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In this paper, the characterisation and modelling of the most relevant convective transfers contributing to the
description of the distributed greenhouse climate are studied in detail. After a brief review of the equations
governing flows within the greenhouse, the major theoretical approaches are recalled. The focus is on the study
of the distributed climate which requires the equations governing the fluid flow and includes the turbulent
transfer. The digitisation of these equations and their solution using computer fluid dynamics (CFD) software
are presented. The measurement techniques associated with this approach are also presented, with special
attention paid to the determination of air flows and climate patterns using advanced flow measurement
techniques such as particle imagery visualisation (PIV) and sonic anemometry. A complete panorama of the
studies pertaining to air movement inside the various greenhouse types is presented and it is particularly
focused on recent studies dealing with plant—air interactions, particularly the leaf boundary layer climate and
the air flows within the crop canopy. Despite the difficulties of modelling turbulent transfers, it is shown that
simulations involving CFD software are becoming more realistic and able to describe with good accuracy the
main features of the distributed climate inside the greenhouse. The major consequences of this progress
are discussed with respect to improvement of the greenhouse climate through better plant protection
and enhancements of greenhouse design and control. © 2002 Silsoe Research Institute. Published by Elsevier Science Ltd.

All rights reserved

1. Introduction

It was shown in a companion paper (Roy et al., 2002)
that simple analytical solutions describing the convec-
tive exchanges combined with semi-empirical ventilation
models were often sufficient in solving most classical
engineering problems related to describing the green-
house climate. Yet, the recent concerns on crop quality
and preservation of the environment increasingly
require that account should also be taken of climate
heterogeneity and crop activity. Examples of cases
where this is necessary are the optimisation of the
vertical distribution of crop temperature and transpira-
tion by means of low-temperature heating pipes
localised in the crop rows (Kempes & van den Braak,
2000), the study of nitrate loses in lettuce grown in
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plastic tunnels in Mediterranean regions (de Tourdonnet
et al.,2001; Boulard & Wang, 2002), and the determina-
tion of the climatic dependence of bio-aggressors and
antagonists involved in integrated pest management
(IPM) strategies (Jewet & Jarvis, 2001; Boulard er al.,
2002). These problems cannot be solved using ap-
proaches based on the homogeneity of the greenhouse
air because no details are provided on the inside climate
patterns nor on the heterogeneity of crops or pest
activity. Recent progresses in flow models using
computational fluid dynamics (CFD) facilitate the
analysis of this climate heterogeneity by solving trans-
port equations in closed (Nara, 1979; Lamrani et al.,
2001) and ventilated greenhouses (Mistriotis et al.,
1997a, 1997b). This numerical approach requires further
empirical validation, particularly in the case of the

© 2002 Silsoe Research Institute. Published by
Elsevier Science Ltd. All rights reserved
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Notation
ap, a, regression coefficients u air speed, m s~
c specific humidity of air, kg kg™ u velocity vector
Cr inertial factor of a porous medium u, u;  components of the velocity vector, m s
C, drag coefficient for the vegetation ul’ fluctuation of the components of the velocity
C, empirical constant for the closure of the ' vector, m s~
turbulence model X length, m
d, water vapour diffusivity, m? s~ o thermal diffusivity of air, m® s~'
f resultant vector of the external acceleration ¢ viscous dissipation rate of turbulent energy,
applied on a fluid domain m?s~?
g gravity vector ) Physical variable transported in a fluid flow
Jo flux vector of the physical variable @ in a fluid @,®’ mean and turbulent physical variable trans-
flow ported in a fluid flow
K permeability of a porous medium, m?> K turbulent kinetic energy, m” s>
17 leaf area index u dynamic viscosity of fluid, kg m ™' s™!
P, AP Pressure, pressure drop, Pa v kinematic viscosity of fluid, m? s~
Ra Rayleigh number v, turbulent viscosity, m? s~
Re Reynolds number p fluid density, kg m—*
Re, modified Reynolds number T stress tensor applied on a fluid domain
Sa sink or source term for the physical variable ¢
t time, s Subscripts
T, AT Temperature, temperature difference, K 0 reference
turbulent regime that prevails in greenhouse conditions. 2. Theory

Turbulent air flow and the sensible heat exchange
associated with it have been measured in naturally
ventilated large-scale multi-span greenhouses with the
help of ultrasonic anemometers (Wang, 1998; Boulard
et al., 2000; Haxaire et al., 2000). Laboratory experiments
using laser Doppler velocimetry (Lamrani, 1997) or direct
visualisation techniques by laser tomography (Roy et al.,
2000a, 2000b) have also been used to map steady-state
flow fields with well-defined boundary conditions. A
good correspondence between experimental and calcu-
lated features is generally found. These results highlight
the origin of convective motions and air renewal together
with the important spatial heterogeneity of the scalar and
vector fields. It has already been demonstrated that the
CFD approach may provide realistic simulations for a
wide range of geometrical and boundary conditions and
thus can help engineers and greenhouse manufacturers to
improve greenhouse control and design.

This review takes into account all convective transfers
involved in greenhouses. In the first section, the theory
and basic equations governing flow motions are
presented. In the second, a presentation of the experi-
mental and modelling techniques of convective transfers
is provided based on the heterogeneity of the inside air.
The numerical and measurement procedures necessary
in determining distributed climate are outlined and the
question examined whether CFD simulations can
describe with a good accuracy the main features of the
distributed climate inside the greenhouse.

2.1. Fluid flow equations

2.1.1. Governing equations

An accurate description of a fluid flow in a three-
dimensional domain is made by determining the velocity
and pressure fields and other variable quantities like
enthalpy, concentration of chemical species, efc., which
can be transported by the flow in the entire domain. The
phenomenological model that links these variables is
deduced from the conservation equation of each
variable @ in any fluid domain. Fluid is considered to
be a continuous medium

0P

— = —divdJg + S 1

i ivJs + So (1
where: Jg is the flux vector of @ through the domain
boundaries, Sy the production of @ in the domain and ¢
the time.

When @ represents the mass of fluid flowing through
the domain, the conservation Eqn (1) becomes the well-
known equation of continuity:

op .

—=—d 2

2 iv(pu) 2
where p is the fluid density and u the flow velocity
vector.

A second equation is obtained by substituting the
momentum for variable @. The conservation Eqn (1)
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then becomes the Newton’s second law of motion

a(gtu) = —grad P —div(pu xu) —dive +pf  (3)

where: P is the pressure, t the stress tensor, f the
resultant vector of the external acceleration applied to
the fluid and x the tensor product operator.

