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Abstract: Due to their soft structure and covering material, plastic greenhouses are vulnerable to
wind disasters, causing large-scale damage and huge economic losses. The wind load of greenhouses
depends on the surface wind pressure distribution, which is different for greenhouses located in
valleys from those in plain areas. To study the wind pressure distribution law for various regions of
greenhouses built in valleys, mountain and greenhouse models have been built by Computational
Fluid Dynamics, in which the length direction of the greenhouse is perpendicular to the valley and the
wind direction is parallel to the valley. In the analysis, the verified turbulence model and grid division
method are both introduced, and the effect of the height and distance of mountains is considered.
According to the distribution law of wind pressure, the greenhouse’s surface is partitioned, and the
variation law of the shape factor of wind load on a plastic tunnel is analyzed. Then, the calculation
model for the shape factor of the wind load on the greenhouse located in a valley is proposed.
The conclusions show that: (a) When the wind inflow direction angle is parallel to the valley, the
distribution pattern of wind pressure on the surface of the greenhouse is similar to that on the plain
regardless of the distance and height of the mountains, while the values of the wind pressure are
greatly affected by the mountain height and distance. The distance between mountains has greater
influence than the effect of mountain height. (b) The shape factor of wind load on the suction area
of the greenhouse decreases as the distance of mountains increases, while the shape factor on the
pressure area of the greenhouse increases with the increase in the distance. It can be seen that the
valley effect is non-negligible. The narrower and deeper the valley, the greater the wind pressure
effect. (c) When the ratio of the distance between the foot of the mountain and the greenhouse d to
the height of the mountain H is less than 5, i.e., d/H < 5, the ratio of the distance to the height has
a significant impact on the shape factor of wind load on the greenhouse. When d/H is close to 10,
the shape factor of the wind load in the valley area is close to that in the plain area, and the effect
of the ratio between the height and the distance is negligible. (d) The proposed calculation model
can be used to calculate the effect of mountain height and distance on the shape factor of wind load.
The research results can be used in the wind resistance design of plastic greenhouses in valley areas,
and can also provide some data support for the revision of the greenhouse structural load code.

Keywords: valley; plastic greenhouse; shape factor of wind load; mountain height;
computational model

1. Introduction

In recent years, more attention has been paid to the safety performance and structural
design of flexible buildings [1,2]. As a typical flexible building, plastic greenhouses are an
important agricultural infrastructure in China, whose development requires more attention.
Currently, there are certain constraints affecting the construction of plastic greenhouses in
Tibet. Firstly, most of the plastic tunnels in Tibet are built with reference to the structural
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forms of plain areas, which lack local characteristics and geographical features and are
difficult to adapt to the high-altitude and complex terrain of valleys. Secondly, plastic
greenhouses are relatively lightweight and are highly susceptible to damage from wind
and snow loads [3]. The wind load is related to wind pressure distribution. Tibet has
high elevations and thin air, with air density in these areas different to that in plain areas.
Influenced by valley airflow and mountainous terrain, the wind pressure distribution in
Tibet differs from that in plain areas. Therefore, studying the wind pressure distribution
characteristics of plastic tunnels in valley areas is of significant importance in the structural
design of greenhouses to ensure their safety.

Wind load is one of the main loads to be controlled when designing engineering
structures; many scholars have studied the characteristics of wind load under different
working conditions [4–12], including studies on the influence of mountain topography,
height and distance on wind load [13–18]. The shape factor of wind load is an indispensable
parameter when calculating wind load, and it can be obtained by three methods: field
tests [19–22], wind tunnel tests [23–26] and numerical simulations [26–41]. Wang et al. [19],
Yang et al. [20] and Kwon et al. [22] obtained the wind pressure pattern using the wind
tunnel test, while Li et al. [23] and Hoxey et al. [26] gained full-scale results for the wind
pressure characteristic. In those studies, field tests and wind tunnel tests were relatively
demanding on the structural dimensions and the environment. Numerical simulation is
currently an essential approach to wind engineering, with the advantage of simulating
real environmental and prototype dimensions, a short finish time and low costs [42].
Therefore, the CFD numerical simulation method is used to analyze the wind characteristics
or wind pressure distribution. Yao et al. [31] and Zhang et al. [33] simulated the wind
field characteristics in a valley terrain. Tao et al. [34], Lv et al. [35], Wu et al. [36], and
Yan et al. [37] analyzed the wind pressure distribution on different types of greenhouses
based on numerical simulation, but those studies are only suitable for greenhouses located
on plain area. In general, fewer studies have been carried out on surface wind pressure
patterns for greenhouses placed in valley areas.

