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Abstract: The ventilation rate of a greenhouse is one of the major factors to consider when assessing
its ventilation performance. Compared with plain areas, high-altitude areas have lower air pressure,
thinner air, and stronger solar radiation, which in turn affect the magnitude of the local greenhouse
ventilation rate. This paper is based on the use of online monitoring and computational fluid
dynamics (CFD) techniques for modeling and model validation. The average relative error (ARE),
mean absolute error (MAE), root-mean-square error (RMSE), and determination coefficient (R2) of the
temperature were 4.88%, 1.396 ◦C, 1.428 ◦C, and 0.9982, respectively. The ARE, MAE, RMSE, and R2

of the velocity were 9.525%, 0.035 m/s, 0.049 m/s, and 0.9869, respectively. Then, the distributions of
the wind pressure, Reynolds number (Re), thermal pressure, air density, air speed, and temperature in
greenhouses in high-altitude and plain areas were researched to obtain the relevant factors affecting
the ventilation rates of greenhouses in high-altitude areas. In addition, correlation analyses were
conducted for five variables affecting the ventilation rate: the inlet velocity, the temperature difference
between the inside and outside of the greenhouse, the air density difference between the inside and
outside of the greenhouse, total indoor radiation, and the internal heat source of the crop, and the
coefficients of their correlations with the greenhouse ventilation rate were 1.0, −0.83, −0.72, −0.72,
and 0.68, respectively. A natural ventilation rate model for plateau areas was developed, with the
ARE, RMSE, and R2 between the sample values and fitted values determined to be 4.55%, 0.543 m3/s,
and 0.9997, respectively. The model was validated by predicting the greenhouse ventilation rate
in winter (3 January 2022), and the ARE, RMSE, and R2 of the sample values and predicted values
were 9.726%, 8.435 m3/s, and 0.9901, respectively. This study provides a theoretical basis for further
research on greenhouse ventilation characteristics in high-altitude areas.

Keywords: high altitude; CFD simulation; wind pressure; thermal pressure; ventilation rate

1. Introduction

Generally, high-altitude areas are defined as altitudes that exceed 2400 m. In China,
altitudes of 2000–3000 m are about 7%, and those above 3000 m are about 25.9%. It is
of great significance to develop facilities for the vegetable industry that can meet the
demand of urban and rural residents in high-altitude areas and alleviate the problem of
difficult-to-eat vegetables in high-altitude and marginal areas [1]. Compared with plain
areas, high-altitude areas have stronger solar radiation, a larger temperature difference
between day and night, and a thinner atmosphere with a lower density. Therefore, there
are variations in the natural ventilation characteristics and ventilation rates of greenhouses.

In recent years, scholars at home and abroad have gradually conducted relevant
studies on high-altitude areas. A. Agarwal et al. [2] studied the effect of plant density on
the production of bell pepper in greenhouses in alpine and high-altitude areas, obtaining
the optimal range of planting density. S. Acharya et al. [3] studied the effect of different
organic fertilizers on the yield of garlic under greenhouse conditions in extreme winters,
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which can be applied to be extended in the fragile ecosystem of the cold arid desert of the
Ladakh region. Y. Chun et al. [4] studied the effects of plant morphological, physiological,
and biochemical traits of Populus przewalskii in lower- and higher-altitude areas under
water stress in a greenhouse, which revealed more protective mechanisms for Populus
przewalskii in higher-altitude areas. R. Fuller et al. [5]. constructed a simple greenhouse
in a remote local high-altitude area of Nepal and evaluated the thermal performance of
the greenhouse. Simulations were conducted to propose improvements to the building
enclosure and predict the impact of adding nighttime heat from an internal passive solar
water collector. These research methods and ideas guided the study in this paper.

Scholars have researched greenhouse ventilation, including forced ventilation [6,7]
and natural ventilation [8,9]. The former mainly relies on wet curtains and fans for ven-
tilating and cooling, which is more flexible in terms of regulation measures to adjust the
environmental climate in greenhouses. However, it needs to consume more energy and
cannot contribute to sustainable development [10]. Natural ventilation is defined as the
flow of indoor and outdoor air across the greenhouse window caused by the action of
wind and thermal pressures. It is widely used in solar greenhouses and consumes little
electric energy. Research has shown that thermal pressure dominates ventilation when the
external wind speed is less than 0.5 m/s. When the external wind speed is higher than
1.5 m/s, the wind pressure dominates the ventilation. Wind pressure and thermal pressure
combined dominate the ventilation for velocities between 0.5 m/s and 1.5 m/s [11]. In
addition, the chimney effect provides effective thermal pressure ventilation [12–14]. In 1989,
L. Okushima et al. [15] started to apply CFD techniques in greenhouses. This technique
enabled a briefer analysis of the natural ventilation effect. Subsequently, CFD calculation
algorithms were improved to make the results more accurate [16,17]. Meanwhile, scholars
in this domain at home and abroad have numerically simulated the hydrothermal envi-
ronment in solar and glass greenhouses [18,19]. J. Roy et al. [20] studied temperature and
humidity in a semi-closed greenhouse based on CFD and conducted a sensitivity study on
the effect of an air-conditioning device. T. Boulard et al. [21,22] used CFD to predict the
transfer of fungal spores in a rose greenhouse and also studied the microclimate, canopy
transpiration, and photosynthesis in greenhouses. M. Akrami et al. [23] researched the
structural effects of single-span greenhouse vents at lower wind velocities by CFD and
determined that the environmental effects of roof vents on the plant zone were minor. S.
Hong et al. [24] calculated the greenhouse ventilation rate by CFD and tracer particles. L.
He et al. [25] analyzed and discussed factors such as the air age, flow field distribution,
and angles of the optimum air inlet and outlet inside the greenhouse based on CFD and
entropy weight analysis. Thus, it is evident that the application of CFD in greenhouse
ventilation is mainly focused on the analysis of the flow and temperature fields inside the
greenhouse, as well as other related factors. Research on the criteria for wind pressure,
thermal pressure, and Re for the ventilation flow pattern is scarce. Therefore, it is feasible
to study the characteristic distributions of wind and thermal pressures in greenhouses
by CFD.