2.1.2. Simplifying equations

All the quantities presented in Eqns (1) and (2) are
time and space dependent. Nevertheless, for fluid flow
problems relevant to ventilation characterised by low
velocity fields and low gradients of transported quan-
tities, physical properties are assumed to be constant. A
second simplification concerns the dynamic behaviour
of the fluid: a linear relation between stress and
deformation is assumed (Newtonian fluid) including
the dynamic viscosity u, and consequently the fluid flow
equations become (Bird et al., 1965)

diva=0 4)

and
pﬁl; = —grad P+ uV?u + pf ®)
where Du/Dr¢ is the substantive time derivative or
‘material derivative’ of u and V? is the Laplace operator.
This equation is a simplified form of the Navier—Stokes
equation for viscous fluids. Most flow fields can be
described with Cartesian co-ordinates system. In those

cases, X; is the length according to the ith component of
space, Eqns (4) and (5) become:

3
o _

j=1 axj

dup o~ Ou; oP
P (az +,.2_1:“-’8)9) = T
where Eqn (7) is the ith component of the momentum
equation.

For convective and ventilation situations, determina-
tion of the temperature and humidity fields is essential
for understanding the climate in greenhouses. Assuming
that the heat production due to molecular friction
(viscous dissipation) is negligible, the conservation
equation for temperature fields becomes

DT
D¢
where T is the temperature and o the thermal diffusivity

of air. The conservation equation for water vapour field
becomes

0 (6)

3 62u,-
u(Z ax2> +ofi (D)
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where ¢ is the specific humidity of air and d, the water
vapour diffusivity. All the above physical properties are
considered to be constant.

2.1.3. Combining equations

The dependence of the thermal field on flow velocity
distribution is clearly demonstrated in Eqn (8). Con-
versely, the opposite combination does not appear to be
explicit in Eqns (5) and (7). If this combination occurs, it
takes place in the variation of the physical properties of
fluids caused by temperature heterogeneity. For flow
configurations like greenhouse flow patterns, the resul-
tant pf of external forces is limited to the gravitational
forces pg so that the influence of free convection caused
by temperature gradients is evident. When buoyancy
forces occur in the flow, the assumption of fixed physical
properties no longer matches fluid flow behaviour. Free
convection effects are taken into account in the
momentum equation by the variation in fluid density
due to a heterogeneous temperature field. If T and pq
represent reference values for temperature and density,
the equation of state for density p becomes, using
Taylor’s development (Bejan, 1984)

(10)

The temperature dependence of density in Eqn (7)
introduces a problem in solving this equation. The
Boussinesq approximation is widely used to simplify the
momentum equation: density is considered as constant
p = p, for inertial terms, whereas Eqn (10) is used to
quantify the leading body force term. This approxima-
tion can also be applied to other quantities influencing
density, such as pressure, but the influence of tempera-
ture is predominant for free convection problems (Gray
& Giorgini, 1976).

2.1.4. Turbulence models

The presence of turbulence in a fluid flow is indicated
by fluctuations of velocity components and quantities
transported by the flow, even when the boundary
conditions for the problem studied are kept constant.
These random fluctuations constitute the phenomen-
ological difference with laminar flows which are
deterministic. For most ventilation situations, experi-
mental measurements and visualisations show the
turbulent character of the inner and outer greenhouse
flows. Consequently, turbulence phenomena must be
taken into account in the fluid flow equations, in order
to accurately quantify the transferred quantities (heat
and mass transfer rates are appreciably increased by
turbulence). Turbulence theory is too complex to be
described here (Bradshaw, 1971; Tennekes & Lumley,
1972; Favre et al., 1976), however, it is necessary to give
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a description of the most frequently used models
because they require the use of other conservation
equations for fluid flow (closure equations).

The most common method for obtaining closure
equations for turbulent quantities is to express each
variable @ as the sum of two parts: a mean quantity @
and a fluctuating one @'. This principle is applied both
to velocity components and scalar quantities, and the
fluid flow equations are time averaged. Consequently,
new quantities like cross-correlations of variables
(specially the cross-correlations of velocity components
that constitute the Reynolds shear stress) appear in the
equations. In the most widely used closure model, the so
called ‘x—e model’, two new variables may be deduced
from these fluctuations:

(a) the turbulent kinetic energy k
1<~/ N2
=32 (1)
Jj=

where u} is the fluctuation of the component u;

(11)

(b) the viscous dissipation rate of turbulent energy €
3 2
e=v Z (grad u})
=1

where v is the kinematic viscosity of fluid.

In the conservation equations for x and ¢, the
turbulent kinematic viscosity v, appears, although it is
not an intrinsic physical property of fluids, but depends
on flow conditions. This term is determined with the
help of the Prandtl-Kolmogorov assumption and leads to

2
(13)

Ve = CﬂK—

€
The coeflicient C,, and other empirical constants that
appear in the conservation equations for xk and ¢ are
determined from experimental results. The determina-
tion of these empirical constants proves the non-
universal character of the k—¢ model of turbulence and
its inappropriateness in predicting original configura-
tions: the knowledge of flow conditions for relevant
situations, such as jet plane, or flow on a solid wall is an
essential condition for using correct empirical constants

or functions.

(12)

Three major turbulence models which help determine
more accurately turbulent quantities near solid bound-
aries have been developed.

(1) In the fully turbulent x—¢ model (Harlow &
Nakayama, 1967; Launder & Spalding, 1972) all
the grid points used for the discretisation of flow
equations in the area of interest are considered in
the fully turbulent region. Wall functions are used
to determine turbulent quantities on solid walls.
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(2) In the low Reynolds number x—¢ model (Launder &
Spalding, 1972; Lam & Bremhorst, 1981), the grid is
more refined in non-fully turbulent regions specially
near solid walls where a damping function is taken
into account as for example in Eqn (13) for
determining the turbulent viscosity. Consequently,
there is no need for wall functions.

(3) In the two-scale models (Chen & Kim, 1987) (CK)
and in the renormalisation group (RNG) model
(Yakhot & Orszag, 1986), two time scales are used
for determining the turbulent kinetic energy «.

