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Abstract

:

Investigating the wind-induced vibration response of the greenhouse structure, and the wind pressure distribution on its surface takes on a critical significance when the main structure is under large wind loads. A computational fluid dynamics-based study was conducted, and wind tunnel tests were performed to study the wind pressure distribution on the surface of the greenhouse structure. First, three types of greenhouses, including Venlo, Round-arch, and Saw-tooth type greenhouses, were selected as the design models for the study. In addition, the double-span, four-room structure model was built to explore the wind pressure distribution and the extreme wind pressure coefficient on the greenhouse surface for 13 (0°–180°, every 15°) directions of the wind direction to obtain the wind load characteristics in the greenhouse surface under different conditions. The results of the wind tunnel tests were consistent with those of the simulations, with the maximum wind pressure in the X-direction occurring at 30°-wind and the maximum wind pressure in the Y-direction at 75°-wind. The maximum negative wind pressure acting locally on the roof of the greenhouse was twice the maximum positive pressure acting on the windward side of the greenhouse. Accordingly, it is necessary to strengthen the structure in regions sensitive to wind direction with significant response to wind.
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1. Introduction


The structure of the greenhouse, as a light steel structure, is significantly affected by the wind load under the effect of wind-induced vibration. The surface envelope is destroyed first under wind loads, especially under the action of a negative pressure load. Due to the upward lift, the greenhouse roof is easily overturned, and the greenhouse skeleton tends to be deformed and displaced, thus resulting in the collapse of the main structure of the greenhouse. As a result, serious damage and losses are caused to agricultural production. To increase the safety of the greenhouse structure, the stability and safety of the main structure of the greenhouse should be investigated under extreme wind load conditions. On-site measurement takes a long time and faces the low detection efficiency of the test results though it is the most direct and basic test method. The wind load measurement system for large-span roofs remains not complete. Accordingly, the two methods were proposed for the analysis through the Fluent simulation to perform a simulation test and to build a thumbnail model for the wind tunnel test. Fluent is capable of visualizing the deformation and stress changes and determining the bearing capacity of the structure based on the effect of peak wind pressure on the greenhouse. The wind tunnel test is capable of verifying the rationality of the greenhouse structure selection to analyze the bearing effect of the overall structure of the greenhouse in depth. The focus of this study is placed on the bearing effect of several main types of greenhouse structures in different directions, and design references and suggestions are provided for the wind resistance design of greenhouses.



The finite element software computational fluid dynamics (CFD) can appraise the injury characteristics of multi-span Saw-tooth type greenhouse under different wind loads supported by elastic-plastic analysis [1]. The wind pressure coefficient based on the Custom Field Function Calculator of CFD is beneficial to develop a novel calculation method. This coefficient summarizes the characteristics of wind pressure distribution in multi-span greenhouses, and it has been adopted by some researchers to revise the EN13031-1 wind pressure coefficient [2]. In a previous study, a CFD simulation test of four wind directions of the Round-arch greenhouse in four-span was conducted, and the result has suggested that the oblique flow has the maximum effect on the wind effect of the greenhouse [3]. Moreover, the study on the effects of dimension changes takes advantage of CFD to conduct numerical simulation [4,5,6,7,8,9,10]. T. Boulard [11] has proposed the application of CFD simulation in the design of greenhouse structures early. CFD contains a sensible application in the simulation and analysis of greenhouse wind engineering structures. In brief, wind tunnel tests can simulate the wind response of building surfaces.



The wind tunnel test has been additionally confirmed as an effective way to investigate wind-induced responses [12,13]. The wind tunnel pressure test results and numerical calculation conclusions of the CAARC building model [14] suggest that the direct comparison of the model surface pressure measurement results facilitates the quality verification of the wind field [15,16,17,18]. It is capable of deducing the critical wind speed for surface damage of a single-span plastic greenhouse in the NH-2 wind tunnel and clearly describing the wind pressure distribution on the respective surface [19].



Part of the existing research administrated by simulation and wind tunnel test on the wind load characteristics of Saw-tooth type greenhouse roof has confirmed that the area most stricken by wind load includes the corners and edges of the roof [20]. Some researchers have placed their focus on the surface wind pressure of Venlo type greenhouses with different spans supported by the sensitivity of different layouts to wind loads, thus providing a reference for the design values of greenhouse wind loads [21]. Kim R. et al. [22,23] performed the simulation experiments and wind tunnel tests to investigate the wind pressure coefficients of some typical multi-span greenhouses. To be specific, their main design wind directions were 0° and 90° perpendicular to the ridge. In this study, the wind pressure coefficients for each 15-degree interval from 0°-wind to 180°-wind direction were investigated. Thus, we discerned the effect of the most unfavorable wind direction and maximum wind pressure coefficient values on the main structure of the greenhouse. Furthermore, the Saw-tooth type greenhouse was introduced as an experimental subject, and the wind response characteristics of the three structural types of greenhouses were compared. Notably, a correction factor was introduced to solve the problem of excessive blockage rate in wind tunnel tests, and the results were well verified through the simulation experiments.



With the greater demand for production space in agriculture, the structural analysis for greenhouses with larger spans and openings should be urgently conducted. Thus, in this study, the applicability and refinement of the current Chinese “Code for Structural Loads of Agricultural Greenhouses” (GB/T51183-2016) were demonstrated to be well matched.




