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Abstract

:

Decreasing the temperature of a greenhouse in summer is very important for the growth of plants. To investigate the effects of a roof sprinkler on the heat environment of a greenhouse, a three-dimensional symmetrical model was built, in which a k-ε (k-epsilon) turbulent model, a DO (Discrete Ordinates) irrational model, a Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm, and a multiphase model were used to simulate the effects of the roof sprinkler, at different flow rates. Based on the simulation results, it was found that the temperature could be further reduced under a proper sprinkle rate, and the temperature distribution in the film on the roof was more uniform. A test was conducted to verify the accuracy of the model, which proved the validity of the numerical results. The simulation results of this study will be helpful for controlling and optimizing the heat environment of a greenhouse.
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1. Introduction


In summer, the air temperature in a greenhouse can exceed 40 °C, which has implications for the growth of crops [1] and increases the cooling-energy consumption. Roof cooling has been widely used in building cooling energy saving, which can reduce roof surface and indoor temperature by reducing direct radiation and heat transfer [2,3]. A metal roof coated with thermal reflective coating (TRC) was proved to be able to significantly reduce roof temperature [4]. However, greenhouses need a certain degree of solar radiation for plants to grow, so a roof cooling method with a certain degree of transparency is needed.



Roof sprinkling is one of the most effective ways to reduce the temperature of a building. It works by sprinkling water on the roof and utilizing the process of evaporation to cool it [5,6,7]. He et al. [5] adopted the method of sprinkling water on the external surfaces of greenhouses, which were coated with a super-hydrophilic photocatalyst (TiO2). Through this, the variation in the indoor and roof temperatures were investigated and the results showed a 2–7 °C reduction in roof temperature. The cooling effects of a passive roof cooling method, i.e., a roof with a water jacket, a water pond, and a radiation shield, respectively, were investigated by Sabzi et al. [6]. The results showed that water pond had the best performance. Zhao et al. [7] found that in a roof that is exposed to the solar radiation condition, the maximum temperature of the outer roof could reach 57.8 °C, while the maximum temperature of the outer roof was about 37.2 °C with a roof spraying water system.



Although the results above showed that a roof with water-sprinkling is an effective way for temperature reduction, the effects of the sprinkler flow rate on indoor air cooling and on the airflow field inside a greenhouse, remained unclear. Therefore, it was necessary to conduct further research to optimize the design parameters of the roof sprinkler. It was noted that the effects of different sprinkler flow rates for greenhouse cooling can be compared experimentally [8,9], but that the associated labor and economic costs were relatively high. Mathematical prediction based on mass and heat transfer is a common way to predict the indoor environment [10,11,12]. However, it is difficult to obtain all information from a specific building, such as the airflow direction and distribution. Relevant research on the application of computational fluid dynamics (CFD) to the study of the thermal environment of greenhouses has been carried out by a number of studies [5,13,14,15,16,17,18]. The effects of mechanical ventilation on the thermal environment in a glass greenhouse was investigated by Wu et al. [14,15], using a combination of the DO model and a porous media model for plants. The performance of the finite element method and the finite volume method in studying the distribution of the flow field in a greenhouse was studied by Molina-Aiz et al. [13], who pointed out that both methods had high precision, though the finite element method needed greater computational resource. Chen et al. [17] carried out a numerical simulation to explore the effects of the water-cycle heating system on a greenhouse and to predict the change of environment and the energy consumption in greenhouses. He et al. [5] investigated the influence of the back-wall vent dimensions on solar greenhouse temperature control by CFD. Hong et al. (2018) conducted a CFD model to predict the air distribution inside canopies with various canopy dimensions and densities, in which the effects of various factors on sprayer performance were analyzed.



Solar radiation—which constantly affects heat balance—is the limiting factor for plant growth in greenhouses [11]. The proper calculation of solar radiation during the simulation of an indoor greenhouse environment has always been an important research topic. For determining solar radiation, the most common approach is by direct measurement [19,20,21,22]. In order to investigate dynamic solar radiation regulation strategies for energy-saving in office buildings, Vlachokostas and Madamopoulos [22] used the original weather file downloaded from the “Energy Plus Weather Data” published by the US Department of Energy. However, these data vary from area to area, and it is expensive to measure solar radiation on a daily and monthly basis. Models have been developed by researchers to calculate solar radiation [23,24,25] developed a semi-one-dimensional greenhouse climate model to investigate the effects of the construction parameters on the solar energy collection efficiency of the greenhouse. However, most models have been built on the basis of a specific type of greenhouse that lacks versatility, and some key variables were modeled as constants; for example, the value of solar radiation was assumed to be a constant [25,26]. Recently, computational fluid dynamics (CFD) has been used to simulate the effects of solar radiation on an indoor environment [5,27,28]. CFD codes offer several models for calculating solar radiation, such as the DO model [29]. Solar radiation can be calculated by entering the location, time zone, time, and some additional information about the architecture.



