the top of
the building’s sunshade. Among them, when the building orientation was south by west 30,
the maximum equivalent stress was distributed at the sun visor on the west side of the top
floor, numbered IV-@); when the building orientation was south by east 15, the maximum
equivalent stress was to the east, distributed at the sun visor numbered IV-(9); when the
building orientation was south by east 15, the maximum equivalent stress was distributed
at the sun visor numbered IV-(. These stress concentration distributions should be paid
attention to in structural design.

(2) Northwest wind, where the southward horizontal sun visors changed with the orien-
tation of the building

In the northwest wind conditions, the comparison of the von Mises equivalent stress
distribution cloud diagrams of wind loads on the sun visors of different buildings showed
that the equivalent stress of the south horizontal sun visors under the northwest wind
conditions was smaller, with an average value of 6141.3 Pa, which was much smaller
than the southeast wind conditions. On the whole, the building orientation had a greater
influence on the equivalent stress of the south-facing horizontal sunshade and the overall
coefficient of variation was 47.80%. When the building orientation was true south, the
maximum equivalent stress of the south-facing horizontal sun visors was 4752.4 Pa. When
the building’s orientation was south by west 15 and south by west 30, the maximum
equivalent stresses of the south-facing horizontal sunshade were 10,573 Pa and 6335.1 Pa,
respectively. When the building orientations were south by east 15 and south by east 30,
the maximum equivalent stresses of the south-facing horizontal sunshade were 2571.3 Pa
and 6474.7 Pa, respectively.

From Figure 11a—e, it can be clearly seen that under the northwest wind conditions,
the building orientation had a certain influence on the equivalent stress distribution law
of the wind load on the south horizontal sun visors, and the effects of different building
orientations on the south horizontal sun visor wind loads and other effects; the force
concentration distribution area was different. When the building was oriented toward the
south direction, the equivalent stresses of the bottom I area and the top IV area were larger
and the maximum equivalent stress was distributed at the sun visor numbered IV-(D). When
the building orientations were south by west 15, south by west 30, south by east 15, and
south by east 30, the equivalent stresses of the wind loads of the building’s south-facing
horizontal sunshade were continuously strengthened with the height of the story, and the
stress was concentrated; the area was located at the sun visor of zone IV on the top floor
of the building. Among them, when the building orientation was south by west 15, the
maximum equivalent stress was distributed at the sunshade on the west side of the top
floor, numbered IV-(D); when the building orientation was south by west 30, the maximum
equivalent stress was distributed on the top floor at the sun visor on the west side numbered
IV-(); when the building was oriented south by east 15, the maximum equivalent stress
continued to shift to the east and was distributed at the sun visor numbered IV-(¢); when the
building was oriented to south by east 30, the maximum equivalent stress was distributed
at the sun visor numbered IV-(6).
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Figure 10. The southeast wind, where the southward horizontal sun visor changed with the orienta-
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visors in the direction of south by east 30.
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Figure 11. Northwest wind, where the southward horizontal sun visors changed with the orientation
of the building. (a) Clouds of the sun visors in the south direction; (b) Clouds of the sun visors in
the direction of south by west 15; (c) Cloud map of sun visors in the direction of south by west 30;
(d) Cloud map of sun visors in the direction of south by east 15; (e) Cloud map of the sun visors in
the direction of south by east 30.

(3) Northwest wind, where the northward vertical sun visors changed with the orienta-
tion of the building

In the northwest wind conditions, through the comparison of the von Mises equivalent
stress distribution cloud diagrams of the wind load on the north-facing vertical sun visors
of different buildings, it can be seen that the building orientation had a small effect on
the equivalent stress of the north-facing vertical sun visors and the overall coefficient of
variation was 26.01%. On the whole, the average value of the equivalent stress of the
northward vertical sun visors under the northwest wind condition was 133,252.4 Pa. When
the building was facing south, the maximum equivalent stress of the north-facing vertical
sunshade was 152,790 Pa. When the orientations of the building were south by west 15 and
south by west 30, the maximum equivalent stresses of the north-facing vertical sunshades
were 139,130 Pa and 151,160 Pa, respectively. When the building orientations were south by
east 15 and south by east 15, the maximum equivalent stresses of the north-facing vertical
sunshade were 72,022 Pa and 151,160 Pa, respectively.

