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INTRODUCTION

ABSTRACT

In this work, we present the validation of a numerical model of a greenhouse thermally in-
sulated on three sides with a tomato crop. A CFD software (Ansys-Fluent) was used to solve
the numerical model. The discrete ordinate model was included to solve the radiative trans-
fer equation. The results of the numerical model were compared with the values of air tem-
perature observations at different points in the greenhouse. Good agreement was obtained
between the simulated and measured values, with coefficients of determination R? = 0.77, R?
=0.84, R? = 0.99, and R? = 0.89 for the temperatures of the points 10 cm, 80 cm, and 210 cm
above the ground and the average temperature in the greenhouse, respectively. A third-order
polynomial curve was drawn between the simulated and measured values of relative humidity
in the greenhouse. These R* values are 0.9786 and 0.7165, the simulated and measured relative
humidity, respectively. The simulation results showed low velocity values with an average of
0.525 m/s located between 1.5 m and 2 m from the ground.
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world [1]. The shortfall in the food supply is partly related

Nowadays, despite the access to technology, humanity
faces severe problems in ensuring food supply to the popu-
lation. This is why the amount of food produced would be
shortly insufficient to meet the demand for food needs in the
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to climate change and the rapid growth of the world’s popu-
lation, which currently stands at 7.6 billion. It is expected to
reach 9.8 billion by 2050 and 11.2 billion by 2100 [2]. The
Food and Agriculture Organization of the United Nations
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[3] estimates that 820 million people will not have enough
to eat in 2018. In particular, the situation is relatively wor-
rying in Africa. Indeed, it is the continent with the high-
est hunger rates globally. Solar greenhouses are an exciting
solution in our countries to alleviate this problem of food
imbalance. Solar energy is an exciting alternative to fossil
fuels for greenhouse agricultural applications and contrib-
utes to reducing CO, emissions in nature. A well installed
greenhouse provides a favourable environment in terms of
relative humidity, temperature and air exchange, conducive
to plant growth. In this way, production can be increased by
creating a favourable microclimate for year-round cultiva-
tion using the greenhouse system method.

However, it is difficult to fully control the greenhouse
microclimate because it depends on several external climatic
factors (temperature, solar radiation, wind speed and direc-
tion) and the type of materials used to build the greenhouse
[4, 5]. A good understanding of the thermal behaviour of
greenhouses for efficient use is necessary. Its application inte-
grates several fields such as agriculture, drying, aquaculture,
soil solarisation and poultry. Its broadened scope has led to
significant advances in research and development.

This paper studies the numerical modelling in three
dimensions of a solar greenhouse with tomato crops. The
aim is to perform a numerical validation of the experimen-
tal data. For this purpose, we will study the heat and mass
transfers that occur in the greenhouse with tomato crops.

Bouadila et al. [6] studied two identical greenhouses,
one of which has a ‘CSASTL latent heat storage air collector.
Both greenhouses were planted with tomato plants during
winter. The results showed that the temperature inside the
greenhouse without the collector had maximum values
between 25 and 45 °C, which exceeded the optimal oper-
ating temperature of the tomatoes, which varied between
20 and 30 °C. The daily variation of the air temperature
inside the greenhouse without a sensor also exceeds the air
temperature inside the greenhouse with “CSASTL’, with a
difference varying between 1 and 3.6 °C between 10:00 and
16:30. From 21:00onwards, the sensor keeps the air tem-
perature constant at around 12 °C throughout the night.

S. Kooli et al. [7] ont étudié leffet d'un volet de nuit
sur une serre isolée. Le premier dispose dun systéme
de chauffage solaire qui stocke Iénergie thermique pen-
dant la journée et la restitue pendant la nuit. Les résultats
expérimentaux ont montré que les variations nocturnes
de la température de lair a lintérieur des deux serres
étaient supérieures de 2°C entre la premiere (avec volet)
et la seconde (sans volet). Mais aussi, la température de
lair a l'intérieur de la serre avec un systéeme de chauffage
a été maintenue a 15 °C tandis que la température de lair
extérieur était de 8 °C pendant la nuit.

M. Naseer et al. [8] conducted a bio-economic evalua-
tion of greenhouse designs for seasonal tomato production
in Norway. They identify one greenhouse design among
several realised that generated the highest net financial
return and lowest energy consumption for seasonal tomato

production. A model-based greenhouse design method,
including modules for indoor greenhouse climate, crop
growth, yield prediction and economics, was applied to
predict net financial return and energy consumption. The
highest financial return is 47.6 NOK m™ for the greenhouse
design with a night energy screen.

Researchers have established several models based on
heat budgets with systems of equations to predict the tem-
perature, speed and rate of air exchange in the greenhouse
[9-11].