2. Materials and Methods


2.1. Geometric Modeling


Table 1 lists the structural form and dimensional parameters and schematic diagrams of the greenhouse structure selected in this study. Three different structural forms of greenhouses, including Venlo type, Round-arch type, and Saw-tooth type (with a roof of 3m-arch height and a roof of 1.5m-arch height) were primarily designed, basically for the structural wind response of double-span and four-room greenhouses. Figure 1 illustrates the structural models.




2.2. Computational Domain and Grid Settings


The calculation domain was set reasonably to ensure the test accuracy and save time. When the wind path was blocked by an object, the winding speed around the object was significantly higher than the actual situation. The wind load acting on it also increased, such that the blocking effect increased with the ratio of the object’s windward area to the watershed area. The blocking rate (Equation (1)) was adopted to measure it.


    P  blockng    =     A b     A d      



(1)




where    A b    denotes the maximum windward area of the building;    A d    represents the watershed cross-sectional area.



When the blocking rate was less than 3% [24], the blocking effect had no implications on the greenhouse. Accordingly, according to existing research [25,26], the computational domain size is 10 L, 9 W, 5 H. To be specific, L, W and H represent the length, width, and eave height of the greenhouse, respectively, and the values are 24 m, 19.2 m, and 6 m, respectively. With the Venlo Type dimensions and calculation domain as an example, the calculation results according to Equation (1) are    P  blockng − x   =   19.2 × 6   172.8 × 30   × 100 % = 2.22 %  ,    P  blockng − y   =   24 × 6   240 × 30   × 100 % = 2 %  , all meeting the obstruction rate requirement of less than 3%. The model was placed in the front 1/3 of the entire calculation basin close to the inlet direction to ensure that there is no backflow at the outlet boundary as shown in Figure 2.



All grids were set as the unstructured grids, and the minimum size of the calculated domain was taken as 3 m (0.1 × 5 H, H denotes the eave height of the greenhouse). The surface of the greenhouse was encrypted, the minimum size was 0.3 m (0.05 × H). The maximum size of the grid was controlled by changing the Max element × Scalce factor (M × S), the maximum size of the grid was reduced, such that the grid density gradually increased. After the grid dependency test, the error of calculation results based on different grid numbers was less than 2%, i.e., the result did not change significantly. Hence, the mesh size can be considered the better mesh for the calculation. Table 2 lists the nodes, the number of cells, and the quality coefficient of the grid for the respective structure type of greenhouse in 90°-wind direction. The grid quality was highly comparable with the values listed in Table 3. The quality characteristics of the grid in all other wind directions were similar to those in 90°-wind direction, which will not to be described here. As depicted in Figure 3 and Figure 4, the joints of the grid had a high degree of coincidence.




2.3. Boundary Condition Settings


Natural winds in the atmospheric boundary layer are turbulent winds, which are complex and stochastic in time and space. The main turbulence models employed for wind tunnel simulations in Fluent included the k − ϵ model, the k − ω model, the Transition SST, the Reynolds Stress Model (RSM) and the Large Eddy (LES) model [6,22]. To be specific, the k − ϵ model is the most representative turbulence model with better performance for rotational flow, boundary flow with strong adverse pressure gradient, flow separation, as well as secondary flow. It has a wide application in engineering for its simple calculation and high applicability [9,14,27]. Thus, the k − ϵ model was carried in this work. The dissipation rate  ϵ  into Equation (2) and the turbulent kinetic energy  k  into Equation (3) [28] are expressed as follows.


  ε =  C μ   3 4       k   3 2     l   



(2)






  k =  3 2     (   U   ( z )     I z   )   2   



(3)






   I z  =  I  10      (   z  10    )    − α    



(4)




where Cμ denotes coefficient, taken as 0.09; l is turbulent flow length, calculated according to l = 0.07 L; L is length of greenhouse;  α  is wind profile index, taken as 0.15; U(z) is the average wind speed at the height z; Iz is the turbulence intensity, as expressed in Equation (4) [29]; I10 is the nominal turbulence degree at a height of 10 m, taken as 0.14.



2.3.1. Inlet Boundary Conditions


The boundary condition of the inlet flow was set to be the velocity inlet when the test was conducted. The type of greenhouse terrain category involved in this article is type-B, as the Chinese “Code for Design of Building Structures” (GB50009-2012) informed. in accordance with the Chinese Code, type-B represents fields, villages, jungles, hills, as well as sparsely populated towns and suburban areas. Exponential rate was adopted to simulate the wind profile of the atmospheric boundary layer, and the average wind speed profile is expressed in Equation (5),


   U   ( z )    =  U r     (   z   z r     )   α   



(5)




where      z   r    is the reference height of 10 m,     α    is wind profile index, taken as 0.15, Ur is the average wind speed of 30 m s−1 at 10 m height, this wind speed is extremely destructive, and by comparing the wind pressure distribution on the surface of different shaped greenhouses under this speed, we can clearly distinguish the significant changes in each part, and thus determine which greenhouse has better wind resistance.