The configuration of the area of interest and the
influence on the flow field of the parts of the domain
with a small size constitute the principal criteria for
choosing the turbulence model. For example, the
presence of small slot-vents in a laboratory leads to
the use of the low Reynolds number x— model (Hoff
et al., 1992). For greenhouse flow conditions charac-
terised by separating and reattaching flows, a compara-
tive study undertaken by Mistriotis ez al. (1997b) has
demonstrated that a two-scale model corresponds better
with experimental data.

2.1.5. Solving equations

Owing to the non-linear character of the momentum
equation, the analytical determination of the solutions
of the system Eqns (6) and (7) is not possible, except for
rare situations in one or two-dimensional flows where
significant simplifications of the equations are possible
(Schlichting, 1955). For greenhouse flow patterns char-
acterised by three-dimensional conditions, it is impos-
sible to obtain an analytical solution for velocity, pres-
sure and others transported quantity fields. Nevertheless
the different methods shown in Fig. I have been devel-
oped in order to determine the climate and the heat and
mass transfers in buildings and greenhouses. Behaviour-
al models, such as neural networks (Seginer et al., 1994;
Krauss et al., 1997) are very useful for establishing a
control strategy, but they still depend on accurately
determining flow-parameter values. These models must
then be compared with experimental results or with a
phenomenological model. The rapid development of
numerical computational methods nowadays helps in
obtaining approximate solutions of the phenomenolo-
gical micro-model. These methods (called CFD meth-
ods) use a fine discretisation of the domain studied and
will be presented in a later section concerning numerical
computational methods of fluid flows.

2.2. Convection in porous media

The modelling of transported quantities in a flow (for
example momentum, heat and vapour in a greenhouse)
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Fig. 1. Classification diagram of the simulation models;, CFD, computer fluid dynamics (adapted from Krauss et al., 1997)

is essential for the understanding and the prediction of
the crop response to external physical influences.
However, it would be unrealistic to attempt to take
into account transfers on each leaf for understanding
and predicting the crop response. The definition and
design of the three-dimensional domain of interest
(leaves as solid bodies and air as fluid) is very complex:
a solution to this modelling problem lies into consider-
ing the crop vegetation as a porous medium.

A porous medium can be defined as a solid matrix
with interconnected pores through which the fluid flows.
A structural property of this kind of medium is porosity,
which is expressed as the ratio of the volume of the pores
to the total volume (Nield & Bejan, 1992). The presence
of a solid matrix in the flow leads to a considerable
increase in the transfer of transported quantities like the
momentum balance which is affected by the friction on
the solid matrix. Flow modelling in a porous medium
for a fluid-saturated control volume of that medium lies
in the definition of its volume-averaged velocity vector

(seepage velocity). The simplest model expressing the
link between the pressure gradient and the velocity
vector in the control volume is the Darcy law

u

grad P = —Eu (14)

where the medium permeability K is independent of the
nature of the fluid and depends only on the geometry of
the pores in the medium. The Darcy law stands for the
momentum equation Eqn (3) and its limitation is the
absence of the inertial term «°. The domain of validity of
the Darcy law is defined by the modified Reynolds
number Rep

uKO.S
v

Re, = (15)
where u is the wind speed. The Darcy law is valid as long
as Rep <1, i.e. when inertial terms have a smaller
magnitude than viscous terms (Bejan, 1984). When Rep
is greater than unity, the quadratic term is taken
into account using an extension of the Darcy law, the
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Darcy-Forchheimer equation

grad P = —%u — CfK_O'Spuu (16)
where p is the fluid density and C, a dimensionless
inertial factor. This term is not constant and varies with
the porosity of the medium. For greenhouse situations,
where the permeability K of the crop is significant, the
viscous term (the first term on the right-hand side of Eqn
(16)) is negligible (the order of magnitude of the
dynamic viscosity u is 107> for air), so the pressure
gradient only depends on the quadratic term alone

grad P ~ —CfK’O'Spuu 17)

Consequently, factor C, can be determined by
measuring the pressure loss through a crop with
different seepage velocity values (see Section 3.1.6).

3. Distributed climate

The greenhouse cover profoundly modifies the inter-
nal climate conditions compared to those outside.
Generally, air velocity and radiation decrease, whereas
temperature and air humidity rise and the CO, content
fluctuates considerably. These conclusions are based on
climatic measurements made at a representative fixed
height, generally in the centre of the greenhouse. The
difference is far more significant if we take into account
a distributed climate and changes in crop activity.
However, the presence of independently controllable
regulation systems for local climate (pipe heating,
ventilators, local humidification, CO, distribution and
drip irrigation) may also locally influence crop growth
and development (Kempes & van de Braak, 2000).
The knowledge of the distributed climate at crop level
should help to improve its homogeneity by modifying
the design of the greenhouse structure and climate
air conditioning systems and by locally controlling
these systems. This requires the characterisation and

Double
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modelling of the processes, particularly of convective
transfers, involved in its elaboration.

3.1. Characterisation

3.1.1. Techniques

Although the interest in distributed climates in
greenhouses dates from the beginning of the greenhouse
industry (Carpenter & Bark, 1967), the first attempts to
measure air circulation patterns in greenhouses were
based on smoke generators showing differences in air
movement in diverse locations. These results were
merely qualitative and did not allow any comparison
between experimental and simulated results. The first
quantitative values of air flow patterns were obtained
from dynamic pressure measurements performed in
model scale greenhouses with steady state and well-
defined boundary conditions (Nara, 1979; Sase et al.,
1984). In such conditions, even simple measurements
can provide useful hints on flow and temperature
patterns. Laboratory experiments performed in model
scale greenhouses were also used later. These were often
combined with laser Doppler anemometry (LDA) to
map the flow fields in closed greenhouses (Lamrani et al.,
2001) or coupled with particle image velocimetry (PIV)
(Fig. 2) to map the flow patterns in ventilated (Okush-
ima et al., 1998; Montero et al., 2001a) and heated
greenhouses (Roy et al., 2000a, 2000b). A different
method using a scale model of a greenhouse immersed in
a water tank containing a salty water solution to
produce density differences was used by Oca et al
(1998) and Montero et al. (2001b) to simulate buoyancy-
forces-driven ventilation. For a laminar regime, flow is
visualised with the help of a video camera and the
method is used to test different ventilation arrangements
for mono-span greenhouses.