The greenhouse ventilation rate is a major indicator of the greenhouse ventilation
capacity, which can considerably affect the microclimate environment distribution in green-
houses [26]. Relevant scholars at home and abroad have conducted a lot of research on the
greenhouse ventilation rate. Some scholars divided the ventilation rate of the greenhouse
into the wind pressure ventilation rate and thermal pressure ventilation rate. According
to different types of greenhouses, the relationships between the wind pressure ventilation
rate, thermal pressure ventilation rate, and total ventilation rate have been researched. T.
Boulard et al. [27] established a model of the ventilation rate for continuous roof vents.
Through experimental tests and calculations, the wind pressure ventilation rate, thermal
pressure ventilation rate, and total ventilation rate of double-side ventilation and single-side
ventilation of greenhouses have been researched, with corrections applied for ventilation
coefficients. F. Baptista et al. [28] investigated the wind pressure ventilation rate, ther-
mal pressure ventilation rate, and total ventilation rate using tracer gas. Moreover, the
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functional relationship between the three was researched to simplify the ventilation rate
calculation formula. Then, F. Fang et al. [29] used carbon dioxide tracer gas to research
the wind pressure and thermal pressure ventilation rates based on top-ventilated green-
houses. Equations from previous research were also combined to correct and fit the wind
pressure–volume coefficients. A great number of scholars have conducted experiments and
derived the ventilation rate calculation equation. C. Kittas et al. [30] combined previous ex-
perimental research and theoretical calculations to derive equations for the ventilation rate
calculation. However, the format is relatively complex, and the measurement and collection
of data are difficult. L. Wang et al. [31] researched meteorological data to acquire estimates
of ventilation rates in different environments. Meanwhile, the correction coefficients for the
heat area in different environments have been determined, and the ventilation rate equation
has been derived theoretically by scholars. M. Sherman et al. [32] based the ventilation rate
calculation on the Bernoulli equation of fluid mechanics. J. Fernandez et al. [33] solved
the coefficients of this equation in their study by adjusting the opening of vents. The
ventilation rate can be calculated by correcting the equation using the inlet velocity and the
temperature difference between the inside and outside. This method reasonably simplifies
the calculation. However, the determination of the ventilation rate correlation coefficients
still requires extensive field experimental fitting and validation.

In this research, field experiments were conducted at high altitude, and a remote
transmission platform was created for data collection. The distributions of wind and
thermal pressure characteristics in a low-pressure environment were researched using
the CFD technique, and the results were analyzed by comparing them with those in
the plain area (altitude of 43.5 m in Beijing). Meanwhile, the ventilation rates under
different operating conditions were calculated separately, and a correlation analysis and
significance test of the influencing factors were performed. Finally, the ventilation rate of
the solar greenhouse at high altitude was calculated and verified by combining the test
data. This study not only provides a new idea for studying the ventilation characteristics
of solar greenhouses in high-altitude areas but also greatly simplifies the calculation of the
greenhouse ventilation rate in Lhasa, Tibet.

2. Materials and Methods
2.1. Experimental Site and Materials

The experimental solar greenhouse is located in the Tibetan Academy of Agricultural
and Animal Husbandry Sciences, Lhasa (91.03◦ N, 29.64◦ E, altitude 3650 m). The green-
house is oriented east to west, with a total area of 412 square meters, a span of 7.3 m, a
length of 56.43 m, a height of 3.2 m, and a back wall height of 2.62 m. The greenhouse back
wall is constructed of concrete and covered with plastic panels and insulation wool, while
the film consists of PVC plastic. During this experiment, tomato crops were grown in the
greenhouse, where plants were about 2 m high. The side vents were closed on rainy days.
The top vents were covered with insulation cotton in winter when the temperature was low.
The inlet of this greenhouse is situated on the south side, and the position of the inlet is
1.25 m from the ground, the height of the opening is 0.45 m, and the width of the opening is
0.4 m. The air outlet is located 1.2 m from the back wall, and the outlet is nearly horizontal
with an opening of 0.4 m. The greenhouse cross-section is shown in Figure 1.

Outdoor environmental data were collected by Kunlun Coast’s all-in-one weather
station (weather station model: QXZM-M1). The relevant collected data include wind
speed, wind direction, ambient temperature and humidity, radiation, and a series of other
environmental climate variables, which were collected automatically every 30 min. The
interior of the solar greenhouse uses side vents combined with top vents for ventilation
regulation. Different types of sensors were arranged at different locations of the air vents
and inside the greenhouse. The specifications of the greenhouse sensors are shown in
Table 1.
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Figure 1. Greenhouse cross-section diagram.

Table 1. Sensor Specifications.

Instrument Measurement Data Measurement Range Precision

PT100 Temperature −40 ◦C~80 ◦C ±0.2 ◦C

Humidity sensor Humidity 0 RH~99% RH ±3% RH (5%
RH~95% RH, 25 ◦C)

Thermal bulb wind
speed sensor Velocity 0~5 m/s ±(0.03 m/s + 2%

reading)
Light sensor Total indoor radiation 0~2000 W/m2 ±10 W/m2

For the purpose of comprehensively determining the distributions and change patterns
of the temperature, humidity, velocity, and other environmental variables in the greenhouse
over time and space, different types of sensors were arranged in the greenhouse. The
horizontal direction is mainly arranged horizontally, while the vertical direction is mainly
arranged in three layers to monitor the environmental changes at different heights. The
sensor measurement points were arranged as in Figure 2.

Dear Zoe, 
 
There are two errors that need to be modified in this paper before release. 
 