2.3.2. Outlet Boundary Conditions


Set outlet boundary condition to pressure outlet, with the average outlet pressure of 0 Pa and the reflux strength of 5 percent. That is, if outward flow occurs, the static pressure is 0 Pa, or if the backflow phenomenon occurs, the total pressure is 0 Pa.




2.3.3. Other Boundary Conditions


The symmetric boundary conditions with zero relative pressure were employed for the boundaries on the sides and top of the basin, with relative pressure of 0 Pa, i.e., free-slip wall conditions. The solid walls (no slip) were selected for the ground and building surfaces.



The SIMPLE algorithm was adopted as the solution method, i.e., the velocity and pressure fields were assumed to be independent of each other. The second-order windward format was adopted for the convective term difference format to increase the accuracy. The residual of 10−4 was set as the criterion for iterative convergence [30,31,32,33].





2.4. Wind Tunnel Test Experimental Design


The wind tunnel tests for the three types of greenhouses were performed in the DHS-500x500/700x700-II circular low-speed wind tunnel (Dimension: 10 m × 3.5 m × 2.5 m, length, width and height) laboratory at Jiangxi Agricultural University, with turbulence ≤ 0.5% and the flow velocities (0.2 m s−1 to 40 m s−1). Two working sections were set, the one we select was set as 700 mm × 700 mm (octagonal). The static torsion data were acquired using the FC-USB3200 data acquisition device (Shanghai Nechtronic Testing Technology Co., Shanghai, China), with a range of 5 N m and its accuracy ± 0.5%. The tests were performed at 15° intervals, with seven sets of tests for each structural type of greenhouse, whereas 13 sets of tests were performed for Saw-tooth greenhouses from 0°-wind to 180°-wind. The basic wind pressure was obtained based on the Chinese “Code for Structural Loads of Buildings” (GB 50009-2012) using the basic wind speed measured at 50-year of recurrence and 10-min time distance. Moreover, the models (Figure 5a–c) at a design scaling ratio of 1:50 were examined. The skeleton of the greenhouse was made of light and rigid bamboo strips, and the surface covering material was made of 0.8mm-thick PC resistant board and 0.12-mm thick greenhouse film. The wind tunnel test wind speed of the model was obtained in accordance with the principle of similarity criterion by comparing the first-order intrinsic frequencies of the actual building and the model. On that basis, the corresponding test wind speed at a height of 0.6 m in the wind tunnel was calculated separately, and the results were 8.5 m s−1 for the Venlo type greenhouse, 11.88 m s−1 for the Round-arch type greenhouse and 10.51 m s−1 for the Saw-tooth type greenhouse. Table 4 lists the sampling methods and data processing methods.




2.5. Correction of Experimental Data


Eight cube models were set in front of the windward side of the greenhouse to simulate the actual terrain (Figure 3d) to consider the effect of surrounding buildings on the greenhouse. The blockage rate of the model was 19 % in the X-direction and 31 % in Y-direction at the model scaling ratio of 1:50, and the blockage effect was high. When the winding path was blocked by the model, the wind speed around the model was larger than the actual situation, and the wind load acting on it increased. To solve the problem of the excessive blockage effect, the correction factor based on the relationship between blockage area and wind speed flow per unit time was calculated. The blockage correction factor Ex of 0.7 in the X direction, the blockage correction factor Ey of 0.5 in the Y direction.



Moreover, since the torque center of the greenhouse was different from the measurement center, the measured overall force should be corrected, which is expressed in Equation (6). As depicted in Figure 6, the torque measurement center of the sensor was l0 downwards from the bottom of the model. The measured torsional rejection and the position of the load acted as the center of the model, and the overall force of the building is expressed as follows:


      F ′      ( t )    =  N t  × (  l  ( t )   −  l 0  )  



(6)




where Nt denotes the torque measured by the test; l(t) represents the distance between the load application position and the measurement center; l0 expresses the distance from the bottom of the model to the measurement center.



According to the principle of Pythagorean theorem, the X-direction force FX and Y-direction force FY are obtained, respectively.




2.6. Test Measurement Coefficient


The respective wind coefficient measured in the test is defined in Equations (7) and (8) as follows:


     C X   ¯  =    F X     q  H 1    W 1   H 1     



(7)






         C   Y   ¯  =    F Y     q  H 1    L 1   H 1     



(8)




where      C X   ¯  ,    C Y   ¯  ,    C  MX    ¯  ,    C  MY    ¯    denote X-direction wind coefficient, Y-direction wind coefficient, overturning moment in X-direction (around the Y-axis), and overturning moment in Y-direction (around the X-axis), respectively;        q    H 1     represents the reference speed pressure, which is expressed in Equation (9):


   q  H 1   =  q  zm   (  H   Z m     )  2 α    



(9)




where  α  is 0.15;       q    zm     (Pa) denotes the velocity pressure at the position    Z m    above the wind tunnel floor, of which the value is obtained by the wind speed of    Z m   ;       Z   m    is 0.2 m (equivalent to height of 10 m above the ground);    W 1   ,    L 1   ,    H 1    represent the feature width, depth, and eave height of the model, respectively. Thus,    W 1    is 0.384 m (equivalent to the width of 19.2 m),    L 1    is 0.48 m (equivalent to the depth of 24 m),    H 1    is 0.12 m (equivalent to eave height of 6 m), and      q    H 1     is 34.32 N m−2.