From Figure 12a—e, it can be seen that under northwest wind conditions, the building
orientation had a certain effect on the equivalent stress distribution of the north vertical
sun visor wind load. The equivalent stresses of the north vertical sun visor wind loads for
different building orientations and the concentrated distribution areas were different. In
the northwest wind condition, the equivalent stress of the wind load is concentrated on
the north vertical sun visors of the building and the equivalent stress concentration area
depended on the angle between the wind direction and the building. When the building
was facing south, the wind angle was 45°, the equivalent stress was concentrated at both
ends of the building, and the maximum equivalent stress was distributed at the sun visor
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numbered XVIII-2). When the building was oriented south by west 15, the wind angle was
60° at this time, the equivalent stress was concentrated at both ends of the building, and
the maximum equivalent stress was distributed at the sun visor numbered I-@. When the
building was facing south by west 30, the wind angle was 75° at this time, the equivalent
stress was concentrated at both ends of the building, and the maximum equivalent stress was
distributed at the sun visor numbered I-@). When the building was oriented south by east 15,
the wind angle was 30°at this time, the equivalent stress concentration position shifted to the
middle of the building, and the maximum equivalent stress was distributed at the sun visor
numbered XIV-@3). When the building orientation was south by east 15, the wind angle was
15° at this time, the equivalent stress was concentrated in the middle part of the building,
the equivalent loads of the sun visors on each floor were relatively large, and the maximum
equivalent stress was distributed at the sun visor numbered XII-@®. When designing the
structure, attention should be paid to the distribution of these stress concentrations.
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Figure 12. Northwest wind, where the northward vertical sun visors changed with the orientation of
the building. (a) Cloud map of the sun visors in the south direction; (b) Cloud map of the sun visors
in the direction of south by west 15; (c) Cloud map of sun visors in the direction of south by west 30;
(d) Cloud map of the sun visors in the direction of south by east 15; (e) Cloud map of the sun visors
in the direction of south by east 30.

(4) Southeast wind, where the northward vertical sun visors changed with the orientation
of the building

In the southeast wind conditions, through the comparison of the von Mises equivalent
stress distribution cloud diagrams of the wind loads on the north-facing vertical sun visors
of different buildings, it can be seen that the building orientation had a great influence
on the equivalent stress of the north-facing vertical sun visors and the overall coefficient
of variation was 115.75%. On the whole, compared with the northwest wind condition,
the equivalent stress of the north vertical sun visors under the southeast wind condition
was smaller and the average value was only 6237.8 Pa. When the building orientation
was true south, the maximum equivalent stress of the south-facing horizontal sun visor
was 893.76 Pa. When the orientations of the building were south by west 15 and south by
west 30, the maximum equivalent stresses of the south-facing horizontal sunshades were
1170.8 Pa and 5714.1 Pa, respectively. When the building orientations were south by east
15 and south by east 30, the maximum equivalent stresses of the south-facing horizontal
sunshades were 4840.4 Pa and 18,570 Pa, respectively.

In summary, the equivalent stresses of the wind load of the building’s southward
horizontal sunshades under the southeast wind condition were significantly greater than
its value under the northwest wind condition. Therefore, the stress concentration areas of
the south-facing horizontal sun visors of buildings under the southeast wind conditions
should be paid attention to in the structural design. The equivalent stress of the wind load
of the building’s northward vertical sunshade under the northwest wind condition was
significantly greater than its value under the southeast wind condition. Therefore, the stress
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concentration areas of the north-facing vertical sun visors of buildings under northwest
wind conditions should be paid attention to in the structural design, as shown in Figure 13.
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Figure 13. Southeast wind, northward vertical sun visor changes with the orientation of the building.
(a) Cloud map of sun visors in the south direction; (b) Sun visor cloud map in the direction of south
by west 15; (c) Cloud map of sun visors in the direction of south by west 30; (d) Cloud map of the sun
visor in the direction of south by east 15; (e) Cloud map of sun visors in the direction of south by east 30.

