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Abstract: Solar greenhouse is extensively used in horticultural production in China.  Natural ventilation is one of the key 

technological means to adjust the inside environment of greenhouse, while the effects of window opening styles on the inside 

environment are still not well understood.  In the present study, the temperature and air flow field of five operation styles, 

namely back roof central opening style (G1), back roof evenly spaced opening style (G2), top roof full opening style (G3), style 

of G1+G3, and style of G2+G3 were simulated using the CFD method.  The results indicated that: (1) the simulated and 

measured results exhibited favorable agreement, with relative errors within 5%; (2) In the case of the windows opening area 

was the same and only single ventilation style was applied, back roof full opening style exhibited the best cooling effect.  The 

inside average temperature of the greenhouse with G1 style decreased by 0.5°C and 1.6°C respectively compared with those of 

greenhouses with G2 and G3.  (3) The cooling effect of the style of G2+G3 was more favorable than that of the style of 

G1+G3.  The style of G2+G3 exhibited better cooling effect than the single ventilation styles, with the lowest temperature 

(27.5°C) and temperature uniformity coefficient (0.36). 
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1  Introduction

 

Solar greenhouse is extensively used in China for its favorable 

heat preservation and energy saving characteristics.  According to 

the data from the former department of agricultural mechanization 

management of ministry of agriculture of China, the total area of 

solar greenhouse has reached 6.6×105 hm2 to the end of 2016, 

accounting 31.8% of the agricultural facilities.  Utilization of 

greenhouse ensures the vegetable supply for Northern China in 

winter, and it also provides important approach to adjust the 

agricultural structure[1]. 
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During the horticultural production in solar greenhouse, 

ventilation is one of the key technological means to adjust the 

inside environment[2,3].  Natural ventilation, that is, the air motion 

caused by wind and thermal pressure through window, can 

dissipate extra heat and bring fresh air and CO2 into greenhouse.  

It also can dissipate extra vapor, thus decreasing the humidity and 

providing favorable environmental conditions for the plants in 

greenhouses[4]. 

Numerous factors had been confirmed which affecting the 

efficiency of natural ventilation.  For instances, Mistriotis et al.[5] 

indicated that the factors influence the greenhouse ventilation 

including the wind direction and speed, the outside irradiance, the 

temperature difference between the inside and outside of 

greenhouse, the overall structure of greenhouse, as well as the size, 

shape and position of windows.  Wei et al.[6] found that the single 

span greenhouse with removable back walls exhibits better 

ventilation and cooling efficiency than the traditional greenhouses.  

Xie et al.[7] indicated that the temperature and moisture of northern 

greenhouse using roof ventilation decrease with the increasing 

outside natural wind speed.  In addition, to cover the shortages of 

theoretical analyzing method, computational simulations were also 

extensively used.  In the existing simulating methods, the 

computational fluid dynamics (CFD) provides various numerical 

solution, which are helpful in the investigations of fluid flow, heat 

transmission and chemical reaction[8], especially in the research of 

ventilation and heat transmission[9-11], and thus reduces the 

workload of experiments.  For examples, Bournet and Boulard[12] 
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explored the mechanism of using CFD as a simulating approach 

and the availability of using it in the simulation of airflow 

environment.  Baxevanou et al.[13] used CFD for the thermal 

environment modeling of the mechanically ventilated glass 

greenhouse.  In recent years, CFD had also been widely utilized in 

the studies of solar greenhouse.  For instances, Song[14] simulated 

the temperature distribution of a solar greenhouse.  And it is 

showed that the simulated values were almost consistent with the 

detected values, which suggested that the CFD is available in the 

simulation of the inside environment of greenhouse.  Chang[15] 

used CFD for the simulation of the thermal and humidity in the 

greenhouse with traditional loam wall.  Fang et al.[16] set up the 

CFD model of the solar greenhouse using Fluent software, and 

solved the three-dimensional steady state of the distribution of the 

airflow in a solar greenhouse.  Besides, the availability of CFD in 

the simulation of the inside environment of solar greenhouse with 

various wall materials, size, and constructions were also confirmed 

by numerous studies[17-20].  In addition, the effects of different 

window opening style on the inside environment of solar 

greenhouse were also investigated.  Using CFD simulation, 

investigators studied the ventilation efficiency, temperature and 

flow field conditions of the full open-roof glass greenhouse[21].  

He et al.[22] studied the effects of different wind regime and vent 

configuration on the environment in tunnel greenhouses, indicating 

that the vent configuration dramatically affects the microclimate.  