This study investigated the effects of the roof sprinkle process on a greenhouse, in summer, by using numerical methods, combined with a solar radiation and porous media model, to explore the effects of different roof sprinkler flow rates on greenhouse cooling. The numerical simulation results could be regarded as a reference for the design and optimization of cooling measures for greenhouses.




2. Materials and Methods


2.1. Description of the Greenhouse


The greenhouse was located at the South China Agricultural University, in Guangzhou (113°23′ E and 22°56′ N). Its overall layout is shown in Figure 1. It was a single greenhouse, oriented in an east-west direction; its dimensions (length × width × height) were 17.1 m × 7.4 m × 3.3 m, with a total area of 126.50 m2, and its structure was as shown in Figure 2. The greenhouse was covered with transparent plastic film (0.15 mm). The plants in the greenhouse were of an average height of about 0.50 m and they were arranged in four rows, in parallel, along the length of the greenhouse. The dimensions of each row (length × width × height) were 9 m × 1 m × 0.5 m. Roof sprinkling was achieved by the release of water from dropper outlets, on a pipe positioned along the top of the greenhouse. The dropper outlets were spaced equally along the pipe and distributed water on both sides of the pipe. The water was pressurized by a booster pump (Figure 3) to obtain a stable sprinkler flow rate. There was a fan and a wet curtain in the greenhouse; however, in order to investigate the effects of roof sprinkling alone, the effects of mechanical ventilation on the results were ignored.



In this paper, solar radiation at 1:00 PM on 11 July 2018 was simulated with an incident angle of the sun close to 90 degrees. The greenhouse was a symmetrical structure, so the greenhouse model was set up as a symmetrical model. 3D modeling software Pro/E and ICEM CFD were used on the grid division of the greenhouse models, with tetrahedral and hexahedral meshes. The unstructured mesh method was used, and the mesh density on sprinkle outlet, the mixed phase region (the water flow region on the top), the top of the film, and other parts were improved. The skewness of the grid was less than 0.8, and the total number of grids were 1,326,474. The overall size (length × width × height) was 17.55 m × 3.70 m × 3.28 m, and the maximum grid cell was 0.005 m. The results of the meshing are shown in Figure 4.




2.2. Mathematical Model


To simplify the model, the following assumptions were made:




	(1)

	
Due to the short duration of the sprinkling time, the impact of plant respiration on temperature in the greenhouse was ignored.




	(2)

	
The influence of maintenance of structures on the thermal environment of the greenhouse was ignored.




	(3)

	
The gas in the greenhouse was incompressible, which was in agreement with the Boussinesq hypothesis.




	(4)

	
The gas in the greenhouse was modeled as a Newtonian fluid.




	(5)

	
All surfaces included in the thermal radiation modeling were gray and diffuse.




	(6)

	
The flow rate on both sides of the dropper was consistent and stable.









Assumption (3), implied that the density of air in these models was only affected by temperature rather than pressure. The advantage of the Boussinesq hypothesis was the relatively low computational cost associated with the computation of the turbulent viscosity [30]. According to the experimental formula for Reynolds number (Re) (Equation (1)) [31], calculation of the Re for the greenhouse model was performed and the average Re was obtained under three different sprinkle flow rates. Re was found to be not less than 104, showing that the appropriate model was a turbulence model with a high Reynolds number [32]. This paper simulated the effects of three different sprinkle flow rates on greenhouse cooling performance, by adopting the standard k-ε model and the SIMPLE algorithm, which was widely used to solve for a high Reynolds number model.




Re=UL/ηk



(1)





In Equation (1), U is the typical value for velocity, in m/s; L is the typical length, in meters; and ηk is the kinematic viscosity coefficient, in m2/s.