Introducing the wind tunnel blockage correction factor E, the wind coefficients are defined in Equations (10) and (11) as follows:


       C x   ¯   ′  =  E x     C x   ¯   



(10)






           C   y   ¯   ′  =  E y         C   y   ¯   



(11)




where        C x   ¯   ′   ,           C   y   ¯   ′    denote corrected X-direction wind coefficient, the corrected Y-direction wind coefficient.




2.7. Wind Load on the Main Structure


The design wind speed based on the greenhouse structure was 30 m s−1 (10 m height above ground) for calculating the wind resistance of the main structure of the greenhouse. Thus, the design velocity pressure at a reference height of 6m is expressed as    q  H 2     = 482.63 N m−2. The overall basal shear (perpendicular to Z-axis, pointing to X/Y-axis) and overturning moment in the X/Y direction of the greenhouse are expressed in Equations (12) and (13) as follows:


     Q x   ¯  =    C x   ¯   q  H 2   WH  



(12)






     Q y   ¯  =    C y   ¯   q  H 2   LH  



(13)




where      Q x   ¯    denotes the overall shear force in the X-direction of the greenhouse;       Q y   ¯    represents the overall shear force in the Y-direction of the greenhouse.





3. Results


3.1. Wind Pressure Coefficient


The pressure coefficient was introduced as a response result. The greenhouse surface wind load pressure coefficient is a dimensionless quantity coefficient, which is expressed in Equation (14). To explore the wind pressure coefficient at the location of the most unfavorable load action on the greenhouse, extreme value results were employed to characterize the wind pressure characteristics of the greenhouse surface.


   C p  =   2 (  p i  −  p 0  )   ρ  v 2     



(14)




where    C p    denotes the wind pressure coefficient;    p i    is the pressure value at an arbitrary point i on the greenhouse surface (Pa);     p 0    expresses the static pressure at the point i (Pa);  v  is the wind velocity at the reference height(m s−1);  ρ  represents the air density (kg m).




3.2. Numerical Analysis Results


Since the Venlo type and the Round-arch type greenhouses are in good symmetry, the result of 90°-wind to 180°-wind direction was also recorded though it is sufficient studying the response rules of the wind pressure from 0°-wind to 90°-wind direction. However, the surface wind pressure changes under the action of wind loads are different, due to the different heights of the two types of windward sides of the Saw-tooth greenhouse, so it must be studied from 0°-wind to 180°-wind direction. Table 5 and Table 6 list the calculation results of the extreme values of the respective wind pressure coefficient and the average wind pressure coefficient in the X/Y direction.



As depicted in Table 4, the variance of the maximum wind pressure coefficient (   C p   ) value for the three types of greenhouses was less than 0.8% for the respective wind angle at 30 m s−1 wind speed. Nevertheless, the variance of the minimum    C p    value was less than 4%. Since the minimum wind pressure was caused by negative wind pressure, which generally acted on the roof of the greenhouse, it was further confirmed that the load resistance of the main structure can be increased by changing the shape of the roof. An average 16.0% increase in the load resistance of Venlo type compared with Saw-tooth and Round-arch type greenhouses.



As depicted in Table 5, the results showed an average 5.5% increase in the load resistance of Venlo type compared with Saw-tooth and Round-arch type greenhouses in the X-direction, as well as an average 22.6% increase in the Y-direction, suggesting that the appearance characteristics of Venlo type greenhouse effectively increase the stiffness of the sidewalls, such that it exhibits high wind resistance.



The simulation results were primarily analyzed in terms of 0°, 45° and 90° characteristic directions of the wind.



Figure 7 presents the wind pressure distribution counters of the respective greenhouse with a 0°-wind direction and the corresponding Saw-tooth type with a 180°-wind direction, revealing a symmetrical distribution of wind pressure. Some similarities are identified in the wind pressure distribution contours. The maximum positive pressure was located on the windward side, and the maximum negative pressure was located on the first windward roof. The roof and both sides of the gable walls were under negative wind pressure. Certain similarities were identified between the Round-arch type and the Saw-tooth type greenhouse of 180°-wind (Figure 7b,d). The maximum positive pressure was located on the windward side, and the maximum negative pressure was located on the top of the vault. The roof and both sides of the gable walls were under negative wind pressure. The above results were well consistent with the change of the structural shape factor of wind load of the greenhouse of the 0°-wind direction in the Chinese “Code for Structural Loads of Agricultural Greenhouses” (GB/T51183-2016).



Figure 8 presents the counters of wind pressure distribution on the greenhouse surface at a 45°-wind direction. The maximum wind pressure was identified at the junctions of the gable and the side wall that faced the wind. The gable and side walls were basically under positive pressure. The leeward roof of the roof was basically under negative pressure. However, there were also positive pressures on the windward slopes of the roof.



Figure 9 presents the counters of wind pressure distribution on the greenhouse surface in 90°-wind. The wind pressure distribution was symmetrical along the vertical gable centerline, with positive pressure on the windward side of the gable, as well as large negative pressure on the side walls and roof. Its distribution characteristics were well consistent with the change of the structural shape factor of wind load of the greenhouse of 90°-wind in the Chinese “Code for Structural Loads of Agricultural Greenhouses” (GB/T51183-2016).