G. Tonga et al. [12] state that these theoretical models
developed to predict indoor air temperatures all assume
uniform temperatures in the greenhouse. These techniques
do not clearly map the physical quantities, giving a detailed
picture of the temperature profiles and airflow field in the
greenhouse. These temperature variations in each part of
the greenhouse are highly dynamic processes in time and
space and are not accurately modelled by these models.
On the other hand, fluid dynamics (CFD) modelling is
considered a powerful technique to simulate the time and
space-dependent microclimate of the greenhouse.

This tool has enabled progress to be made in the simula-
tion studies of heat and mass transfers, airspeed, air humid-
ity and even the layout of openings. Thus, there are several
works that have been brought in a closed greenhouse, a
naturally ventilated two-bay greenhouse, and a multi-bay
greenhouse [13-16].

In evaluating the performance of this tool, fluid dynamic
simulations have been performed by several researchers
[17-19]. These numerical models allow the determina-
tion of the greenhouse microclimate interacting with plant
activity, which allowed a numerical validation to be con-
ducted with tomato crop plants. Radiative transfer models
were solved within the crop, being considered a porous
medium, emphasising the microclimate and plant activities
(transpiration and photosynthesis).

R. W. Kim et al. [20] developed an educational virtual
reality simulator for greenhouse growers. Computational
fluid dynamics (CFD) simulation was performed to anal-
yse the aerodynamic environment in the greenhouse with
tomato growing. The CFD model results were validated
using measured temperature and air speed in actual green-
houses. Then, several scenarios were studied to analyse the
aerodynamic environment in a greenhouse with tomato
crops. The CFD results were used for the link with the vir-
tual space. This allowed the development of technology to
visualise the aerodynamic environment inside greenhouses,
where users can experience realistic visual effects.

Yeo et al. [21] studied the design and validation of
a building energy simulator model of a plastic-covered
greenhouse. The model takes into account the tomato
growing pattern and natural ventilation characteristics. The
model results were validated by comparing the measured
temperature and humidity in the greenhouse. The results
showed that the mean absolute error of the temperature was
1.57 °C and the relative humidity was 7.7%. A correlation
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coefficient R? equal to 0.96 and 0.89 was obtained for tem-
perature and relative humidity, respectively.

Although several studies have been performed with this
thermally insulated greenhouse [6, 7].

These works have only compared the thermal perfor-
mance of two greenhouses with and without solar air col-
lectors with tomato crops. To our knowledge, we have not
found any work on CFD numerical validation on a ther-
mally insulated greenhouse with tomato crops. In this
paper, we will perform a three-dimensional simulation of
the heat and mass transfer in the greenhouse. Then, we will
perform a numerical validation of the experimental data to
the numerical data. Finally, we will precisely map the tem-
perature, velocity and relative humidity fields.

MATERIALS AND METHODS

Description of the System and the Experimental Site

The studied greenhouse is located at the Energy
Research and Technology Centre (CRTEn) in Borj Cédria
on the Mediterranean coast of North Africa, near the city of

Figure 1. The experimental greenhouse [6, 7].

Tunis with the following geographical coordinates: latitude
36°43’N and longitude 10°25’E.

This greenhouse is mono-chapel type, thermally insu-
lated on three sides, oriented from East to West and open
on the Eastside. It has the following dimensions: width: 3.7
m, length: 4 m and height: 3 m in the centre. The green-
house’s south wall and roof were covered with 3 mm thick
plexiglass. The northern part of the roof and the side walls
(east, west and north) were covered with sandwich panels
0.6 m and 0.4 m thick, respectively (Figure 1.a). All the
actual dimensions of the experimental greenhouse have
been presented in Figure 1b [6]. The mono-chapel structure
of the greenhouse is made of galvanised steel and fixed to
the ground with concrete (Figure 1c). It is fitted with a store
made up of aluminium slats which unfold on the south face
at night (Figure 1d) to reduce heat loss. A tomato crop is
planted in the greenhouse (Figure 1a). The greenhouse was
equipped with a centrifugal fan (west side).

Experimental Setup
Type K thermocouples were used to measure tempera-
ture distributions inside the greenhouse. The horizontal air
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temperature stratification was measured at 2 m above the
ground. Vertical temperature stratification was estimated
at 0.10, 0.80 and 2.10 m above the ground. Measurements
were taken at four levels on the greenhouse roof, outside
and inside the sandwich and plexiglass panels. A sensor
(HMP155A, Campbell Scientific Inc) was placed in the
centre at 1.5 m above the ground to measure the relative
humidity inside the greenhouse. The HMP155A sensor was
housed in a 14-plate sun shield to protect it from solar irra-
diation. This allows air to pass freely through the protection
while keeping the sensor temperature close to room tem-
perature. Soil temperatures inside the greenhouse at differ-
ent depths of 0, 0.25 and 0.5 m were measured using three
PT-107 sensors. An IR120 infrared temperature sensor is
used to measure the average canopy temperature. An IR-SS
solar shield protects the IR120 sensor from direct solar radi-
ation [6]. A Kipp and Zonen pyranometer measured over-
all solar irradiation in the horizontal plane. It is located 1.5
m above the ground in the centre of The Greenhouse. The
outdoor climate parameters, that is, ambient temperature
and relative humidity, are measured by an HMP155A sen-
sor located 1.5 m above the greenhouse. Figure 2 shows the
different sensors used to measure the climatic parameters
inside and outside the experimental setup. These measured
climate parameters are samples recorded every 10 minutes
using a CR5000 data logger (Campbell Scientific Inc).

