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NOMENCLATURE

P [kg/m?] Density

(0] * Scalar Quantity

vV [m/s] Velocity

Vg * Grid Velocity

r * Diffusion Coefficient

A * Face Area

g [m/s?] Gravitational Vector

G * Grid Flux Computed from mesh motion
So ] Source Term

Tou K] Operating Temperature

p [/K] Coefficient of Bulk Expansion
Subscripts and Superscripts

0 [-] Cell Number

f [-] Face Quantity

\% Cell Volume

* For units refer to the StarCCM+ Documentation [12]

ABSTRACT

The purpose of this paper is to investigate and compare the
indoor climate of detached and connected greenhouses. The
velocity and temperature distribution inside these
greenhouses are numerically analysed using computational
fluid dynamics. The initial four span greenhouse was
validated in a previous paper [10]. In the first case
evaluated, a second greenhouse was placed behind the first
greenhouse. Secondly, the first four span greenhouse was
extended by adding four additional spans, creating an eight
span greenhouse. Lastly, the first case was extended by
moving the second greenhouse to the leeward side so as to
create a distance of 2m between them. Results showed that
by adding an additional four spans, or by attaching four
extra spans, the indoor climate inside the greenhouse is
influenced to some extent. If the velocity and temperature
distributions in the first four and last four spans are
compared, a notable difference is found which may
influence crop growth.

INTRODUCTION

Ventilation in plant production systems is of vital
importance to maintain a healthy indoor climate. Adequate
ventilation of greenhouses can assist in the controlling of the
indoor temperature, renewing the carbon dioxide supply,
and to reduce the relative humidity of the greenhouse. With
the recent emphasis on energy conservation, the popularity
of natural ventilation as an alternative option to mechanical
systems has increased. The ventilation in naturally ventilated
greenhouses is driven by pressure differences created at
intentional openings, such as roof and side vents. These
pressure differences are caused by temperature differences
between the inside and the outside of the greenhouse,
commonly known as the buoyancy or stack effect, as well as
outside wind effect [1]. Multi-span greenhouses are often
used in large plant production facilities. Detached
greenhouses have certain advantages over multi-span
greenhouses. It is claimed that detached greenhouses are
easier to ventilate, and that light entering the greenhouse is
distributed relatively uniformly [2]. Caring and maintenance
are also less tiresome compared to connected structures.
Multi-span greenhouses on the other hand need less land
area, fewer construction materials are required, and less heat
is required as there are less exposed wall surfaces.
Unfortunately, the air velocity and indoor climate inside
large greenhouses vary considerably, which could interfere
with crop growth. [3]

Advances in computer technology of the last decade have
made it possible to use Computational Fluid Dynamics
(CFD) to investigate the indoor climate of greenhouses. A
thorough review on the applications of CFD in the
modelling and design of ventilation systems in the
agricultural industry was published by [4]. It was found that
the quality of the solutions is dependant on the chosen
turbulence model. The author concluded that greenhouse
investigations have generally been of a higher standard
compared to animal housing, since crop biological models
have been incorporated in the computational models. The
indoor airflow have been investigated by several authors
using CFD. [5,6,7] Work done by Shilo et al [3] also refers



to experimental work that may be useful to calibrate future
and current CFD studies in future papers. CFD have also
been used to investigate the influence of various vents
arrangements in greenhouses [6,8,9]. The influence of
internal partitions has been studied to some extent in
previous work done by this author [10].

Various studies on specifically multi-span greenhouses have
been conducted. Lee-side ventilation-induced air movement
were experimentally investigated by Wang et al [11] in a
large 12 span venlo-type greenhouse. It was concluded that
horizontal air velocities at various locations were
proportional to the external wind speed and the opening
angle. It was also found that the airflow in the horizontal
plane was of low turbulence with large eddies. Reichrath et
al [12] conducted CFD simulations in order to validate the
pressure distributions on the roof of both a 52 span and 7
span Venlo-type glasshouse. Each glasshouse simulation
was conducted using both the standard k-¢ turbulence model
and the RNG turbulence model. They found acceptable
agreement between the predictions and the experimental
results. The airflow patterns and heat fluxes in a roof-
ventilated multi-span greenhouse with insect proof screens
were investigated experimentally by Shilo et al [3]. They
concluded that under leeward ventilation, the ventilation rate
increases linearly with velocity. Similarly to previous
studies, it was shown that in leeward ventilation, air
velocities at plant level is opposite to that of the external
wind.