As the process of air cooling is a transient process, the finite volume method was used to solve the model, and the governing equation [5,33,34] was as follows:


∂(ρuϕ)∂t+div(ρuϕ)=div(Γgradϕ)+s



(2)




where ϕ is a generalized variable; Γ is the generalized diffusion coefficient corresponding to ϕ; and s is a generalized source term.



The relationship between the different equations is shown in Table 1.



Note: ρ is fluid density in kg/m3; x, y, and z are the coordinate positions in the fluid; u, v, and ω are the velocity vector of X, Y, and Z directions, respectively, in m/s; k is the turbulent kinetic energy in m2/s2; ε is the dissipation rate in m2/s3; Pr is the Prandtl number; T is the reserve temperature in ℃; η is the dynamic viscosity in kg/(m·s); ηt is the viscosity coefficient of turbulence; and p is pressure in Pa. In the table, ηeff = η + ηt, ηt = cμ = ρk2/ε, Gk=ηtρ2∂u∂x2+∂v∂y2+∂ω∂z2+∂u∂y+∂v∂x2+∂u∂z+∂ω∂x2+∂v∂z+∂w∂y2; and cμ, c1, c2, σT are the empirical constants, σk is the Prandtl number for turbulent kinetic energy, and σε is the Prandtl number for the dissipation rate of turbulent kinetic energy; they were set as the values in Table 2 in the k-ε model.



2.2.1. Porous Medium Model


Due to the presence of plants in the greenhouse, a porous medium model was used [35]. The model equation applied was:


Sj=μαuj+C0(12ρuuj)



(3)




where Sj is the resistance of the porous medium, in N/m3; 1α and C0 are the viscous drag force coefficient and the inertia resistance coefficient, respectively; μ is the viscosity of the fluid, in N.s/m2; and uj is the velocity of air in the j direction, in m/s. The expressions for α and C0 are as follows:


α=dp2150φ3(1−φ)2



(4)






C0=3.5dp(1−φ)φ3



(5)




where dp is the equivalent diameter of the porous media, in meters; and φ is the opening rate of the porous media.




2.2.2. Radiation Model


The trajectory of solar rays can be traced using the FLUENT (v12.1, ANSYS Inc., Canonsburg, Pennsylvania, USA) software by setting location, solar radiation parameters, time zone, time, and other parameters [5]. The influence of solar radiation on the thermal environment in the greenhouse was simulated with the use of a DO model [30]. Equation (6), therefore, does not deal with the sun but with the thermal radiation that is affected by the solar radiation. For a medium with characteristics of absorption, emission and scattering, the radiation propagation equation (RTE) of the position r→ along the direction of s→ is:


dI(r→,s→)ds+(a+σs)⋅Is⋅(r→,s→)=a⋅β2σT4π+σs4π∫04πIs⋅(r→,s→’)⋅Φ⋅(s→,s→’)dΩ’



(6)




where r→ is the position vector; s→ is the direction vector; s→’ is the scattering direction; a is the absorption coefficient; β is the refraction coefficient; σs is the scattering coefficient; σ is the Stefan–Boltzmann constant, equal to 5.672 × 10−8 W/m2·k4; Is is the radiation intensity, which is dependent on position (r→) and direction (s→); Φ is the corresponding function; and Ω’ is the space corresponding angle.




2.2.3. Multiphase Flow Model


A part of the liquid water will evaporate into water vapor as the water flows on the roof. For this reason, the water flow area was modeled as a mixed phase region, including liquid water, water vapor, and air. Two‑phase flow was governed by the equation [30]:


∂ρm∂t+∇⋅(ρmv→m)=0



(7)




where v→m is the velocity vector of the mixture phase obtained by Equation (8) in m/s; ρm is the mixed density of the mixture phase, calculated by Equation (9) with units of kg/m3; t is time in seconds; ai is the volume fraction of the component i; ρi is the density of i, in kg/m3; and v→i is the velocity vector of the component i, in m/s.




v→m=∑i=1naiρiv→iρm



(8)






ρm=∑i=1naiρi



(9)







2.3. Model Parameters and Boundary Conditions


	(1)

	
The sprinkle outlet was set as a mass-flow inlet, with the proportion of the liquid water component set to 1. The pattern of water flow pressure on the top of the roof was calculated by measuring the mass-flow rate in the pipe and the outlet area. Input parameters for model were the turbulence intensity IR and hydraulic diameter DH. Turbulence intensity IR was obtained according to Equation (10) [31]. Due to the impact of the solar radiation, the outlet temperature of the water pipe varied with time, ranging from 36 °C to 30 °C. The relationship between the ambient air and outlet water temperature, and a user-defined function (UDF) between the two was added into the model.








