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17  Abstract

18 Since the 1990s, Computational Fluid Dynamics (CFD) has allowed significant
19  progress in the distributed climate and crop modelling in greenhouses. The quality of CFD
20  modelling chiefly relies on its capacity to depict the dynamic interaction of the crop with
21 airflow and the subsequent heat and mass exchanges. CFD approach combines different
22 scales of modelling, i.e., the greenhouse and its environment with the crop canopy, with an
23 accuracy of a few cubic centimetres corresponding to the volume of one mesh cell in the
24 greenhouse. This modelling approach accounts for the coupling of air transfers within the
25  crop simulated to the solid matrix of a porous medium exchanging momentum, heat, and
26 mass with air. The sink and source terms for momentum, sensible and latent heat fluxes,

27  and other mass exchanges are assigned to each cell of the porous medium (i.e., canopy).
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The local air velocity, temperature, humidity, and radiation distributions can then be
calculated by solving the conservation equations together with the radiative transfer
equation. The crop canopy's CO2 distributions and other plant activity parameters (such as
evapotranspiration or photosynthesis) are deduced from the locally distributed climate. In
this paper, the coupling of the plant activity with its local microclimate using the CFD
modelling approach is described in detail. Its implementation through a User Defined
Function (UDF) coupling the crop submodel to the main CFD solver is also provided. The
primary studies related to the CFD modelling of crops inside greenhouses are reviewed
concerning various interactions such as loss of momentum, transpiration, photosynthesis,
and the characteristics of the field experiments used for validations. From this analysis,

future trends of CFD developments applied to crop activity are also presented.

Keywords: Greenhouse, Crop Model, Plant, Transpiration, Photosynthesis, CFD, Porous

Medium, User Defined Function UDF
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Nomenclature

a1
az
as
bs
b,
bs

LAD
LAI
Ly
Nu

Prt

q1

Empirically determined parameter
Empirically determined parameter
Empirically determined parameter
Empirically determined parameter
Empirically determined parameter
Empirically determined parameter
Sensible heat flux density, in W m™
Concentration of CO-

Drag coefficient

Non-linear momentum loss coefficient

Specific heat at constant pressure, in J kg K
Characteristic dimension of the leaves, in m
Volume element, in m?

Evaporated water flux, in kg m3 s
Grashof number

Heat exchange coefficient, in W m?2 K1
Average height of the crop row, inm
PAR incident radiative flux, in W m?
Permeability of the porous medium, in m?

Radiation extinction coefficient

Length of the crop row, inm

Width of the crop row, inm

Leaf area density, in m? m®

Leaf area index, in m? m

Heat of vaporisation of water, in J kg*
Nusselt number

Photosynthesis flux, in kgco, m3 st
Prandtl number

Latent heat flux density, in W m™
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qs
Rabs

Rgo

Ryg(z)

VPD,
VPDy

Wa

Wi

Convective sensible heat flux density, in W m?
Net radiation intercepted by plant leaves, in W m™

Global radiation intercepted at the top of the crop cover, in W m

Global radiation along the optical path of the sun at a distance z from the top of the canopy,
in W m?

Aerodynamic resistance, ins m,

Reynolds number

Stomatal resistance, in s m?

Total resistance, in s m™

Net photosynthesis consumption flux, in kgco, m2 s
Source term

Air temperature, in K
Leaf temperature, in K

Empirically determined parameter, in K

Component of the velocity vector according to X-axis, in m s
Air speed within the crop cover, inm s

Component of the velocity vector according to Y-axis, in m s
Air-air vapor pressure deficit, in Pa

Empirically determined parameter, in Pa

Component of the velocity vector according to Z-axis, in m s*
Absolute humidity of the surrounding air, in kg kg*

Absolute saturating humidity at the leaf level, in kg kg™

Distance from the top of the canopy, inm

Concentration of the transported quantity,

Dynamic viscosity of air, in kg m* s

Diffusion coefficient, in Kgm?s?

Psychrometric constant, in Pa K!

Slope of the saturated water vapor pressure curve, in Pa K
Leaf conductance, in m s

Air density, in kg m3
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109
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112
113
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115
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o Photosynthesis efficiency, in kgcoz J*

Ag Air conductivity, in W m?t K

Subscripts
a refers to air
C refers to CO,

I refers to leaf

w refers to H.0

Abbreviation

CFD  Computational Fluid Dynamics
DO  Discrete ordinates model

LAD Leaf area density

LAl  Leaf area index

LWD Leaf Wet Duration

RTE Radiative transfer equation

UDF User-Defined Function
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1. Introduction

Computational Fluid Dynamics is a branch of fluid mechanics that uses numerical analysis
and data structures to solve problems that involve fluid flows. It allows simulating the
distribution of fluid flow variables inside a calculation domain. Considering the words
“Computational Fluid Dynamics”, on the Scopus™ database it was found that more than
90 000 CFD papers were published during the 1974 — 2021 period reaching around 9000
papers in 2021. Engineering represented more than 30% of CFD publications, followed by
physics and astrophysics, chemical engineering, energy, mathematics, material science,
computer sciences and environmental sciences.

The application of CFD in agriculture area has grown significantly since the end of the 90s
(Norton et al., 2007). The first CFD studies in greenhouses were devoted to ventilation
issues and design optimisation without considering the activity of the crop (Okushima et
al., 1989; Mistriotis et al., 1997 a, b and c). Recent and important progress was observed in
the modelling of the greenhouse distributed climate and particularly the climate at crop
level, by including the effect of the dynamic action of the crop on the flow and the
subsequent heat and mass transfers (Haxaire,1999; Boulard and Wang, 2002; Fatnassi et
al., 2003, 2006, 2015; Majdoubi et al., 2009; Kichah et al., 2012; Tamimi et al., 2013;
Majdoubi et al., 2016; Boulard et al., 2017; Tadj et al., 2017; Bouhoun Ali et al., 2018;
Bouhoun Ali et al., 2019; Baxevanou et al., 2020; Ben Amara et al., 2021; Cheng et al.,

2021; Liu etal., 2021; An et al., 2022).

1.1. Dynamic, heat and mass transfers at crop level
Haxaire (1999) was, to our knowledge, the first to integrate the drag and transpiration
effects of plant canopies in the airflow inside the greenhouses by customising a CFD

commercial software CFD2000®, (CFD2000, 1997) by means of source terms. He
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previously conducted wind tunnel tests to determine the relationship between the crop leaf
area index and the pressure drop produced for different air velocities, calculating the value
of the drag coefficient of a tomato plant canopy. The concept of simulating crop rows inside
a greenhouse using a "porous medium" was first introduced by Haxaire (1999). Due to the
complex geometry of real crop rows in a greenhouse, which demands a powerful computer
and is time-consuming, he opted to model crop rows as parallelepiped-shaped porous
media. This approach consists of a solid matrix (representing the plants) with
interconnected pores (representing air). Boulard and Wang (2002) carried out CFD
simulations of a lettuce crop transpiration inside a plastic tunnel including both global solar
radiation transfers and crop heat exchanges while Roy and Boulard (2003) predicted natural
ventilation and climate in a tunnel-type greenhouse using the same crop submodel adapted
to tomato and considering the crop as a porous medium. For tomato plants, they simulated
each mesh of the crop subdomain to volumetric heat and water vapor sources. The radiative
flux was partitioned into convective sensible and latent heat fluxes (depending on the
stomatal and aerodynamic resistances) inside a virtual solid matrix of the porous medium.
This matrix representing the crop was characterised by its leaf temperature and its drag
coefficient (Haxaire, 1999; Boulard and Wang, 2002; Boulard et al., 2002).

Fatnassi et al. (2003) adapted the CFD code to simulate the sensible and latent heat
exchanges of tomato plants in a large-scale Canarian greenhouse, and later in a multispan
plastic greenhouse equipped with insect-proof screens (Fatnassi et al. 2006). Similarly, Liu
et al. (2021) and An et al. (2022) customised the CFD code to model cucumber and tomato
transpiration and condensation on leaves in Chinese Solar Greenhouses (CSG), using a

similar approach.
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1.2. Photosynthetic activity

CFD modelling also focused on photosynthesis, which is another important parameter of
plant activity. Reichrath et al. (2001) developed a CFD model of a large commercial Venlo-
type glasshouse that included the crop as a carbon dioxide sink, following the formulation
proposed by Acock et al. (1978). In their studies, the uptake of CO> for photosynthetic
activity was assumed to be proportional to the CO2 concentration and leaf area index (Hand,
1973).

