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ABSTRACT 
Wind-driven ventilation is one of the primary 
methods used to control the environment within 
commercial greenhouses. Greenhouse ventilation is 
difficult to study in either full-scale or in wind tunnel 
simulations, due to the many scales involved in the 
problem and the difficulty of collecting 
measurements. Study of wind-driven greenhouse 
ventilation is difficult in full scale. Computational 
fluid dynamics (CFD) simulations can give insight 
into aspects of the flow field that are difficult or 
impossible to measure in full-scale or wind tunnel. 
Past greenhouse CFD studies have relied almost 
exclusively on Reynolds-Averaged Navier-Stokes 
(RANS) solvers with k-ε turbulence closure. This 
study presents RANS CFD simulations of external 
flow over a greenhouse, and interior ventilation flow 
through a hollow box with openings. These studies 
provide insight into appropriate CFD simulation 
methods for predicting wind-driven ventilation within 
greenhouses. The results of the simulations are 
discussed, and recommendations are given for RANS 
simulation of greenhouse ventilation. 

1. INTRODUCTION 

Greenhouses allow local production of high value 
crops over longer growing seasons, including 
potential for year round production. The controlled 
greenhouse environment provides more consistent 
production with lower disease pressure than 
conventional outside cultivation [1].  

There are over 1200 hectares of commercial 
greenhouses in Ontario [2]. The value of flowers, 
plants and vegetables produced in Ontario 
greenhouses is steadily increasing, reaching $1.4 
billion in 2012. Energy and labor are the greatest 

operating expenses. Ontario greenhouse growers 
spent $325 million on payroll and $250 million on 
energy in 2012 [2].  

In northern climates, including the Netherlands and 
southern Ontario, the Venlo type greenhouse 
predominates. This type is relatively tall (4-7 m) and 
large (often covering hectares), with repeating 
pitched roofs. Ventilation is entirely or primarily 
through opening roof top panels that are hinged along 
the roof ridgelines. 

Ventilation in greenhouses is needed to (a) avoid 
excess heat gain, (b) remove humidity produced by 
plant transpiration and (c) maintain CO2 
concentration. Ventilation fails when outside air 
temperatures or humidity are high. Large 
greenhouses in summer should have an annual 
renewal rate of 30 to 60 air changes per hour, which 
often cannot be achieved by static (i.e. without fans) 
ventilation [1]. ASAE recommends ventilation of 
0.04 m3/s per m2 floor area in summer, and 10% to 
50% of this value in winter (depending on climate 
and crop) [3]. Local air velocities of 0.5 m/s to 0.7 
m/s are recommended for optimal plant growth, 
while velocities greater than 1 m/s inhibit growth [1]. 

Stack effect is the primary driver of ventilation at 
winds speeds below 1-2 m/s. At higher wind speeds, 
ventilation is driven primarily by the interaction of 
the external wind with the greenhouse [4]. Most 
studies report wind-driven ventilation rates are 
proportional to wind velocity for all greenhouse 
types, although some have reported that ventilation 
rate decreases as wind velocity increases, and wind 
direction does impact ventilation [3]. 

Full scale measurements of ventilation in Venlo-type 
greenhouses are limited. De Jong [5] conducted a 



  

series of field measurement campaigns in large Venlo 
houses in the Netherlands, using tracer gas methods 
to measure ventilation rates. Fernandez and Bailey 
[6] measured ventilation rates using tracer gas and 
energy balance methods for a range of wind 
directions in a 4 span Venlo type greenhouse with 
leeward vents at Silsoe. 

Only a few wind tunnel studies of Venlo-type 
greenhouses have been completed. Lee et al. [7] used 
PIV in a wind tunnel simulation of 1:12 scale two to 
10 span Venlo-type and fully open-roof green houses, 
but only reported limited results. The tests of Bailey, 
Robertson and Lockwood [8] appear to have 
excessive wind tunnel blockage on the order of 25%, 
which they did not discuss. 

Given the difficulty of field and wind tunnel studies, 
CFD has been the preferred tool for studying 
greenhouse ventilation and internal air movement for 
the past two decades. Bournet and Boulard [3] 
provide a comprehensive review of greenhouse 
ventilation studies. CFD studies of greenhouse 
ventilation were about evenly divided between two 
and three dimensional simulations. Virtually all were 
steady state RANS simulations using k-ε turbulence 
closure. Most studied only the effect of winds from a 
transverse (i.e. perpendicular to roof ridges) 
direction. Studies with winds neither orthogonal to, 
nor aligned with, ridgelines are rare [3]. Many recent 
CFD studies of multi-span Venlo-type greenhouses 
lack validation [9,10] or sufficient detail regarding 
geometry and boundary conditions [11,12]. The 
reported results from these studies also lack sufficient 
detail for many uses. 