The work performed in this investigation focuses
specifically on the parametric design of greenhouses, and
will be validated by experimental work at a later stage.

COMPUTATIONAL FLUID DYNAMICS
Introduction

Computational Fluid Dynamics (CFD) is a research and
design tool, which can produce quantitative predictions of
fluid flow. These predictions are based on the laws of
conservation (mass, momentum and energy) [13]. Although
computational fluid dynamics yields only approximate
solutions, it has a number of advantages. The results can be
produced at a relatively low cost and quickly. The solutions
may provide detailed information about the variables
throughout the flow field. It is also relatively simple to
change the parameters of the domain of interest. CFD also
enables the user to simulate both realistic and ideal
conditions [13].

The commercial CFD package StarCCM+ [14] was used to
investigate the indoor climate of the greenhouses in this
study numerically. The software is based on the finite
volume method. This method subdivides the solution
domain into a finite number of small control volumes, which
correspond to the cells of a computational grid. Discrete
versions of the integral form of the continuum transport
equations are applied to each volume. The objective of this
method is to obtain a set of linear algebraic equations to
solve. An algebraic multigrid solver is then used to solve the
resulting linear equations. To illustrate this, the transport of

a simple scalar will be considered. The continuous integral
form of the governing equation is typically given by Eq.

(1),[14]:
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The four terms in the above equation are the transient term,
the convective flux, the diffuse flux and the volumetric
source term respectively. The transient term is generally
only included where time effects become dominant. Each
term is formulated mathematically in the StarCCM+
documentation [14], as well as in for instance Versteeg et al
[15]. If the continuous integral form of the governing
equation is discretized, Eq. (2) is obtained:
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The discretization procedure is described in some detail by
Patankar [16] and Versteeg [15]. In order to model natural
convection, the buoyancy source terms are included in the
momentum equation by activating the gravity model. By
selecting the constant density flow option, the buoyancy
source term can be approximated by implementing the
Boussinesq model as shown below in Eq. (3):
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StarCCM+ contains two models to model flow and energy,
namely the segregated and coupled flow models. In order to
solve the conservation equations for mass, momentum and
energy simultaneously using a time or pseudo-time
marching approach, the coupled flow model was chosen as
well as an extension of this model, the coupled energy
equation. The formulation used by this model is particularly
robust for solving flows with dominant source terms such as
buoyancy. [14] The turbulent nature of inner and outer flows
in greenhouses was already indicated by previous
investigations [17] In StarCCM+ turbulence is also
simulated by solving the Reynolds-averaged governing
equations for momentum, energy and scalar transport.
Various turbulence models are available in StarCCM+; for
this investigation the standard k- model was implemented.
This model is a two-equation model in which transport
equations are solved for the turbulent kinetic energy k£ and
its dissipation rate €. The transport equations used are in the
form suggested by Jones and Launder [18]. Additional terms
have been added in StarCCM+ to account for buoyancy (in
this case the Boussinesq approximation) and compressibility
effects although compressibility is not considered in this

paper.
Numerical Greenhouse Models

The initial greenhouse, which was based on a study found in
the literature [7] was already validated previously. [10] This
greenhouse contained four spans (width, 4 by 9.60m; length,
68m; eaves height, 3.90m; ridge height, 5.9m) and was
covered by 4mm thick horticulture glass. The greenhouse
roof was equipped with continuous roof vents on both sides



of each span. In this simulation, the roof vents were opened
toward the leeward side. During the experimental period,
ornamental 0.2m high plants were grown on 0.75m shelves,
but since they were small plants with a low transpiration
rate, their presence was ignored in the numerical analysis.
The length of the shelves were assumed, and the ventilator
openings were assumed to be 1.22m wide [2]. A plastic
partition separated the first two spans of the greenhouse.