There was apparently no further development on this topic until Roy et al. (2014) and
Boulard et al. (2017) implemented a CFD model to simulate photosynthesis. They
simulated the transpiration rate in a closed greenhouse together with the leaf gross
photosynthesis flux as a function of the CO> concentration and incident photosynthetically
active radiation from the model proposed by Thornley (1976) and the calculated
transpiration and photosynthesis rates were then compared with experimental results based
on direct measurements.

More recently Molina et al. (2017) developed a CFD model to simulate photosynthesis in

an Almeria-type greenhouse by incorporating the Acock‘s model.

1.3. Validation of the greenhouse-crop model

The combination of numerical modelling and climate characterisation studies has allowed
the validation of these numerical greenhouse-crop models for air temperature, humidity, air
velocity, and ventilation rate in multispan plastic-houses (Haxaire, 1999; Fatnassi et al.,
2006), large greenhouse-tunnels (Boulard and Wang, 2002; Nebbali et al., 2012) large scale
Canarian type plastic-houses (Fatnassi et al., 2003; Majdoubi et al., 2009), single span
greenhouses (Bartzanas et al., 2002), Venlo-type closed greenhouse equipped with air

conditioners (Boulard et al., 2017) and Chinese Solar Greenhouses (CSG) (Wang et al.,
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2013; Zhang et al., 2016; Tong et al., 2018; Jiao et al., 2020; Liu et al., 2021; Xiaoyang et
al., 2021; An et al., 2022). The realism of the results and the good fit which were generally
observed between measured and simulated values of the climate fields in all these studies

give confidence in the use of these coupled microclimate-crop numerical models .

1.4. Improving the canopy representation in CFD crop models

As previously reviewed, the canopy considered as a “porous medium” is one of the main
phenomenological approaches of the physical transfers within the crop cover, however, it
is not the only one and plant-CFD modelling can be based on approaches which try to
consider the exact form of leaves and plants, even of stomata. Thus, a numerical model
based on the energy balance has been combined with the Fluent CFD code for computing
temperature and humidity at leaf surface for single bean leaves at low light levels (Roy et
al., 2008). Defraeye et al. (2014) developed an innovative three-dimensional CFD cross-
scale modelling approach to investigate convective mass transport from leaves. Notably,
they bridged the gap between stomatal and leaf scale by including all these scales in the
same computational model, which implies explicitly modelling individual stomata. More
recently, Yu et al. (2022) numerically investigated the effects of natural light and
ventilation on a 3D tomato body climate distribution in a Venlo greenhouse with CFD. The
3D tomato model built based on SolidWorks allows to set up with realism the radiative and
convective (sensible) transfers, however plant transpiration was not considered in the

model.

1.5. Scope of the present paper
Based on this literature review, previous studies reveal that the equivalent porous medium

approach can cover successfully all the bio-physical transfers implied in the plant-climate
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interactions. For that reason, this paper focuses on CFD crop submodels using the porous
medium concept and shows how to implement heat, and mass exchanges in such models.

As the studied numerical model is composed of two sub models i.e., physical and
ecophysiological, that form two loops exchanging data, an overall description of the CFD
model will be first presented before the different steps of including the various heat and
mass exchanges between the plant and its environment are listed. A detailed description of
how to implement crop interactions with local environment in the CFD modelling follows,
as well as the instructions to calculate the corresponding fluxes in the computer language,
are given. Finally, the main results obtained from CFD simulations using a crop submodel

are summarised and discussed.

2. Description of the CFD numerical model

2.1. Fundamentals of CFD applied to greenhouses

The CFD modelling approach of the greenhouse system is based on the combination of
fluxes in different elements of a 3D domain i.e., the greenhouse and its immediate
environment, together with the equipment and crop inside the greenhouse itself, the crop
being simulated to a porous medium that exchanges heat and water vapor with the ambient
environment (Fatnassi et al., 2003; Fatnassi et al., 2006). This model has been adapted from
Haxaire (1999) and Boulard & Wang (2002) to evaluate the airflow, temperature, and
humidity patterns in a real size greenhouse.

CFD is based on the solution of a set of equations for the mass, momentum, and energy

conservation:

AUP) | VD) | (WD) _ 2
et o 2=V D + S, 1)

10
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where @ represents the concentration of the transported quantity, namely the scalar mass
fraction, the three-dimensional velocity components (Navier-Stokes) and the temperature;
U, V and W are the components of the velocity vector; I" is the diffusion coefficient; and
S Is the source term.

Advanced computational fluid mechanics software (such as CFD2000 ©, (CFD2000, 1997)
or Ansys Fluent ©, (Ansys, 2010)) was used by most authors in the last two decades to
solve these highly non-linear equations using a spatial finite volume discretisation. Two
main discretisation methods are used in naturally ventilated greenhouses, one is based on
the Finite Element Method (FEM) and the second one on the Finite Volume Method
(FVM). FVM software (mainly ANSYS/FLUENT v 6.3.) is the most frequently used.
Molina et al. (2010) conducted a specific study to compare the respective advantages and
constraints of both methods. The FVM method involves discretising the fluid domain into
a set of control volumes, and approximating the fluxes of mass, momentum, and energy
across the boundaries of these volumes. This discretisation method is widely used in CFD
simulations due to its ability to handle complex geometries and unstructured meshes while
conserving mass, momentum, and energy, which are crucial for accurate simulations.

The 3D conservation equations (Eq. 1) for mass, momentum, and energy are solved
together and coupled with the radiative transfer equation (RTE) in transparent (air) media
using mostly the discrete ordinates (DO) model which performs a space discretisation in
several solid angles (Nebbali et al., 2012) and makes it possible to cope with the integral
term of the RTE. In greenhouse CFD studies, the global radiation distribution inside the
canopy was initially assessed from the application of the Beer’s law, for a vertical incident

radiation or considering the sun’s path in the sky (Nebbali et al., 2012). An extinction
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coefficient within the canopy was also imposed. This simplified approach made it however
difficult to correctly solve the energy balance inside the canopy.

But recently, thanks to an adequate parameterisation setting (Boulard et al., 2017) the
radiative transfer equation (RTE) in semi-transparent (crop rows) media was solved along
with the transfers in transparent (air) media using the discrete ordinates (DO) model. It
means that the coupling between radiative and convective transfer was automatically
performed by the CFD software for the solid and fluid interfaces and the canopy is
considered as a semi-transparent medium interfering also with radiations. The net short
waves radiative balance for each mesh of the crop cover is provided by the software and
added to the net long wave radiative balance. This global net radiative flux is then
considered as the source term of the energy balance equation that performs the computation

of sensible and latent heat exchanges between each cell of the canopy and air.

2.2. Dynamic effect of the canopy on the airflow

2.2.1. Porous medium approach

As describing the geometry of the real plants inside the greenhouse remains quite
complicated, requires a powerful computer, and is time-consuming, we consider plant rows
as a porous medium in the shape of parallelepipeds consisting of a solid matrix (plants),
crossed by a network of interconnected pores (air). It is also assumed that the solid matrix
is rigid (or that it undergoes negligible deformations).

In the canopy, the size and distribution of the pores, simulated to the voids between the
leaves and the branches, are irregular. Nevertheless, as noted above, providing a detailed
description of the plants would be quite difficult, thus assimilating the canopy to a porous

medium appears to be the best compromise to consider the influence of plants on the

12
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airflow. Moreover, most CFD software consider the porous medium approach in a standard

way with respect to flow exchanges (Ansys-Fluent, 2010).

2.2.2. Darcy-Forchheimer model

While the traditional porous media model proposed by Darcy and completed by
Forchheimer (Kaviany, 1995) was initially developed to describe flows in porous media of
high density and low permeability, it can also be used to describe flow in crop rows, which
are high-permeability media (Bruse, 1995; Green, 1992).

Using Ansys Fluent Software facilities, crop rows are simplified and simulated to
parallelepipedal blocks of homogeneous porous medium (Figure 1).