IR=0.16(ReDH)−1/8



(10)





In Equation (10), IR is the turbulence intensity; and ReDH is the Reynolds number calculated according to the hydraulic diameter.



	(2)

	
The outlet of water flow area on the roof was set as the out-flow boundary condition.




	(3)

	
The plant was modeled as a porous media with porosity rate of 0.5.




	(4)

	
Solar radiation was calculated using the DO model in FLUENT and setting the time zone and coordinates.




	(5)

	
The walls were set as the coupling boundaries.







For this model, the thermal physical parameters of each material are shown in Table 3.



The temperature on the plant surface was measured by an infrared thermal imaging instrument. The leaf temperature was found to be 39 °C when the air temperature in the greenhouse was 40 °C. As a result, the initial temperature of the plant was 39 °C, and the initial temperature of the air was 40 °C. The FLUENT transient solver was used to solve the problem, with acceleration due to gravity set to 9.8 m/s2, and the initialization values of the model were as shown in Table 4. The initial time step was set at 0.01 s, and gradually increased to 1 s with an iteration time of 300 s.




2.4. Model Applications


Once the computer simulation model was built, CFD was considered to be a powerful simulation tool to investigate the effects of roof sprinkling on temperature and airflow distributions in greenhouse. Three cases with different roof-sprinkling rates, 0.282 kg/s, 0.564 kg/s, and 0.846 kg/s were chosen for the CFD simulation to optimize the roof-sprinkling system. In all cases, the same parameters, solving methodology, initial, and boundary conditions were used.





3. Results and Discussion


3.1. Roof Film Temperature Distribution and Indoor Air Flow Vector


In order to study the effects of greenhouse roof sprinkling on air cooling, the roof film temperature and the air flow in the greenhouse were analyzed. The temperature distribution on the roof at different sprinkler flow rates is shown in Figure 5.



As can be seen from Figure 5, with an increase of sprinkler flow rate, the average temperature of the film on top of the greenhouse reduced gradually and the temperature distribution tended to be uniform. For sprinkler flow rates of 0.282 kg/s, 0.564 kg/s, and 0.846 kg/s, the maximum film temperature was 35 °C, 34 °C, and 33 °C, respectively. The temperature decrease range was 10−12 °C, which was better than the result from He et al. (2018), who found that sprinkling water reduced the roof temperature 2−7 °C. The roof material was plastic film, in this study, while the roof was coated with the super-hydrophilic photocatalyst (TiO2) in He et al. [5], which might have caused the difference. To a certain extent, the temperature of the film around the greenhouse dropped as the water flows down from the roof of the greenhouse and passes through the surface of greenhouse walls.



The air flow field in the greenhouse for a sprinkler flow rate of 0.282 kg/s is shown in the vector distribution of air flow in the greenhouse, as given by Figure 6. As can be seen from Figure 6a, the air in the greenhouse flows from the bottom to the top, which is driven by the temperature difference between the roof and ground; similar results could be seen in the study by Benni et al. [28]. The air convection wind speed was relatively low, with a maximum value about 0.02 m/s. Without mechanical ventilation, the force for air circulation was the buoyancy produced by the temperature discrepancy in the greenhouse. The air inside the greenhouse formed a vortex on both sides of the greenhouse. This might be caused by the reduction of temperature at the top and the surrounding film of greenhouse under the action of water sprinkling. The air convection was in the vertical and horizontal directions.



Figure 6b shows the vector distribution of air flow along a cross-section of the greenhouse. Since the plants offered a certain resistance to air flow, the air flow rate in this area was relatively low. Similar effects were reported by Moureh et al. [36] for products in a refrigerated truck. The air converged at the symmetry plane, and vortexes were formed on both sides of this plane. Air vortexes were similar near the roof films and on both sides of the symmetry plane.



As can be seen in Figure 7, with an increase in sprinkler flow rate, the cooling rate accelerated. However, a lower sprinkling rate had little effect on the air temperature. With an optimized sprinkler time, the average temperatures at 0.5 m and 1.5 m height tended to be stable, such that the temperature difference between the outdoor and the indoor was approximately constant, which was similar to the result from the work by Hung et al. [37]. It was observed that the air temperature achieved a balance under the combined effects of the solar radiation, the sprinkler, and the greenhouse environment. When the sprinkler flow rate was 0.846 kg/s, the average temperature at a height of 0.5 m was reduced from 40 °C to about 38.5 °C, over a period of approximately 270 s.