1. In Table 1, the sensor parameters in the first or last row are repeated, please delete one row. 

 

 
2. In Figure 2, the monitoring points in the greenhouse are ambiguous, please modify them into 
clear pictures as follows for the reader's easy reading reference. 

  
(a) (b) 

 
Figure 2. Locations of temperature sensors in the greenhouse of: (a) Sideside view; (b) 
Overheadoverhead view. 
 
Thank you very much in advance. 
 
I am looking forward for your reply. 
 
Kind regrads, 
Bohua Liang 
 

Figure 2. Locations of temperature sensors in the greenhouse: (a) side view; (b) overhead view.

The extraction of data was performed through a cloud platform, and then the obtained
data were processed. The transmission platform is schematically shown in Figure 3.
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2.2. CFD Model

The experimental greenhouse was numerically modeled and calculated by the CFD
technique in this research. In the greenhouse, the airflow is slow, and the temperature
change is minor, which is consistent with the Boussinesq hypothesis [10,34]. Thus, the state
of airflow within the temperature chamber is considered incompressible turbulent flow.
This model is discretized using the finite volume method and SIMPLEC algorithm. The
basic control equation is Equation (1).

∂(ρϕ)

∂t
+ div(ρuϕ) = div(Γgradϕ) + S (1)

In this case, ϕ is a generic variable that represents the solution variables, such as u, v,
w, and T; Γ is the generalized diffusion coefficient; ρ is the air density, kg/m3; u is the air
velocity, m/s; and S is the generalized source term.

The researched greenhouse is located in Tibet, where the solar radiation is intensive in
the noon hour of autumn and has a great influence on the flow field inside the greenhouse.
Thus, in the CFD model, the solar radiation model (DO) is loaded by the sun-ray-tracing
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method. In addition, the DO radiation model was chosen to consider the effect of thermal
radiation. The radiation solution equation is Equation (2) [35].

∇ ·
(

I
(→

r ,
→
s
)→

s
)
+ (a + σs)I

(→
r ,
→
s
)
= an2 σT4

π
+

σs

4π
ΦI
(
→
s ,
→
s′
)

dΩ′ (2)

In this equation,
→
r is the position vector; s is the along-range length; a is the absorption

coefficient; n is the discount factor; σs is the scattering coefficient; σ is the Stefan–Boltzmann
constant, with a value of 5.26 × 10−8 W/m2K4; I is the radiation intensity; T is the local
temperature (K); Φ is the phase function; and Ω’ is the spatial stereo angle.

To describe the tomato plants in the greenhouse in a porous medium, a source term is
added to the momentum equation according to the Darcy–Forchheimer law. The porous
medium is calculated as in Equation (3) [10,34,36].

Su =
(
−µ

α
u
)
+

(
−Cu ·

1
2

ρ|u|u
)
= (−Duµu) +

(
−Cu ·

1
2

ρ|u|u
)

(3)

In this case, Su is the source term of the momentum equation; µ is the dynamic viscosity,
m2/s; α is the permeability of the porous medium, m2; Du is the viscous drag coefficient;
and Cu is the inertia drag coefficient.

The sensible heat exchange between the crop canopy and the room air, the latent heat
of transpiration of the crop, is calculated using the following equation. Finally, it is added
to the energy equation in the form of a source term. The source of internal heat is calculated
as in Equation (4) [10,37].

SΦ = 2LAIρCp
Tc − Ti

ra
+ LAIρλ

Hc − Ha

ra + rs
(4)

SΦ is the source term of the energy equation; LAI is the leaf area index, m2/m2; Tc and
Ti are the temperatures of the crop and the indoor air, K; ra is the aerodynamic impedance
of the crop boundary layer, s/m; λ is the latent heat of evaporation of water, J/kg; rs is the
average impedance of the crop stomata, s/m; and Hc and Ha are the relative humidity of
the crop and the indoor air.

The aerodynamic impedance of the crop boundary layer and the average impedance
of the crop porosity are calculated in Equations (5) and (6) [34].

ra =

840
(

d
|Tc−Ti |

)0.25
u < 0.1 m/s

220
(

d0.2

u0.8

)
u < 0.1 m/s

(5)

rs = 200

(
1 +

1
exp
(
0.05

(
Rgi − 50

))) ·(1 + 0.11exp
(

0.34
Di
100
− 10

))
(6)

Rgi is the internal solar radiation; Di is the saturated water vapor pressure difference;
and d is the characteristic blade length per unit length. All parameters are added to the
control equation in the form of source terms.

The Mach number is generally used to determine the compressibility of a fluid.
When the number is less than 0.3, the fluid is considered incompressible, calculated as in
Equation (7) [38].

M =
u
c
=

u√
kRT

(7)

where c is the velocity of sound propagation within the fluid; R is the molar gas constant;
and k is the isentropic index, which is calculated to be 1.4 for air [39]. From these calcula-
tions, M is 4.55 × 10−3 and 3.35 × 10−2 in the selected working conditions. Hence, because
M is less than 0.3, the gas in the greenhouse can be considered an incompressible fluid.



Agronomy 2022, 12, 2387 7 of 23

The state of the flow of air is usually discriminated by Re, which reflects the relation-
ship between the magnitude of the inertial and viscous forces. The calculation equation is
shown in Equation (8) [40].

Re =
ul
υ

(8)

where l is the characteristic length. In this research, Re is far more than 4000. The air
in the greenhouse can be considered a low-velocity incompressible fluid with turbulent
properties [38].

In general, the ratio of the total area of plant leaves to the land area is defined as the
leaf area index (LAI). The calculation equation is shown in Equation (9) [41].

LAI =
∑n

1 Slea f

Ssoil
(9)

where n is the number of leaves; Sleaf is the area of each leaf; and Ssoil is the area covered
by soil. In this study, we measured and obtained the average values for different types of
leaves to obtain the value of the greenhouse LAI for this experiment.