The negative y direction was chosen as the direction of the
gravitational constant for the further greenhouse models
shown in this paper. The models considered consisted of the
previous four span greenhouse for comparison purposes
with further spans added on to study their effect on the flow
situation upstream as well as downstream. For the sake of
clarity no shelves were modelled in any downstream
greenhouse or greenhouse span. The wind was modelled to
act in an eastern direction at 1m/s. Figure 1 shows both the
meshes for the first case (with the second greenhouse placed
on the leeward side) and the second case (additional four
spans attached to original four span greenhouse)
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Figure 1: Two Separate Greenhouses and an Eight Span
Greenhouse

A large control volume (334mx 160m) was created around
the greenhouses in order to minimize interference with the
flow inside the greenhouse and to allow for development
and definition of the boundary layer. Similar boundary
conditions to the initial investigation [10] were applied to
the domain boundaries in the numerical model. Before the
final mesh was created, the mesh around the greenhouse was
refined to a brick-shaped volume shape with a relative size
of 6% of the chosen base size. The domain was meshed
using a polyhedral meshing model, together with a boundary
layer meshing model. The prism layer model was activated
to ensure adequate modelling of the flow in the boundary
layer. The prism layer mesh consisted of 5 orthogonal
prismatic cells, with a combined thickness of 0.01m. The
prism layer was present on all the wall-type boundaries in
the solution domain.A tetrahedral mesh was created initially,
after which a special dualization scheme was implemented
to generate the polyhedral mesh, which consists of arbitrary
shaped polyhedral cells. Once the three-dimensional mesh
was created, the mesh was converted to a two-dimensional
mesh to reduce running time. [7] Monitor points were
inserted at various points to examine the progress of the
solution. A line probe was inserted at 1m level to obtain the
velocity and temperature distribution at plant level.

As an initial solution, steady, laminar conditions were
assumed, after which the turbulence model was activated.
The results indicated poor convergence, as well as an
inherently transient flow. Lastly, the coupled solver was
activated together with gravity and the implicit unsteady
solver used in StarCCM+ [14].

Boundary Conditions

Both the inlet and outlet boundaries were specified as
velocity inlet boundaries, but the outlet velocity was
specified in the negative x-direction. This is not a true
reflection of the real situation but the boundaries are so far
removed from the greenhouse that this is assumed to be
reasonable for the current purpose. The top boundary of the
control volume was specified as a wall boundary, with a
tangential velocity of 1 m/s in the x-direction. Table 1
summarizes the temperatures used for the wall boundaries of
the greenhouse in the model. After obtaining the first set of
results, additional spans were added to the initial
greenhouse, shown in Figure 3. The three cases investigated
are:

Casel: Two Separate Greenhouses with a distance of 1m in
between

Case 2: An Eight Span Greenhouse

Case3: Two Separate Greenhouses with a distance of 2m in
between the greenhouses.

Table 1: Boundary Conditions used in CFD Model Similar

to Ould Khaoua [7]
PARAMETERS VALUES

Inlet Air

Velocity at 6m [m/s] 14
Temperature [°C] 22.2
Temperature [°C]

Outside Air 22.2
Outside Ground 27.9
Inside Ground 27.3
Roof 33.6
Plastic Central Partition 31.3
Glass Walls 29.1

RESULTS

In order to investigate the efficiency of the leeward opened
vents, the velocity and temperature differences at plant level
are compared. The velocity magnitudes and air temperature
for Case 1 (Additional Greenhouse on the leeward side) are
compared to Case 2 (Additional 4 Spans attached to the
original greenhouse). The temperature and velocity scalar
plots for the two cases are shown in Figure 2 and 3
respectively.

— Wind

Figure 2: Temperature (K) and Velocity Plot (m/s) (Two
Separate Greenhouses)

For the first case, the main stream of air moves into the
greenhouse through the second roof vent, creating a strong
anti-clockwise convective loop. Part of this air stream splits
near the second shelve, moves back along the first shelve,



upwards against the glass and out the first roof vent. There is
also air movement underneath the shelves, moving in
opposite directions. Air is also sucked in at the fourth roof
vent, which splits up into an anticlockwise convective loop
against the glass wall, and a weaker clockwise loop, forcing
some of the air out of the fourth roof vent as well. Most of
the flow falls to the floor, and moves toward the plastic
partition, where it exits at the third roof vent.