3.3. Wind Tunnel Test Results


Based on the corrected torque values, the average values of overall shearing force in X-direction and overall shearing force in Y-direction for three types of the greenhouse of different wind directions can be obtained. The trends of wind pressure coefficients for each type of greenhouse display good consistency (Table 7). The result indicated that the maximum wind pressure coefficient in the Y-direction was identified in the 75°-wind direction. However, there are some different wind direction distributions of the maximum wind pressure coefficient in the X-direction. The maximum value of the Venlo type greenhouse appeared in a 0°-wind direction. The maximum value of Round-arch type and Saw-tooth type greenhouses appeared in a 30°-wind direction. The average wind pressure coefficients for the respective greenhouse in X-direction and Y-direction at different wind angles are listed in Table 8.




3.4. Comparative Analysis of the Two Results


By comparing the trends of the overall wind pressure coefficients in the respective wind direction in X-direction and Y-direction wind tunnel tests and CFD simulation experiments (Figure 10). Figure 10 is plotted from the data in Table 8. First, all types of greenhouses show good symmetry between 0°-wind to 90°-wind and 90°-wind to 180°-wind directions. Moreover, the X-directional wind pressure coefficient (   C p   ) value was 0.1–0.6 higher when the Saw-tooth greenhouse was loaded with the roof of 3 m-arch height compared with the roof of 1.5 m-arch height (its value is also presented in Figure 7c,d). The same results are presented in the Y-direction.



As depicted in Figure 10b, the wind pressure coefficients from the 60°-wind to 90°-wind direction significantly decreased in the segment, while there was an increase from the 90°-wind to 120°-wind direction, with the range of change ± 0.3. The above result suggests that this type of incoming flow poses the most significant threat to the greenhouse structure.



The 75°-wind direction had the maximum effect on the Y-direction of the greenhouse, and the 30°-wind direction had the maximum effect on the X-direction. Both the results were verified through wind tunnel tests and CFD simulations. It is accordingly recommended that besides the stability and reliability of the greenhouse structure in the 0°-wind and 90°-wind directions, designers should consider the effect of the most adverse wind direction on the greenhouse structure when designing greenhouse structures.



From 0°-wind to 45°-wind angle, a certain deviation (±0.2) was identified in the X-direction wind pressure coefficient values obtained from the same direction of incoming direction between the wind tunnel test and CFD simulation. From 60°-wind to 90°-wind direction, a certain deviation (±0.2) was identified in the Y-direction wind pressure coefficient values calculated according to the same direction incoming direction between the wind tunnel test and CFD simulation, thus resulting in intense regional turbulent motion and complex winding characteristics. Analogously is a nonlinear problem. As a result, the next experimental analysis should be revised for the effect of wind gusts intriguingly on the greenhouse structure.





4. Conclusions


This study was conducted based on wind tunnel tests and CFD simulations for greenhouses with different roof types. The extreme values of wind pressure distribution on the greenhouse surface were investigated, as well as the average wind pressure distribution coefficients in the X-direction and Y-direction from 0°-wind to 180°-wind direction. Through the comparison of the experiment through the wind tunnel tests and CFD simulations, the following conclusions were drawn for the response results of greenhouse structures under different wind directions.



(1) The distribution of the wind pressure coefficients on the surface of three types of greenhouses under the same wind direction was compared. The negative wind pressure on the roof and the positive windward pressure of the Venlo-type greenhouse was identified, significantly lower than the other two types of greenhouses, suggesting that the physique characteristic of the Venlo-type greenhouse exhibits better wind resistance.



(2) The three types of greenhouse structures showed an excellent consistency in the characteristics of wind pressure distribution. The positive pressure was on the windward, while the negative pressure was on the roof. Moreover, the negative pressure was significantly greater than the positive pressure, suggesting that the roof systems are highly susceptible to damage in negative pressure.



(3) It is recommended that the designers should strengthen the structure in the stressed areas of the greenhouse (e.g., the ridge, the joints between the walls and the side walls, and the roof).
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Figure 1. Perspective view of the three kinds of greenhouses in its computational domain. (a) Venlo Type; (b) Round-arch Type; (c) Saw-tooth Type; (d) Definition of each wind. Note: L, W, H represent the length, width, and height of the green house, respectively, and they are 24 m, 19.2 m, 6 m, respectively.  α  is the wind angle; FX is the horizontal force in the X-direction; FY is horizontal force in the Y-direction; FD is the downwind horizontal force; FS is the horizontal force perpendicular to the wind direction; MT represents the torque around the Z-axis. 
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Figure 2. Velocity vector over three types of greenhouses. 
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Figure 3. Grid division. (a)Venlo Type (b) Round-arch Type (c) Saw-tooth Type. 
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Figure 4. Detail of grid division node connections. 
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Figure 5. Experimental model for wind tunnel tests and simulation model for site type. (a)Venlo Type (b) Round-arch Type (c) Saw-tooth Type (d) Simulate Terrain. 






Figure 5. Experimental model for wind tunnel tests and simulation model for site type. (a)Venlo Type (b) Round-arch Type (c) Saw-tooth Type (d) Simulate Terrain.



[image: Agriculture 12 01294 g005]







[image: Agriculture 12 01294 g006 550] 





Figure 6. Correction of test data. 