Air and heat exchanges were first estimated in a
bi-span greenhouse with a continuous vent using a one-
dimensional sonic anemometer and fine thermocouples

Heating
pipes

Charge coupled
device camera

——— Displacement bench

Fig. 2. Experimental arrangement for PIV measurements in a half-scale greenhouse (after Roy et al., 2000b)
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(Boulard et al., 1997). Further knowledge about the
turbulent airflow and the associated sensible heat
exchange were provided by measurements with a
three-dimensional sonic anemometer operated in the
whole greenhouse volume of the same bi-span green-
house (Haxaire, 1999). Ventilation-induced air move-
ment in a large multi-span greenhouse was later
measured by means of a customised multi-point two-
dimensional sonic anemometer (Wang & Deltour, 1999;
Wang et al., 1999). Moderate-speed airflow measure-
ments were also performed in a tunnel greenhouse to
map air movements and microclimatic heterogeneity
and to evaluate the turbulent characteristics of air
velocity components (Boulard et al., 2000). With only
one or two sampling positions for sonic anemometers at
any one time, the changing external conditions during
the time needed to explore the whole greenhouse volume
posed a problem. This problem was overcome by
selecting measurements for the prevailing external wind
direction and by using the external wind speed and the
difference in air temperature and humidity between the
inside and the outside as scaling parameters.

Air temperature measurement techniques have not
changed much since air temperature patterns were first
determined (Carpenter & Bark, 1967; Nara, 1979) until
now (Lamrani et al., 2001). Greenhouse air and surface
temperatures were measured by means of very small
thermocouples placed on a grid with a variable mesh.
Recently, the three-dimensional sonic anemometer
makes it possible to directly measure air temperature
as well as the three-dimensional components of air speed
(Boulard et al., 2000).

3.1.2. Airflow patterns and associated flux in closed
greenhouses

In closed greenhouses, buoyancy forces mainly drive
convection whereas in ventilated greenhouses wind
forces prevail, alone or in combination with buoyancy
forces. Nara (1979) first studied the temperature
patterns in a 1/2 scale mono-span greenhouse with a
moderate temperature difference between a heated floor
simulating the absorption of solar radiation and a colder
roof. In steady-state conditions with laminar regime, the
measurements indicated two symmetrical rotations of
airflow for an approximately square span (height—
width). But a single loop occupying the whole volume
was evidenced with non-symmetrical soil temperature
boundary conditions (imposed heat flux). In both cases,
a temperature inversion (rise of temperature with the
height), speeded up by an increase of the Rayleigh
number Ra was noted. Lamrani (1997) has used LDA to
characterise flow patterns under similar experimental
conditions, but with an imposed flux instead
of temperature at soil level. For turbulent conditions
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Fig. 3. Flow pattern in a closed heated half-scale greenhouse
determined with PIV technique; @, heating pipe (after Roy
et al., 2000b)

(Ra ~10° and 10'%) corresponding to the flow condi-
tions commonly found in full-scale greenhouses, he
always found a single loop occupying the whole span,
with high speed along the floor walls and the roof and
still conditions in the core of the greenhouse. The air
temperature decreased mainly in the first Scm over the
heating floor, but remained almost unchanged over
the whole cavity volume, before decreasing again in the
25 cm immediately below the roof surface. Experimental
air-soil and air-roof convective transfer formulas were
deduced from these studies and a vertical profile of the
turbulent flow components was also presented.

Flow patterns induced by pipe heating in the same 1/2
model scale mono-span greenhouse were later studied by
Roy et al. (2000b) using PIV. Surprisingly, the natural
convective patterns observed (Fig. 3) were similar to
those due to the absorption of solar energy at floor level
(Boulard et al., 1997). Compared to the classical
approach applied to a homogencous greenhouse vo-
lume, these experiments indicate the existence of a
vertical heterogeneity of the scalar and vector fields due
to a single loop that occupies the whole space of each
span and develops vertically between warm (soil, pipes)
and cold (roof) surfaces.

3.1.3. Air flow patterns and associated flux in open
greenhouses

Buoyancy flow in a mono-span greenhouse. The 1/2
model scale mono-span greenhouse already used to
characterise air movements in closed greenhouses
(Lamrani, 1997) was later equipped with vents on both
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roof slopes and employed to study buoyancy-driven
ventilation (Boulard et al., 1998). The flow patterns in
two-dimensional vertical cross-sections always exhibited
a single convective loop for single- and two-sided
ventilation with soil heating as well as with pipe heating.
This flow pattern is similar to the one observed in closed
greenhouses. With only one roof vent (Fig. 4), the
convective loop is fed with cold air coming in through
the lower part of the vent, flowing along the walls, the
floor and the roof of the cavity before flowing out
through the upper part of the vent opening. A single
convective loop fed with cold air entering the lower
parts of the two vents and flowing out from their upper
parts had also been observed for two-sided symmetrical
ventilation. As in closed greenhouses, this loop can
rotate either clock-wise or anticlock-wise depending on
the initial boundary conditions.

200

150

Height, cm
8

50+ T + 33 cm/s l l
bt e — / ——
0 4t / —. / L ¥ l -
0 50 100 150 200 250
(a) Width, cm

Height, cm

(b) Width, cm

Fig. 4. (a) Velocity field and (b) temperature °C field measured

in a half-scale floor-heated greenhouse with a continuous roof-

vent; Ty, reference temperature; T,, roof temperature; T, floor
temperature (after Boulard et al., 1999)
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In both cases, the thermal boundary layer only
extended over a short distance (5-6cm), whereas
velocity gradients extended much further, 50cm away.
Consequently, vertical temperature profiles are charac-
terised by a strong gradient situated just above the floor.
Detailed photography of the flow in the vents with the
help of laser tomography has also shown that the inflow
speed was greater than the outflow speed, but affected a
smaller section.

Ventilation rate values deduced from measurements
by means of a sensible heat balance in the model scale
greenhouse were in agreement with values obtained by
the application of Bernoulli’s theorem with a simple
discharge coefficient. But flow measurements in green-
houses with two-sided openings did not have twice the
ventilation rate of greenhouses with one-sided opening
as predicted by Bernoulli’s theorem.

