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The study of greenhouse microclimates presents a significant challenge in the
field of scientific research. Variations in aerodynamic parameters both inside and
outside the greenhouse are of great importance, as they are associated with
changes in air energy and motion simultaneously. However, these sensitive
parameters have not been emphasized in the literature as much as temperature,
humidity, and carbon dioxide concentration inside greenhouses. Variations in
pressure, as well as drag and lift coefficients, can be significantly influenced by
external factors such as air velocity and solar radiation intensity.

A computational fluid dynamics (CFD) study is conducted in this work, utilizing
Fluent software for post-processing. The analysis is based on the Navier-Stokes
fluid dynamics equations, which are solved using the finite volume method and
incorporate the Large Eddy Simulation (LES) Smagorinsky turbulence model.
The study focuses on the development of aerodynamic coefficient parameters
both inside and outside the greenhouse, which can significantly impact the
materials used in greenhouse construction, such as polyethylene or Plexiglas
coverings, and iron or aluminum framing.

1. INTRODUCTION

Utilizing greenhouses is a key approach to boosting crop yields and enhancing the quality of plant-based
products. Many countries have experienced a rapid increase in this form of rural development, as
highlighted in various studies (Cuce et al., 2016; Kim et al., 2017; Kwon et al., 2016; Moriyama et al.,
2015; Ponce et al., 2014; Tong et al., 2018). In tropical regions, plastic film is frequently employed as a
covering material in agricultural structures. Due to their lightweight nature, low cost, and flexibility in
forming curved covers, plastic films offer structural benefits that make them more suitable for arched
designs compared to traditional pitched roofs (Vieira et al., 2017). The designs and different structure
shapes of the greenhouses can play an important role in fluid structure interaction with greenhouse
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properties (Fouad, et al. 2018; Ho, et al. 1992). Aerodynamic characteristics of standard greenhouse
structures, such as aerodynamic coefficients, are established through European regulations and validated
via wind tunnel experiments conducted in laboratory settings (Kim et al., 2017; Flores-Velazquez et al.,
2018; Kuroyanagi, 2017; Mistriotis et al., 2002; Yang et al., 2013). Moreover, stress distribution in
greenhouse structures covered with plastic film tends to be significantly more complex compared to
traditional rigid sheet coverings, such as glass, metal, or fiber-cement, whose inherent flexural stiffness
allows for the application of simplified static analysis models (Briassoulis et al., 1997). Due to its
flexibility, plastic covering material is significantly more susceptible to wind forces (Briassoulis et al.,
1997). The material's flapping behavior leads to shape alterations, which in turn affect the wind profile
and load. Additionally, the prestress applied to the plastic film during installation must be taken into
account for ensuring the structural equilibrium.

In addition to the technical constraints, the expenses associated with wind tunnel experiments
(Bernardini et al., 2015; Elshaer et al., 2018; San, 2019) have driven research into the application of
CFD modeling, employing various air flow models and a broad range of Reynolds numbers (Elshaer et
al., 2018; Fouad et al., 2018; Kateris et al., 2012). This method has proven to be crucial for analyzing
wind pressure distributions on agricultural greenhouses and has been validated by Rico-Garcia et al.
(2011) in studying the mechanisms behind damage to plastic coverings on gabled roofs and arches.
Recent developments in computational modeling have facilitated the use of fluid-structure interaction
(FSI) methods to examine how vibrations impact lightweight and flexible structures, where unsteady
aerodynamic forces can greatly influence pressure coefficients (Elshaer et al., 2018; Takadate et al.,
2019; Takahashi et al., 2018). Nevertheless, these dynamic computational simulations demand
substantial processing power and involve intricate numerical solutions, which limits their routine
application in standard design workflows (Lohner et al., 2015). In CFD studies addressing fluid-
structure interaction issues, it is common to assume rigid body models (Elshaer et al., 2018). Using this
approach, the authors suggested a simplified static method based on an equivalent solid model for
slender and flexible structures, showing that significant deformations were limited to the upper portion
of the structure (Takahashi et al., 2018). Plastic coverings offer a cost-effective option for greenhouse
structures by reducing their overall weight; however, this also makes them more vulnerable to wind
forces. The wind's impact alters the shape and flexibility of the greenhouse because of the plastic's
deformability, thereby complicating the modelling of how these forces are distributed across the
structural components (Takahashi et al., 2018). In this context, the present study concentrates on
analysing the evolution of pressure coefficients and air velocity both inside and outside greenhouse
structures. This enables the examination of fluid-structure interaction phenomena, providing insights
into the airflow behaviour both within and around greenhouse structures. Controlling air pressure and
velocity both inside and outside the structure provides valuable information for developing new
greenhouse designs with improved aerodynamic efficiency and energy performance. The objective of
this study is to control the stratification phenomenon of the microclimate in the greenhouse, furthermore
to have information about pressure forces acting in solar greenhouse structures.