Figure 6. Correction of test data.



[image: Agriculture 12 01294 g006]







[image: Agriculture 12 01294 g007a 550][image: Agriculture 12 01294 g007b 550] 





Figure 7. Counters of wind pressure distribution on the greenhouse surface in 0°-wind. (a) Venlo Type (b) Round-arch Type (c) Saw-tooth Type (d) Saw-tooth Type (180°-wind). 
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Figure 8. Counters of wind pressure distribution on the greenhouse surface in 45°-wind. (a) Venlo Type (b) Round-arch Type (c) Saw-tooth Type (d) Saw-tooth Type (135°-wind). 
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Figure 9. Counters of wind pressure distribution on the greenhouse surface in 90°-wind. (a) Venlo Type (b) Round-arch Type (c) Saw-tooth Type. 
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Figure 10. Variation of wind tunnel test and CFD wind pressure coefficient for each wind direction in the X/Y direction. (a) X-direction (b) Y-direction. 
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Table 1. Greenhouse structure.
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	Structure Form
	Span

(m)
	Bay

(m)
	Depth

(m)
	Eave Height

(m)
	Vault

(m)
	Diagram of Intermediate Truss





	Venlo Type
	9.6
	6
	24
	6
	1
	 [image: Agriculture 12 01294 i001]



	Round-arch Type
	9.6
	6
	24
	6
	3
	 [image: Agriculture 12 01294 i002]



	Saw-tooth Type
	9.6
	6
	24
	6
	3
	 [image: Agriculture 12 01294 i003]
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Table 2. Greenhouse grid quality evaluation factors.
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	Structure Form
	Nodes
	Elements
	Element Quality
	Aspect Ratio
	Skewness
	Orthogonal Quality





	Venlo Type
	167555
	892253
	0.73
	1.78
	0.22
	0.79



	Round-arch Type
	153846
	806256
	0.7
	1.65
	0.36
	0.63



	Saw-tooth Type
	176413
	942256
	0.73
	1.36
	0.33
	0.66
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Table 3. Grid quality evaluation criteria.
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Cell Quality

	
Value of Element Quality

	
Value of Aspect Ratio

	
Value of Skewness

	
Value of Orthogonal Quality






	
Bad

	
Range from 0 to 1,excellent equal to 1, bad equal to 0

	
Preferably equal to 1, not more than 5

	
0.901–0.00

	
0.00–0.15




	
Poor

	
0.75–0.90

	
0.15–0.20




	
Fair

	
0.50–0.75

	
0.20–0.70




	
Very well

	
0.25–0.50

	
0.70–0.95




	
Excellent

	
0.00–0.25

	
0.95–1.00
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Table 4. Sampling methods and data processing methods.
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Item

	
Characteristic




	
Greenhouse Type

	
Venlo Type

	
Round-Arch Type

	
Saw-Tooth Type






	
Sampling time (s)

	
42.4

	
30.3

	
34.7




	
Sampling rate

	
1/2048 s




	
Number of records

	
86836

	
62055

	
71066




	
Filter

	
fc = 100 Hz
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Table 5. Extreme values of wind pressure coefficients for the respective greenhouse type at different wind angles in roof and sidewalls.
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Greenhouse

Type

	
Wind Pressure Coefficient




	

	

	

	
Venlo Type

	
Round-Arch Type

	
Saw-Tooth Type




	
Wind Angle

	

	

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min






	
0°

	
1.01

	
−2.23

	
0.99

	
−2.33

	
0.98

	
−2.23




	
15°

	
1.00

	
−2.24

	
1.01

	
−2.55

	
1.01

	
−2.35




	
30°

	
1.04

	
−2.00

	
1.04

	
−2.85

	
1.04

	
−2.62




	
45°

	
1.01

	
−2.13

	
1.02

	
−2.39

	
1.01

	
−2.14




	
60°

	
1.03

	
−1.92

	
1.04

	
−2.96

	
1.03

	
−2.18




	
75°

	
0.99

	
−1.52

	
1.01

	
−2.27

	
1.05

	
−1.72




	
90°

	
0.98

	
−1.09

	
0.99

	
−2.33

	
1.02

	
−1.37




	
105°

	
1.00

	
−1.29

	
1.03

	
−2.48

	
1.00

	
−2.29




	
120°

	
1.02

	
−1.7

	
1.03

	
−2.41

	
1.03

	
−3.01




	
135°

	
1.00

	
−2.16

	
1.04

	
−2.88

	
1.01

	
−2.39




	
150°

	
1.05

	
−1.75

	
1.06

	
−2.52

	
1.05

	
−1.88




	
165°

	
1.02

	
−1.49

	
1.03

	
−2.41

	
0.97

	
−1.66




	
180°

	
0.95

	
−1.8

	
0.95

	
−2.15

	
1.00

	
−1.31
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Table 6. Average wind pressure coefficients for the respective greenhouse in the X/Y direction at different wind angles in roof and sidewalls.
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Greenhouse

Type

	
Wind Pressure Coefficient




	

	

	

	
Venlo Type

	
Round-Arch Type

	
Saw-Tooth Type




	
Wind Angle

	

	