The roof plus side opening provides the highest ventilation 

efficiency, and the thermal natural ventilation play a dominant role 

when the outside temperature is high and the wind speed is relative 

slow.  Hence, the roof ventilation window plays important roles in 

the thermal ventilation.  However, for the solar greenhouses, the 

dust and water retention are of frequent occurrence around the roof 

vents because of the impeded drainage, which will cause decreases 

in the luminousness and life span of greenhouse film.  

Furthermore, the dust retention will alter the width of partial vents, 

which will significantly affect the ventilation efficiency.  Hence, 

relative to the traditional roof ventilation, the back slope ventilation 

might exhibit better cooling efficiency[23,24], because it has more 

height difference between inlet and outlet of wind, and the 

characteristics of reducing the thermal storage of back roof. 

The airflow pattern and distribution of temperature and 

moisture are quite different among greenhouses with different 

window opening styles[25], while the homogeneity of inside 

microenvironment is quite important to the growth and 

development of crops in greenhouse.  However, the relationship 

between back roof ventilation and greenhouse microenvironment is 

still not well understood, which obstructs the application of this 

ventilation form.  In the present study, the temperatures at 

different positions inside greenhouses with top roof and 2 types of 

back roof ventilation were comparatively studied.  Based on these, 

the CFD simulation was adopted to study of effect of different 

window opening styles on environmental indicators including 

temperature and air flow of the greenhouses. 

2  Materials and methods 

2.1  Investigated greenhouses 

The investigated greenhouses located in the Northwest A&F 

University, Yangling District, Shaanxi, China (34°16′N, 108°06′E).  

The structure of the greenhouse was shown in Figure1, which had a 

north-south span of 8 m, a length of 16 m, and a height of 3.6 m.  

The back wall with a height of 2.2 m was constructed with 780 mm 

brick inner wall and 100 mm polystyrene outer board.  The front 

roof was made of PO film with a thickness of 0.10 mm.  A vent 

window of 0.8 m in width and 16 m in length was set on the front 

roof at the height of 0.65 m above the ground.  

In order to investigate the effect of different vent style on 

inside environment of greenhouse, three greenhouses with the same 

vent area but different upper ventilation styles were designed.  

The greenhouse 1 (G1) was back roof central opening style, which 

is applied by using an 8.0 m×1.2 m window set on the back roof 

using the ridgeline as one edge (Figure 2a).  The window was 

controlled by an electric window drive system, and the motor used 

was the 0.37 kW WJNA40-2.6 special reduction motor for 

greenhouse (HUANONG-BESKY Co., Ltd., Beijing, China).  For 

greenhouse 2 (G2) was back roof evenly spaced opening style, 

which is applied by using eight windows with a size of 1.0 m×  

1.2 m and spacing of 2 m evenly set on the back roof, the ridgeline 

was also used as one edge for each window (Figure 2b).  For 

greenhouse 3 (G3) was top roof full opening style, which is applied 

by using 16.0 m×0.6 m window was set on the top roof.  All of 

the vent windows were covered with 52-mesh insect proof net.  

During the experiments, all of the windows for every greenhouse 

were full opened.  

 
Figure 1  Structure of the investigated greenhouses (Unit: m) 

 

a. Back-slope center window type ventilation 

 

b. Back-slope partition type of ventilation 

1. Ridgeline of the greenhouses  2, 3. Windows on the backroof 

Figure 2  Distribution of the windows on the back roof (Unit: m) 
 

2.2  Data collection 

The experiments were conducted in May 12th, 2019.  Three 

typical cross sections were chosen from east to west in each 

greenhouse, and they were labeled as A, B and C (Figure 3a).  

Nine measurement points were set on each cross section and were 

named as A1-A9, B1-B9 and C1-C9, respectively.  The layout of 

the 9 points was given in Figure 3b.  The temperature was then 

determined and recorded using T type thermocouples (Herouwire 

and cable Co., Ltd., Shanghai, China.  The measurement range 

was –200°C to 350°C, with the accuracy of ±0.2°C) and an Agilent 

data collector (Agilent Co., Ltd., USA).  The time intervals of 

automatically record were 10 min.  The outside air temperature 

and moisture, solar radiation and wind speed were determined 
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using a HOBO U30 portable automatic meteorological station, 

which has a temperature measurement range of –40°C to 75°C, 

with the accuracy of ±0.7°C; a moisture measurement range of 

0-100%, with the accuracy of 3%; and a solar radiation (400-   

700 nm) measurement range of 0-1280 W/m2, with the accuracy of 

±10 W/m2 and the resolution of 1.25 W/m2.  The automatic 

meteorological station was set up at the height of 1.5 m above the 

ground in an open area at the west of the greenhouse with a 

distance of 10m, and the mentioned data were collected every    

1 min.  The indoor and outside environmental parameters 

collected at 15:30 were used for the following model verification.  