South North

% Donomitse

@ Temperatore @ @

L]
@3 Temperatore and humidity i
il
@@ Plint temperatire A
@K

Figure 2. The various measuring sensors in the greenhouse

[6].

Table 2. Physical properties of components

Physical Characteristics of the Greenhouse

The physical properties of the greenhouse elements,
that is, the Plexiglas cover, the crop cover and the soil, are
listed in Table 1. The canopy and Plexiglas cover reflectivity
and transmissivity spectra are recorded in the wavelength
range (380-900 nm). Reflectivity and transmissivity spec-
tra are recorded using the LAMBDA950 UV-vis-NIR spec-
trometer equipped with an integrating sphere.

Table 1. Cover, canopy, and soil characteristics [7].

Materials Cover Canopy Soil
Reflectivity for solar radiations 0.10 0.1 0.2
Transmissivity for solar radiations 085 0 0
Emissivity 0.02 0.05 0.84
Reflectivity for thermal radiations 0.10  0.55 0.16
Transmissivity for thermal radiations 0.88 0.4 0

Greenhouse Culture

A local variety of tomatoes, “Colibri”, was planted on the
ground inside the greenhouse. The plants are arranged in
4 rows with 7 tomato plants in each row, and the rows are
spaced 40 cm apart. A drip system irrigates the plants.

THEORY

The modelling of heat and mass transfer flows in a given
configuration consists of determining the characteristic
variables of the fluid under consideration (temperature,
speed, pressure, relative humidity, etc.) at any point in the
study area and at any time. In the case of our study, the fluid
used is a mixture of air and water vapour, whose physical
properties are given in Table 2.

Position of the Problem

A 3D model was used in this work to study the green-
house with tomato plants. We represent, in figure 3, the
geometry of the simplified 3D model with rows of tomatoes.
This configuration considers only the greenhouse domain
and its internal environment to minimise the computation
time. The greenhouse door was left open during the day

Materials Thickness p Cp A Refractive Emissivity
(mm) (kg m) JK'kg") (Wm'K?) index (-)

Plexiglas 3 1180 1470 0.19 1.49 0.9

Polyurethane sandwich 40 40 1000 0.028 1.486 0.6

insulation panels

Soil - 1620 1480 2.5 0.84

Air - 1.22 1006 0.0242 1

Water vapour[15] - 0.554 f(T) 0.0261 1
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Figure 3. Geometry of the simplified model of the green-
house with cultivation.

to avoid very high temperatures. To simplify calculations,
crops in the greenhouse were modelled as porous blocks, as
in several works [17, 18, 19]. They are organised in 4 par-
allelepipedal rows with an average height of 190 cm and a
volume of 2,508 m®. The distance between two consecutive
blocks is 40 cm (Figure 3).

Fundamental Equations

We have established the following assumptions to write
the differential equations involved in this study of green-
house microclimate:

— The medium is continuous, isotropic

— The heat storage capacity of sandwich panels (walls and
roof) is neglected.

— Multiple heat exchange by radiation between roofs and
walls is neglected.

— Heat exchange between the air and the sandwich panels

(roof and walls) is neglected.

To model the physical variation ® equations represent-
ing the amount of transport, specifically mass (mass frac-
tion of air and water vapour), the amount of motion and
energy for a three-dimensional flow. The transport equa-
tion is written in the following general form [17]:

00 Ap®U) _ 0 (L 0P\
Gt Ty am\leax) S M

Or U, (m.s*) represents the three variables (u, v and w)
of the velocity vector, I'y, is the diffusion coefficient and Sg,
is the source term of ®. The transports equations for each
physical quantity @ and each source term S, describing
the interactions between climate parameters and plants are
detailed in the work of [18, 19].

The transport equations modelling the physical phe-
nomena described above are as follows:

Continuity equation

It is obtained by conserving the mass between the mass
flows entering an element and those leaving, which is
expressed as follows [22]:

dp .
T + V.(pv) =0 )

Or: p is the density and U(u, v, w) is the components of
the velocity vector.

The density can be considered constant except in the
buoyancy force term, so the conservation of mass equation
takes the same form as that for an incompressible fluid.