Comparing Figure 7a with Figure 7b, the average temperature at a height of 1.5 m decreased faster than at height of 0.5 m, as most of the heat flow that reduced the air temperature occurred from the upper to the lower region of the greenhouse. Therefore, the temperature of the air in the upper region decreased faster than the temperature of the air in the lower region. The air temperature in the greenhouse decreased faster as the sprinkle rate increased. When the sprinkle flow rate was 0.846 kg/s, 0.564 kg/s, and 0.282 kg/s, the average temperature of the air at a height of 1.5 m decreased to 38.14 °C, 38.18 °C, and 38.19 °C, respectively.



Based on the analysis above, it was clear that the sprinkle flow rate had an effect on the rate of temperature decrease of the air in the greenhouse, but it had little effect on the average air temperature when the sprinkling process was over. Overall, the air temperature decreased by about 1.65 °C, as a result of sprinkling for five minutes. Since the water arrived through the water pipe that was exposed to solar illumination, the water temperature changed with the sprinkle time, being high at the beginning and tending towards a stable value at the end of sprinkling. However, it was worth noting that the temperature in the greenhouse was still too high for the plants, therefore, other cooling methods, such as mechanical ventilation and evaporative cooling, were needed. The temperature range of the water from the beginning to the end of the sprinkle process was 36–30 °C during the hot August summer. Taking into account the solar radiation, the high air temperature, and the presence of the greenhouse farming and the plants, this temperature decrease was unexpected, given that the sensible heat and the latent heat of water at such sprinkle flow rates were limited during the five-minute sprinkling process. Thus, the temperature could be further decreased with the use of a sunshade net, and water at a lower temperature.




3.2. Effect of Sprinkler Flow Rate on Temperature Distribution


In order to study the temperature distribution in the greenhouse, the temperature distribution at heights of 0.5 m and 1.5 m, at the end of the sprinkle process, was analyzed. The temperature distribution at a height of 0.5 m is shown in Figure 8. As can be seen, with an increase in sprinkle flow, the temperature distribution at a height of 0.5 m became more uniform. The temperature of the plants changed only slightly over the five minutes of sprinkling, which might be because the specific heat capacity of the plants was much greater than that of air, and as a result the effect of the rapid cooling process on the plants was not obvious. Therefore, the air temperature close to the plants was higher; similar effects could were observed by Bello-Robles et al. [12]. They adopted neural networks to predict the temperature distribution in a greenhouse—the temperature distribution was presented by a few contour maps. However, as the number of sensor points was limited, the connection of different area in the map was not very continuous. Thus, CFD methods could help to obtain a more detailed and straight-forward airflow map.



Figure 9 shows the temperature distribution at a height of 1.5 m in the greenhouse. As can be seen from Figure 10, the temperature at 1.5 m was more uniform than the temperature at 0.5 m. Temperature uniformity at a height of 1.5 m was also improved with the increase of the sprinkled flow. Due to the distance from the crop area, the air temperature changed relatively quickly in the four corners of the greenhouse and they were also the areas with the lowest temperature for a given height.




3.3. Model Validation


In order to verify the accuracy of the simulation results, a greenhouse sprinkle cooling test platform was built. Eight PT100 sensors (range: −500 °C to 200 °C, accuracy: ±0.15 °C) were laid out in the greenhouse, at heights of both 0.5 m and 1.5 m. Data were obtained through the data acquisition instrument (40-way; model: VX8140R; accuracy: ±0.2%) and recorded once every 1 s. The locations of the sensors are shown in Figure 2. Using a flow meter (range: 1−9999 L/min; model: ZJ-LCD-M; accuracy: ±1%) to monitor the flow of the dropper, the sprinkle flow through the switching regulator was 0.282 kg/s, equal to a symmetric flow of 0.141 kg/s. A thermal imager (range: −20 °C to 650 °C; model: FLIR T400; accuracy: ±2%) was used to measure the temperature of the plant leaves.