At that time, the outside wind speed was 1.51 m/s, the solar 

radiation was 561.9 W/m2, and the temperature of the greenhouse 

entrance was 27.3°C, respectively.  

 
a. Layout of cross sections              

 
b. Layout of measured points 

Figure 3  Layout of the indoor air temperature measurement 

points 
 

The temperature uniformity coefficient is defined to evaluate 

the uniformity of indoor temperature,  
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where, ζ is the temperature uniformity coefficient; n is the number 

of measurement points; Ti is the temperature of the i measurement 

point, °C; T  is the average temperature, °C. 

2.3  CFD modeling of greenhouses 

Parametric modeling was conducted using the Geometry 

module in ANSYS FLUENT, and the 1:1 scaled 3D models of the 

greenhouses were constructed according to their actual size and 

correlativity (Figure 4).  All of the vents were fully opened. 

 
Figure 4  Physical model of investigated greenhouses 

 

The meshing was conducted using ICEM.  Specifically, the 

polyhedral mesh was chosen, the volume grid was on the order of 

400 000, while the number of nodes was on the order of 1.7 million.  

There was no negative volume when checking the grid quality 

using the Fluent, indicating that there were no incorrect 

connections and the following processing could be conducted. 

Under the conditions of natural ventilation, the air flow is 

relative slow, and the temperature alteration during the air motion 

is negligible, thus the inside air could be regarded as steady 

incompressible fluid.  Consequently, the motion of the air follows 

the basic physical laws, including:  

Mass conservation equation: 
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Assuming the air motion nearby the walls followed the 

Standard Wall Functions, while the air flow was turbulent flow, the 

standard k-ε turbulence model was adopted for the simulating 

calculation as Equation (6): 
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where, u  was the time average of the velocity vector u, m/s; u , 

v , w  were the time average components on the directions x, y, 

and z, m/s; u , v , w  were the pulsating components of u on 

the directions x, y, and z, m/s; p  was the time average of the 

pressure on the fluid microplasms, Pa; T  was the time average of 

the temperature T of fluid; T′ was the pulsating value of the 

temperature of the fluid; μ was the viscosity of the fluid, Pa·s; ρ 

was the density of the fluid, kg/m3; λ was the heat conductivity 

coefficient of the fluid, W/(m·K); cρ was the specific heat capacity 

of the fluid, J/(kg·K); ST was the heat source in the fluid; Cs was the 

time average of the concentration of component s; Cs′ was the 

pulsating value of the concentration of component s, kg/kg; Ds was 

the diffusion coefficient of the component s, m2/s2; Ss was the 

production rate of the component s; k was the turbulence kinetic 

energy, m2/s2; ε was turbulent dissipation rate, m2/s2; μt was the 

turbulent viscosity Pa·s; σk and σt were the corresponding Prandtl 

number of the turbulence kinetic energy and the turbulent 

dissipation rate, which were set as 1.0 and 1.3, respectively in the 

present study; Gk was the turbulence kinetic energy production 
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caused by average flow velocity gradient; empirical constants C1ε 

and C2ε were set as 1.44 and 1.92, respectively. 

Solar radiation is one of the key factors affecting the 

temperature and humidity distribution in the solar greenhouse, thus 

the irradiative thermal transfer between inside and outside should 

be taken into consideration.  The solar ray tracing method was 

chosen to load the solar model.  According to the studies of 

Baxevanou et al.[13], Fidaros et al.[26] and Zhang et al.[27], as well as 

the actual conditions of the tested greenhouse, the Discrete 

Ordinates (DO) model was chosen, and the radiance equation was 

given as following:  
4
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where, I was the radiation intensity depending on the position 

vector r  and the direction vector s ; s  was the scattering 

direction; α, n, and σs were the absorption coefficient, refraction 

coefficient and scattering coefficient, respectively; σ was the 

Stephen Boltzmann’s constant; T was the local temperature; F was 

the phase function. 