	
X

	
Y

	
X

	
Y

	
X

	
Y






	
0°

	
1.05

	
0.01

	
1.04

	
0.03

	
1.18

	
0.01




	
15°

	
1.11

	
0.04

	
1.11

	
0.17

	
1.15

	
0.21




	
30°

	
1.12

	
0.42

	
1.04

	
0.52

	
1.18

	
0.62




	
45°

	
1.01

	
0.77

	
0.86

	
0.96

	
1.07

	
0.84




	
60°

	
0.58

	
0.98

	
0.64

	
1.18

	
0.84

	
1.10




	
75°

	
0.33

	
1.03

	
0.3

	
1.04

	
0.36

	
0.92




	
90°

	
0.01

	
0.86

	
0.03

	
0.96

	
0.02

	
0.87




	
105°

	
0.36

	
0.97

	
0.36

	
1.05

	
0.39

	
1.10




	
120°

	
0.61

	
0.95

	
0.58

	
1.10

	
0.78

	
1.11




	
135°

	
0.99

	
0.81

	
0.89

	
0.99

	
0.98

	
0.9




	
150°

	
1.12

	
0.39

	
0.97

	
0.48

	
1.21

	
0.48




	
165°

	
1.08

	
0.11

	
1.08

	
0.15

	
1.05

	
0.34




	
180°

	
1.03

	
0.01

	
1.06

	
0.02

	
1.04

	
0.04
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Table 7. Design wind load of main structure.
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Greenhouse Type

	
Venlo Type

	
Round-Arch Type

	
Saw-Tooth Type




	
Wind Angle

	

	
        Q   x    ¯  ( kN )    

	
        Q   y    ¯  ( kN )    

	
        Q   x    ¯  ( kN )    

	
        Q   y    ¯  ( kN )    

	
        Q   x    ¯  ( kN )    

	
        Q   y    ¯  ( kN )    






	
0°

	
86.77

	
0

	
73.94

	
0

	
81.27

	
0




	
15°

	
85.35

	
17.58

	
72.36

	
13.85

	
88.56

	
16.95




	
30°

	
78.60

	
34.88

	
80.99

	
33.40

	
99.91

	
41.20




	
45°

	
56.18

	
43.19

	
71.93

	
51.38

	
78.69

	
56.21




	
60°

	
44.84

	
59.71

	
71.14

	
60.81

	
56.52

	
69.93




	
75°

	
26.64

	
65.60

	
44.32

	
73.03

	
32.21

	
67.31




	
90°

	
0

	
52.92

	
0

	
67.31

	
0

	
60.33




	
105°

	
23.59

	
81.96

	
23.59

	
82.59

	
34.44

	
71.12




	
120°

	
51.10

	
77.52

	
51.10

	
93.53

	
58.03

	
71.80




	
135°

	
68.59

	
60.81

	
68.59

	
75.88

	
87.22

	
62.3




	
150°

	
82.64

	
33.43

	
82.64

	
41.56

	
87.28

	
35.99




	
165°

	
87.74

	
13.51

	
87.74

	
13.43

	
89.78

	
17.18




	
180°

	
82.52

	
0

	
82.52

	
0

	
81.77

	
0
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Table 8. Average wind pressure coefficients for the respective greenhouse in the X/Y direction at different wind angles.
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Greenhouse

Type

	
Wind Pressure Coefficient




	

	

	

	
Venlo Type

	
Round-Arch Type

	
Saw-Tooth Type




	
Wind Angle

	

	

	
X

	
Y

	
X

	
Y

	
X

	
Y






	
0°

	
1.09

	
0

	
0.93

	
0

	
1.02

	
0




	
15°

	
1.08

	
0.32

	
0.91

	
0.22

	
1.12

	
0.27




	
30°

	
0.99

	
0.63

	
1.02

	
0.53

	
1.26

	
0.65




	
45°

	
0.71

	
0.78

	
0.91

	
0.81

	
0.99

	
0.89




	
60°

	
0.57

	
1.08

	
0.90

	
0.96

	
0.71

	
1.10




	
75°

	
0.34

	
1.19

	
0.56

	
1.15

	
0.41

	
1.06




	
90°

	
0

	
0.96

	
0

	
1.06

	
0

	
0.95




	
105°

	
0.33

	
1.03

	
0.30

	
1.04

	
0.43

	
1.12




	
120°

	
0.58

	
0.98

	
0.64

	
1.18

	
0.73

	
1.13




	
135°

	
1.00

	
0.77

	
0.86

	
0.96

	
1.01

	
0.98




	
150°

	
1.12

	
0.42

	
1.04

	
0.52

	
1.10

	
0.54




	
165°

	
1.11

	
0..04

	
1.11

	
1.17

	
1.13

	
0.27




	
180°

	
1.05

	
0

	
1.04

	
0

	
1.03

	
0

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file27.png





media/file21.jpg
Pressure
Contour 1

560.00
394.00
228.00
62.00

-104.00
-270.00
-436.00
-602.00
-768.00 |
-934.00

-1100.00
[Pa]

(c)





media/file13.png
F(t) ‘ Location pstion

1(t) | Bottom of the model
l |

lo
L

Measurement center

_‘_

- -SEI'.I.EOI' |

T 7






media/file12.jpg
)