4. Discussion
4.1. Appropriate Combination form Analysis and Discussion

In order to avoid the occurrence of wind disasters in extreme convective weather, it
is necessary to reasonably avoid wind load damage to the external shading components
of the building when designing buildings in Turpan, where a reasonable combination
of building orientation and shading type should be selected. Therefore, the numerical
experiment results of the von Mises equivalent stress of wind loads on the south-facing
horizontal sun visors and the north-facing vertical sun visors under 10 working conditions
are summarized in Table 2. The maximum equivalent stress of a southward horizontal sun
visor was 336,220 Pa, the minimum was 377.28 Pa, and the average was 84,279.39 Pa. The
maximum equivalent stress of a north vertical sun visor was 152,790 Pa, the minimum was
839.76 Pa, and the average was 68,590.71 Pa.

(1) The best architectural orientation of a south-facing horizontal sun visor

The maximum equivalent von Mises stress under wind loading of the south horizon-
tal sun visor under various working conditions is shown in Figure 14 and the optimal
equivalent stress of working conditions No.1-No.4 and No.6/No.8/No.10 are shown in the
figure. First of all, this shows that for the different building orientations in No.5, under the
northwest wind conditions, the equivalent stresses of the wind load of the south-facing
horizontal sun visors were all smaller. Second, the building orientation corresponding to
No.1 and No.2 working conditions was south, and the building orientation corresponding
to No.3 and No.4 working conditions was south by west 15, whether it was in the southeast
wind condition or in the northwest. Under wind conditions, the equivalent stress of the
wind load was relatively small. However, for other building orientations, the south-facing
horizontal sun visors were greatly affected by the wind direction, where the maximum
equivalent stress under the southeast wind condition was significantly greater than its
value under the northwest wind condition. Therefore, for the south-facing horizontal
sunshade, when the building orientation was true south and south by west 15, this was the
most suitable combination.
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Table 2. Von Mises equivalent stress of wind load on sun visors under 10 working conditions.

Von Mises Equivalent Stress

Working Condition Serial Number Sun Visor Type Maximum Value (Pa)
South-facing horizontal sun visor 377.28
South to southeast wind No.1 - - -
North-facing vertical sun visor 839.76
South-facing horizontal sun visor 47254
South to northwest wind No.2 - - -
North-facing vertical sun visor 152,790
South-facing horizontal sun visor 577.11
South by west 15 to southeast wind No.3
North-facing vertical sun visor 1170.8
South-facing horizontal sun visor 10,573
South by west 15 to northwest wind No.4
North-facing vertical sun visor 139,130
South-facing horizontal sun visor 336,220
South by west 30 to southeast wind No.5
North-facing vertical sun visor 5714.1
South-facing horizontal sun visor 6335.1
South by west 30 to northwest wind No.6
North-facing vertical sun visor 139,670
South-facing horizontal sun visor 194,540
South by east 15 to southeast wind No.7
North-facing vertical sun visor 4840.4
South-facing horizontal sun visor 2571.3
South by east 15 to northwest wind No.8
North-facing vertical sun visor 72,022
South-facing horizontal sun visor 280,400
South by east 30 to southeast wind No.9
North-facing vertical sun visor 18,570
South-facing horizontal sun visor 6474.7
South by east 30 to northwest wind No.10
North-facing vertical sun visor 151,160
5
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Figure 14. Maximum equivalent stress under 10 working conditions of south-facing horizontal sun visors.