In this study, to obtain the wind pressure distribution law and the shape factor of wind
load on a single-span arched plastic tunnel laid in a valley region, mountain models and a
greenhouse model have been built in the same wind flow field through CFD. The verified
turbulence model and grid division method are applied in the analysis. The influence of
the height of the mountain and distance between mountains on the distribution law of
the wind pressure of the greenhouse is discussed. Then, based on the partition method,
the shape factors of wind load on each surface area of the greenhouse are studied, and a
calculation model for the shape factor of wind load is proposed. The research results can
offer a supplement to the design of greenhouses in valley area.

2. Numerical Simulation Method

The wall function can directly correlate the uncertainty at the center of the turbulence
area with the physical quantities on the wall, and modify the turbulence model by ob-
taining the values of the nodal variables in the control body. Compared to the Standard
Wall Functions, which are more suitable for studying situations wherein the flow near
the wall has little impact on the research object, Scalable Wall Functions can be flexibly
adjusted according to the thickness of the near wall grid, and generate consistent results
for any refined grids. As for our research object, the wind pressure distribution on the
surface of the greenhouse is greatly affected by gas flow, and large differences arise be-
tween the sizes of the surface grid of the greenhouse and the grid sizes of the mountain.
Scalable Wall Functions are chosen in this paper, as they are commonly used for studying
fluid flow inside a model [43–45].

For both simple and complex flow fields, all fluid dynamics calculations must obey the
conservation laws, including energy, mass, and momentum conservation laws, whose rele-
vant expressions are all listed in Reference [46]. When the fluid is turbulent, an additional
turbulence equation needs to be added.
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This study evaluates the quality of different turbulence simulations by selecting six
different turbulence models for numerical simulation, based on a simple cubic three-
dimensional model, and comparing them with the wind tunnel tests conducted by
Murakami [47] and the results measured on-site by Richard [48], in order to provide a
basis for the subsequent simulation analysis. Figure 1 shows the wind pressure distributions
calculated by the six different turbulence models at the center of the cube, and compares the
simulation results with the results of wind tunnel tests and field tests. Finally, the Realizable
k− ε model is chosen, which can more effectively match the wind tunnel test and measured
results, whether on the simulated windward surface or at the simulated maximum negative
pressure [38,39]. The main expression of the Realizable k− ε model is as follows:
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Figure 1. Distribution curves of wind pressure coefficients for different turbulence models.

In Equations (1) and (2), ρ is the fluid density; k is the turbulence kinetic energy, whose
expression can be found in Reference [39]; ε is the turbulence dissipation ration, whose ex-
pression can be found in Reference [39]; p represents the energy transport term; t represents
time; ui, ut represent the velocity vector; xi, xj are the coordinate value; µ represents the
dynamic viscosity; σk, σg are the model constants; Gk represents the generation of turbulent
kinetic energy caused by the average velocity gradient; C2 is the constant value and equals
1.9; ν represents velocity.

3. Model Parameters

The most widely used form of arch-shaped plastic greenhouse in China is simulated,
with the dimensions of length (L) × span (S) × height (HG) × shoulder height (HL) = 44 m
× 7 m × 3.5 m × 1.6 m, and with a rise–span ratio of 0.27, as shown in Figure 2.
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Figure 2. Dimensions of plastic greenhouse.

To improve the computational efficiency, the sine model of the undulating terrain
H1[1 + cos(πr/2L1)]/2 is selected as the contour equation Z(x) of the mountain in the study
of the wind load characteristics of a typical valley area. The parameter of the contour equation
is shown in Figure 3a, and the layout of the mountains and greenhouse is shown in Figure 3b.
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Figure 3. Skeleton map of mountain model and layout of mountains and plastic greenhouse.
(a) Contour equation parameter of Sine model; (b) layout of mountains and greenhouse.