The sink of momentum due to the drag effect of the crop is symbolised by the source
term Sy in EQ. (1) and expressed by the unit volume of the cover by the commonly used
formula (Thom, 1971; Wilson, 1985):

Sy = —LADCpv? )
where v is the air speed within the crop cover, LAD is the leaf area density and Cp is a drag
coefficient. In addition, considering the crop as a porous medium, the pressure drop induced

by the drag effect can also be expressed through the Darcy-Forchheimer equation:

Sp = - ((“/K)v +(“/405) vZ) 3)

where p is the dynamic viscosity of the fluid, K the permeability of the porous medium and
Cr the non-linear momentum loss coefficient. For low air speed values observed inside the
canopy, the first term of Eq. (3) to the right can be neglected compared to the quadratic

one. Combining then Egs. (2) and (3) yields:

C
"/ 105 = LADCp 4

13
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Microscopic description: Forscheimer
2 A = —

Equivalent Macroscopic description: Darcy- Homogenishtion
Forscheimer

Fig.1 Description of the crop: homogenisation method

Consequently, as can be seen in Eq. (4) the only required parameters are the leaf area
density (LAD) (i.e. leaf area divided by the canopy volume), which needs to be measured,
and the discharge coefficient Cp which value depends on the considered plant distribution.
A value of 0.30 for Cp was calculated by Green (1992) for a forest tree and of 0.20 was
proposed by Bruse (1995) for plants associations in general. More recently, various
greenhouse crops were installed in wind tunnel facilities to deduce their discharge
coefficient. Thus, Haxaire (1999), Lee et al. (2006) and Sase et al. (2012), reported tomato
crop drag coefficients of 0.32, 0.26 and 0. 31 respectively, while Molina-Aiz et al. (2006)
found Cp values of 0.26, 0.23, 0.23, and 0.22 for tomato, bell pepper, eggplant, and bean,
respectively, suggesting that the effect of leaf shape and size is not significant on the drag

coefficient.
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2.3. Sensible heat and water vapour exchanges between plants and air
2.3.1. Energy balance equation of crops

In addition to their influence on airflow, plants also significantly alter the overall
energy and water vapour balances. Beyond considering the crop as a sink of momentum, it
must also be considered as a volumetric source or sink of latent and sensible heat.

The constraints due to the complexity of crop geometry has led to adopt a
macroscopic approach to describe the crop effects (Fig. 1). Thus, one can establish an
energy balance equation for each elementary volume of the crop. According to this energy
balance, the net radiation absorbed by the crop is equal to the latent and sensible heat
exchanged (Fig. 2).

Due to the net radiation Rabs intercepted by plant leaves (mainly owing to solar
radiation during the day), they exchange sensible (gs) and latent heat (gl) with the
surrounding air. As Brown and Covey (1966) estimated that the heat stored in crops is less
than 1%, the capacitive term of the energy equation is neglected, and the energy balance
equation can therefore be expressed in a simplified way as:

Rabs + ql + gs = 0 (5)

15
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Fig. 2. Net radiation, sensible and latent heat balances of leaves

The crop stands (crop rows) in the greenhouse are represented by parallelepipeds
arranged in n rows of length L, width | and average height H, characterised by their

volumetric leaf area index LAD linking their leaf surface to their crop volume.

The energy balance equation of a volume element dV becomes:
Raps — Ly, E—2LADC =0 (6)

where R,,is the absorbed net radiation (W m); Ly E is the latent heat flux density (W m-
%), Ly being the heat of vaporisation of water (2440 103 J kgt at 20°C) and E, the evaporated
water flux (kg m? s); C is the sensible heat flux density (W m™). The absorbed radiation
Rgps (W m3) in each cell of the canopy can be directly deduced from Beer’s law, as
described in Bouhoun Ali et al. (2017).

The sensible heat flux is evacuated by both sides of the leaf, hence the presence of a
coefficient 2 in Eq (6) while the transpiration occurs mainly through the underside of the
leaf (hypostomatic), however some plants transpire on both sides (amphistomatic leaves)
like those of tomatoes (see Boulard et al., 1991) which upper side stomatal resistance is

about 3 times higher than the lower one (equivalent to 3 times less stomatal apertures).
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The sensible heat flux density C (W m) corresponds to the convective exchanges between

leaves and surrounding air and can be written as follows:

T1—-Tq
Ta

C =pC, (7)
where C,, is the specific heat at constant pressure (J kg K1); p is the air density (kg m=);
T; is the leaf temperature (K), T, is the air temperature (K) and r, the aerodynamic

resistance (s m).

2.3.2. Leaf transpiration

Ecophysiological transpiration models classically assume that the transfer of water
vapor between the plant and the atmosphere follows a diffusion law proportional to the
water vapor concentration gradient between leaf and ambient air. The total resistance
between inside leaves and air is considered as the sum of two resistances in series (Fig. 3):

- the aerodynamic resistance ra (s m™) between the ambient air and the leaf surface.

- the stomatal resistance rs (s m) between the sub-stomatal cavities and leaf surface.
Simulating transpiration with this approach thus requires determining leaf temperature in
addition to the physical air and crop parameters.

To overcome this problem, another approach proposed by Penman (1948), and later
modified by Monteith (1973), avoids considering leaf temperature to deduce transpiration
according to more easily accessible physical quantities: the radiation absorbed by the
canopy and the air vapour pressure deficit (Katsoulas and Stanghellini, 2019).

The latent heat density (transpiration rate density) is given by Eqg. 8:

Raps+2p LAD Cp VPDg/7q
Ly E = 242 (1+T—S)
v (142

(8)
where vy is the psychrometric constant (Pa K1), VPD, is the air-air vapor pressure deficit

(Pa), and A is the slope of the saturated water vapor pressure curve according to
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temperature. Yet, as it is based on an approximation of the slope of the water vapour
saturation curve, the leaf temperature has to be close to air temperature, which is not the
case with dry and hot air.

All these approaches are based on the concept of the "big leaf", a large virtual leaf
with the average properties of the canopy leaves, both from the climatic, stomatal, and
aerodynamic conductance point of views. Although simplified, this virtual leaf concept has
allowed the development of many transpiration models for a wide range of greenhouse
crops: cucumber (Yang, 1995), rose and various horticultural crops (Baille et al., 1994 a,
b), tomato, (Stanghellini, 1987; Boulard et al., 1991; Fatnassi et al., 2003, 2015; Bartzanas
etal., 2004; Fidaros et al., 2010; Majdoubi et al., 2009, 2016; and Kim et al., 2021a, 2021b).
Ornamental plant interactions with local environment in greenhouses were also studied by
Fatnassi et al. (2006) for roses, by Kichah et al. (2012) and Bouhoun Ali et al. (2018) for
New Guinea Impatiens and by Chen et al. (2015) for Begonia.

If one considers leaf temperature T), the water vapor flux between plants and air, E in
kg m?2 K%, can be expressed as follows:

E = pLAD % 9)

Where w) represents the absolute saturating humidity at leaf level and wa the absolute
humidity of surrounding air in kg kg™, r; is the total resistance (rs+ra) to water vapour
(Lhomme and Katerji, 1991). wa is deduced from the solution of the species transport
equation for the water vapour mass fraction. A recall of classical aerodynamic (ra) and

stomatal (rs) resistance settings is provided in Appendix A.
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Fig. 3. Resistances to water vapor transfer between leaf and air.
2.4. Radiative transfers within the crop equivalent porous medium
The equivalent porous medium is a very flexible and versatile phenomenological
approach that allows to consider not only the convective transfers but also the radiative
ones. Thus, the canopy is considered as homogeneous and characterised by its extinction
coefficient K and the incident global radiation follows a classical Beer-Lambert's law
through the crop stands:

Rg(z) = Rgo e X:14P 2 (10)

where Rg(z) is the global radiation along the optical path of the sun at a distance z from
the top of the canopy, Rg, is the global radiation intercepted at the top of the crop cover,
K¢ is the radiation extinction coefficient which depends on the crop (Goudriaan, 1977,
Guyot, 1999).

In the first greenhouse CFD studies, the solar distribution was inferred using simple
models to determine the distribution of solar radiation within a greenhouse tunnel based on
the path of the sun, greenhouse geometry, cover transmittance and sky conditions (Boulard
and Wang 2002). Then most authors applied the Beer’s law (Bartzanas et al., 2004; Fatnassi
et al., 2006; Majdoubi et al., 2009) by providing the incident radiation at the top of the crop

and an extinction coefficient within the crop cover to compute the vertical attenuation of
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solar radiation inside the canopy. It is the reason why they have mainly considered
simulations when the sun was almost at zenith, i.e. around the solar noon and the summer
equinox. This approximation is valid when the crops are short, as it is the case for lettuces
(Boulard & Wang, 2002) or impatiens pot plants (Kichah et al., 2012). This simplified
approach made it however difficult to consider the directional nature of the solar radiation.
Thanks to an appropriate UDF accounting for the directional property of direct solar
insolation, Nebbali et al. (2012) were the first to consider global radiation penetration inside
the canopy on a very realistic way for a tomato crop in a tunnel greenhouse (Fig. 8). They
numerically deduced the solar radiation distribution inside tomato stands but they did not
undertake experimental validation of their model extinction coefficient within the crop
cover and assuming a vertical transfer. Unfortunately, their UDF lacks genericity and could
hardly be reusable for other greenhouses and crop types.