2.3. Boundary Conditions and Geometric Modeling

CFD models using the RNG k-ε dual-square turbulence model were used with the
standard wall function treatment in the near-wall region [42,43]. Under natural ventilation
conditions, the inlet velocity and outlet pressure were used as boundary conditions. The
major boundary conditions, such as the temperatures of the air inlet and outlet, the wind
velocity of the air inlet, and the solar radiation within the room, were further calculated
based on the data transmitted remotely from the sensors. Taking the indoor reference
temperature as an example, the calculated value can be obtained by selecting the temper-
ature data from four indoor monitoring points (monitoring point 1, monitoring point 2,
monitoring point 6, and monitoring point 7) and taking their average values. The wind
velocity of the inlet was obtained by averaging the data from measurement point 5 and
measurement point 17, while the temperature of the outlet was determined from the data
collected at measurement point 11 (the monitoring points are distributed as in Figure 2).

In the crop section, the associated physical parameters of the plants were collected
through field tests. The temperature and humidity of the plant leaves were measured
with a chlorophyll meter, the humidity and atmospheric pressure around the plants were
measured with a thermal anemometer, the breeze speed around the plants was measured
with a thermal anemometer, and the dimensions of the leaves were measured with a
micrometer and vernier calipers, which led to the calculation of the LAI. Finally, the
evapotranspiration of the plant was calculated from the measured data and then assigned
to the CFD model in the form of an endothermic source for calculations.

In the process of CFD model construction, the physical parameters of the wall, as well
as the soil and other materials, are involved. Considering the financial cost, the density,
specific heat, and thermal conductivity of these materials were obtained from the literature
to obtain the specific values of these parameters. This calculation was carried out for the
solar greenhouse based on its equilibrium state. Therefore, we consider parameters such as
light conditions and boundary conditions to be equilibrium values. The specific parameter
settings are shown in Table 2.

According to the size of the greenhouse measurements, 3D modeling was performed.
To conveniently facilitate subsequent calculations, the simplified model of the heliostat was
developed with a structured mesh, with a total mesh of 2.39 million and good quality. The
model is displayed in Figure 4.



Agronomy 2022, 12, 2387 8 of 23

Table 2. Basic parameters and boundary condition settings.

Parameters Boundary
Conditions Parameters Boundary

Conditions

Air Density (kg/m3) 0.761 Pressure (Kpa) 66.1
Air thermal conductivity

(W·m−1·K−1) 0.027 Wall temperature (◦C) 23.8

Viscosity (m2/s) 2.63 × 10−5 Inlet velocity (m/s) 0.27
Specific heat of air

(J·kg−1·K−1) 1005.93 Inlet temperature (◦C) 30.5

Wall density (kg/m3) 1600 Outlet temperature (◦C) 28.5
Specific heat of the wall

(J·kg−1·K−1) 1051 Crop temperature (◦C) 27.3

Thermal conductivity of
walls (W·m−1·K−1) 0.76 Covering film

temperature (◦C) 47.0

Soil density (kg/m3) 1700 Soil temperature (◦C) 27.5
Soil specific heat

(J·kg−1·K−1) 1010 Crop canopy pressure drop
coefficient (◦C) [10,34] 0.395

Soil thermal conductivity
(W·m−1·K−1) 0.8 Internal dropout factor (C1)

[10,34] 0.2

Covering film density
(kg/m3) 950 Crop porosity 0.7

Covering film specific heat
(J·kg−1·K−1) 1600 leaf area index (LAI) 2.6

Thermal conductivity of
covering film (W·m−1·K−1) 0.29 Latent heat of evaporation

(J·kg−1) 2.43

Crop density (kg/m3) 560 Saturated water vapor
pressure difference (Pa) 650

Crop specific heat
(J·kg−1·K−1) 2100 d (mm) 6.0

Crop thermal conductivity
(W·m−1·K−1) 0.19 ra (s·m−1) 225.4

Indoor radiation (W/m2) 743 rs (s·m−1) 200
Air temperature (◦C) 29.55 Internal heat source (W/m3) 19.96

Agronomy 2022, 12, x FOR PEER REVIEW 8 of 23 
 

 

  
(a) (b) 

Figure 4. Greenhouse model. (a) Three-dimensional model. (b) Structured grids. 

Table 2. Basic parameters and boundary condition settings. 

Parameters 
Boundary Condi-

tions 
Parameters 

Boundary Condi-

tions 

Air Density (kg/m3) 0.761 Pressure (Kpa) 66.1 

Air thermal conduc-

tivity (W·m−1·K−1) 
0.027 Wall temperature (°C) 23.8 

Viscosity (m2/s) 2.63 × 10−5 Inlet velocity (m/s) 0.27 

Specific heat of air 

(J·kg−1·K−1) 
1005.93 Inlet temperature (°C) 30.5 

Wall density (kg/m3) 1600 
Outlet temperature 

(°C) 
28.5 

Specific heat of the 

wall (J·kg−1·K−1) 
1051 Crop temperature (°C) 27.3 

Thermal conductivity 

of walls (W·m−1·K−1) 
0.76 

Covering film tempera-

ture (°C) 
47.0 

Soil density (kg/m3) 1700 Soil temperature (°C) 27.5 

Soil specific heat 

(J·kg−1·K−1) 
1010 

Crop canopy pressure 

drop coefficient (°C) 

[10,34] 

0.395 

Soil thermal conduc-

tivity (W·m−1·K−1) 
0.8 

Internal dropout factor 

(C1) [10,34] 
0.2 

Covering film density 

(kg/m3) 
950 Crop porosity 0.7 

Covering film specific 

heat (J·kg−1·K−1) 
1600 leaf area index (LAI) 2.6 

Thermal conductivity 

of covering film 

(W·m−1·K−1) 

0.29 
Latent heat of evapora-

tion (J·kg−1) 
2.43 

Crop density (kg/m3) 560 
Saturated water vapor 

pressure difference (Pa) 
650 

Crop specific heat 

(J·kg−1·K−1) 
2100 d (mm) 6.0 

Crop thermal conduc-

tivity (W·m−1·K−1) 
0.19 ra (s·m−1) 225.4 

Indoor radiation 

(W/m2) 
743 rs (s·m−1) 200 

Air temperature (°C) 29.55 
Internal heat source 

(W/m3) 
19.96 

In this paper, CFD calculations, the spatial discretizations of the gradient, pressure, 

momentum, turbulent kinetic energy, turbulent dissipation rate, energy, and discrete 

Figure 4. Greenhouse model. (a) Three-dimensional model. (b) Structured grids.