Momentum conservation equation

The rate of change of the amount of motion contained
in the control volume is equal to the sum of all external
forces applied to it:

aul‘+ aui _ aP+ azui S 4 OF
Pat p ujaxj = Tox u asz PGoiz T P (3)

With pgé;;, is the force of gravity and pF, is the buoy-
ancy force.

Energy conservation equation
The energy change of a fluid particle is equal to the heat
input and the work done on the particle.

aT a AOT
[ axi

¢, L4 wpc, L -
Pir e T YiPlrBx T Bx

+ o+ S, (4)

Since the viscous dissipation term ® is negligible com-
pared to the diffusion heat transfers, the energy equation
becomes:

oT aT 0 oT Sm

E-I— uja_sza_xja'a_xi +E (5)

Witha = p% the thermal diffusivity of the fluid in m” s
P

Species conservation equation (mass transfer)

In this study, the fluid is considered as a mixture of two
species: air and water vapour. The mass fraction y,, of each
component m in the fluid can be determined by solving
the diffusive-convective transport equation of the air mass
fraction and the water mass fraction [22]:

0(pym) , 0 0
T +a_xj(pymui)_ a—xj-]m"' Sm (6)

With y,, is the mass fraction of a species m defined by:

—_— mm
Im = S 7)
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With m,, (kg) the mass of species m. Our mixture is
binary; we can write: Yair + Yoapouwr = 1-
The term ], is expressed with FicK’s law:

0Ym

Jin = —PDma- ) (8)

With D, , is the diffusion coefficient of species m in air.
In the case of water vapour, the diffusion coefficient
D,, . is estimated by the Schmer relation:

~ 1 T 1.81
Dm,a =2.26107° 2—9 <m> 9)

Where p pressure in bar, T temperature in K and D, ,
inm?s™.

We adopt the standard k-e¢ model in this study. This
model has been widely used in the literature and has been
found to be reliable for air change prediction [20, 24].

The Boussinesq model has been taken into account,
which means that the buoyancy force due to the difference
in air density is added as a source term in the momentum
equation. The Boussinesq approximation allows the den-
sity variables to be neglected in the conservation equations,
except for its implication as a driving force in the momen-
tum conservation equation.

p=po(1- BT =Ty) (10)

The driving force F; of free or mixed convection can be
expressed as:

Fi = (po = p)gi = Bpo(T — To) g (11)

With B the coefficient of expansion; T,, p,, reference
temperature and density at the operating conditions,
respectively.

These buoyancy forces were taken into account using
the perfect gas model. This characterizes the coupling
between the energy equation and the vertical component of
momentum equation which was modelled using the tem-
perature dependence of the air density and the water vapor
mixture [18, 19, 25].

In a fluid made up of several species, the law of perfect
gases is used. This law allows to take into account the vari-
ation of density not only as a function of temperature as in
the case of the Boussinesq approximation, but also of the
concentration of species present in a volume of fluid. The
density in this case is defined as a function of temperature
and the mass fraction of the species. It is expressed in the
form of the law of perfect gases [25]:

— P"p

P =—"—"-
RTZil\)fI—li (12)

With R= 8,31 ] Mol' K" is the universal gas constant,
Pop (Pa) is the operating pressure, y; (kg kg') is the mass
fraction of the species i et Mi (kg mol”) is the molecular
weight of the species i.

Radiative Transfer Model

The discrete ordinate (DO) model was used to solve
the radiative transfer equation (RTE) for a finite number
of discrete solid angles. Each solid angle is associated with
a fixed vector direction in the global Cartesian system, and
this is instead of adding additional heat sources [26]. This
model allows the coupling of convective transfers and radi-
ation exchanges at the level of the optical properties of the
considered media. The DO model is most commonly used
for greenhouse microclimate studies [19, 25, 27], as it can
cover the full range of wavelengths in the spectrum [28] (see
Table 1). The equation used in the DO model allows Fluent
to model non-grey radiation using a grey band model. This
model is described in the Fluent Inc. 19.2 user guide [29]
and also in several books [26, 30]:

V.(L(#H3) S + (a5 + 0)L(H3) =
4T

g
aplpy + ﬁ f L#3) D@, 3)d’ (13)
0

Since A is the wavelength, g, is the spectral absorption
coefficient, $ is the direction vector, §' is the scattering
direction vector, o, is the scattering coefficient and I, is
the blackbody intensity given by Planck’s function. The DO
model makes it possible to define the physical optical prop-
erties of transparent, semi-transparent and opaque media
to consider the net contribution of radiation per unit vol-
ume in the energy equation [19].

Modelling within the Culture

As in several works, the cultures were considered as
porous media with a solid matrix having pores [17, 18,
19, 25]. This phenomenon is modelled by the Darcy-
Forchheimer equation (Eq. 14). Table 3 shows the equiva-
lent thermal properties of the tomato crop in water and dry
matter [19].