The test was conducted at 1:00 pm on 11 July 2018. The outdoor average air temperature was 37.2 °C, solar intensity was 109,500 lux, the relative humidity was about 55% and the indoor average air temperature was 39.1 °C, with a relative humidity of 65%. The total recorded sprinkling time was 300 s. The test was repeated three times, and the results were processed into average values. The average prediction error was calculated by Equation (11) [38] and the root mean square error (RMSE) was computed by Equation (12) [28]. The temperature values of the eight measuring points in the greenhouse were compared with the simulated values (Table 5), which showed that the average prediction error rate between the simulation values and the experimental values at the monitoring points was 3.94%, which was much smaller than the comparison results from Delele et al. [38], and RMSE was 0.783 °C, which was similar to the results obtained by He et al. [5]. The difference in average air temperature between test and simulation at a height of 0.5 m is shown in Figure 10, where the maximum error was 2.4% while the minimum error was 1.5%. Based on the comparison between the results above, it could be seen that the model built in this study had a high degree of accuracy. The factors that affected the errors between the test and the simulation, might have included the quality of the grid and the precision of the sensor, among others.


E=1N∑i=1NP1i−P2iP1i×100



(11)






RMSE=∑i=1N(P1i−P2i)N



(12)




where E is prediction error; N is the number of samples; P1i is the No.i measured value, and P2i is the No.i prediction value.




3.4. Discussion


In this study, the effects roof-sprinkling rate were investigated, the results showed that the cooling rate increased with an increase of the water-sprinkling rate, which also improved the air temperature distribution. A bigger sprinkling rate could help to increase the cover area of water film on the greenhouse roof, which would be beneficial for a sensible and latent heat exchange through water evaporation. This phenomenon was in agreement with the results from Amer [39], who found that evaporative cooling had a good effect on indoor temperature cooling.



Sensible heat of water is also one of the factors that affects roof cooling. Results from He et al. [40] indicated that a water film could absorb solar heat on the wall. Although the solar energies can penetrate the transparent roof materials, a water film has little effect on reflecting solar radiation in a greenhouse, therefore, the sensible and latent heat could reduce roof temperature to a certain degree. However, in this study, the cooling effect of water sprinkling was limited on the air inside the greenhouse (the air temperature in greenhouse was reduced by only 1−2 °C), but had a significant effect on roof cooling (the decrease range was 10−12 °C). An active cooling method (for example, mechanical ventilation) [4] might help to improve the effect of roof water sprinkling on indoor air cooling, such that the heat transfer rate in forced-convection heat transfer is much bigger than that in natural convection.



It is worth noting that humidity is also one of the important factors for growing plants [41]. However, we were only concerned about the roof water sprinkling effects on indoor temperature reduction, in the greenhouse. Thus, humidity in the greenhouse was not considered in this study. To investigate the humidity in a greenhouse, during roof cooling, the air temperature as well as the transpiration of soil and plants should be considered. At that same time, the time of day at which the sprinkling occurs, the height of the plants, the water temperature, the greenhouse structure, and other factors (include combination with other cooling methods) might have impacted the results. It is recommended that further research is undertaken into these factors.





4. Conclusions


This study investigated sprinkle cooling on the roof of a greenhouse in summer and applied a numerical simulation method, combined with a porous media model, to investigate the effect of sprinkle flow rate on air temperature. A general law of air temperature variation and distribution during the sprinkle cooling process was derived.



A test platform was built to verify the accuracy of the model. The results of this study provide reference values for the design and optimization of air cooling systems for greenhouses, in summer. The following conclusions can be drawn:




	(1)

	
With an increase in the sprinkle flow rate, the temperature of the roof film would be lower and the temperature distribution on the film would be more uniform.




	(2)

	
For a greenhouse with plastic film as the enclosure material—as is the case in Southern China—for an increase in the sprinkle flow rate, the air temperature would decrease faster, but the increased flow rate would have little effect on the average air temperature in the greenhouse, at the end of the sprinkle process. When the air temperature in the greenhouse was 40 °C, the average air temperature in the greenhouse would decrease by about 1.65 °C, after a five-minute sprinkle.




	(3)

	
Furthermore, for a greenhouse with plastic film as the enclosure material, when the air temperature in the greenhouse is 40 °C, an increased sprinkle flow rate would give a more uniform temperature distribution within the greenhouse. However, the effect on temperature of the plants is relatively small.