More realistic results were obtained by simultaneously solving the radiative transfer
equation (RTE) and convective heat transfer equation. The main difficulty, however, arose
from the nature of the radiative transfers that involve surface-to-surface interactions and
may differ from one wavelength to another for a given medium. The discrete ordinate (DO)
method is often used since it offers a good compromise between accuracy, computational
economy and flexibility. Moreover, it was adapted in commercially available codes such
as Ansys Fluent to take account of the variation of the optical properties of the cover
according to the wavelength range. The main difficulty is that accounting for radiative
transfers requires specific developments. In recent studies, the spectral intensity radiation
within the air was determined by solving the radiative transfer equation (RTE) using the
DO radiation model (Ansys-Fluent, 2010) divided into 2 bands where the radiative and

optical parameters are considered as constants: from 0.4 to 2.4 um for solar radiation and
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from 2.4 to 180 um for terrestrial long wave radiation (Bournet et al., 2007; Nebbali et al.,
2012).

The model was then improved by solving the radiative transfer equations using the
same model (DO) within the whole studied domain including the crop cover (Boulard et
al., 2017). In this prospect, the canopy was considered, as a semi-transparent medium with
optical properties adequately expressed in terms of coefficients of extinction and refractive
indexes compatible with the use of the DO radiative application (see Appendix C of
Boulard et al., 2017). Considerable efforts still need however to be done to include the
interchange of short and long wavelength radiation between the sky and the greenhouse
cladding, and between greenhouse structural elements (roof, screens, structural elements,

shelves, canopy...).

2.5. Condensation on leaves
As condensation of liquid water on greenhouse crop leaves is responsible for the

development of major fungal diseases like grey mould (Botrytis C.) which strongly devalue
the yields (Nicot & Baille, 1996), the study of this mechanism has recently stimulated
several simulation studies based on a CFD modelling approach, particularly for
Mediterranean and Chinese solar greenhouses (CSG) where this question is recurrent.
Basically, it also requires a module of condensation, based on similar aerodynamic
resistance of leaves than previously presented. Condensation risks generally first occur
along roofs and walls that may become colder than inside air or leaves due to radiative
losses at night. Condensation involves a water uptake from the ambient air along the wall
and roof surface, and then on the leaves (which are generally colder than the ambient air),
which occurs when the local temperature goes below the dew point. In CFD model, it is

expressed as a mass flux sink term in the water vapour transfer equation. A thorough
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description of the condensation model may be found in Bouhoun Ali et al. (2014). The total
rate of mass condensation flux is calculated from Bird et al. (1960) and the corresponding
UDF was adapted from Bell (2003). Piscia et al. (2012) studied the response of a CFD
model to a step-change in night-time transpiration from the crop. The previously mentioned
studies mainly focused on condensation risks on walls and roofs, and it is only recently that
Liu et al. (2021) developed a CFD model to study the spatial and temporal distribution of
the indoor microclimate and condensation on cucumber leaves in a CSG at night. An et al.
(2022) also considered a CSG but for tomato plants and carried out a similar approach for

both diurnal and nocturnal conditions.

2.6. CO2 exchange between plants and air
Due to photosynthesis and respiration, COz is exchanged by leaves with atmosphere

through stomata in the same way as for the water vapour exchange. So, these processes
have been modelled by considering the absorption or production of CO; of plants as sink
or source term S¢in Eq. (1) where the state variable is the [CO2] instead of [H-0O].

Roy et al. (2014) have used a UDF to include a photosynthesis model of the
absorption or production of CO> (Thornley, 1976) produced by the plants in a semi-closed
greenhouse with a tomato crop and COz supply. For their simulations, they considered a
3D model of a cropped greenhouse, including a discrete CO: injection system and an air-
cooling and dehumidifying system. Comparisons between the simulated and the measured
values of the CO> concentration inside the greenhouse were done for a whole day time.
CFD simulations correctly predicted the time course for the net CO2 consumption per
greenhouse surface unit. Up to now however, to our knowledge, no other work has been
published on that topic although it is of high interest and probably deserves more attention

in the coming years.
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Several expressions of the photosynthesis process are available as source term,
Manzoni et al. (2011) expressed it for an elementary crop volume as a multiplicative
function of light and CO: limitation terms, the CO> limitation term being obtained by
linearising the Rubisco limited photosynthesis kinetics; Reichrath et al. (2001) and Molina
et al. (2017) use the Acock’s model which already integrates vertically photosynthesis
along the entire crop stand profile. Roy et al. (2014) and Boulard et al. (2017) followed the
model of Thornley (1976) to simulate the absorption or production of CO> produced by the
plants in a semi-closed greenhouse with a tomato crop and CO supply. For their
simulations, they considered a 3D model of a cropped greenhouse, including a discrete CO-
injection system and an air-cooling and dehumidifying system. They calculated the raw
photosynthesis flux B. for an elementary crop volume, which is more in line with the
phenomenological approach that considers reduced volumetric elements:

= %% ;ap (11)

T al+tpCq

where . is the photosynthesis efficiency (a=1.01 10" kg CO, J1); I (W m™) is the PAR
incident radiative flux, t is the leaf conductance (1/(ratrs)), and C, is the concentration of
COz in surrounding air. It is worth noticing that with respect to water vapour transfers, the
resistances to CO> transfer must be corrected, based on the difference of diffusivity in air
between CO2 and H.O (Manzoni et al., 2011) with: rsc=1.65rsw and rac= 1.34raw ; the
subscripts ¢ and w refer to COzand H20 respectively.

The production of CO> consists in the maintenance and growth respirations which together
can be estimated for tomato crop to 22% of the raw photosynthesis consumption (see
complementary details in Boulard et al. (2017)), hence the net photosynthesis consumption
flux Scozis:

Scoz = 0.78Pr (12)
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3. Numerical implementation

3.1. UDF description
Thanks to the possibility to customise CFD software, heat and mass exchanges

between the plant and the greenhouse air are introduced in the CFD model through the
addition in equation 1 of source/sinks terms describing these transfers. Following Boulard
&Wang (2002), each mesh of the crop cover is simulated to a “volume heat source” of
porous medium absorbing a radiative flux, R, (Eg. 10). This flux is partitioned into
convective sensible (q,) and latent (g;) heat fluxes (water vapour) according to Eq. (5),
which themselves depend on the aerodynamic (r;) and stomatal (r;) and resistances
between the virtual solid matrix representing the crop and the local climate characterised
by air (T,) and leaf (T}) temperatures and absolute humidity (@,).

The expression of the latent heat flux requires the calculation of the water vapour
concentration @; which can be obtained from the leaf temperature T, according to the

Magnus Tetens law for the saturated water vapour pressure:

@ %7=610.5 o(17:269T1/237.34T)) (13)

As 1, and ry depend on the local climate (but also on the plant substrate water status (see
Appendix A), a close coupling between the crop and air flow is thus operated. Finally, we
get a system of two equations with two unknowns which are additional outputs of great
interest, determined into each mesh of the crop cover: the leaf temperature (7;) and () the
latter allowing to deduce the value of the latent heat flux associated with the transpiration

of the cover E following Eqg. (9).

CFD software makes it possible to specify the above mentioned latent and sensible

heat fluxes as source terms for the conservation equation (Ansys-Fluent (2010)). Source
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type boundary conditions are then applied to each crop row to simulate plant activity. To
describe the source term Sy of the conservation equation, CFD software such as Fluent
Ansys™ uses most of the time a relationship of the form:

So=A+B.0 (14)

where A and B must be identified regarding to the volumetric latent and sensible heat
expressions provided by Egs (7) and (8).

For the temperature:

2+LADpCp

A=222P T and B = . (15)
For the water vapor content:
_ LvLADpCp __ LuLADpCp
A= (rq+75) @ and B = (rg+7%) (16)

The equations describing rs (see Appendix A) are also solved by means of a UDF specially
developed for this purpose and coupled with the main CFD solver which provides the local
climate parameters within each mesh (Figure 4). The connection between the crop
submodel routine and the main solver is described in Fig. 4.