As shown in Figure 3, H is the mountain height, which is given values of 200 m, 400 m
and 600 m in the simulation. L1 is the horizontal distance from the peak point H1 to the
halfway point of the mountain H/2. The diameter of the mountain model is 4H, the length
of the ridge is 3H, and the slope of the mountain is fixed at 0.5. We locate the greenhouse in
the middle of the two mountains. d is the horizontal distance between the greenhouse and
the bottom of the mountain.

4. Model Partition and Simulation Analysis
4.1. Model Partition of Greenhouse

The mountain and greenhouse models are established using the propriety model-
ing module. The verified grid division method [39] is used to partition the windward
side, leeward side, crosswind sides and the roof of the greenhouse, as shown in Figure 4.
According to the size of the plastic greenhouse and the height of the mountain, 6H is taken
from upstream and both sides of the flow field, 7H is taken from the height direction,
and 15H is taken from the downstream area of the flow field, where H is the height of
the mountain. The model is placed in the front 1/3 of the wind field calculation domain,
and the model blocking rate is set at less than 3% to reduce the fluid’s interaction with
the boundary [46]. This article sets the surface grid size of the greenhouse to 0.1 m, the
mountain surface grid size to 6.667 m, and the generated surface grid number to about
100,000, as shown in the Figure 5a. The maximum size of the volume grid is set to 50 m,
and the number of generated volume grids ranges from 1.2 million to 2 million. The green-
house, mountain, and bottom boundary layers are set to six layers, as shown in Figure 5b.
The conversion rate is set to 0.1, and the growth rate is set to 1.1.
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diagram of surface mesh division; (b) wall boundary layer mesh.

In this section, the azimuth angle of the greenhouse is fixed at 0◦ to analyze the
influence of mountain heights H and distances d on the wind pressure distribution on the
greenhouse. In Figure 4, L is the longitudinal span of the greenhouse; F and B represent the
windward side and leeward sides of the plastic greenhouse, respectively. T1, T2 and T3 are
the three areas of the roof, respectively, while LW1, LW2 and LW3 represent the left gable
area, and RW1, RW2 and RW3 represent the right gable area.

4.2. Formula for the Shape Factor of Wind Load

The wind pressure coefficient is an important index used to analyze the surface
pressure on a building. According to Bernoulli’s principle, the wind pressure coefficient
can be defined as the ratio of the net wind pressure at any measuring point on the sur-
face of the building to the average dynamic pressure of the upstream incoming wind
at the front-most surface of the building, whose expression is shown in Reference [39].
The shape factor of wind load is the area-weighted value of the wind pressure coefficient,
as shown in Reference [39].

To better compare the shape factor of wind load on greenhouses located in valleys
with those in plain areas, the correction factor for the shape factor of wind load in the valley
is introduced as follows:

η =
µs

µsv
(3)

In Equation (3), µsv is the shape factor of wind load in the plain area; µs is the shape
factor of greenhouses in valley areas.
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4.3. Simulation Results and Analysis with Different Mountain Heights

In this section, the influence of mountain height on the shape factor of wind load is
investigated. Different working conditions of mountain distance d are also considered.
Then, the simulation results are illustrated and analyzed.

4.3.1. Results and Analysis with a 200 m Mountain Height

The influence of a 200 m mountain height on the shape factor of wind load on plastic
greenhouses is studied, with eight working conditions of the mountain distance d selected
in the analysis. The nephograms of wind pressure distribution on the surface of the
greenhouse and the values of the shape factor of wind load are shown in Figures 6 and 7,
respectively. The correction factor of the shape factor is shown in Figure 8.
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Figure 6. Wind pressure distribution on greenhouse with 200 m mountain height. Figure 6. Wind pressure distribution on greenhouse with 200 m mountain height.
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Figure 7. Shape factor of wind load with 200 m mountain height.
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Figure 8. Correction factor for shape factor of wind load with 200 m mountain height.

It can be seen from Figure 6 that the surface wind pressure distribution law on a
greenhouse in a valley is the same with that in a plain area. With the increase in the
distance between the greenhouse and the mountain, the positive pressure on the greenhouse
increases and the wind suction decreases.