The crops thus create resistance to air movement in
the greenhouse [14]. The drag coefficient value Cp, = 0.32

Table 3. Equivalent thermal properties of the tomato crop
in water and dry matter [19].

Water Dry matter
At 25°C
p (kgm?) 997.05 700
Cp (Jkg'K") 4181.66 2310
A (Wm'K?) 0.6069 0.173
u(kgm's?) 8.92e-4 -
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has been used in many CFD models for a tomato crop in a
greenhouse [17, 31]. In Fluent, the Forchheimer equation is
given in the following form [29]:
Up = —G,IVIG-1.V (14)
For tomato vegetation, the coefficients C,=1.32 et C, = 2.
In order to take into account the radiation within the
crop, the crop is considered as non-diffuse [25], which
leads us to consider only the direct fraction of solar radi-
ation in this sub-model of the crop. However, as suggested
by some work [19], the canopy has been considered as a
semi-transparent medium with optical properties (Table 1),
and this is in order to solve the radiative equations using the
DO model. The Beer-Lambert law also allows the determi-
nation of the fraction of the solar radiation flux absorbed by
the vegetation, which is given as follows [7, 19].

a, = (1— p,)e” o4 (15)

= 0= p— ) (16)

k,=0.75 [19] is the canopy attenuation coefficient, LAI
is the leaf area index and «,, 7, et p, are the solar absorption,
transmission and reflection coefficients of the vegetation.
This flux of solar radiation absorbed by the canopy also
produces water vapour and sensible heat [7].

Model Performance Evaluation

The model performance was evaluated in quantitative
terms using relative root mean square error (rRMSE), the
per cent error [11]:

100 Z(ym - yes)z
rRMSE = —| |———— (17)
y n
(ym - yes)
Per cent error = ———x 100 (18)
Ym
mmm Solar radiation  —— Ambient air temperature
600
-‘E‘ 129

= 500 ¢ —
2 o0 [
= ja4 7
g 300 £ 119 2
g s
& 200 1290
2100 | ||| 193 &
L I|||I|.. 296 =

=

225988928
L")
i

Where y,, is the measured data; y,, is the estimated data;
n is the number of data points; and ¥ is the mean value of
measured data.

Boundary Conditions

The boundary conditions are of imposed wall types to
limit the study area to the dimensions of the greenhouse.
The outdoor climate conditions were used as input param-
eters for the simulation. In Figure 4, we show the daily
variations of the ambient outdoor air temperature, solar
irradiation and relative air humidity. These values are the
sets of measurements made during the day of the experi-
ment for steps of 10 minutes.

The ambient temperature of the outside air varies from
292.9 °K to 296.7 °K between 9:40 and 11h30 and remains
almost constant until 13:20 with a value of 296.82 °K and
then decreases to 287.2 °K at 18:00. The global solar irradi-
ance varied from 264 W/m? to 557 W/m? between 9:40 and
13:10 and decreased considerably until 18:00.

We observe a variation of the relative humidity of the
ambient air as a function of time. The relative humidity
of the ambient air increases due to the low value of solar
irradiation. At the beginning of the day, the humidity was
73.5%, which increased to 74.67% at 11:10 and decreased to
72.96% at 18:00. The average value of the outdoor relative
humidity was 73.9%.

The adiabatic condition was imposed on the insulated
walls. The boundary conditions of the studied greenhouse
area are shown in Table 4.

NUMERICAL MODEL

Numerical Methods

The Ansys-Fluent CFD code (version 19.2) is used to
explicitly calculate the temperature and relative humidity
distribution of the air in the greenhouse. This code uses the
finite volume method to solve the Navier-Stokes conserva-
tion equations numerically. The 3D simulation is adopted
to better take into account the whole structure and ele-
ments of the greenhouse. A set of quasi-steady-state sim-
ulations was performed for fixed boundary conditions. A

2
in

P
=

T35

Relative humidity (%)

b

725

09:36 13:12 14:24 15:36 16:48

Time (hours)

10:48 12:00 15:00

Figure 4. Daily variations of ambient outdoor air temperature, solar irradiation and relative air humidity.
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Tabe 4. Greenhouse boundary conditions as of April 30.