(2) The best architectural orientation of the north-facing vertical sun visor

The maximum equivalent von Mises stress from wind loading of north horizontal sun
visors under various working conditions is shown in Figure 15 and the optimal working
conditions were No.1/No.3/No.5/No.7/No.8/No.9. The equivalent stress was small. First
of all, this shows that for the five different building orientations, the equivalent stresses
of the wind load on the north-facing vertical sun visors were all relatively small under
the southeast wind conditions. Second, No.7 and No.8 respectively corresponded to the
southeast wind and northwest wind when the building was oriented south by east 15, and
the maximum equivalent stress of the wind load was relatively small. However, for other
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building orientations, the northward vertical sunshades were greatly affected by the wind
direction, and the maximum equivalent stress under the northwest wind condition was
significantly greater than its value under the southeast wind condition. Therefore, for the
north-facing vertical sun visors, when the building orientation was south by east 15, this
was the most suitable combination form.
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Figure 15. Maximum equivalent stress of north vertical sun visors under 10 working conditions.

(3) The best architectural orientation of the comprehensive north—-south sunshades

Based on the above analysis, it can be seen that the south-facing horizontal sun
visors and the north-facing vertical sun visors had their respective best combinations of
architectural orientations. However, in actual situations, the north—-south sun visors are all
necessary building components; therefore, they need to be integrated by considering the
south-facing horizontal sun visor and the north-facing vertical sun visor to find the best
combination of sun visors and building orientation. Figure 16 depicts the maximum von
Mises equivalent stress of the sun visors when the five building orientations were in the
southeast wind and northwest conditions. The comparison shows that when the building
orientations were south and south by west 15, the comprehensive maximum equivalent
stress of the north—south sun visor was smaller. Therefore, when the south-facing horizontal
sun visors and the north-facing vertical sun visors were used at the same time, the best
architectural orientation was south by west 15, followed by the south direction.
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Figure 16. The comprehensive maximum equivalent stress of 5 building orientations under 2 wind
direction conditions.
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4.2. The Structural Safety Analysis of Sunshade Components under Wind Loading

Under the action of wind loading, the structural safety of the sunshade construction
needs to be paid attention to; otherwise, it will cause damage to the sunshade or the
building structure, affect the use of the building, and cause harm to the personal safety of
people moving around the building. Therefore, the most unfavorable situation of structural
safety under various working conditions needs to be paid attention to. Based on the
above analysis, this study further calculated the maximum principal stress and maximum
principal elastic strain under 10 working conditions.

Figures 17 and 18 show the maximum principal stress cloud diagram of the south-
facing horizontal sunshades with different building orientations under two wind conditions.
When the most stressed part appears below, it means that the root of the lower surface of
the horizontal sun visor was stressed; when the most stressed part appears on the top, it
means that the root of the horizontal sun visor was stressed.
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Figure 17. The maximum principal stress cloud diagram of the southward horizontal sun visor.
(a) South to southeast wind. (b) South to northwest wind. (c) South by west 15 to southeast wind.
(d) South by west 15 to northwest wind. (e) South by west 30 to southeast wind. (f) South by west 30
to northwest wind. (g) South by east 15 to southeast wind. (h) South by east 15 to northwest wind.
(i) South by east 30 to southeast wind. (j) South by east 30 to northwest wind.
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Figure 18. Cloud diagram of the maximum elastic principal strain of southward horizontal sun visors.
(a) South to southeast wind. (b) South to northwest wind. (c) South by west 15 to southeast wind.
(d) South by west 15 to northwest wind. (e) South by west 30 to southeast wind. (f) South by west 30
to northwest wind. (g) South by east 15 to southeast wind. (h) South by east 15 to northwest wind.
(i) South by east 30 to southeast wind. (j) South by east 30 to northwest wind.