In terms of the curve steepness, Figures 7 and 8 show that when the mountain height is
200 m, the shape factor of wind load and its correction factor undergo a noticeable change,
with d/H < 5, which requires special attention in the design. Then, flat curves occur, and the
values of the shape factor in the valley area approach those on plain terrain, with d/H > 5.

Figures 7 and 8 also show that for the windward area F, the further the mountain is
from the greenhouse, the greater the surface wind pressure coefficient on the greenhouse,
and the corresponding correction factor on the windward area F is less than 1.0 and
gradually increases with the increasing of d/H, which indicates that a narrower valley has
a weakening effect on the positive pressure of the windward area F.

For other areas, suction occurs, regardless of how the distance between the greenhouse
and the mountain varies. The correction factors are all greater than 1.0, which means a
narrower valley enlarges the effect of wind suction load on greenhouse. For the crosswind
area, the absolute values of the shape factor for area LW1/RW1 are the biggest, followed by
area LW2/RW2, and area LW3/RW3, while the correction factor for the area LW3/RW3 is
the biggest, followed by LW2/RW2 and area LW1/RW1. This means that area LW3/RW3
is the most affected by the valley effect. For the roof area, the absolute values on area T2
are significantly greater than those on area T3 and T1, while the correction factor on area
T3 is the biggest, which means area T3 is the most affected by the valley.

4.3.2. Results and Analysis with 400 m Mountain Height

The influence of a 400 m-high mountain on the surface wind pressure distribution of
the greenhouse is simulated, and the ten working conditions of mountain distances d of 0 m,
250 m, 500 m, 1000 m, 2000 m, 2500 m, 3000 m, 3500 m and 4000 m and the plain area are
chosen for analysis. The nephogram of wind pressure distribution on the greenhouse and
the value of the shape factor of the wind load are shown in Figures 9 and 10, respectively.
The correction factor for the shape factor of wind load is shown in Figure 11.

Comparing Figure 9 with Figure 6, we see that the surface wind pressure distribution
law is consistent. When distance d is equal to 0 m, negative pressure occurs on the windward
side F. This suggests that when the mountain height is large enough, there may be negative
pressure on the windward side F. With the increase in the distance d, the pressure on area F
changes from negative to positive, and gradually approaches the value in the plain area.
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Figure 9. Wind pressure distribution of greenhouse with 400 m mountain height.
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Figure 10. Shape factor of wind load with 400 m mountain height.
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Figure 11. Correction factor for shape factor of wind load with 400 m mountain height.

From Figures 10 and 11, it can be inferred that suction is consistently applied on all
other areas, which is consistent with the above results. The curve variation trend and the
numerical variation trend of shape factors and correction factors on each area are consistent
with Figures 7 and 8. When d/H < 5, the curve changes sharply, and when 5 < d/H < 10,
the valley has little significant influence on shape factors and their correction factors for all
areas of the greenhouse.

4.3.3. Results and Analysis with 600 m Mountain Height

The influence of a 600 m-high mountain on the wind pressure distribution is studied,
and the eleven working conditions of mountain distances d of 0 m, 500 m, 1000 m, 1500 m,
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2000 m, 2500 m, 3000 m, 3500 m, 4000 m, 5000 m and 6000 m and the plain area are applied.
The nephogram of wind pressure distribution and the values of the shape factor of the
wind load are shown in Figures 12 and 13, respectively, and the correction coefficient for
the shape factor of the wind load is shown in Figure 14.
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Figure 12. Wind pressure distribution of greenhouse with 600 m mountain height.
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Figure 14. Correction factor of shape factor of wind load with 600 m mountain height.
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Comparing Figure 12 with Figures 6 and 9, we see that the surface wind pressure
distribution law remains consistent. When the distance d is equal to 0 m, the absolute
value of negative pressure on the windward side F becomes bigger. This proves the above
prediction that with the increasing in mountain height, the negative pressure load will
increase. When the distance d increases to a certain value, the pressure on area F changes
from negative to positive, and gradually approaches the value in the plain area.