The output of the crop submodel is the leaf temperature which is deduced from the energy
balance over the crop by combining Eqgs (6), (7) and (8):

T, = 2LArD+pCp (Raps —qD) — Ty (17)
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Fig. 4 Sketch of the exchanges between the UDF and the main solver in the CFD model.
3.2. Mesh and boundary conditions

Following Boulard & Wang (2002), the calculation domain includes most of the time
the greenhouse and its close environment (Fatnassi et al., 2003, 2006; Majdoubi et al., 2009,
2016; Nebbali et al., 2012), but it can sometimes be restricted to the inside volume of the
greenhouse if the boundary flow conditions at the greenhouse surface are known (Kichah
etal., 2012; Boulard et al., 2017; An et al., 2022). Inside the greenhouse, the crop stand is
considered as a porous medium, with the same geometry and dimensions as in reality.
If the calculation domain includes the greenhouse and its close environment, an inlet
logarithmic velocity profile or power law profile corresponding to the measured wind
profile is generally imposed at the entrance of the calculation domain, along with the air
temperature, and water mass fraction values (and [CO2] concentration if necessary). The
radiative flux is also imposed at the upper limit of the calculation domain. At the outlet of

the calculation domain, all variable gradients are generally set to zero, except for the
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pressure. The temperature of the walls, roof, and soil surfaces are deduced from an energy
balance over these surfaces.

The computational grid is refined near solid boundaries i.e. soil, walls, and roof where
stronger gradients of the variables of interest (velocity, temperature...) are expected. Tests
of independency of the grid regarding the results are generally undertaken to optimise the
cell numbers and distribution with the aim to limit the required CPU time to get a reliable

solution.

3.3. Validation of CFD model
The validation of the CFD model is generally conducted through the comparisons of

computed and measured greenhouse climate fields (air temperature and humidity but also
sometimes CO> concentration, wall and ground temperatures, leaf temperature) or flux
measurements (air speed, crop transpiration, condensation fluxes, radiation) as well as
global air exchange rates (Table 1). The first validations were performed using state
variables such as air speed, air, and leaf temperatures (Haxaire, 1999) for tomato crop and
transpiration fluxes (Boulard & Wang, 2002) for lettuce crop. Later, Fatnassi et al. (2002,
2003, 2015) and An et al. (2022) have used networks of sensors to monitor temperature and
humidity in horizontal and vertical plans inside the greenhouse. Recently, Boulard et al.
(2017) mapped CO2 and Liu et al. (2021) water condensation on the plastic roof and
cucumber leaves with similar 3D validation approach. Thanks to the existence of stable
wind regimes like Mistral in the lower Rhone valley or coastal winds on the Moroccan
Atlantic shore, one can also displace the sensors all along the greenhouse volume to map
air temperature or humidity while normalising the measured values with respect to outside
wind, which is the main driving force of greenhouse ventilation (Haxaire, 1999; Majdoubi

et al., 2009). All these measurements have been confronted to simulated data and they
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generally confirm the accuracy of the model to produce the microclimatic flow fields inside

the greenhouse, including the crop stands.

Table 1. Validation studies of the CFD model based on the comparison between measured

and simulated values of climate parameters in the greenhouse

Authors Greenhouse type Crop Dimension Validation

Boulard & Wang Tunnel Lettuce 3D steady Transmittance, air velocity

(2002) Temperature, transpiration flux

Fatnassi et al. (2003) Moroccan type Tomato 3D steady Ventilation rate

Bartzanas et al. (2004)  Tunnel Tomato  2D/3D Air velocity, ventilation rate,

steady air temperature

Fatnassi et al. (2006) Multi span Roses 3D steady Ventilation rate

Majdoubi et al. (2009)  Canary type Tomato 3D steady Air temperature, relative
humidity

Tong et al. (2009) Chinese Lettuce 2D unsteady  Air temperature

Boulard et al. (2010) Multispan plastic Roses 2D unsteady  Air temperature and humidity,
spore concentration

Piscia et al. (2012a) 4-span plastic Lettuce 3D unsteady  Air temperature, roof
temperature, humidity ratio

Tamimi et al. (2013) Arch type Tomato 3D steady Air velocity,
evapotranspiration, stomatal
resistance

Majdoubi et al. (2016)  Canarian Tomato 3D steady Air temperature and humidity

Bouhoun Ali et al. Venlo glass house New 2D unsteady  Air temperature, leaf

(2018) Guinea temperature matric potential,

Impatiens stomatal resistance, air

humidity, transpiration rate

Boulard et al. (2017) 6-span glasshouse Tomato 3D unsteady  Air temperature, leaf
temperature, saturated
humidity at leaf temperature,
air humidity, shortwave
radiation, air speed, crop
transpiration,
CO; concentration

Bouhoun Ali et al. Venlo glass house New 2D unsteady  Air temperature and humidity,

(2019) Guinea stomatal resistance, ventilation

Impatiens rate
Fatnassi et al. (2021) Four-span plastic Rose 3D unsteady  Air temperature and humidity

arched greenhouse

4. Main results from CFD studies including a crop submodel
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Following the pioneer works of Haxaire (1999) and Boulard and Wang (2002),
Bartzanas et al. (2004), Fatnassi et al. (2003, 2015), Fidaros et al. (2010), Majdoubi et al.
(2009, 2016), An et al. (2021) developed CFD simulations with crop sub-models,
principally for tomatoes but also for cucumber (Liu et al., 2022). Ornamental plant
interactions with local environment in greenhouses was also studied by Fatnassi et al.
(2006, 2016) for roses, Kichah et al. (2012) and Bouhoun Ali et al. (2018, 2019) for New

Guinea Impatiens and by Chen et al. (2015) for Begonia.

4.1. Milestones of CFD crop model developments
Figure 5 depicts the milestones of crop model developments. Since the pioneering

works of Boulard & Wang (2002) who included both the momentum sink terms and the
sensible/latent source terms in the conservation equations for water mass fraction,
momentum, and energy, several improvements of the model have been undertaken. This
model was recently adapted to consider the simulations of the crop behaviour under
suboptimal water inputs that may lead to stomatal partial closing and transpiration rate
reductions, as is often the case in real situations (Bouhoun Ali et al. 2018, 2019).
Radiative transfer within the crop itself is still a major concern since it determines the
two main physiological crop functions: transpiration and photosynthesis. The
determination of the global radiation in each cell is therefore required. It was first assessed
from the application of the Beer’s law (Fanassi et al. 2003; Bartzanas et al. 2004, Fatnassi
et al., 2006, Majdoubi et al., 2009) knowing the incident global radiation at the top of the
canopy, before improvements were made by solving the Radiative Transfer Equation (RTE)
first in the domain surrounding the crop, and then inside the crop itself (Fidaros et al., 2010;

Nebbali et al., 2012; Morille et al., 2013; Bouhoun Ali et al., 2018, 2019).
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CO:z exchanges and photosynthesis were included in CFD models by Roy et al. (2014)
and Boulard et al. (2017) who have considered the absorption or production of CO- by the
plants in their models.

In parallel, a special attention was paid to include condensation process in the
simulation through a specific subroutine determining the water uptake from the air and
corresponding heat flux along the walls and roofs (Tong et al., 2009; Piscia et al., 2012a,
b; Bouhoun Ali et al., 2014), but it is only very recently that condensation potentially
occurring along the leaves was introduced in the CFD approach (Liu et al., 2021, An et al.,

2022).

SBolving the radiative
transfers inside the canopy
by introducing an
extinction coefficient
(Fidaros et al,
2010, Mebbali et al, 20012,
Tlorille et al | 2014
cuhoun Al1 et al., 20143

Taking account of

Specific  submodel for
condensation on leaves

photosynthesis and COy
cycle (Roy et al, 2014,
Eoulard et al., 20173

T.in et al, 2021; An et
al., 20223

olving the radiative transfer
equation and calculating the
global radiation distribution
inside the canopy with the
Beer’s law (Bartzanas et al
Z0O0, Fatmassi et al. 20082

Adapting the crop model
to water restriction cases
(Bouhou Ali et al | 2018,
2019)

Taking account of
condensation  on walls
and roof (Tong et al,
Z002, Piscia et al., 2012,

Bouhoun &l etal , 20140

Crop submodel with
porous medium approach
momenturn loss, sensible
and latent. heat fluxes

(Boulard & Wang, 20022

2000 2005 2010 2015 2020

Fig. 5 Milestones of CFD crop submodel developments

4.2. Distribution of leaf temperature, crop transpiration and shortwave radiation
inside the crop
Following the progress in CFD modelling, simulations gained in accuracy and made

it possible to assess interactions of the crop with the local environment into details.
Pouillard et al. (2012) have considered an experimental closed greenhouse with a tomato

crop to assess the radiation distribution inside the greenhouse including the crop stands.
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They solved the radiative transfer equation, using the Discrete Ordinate model with a proper
parameter setting concerning the optical properties of the semi-transparent medium
simulated to the porous medium and distinguishing short from long wave radiations.
Implementing a crop submodel encapsulated in a UDF dynamically linked with the main
solver, they simulated the distribution of leaf temperature, air temperature and crop
transpiration within the crop based on air velocity and surrounding climate parameters (Fig.
6).