In this paper, CFD calculations, the spatial discretizations of the gradient, pressure,
momentum, turbulent kinetic energy, turbulent dissipation rate, energy, and discrete
ordinates are least-squares-call-based, second-order, second-order upwind, first-order
upwind, first-order upwind, second-order upwind, and first-order upwind, respectively.
The scheme of the algorithm is SIMPLEC, and the skewness correction is zero. In addition,
the residuals of continuity, x-velocity, y-velocity, z-velocity, energy, k, epsilon, and DO
intensity are 10−3, 10−3, 10−3, 10−3, 10−6, 10−3, 10−3, and 10−6, respectively.
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2.4. Grid Irrelevance Verification

The numerical simulation of the transients requires the verification that the selected
number of meshes is irrelevant to the corresponding computational results, which means
validating the grid independence of the created model. CFD models with six different grid
numbers were created: 0.71 million, 1.21 million, 1.69 million, 2.39 million, 3.48 million, and
4.2 million grids. The calculated and tested temperature values for different monitoring
points (Figure 2) are shown in Figure 5a; the calculated and tested wind speed values are
shown in Figure 5b. When the number of grid cells exceeds 2.39 million, the error in the
temperature calculation decreases to 4.88%, and the error in the wind speed calculation
decreases to 9.49%. The calculation accuracy improves slightly as the number of grids
continues to increase. Combining the calculation of accuracy and efficiency, 2.39 million
grids were used for the subsequent calculation.
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2.5. CFD Model Validation

To validate the accuracy and reliability of the CFD model, the measured values in the
canopy area were compared with the calculated values, and the results are displayed in
Figure 6.
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From the calculations, the ARE, MAE, RMSE, and R2 are displayed in Table 3.
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Table 3. CFD Validation.

Observation
Point

Temperature (◦C) Velocity (m/s)

Measurement
Value

Calculated
Value

Measurement
Value

Calculated
Value

1 27.6 29.34 0.17 0.151
2 27.3 28.91 0.21 0.199
6 28.3 29.76 0.21 0.186
7 35 34.12 0.29 0.307
11 28.5 29.79 0.74 0.637

ARE - 4.880% - 9.525%
MAE - 1.396 - 0.035
RMSE - 1.428 - 0.049

R2 - 0.9982 - 0.9869

Although there are some deviations between the CFD calculation results and experi-
mental test data, the distributions of the temperature and flow field, as well as the overall
trend of change, are relatively consistent. This result indicates that the CFD model is valid
and accurate and can be used for further calculations.

3. Results and Discussion
3.1. Wind and Heat Pressure Calculations

The distributions of wind and thermal pressures in the greenhouse in the high-altitude
area are analyzed and discussed based on the CFD model. According to the test data and
literature research, two computational conditions were added. The calculated results of
three working conditions were used to study the wind pressure, thermal pressure, and
coupled ventilation effects with different inlet air velocities. The main boundary conditions
are listed in Table 4.

Table 4. Main calculation boundaries.

Inlet Velocity (m/s) Reference
Temperature (◦C) Reference Pressure (Pa) Inlet Temperature (◦C) Outlet Temperature (◦C)

1.95 17.30 66,780 19.0 18.1
0.27 29.55 66,100 30.5 28.5
1.3 23 66,340 24 23.8

The ventilation driven by wind pressure is mainly caused by the wind speed of the
inlet of the greenhouse. Assuming that the wind speed near the air inlet is constant, the
wind pressure calculation equation is obtained as follows:

∆Pw = 1/2Cwρu2 (10)

∆Pw is the pressure difference between inside and outside at the greenhouse vent
caused by the outdoor wind speed, Pa; Cw is the wind pressure coefficient of volume.

Ventilation driven by thermal pressure is mainly caused by the density difference
at different levels, which is associated with the temperature variation at different height
locations. The equation for calculating the thermal pressure is as follows [29]:

∆Ps = ∆P0 − ρg
(

∆T
T

)
y (11)

∆Ps is the pressure difference inside and outside the greenhouse vent caused by the
thermal pressure, Pa; ∆P0 is the reference pressure; and y is the vertical distance from a
point in the greenhouse to the floor.
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There are two sections of the solar greenhouse selected separately for the study, where
x = 4000 mm is the crop section and x = 600 mm is the non-crop section, as shown in
Figure 7.
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crop area).

3.1.1. Wind Pressure Ventilation

In the morning, at 10:00 am, with the inlet velocity u = 1.95 m/s, the airflow is mainly
affected by the wind pressure, with the research mainly focused on the air convection
caused by the wind pressure. The calculation results are displayed in Figure 8. Meanwhile,
after adjusting the DO radiation model, heat source within the plant, air density, and
reference atmospheric pressure, the wind pressure distribution characteristics in the plain
area (the altitude is 43.5 m in Beijing) are shown in Figure 9.
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(b) x = 600 mm, Re; (c) x = 4000 mm, wind pressure; (d) x = 600 mm, wind pressure.
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Figure 9. Wind pressure ventilation characteristics in the plain area of: (a) x = 4000 mm, Re;
(b) x = 600 mm, Re; (c) x = 4000 mm, wind pressure; (d) x = 600 mm, wind pressure.
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Figure 8a,c show the distributions of Re and wind pressure in the section where the
crop is located. In this figure, Re and wind pressure are larger in the crop gap area, where
Re exceeds 2.7 × 105 and wind pressure exceeds 1.2 Pa in the region near the ground, with
a decreasing trend as the height rises. Similarly, Re exceeds 5.5 × 105 and wind pressure
exceeds 2.8 Pa in the region close to the ground in the crop gap area, with a decreasing
trend as the height rises, as displayed in Figure 9a,c.