As the large Reynolds number of the air motion in greenhouses, 

the standard k-ε model was chosen and the solar radiation was 

calculated using DO model.  The air inlet on the windward side 

was set as Velocity Inlet boundary conditions, while the air outlets 

on the leeward or on the roof were set as Pressure Outlet boundary 

conditions.  All the windows were opened by rack over hanging 

style, while the ground and maintenance structures were all set as 

Wall boundary conditions.  The air was regarded as ideal 

incompressible gas.  Specific physical characteristics of the 

materials used in greenhouse were listed in Table 1. 
 

Table 1  Physical characteristics of the materials used in 

greenhouse 

Materials 
Density 

/kg·m
-3

 

Thermal conductivity 

/W·m
-1·

°C
-1

 

Specific heat 

/J·kg
-1·

°C
-1

 

Air 1.225 0.0242 1006.43 

Soil 1400 1.518 840 

Wall 1400 0.58 1050 

Polysty board 350 0.03 1.38 

Pofilm 900 0.29 2550 
 

 

The boundary conditions used for numerical simulation were 

the temperature values measured on 16:00 in May 12th, 2019, and 

the measured data from inside and outside of the greenhouses were 

used as the initial conditions for the settings of boundary conditions.  

The polystyrene board was regarded as adiabatic, while the PO film 

was translucent.  The specific parameters of the boundary 

conditions were listed in Table 2. 
 

Table 2  Specific parameters of the boundary conditions 

Name Materials Boundary types Thickness/m 
Speed 

/m·s
-1

 

External radiation intensity 

/W·m
-2

 

External temperature 

/°C 
Transparency 

Soil Soil Wall 2 - - 27.3 Opacity 

Brickwall Brick Wall 0.78 - - 23.0 Opacity 

Polyboard Polysty Wall 0.1 - - - Opacity 

PO PO film Wall 0.0001 - 561.9 29.2 Translucent 

Window 1 - Pressure Outlet - - - 31.4 - 

Window 2 - Velocity Inlet - 1.51 - 27.6 - 
 

3  Results and discussions 

3.1  Model verification 

Comparative analysis between the results from experimental 

test and simulation is the most conventional approach to judge the 

reliability of simulation results.  The comparisons between the 

measured and simulated temperatures at the same position in G1, 

G2 and G3 were exhibited by Figure 5, which indicated that there 

was similar variation tendency in the measured and simulated 

inside temperature.  The mean absolute errors of the 27 measured 

points from G1, G2 and G3 were 0.8, 0.8 and 0.5°C, respectively,  

 
Figure 5  Measured and simulated temperatures in each greenhouse 

while the average relative errors were 2.71%, 2.85% and 0.16%, 

respectively.  All the errors between the simulated and measured 

results were smaller than 5%, indicating that the model could be 

used in the present study. 

3.2  Temperature distribution in the investigated greenhouses 

Figure 6 exhibited the distribution of temperature and air flow 

speed in G1, G2 and G3.  The average indoor air temperature in 

G1, G2 and G3 were 28.0, 28.5 and 29.6°C, while the temperature 

uniformity coefficients were 0.44, 0.36 and 1.46, respectively.  

The outside air sank immediately after entering the greenhouse G1 

by the bottom vent on front roof, and then flowed to north to the 

back wall (Figure 6a).  Simultaneously, it brought the upper air to 

flow to the back window.  The wind speed was high in bottom 

and relatively low in the top.  For cross section A and C, the air 

nearby the back wall climbed to the back roof along the back wall, 

and subsequently sank along the front roof to form a large eddy.  

While for cross section B, the air would escape from the vent.  As 

there were vents on the back roof, the air flow in G2 was similar to 

that in G1.  However, as all vents were smaller than that in G1, 

approximately 1/3 air could not escape but sank along the front 

roof.  The hindered venting led to poor convection heat transfer 

efficiency.  In addition, in the cross section B of G2, obvious 

turbulent flow was observed in the upper space and the upper of 

bottom vent (Figure 6c), this also hindered the air cycling.  Hence, 

the temperature in G2 was significantly higher than that in G1 

(Figures 6b and 6d).  Figures 6b, 6d and 6f indicated that the 

temperature in G3 was significantly higher than those in G1 and G2, 
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that might be attributed to the significant shorter air track in G3 

(Figure 6e), which causing limited air flow disturbances and air 

venting, especially the heat accumulation in the top space of the 

front roof (Figure 6f).  It should be noted that, the entrance opened 

on the gable wall resulted in heat exchange between the indoor and 

outdoor, and thus lead to the difference of distribution of 

temperature close the two gable wall.  In this work, the entrance 

was opened on the gable wall close to section C for greenhouse G3, 

while it was opened the gable wall close to section A for 

greenhouse G1 and G2.  Therefore, there are differences in 

distribution of temperature on section A and C, though the 

positions of them were symmetrical.  

 
a.  b. 

 
c.  d. 

 
e.  f. 