Parameters Momentum equation Energy equation Radiation equation Species equation
(water vapour)
Sandwich panel walls Stationary wall Adiabatic conditions ~ Opaque and diffuse wall
and roof No-slip condition Internal émissivity = 0.6
Plexiglass walland ~ Stationary wall Imposed flux (values ~ Semi-transparent
roof No-slip condition mea51.1red during the  Radiation flux passing
experiment) through the imposed wall
(values measured every 10
minutes)
Door (open) Outflow
Window Exhaust-fan Imposée average Backflow specifies mass
Intensity and viscosity ratio discharge temperature fraction h,o (calculated
. . (298.15K) for each measurement)
Turbulent intensity 5%
Culture Stationary wall Coupling condition Semi-transparent and non-  Specified mass fraction
No-slip condition between the walls diffusive h,o (calculated for each
and the floor of the measurement)
greenhouse
Greenhouse soil Stationary wall Imposed temperature ~ Opaque and diffuse wall Specified mass fraction

(homogeneous all No-slip condition (value measured during [y ¢ernal emissivity = 0.84 h,o (calculated for each
surfaces) the experiment) measure)

Alesh convergence

E

[
b=
[

[ &)

% =
. ]

Average temperature (k) on the
horizomntal plane
b ]
Ta
0

1H a.a.aa:--n.n.tn.a.a.a.iaaa-:----

TG0 SO0 R UL 100000 1100000 1200000

Number of mesh elemenis

Figure 5. Sensitivity study of the mesh on the results.

second-order pressure-based discretisation scheme with Adopted Mesh

velocity-pressure coupling is used in order to obtain good Particular attention was paid to the meshes to test their
accuracy and without the risk of divergence in the calcula-  stability and sensitivity to simulation results. Five mesh
tions. The SIMPLEC method has been used for the coupled  densities were tested with an element size of 0.31395 m. The
pressure and velocity pulse to improve the convergence of average temperature in the horizontal plane at 2 m from
the iteration process. The convergence criterion for all vari-  the ground was recorded for each cell. The mesh is consid-
ables was 10 and the relaxation factors are 0.3 for water ered stable when the difference between two temperature
vapour, kinetic energy, dissipation rate, turbulent viscosity ~ values for two consecutive meshes (1084231 and 1158614
and 0.5 for DO, energy, pressure, density, body forces and elements) is 0.013 K. Thus, the grid of 1084231 elements
momentum. was kept for the rest of the simulation with finer resolutions
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imposed near the ground, roof, walls and crops. In figure 5,
we present a mesh sensitivity study on the results.

RESULTS AND DISCUSSION

Model Validation

The greenhouse model was simulated based on the
assumption of a sunny day. There were 9 instantaneous data
points for the day, accumulated from 10h00 to 18h00. The
validation of the model is mainly based on the comparison
of the results of the numerical values and the experimen-
tal values. This comparison especially concerns the average
air temperature, the air temperature at different points, the
plant temperature at one end and the relative air humidity
inside the greenhouse.

Temperature comparison

Figure 6 shows the air temperature variation curves as a
function of time. Figure 6A represents the average air tem-
perature in the greenhouse, and Figure 6B, C and D are the
temperature curves at different points. The model’s perfor-
mance was evaluated using the coefficient of determination
R?, percentage error, and relative error.

Figure 6A presents the variation curve of the average
air temperature in the greenhouse. It can be seen that the
model underestimates the observations. In the beginning,
between 10:00 and 14:00, the temperature difference is less
important, with values of 2.71 °C and 1.45 °C, respectively.
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However, from 14:00 to 18:00, the temperature difference
becomes more important, with a value of 4.49 °C. These
deviations are related to the difference in temperature that
was observed between the predicted temperatures at dif-
ferent points, which may be related to the phenomenon of
plant evapotranspiration which was not taken into account
in the simulation. Using a regression curve, we determined
a correlation coefficient R* = 0.89 was found between the
simulated and measured values, with an average percentage
error of 0.88%.

Figures 6B, C and D presents the air temperature varia-
tions at different points in the greenhouse. Figure 6B shows
the variation in air temperature at 10 cm above the ground.
The simulated air temperature values underestimate the
observations. It is observed that the variation of the simu-
lated air temperature follows the trend of the curve of the
measured values. The difference between the air tempera-
tures is slight at first and becomes more significant between
12:00 and 18:00; for respective values of 1.08 °C and 1.59
°C. The coeftficient of determination R* = 0.774 with a per-
centage error < 5%.

Figure 6C presents the variation of the air temperature
at 80 cm above the ground. It is observed that the varia-
tion of the simulated air temperature follows the variation
of the measured air temperature. At the beginning, the
simulated values overestimate those of the observations
between 10:00 a.m. and 2:00 p.m. with a small tempera-
ture difference. It becomes more important between 3:00
p-m. and 6:00 p.m. and underestimates the observed values.
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Figure 6. Comparisons of air and plant temperature in the greenhouse.
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The maximum difference is obtained from 5:00 p.m. for a
value of 2.22°C and a correlation coefficient R*=0.836 was
obtained between the measured values and those observed
with an percentage error < 5%.

Figure 6D shows the variation in air temperature at 210
cm above the ground. The variation in simulated air tem-
perature underestimates at the start and between 4 p.m.
and 6 p.m., but begins to overestimate between 11 a.m. and
3 p.m. The highest temperature difference was obtained
at 6 p.m. for a value of 2.23°C. A correlation coefficient
R?=0.987 is obtained with a low percentage error < 5%.