In the second separate greenhouse, air moves both in and out
the first roof vent, as the inflow immediately forms two
opposite rotating loops, and the loop closest to the glass wall
forces the air out again. Similar conditions prevail at both
the second and third roof vents, where the incoming air
streams splits into two opposite rotating cells, forcing some
air out the same vent. The air entering through the third vent
actually falls all the way to the floor before it splits up,
whereas the air entering at the second vent enters more
diagonally, forming smaller convective loops as well. All
the air that splits from the third roof vent towards the glass
wall moves along the floor and up the glass wall, where it
finally exits at the fourth roof vent.
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Figure 3: Temperature (K) and Velocity Plot (m/s) (Eight
Span Greenhouse)

In the eight span greenhouse, air moves in at the second roof
vent and forms an anti-clockwise convective loop above the
second shelve. Part of the flow entering at the second roof
vent splits and moves toward the first span where small
loops are formed, and the flow exits at the first roof vent,
joining the flow on the roof. Air is also entering at the fourth
roof vent, forming a weaker anti-clockwise loop. Most of
the flow moves along the floor towards the third span, up
against the plastic partition, and out at the third roof vent.
Three smaller convective loops are formed in the third span.
The strongest cell is formed right beneath the seventh roof
vent, where air is sucked in, and splits into two separate
streams. Two convective loops are formed on each side of
this air stream. Most of the flow moves along the floor
towards the fifth span containing a partition, and exits at
both the fifth and sixth roof vents. Due to smaller convective
loops next to the roof vents below the roof, some air is also
sucked back in. The rest of the flow entering at the seventh
roof vent moves along the floor and upwards against the
glass wall, and exits the greenhouse at the eight roof vent.

Comparison of First Four Spans

In the next section, the first four spans and last four spans
for the first two cases are compared respectively in Figures
4,5,6 and 7. Figure 4 graph indicates that the velocity
increases towards the second span in both cases and that the

maximum velocity is reached at a similar location for both
cases in the first two spans, although it is slightly lower for
the second case. The velocity in the first span is overall
slightly lower for the case of the eight span greenhouse. In
the last two spans, the wvelocity distribution is more
homogeneous compared to the first two spans, and in this
case, the velocity for the first case containing the second
separate greenhouse is somewhat lower. Figure 5 illustrates
a relatively homogeneous temperature distribution for all
four spans. In the first two spans, Case 1 exhibits a slight
increase in temperature compared to Case 2. But the
opposite is true for the last two spans, where Case 1 has a
slightly lower temperature for the spans compared to Case 2.

37 47 57 67 77
Distance from Leeward Side (m)

—o— Case 1:Two Seperate Greenhouses

—=&— (Case 2: Eight Span Greenhouse

Figure 4: Comparison of Velocity Magnitudes at Plant
Level for the First Four Spans (Case 1 & 2)
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Figure 5: Comparison of Temperature Distribution at plant
level for the First Four Spans (Case 1 and 2)

Comparison of Last Four Spans

Figure 6 page compares the velocity magnitudes at plant
level for the last spans of both cases. The figure indicates
that the velocity distribution is quite heterogeneous for both
cases, varying from as low as almost 0 m/s to a maximum of
approximately 0.17m/s. The maximum velocity for the eight
span greenhouse shifts slightly towards the left. An
intermediate peak velocity of approximately 0.1m/s occurs
in the sixth span for Case 1. The temperature distribution at
plant level, seen in Figure 7, contrary to the velocity, is
relatively more homogeneous. Temperatures vary from
approximately 298.3K down to 297.7K. Roughly the same
trend however is exhibited by the velocity and temperature
distributions for both cases.
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Figure 6: Comparison of the Velocity Magnitudes at Plant
Level for the Last Four Spans (Case 1 & 2)
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Figure 7: Comparison of the Temperatures at Plant Level
for the Last Four Spans (Case 1 & 2)

Case 3: 2m Distance between Separate Greenhouses

In order to perform computational parametric studies, the
control volume length behind the greenhouses was
decreased slightly to reduce the running time. Figure 8
compares the velocity magnitudes of a full length
greenhouse control volume to the reduced one over the first
four spans.
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Figure 8: Comparison of Velocity Magnitudes for Different
Control Volumes

The comparison seen in Figure 8 indicates that the
difference in velocity magnitudes from the two different
numerical models for case 3 is not too drastic. This model
was then used to perform a parametric design study, adding
once again an additional greenhouse, now at a distance of
2m from the first greenhouse (Case 3). The velocity
magnitudes and temperatures in the first four spans are
compared in Figures 9 and 10 respectively.