Re and wind pressure in the non−crop section (Figure 8b,d and Figure 9b,d) are un-
evenly distributed and show extremely turbulent characteristics, with an overall increasing
trend as the height impedance rises.

Further calculation results are displayed in Figure 10. The height of z = 1500 mm
inside the greenhouse was selected, and the results were obtained by extracting the Re and
wind pressure values at the cross−sections of x = 4000 mm (crop section) and x = 600 mm
(non−crop section), respectively, along the length direction (y-direction) of the greenhouse.
In the crop section, the Re in the high-altitude area is about 46.86% and the wind pressure is
about 71.34% of those in the plain area; in the non−crop section, the Re and wind pressure
in the high-altitude area are about 45.54% and 80.47% of those in the plain area.
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3.1.2. Thermal Pressure Ventilation

At 14:00 in the afternoon, with the inlet velocity u = 0.27 m/s, there is a significant tem-
perature gradient in the greenhouse, and the ventilation is mainly thermal-pressure-driven
at this time. The distributions of the thermal pressure and air density in high−altitude and
plain areas are presented in Figures 11 and 12, respectively.
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Figure 11. Thermal pressure ventilation characteristics in the high−altitude area of: (a) x = 4000 mm,
density; (b) x = 600 mm, density; (c) x = 4000 mm, heat pressure; (d) x = 600 mm, heat pressure.
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Figure 10. Variation in wind pressure characteristic parameters in high−altitude and plain areas of: 

(a) x = 4000 mm, Re; (b) x = 600 mm, Re; (c) x = 4000 mm, wind pressure; (d) x = 600 mm, wind 

pressure. 

3.1.2. Thermal Pressure Ventilation 

At 14:00 in the afternoon, with the inlet velocity u = 0.27 m/s, there is a significant 

temperature gradient in the greenhouse, and the ventilation is mainly thermal-pressure-

driven at this time. The distributions of the thermal pressure and air density in high−alti-

tude and plain areas are presented in Figure 11 and Figure 12, respectively. 
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Figure 11. Thermal pressure ventilation characteristics in the high−altitude area of: (a) x = 4000 mm, 

density; (b) x = 600 mm, density; (c) x = 4000 mm, heat pressure; (d) x = 600 mm, heat pressure. 
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Figure 12. Thermal pressure ventilation characteristics in the plain area of: (a) x = 4000 mm, density; 

(b) x = 600 mm, density; (c) x = 4000 mm, heat pressure; (d) x = 600 mm, heat pressure. 
Figure 12. Thermal pressure ventilation characteristics in the plain area of: (a) x = 4000 mm, density;
(b) x = 600 mm, density; (c) x = 4000 mm, heat pressure; (d) x = 600 mm, heat pressure.

In the crop area, the intense solar radiation and the evaporation and transpiration of
crops in the plateau area lead to a density difference around the crop (0.03 kg/m3), which
is about 187.5% higher than that in the plain area (0.016 kg/m3) (Figures 11a and 12a), and
the thermal pressure in the crop canopy area (0.6 Pa) is about 250% higher than that in the
plain area (0.24 Pa) (Figures 11c and 12c). In the non−crop area, the density decreases with
height in the plateau area, and the thermal pressure reverses (Figure 11b,d); in the plain
area, the thermal pressure distribution pattern is consistent with that in the plateau area,
but the density distribution is more disordered, which indicates that the air density in the
plain area is less variable.

Further calculation results are presented in Figure 13. The height of z = 1500 mm
inside the greenhouse was selected, and the results were obtained by extracting the density
and heat pressure values at the cross-sections of x = 4000 mm (crop section) and x = 600 mm
(non−crop section) along the length direction (y−direction) of the greenhouse. The air
density at high altitude is 66% of that in the plain area in both crop and non−crop areas,
while the thermal pressure is 57.95% and 16.68% of that in the plain area, respectively.
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Figure 13. Variation in thermal pressure characteristic parameters in high−altitude and plain areas 

of: (a) x = 4000 mm, density; (b) x = 600 mm, density; (c) x = 4000 mm, heat pressure; (d) x = 600 mm, 

heat pressure. 
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Figure 13. Variation in thermal pressure characteristic parameters in high−altitude and plain areas
of: (a) x = 4000 mm, density; (b) x = 600 mm, density; (c) x = 4000 mm, heat pressure; (d) x = 600 mm,
heat pressure.

3.1.3. Coupled Wind and Thermal Pressure Ventilation

At 18:00 pm, with the inlet velocity u = 1.3 m/s, the air in the greenhouse is
driven by the coupling effect of wind and thermal pressure; hence, the convection and
diffusion effects of air are comprehensively considered. The air speed and temperature
distributions of coupled ventilation in high−altitude and plain areas are shown in
Figures 14 and 15, respectively.

Compared with the plain area, in the late afternoon, the wind speed between the crops
is higher, resulting in a strong heat exchange between the crops with the surrounding air.
This makes the temperature around the plants higher compared to the surrounding air and
plants (Figure 14a,c). In contrast, in the non−crop area, there is no significant pattern in the
wind speed and temperature distributions (Figure 14b,d).
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Figure 15. Coupled ventilation characteristics in the plain area of: (a) x = 4000 mm, velocity;
(b) x = 600 mm, velocity; (c) x = 4000 mm, temperature; (d) x = 600 mm, temperature.