Their results evidenced that the heterogeneity of the climate inside the greenhouse
affects plant activity as illustrated in Fig. 6 showing the distributions of leaf temperature,
crop transpiration and short waves radiations received within a tomato plant stand. They
also showed that for this greenhouse, at the upper part of the crop stand, 2/3 of the captured
radiative energy was transferred to latent heat thus increasing air humidity while only the
remaining part contributed to greenhouse air warm up and heat accumulation higher. They
also predicted that in the middle and lower parts of the crop, the latent heat associated with
transpiration was higher than the received radiative energy, meaning that the leaves cooled

the air at these levels.
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Fig. 6 Simulated and measured distributions of leaf temperature in K (left), latent heat of
crop transpiration in W m (middle) and short waves radiations in W m (right)

within the crop cover at noon (after Pouillard et al., 2012).

Using the same approach and implementing a module of solar transmission inside the crop
cover, Nebbali et al. (2012) got very realistic results (Fig. 7), making it possible to assess
the heterogeneity of crop transpiration and its evolution with the sun path all day long.
Nevertheless, they did not undertake any validation of their model against experimental
data.
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Fig. 7 Distribution of the transpiration heat flux density on June 21%. (a): at sunrise,

(b): at midday, (c): at sunset (after Nebbali et al., 2012).

Bournet et al. (2017) carried out two-dimensional unsteady simulations at a daily
timescale including crop interaction and sun path. The radiative transfer equation (RTE)
was solved, based on the Discrete Ordinates method distinguishing short and long
wavelength radiations. The ground was also meshed to simulate conduction. The model
was run for a typical sunny day under temperate climatic conditions and validation was

undertaken based on seven different parameters including temperature and relative
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humidity of the air above and inside the crop, ground temperature, leaf temperature and
transpiration rate (Fig. 8). Simulations stress the ability of the model to correctly predict
the response of the greenhouse to a variation of the outside climate. In particular, the strong
influence of the solar radiation was demonstrated. Although leaf temperature and
transpiration rate were satisfactorily simulated, as well as local air humidity and
temperature just above the canopy. The air temperature inside the canopy was however a
little bit overestimated, and humidity underestimated suggesting that the air movement
inside the canopy could be overestimated maybe because of an underestimation of the drag

force of the porous medium.
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Fig.8 Comparison of measurements and CFD simulations for A) air temperature
above the crop; B) relative humidity above the crop; C) leaf temperature, D) transpiration

rate and E) soil surface temperature (adapted from Bournet et al., 2017).

Bouhoun Alli et al. (2018) adapted the crop model for cases when plants are subject
to water restriction. In this prospect, they calibrated a multiplicative stomatal resistance
expression depending not only on the meteorological parameters, but also on the soil water
potential (Cannavo et al., 2016) and developed a submodel to calculate the water balance
over the substrate. This model demonstrated its ability to predict the decrease of water
availability in the substrate and that both stomatal resistance, air and leaf temperatures
inside the canopy were higher for the water restricted conditions than for the well-watered
one. It also showed that transpiration rates were lower for plants under water restriction
(Figure 9), due to stomatal partial closing and transpiration rate reduction.

The same model was then implemented by Bouhoun Ali et al. (2019) for six different
irrigation regimes, reducing progressively the water inputs. From the simulations, the
scenario with 70% water supply (considering well water plants as the reference) appeared
as a good compromise between the maintenance of plant activity and water saving, together
with a reduction of fungal diseases or mould development risks. CFD simulations could,
hence, improve water management strategy and identify microclimate conditions adapted
to plant growth while reducing water inputs. It must be stated however, that the authors did
not investigate the impacts of water restriction on plant architecture and quality which

condition the marketing criteria.
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Fig. 9. Evolution of the matric potential in the ground (a) and corresponding evolution of
the evapotranspiration predicted by a CFD model for an impatiens crop (b) (after
Bouhoun Ali et al., 2018)

4.3. Simulation of the distribution of CO2 concentration in the greenhouse
CFD makes it possible also to investigate the carbon dioxide fluxes associated with the

photosynthesis and respiration processes. This has allowed mapping the CO2 and H.O
concentrations in air, together with temperature inside cropped greenhouses often equipped
with COz injection systems. Reichrath et al. (2001) were to our knowledge the first to be
interested in including the crop total carbon dioxide uptake rate for photosynthesis in CFD
modelling. Following Acock’s suggestion they divided the crop into three layers and
showed that the top layer consumes 66% of total carbon dioxide, the middle one 27%, and
the bottom one only 7%. In their simulations, the carbon dioxide injection and absorption
by the crop were added to a two-dimensional CFD model and applied to a 60-span Venlo
type glasshouse. Carbon dioxide dispersion was simulated, and revealed a higher
concentration at the leeward part of the glasshouse due to less efficient ventilation

compared to the windward side of the greenhouse (Fig. 10).
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748 Fig.10 Carbon dioxide dispersion in a 60 span Venlo-type glasshouse with crops
749  (after Reichrath et al., 2001).

750

751 More recently, Roy et al. (2014) and Boulard et al. (2017), investigated the 3-dimensional
752  distribution of CO; in a closed plastic-greenhouse using both numerical, including a CFD
753  crop model, and experimental approaches. In their study, the CO2 concentration was solved
754 by adding a transport equation for the CO2 mass fraction in the 3-D CFD model, and using
755  the porous medium approach coupled with crop eco-physiological and radiative transfer
756  models. Transpiration and photosynthesis fluxes were considered as a function of this
757  concentration and other microclimatic parameters.

758  They could predict the distribution of CO2 concentrations in the greenhouse at various times
759  of the day (Fig. 11, a-d). For example, at 8:00 am the greenhouse was closed, and CO2 was
760  supplied, which corresponds to higher concentration zones appearing near ground and
761 injection pipes (Fig. 11a). As the greenhouse was always maintained closed at 11h 30 (Fig.
762  11b) CO, concentration was still very high at the bottom of crop rows (1200 ppm) near the
763  injection pipes. Due to ventilation needs, injection was turned off at 1h pm (Fig. 11c)

764  leading to a severe depletion (300 ppm) at crop level, due to an intense uptake for
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photosynthesis. At 5:30 pm the greenhouse was again closed, and the CO> injection was

turned on again (Fig. 11d), leading again to higher concentration zones near the injection

pipes and a strong stratification.
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Fig. 11. Simulated carbon dioxide levels (ppm) in a median vertical transverse plane of the
greenhouse at (a) 8:00 am; (b) 11:30 am; (c) 1:00 pm; (d) 5:30 pm. (After Boulard et al.,

2017).

Molina-Aiz et al. (2017) implemented a CFD model to simulate photosynthesis in an
Almeria-type greenhouse without CO> injection by incorporating the Acock’s model by
means of UDF’s and the modelled CO> distribution shows a depletion in the leeward part
of the greenhouse, where are situated the plants which absorb CO. (Fig. 12). The
concentration of CO; in the windward part of the greenhouse was like the outside value,
indicating that natural ventilation was sufficient to maintain an adequate concentration for

the plants.

a) e T T T———7 et v RMSPE=4.2%,

380 383 386 389 392 395 398 401 404 407 410 ppm

Fig. 12. Distributions of CO, concentration simulated with CFD and measured values
(indicated in the figures) in the greenhouse on (a) 3/11/2014 and (b) 3/13/2014. (After
Molina et al., 2017)