Comparison of the First Four Spans

Figure 9 shows that by moving the second greenhouse to a
distance of 2m from the first greenhouse the climate inside
the greenhouse is influenced to a small extent.
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Figure 9: Comparison of Velocity Magnitudes for the First
Four Spans (Case 1,2 and 3)

The velocity increases from the first span, reaching a
maximum in the second span. The maximum velocity for
this case is comparable to the maximum obtained for case 1,
although the velocity is slightly less in the first span. The
velocity in the last two spans increases slightly toward the
glass wall in the fourth span for Case 3.
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Figure 10: Comparison of Temperatures for the First Four
Spans (Case 1,2 and 3)

Figure 10 indicates that if the second greenhouse is moved
2m towards the leeward side, the temperature distribution
within the first four spans are still relatively homogeneous,
as well as somewhat lower compared to the first two cases.

Comparison of the Last Four Spans

Figures 11 and 12 shows the numerical velocity magnitudes
and temperatures obtained for the last four spans for all three
cases. Figure 11 illustrates that the velocity distribution in
the last four spans are still relatively heterogeneous, with a
small increase in the sixth and seventh spans. Figure 11
illustrates the velocity for Case 3 also heterogeneous
throughout the last four spans, and also slightly different,
especially in spans five and six. The maximum velocity is
approximately 0.16 m/s, occurring at a similar position as
the other two cases, with a comparable magnitude. The
velocity decreases toward the rear of the last span. Figure 12
indicates the temperature is not significantly influenced by



the increased distance between the greenhouses, and is
increased only to a small extent in the last four spans.
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Figure 11: Comparison of Velocity Magnitudes for the Last
Four Spans (Case 1,2 and 3)
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Figure 12: Comparison of Temperatures for the Last Four
Spans (Case 1,2 and 3)

Comparison to Original Four Span Greenhouse

Figures 13 and 14 display a comparison of the velocity and
temperatures of case 2 compared to the original four span
greenhouse [10]. This is shown to validate and compare the
current results in some sense in the absence of real current
experimental data. Both these graphs suggest that by adding
another four spans to the original four span greenhouse the
indoor climate specifically in the first four spans is
influenced to a small extent. A 6 % approximate change in
velocity magnitude can be calculated.
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Figure 13: Comparison of Velocity Magnitude(Case 2) with
Original Four Span Greenhouse (First Four Spans)
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Figure 14: Comparison of Temperature Magnitude (Case 2)
with Original Four Span Greenhouse (First Four Spans)

The purpose of this paper was to investigate the indoor
climate in single and multi-span greenhouses. A possible
topic for further investigation would be to investigate the
presence of in internal partitions on the indoor climate of the
greenhouse. An indication of this has already been evaluated
to some extent for a single four span greenhouse, containing
a plastic partition in the centre, as well as a partition with a
height half of that of the full height of the greenhouse.
Figure 15 displays the contour plot for this scenario. This
gives a reasonable indication of the influence of the
partition.

Figure 15: Velocity Contour Plot in First Two Spans
Containing a half-partition

This contour plot indicates a heterogeneous velocity
distribution in the first two spans, with a large convective
cell appearing in the second span. The maximum velocity
reached in the second span is also slightly higher compared
to the first span taken at plant level.

CONCLUSION

In this study, a two-dimensional computational fluid
dynamics model was developed and used to investigate the
indoor climate of separate greenhouses compared to multi-
span greenhouses. A parametric study was also conducted
by moving the second greenhouse leeward as to create a
space of 2m between the two greenhouses. From the scalar
and vector plots, the dynamics of the air entering and
leaving the greenhouse are somewhat different if the first
two cases are compared. If all the graphs illustrating the
numerical velocity and temperature distribution are
evaluated, it can be concluded that for this specific type of
greenhouse, adding another four spans, whether they are
attached or separate, only influences the indoor climate to
some extent. A more pronounced difference in the velocity
distribution becomes evident once the distance between the
greenhouses is increased. The results indicate that there is a



notable difference between the indoor climate in the first
four spans compared to the last four spans. This may
influence crop growth in the two different sections. This
result however cannot be generalised since it is specific to
the geometry of the greenhouse under investigation. Further
research into the distance between the greenhouses is
required specifically in the case where side ventilators are
present. The influence of partitions inside the greenhouse
should also be investigated. Furthermore the effect of the
prism layer characteristics should also be addressed in more
detail to determine the effect of the boundary log-law
models used. The effect of change in inlet turbulence may
also be addressed. More research into detailed flow patterns
in downstream greenhouses with internal shelves and
partitions may also be done as it represents a downstream
effect.
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