In the plain area, the higher air density and weaker solar radiation result in a lower
wind speed between crops and less temperature variation with the surrounding air
(Figure 15a,c). However, in the non−crop area, the distributions of air speed and tem-
perature are different from those in the plain area, which affects the ventilation rate
(Figure 15b,d).

Based on further calculations, as displayed in Figure 16, the height of z = 1500 mm
inside the greenhouse was selected, and the results were obtained by extracting the ve-
locity and temperature values at the cross−sections of x = 4000 mm (crop section) and
x = 600 mm (non−crop section) along the length direction (y−direction) of the greenhouse.
The temperature is larger in the crop and non−crop sections in the high−altitude area,
which is 103% higher than that in the plain area, while the air speed distributions are 106%
and 416%, respectively.
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Figure 16. Variation in coupled ventilation parameters in high−altitude and plain areas of: (a) x = 

4000 mm, velocity; (b) x = 600 mm, velocity; (c) x = 4000 mm, temperature; (d) x = 600 mm, temper-
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Figure 16. Variation in coupled ventilation parameters in high−altitude and plain areas of:
(a) x = 4000 mm, velocity; (b) x = 600 mm, velocity; (c) x = 4000 mm, temperature; (d) x = 600 mm,
temperature.

3.1.4. Discussion

CFD models were constructed from experimental measurements to obtain the cal-
culation results for wind pressure ventilation, thermal pressure ventilation, and coupled
ventilation. Meanwhile, the calculation results for the high-altitude area were compared
with those of the plain area to draw the following conclusions.

In the morning (10:00 am), the wind velocity is higher (u = 1.95 m/s), and the wind
pressure dominates the ventilation; in the afternoon (14:00 pm), the temperature is higher,
and the wind velocity is lower (u = 0.27 m/s), with the thermal pressure dominating the
ventilation; in the late afternoon (18:00 pm), the wind velocity decreases (u = 1.3 m/s), with
the wind pressure and thermal pressure coupling ventilation dominating. Therefore, it
can be known that the inlet velocity affects the ventilation rate. In the thermal pressure
characteristics study, compared with the plain area, the high−altitude area had stronger
solar radiation and thinner air, with the air density and thermal pressure being only 66% and
37.32% of those in the plain area. Thus, the difference in the air density between the inside
and outside of the greenhouse, total radiation, and plant evaporation and transpiration
will affect the ventilation rate. In the coupled ventilation study, compared with the plain
area, the wind speed is higher in the high-altitude area, about 261% higher than that in
the plain area, with a similar distribution pattern; the temperature is about 103% higher
than that in the plain area, but there are large differences in its distribution. Therefore, the
influence of the temperature difference between the inside and outside of the greenhouse
on the greenhouse ventilation rate is further considered.

In conclusion, there are five relevant factors that affect the ventilation rate at high
altitude: the inlet velocity, the temperature difference between the inside and outside of the
greenhouse, the air density difference between the inside and outside of the greenhouse,
total indoor radiation, and the internal heat source of the crop in the greenhouse.
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3.2. Ventilation Rate

The greenhouse ventilation rate reflects the ventilation effect of the greenhouse during
a period of time, which is a significant guideline for the ventilation control of the greenhouse.
In the past, scholars who studied the greenhouse ventilation rate mainly focused on
plain areas; therefore, the formula needs to be modified when calculating the greenhouse
ventilation rate in a high-altitude area.

3.2.1. Sample Values of Greenhouse Ventilation Rate

The calculations were carried out by selecting ten sets of data for different working
conditions. The boundary conditions for the calculations are displayed in Table 5.

Table 5. Boundary conditions for ventilation calculation.

Period Reference
Temperature (◦C) Velocity (m/s) Inlet

Temperature (◦C)
Outlet

Temperature (◦C)

9:00 14.18 1.21 15.6 15.7
10:00 17.30 1.95 19.0 18.1
11:00 23.30 0.42 24.6 21.7
12:00 23.48 1.91 24.8 22.2
13:00 27.75 0.15 28.8 25.8
14:00 29.55 0.27 30.5 28.5
15:00 30.60 0.14 28.8 28.2
16:00 27.85 1.11 29.4 26.8
17:00 24.45 1.32 26.3 24.6
18:00 23 1.3 24 23.8

The sample values of the greenhouse ventilation rate were calculated based on the
above boundary conditions, which are provided in Figure 17.
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3.2.2. Correlation Analysis of Factors Affecting Ventilation Rate

The calculation results of the greenhouse ventilation rate, the inlet velocity, the temper-
ature difference between the inside and outside of the greenhouse, the air density difference
between the inside and outside of the greenhouse, total indoor radiation, and the internal
heat source of the crop are shown in Table 6.

Table 6. Values calculated for ventilation−rate−related factors.

Period Ventilation
Rate (m3/s)

Inlet Velocity
(m/s)

∆T
(◦C)

∆ρ

(kg/m3)

Total
Radiation

(W/m2)

Heat
Source
(W/m3)

9:00 41.51 1.21 1.20 0.003 40 116.20
10:00 66.76 1.95 0.93 0.004 301 113.14
11:00 14.95 0.42 5.53 0.015 523 8.24
12:00 65.24 1.91 2.88 0.005 213 25.27
13:00 7.09 0.15 7.35 0.011 394 11.94
14:00 9.25 0.27 7.43 0.008 743 19.96
15:00 4.80 0.14 9.85 0.022 639 12.88
16:00 37.76 1.11 6.80 0.000 412 53.52
17:00 44.94 1.32 5.15 0.002 366 75.11
18:00 44.27 1.30 3.90 0.003 296 60.70

A correlation analysis and significance test were performed based on Origin for the
ventilation rate’s influencing factors, and the calculated results are presented in the form of
heat maps, which are shown in Figure 18.
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Significance analysis. 