4.4. Simulation of condensation

Condensation is a key phenomenon in greenhouse management, not only because it may
partly compensate water inputs due to evapotranspiration, thus reducing the water content
of the air and consequently the absolute humidity, but also because condensation enhances
risks of fungal developments or other diseases. To our knowledge, Tong et al. (2009) were

probably among the first to take account of condensation in their CFD approach applied to
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a closed, empty Chinese Solar Greenhouse. Their numerical model included specific source
terms derived from the formula suggested by Garzoli (1985) for the condensation that
occurred along the walls when the local temperature goes below the dew point. The latent
heat was then applied as an equivalent heat source to the roof where condensation occurred.
A more formalised model based on local steady state balance for the sensible heat and water
vapor was applied by Piscia et al. (2012) to a closed greenhouse. They conducted a
comprehensive analysis of the condensation process during night-time conditions and
determined the water uptake from the air by adapting a specific subroutine developed by
Bell (2003) based on the equation provided by Bird et al. (1960). In their study, however,
Piscia et al. (2012) considered the crop as a constant source of water vapor, thus neglecting
the interaction of the crop with the ambient climatic conditions. Moreover, they determined
the water uptake from the air, but omitted the associated heat flux along the walls. Bouhoun
Ali et al. (2014) conducted a CFD study for an Impatiens New Guinea greenhouse crop in
which water uptake from the ambient air along the roof surface, was expressed as a mass
flux sink term in the water vapor transfer equation. The corresponding source term for the
energy equation could then be obtained by multiplying the mass flux by the latent heat of
vaporisation. In particular, their results revealed the ability of the model to predict both the
air and wall temperatures of the greenhouse. In their recent paper, Liu et al. (2021)
simulated both the distributions of roof condensation and leaf condensation (Fig. 13). The
condensation on the leaves at 9 measurement points was observed manually for comparison
with the simulation results each hour from 18:30 to 5:30. They observed that condensation
always occurred earlier than the simulated condensation. They also reported that
condensation always appeared first on the roof rather than on the leaves. Focusing on the

Leaf Wet Duration (LWD) as an indicator of risk of fugal development, they predicted an
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average error between the observed and simulated LWD of 1.25 h for the two studied days.
They concluded that the crop canopy condensation model is appropriate to quantify the
dynamics of water vapour and energy, even though, the model is expected to improve

performance in a variety of scenarios.

Fig. 13. Simulated leaf condensation on April 17 at (a) 01:30 and (b) 05:30. Y represents
the north; X represents the east; and m represents the condensation that appeared based on

simulation (after Liu et al., 2021).

5. Future trends
Despite the stated advances in CFD based plant activity modelling in greenhouses, further

improvements still have to be conducted to reach a higher degree of realism.

5.1. A better consideration of radiation transfer in the crop stands

Given the complexity of radiative transfer into the whole greenhouse, with various light
qualities (short and long waves; diffuse and direct light) interacting with different media
(solid, diopters, transparent, diffuse), numerical simulations must consider the entire range
of these exchanges, particularly between the leaves and other surrounding surfaces. Still,
considerable efforts need to be done to include the interchange of short and long wavelength
radiation between the sky and the greenhouse cladding, and between greenhouse structural

elements (roof, screens, structural elements, shelves, canopy...). Indeed, for most of the
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existing studies, the radiative transfers were considered less important than the convective
ones and consequently largely simplified, even if the increase in the performance of the
computer facilities and model developments made it possible to considerably improve
radiation considerations in CFD modelling tools and offers new perspectives.

In addition, model microclimate validations with respect to light measurements are very
rare, whereas greenhouse plant production directly depends, through photosynthesis and
transpiration, on this parameter. Accordingly, a double effort must be performed (i) on the
adaptation of the available radiation models of the CFD packages to the various radiative
transfers, including inside the equivalent porous medium, and (ii) on the measurements and

validation of light distribution into the greenhouse volume, including the plant stands.

5.2. Towards the development of virtual plants under CFD model

With the recent advances in computing capacities, and to reach more realism with the CFD
simulation of the plants, connections should be established with virtual plants that simulate
their real activities, meaning indeed a reinforcement of collaborations between greenhouse
systems modelers and the physiologists community.

This should integrate in a fine way the functioning of the plant by introducing more accurate
mechanisms through the 3D construction of the plants. In such approach, photosynthesis
and transpiration will be calculated at the leaf level in the plant architecture according to
its microclimate by a transport-resistance system based on the sources/sinks of the various
organs. As already seen (Bouhoun Ali et al., 2017), plant water and nutrient uptake can also

be included in these augmented reality models (Kim et al. 2021a; 2021b).
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5.3. Integration of other biotic/non-biotic interferences

Plants are not the only biotic agents interfering with microclimate in greenhouses, thus
fungi, various diseases and insects also directly depend on it and several CFD approaches
have recently been performed towards this global integration. Hence, Boulard et al. (2010)
have developed and validated a CFD prediction of climate, crop activity and fungal spore
transfer in a rose greenhouse, thus showing that both the plants and the airborne transfers
of most pathogens can be catch by this approach. Fatnassi et al. (2022) have developed a
CFD modelling of the microclimate within the boundary layer of leaves in the ecological
niche of most bio-aggressor’s and defender’s (insects but also fungi and bacteria) to
improve pest control management and define how to turn them unfavourably or favourably.
Liu et al. (2021) have developed a CFD based 3-D simulation of leaf condensation on
cucumber canopy in a solar greenhouse serving as a reference for an early warning model
of diseases based on the temporal and spatial distribution of leaf condensation. Their model
may serve as a reference for an early warning model of disease based on the temporal and
spatial distribution of leaf condensation given that it would be costly to monitor the
condensation of all the leaves in a greenhouse. Discrepancies with experimental
condensation measurements still exist and further developments are required to improve
the model. Furthermore, it will be necessary to cope with the high computational load
required by the model to reach the application of this tool in real-time in greenhouse
production in the next future, which is of great significance for providing disease warning

and guidance in pest control decision-making.

6. Conclusions
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A description of the different steps of integrating the greenhouse plant activity in
CFD models has been detailed in this paper and particularly the sub-program allowing to
calculate the involved parameters as well as the links connecting them with the main solver.

Since the 90s, many CFD models coupling the dynamic effects and mass exchanges
between crop and air inside the greenhouse have been developed. Their systematic
validations show that they predict accurately the distribution of air speed, temperature,
humidity and CO: fields inside the greenhouse and the crop rows or canopy. In addition,
they provide very important information on plant activity, often including transpiration and
more seldom photosynthesis and allow to test improvements of the design and equipment
of the greenhouse with respect to crop production.

In a context of resources scarcity such as water and energy, this approach
undoubtedly provides comprehensive and easy-to-use tools to tune and optimise the

greenhouse system to increase the yield and quality with a low environmental impact.
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Appendix A

A.1 Aerodynamic resistance

Within the limits of the climatic variations encountered in greenhouses, the
aerodynamic resistance value (ra) is not very much influenced by the variations in the
characteristics of the humid air but depends widely on the air flow regime. Due to the low
values of air speed met in greenhouses generally encountered, Baille et al. (1994)
considered a constant value of ra for roses. Nevertheless, several formulas based on local
air speed are proposed in the literature (Roy and Boulard, 2005). For greenhouse tomato

crops and low wind speeds Boulard et al. (2002) applied the following formulation:

Pa C
Tag = h_sp (Al)

where the heat exchange coefficient hg, depends on the Nusselt number (Nu) and the

flow regime near the leaves.

__ Nulg

hg -

(A.2)
where A, is air conductivity (W m™* K); d (m) characteristic dimension of the leaves.

Generally, the flow regime near the leaves is widely considered laminar, although
it is turbulent further away from leaves and for a laminar flow, Nu can then be written
as a function of the convection mode. Assimilating the leaf to a horizontal flat plate
(Monteith and Unsworth, 2013; Morille et al., 2013; Roy et al., 2002), the Nusselt

number may be expressed as follows according to the convection regime:

Free convection:
Nu = 0.59 (Prt.Gr)%?5 (A.3)

Mixed convection:
Nu = 0.68 (Rel® + Prt075)033 (A4)

44



916
917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

Forced convection:
Nu = 0.67 Re®5 Prt%33 (A.5)

where Re is Reynolds number; Gr is Grashof number and Prt Prandtl number equal to
0.71 for air.
In the case of a greenhouse without mechanical ventilation, generally free convection

prevails inside the greenhouse, and it follows that:

r o= p Cpd
@ ™ 0.59 (Pr.Gr)°251,

(A.6)
A.2 Leaf stomatal resistance

The leaf stomatal resistance tunes the water vapour transfers through the leaf stomata (Fig.
3), the opening stomata driving the transfer of water vapour between the inside of the leaf
(where water vapour is saturating) and the surrounding air at leaf surface. They, thus,
provide an additional resistance in serial with aerodynamic resistance.