Wind effect in a mono-span greenhouse. Sase et al.
(1984) studied the combination of wind and stack effects
in a 1/10 scale single span greenhouse equipped
with continuous side and ridge ventilators. The pre-
dominant wind effect (u>1-2ms"') was primarily
affected by the configuration of the ventilator through
which fresh air enters, whereas the stack effect was
mainly affected by the combinations of ridge and side
ventilators. Sase demonstrated considerably higher
temperatures in the inner space adjacent to the wind-
ward gable end and lower temperatures in the inner
space adjacent to the leeward gable end (Fig. 5) with
wind approximately parallel to the gutters. This three-
dimensional distribution of temperatures was corrobo-
rated later by other authors and suggests an inflow
through the openings situated at the leeward side and an
outflow through the openings situated near the wind-
ward gable end.

Wind effect in multi-span greenhouses. Airflow pat-
terns induced by wind effects in a bi-span Venlo-type
greenhouse were studied using particle imagery visuali-
sation in wind tunnel experiments by Okushima et al.
(1998). The results revealed very complex airflow
patterns with significant exchanges through the wind-
ward and leeward ventilators, and with much less
important exchanges through those other than wind-
ward and leeward vents.

The first attempts to determine in situ the flow and
temperature distributions were made using mono-
dimensional sonic anemometers placed in the vent
opening in a full scale bi-span plastic-house (416 m?)
with continuous vents at the gutter level (Boulard et al.,
1996). The volume explored was later extended to the
whole surface situated at the openings using three-
dimensional sonic anemometry (Boulard et al., 1997)
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Fig. 5. Spatial distribution of temperature rise in °C with changing wind direction at reference wind velocities of 1-0ms~" (upper)

and 4-6ms~" (lower) measured in wind tunnel testing of model scale 1110 greenhouse. The value on the right of each transverse

section and the value in parenthesis denote the average temperature in the crop space of the section and the average over four sections,
respectively (after Sase et al., 1984)

and then, associated with humidity measurements, to
the whole greenhouse volume (Haxaire, 1999). Both the
turbulent and sensible heat exchanges were charac-
terised with the contribution of the turbulent part
representing between 23 and 45% of the exchanges. As
already observed by Sase et al. (1984) on model-scale, a
wind blowing parallel to the greenhouse ridge gave rise
to an inflow on the downwind side and an outflow on

the windward end. As shown in Fig. 6, cold and dry
outside air penetrated into the greenhouse through the
leeward part of the roof vent opening, flew in counter
current with respect to wind direction in the volume
occupied by the crop, before escaping through the first
2 m of the opening situated at the windward end. In the
same greenhouse, Wang et al. (1999) have systematically
measured the inside air speed at crop level and showed
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Fig. 6. Airflow patterns measured in a bi-span greenhouse
equipped with continuous roof vent openings parallel to the wind
direction for (a) general circulation of airflow; (b) horizontal
air velocity field measured at the level of the crop cover
(0-65m); and (c) horizontal air velocity field measured at the
level of the roof openings (3m) (after Haxaire, 1999)

that it could be related to the external wind speed and
the vent opening surface. A similar air circulation
scheme characterised by a counter current flow with
respect to wind direction was also characterised by
Wang and Deltour (1999) in large-scale multi-span
Venlo-type greenhouses.

Wind effect in tunnels. Measurements of the
temperature fields inside small tunnels (0.6m high)
ventilated with the help of different perforation schemes
demonstrated that a quincunx arrangement with alter-
natives holes at the top and the sides gave the best
homogenisation of the thermal fields and air exchanges,
especially in wind-less conditions (Baille, 1975).

T. BOULARD ET AL.

For wind perpendicular to the axis of a 7m tunnel
with openings obtained by local separation of plastic
sheets, Boulard et al. (2000) studied the mean and
turbulent airflow along with patterns of air temperature
and humidity transport. Measurements with three-
dimensional sonic anemometers and fast response
hygrometers revealed a strong current crossing the
tunnel between the windward and leeward openings
and moderate air velocities in the vertical section
situated between two consecutive series of openings.
The air temperature pattern was characterised by a
temperature gradient due to cold air penetration
through the vent opening and a vertical gradient above
the soil surface due to solar energy absorption at soil
level. Specific humidity patterns were different from air
temperature patterns, with ‘humid’ areas concentrated
only along the soil surface close to the source of
evaporating water. Turbulence intensity increased from
the centre of the tunnel to the windward opening, where
it was about ten times greater than in the centre of the
tunnel. Average air speeds ranged between 20 and 80%
of outside wind speed, while it was only 10 and 20% in
greenhouses equipped with roof openings.

3.1.4. Interactions between airflow and crop cover

The analogy with plate exchangers or finned tubes
used in mechanical engineering problems has often been
applied to study heat and mass transfers from plants.
Local convective coefficients were derived from this
approach (Parkhurst et al., 1968; Cowan, 1972) and
then used for determining the sensible and latent heat
exchanges for numerous greenhouse crops such as
tomato (Stanghellini, 1987), lettuce (Pollet & Bleyaert,
2000), cucumber (Bakker, 1986; Yang et al., 1990), rose
and ornamental plants (Baille et al., 1994). However,
because of the complexity of the system, data on actual
greenhouse internal convection in the presence of a crop
were scarce and the dynamic, energetic and mass
exchange interactions between crops and airflows could
hardly be analysed.

Dynamics Effect of greenhouse crops. Only rare
experimental studies have been devoted to the effect of
greenhouse crops on flows. The effect of tomato plant
arrangement on airflow characteristics has been studied
by Sase (1989), in a naturally ventilated greenhouse
equipped with side and roof vents. He showed that the
velocity coefficient (ratio of inside to outside air speed)
was twice as great (0-4) when the wind was parallel to the
row than when the wind was normal to the row direction
(0-2). When only the ridge vents were open, the velocity
coefficient was smaller (0-12) and depended neither on
row direction nor on wind direction. In a greenhouse
occupied by mature tomato crops and equipped with
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roof vents, similar velocity coefficient values (between
0-1 and 0-15) were found by Wang et al. (1999).

In model-scale studies, Roy et al. (2000b) have shown
that the presence of a tall crop such as a mature tomato
crop does not change the flow pattern but reduces the
turbulence of the flow, the crop playing the role of a
porous medium generating a distributed pressure drop
in the greenhouse volume (Fig. 7). These observations
confirm previous studies on natural convection above
heating pipes in greenhouse canopies (Aubinet &
Deltour, 1994) relating the particular behaviour of the
‘crop cell plume’ to the presence of heat and momentum
sinks in the cell crop.