	(4)

	
The simulation results agreed well with the experimental results that verified the accuracy of the model.
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Figure 1. Overall layout of the greenhouse. 
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Figure 2. (a) Cross-sectional view, (b) Top view. Structure of the greenhouse test bed in a sub-tropical area—(1) drop outlet, (2) measurement point, (3) plant, (4) wet curtain, (5) plastic film, and (6) fan. 
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Figure 3. The pump used for roof sprinkling. 
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Figure 4. Mesh model of the greenhouse. (a) 3D mesh model, (b) Cross-sectional view of the mesh. 
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Figure 5. Effects of sprinkler rate on roof temperature distribution (°C). 
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Figure 6. Effects of sprinkle rate on the air velocity in the greenhouse (m/s). (a) Airflow distribution on the symmetric plane at the X-direction. (b) Airflow distribution on the symmetric plane at the Z-direction. 
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Figure 7. Effects of sprinkler flow rate on the temperature in the greenhouse. (a) Relationship between temperature and cooling time at a horizontal plane 0.5 m in height. (b) Relationship between temperature and cooling time at a horizontal plane 1.5 min height. 






Figure 7. Effects of sprinkler flow rate on the temperature in the greenhouse. (a) Relationship between temperature and cooling time at a horizontal plane 0.5 m in height. (b) Relationship between temperature and cooling time at a horizontal plane 1.5 min height.



[image: Energies 12 02435 g007a][image: Energies 12 02435 g007b]







[image: Energies 12 02435 g008 550]





Figure 8. Effects of sprinkle rate on the temperature distribution at a height of 0.5 m (°C). 
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Figure 9. Effects of sprinkle rate on the temperature distribution at a height of 1.5 m (°C). 
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Figure 10. Comparison between simulation values and test values for the temperature at 0.5 m. 
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Table 1. Variables, diffusion coefficients, and source terms of each governing equation.
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	Equation
	Generalized Value (ϕ)
	Generalized Diffusion Coefficient of ϕ(Γ)
	Generalized Source Terms (S)





	Momentum equation of X direction
	u
	η+ηt
	−∂p∂x+∂∂x(ηeff+∂u∂x)+∂∂y(ηeff+∂u∂x)+∂∂z(ηeff+∂u∂x)



	Momentum equation of Y direction
	v
	η+ηt
	−∂p∂y+∂∂x(ηeff+∂u∂y)+∂∂y(ηeff+∂u∂y)+∂∂z(ηeff+∂u∂y)



	Momentum equation of Z direction
	ω
	η+ηt
	−∂p∂z+∂∂x(ηeff+∂u∂z)+∂∂y(ηeff+∂u∂z)+∂∂z(ηeff+∂u∂z)



	Turbulent energy equation
	k
	η+ηtσk
	ρGk−ρε



	Turbulent energy dissipation equation
	ε
	η+ηtσε
	εk(c1ρGk−c2ρε)



	Energy equation
	T
	ηPr+ηtσT
	0
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Table 2. Coefficients of model k-ε.
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	cμ
	c1
	c2
	σk
	σε
	σT





	0.09
	1.44
	1.92
	1.0
	1.3
	0.9~1.0
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Table 3. Properties of the materials in the greenhouse.
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	Name
	Air
	Water
	Plastic Film
	Plant





	Density (kg/m³)
	1.23
	998.2
	1000
	1000



	Thermal conductivity (W/m·K)
	0.024
	0.6
	1.50
	0.2



	Absorption constant (1/m)
	—
	—
	0.10
	0.3



	Scattering constant (1/m)
	—
	—
	0.25
	0.2



	Specific heat capacity (J/kg·K)
	1006.43
	4182
	1380
	2300



	Refractive index
	1.0
	1.0
	1.52
	1.52
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Table 4. Initialization set of the model.
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	Name
	Set Value





	Temperature of the film on roof (K)
	318.15



	Air temperature (K)
	313.15



	Water temperature (K)
	UDF



	Plant temperature (K)
	312.15
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Table 5. Comparison between simulation values and test values at monitoring points.






Table 5. Comparison between simulation values and test values at monitoring points.





	Test Points
	T1
	T2
	T3
	T4
	T5
	T6
	T7
	T8





	Test value/°C
	36.90
	38.60
	37.90
	37.80
	39.90
	40.50
	42.60
	40.00



	Simulation value/°C
	38.71
	38.89
	38.1
	38.89
	38.43
	38.44
	38.43
	38.44



	Prediction error/%
	4.91
	0.75
	0.53
	2.88
	3.68
	5.09
	9.79
	3.90
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