Jarvis (1976) has proposed a multiplicative model of stomatal resistance integrating the
influence of the different climatic variables on r; (global radiation Ry, air vapor pressure
deficit VPD,, leaf temperature T;, concentration of CO; in the air C,;). He also assumed that
each variable acts independently.

s = rsminfl (Rg) : fZ (VPDa) : f3 (Tl)-ﬁ}(ca) (A-7)

where the f; are empirical functions of the different variables studied. He also proposed
empirical functions that take the following forms: f; (Rg) is an asymptotic function (Table
Al), f,(VPD,) a linear function, f5(T;) a hyperbolic function of the leaf temperature T,
f1(C,) a partially linear decreasing function of the CO2 concentration Ca.

Further improvements on Jarvis' model have been proposed by other researchers such as

Baille et al. (1994) to model the stomatal resistance of Impatiens who considered that for
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the case of well-watered plants, the variables that most influence the functioning of the

stomata are the incident global radiation (R,) and air-air vapor pressure deficit VPD,,.

Table Al. The asymptotic functionf; (Rg) for different crops

Formula Crop Author
-1 .
fi(Ry) =1+ [exp (a1 (R — bl))] tobacco Avissar et al, 1985
tomato Boulard et al., 1991
banana Demrati, 2007
fi(Rg) = 1+ in
1\Rg) = (R, b)) & tomato Stanghellini, 1987
(R,) = % t gi Farquhard, 1978
fi(Rg) = 145, R, not given arquhard,
(R, = a, + Ry 9 ornamental species | Baille, 1994
[lRe) == R,

where ai, by are parameters determined empirically from data collected in agricultural
greenhouse.
For VPD,, Baille et al. (1994) established the following mathematical expression:

£,(VPD,) = 1+ a,(VPD, — VPD,)? (A.8)

where VPDy is the pressure deficit for which rs is minimal.
For tomatoes another form has been proposed by Boulard et al. (1991) for VPDa and Ta:
f2(VPD,) = 1+ azexp(b,(VPD, — VPD,)) (A.9)

fZ (Ta) =1+ aSeXp(bB (Ta - Tmax)) (A.lO)
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where az, a3 and b, bz, VPDo and Tmax are also empirically determined parameters.

Other authors: Van Bavel (1978); Bot (1983) ; Kimball (1986); Stanghellini (1987); Jolliet
et Bailey (1994), have also proposed relationships giving the stomatal resistance as a
function of solar radiation and water vapor pressure.

In the case of water restriction, the water state of the soil or the plant becomes a limiting
factor for closing or opening of the stomata. Nikolov et al. (1995) and Gang et al. (2012)

add a stress function depending on the water potential of the soil and leaf:

s = Tsmin fl(Rg) f2(VPD,) f5(¥) (A-ll)

Or s = Tgmin fl(Rg) f2(VPD,) fs(¥1) (A12)
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Fig.1 Description of the crop: homogenization method
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Fig. 4 Sketch of the exchanges between the UDF and the main solver in the CFD model.
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Fig. 6 Simulated and measured distributions of leaf temperature in K (left), latent heat of crop
transpiratin in W m (middle) and short waves radiations in W m (right) within the crop

cover at noon (after Pouillard et al., 2012).



Fig. 7 Distribution of the transpiration heat flux density on June 21%. (a): at sunrise, (b): at

midday, (c): at sunset (after Nebbali et al., 2012)



304 100,0
ggg : ¢ Ta measured 90,0 A A RHa measured
E—ggg | =—Ta predicted _.?80,0 IEY-Y.YN —RHa predicied
=. i =]
+ 204 E 70,0 A
=202 £60,0
5290 © P
=4
2284 g 40,0 -
282 A o AAAa
580 ‘ . ‘ ‘ 30,0 . . : . T
0 4 8 12 16 20 24 0 4 8 _12 i
Time (h) Time (h)
304 -
302 < Tl measured 300 o Measured o

=TI predicted :E_ 250 transpiration
= ——Predicted
= 200
£ 150
S
g 100
2 50 ~
=
© 0 T T T
T -
0 8_ 12 16 20 24 ©c 4 8 12 16 20 24
Time (h) ime
304
302
300
£298
3296 -
£294 |
2292
=290 +
q’288 i © Tg measured
2-286 =—Tg predicted
2284 4
282
280 T T T T T
0 4 8 12 16 20 24
Time (h)

Fig.8 Comparison of measurements and CFD simulations for A) air temperature above the
crop; B) relative humidity above the crop; C) leaf temperature, D) transpiration rate and E) soil

surface temperature (adapted from Bournet et al., 2017).



., Matric potential (k Pa)
=) L P w o] = l
L Ll Ll Ll Ll Ll Ll

Time (h)
220 2 4 6 8 1012 1416 18 20 22

J 1 1 1 1 1 1 1 1 1 1 1 J

| = Ws (reference 100%

90%
| —ws (80%
] Ws (70%)
| —Ws (60%)
' e W5 (50%)

100

90

=30
~

7 Tr (reference 100 %)
—Tr (90%)
—Tr (80%)

Tr (70%)
—Tr(
—Tr(

Tr (60%)
Tr (50%)

22 0 2 4 6 8 10,12 14 16 18 20 22
Time (h

Fig. 9 Evolution of the matric potential in the ground (a) and corresponding evolution of the

evapotranspiration predicted by a CFD model for an impatiens crop (b) (after Bouhoun

Ali et al., 2018)
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Fig.10 Carbon dioxide dispersion in a 60 span Venlo-type glasshouse with crops (after

Reichrath et al., 2001).
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Fig. 11. Simulated carbon dioxide levels (ppm) in a median vertical transverse plane of the

greenhouse at (a) 8:00 am; (b) 11:30 am; (c) 1:00 pm; (d) 5:30 pm. (After Boulard et al., 2017).
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Fig. 12. Distributions of CO, concentration simulated with CFD and measured values (indicated
in the figures) in the greenhouse on (a) 3/11/2014 and (b) 3/13/2014. (After Molina et al., 2017)
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Fig. 13. Simulated leaf condensation on April 17 at (a) 01:30 and (b) 05:30. Y represents the north;
X represents the east; and m represents the condensation that appeared based on simulation (after

Liu et al., 2021).



Table 1. Validation studies of the CFD model based on the comparison between measured and

simulated values of climate parameters in the greenhouse

Authors Greenhouse type Crop Dimension Validation

Boulard & Wang Tunnel Lettuce 3D steady Transmittance, air velocity

(2002) Temperature, transpiration flux

Fatnassi et al. (2003) Moroccan type Tomato 3D steady Ventilation rate

Bartzanas et al. (2004)  Tunnel Tomato  2D/3D Air velocity, ventilation rate,

steady air temperature

Fatnassi et al. (2006) Multi span Roses 3D steady Ventilation rate

Majdoubi et al. (2009)  Canary type Tomato 3D steady Air temperature, relative
humidity

Tong et al. (2009) Chinese Lettuce 2D unsteady  Air temperature

Boulard et al. (2010) Multispan plastic Roses 2D unsteady  Air temperature and humidity,
spore concentration

Piscia et al. (2012a) 4-span plastic Lettuce 3D unsteady  Air temperature, roof
temperature, humidity ratio

Tamimi et al. (2013) Arch type Tomato 3D steady Air velocity,
evapotranspiration, stomatal
resistance

Majdoubi et al. (2016)  Canarian Tomato 3D steady Air temperature and humidity

Bouhoun Ali et al. Venlo glass house New 2D unsteady  Air temperature, leaf

(2018) Guinea temperature matric potential,

Impatiens stomatal resistance, air

humidity, transpiration rate

Boulard et al. (2017) 6-span glasshouse Tomato 3D unsteady  Air temperature, leaf
temperature, saturated
humidity at leaf temperature,
air humidity, shortwave
radiation, air speed, crop
transpiration,
CO; concentration

Bouhoun Ali et al. Venlo glass house New 2D unsteady  Air temperature and humidity,

(2019) Guinea stomatal resistance, ventilation

Impatiens rate
Fatnassi et al. (2021) Four-span plastic Rose 3D unsteady  Air temperature and humidity

arched greenhouse




Table Al. The asymptotic functionf; (Rg)

for different crops

b, + R,

Formula Crop Author
-1 .
fi(Ry) =1+ [exp (a1 (R — bl))] tobacco Avissar et al, 1985
tomato Boulard et al., 1991
banana Demrati, 2007
fi(Rg) = 1+ ini
1\Rg) = (R, — b1) - &1 tomato Stanghellini, 1987
(r,) = 2K i Farquhard, 1978
fi(Ry) = 145, R, not given arquhard,
a, + R, 9 ornamental species | Baille, 1994
fi(Rg) =
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