Sources and sinks of heat and water vapour. Only
scarce data, most of them on closed greenhouses, are
available on the heat and water vapour exchanges
between crops and greenhouse air. Aubinet and Deltour
(1994) who studied natural convection above heating
pipes in greenhouse tomato canopy and characterised
the plume generated by the heating pipes in the crop
rows. More recently, Kempes er al. (2000) have
described the effect of heating system position on the
vertical distribution of crop temperature and transpira-
tion. In a closed greenhouse with mature pepper plants
in diurnal conditions, Zhao et al. (2001) observed strong
vertical air temperature and humidity gradients induced
by the interception of solar radiation by plants. These
gradients decrease as the greenhouse is cooled down
when the roof windows are open. When both roof and
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Fig. 7. Flow pattern in a opened heated half-scale greenhouse
with tomato crop determined with PIV technique; @, heating
pipe; T, crop (after Roy et al., 2000b)
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side vents are open, the temperature and humidity
gradients are larger than with only roof vents open, and
they are always negligible with small plants.

3.1.5. Leaf boundary layer climate

As insect pests are small in size and are to be found at
the lower surface of the leaf (particularly whiteflies),
Jewet and Jarvis (2001) suggested that the value of air
humidity in this micro-climate may be increased owing
to plant transpiration at the insect level. Schuepp (1993)
reviewed studies on leaves both in free and forced
convection and discussed particularly the implications
for leaf morphology of the local microclimate. Velocity
and temperature profile measurements were presented,
but no examples of measured or modelled humidity
profiles within the boundary layer were specified. More
recently, Boulard et al. (2002) have studied the efficiency
of the myco-insecticides for white-fly control in green-
house situations with respect to the high-humidity
requirements for infection and particularly to the
humidity conditions prevailing in the boundary layer
of the under leaf surface, i.e. in the habitat of the
targeted white-fly larvae. Given the low air speeds
observed in greenhouse conditions, the theoretical
basis of the transfers within the leaf boundary layer
for laminar conditions was presented and a model
of air temperature and humidity distribution was
proposed. Based on an experimental approach in full-
scale greenhouse conditions, air humidity conditions
within the under leaf boundary layer of a greenhouse
tomato crop were investigated and an important
increase in air humidity was detected at 5mm beneath
the under leaf surface. The increase in air humidity
was particularly significant during day-time when
crop transpiration was a maximum (Fig. §). These
measurements were compared with the results of the
model based on the boundary layer theory and it was
shown that the observed phenomena had been
well predicted by the model, both qualitatively and
quantitatively.

3.1.6. Flows through nets and screens

Nets and screening materials are often used in the
greenhouse industry as windbreaks or as thermal and
shade screens and to obstruct the movement of insects
through opening. When air moves through a screen, it
exerts a force on the screen so that the static pressure
created across the screen reduces air flow.

These forces are to be measured in order to improve
the design of screens and ventilation systems. Pearson
and Owen (1992) and Kosmos ef al. (1993) measured
the pressure drop across these different components
for air speeds between 0-05 and 1-7ms~'. They found
that, despite the low Reynolds number of the air flow
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Fig. 8. Relative humidity of air, 1 mm (thin line), 5 mm (medium line) beneath the under leaf surface and in ambient air (thick line)
(after Boulard et al., 2002)

(Re~100), the pressure drop varies with the square of
the air velocity according to Eqn (18).

In accordance with the Darcy—Forchheimer equation,
Eqn (16), for lower air speeds (0<Re<100), Miguel
et al. (1998) consider both a quadratic term and a linear
term with u which becomes significant for very low air
speed

AP = aju* + aru (18)

where values for the coefficients a; and a, were
determined by using regressions between experimental
and theoretical values of pressure drops and air speed
for various screens and nets.

A similar experiment was conducted by Miguel et al.
(1997) using the Darcy—Forchheimer equation to
express the airflow characteristics of currently employed
greenhouse screens in terms of permeability K and
inertial factor Cr.

Brundrett (1993) experimentally determined the cor-
relation between the dynamic properties and the texture
of the net and more particularly between its pressure
loss coefficient and screen porosity. Experimental data
from a wind tunnel were used by Teitel (2001), to
compare different available methods to predict the
pressure drop through screens. It is shown that
comparing different screens by plotting their pressure
drop versus the upstream velocity may be misleading.
The weave texture is also important (Teitel & Shlykar,
1998) if the spacing between two adjacent threads of the
screen is small in comparison with the thread diameter.

The reduction of ventilation caused by the different
kinds of screen (anti-thrip, anti-aphid and shade screens)
was quantified by Montero et al. (1997) and Kittas et al.
(2002) in multi-span arch-type greenhouses and dis-
charge coefficient expressions were determined. In
particular it was established that windows equipped
with anti-thrip screens had a discharge coefficient
approximately half of that of a window without a
screen.

Fatnassi et al. (2001b) measured the climate in a
very large Canarian-type greenhouse (6000 m?) equipped
with protection against whiteflies and estimated the
ventilation rate using tracer gas measurements.
The insect-proof net induced an additional pressure
drop which reduced ventilation rate and significantly
increased air temperature. They demonstrated an
increasing reduction of ventilation rate induced by
insect-proof net against whiteflies, anti-aphid nets and
anti-thrip nets.

3.2. Numerical computational methods of fluid flows

3.2.1. Natural convection by buoyancy forces

Nara (1979) was one of the first researchers to
perform numerical simulations of air circulation within
greenhouses. He used the vorticity and stream functions
as field variables to solve the finite difference scheme of
the Navier—Stokes equation for a two-dimensional
cross-section of a mono-span greenhouse with a fixed
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Fig. 9. (a) Velocity field and (b) temperature field simulated in
a half-scale floor-heated greenhouse with a continuous roof-vent
(after Boulard et al., 1999)

temperature difference between a warm soil and a colder
roof to simulate soil surface heated by solar radiation.
Simulations of free convection generated above the soil
were performed for laminar conditions for Rayleigh
numbers Ra ranging between 10* and 10® (the onset of
transition to turbulence occurs for Rayleigh numbers
between 10° and 10'%). In these conditions, primary
rotations of airflow with two vortices were observed.
However, under unsymmetrical temperature boundary
conditions at roof or soil level as is often the case in
full-scale greenhouses, only one primary vortex was
generated.