Figures 19 and 20 show the maximum principal elastic strain cloud diagrams of the
southward horizontal sunshades with different building orientations under two wind
conditions. When the most strained part appears below, it means that the root of the lower
surface of the horizontal sun visor was stressed; when the most strained part appears on
the top, it means that the root of the horizontal sun visor was stressed.
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Figure 19. Maximum principal stress cloud diagram of north vertical sun visors. (a) South to
southeast wind. (b) South to northwest wind. (c) South by west 15 to southeast wind. (d) South by
west 15 to northwest wind. (e) South by west 30 to southeast wind. (f) South by west 30 to northwest

wind. (g) South by east 15 to southeast wind. (h) South by east 15 to northwest wind. (i) South by
east 30 to southeast wind. (j) South by east 30 to northwest wind.
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Figure 20. Cloud diagram of the maximum elastic principal strain of southward horizontal sun visors.

(a) South to southeast wind. (b) South to northwest wind. (c) South by west 15 to southeast wind.
(d) South by west 15 to northwest wind. (e) South by west 30 to southeast wind. (f) South by west 30
to northwest wind. (g) South by east 15 to southeast wind. (h) South by east 15 to northwest wind.
(i) South by east 30 to southeast wind. (j) South by east 30 to northwest wind.

Based on the above 18 cloud diagrams, Table 3 summarizes the specific values cor-
responding to the maximum principal stress and maximum principal elastic strain of the
south-facing horizontal sun visors and the north-facing vertical sun visors under 10 work-
ing conditions. It can be seen from Table 3 that, according to 4.2.3 of the “Code for Design of
Concrete Structures” GB 50010-2010, the standard value of C25 concrete axial compressive
strength is 16.7 MPa and the standard value of compressive strength is 1.78 MPa. In general,
the maximum tensile strain of concrete is 1 x 10~% and the maximum compressive strain is
3.3 x 107, The data in the comparison Table 3 shows that the maximum principal stress of
the sun visor under all working conditions was 0.39 MPa, which is much smaller than the
tensile strength of C25 concrete. In the same way, the maximum principal elastic strain of
the sun visor under all working conditions was 0.12 x 10~ according to the provisions of
4.2.3 in China’s current “Code for Design of Concrete Structures” GB 50010-2010, which is
much smaller than the maximum strain value of concrete. Therefore, the wind load under
the working conditions of this study had no significant impact on the safety of the concrete
structure. However, considering the dynamic abrupt changes and duration characteristics
of wind loads in nature, the wind loads in actual use may exceed the set range in this study.
Therefore, in buildings using concrete external shading components, it is still necessary to
strengthen the shading by paying attention to the stress concentration of the slab in the
structural design when necessary. According to the wind tunnel test research conducted by
the State Key Laboratory of Civil Engineering and Disaster Prevention of Tongji University
on the wind load of horizontal cantilever sunshades, the results showed that the maximum
value of the most unfavorable net wind pressure of the horizontal cantilever sunshades
of high-rise buildings appeared on the top sunshade on the board [33]. This confirmed
the wind pressure distribution and the force of the horizontal sun visor in this study, but
the test did not consider the structural safety analysis of the cantilever sun visor under
multiple parameters. On this basis, this study further considered the structural safety
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performance analysis of the sunshade components under different building orientations,
different sunshade forms, and different mechanical parameters, and the results were sum-
marized, analyzed, and discussed accordingly, and some practical results were obtained.
Finally, there were some valuable conclusions from the project.

Table 3. Maximum principal stress and maximum principal elastic strain under 10 working conditions.