2. SITE COORDINATES AND GREENHOUSE DIMENSIONS

The agricultural tunnel greenhouse depicted in Figure 1 is located in the South of Algeria, Ghardaia, at
the geographical coordinates listed in Table 1. The experimental measurements were conducted
considering the greenhouse dimensions outlined in Table 2, covering an area of approximately 200 m?2
(see Figure 1).

The Solar Module in FLUENT software was used to simulate site-specific results based on the exact
geographical coordinates of the location like that mentioned in Table 1.
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Table 1. The Agricultural tunnel greenhouse Localization.

Position coordinate’s location
Longitude Latitude Altitude
32.23° 3.48° 500m

e .‘.. : - B 1

Fig 1. Site and experiment solar greenhouse with polyethylene cover

Table 2. The Agricultural tunnel greenhouse dimensions.

Dimensions  Length  Width Height
Values L=25m W=8m H=3.5m

3. DATA METEORITICAL CONDITIONS OF THE SITE

As we can see in figures 2, 3 and 4, the Algerian southern part is characterized by an arid climate. The
solar radiation varies throughout the day, with the highest levels occurring at noon as shown in Figure
2. The data was collected at the Ghardaia site on November 15. The average daily solar radiation ranges
from 4.5 to 7.5 meter (kWh/m2) from December to June, respectively. However, it is important to note
that the actual amount of solar radiation can be influenced by various factors such as cloud cover,
atmospheric conditions and local geography. Therefore, the measured levels may vary from these
averages.

The operating site is situated in the Sahara Desert at a central Algerian country that has a hot desert
climate with high temperatures and low humidity. Such climatic conditions usually lead to high levels
of solar radiation. On average, Ghardaia receives around 3600 hours of sunshine per year, which is
equivalent to approximately 300 sunny days. However, the average daily sunshine duration in southern
Algeria is approximately 9 hours, consistently exceeding 8 hours per day across much of the region. As
a result, the city ranks among the highest globally in terms of solar radiation levels. The amount of solar
radiation reaching the Earth's surface is affected by several factors, such as the sun's position in the sky,
the time of day, the season, and the level of cloud cover.

The irradiation model in Fluent is used to simulate the transport of radiation through a medium, such as
a gas or a liquid. It can be used to study various types of radiation, including electromagnetic radiation
and particle radiation. In Fluent, the irradiation model can be used to simulate the absorption and
scattering of radiation by a medium, additionally, the model considers the generation of secondary
radiation resulting from interactions between the primary radiation and the surrounding medium, as well
as the thermal effects of the absorbed radiation. The radiation transport equation is solved using a
discrete ordinates method, which involves dividing the radiation field into a finite number of discrete
directions. The model also includes various radiation properties for different types of materials, such as
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absorption coefficients and scattering coefficients. The irradiation model in Fluent can be used in a
variety of applications, including nuclear engineering, medical physics, and atmospheric science. It can
be used to study the effects of radiation on materials and biological systems, as well as the propagation
of radiation through different media.
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Fig 2. Global solar radiation measurement at 15 Nov

Figure 3 shows the experimental data of the metrological conditions (pressure, temperature and
humidity) in autumn day on 10/15.
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Fig 3. Experimental meteorological weather conditions of the considered site.

Toward the end of autumn, significant temperature gains were recorded, as illustrated in Figure 4. The
temperature difference (AT = Tint - Text) between the greenhouse interior and exterior is substantially
positive during the day. However, small negative differences are observed at night.
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The aforementioned undesirable experimental results have led us to explore new control techniques,
both passive and active, to better regulate the greenhouse microclimate and maintain a significant

positive temperature difference during night.
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Fig 4. Experiment measurement of temperature Profiles in inside and outside of greenhouse

4. MATHEMATICAL MODELLING AND BOUNDARY CONDITIONS

The fluid dynamics equations can be derived by mathematically representing the three fundamental

balances of:

- The principle of mass conservation:
L + pdiv(v) = 0
at p lv(v) -

- The momentum balance:

-

Jav —_ 5
Por = —vgrad(v) + uA@) + f

- The Boussinesq approximation of natural convection:

f=fk=gBT-T)k

- The balance of energy:

o | Sgrad(r) = ar
3t vgra = oG,

)

)

()

(4)

Equations (1), (2), and (4) can be expressed in Cartesian, polar, and spherical coordinates. These
balances must be adapted to the specific fluid under consideration by incorporating appropriate
constitutive equations, such as equations of state, stress-strain relationships linking the stress tensor to
velocity components, and heat flux equations as a function of temperature. The full collection of
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equations obtained through this approach is generally known as the Navier-Stokes equations, even
though, more precisely, the term refers only to the momentum equations. Because the momentum
balance is expressed as a vector equation, it ultimately yields three scalar equations, leading to a total of
five scalar equations overall. For incompressible fluids, pressure is the primary unknown variable in
these equations. When heat is added to a fluid, causing its density to vary with temperature, flow can be
induced by gravity acting on these density variations. Flows generated by buoyancy forces are referred
to as natural convection flows, with their intensity typically described using the Rayleigh number (Ra).
In this setting, AT denotes the highest temperature variation within the system, while (L) corresponds
to the characteristic height, such as the average height of a collector. Rayleigh numbers below 108
indicate laminar flow driven by buoyancy, while the transition to turbulence typically occurs within the

interval 10° < Ra < 10",

In modeling natural convection in an enclosed domain, which can be described by the Boussinesq
approximation (Equation 3), the outcome is influenced by the overall mass of the fluid contained within
the domain. Because the fluid mass cannot be established without prior knowledge of its density, this
study adopts a transient simulation approach to represent the flow behavior. The initial density is
determined from the initial pressure and temperature using the ideal gas law, thus establishing the initial
mass. As the simulation progresses over time, this mass is accurately conserved throughout the process
(Fluent Inc., Fluent 6.3 User’s Guide, 2006).

In this study, we consider the no-slip condition on the wall surfaces, expressed as u = v =w = Om/s,
where a no-slip condition is applied at the walls, setting the velocity to zero. The soil and the greenhouse
cover are treated as 'wall' boundary conditions. A constant wind velocity was imposed at the inlet (in
the x-direction) of the geometric model domain, while a constant pressure was applied at the outlet. The
computational domain is structured with a mesh grid covering both the interior and exterior of the
greenhouse. The mesh is finely refined near the outer surface of the greenhouse and gradually becomes
coarser with increasing distance from it.

A Neumann boundary condition was applied at the flow domain’s inlet for the velocity field (velocity
inlet). Also, a Neumann boundary condition was applied to the pressure at the outlet of the computational
domain (pressure outlet), with the pressure specified at atmospheric levels. For the top and bottom
boundaries of the computational domain, a Dirichlet-type boundary condition was applied, specifically
to the velocity field.

5. RESULTS AND DISCUSSION

5.1 Validation of the computational model

A comparison between the real radiation data recorded at the experimental site and the values calculated
using the Fluent solar module showed good agreement, as demonstrated in our previous work (Aissa, et
al. 2021). Additionally, details about the geometry and mesh grid, along with validation of the numerical
model are thoroughly explained in that last same work (Aissa, et al. 2021).

5.2 Inside greenhouse air velocity

Airflow control inside the greenhouse can be achieved through several techniques, known as active or
passive methods, and the position of windward inlet openings can affect the fluctuations of cross
ventilation and the flow field inside, as stated in reference (Hawendi, et al. 2018). The study of airflow
behavior inside the tunnel greenhouse was conducted using different external wind speeds for the free
airflow.
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While air movement within the greenhouse is primarily driven by natural convection, it is more
accurately explained by the thermosiphon principle. Additionally, it has been observed that this airflow
behavior changes with variations in external wind speed, even under stable atmospheric conditions.
Figures 5 and 6 reveal that airspeed inside the greenhouse is not uniform and increases with height (z),
where this phenomenon is illustrated in these figures respectively by the curve evolutions versus x
coordinates and the topological structures distribution.
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Fig 5. Variation of air speed within the greenhouse at different heights Z = 0.25m Z = 0.35m
and Z = 1m depending on the distance x (m).

vorticity-mag

146.5 z
130.5
1145
98.5
82.5
66.5
50.5 X
345
185
25
0.0960

0.0 8
= 38914

Fig 6. Topological air vorticity inside the greenhouse
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On the other hand, the results curves show that airspeed inside the greenhouse varies in relation to
external wind speed at three different heights: Z=0.25m, Z=0.5m, and Z =1 m (Figure 7). Notably,
the velocity values inside the greenhouse remain relatively low, or negligible, compared to the external
wind speed. However, plants in the greenhouse are highly sensitive to air movement. The results show
that the variation in airspeed inside the greenhouse is directly proportional to the height.