The same geometric configuration was studied using
CFD for larger Reynolds number values corresponding
to Rayleigh numbers as high as 10" (due to the large
size of the greenhouses and the significant temperature
differences) by Lamrani (1997) and Boulard ef al. (1998).
The standard version of CFD2000® was used to
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simulate the turbulent flows for approximately the same
boundary conditions as Nara (but with an imposed flux
instead of imposed temperatures at soil level) and with
turbulent codes based on the standard xk—¢ model
(Fig. 9). The calculated and experimental results evi-
denced a single rotating air loop with high speeds along
the floor roof and walls and still conditions in the core of
the greenhouse. Experimental temperature and mean
and turbulent flow patterns largely corresponded with
calculated ones.

The same experimental device was later used to study
steady-state temperature and flow patterns induced by
ventilation with single-sided and two symmetrical roof
vents (Boulard ef al., 1999). However, despite the good
overall agreement between CFD simulations and
measurements, a detailed comparison of the results has
shown that the quality of the simulations could still be
improved.

3.2.2. Wind-driven ventilation

Due to the importance of the turbulent effects in
forced ventilation, turbulent flow models with high
Reynolds number are required. Wind-induced flow and
temperature patterns in a two-dimensional mono-span
greenhouse equipped with roof and side walls vents were
first simulated by Okushima et al. (1998) using a finite
difference scheme with staggered grid and a two
equations model (x—¢). Validation with respect to wind
tunnel measurements for side and roof hinged vents
showed (Sase et al., 1984) that the fit was good, except
for an under-estimation of air velocity through the open
windward vents attributed to a slight sensitiveness to
sharp changes of air speed. When only two side
ventilators are open, experiment and simulation showed
patterns indicating an airflow passing through both side
openings with a small recirculation eddy in the upper
half-space of the greenhouse. Some discrepancies in
these eddies may be attributed to the excessively coarse
meshes in the regions where the reverse flow is observed.
A three-dimensional analysis of the ventilation process
was more recently performed by Mistriotis ef al. (1997b)
using commercial CFD software (Phoenics®™) with
various turbulence models (Fig. 10). Comparisons of
simulations with experimental results obtained by Sase
et al. (1984) have shown that the accuracy of the
computational prediction was found to be satisfactory
when a two-scale k-¢ turbulence model such as the CK
or RNG models (see Section 2.1.4.) is used for
describing the turbulent transport. These simulations
were also validated against experimental data for bi-
span greenhouses with the wind parallel to a continuous
vent opening (Boulard er al, 1996) and a good
agreement between the numerical and experimental data
was found when two-equations turbulence models were
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Fig. 10. Mean velocity vector field in a single span greenhouse obtained by various methods, (a) EXP—wind-tunnel experiment

showing relative wind velocity vectors (after Sase et al., 1984); (b) CFD—i—¢ model showing absolute wind velocity vectors; (c)

CFD—Chen—Kim (C-K) model showing absolute wind velocity vectors and, (d) CFD—renormalisation group (RNG) showing

absolute wind velocity vectors. In all numerical simulations, the wind speed at 10m high is 2ms~!; CFD, computational fluid
dynamics (after Mistriotis et al., 1997b)

applied. The influence of design characteristics such as
greenhouse length on ventilation was latter examined
and the natural ventilation process was analysed at low-
wind speed conditions (Mistriotis et al., 1997b).

Using CFD software (Fluent®), Kacira ez al. (1998)
predicted two-dimensional airflow and temperature
patterns in a multi-span saw-tooth greenhouse for
various roof and side vents with windward or leeward
(with respect to the vents) wind. Ventilation rates were
also deduced and the respective efficiency of vents was
analysed with respect to wind direction, vent designs
and their combinations. The structural characteristics of
naturally ventilated multi-span greenhouses were eval-
uated more systematically by Lee and Short (2000), who
also studied the effect of the number of spans and of the
presence of a hinged open roof.

Reichrath and Davies (2001) simulated a two-dimen-
sional full-size commercial multi-span glasshouse com-
prising 60 spans with the help of Fluent™. A very large
computational domain was chosen (450 m by 100 m) to
minimise the influence of the boundaries and a

logarithmic wind profile was defined at 50 m upstream
of the glasshouse.

All the previous results were obtained without plants.
Lee and Short (2000) later studied the dynamic influence
of tall crops on airflow. Various wind directions and
speeds, vent opening sizes and the presence of plants
were studied for their influence on natural ventilation
rates and airflow distributions. Air exchange rate was
predicted to be strongly affected by the side vent opening
size when it was windward. The average air exchange
rate with plants was predicted to be 12% less than the
rate without plants, but only 2:6% less for leeward side
openings.

A three-dimensional study was performed and vali-
dated against experimental values of temperature and
air speed in a leeward ventilated bi-span (400 m?) plastic
greenhouse occupied by a tomato crop (Haxaire, 1999;
Haxaire et al., 2000). The porous medium approach was
used to model the dynamic effect of the crop on the flow
and a standard x—¢ model assuming the isotropy of
turbulence was adopted to model turbulence. This three
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Fig. 11. Scheme of the studied domain and numerical grid for
the CFD simulation of airflow and temperature patterns in a
greenhouse with roof vent openings parallel to the wind direction.
Boundary conditions. the two sides and the roof of the studied
domain correspond to null-pressure-type conditions and the soil
surface and the greenhouse walls are wall-type conditions; the
cypress hedge is assimilated to a porous medium (after Haxaire,
1999)

dimensional simulation had considered a very large
control volume (Fig. 11) with a length of 134 m, width
32m and height 20m, including the greenhouse itself
(26 m long, 16 m wide) and a cypress windbreak situated
at 10m upwind. A wind profile calculated from
experimental data was imposed as dynamic boundary
conditions for ambient air. In accordance with measure-
ments taken inside the greenhouse, simulations have
confirmed that for pure leeward ventilation, outside air
penetrated through the leeward side of the openings,
flew counter current to outside wind in the space
occupied by the crop before escaping through the
windward part of the openings. It demonstrated that
convection motion and air renewal is caused by wind
pressure gradient developing along the entire length of
the vent openings, particularly between the windward
end (low pressure) and the leeward end (high pressure).
As has been already observed in Section 3.1.3, similar
flows corresponding to purely leeward ventilation
already been characterised by Boulard e al. (1997) in
a bi-span greenhouse and Wang and Deltour (1999) in a
Venlo greenhouse with roof openings and by Lee and
Short (2000) in a hinged open roof multi-span green-
house. Mistriotis er al. (1997b) used the CFD simula-
tions for a parametric study of the effect of the
greenhouse length (32m, 64 m, 96 m long) on the inside
flow pattern. The behaviour of the 96 m greenhouse was
different from the others as a second outflow occurred at
the back of the greenhouse (there was an air-inlet in the
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middle of the greenhouse). Reichrath and Davies (2001)
confirmed the occurrence of a reverse flow in the
windward part of the greenhouse and of a dead zone
with low velocity at approximately 60% of the total
glasshouse length (Fig. 11) for a very large Venlo-type
greenhouses (60 spans) under similar purely leeward
ventilation conditions.