 

Figure 6  Distribution of air flow field (a, c and e) and temperature field (b, d and f) in greenhouses G1, G2 and G3 
 

3.3  Effects of different combination window opening styles 

In order to further explore the heat exchange capacity of 

greenhouses with different window opening style combinations, 

following simulation was conducted using the verified CFD 

model.  Same roof vent in G3 was established on the top roof of 

G1 and G2, and all of the vents were fully opened as well.  

These 2 new opening styles were recorded as G1+G3 and G2+G3.  

The simulated results of indoor air flow filed and temperature 

filed of them were shown in Figure 7, which indicated that the 

style of G2+G3 significantly alleviated the heat accumulation, 

and significantly increased the effective disturbance to the inside 

air flow, especially in the projection area of the back roof.  It 

simultaneously reduced the formation of air cavity, while 

increased the continuity of the air motion.  According to the 

calculation results, the temperature uniformity coefficients of the 

style G1+G3 and G2+G3 were respectively 0.52 and 0.36, which 

revealed that the combination of spaced back roof ventilation and 

top roof ventilation exhibited the best cooling effects and 

temperature uniformity.  The average temperature on the cross 

sections A, B and C in each ventilation style also confirmed this 

result (Figure 8). 

The effects of outside environment and window opening on the 

temperature distribution and air flow velocity in multi-span 

greenhouse and plastic tunnel had been extensively 

investigated[26,28].  CFD was also used for the analysis of the 

temperature and humidity environments and the airflow field in 

solar greenhouse[29-31].  However, studies on the temperature 

distribution and air motion regularity in the solar greenhouse with 

different window opening style are lacking.  In the present study, 

simulation modeling of the solar greenhouse without crop 

plantation was conducted based on the existing studies on the 

inside microenvironment distribution in plant-free greenhouse 

using CFD[32,33], and the influence of window opening style on the 

indoor environment was investigated.  It was noteworthy that in 
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the present study, only the thermal interaction among the floor, 

front roof, back roof, back wall and outside were considered, while 

the effects of the plants on the inside thermal environment, such as 

their transpiration and the heat convection between leaves and air, 

were not concerned.  Hence, in the solar greenhouse planting 

crops with large leaf area index, the simulated models in this study 

should be further modified.  In addition, the verification of the 

natural ventilation model simulated results was only conducted 

basing on the data of the temperature detecting points, but not on 

those of the air velocity detecting points.  Thus, the results could 

only provide theoretical analysis of the distribution of air flow 

velocity.  Considering the effects of crops were not considered, 

the simulated temperature would be higher than the detected values, 

and the air flow simulation would be affected either.  In the 

following investigation, the porous model and transpiration model 

would be introduced into the simulation to optimize the parameters 

in the model and thus increase its simulation accuracy.  On the 

other hand, as the crops would hinder the air motion in natural 

ventilation conditions, thus the tall crops, such as pepper, tomato 

and cucumber, should be regarded as solid media with given 

porosity, and their air flow resistance should be also considered for 

increasing the simulation accuracy of models. 

 
a.  b. 

 
c.  d. 

Figure 7  Distribution of air flow and temperature field in the greenhouse with different window opening style combinations 
 

 
Figure 8  Average temperature of cross section A (red), B (purple) 

and C (yellow) under different window opening styles s 

4  Conclusions 

(1) The CFD model of different window opening styles was 

built according to the standard k-ε turbulence model and DO 

radiation model.  The simulated and measured temperatures at 

different points located at three typical sections of the greenhouses 

exhibited favorable agreement, indicating the built model is 

suitable to simulation. 

(2) In the case of the windows opening area is the same and 

only single ventilation style is applied, back roof full opening style 

exhibited the best cooling effect.  The inside average temperature 

of the greenhouse with G1 style decreased respectively 0.5 and 

1.6°C than that of the greenhouse with G2 and G3. 

(3) The cooling effect of the window opening style of G2+G3 

was more favorable than that of the style of G1+G3.  The style of 

G2+G3 exhibited better cooling effect than the single ventilation 

styles, with the lowest temperature (27.5°C) and temperature 

uniformity coefficient (0.36). 
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