Location pstion

10|

Bottom of the model

Measurement center

Sensor






media/file18.jpg
EAN
o
! A71.00
Py
wson
oo
nsnco
a0

150000
el

i
o0
200
o0

)
500
1200

15800
0800

150000
el

(b)

(d)





media/file9.png
T
SaS
o Vi

V)
i

‘ A
=L
A
N

’4“
SO

i

4
[
(7
In‘i
e

S

A "-“i' AN v,
L Y
KT

W
i

\
\
7

TR A i , e VAR s
_]i;\"\‘e}!‘ 111’.‘\“ = 2P i ——- ‘»’;.‘rl‘_t‘;
e R ; s

X RS
STV b
Y/Am:gwﬁé;-‘g%'{

SRR -
2 AN -
S FoX 1]
%}?{;, 43 i
L(‘h\

A,
if‘ ‘.“ri

i
i
i‘:. !
g
N

[ N e
SN B

A A






media/file22.png
Pressure

e
B 560.00 B 560.00
394.00 394.00
[ 228.00 | - 228.00
| 62.00 | - 62.00
-104.00 | -104.00
[ -270.00 H270.00
[ ~436.00 -436.00
[ -602.00 - 602.00 ff
-768.00 | 768.00 [f
I‘934-°° I-934.oo |
-1100.00 | -1100.00
[Pa] - [Pa]

(a) (b)





media/file14.jpg
canart pressue

o000 e
o0 Lo
si000 e
Mg / s1000
0o

15000

1000

51000 Y

w000

120000

ol

(a) (b)





media/file20.jpg
Pressure

St =,
o [ o
| fopend 2800
| iy
e ol
o 200
sosged 43600
- 80200
i e
- vt
oo st
i

=





media/file28.png





media/file23.png
Pressure
Contour 1

560.00 o
H 394.00 -

228.00
- 62.00
-104.00
27000
| 436.00
| _602.00
- 768.00
| -934.00
-1100.00

[Pa]

(c)





media/file19.png
Pressure
Contour 1

570.00
323.00
76.00
-171.00
-418.00
-665.00
-912.00
-1159.00
-1406.00
-1653.00
-1900.00

[Pa]

Pressure
Contour 1

570.00
323.00
76.00
-171.00
-418.00
-665.00
-912.00
-1159.00
-1406.00
-1653.00

-1900.00
[Pa]

(c)

Pressure
Contour 1

570.00
323.00
76.00
-171.00
-418.00
-665.00
-912.00
-1159.00
-1406.00
-1653.00

-1900.00
[Pa]

Pressure
Contour 1

570.00
323.00
76.00
-171.00
-418.00
-665.00
-912.00

-1159.00

-1406.00
-1653.00

-1900.00
[Pa]

(b)

(d)





media/file6.png





media/file15.jpg
prassas

Coniow 1 g

o000
oo
000
31000
w0
15000
81000
0000
o000
10000

o000
000

31000
o
15000

s1000
000
20000

ol Pl

(©)





media/file2.jpg
(c) Saw-tooth Type





nav.xhtml


  agriculture-12-01294


  
    		
      agriculture-12-01294
    


  




  





media/file11.png
. -
- 5 g ,/
\.\_ ;‘

— r"h Lf 3o Eﬂ i

et <} 1M
4 ~ _Ad L NN

e






media/file24.jpg





media/file29.png





media/file1.png
(a) (b)
| i
- 5H
Fs Fy
Fo 5
al - e
L -

(c) (d)

-

—





media/file16.png
Pressure Pressure

Contour 1 Contour 1
1000.00 1000.00
I 770.00 | I 770.00
540.00 | 540.00
310.00 |  310.00
80.00 - 80.00
[ -150.00 - -150.00
[ -380.00 -380.00
-610.00 g  -610.00
840,00 § -840.00 |
I -1070.001 I -1070.00
-1300.00 -1300.00
[Pal [Pa]

(b)





media/file10.jpg





media/file5.jpg
(c)





media/file7.png
)

C

(





media/file3.png
(c) Saw-tooth Type





media/file17.png
Pressure
Contour 1

1000.00
770.00
540.00
310.00
80.00
-150.00
-380.00
-610.00
-840.00
-1070.00

-1300.00
[Pa]

Pressure
Contour 1

1000.00
770.00
540.00
310.00
80.00
-150.00
-380.00
-610.00
-840.00
-1070.00
-1300.00

(d)





media/file4.jpg
@

£

®)





media/file25.png
wind pressure coefficient

—m— Venlo type-wind tunnel —X— Venlo type-CFD
—®— Round-arch type-wind tunnel —&— Round-arch type-CFD
_A_A Sawtooth type-wind tunnel =~ —2— Sawtooth type-CFD

[

4 a —m— Venlo type-wind tunnel —x— Venlo type-CFD
—®— Round-arch type-wind tunnel —#— Round-arch type-CFD
—A— Sawtooth type-wmd tunnel ——2— Sawtooth type-CFD

0|

=
Do

,;.*7’-“»\

\ m>

wind pressure coefficient
.D —
co o

v

B

0 15 30 45 60 75 90 105 120 135 150 165 180
wind direction(®)

0 15 30 45 60 75 90 105 120 135 150 165 180
wind direction(®)

(a) (b)





media/file0.jpg