With boundary conditions measured in the experi-
mental study, Fatnassi ez al. (2001a) used CFD 2000™ to
simulate the three-dimensional air flux, temperature and
humidity patterns in a large-scale greenhouse with side
openings on both windward and leeward ends. In these
conditions, the inside air flow is roughly parallel to the
outside wind. In order to simulate also the pressure drop
in the insect-proof net and to couple the flow with the
cover, the CFD code was customised according to the
method described in Section 3.2.3. Very complex flow
patterns were observed, but good agreement was found
between measured and calculated values of the ventila-
tion rate. A similar study was performed in two
dimensions with CFD 2000® by Bartzanas et al.
(2001) for a smaller mono-span greenhouse equipped
with insect-proof net against whiteflies on the side
openings. The effect of different wind directions was also
investigated, and it was shown that wind direction
considerably affects the climatic conditions in the
greenhouse when the greenhouse is equipped with insect
screens.

3.2.3. Combining the flow and the crop cover

The flow and the crop cover exchange momentum,
heat and mass. The interposition of a crop cover in an
air flow gives rise to a fall in momentum and the
absorption of solar energy by the leaves is accompanied
by sensible heat, water vapour (transpiration) and CO,
(photosynthesis) exchanges, so that all these aspects
must be considered in conjunction with the use of CFD.

The sink of momentum. The sink of momentum due to
the drag effect of the crop corresponds to the term—grad
P of the Navier-Stokes equation [Eqn (5)]. This drag
force can be expressed by means of a commonly used
formula (Thom, 1971) linking the drag effect to the leaf
area index /; and the air velocity u, by means of a drag
coefficient C,:

grad P = L;C,puu (19)

For a mature greenhouse tomato crop, Haxaire (1999)
used wind tunnel facilities to calculate a value for C, of
0-32. This value can be compared to a value for C, of
0-30 calculated by Green (1992) to characterise a forest
tree and to C, of 0-20, proposed by Bruse (1995) for
plant associations in general.
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This method was combined with the porous medium
approach by Haxaire (1999) and Boulard and Wang
(2002) by equating relations (17) and (19). The inertial
factor Cyand the permeability K of the porous medium
are then deduced from the plant cover characteristics (/,
C,) following the relation:

G

—:lle

%05 (20)

The sensible heat and water vapour exchanges. The last
step in determining the true microclimatic picture at the
plant level involves the modelling of the heat and water
vapour exchanges between leaves and air. This can be
done by combining the porous medium approach to
model dynamic effects and a macro-model of heat and
mass transfer between the leaves and the air within each
mesh of the crop cover (Haxaire, 1999; Boulard &
Wang, 2002). The sink of momentum due to the crop
cover and the sensible and latent (crop transpiration)
heat exchange between the crop cover and the air should
be considered in conjunction with the use of a
customised CFD programme (Haxaire, 1999). The
exchange of heat and water vapour between leaves and
air is described by means of the heat and mass balance
of leaves with the air. Each mesh of the crop cover is
assimilated to a ‘volume heat source’ receiving a
radiative flux. This flux is partitioned into convective
sensible and latent heat fluxes water (Roy et al., 2002)
depending on the conductances (stomatal and aero-
dynamic) between the crop (characterised by its surface
temperature) and the air. The partition depends on the
heat and water conductance (stomatal and aerody-

namic) between the solid matrix and the air within each
mesh of the porous medium, the stomatal and aero-
dynamic conductances are related to the computed local
air speed and climatic conditions. Finally, two addi-
tional outputs of great interest are available for each
mesh of the crop cover: the temperature of the crop
surface and the transpiration of the cover. Following
this approach, the microclimate and transpiration
heterogeneity of a lettuce crop in a tunnel were studied
and the results were compared with experimental data
(Boulard & Wang, 2002).

4. Conclusions

The scientific literature relative to convection and
ventilation processes in greenhouses involving studies of
distributed climates has been presented in this review.
From the first researches on inside climate in closed
empty greenhouses to the recent studies of the climate at
the plant and organ level, we have observed a clear
development in complexity.

In almost all the cases, the modelling approach is
based on the general equations of fluid transfers with
either analytical solutions for simple geometrical cases
such as the determination of leaf boundary layer climate
or, using computer fluid dynamics (CFD), with the
discretisation of the equations describing the fluid
dynamics of the whole greenhouse domain. Measure-
ment techniques associated with these approaches also
present a growing complexity, with the determination of
air flow and climate parameter patterns using particle
imagery visualisation or sonic anemometry.



CONVECTIVE AND VENTILATION TRANSFERS IN GREENHOUSES

Focusing on the study of the distributed climate, it is
observed that there is a distinct increase in complexity
between the first simulation of a confined model-scale
greenhouse by Nara (1979) to the most recent studies
of Fatnassi et al. (2001b) and Reichrath and Davis
(2001) relating to multi-span greenhouses of one
hectare or more. Progress in the level of realism
has also been made: the first studies concerned only
empty greenhouses, whereas the most recent simulations
consider the dynamic action of the crop on the flow
and the subsequent heat and mass exchanges.
Similarly, the effect of various structural elements
such as the vents (Lee & Short, 2000) and different
insect-proof screens on the flow (Teitel & Schlykar,
1998), and on the inside climate (Fatnassi er al.,
2001b), have been taken into account in the first
parametric studies.

More generally, there is now the opportunity to call
on a large panoply of measurement or modelling
techniques giving access to the distributed climate
and allowing for its determinism. Considering the
specific needs of each type of plant and other
biotic agents, it will then be possible to control the
climate at plant level with a greater economy of means,
matter and energy and a much better efficiency. The use
of CFD for improving the greenhouse-crop system is
still at the beginning. Combined with other approaches,
such as the use of simple analytical solutions for the
exploration of climate gradients in the leaf boundary
layer, it should lead to significant improvements of
greenhouse design and climate control strategies in the
near future.
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