Maximum Principal

Stress and Maximum . ..
Maximum Principal

Working Condition Serial Number Principal Elastic Strain . .
X Elastic Strain
under 10 Working
Conditions

South-facing horizontal sun visor 30.69 8.05 x 107°

South to southeast wind No.1 N : N
North-facing vertical sun visor 254.38 243 x 108
South-facing horizontal sun visor 5245.8 1.65 x 1077

South to northwest wind No.2 N - N
North-facing vertical sun visor 1.74 x 10° 521 x 1070
South by west 15 to No3 South-facing horizontal sun visor 58.14 1.22 x 1078
southeast wind ' North-facing vertical sun visor 348.67 242 x 1078
South by west 15 to Nod South-facing horizontal sun visor 11,709 3.68 x 1077
northwest wind ' North-facing vertical sun visor 1.57 x 10° 4.70 x 10~
South by west 30 to Nos South-facing horizontal sun visor 3.87 x 10° 1.15 x 1073
southeast wind ' North-facing vertical sun visor 6235.5 2.05 x 1077
South by west 30 to Nos South-facing horizontal sun visor 7082.8 2.20 x 1077
northwest wind ' North-facing vertical sun visor 1.58 x 10° 473 x 106
South by east 15 to Noy South-facing horizontal sun visor 2.23 x 10° 6.70 x 10°°
southeast wind ’ North-facing vertical sun visor 5166.3 1.74 x 1077
South by east 15 to Nos South-facing horizontal sun visor 2963.5 8.81 x 108
northwest wind ' North-facing vertical sun visor 81,875 245 x 107
South by east 30 to Noo South-facing horizontal sun visor 3.09 x 10° 9.76 x 107
southeast wind ' North-facing vertical sun visor 20,884 6.46 x 1077
South by east 30 to No.10 South-facing horizontal sun visor 7158.3 226 x 1077
northwest wind ’ North-facing vertical sun visor 1.74 x 10° 518 x 10~
No.1-No.10 South-facing horizontal sun visor 3.87 x 10° 1.15 x 107°

Max

No.1-No.10 North-facing vertical sun visor 1.74 x 10° 521 x 10~

5. Conclusions

In this study, by considering the wind load characteristics of sunshade components
and the structural safety of sunshade components on the structure, flow field simulations in
an extreme wind environment were carried out to undertake a structural safety analysis of
building exterior sunshade components. By demonstrating the importance and sensitivity
of the sunshade component, the importance of the parameters of the sunshade component
was much higher than the window-to-wall ratio, the thickness of the roof insulation layer,
the comprehensive heat transfer coefficient of the outer window, and the parameters of
the envelope structure. The sensitivity of the sunshade component accounted for about
60% of the total proportion of multiple parameters; therefore, it can be seen that the
sunshade component is the most important and sensitive part of the influence of building
performance in Turpan. However, the Turpan area has a bad wind environment, which
causes great damage to the building components. Therefore, considering the safety of
sunshade components in a wind environment was the focus of this study.

By analyzing the influence of different forms of sunshades on air conditioning energy
consumption, heating energy consumption, and comfort in the Turpan area, the structural
design parameters of different forms of sunshades in the Turpan area were obtained, as
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well as the dimensions of cantilevered exterior sunshades suitable for buildings in the
Turpan area. The length of the horizontal sunshade was between 1.2 m and 2.0 m, the size
of the external cantilever was 0.8 m, the length of the vertical sunshade was 0.6 m, the
height was 1.5 m, and the thickness was 0.08 m. The analysis showed the importance of
setting sunshade structures in the Turpan area. Using the finite element method for the
fluid-structure interaction analysis of the shading component under the environment of
extreme wind, and adopting a full-size scale modeling method for the main body of the
building to ensure the accuracy of the results of the analysis, solutions for different building
orientations for the south and the north building outside shading, cantilever horizontal
visors, and vertical wind load stresses and strains of the visors were obtained. In this study,
the maximum principal stress 0 max and maximum principal elastic strain ¢ max were
calculated under 10 working conditions. According to the solution results, the maximum
principal stress of the sunshade under all working conditions was 0.39 MPa, which is far
less than the tensile strength of C25 concrete. The calculated maximum principal elastic
strain of the sunshade was 0.12 x 1074, which is far less than the maximum strain of
concrete. Therefore, the wind load in this study had no great influence on the structural
safety of concrete.
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