These predictions agree well with the observed values,
with a relatively low percentage error < 5% with a correla-
tion coefficient between 0.774 and 0.987. It can be said that
the model predicts the air temperature inside the green-
house quite well.

Figure 7 shows the temporal evolution of the measured
and simulated plant temperature.

—— Measured —a#— Predicted

§

Plant temperature (° K)

9:36  10:48 12:00 1312 14:24 1536 16:48 18:00 19:12
Time (h)

Figure 7. Measured and simulated plant temperature varia-
tions in the greenhouse.

The model first underestimates the measured values
between 10:00 and 12:00, then overestimates them until
15:00 and underestimates them until 18:00. The most sig-
nificant temperature difference is 0.785 °C, found at 16:00.
The model result is satisfactory, with an observed relative
error of 0.16 and a coefficient of determination R’= 0.628.
This low value of R? between the simulated and experimen-
tal values is due to the absence of the plant evapotranspi-
ration phenomenon and also to the watering of the plants
which was not taken into account.

These observed deviations between the measured and
predicted values may be due to the dynamic air conditions
that were not considered in the simulation. Therefore, the
heat losses in the greenhouse are mainly related to the
door’s opening by the natural ventilation effect.

Variation in relative humidity inside the greenhouse

The greenhouse air’s relative humidity was studied in
the centre at 1.5 m above the ground. Figure 8 represents
the curves of the variation of the relative humidity of the air
in the greenhouse.
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Figure 8. Variation of relative air humidity with time (mea-
sured and simulated) in the greenhouse.

We see that the model starts by overestimating rela-
tive humidity values on the time series of measurements.
It underestimates these values and ends the series by over-
estimating the measured values. This is mainly due to the
variation in the speed of the air renewal in the greenhouse
through the door. This renewable air flow rate is a func-
tion of the outside wind speed, which allows moisture to
be exhausted to the outside. These experimental parame-
ters have not been considered in our simulation model and
the plants’ physiological phenomena (evapotranspiration).
All these factors can explain the differences between the
measured and simulated relative humidity values inside
the greenhouse. The model describes a normal behaviour
of relative humidity’s evolution as a time function. The
fourth-order polynomial curve obtained the results of the
coefficient of determination, R? = 0.9786 for the simulated
relative humidity and R* = 0.7165 for the measured relative
humidity values. Table 5 shows the comparison of the val-
idation results based on the performance of the numerical
model.

Mapped the Indoor Climate of the Greenhouse

The numerical model validation was based mainly on
the temporal variation of temperature and humidity in the
greenhouse. The CFD model will provide more detailed
images of the climate, mapping the greenhouse spaces in
two dimensions. We also present the air velocity fields in
the greenhouse. Figure 9 shows the temperature, velocity
and relative humidity fields on a vertical plane in the centre
of the greenhouse.

It is observed that the temperature is higher towards the
southern part of the greenhouse at 13:00 (Figure 9A). This
is mainly related to the transparent nature of the Plexiglas
on the south wall, unlike the other thermally insulated
walls, which are opaque to solar radiation. This tempera-
ture distribution remains heterogeneous as it propagates
towards the greenhouse’s interior. It is more noticeable on
the crop rows next to the south wall.

Figure 9B shows the distribution of the air relative
humidity in the greenhouse. It can be seen that the relative



J Ther Eng, Vol. 9, No. 5, pp. 1115-1129, September, 2023

125

Table 5. Comparison in terms of numerical model performance

Case study

Parameter of comparison

Md.S. Ahamed et al [11].

P.E. Bournet et al [25].

Edwin A. Villagran et al [32].

The comparison between simulated and measured values of soil temperature has for values R* = 0.68,
RMSE =1.8 °C and rRMSE =9.35%. At the north wall, R? =0.77, RMSE =2.2 °C and rRMSE =11.9%
were found.

The well-watered plants, R? > 0.91 and RMSE < 1.56 K for all temperatures and plants under restricted
water conditions, with R? higher than 0.86 and RMSE lower than 1.87 K.

The results obtained for relative humidity: R?* > 0.94 and RMSE <10% for well-watered plants, and R*>
0.78 and RMSE <6.69% for the restricted water case.

The coeflicient of determinations (R?) found ranged from 0.893 to 0.968 for temperature versus time.
An R? value between 0.752 and 0.815 was obtained for air speed.

Our case

The coeflicient of determinations (R?) found ranged from 0.628 to 0.987 for temperature versus time

with an rRMSE < 5%. he most significant temperature difference was obtained in the average air
temperature inside the greenhouse which has a value of 4.69 °K.