Figure 18a shows that the variables with absolute values of the correlation coefficient 

r exceeding 0.8 (extremely strong correlation) are the inlet velocity and the temperature 

difference between the inside and outside of the greenhouse, which indicates that they are 

both main influencing factors of the greenhouse ventilation rate. Meanwhile, the factors 

affecting the ventilation rate were tested for significance, as presented in Figure 18b, with 

highly significant differences obtained for the variables at p < 0.01. Therefore, the main 

factors affecting the ventilation rate of greenhouses at high altitude are the inlet velocity 

and the temperature difference between the inside and outside of the greenhouse. 

3.2.3. Ventilation Rate Equation Fitting and Prediction Validation 

Figure 18. Ventilation rate correlation factor analysis. (a) Correlation coefficient calculation. (b) Sig-
nificance analysis.

Figure 18a shows that the variables with absolute values of the correlation coefficient
r exceeding 0.8 (extremely strong correlation) are the inlet velocity and the temperature
difference between the inside and outside of the greenhouse, which indicates that they are
both main influencing factors of the greenhouse ventilation rate. Meanwhile, the factors
affecting the ventilation rate were tested for significance, as presented in Figure 18b, with
highly significant differences obtained for the variables at p < 0.01. Therefore, the main
factors affecting the ventilation rate of greenhouses at high altitude are the inlet velocity
and the temperature difference between the inside and outside of the greenhouse.

3.2.3. Ventilation Rate Equation Fitting and Prediction Validation

The calculation equation of the greenhouse ventilation rate in the high-altitude area
was obtained by a fitting correction on the basis of research on the greenhouse ventilation
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rate by previous scholars. Then, the verification of the prediction of the formula for the
greenhouse ventilation rate in the high−altitude area was performed.

The previous scholars Sherman and Grimsrud derived the equation for calculating the
greenhouse ventilation rate based on Bernoulli’s equation, as in Equation (12) [32,33].

φv = A
√(

f 2
u u2 + f 2

∆Θ∆Θ
)

(12)

where A is the surface area for the infiltration of the greenhouse; ∆Θ is the difference
between the inside and outside temperatures, and fu (-) and f∆Θ (m s−1 K−1/2) are wind
and temperature factors.

After adjusting parameters such as the radiation model, reference pressure, the heat
source within the plant, and the air density, the ventilation rates of the greenhouse in the
plain area were computed separately for different time periods. The equation for fitting the
ventilation rate of the greenhouse in the high-altitude area (Q1) and the ventilation rate of
the greenhouse in the plain area (Q2) are displayed in Equation (13), where the fitted ARE,
RMSE, and R2 are 3.8%, 1.63 m3/sm and 0.9973, respectively, as shown in Figure 19.

Q1 = 0.665 + 1.022Q2 (13)
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Figure 19. Fitted ventilation rate in the high-altitude area with the plain area ventilation rate.

Based on Equation (9), the multivariate nonlinear fit of the ventilation rate in the plain
area results in fu = 0.589 and f∆Θ = 0.01 m s−1 K−1/2. The ARE between the sample value
and the fitted value is 4.55%, as shown in Figure 20.

The fitting formula for the plain area is substituted into Equation (10) to obtain the
fitting formula for the greenhouse ventilation rate in the high-altitude area, as shown
in Equation (11), where fu = 0.589 and f∆Θ = 0.01 m s−1 K−1/2. The ARE, RMSE, and
R2 between the sample value and the fitted value are 4.55%, 0.543 m3/s, and 0.9997,
respectively, as displayed in Figure 21.

Q1 = 0.665 + 1.022A
√(

f 2
u u2 + f 2

∆Θ∆Θ
)

(14)

The predictions of the winter (3 January 2022) greenhouse ventilation rate in high-
altitude areas are shown in Figure 22. The ARE, RMSE, and R2 of the prediction results are
9.726%, 8.435 m3/s, and 0.9901, respectively, indicating that the accuracy is higher and the
greenhouse ventilation rate can be better calculated in high-altitude areas.
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4. Conclusions

A model of a solar greenhouse in a high-altitude region was constructed and ver-
ified based on the measured temperature and velocity using remote transmission and
CFD technology.

The wind-induced and buoyancy-induced natural ventilation characteristics in green-
houses in both plain (altitude 43.5 m) and plateau (altitude 3650 m) areas were studied.
The calculation results show that the wind velocity is relatively high (u = 1.95 m/s), so the
wind pressure dominates the ventilation; the wind velocity is lower (u = 0.27 m/s), and the
thermal pressure dominates the ventilation; and the wind velocity is increased (u = 1.3 m/s),
and the wind pressure is coupled with the thermal pressure. In the greenhouse, the average
values of wind pressure, Re, air density, and heat pressure in both the crop and non-crop
sections are 75.91%, 46.2%, 66%, and 37.32% of those in the plain area, respectively.

The correlation coefficients of five relevant factors affecting the natural ventilation
rate of the greenhouse in the high-altitude area were calculated for the inlet velocity (1.0),
the temperature difference (−0.83) and air density difference (−0.72) between the inside
and outside of the greenhouse, total indoor radiation (−0.72), and the internal heat source
of the crop (0.68). In addition, the significance test resulted in two variables that were
highly significant for the ventilation rate: the inlet velocity and the temperature difference
between the inside and outside of the greenhouse.

A natural ventilation rate model for the plateau area was developed, with the ARE,
RMSE, and R2 between the sample values and the fitted values determined to be 4.55%,
0.543 m3/s, and 0.9997, respectively. The model was validated by predicting the greenhouse
ventilation rate in winter (3 January 2022), and the ARE, RMSE, and R2 of the sample values
and predicted values are 9.726%, 8.435 m3/s, and 0.9901, respectively.

Author Contributions: Writing—original draft, B.L.; writing—review and editing, T.D.; supervision,
S.Z.; project administration, Y.L.; data curation, P.W., Z.L. and J.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of China (U20A2020) and the
Beijing Vegetable Facility Industry System.
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