As shown in Figures 7, 10 and 13, suction is consistently applied on each area except for
area F, which adheres with the above conclusions. From Figures 8, 11 and 14, it is obvious
that for each of these areas, the correction factors increase with the increase in mountain
height. When d/H < 5, the curve changes sharply, and when 5 < d/H < 10, the valley effect
has an insignificant influence on shape factors and corresponding correction factors.

4.3.4. Comparison and Analysis of Simulation Results with Different Mountain Heights

The shape factors of wind load as influenced by different mountain heights shown
in Figures 7, 10 and 13 are summarized and compared in Figure 15. It can be seen from
Figure 15 that for the same greenhouse area, the change in the shape factor of wind load is
limited by the different mountain heights. The shape factor of wind load is mainly affected
by the value of d/H: when d/H is less than 5, the shape factor of the wind load changes
greatly. When 5 < d/H < 10, the curve is relatively smooth, and the simulation results for the
valley area are close to those for the plain terrain. When the mountain height is the same,
the shape factors of wind load on different areas of the greenhouse are also quite different.
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Figure 15. Comparison of shape factors of wind load with different mountain heights. (a) Windward
side F, leeward side B and roof side T2; (b) crosswind side; (c) roof side T1 and T3.

4.4. Calculation Model for Shape Factor of Wind Load

To simplify the calculation model, considering that mountain height has relatively
little influence on the shape factor of the wind load, the ratio of distance d to mountain
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height H is applied. After this, a curve is fitted to the relationship between the shape factor
of the wind load µs and d/H, as shown in Figure 15. The relationship curve was fitted using
the calculation model developed by a previous research group [39], and the formula of the
calculation model is as follows:

µs = A− C× DY (4)

In Equation (4), A, C, and D are the values of the fitting coefficient, and Y represents
d/H. The fitting coefficient and correlation coefficient of the calculation model for different
areas of the greenhouse are shown in Table 1.

Table 1. The fitting coefficients of the model in each area of the greenhouse.

Coefficient F B LW1/RW1 LW2/RW2 LW3/RW3 T1 T2 T3

A 0.495 −0.271 −0.887 −0.570 −0.236 −0.245 −1.217 −0.329
C 0.419 0.957 1.205 1.076 0.972 0.863 1.020 0.925
D 0.585 0.646 0.675 0.661 0.632 0.670 0.672 0.676

Correlation coefficient R2 0.973 0.995 0.993 0.996 0.995 0.992 0.941 0.993

Table 1 shows that all the correlation coefficient R2 values are greater than 0.9, which
means the results derived from the calculation model are in good agreement with those of
the numerical simulation. The proposed model can be applied to calculate the shape factor
of the wind load of a plastic tunnel located in a valley area.

5. Conclusions

In this paper, three models featuring different mountain heights have established by
numerical simulation to analyze the influence of mountain height and mountain distance
on wind pressure distribution and the shape factor of the wind load on the surface of a
greenhouse. The sine model was chosen as the contour equation of the mountain model.
Therefore, the conclusions are mainly applicable to the mountain in the form of a sine curve.
The main conclusions are as follows:

(a) When the inflow direction is parallel to the mountain valley, regardless of the
distance between the mountains and the height of the mountain, the distribution law of
wind pressure on the surface of the greenhouse located in a valley is similar to that for a
greenhouse on a plain area, and only the values of positive/negative pressure coefficients
are different;

(b) When the greenhouses are located in valley areas with different mountain heights,
the valley will have a greater influence on the shape factor of the wind load on areas
LW3/RW3, B, T1 and T3 of the greenhouse. The mountain will weaken the positive
pressure on the windward side, which is beneficial to the windward area F. The suction on
each surface of the greenhouse decreases with the increase in the distance d between the
greenhouse and the mountain, while the shape factor of the wind load on each pressure
area increases with the increase in the distance d;

(c) When the ratio of the distance d to the height of the mountain H is less than 5, that
is, d/H < 5, the mountain will have a large influence on the shape factor of the wind load of
the greenhouse. When d/H > 10, the influence of the mountain’s height on the shape factor
of wind load will be negligible;

(d) A computational model for deriving the shape factor of the wind load is here
proposed, and this can be used to calculate the wind load acting on the surface of a
greenhouse in a valley area, and it can also provide data support for the revision of load
codes regarding the design of greenhouse structures.
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