O
b w11

Figure 9. Distribution of air temperature (A), relative humidity (B), air velocity (C) and velocity vector (D) in the centre

of the greenhouse at 13:00.

humidity is higher at the crops, the door and the window.
This shows that the air humidified by the crops is either
evacuated through the door or the window to the outside.
The relative humidity of the air is higher at the crop level,
which is mainly due to the evapotranspiration phenomenon
of the plants. Moreover, the water from the plants’ watering
evaporates at the ground level. We also note for the renewal,

the door constitutes the entrance of new humid air, and the
window is the exit of humidified air, that is why we observe
traces of humidity in these levels.

Figure 9C shows the air velocity distribution in the
greenhouse. It can be seen that the air velocity is low, with
a maximum of 0.56 m/s. This low velocity shows that the
crop rows provide resistance to air movement. We note a
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fairly clear distribution of air velocity between the rows,
as no resistance is encountered Higher air velocities were
obtained at the fen. We can see in figure 9D the velocity
vectors created by the turbulence of the air in the green-
house. These turbulent velocity vectors are recorded on the
window part of the greenhouse. This shows the effect of air
extraction through the window.

Figure 10 shows the horizontal distribution of tempera-
ture (A, Al), humidity (B, B1) and speed (C, C1) at differ-
ent heights

Figure 10 A and Al show the air temperature distribu-
tion at different positions in the greenhouse. It is observed
that the air temperature is low at the level of the crop rows
for a maximum value of 314.59 °K compared to the top of

o |

Figure 10. Horizontal temperature, relative humidity and air velocity distribution at 1.5 m above ground (A, B, C) and 2

m above ground (A1, B1, C1) in the greenhouse at 13:00.
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the canopy for a maximum value of 320.89 °K or a differ-
ence of 6.3 °K. This is due to the cooling of the air at the
crop level. There is also an increase in air temperature from
the north wall to the south wall. This shows the ability of
the south wall to let the sun’s rays through its transparent
wall. The air temperature is higher at 2 m than at 1.5 m
because of the rising warm air.

Figure 10 B and B1 show the distribution of the relative
humidity of the air at different positions in the greenhouse.
The humidity is more distributed at the crop rows than
above the canopy. This shows the difficulty of the humidi-
fied air to escape upwards. The humidity is also higher on
the side of the insulated walls, which is also an area of low
air temperature.

Figure 10 C and C1 show the air velocity distribution at
different positions in the greenhouse. The airspeed is not
homogeneous everywhere in the greenhouse. It can be seen
that the velocity is higher above the canopy at 2 m than at
1.5 m from the ground at the rows. The average value is 0.54
m/s and 0.51 m/s, respectively, at 2 m and 1.5 m above the
ground. This shows the resistance to air movement by the
crop rows in the greenhouse.

CONCLUSION

A solar greenhouse was modelled with a tomato crop
inside. The model considered the crop a porous medium
consisting of dry matter and water vapour to couple the
greenhouse heat and mass transfer exchanges. The discrete
ordinate (DO) model was used to solve the radiative trans-
fer equation. The CFD numerical model’s results were com-
pared with the experimental values. The results of the study
are expressed as follows:

A good agreement was found between the measured
and simulated temperature values at different positions in
the greenhouse, with error percentages of less than 5%. The
polynomial curve of order 4 gave the results of the coeffi-
cient of determination of R* = 0.9786 for the simulated rel-
ative humidity values and of R* = 0.7165 for the measured
relative humidity values.

The simulation results show that the air velocity distri-
bution is not homogeneous, it is more important above the
canopy than below, but an average of 0.525 m/s is found
between 1.5 m and 2 m on a horizontal plane.

NOMENCLATURE

a Thermal diffusivity

ay Spectral absorption coefficient

Cp C, Power law constant

Cp Drag coefticient of the vegetation ( —)

Cp Specific heat of the air (] kg K)

D, Diffusivity coefficient of species m in air (m*s™)
F External forces

g Gravitational acceleration (m s)

I, Monochromatic radiation intensity (W m™)
T Diffusion flux of species m

k Turbulent kinetic energy (m *s?)

k, Vegetation attenuation coefficient

LAI Leaf area index

Mi The molecular mass of species i (kg mol™)
P Pressure (Pa)

Pop The operating pressure (Pa)

R Universal gas constant (] mol' K)

RH Relative humidity (%)

r Position vector

s Direction vector

s’ Scattering direction vector

S Source thermal of the conservation of mass
equation

So Source term for ®

t Time (s)

T Temperature (K)

U, Three components of velocity (m s*)

Yim Mass fraction

v, Mass fraction of species i (kg kg)

Greek symbols

B Extinction or attenuation coefficient, m™

A Thermal conductivity (W m'K™)

u Viscosity of air (kg m's™)

p Turbulent kinetic energy (m?*s~)

€ Turbulent kinetic energy (m?*s~)

Q Solid angle (-)

D Physical quantity

Ty Diffusion coefficient

a, Scattering coefficient
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