7=0.25m Z7=0.5m Z=1m
1,2E-09
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Inside air velocity (m/s)

-2E-10
0 10 20 30 40 50

Free stream air velocity (m/s)

Fig 7. Evolution of air speed in a tunnel greenhouse as a function of the external speed at different
heights Z=0.25m Z=0.35m and Z = 1m.

5.3 Pressure Coefficient evolutions

5.3.1 Temporary Pressure Coefficient Cp evolutions at U =40m/s and U =20m/s

Pressure, defined as the ratio of force to surface area, is analysed within the greenhouse environment
through the evolution of the dimensionless Pressure Coefficient Cp, an aero-dynamical parameter,
where Cp is given by:

P—-P,
1 .2
2pUOo

Cp= (5)

The pressure response in the building's cross-section is primarily influenced by the shape of the
structure, as discussed in reference (Cheng See Yuan, 2007). The pressure coefficient (5) is a
dimensionless quantity that represents the difference between the local pressure and the atmospheric
pressure in an unbounded medium. Figures 8 and 9 show the temporal evolution curves of the pressure
coefficient for Uco=40m/s and Uoo=20m/s, respectively. For the critical free stream velocity of
Uo=20m/s, the pressure coefficient appears with positive values (overpressure) only in the greenhouse
upstream and with negative values (under-pressure) in the downstream, roof, and inside the greenhouse.
However, for the first free stream velocity value of Uco=40m/s, positive pressure coefficient values are
found in the upstream and inside the greenhouse, and negative pressure coefficient values are found in
the greenhouse downstream and roof, like that shown respectively in figure 8 and figure 9.

The occurrence of negative pressure coefficients can be linked to the development and detachment of
the boundary layer over the upper surface, combined with vortex formation downstream (see Figure 11).
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Additionally, a depression phenomenon is evident within the greenhouse (as shown in Figure 8), which
can be explained by the principle of energy conservation. As air particles are heated through solar energy
absorption within the greenhouse, their kinetic energy increases, leading to this observed depression.
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Fig 8. Pressure Coefficient evolution upstream and inside the greenhouse as a function of temporary
iterations for the external velocities Uoo=40m/s and Uco =20m/s
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Fig 9. the pressure Coefficient evolution at downstream and Roof longitudinal greenhouse as a
function of temporary iterations for external velocities Uco=40m/s and Uco =20m/s.

5.3.2 Pressure Coefficient evolution versus free stream velocity

Figure 10 depicts the pressure coefficient behavior inside the greenhouse as influenced by the external
airflow velocity. As shown in Figure 5, the pressure coefficient within the greenhouse exhibits an inverse
correlation with internal air velocity. The occurrence of small vortex zones can explain the disturbance
of velocity profiles at various heights (Z) within the greenhouse.

Negative pressure coefficient values can be attributed to the formation and separation of boundary layers
on the upper side and vortices on the downstream side, as illustrated in Figure 11. The depression
phenomenon observed within the greenhouse (as shown in Figure 10) can be explained by the
conservation of mechanical energy of air particles, which gain kinetic energy through the solar
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greenhouse effect. These depressions are evidenced by negative pressure coefficient values that reach a
critical point at free stream velocity U=20m/s.

Cp (insid)

o
[N)

o

Pressure Coefficient Cp

Free stream velocity (m/s)

Fig 10. The air pressure Coefficient Cp Variation in inside the greenhouse as a function of external
free stream velocity Uco (m).
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Fig 11. Qualitatively iso-values Pressure coefficient contours on the upstream, inside, top and
downstream the greenhouse sides
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The iso-values of the pressure coefficient variation between the upstream flow and the inside of the
greenhouse are illustrated in Figure 11. It is worth noting that the Cp value is insignificant when the free
stream velocity is lower than 10m/s. Furthermore, we observe that the evolution of the pressure
coefficient versus free stream velocity greater than 10m/s is proportional both upstream and inside the
greenhouse. However, the positive values are primarily associated with the upstream side, while the
negative ones are associated with the inside greenhouse.

It is interesting to note that the critical free stream velocity, which corresponds to the change in Cp, has
shifted from Uco=20m/s inside the greenhouse to Uco=30m/s on the upstream side.

Figure 12 illustrates the changes in the pressure coefficient concerning the free stream velocity at two
specific locations in the greenhouse. The pressure coefficient shows a distinct gradient between the
upstream area and the inside of the greenhouse, which is a key finding. As depicted in Figure 12, the
difference in pressure coefficient between the inside and the upstream is zero at low free stream velocity.
However, the difference increases as the free stream velocity rises. The evolution of Cp is similar at
both locations, with negative values within the greenhouse. This value decreases as the free stream
velocity increases until reaching the critical velocity, and then it reverses. Nonetheless, upstream in the
greenhouse, there are positive values that increase as the free stream velocity rises between two critical
free stream velocity values, and then they decrease.

Cp Upstream Cp Inside
3,5

2,5

1,5

0,5

Pressure Coefficient Cp

-0,5
15 0 5 10 15 20 25 30 35 40
Free Stream Velocity U

Fig 12. Profiles of the pressure coefficient Upstream and Inside the greenhouse versus free stream
velocity air.

On the other hand, the pressure coefficient shows a similar pattern when comparing the roof of the
greenhouse to its interior. It starts with low or even negligible values when the free stream velocity is
low. These values gradually decrease and become negative as the free stream velocity increases (figure
13).

5.3.3 Inside-Outside Pressure Coefficient evolution

In cases where the temperature difference between indoor and outdoor climates is small, natural
ventilation relies fully on wind pressure differences around building envelopes. This wind-driven
ventilation method is known as cross-ventilation. To optimize cross-ventilation, the building's shape and
orientation relative to the wind direction are crucial because they impact the wind flow around the
building and thus influence the distribution of wind-induced pressure (Bartzanas, et al. 2005). Figure 14
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displays a significant pressure difference recorded between outside and inside greenhouse. The pressure
coefficient (Cp) is positive upstream, negative inside the greenhouse, and approaches zero in the
downstream wake. This behaviour is due to strong vortex formation and boundary layer separation on
the greenhouse surface. The important pressure coefficient value in the greenhouse upstream agrees well
with literature results for flow around bluff bodies, fluid structure interaction phenomena, which are
found in the flow over circular cylinder by (Aissa, et al. 2014; Braza, et al. 2017).

Cp Downstream Cp Roof

°
JEEY
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-0,4

Pressure Coefficient Cp

-0,5

-0,6
0 10 20 30 40

Free Stream Velocity Uco

Fig 13. Profiles of the pressure coefficient Downstream and Top of the greenhouse versus free stream
velocity air.
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Fig 14. Evolution of the pressure coefficient Cp inside and outside the greenhouse as a function of the
position X at Uco=20 m/s.

6. CONCLUSION
To effectively create a microclimate and safeguard both the greenhouse and its crops, understanding the

internal and external air speed and pressure profiles is essential. These profiles reveal vital insights into
the energy state and dynamics of the greenhouse, guiding improvements for optimal conditions. A clear
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inverse correlation exists between pressure and velocity within the greenhouse, with only slight
disruptions to the internal velocity profiles. Nevertheless, they are found to be unstable and varied
considerably with the variation of the height within the greenhouse.

Note the significant difference established in the pressure values between upstream, interior
environment, the immediate and distant wake zones located downstream of the greenhouse. The
detachment of the boundary layer from the greenhouse surface is distinctly indicated by the adverse
pressure gradient, which characterizes its behavior in the vortex formation zone located just downstream
of the structure. Given the high intensity of three-dimensional and unsteady calculations and the need
for supercomputers, the results of this study are incomplete on the side of the change in speed of free
stream velocity and direction of greenhouse orientation.

NOMENCLATURE

Vertical force (N)
vertical unit vector
Thermal conductivity (W.m*.K?)
Gravitational Acceleration, m.s
Dynamic viscosity (Kg.m?.s?)
Compressibility coefficient

NI Direct Normal irradiation

p Density [Kg.m™]

Cp Specific heat [kJ/kg-K]

T Temperature [°C]

L Characteristic Length (m)

Cp Pressure Coefficient

\% Velocity (m.s?t)

Ve Critical Velocity (m.s)

AT Difference of temperature (°K)
t Time (s)

O™ ® @ x =l
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