The flow field and resulting exterior pressure 
distributions around Venlo-type greenhouses were 
measured by Wells and Hoxey [13]. Although 
measurement techniques may have evolved since 
these experiments, this study appears to be the most 
extensive field measurements of greenhouse exterior 
pressures to date. Five peaked roof, multi-span 
greenhouses of varying size and geometry were 
instrumented with arrays pressure taps. Pressure 
coefficient distributions are reported for a range of 
wind directions. These field measurements have been 
used for validating subsequent CFD studies [14,15]. 

2. GOALS 

The work reported in this paper is the first part of a 
larger study to better understand wind-driven 
ventilation in greenhouses. The ultimate goals of the 
project are to reduce the energy consumption and 

increase the efficiency of vegetable production in 
southern Ontario greenhouses, by investigating: 

• the effect of  increasing greenhouse floor area, 
including the extreme case of a semi-infinite 
greenhouse, on natural ventilation, 

• the optimum orientation of a Venlo 
greenhouse relative to prevailing wind 
directions to maximize ventilation, and 

• optimum vent and roof configurations for  
maximum ventilation rates and consistent air 
changes within the plant canopy. 

For useful results, the crop within the greenhouse 
must be modeled, and environment within the 
greenhouse will be evaluated based on local historical 
weather data. 

This paper reports the first steps of this project. The 
goal of this study is to validate simulating wind-
driven greenhouse ventilation using RANS methods 
chosen due to computational efficacy. An extensive 
review of the greenhouse ventilation literature did not 
produce a report of suitable ventilation measurements 
for direct validation of current CFD simulations.  
Instead, the CFD results were compared to two 
relevant data sets: measured external pressure 
distribution over a Venlo-type greenhouse, and wind-
driven internal flow through a hollow cube with 
upwind and downwind openings.  

3. EXTERNAL PRESSURE VALIDATION 

3.1 Simulation 
The external wind-induced pressure distribution on a 
Venlo-type greenhouse was simulated using STAR-
CCM+. The study greenhouse was the 7 span Venlo-
type house (“House 02”) from Wells and Hoxey [13]. 
The house is 22.4 m wide (north to south), divided 
into 7 peaked roof spans of 3.2 m (Fig. 1). It is 2.4 m 
to gutter height (lowest extent of roof), with the roof 
peaks extending a height of 3.1 m. Roof slope is 26 ° 
and overall greenhouse length is 63.0 m (east to 
west). For this study of external pressure distribution, 
the greenhouse vents are closed. Wells and Hoxey 
placed 48 exterior pressure taps on the greenhouse 
(by replacing windows with new panels that included 
a centered, flush mounted pressure tap), most in two 
transects that both started on the north side of the 
house, and proceeded southward across several 
spans. 
 
The computational domain was sized to place the 
extents far from the study building so that there were 
no unintended stream-wise gradients on the 
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computational domain boundaries. Accordingly, the 
greenhouse was situated within a domain 123 m long, 
130 m wide and 35 m high, with the windward 
greenhouse face 42.6 m downwind of the domain 
inlet (Fig. 2). A variable cell-size polyhedral mesh 
was generated using the STAR-CCM+ meshing tools 
(Fig. 2). The mesh size is denser adjacent to the 
house and ground surfaces to capture steep gradients 
that may occur near walls and complex geometric 
transitions.  Cell size increases with distance from the 
building. 
 
Inlet boundary conditions corresponded to a neutral 
stability atmospheric boundary layer, with a power 
law wind profile exponent of 0.22 as per Wells and 
Hoxey [13] for House 02; which corresponds to an 
open terrain with roughness value of z0 = 0.03 m.  

 
Figure 1. Study greenhouse (shaded) geometry and 
location. Adapted from [13]. 

 
 
 
 
 

Figure 2. The computational domain. Insert shows 
sample view of mesh near building. 

Pressure coefficients were evaluated based on wind 
speeds at ridge height; and the reference velocity at a 
height of 10 m was taken as 8.5 m/s. 
 
The standard k-ε model for steady, incompressible 
flow was adopted, using the recommended kinetic 

energy and dissipation rate profiles at the inlet 
recommended by Richards and Hoxey [18]:  
 
 2 3
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Here k is the kinetic energy,ε is dissipation rate, u* is 
friction velocity, Cμ is the model parameter, K is 
Von Karman’s constant, z is height above ground 
and zo is the terrain roughness. 
 
A no-slip wall boundary condition is applied at the 
floor of the computational domain. STAR-CCM+’s 
‘All y+ treatment’ feature is set for the near wall 
behavior because the y+ value in the simulation is 
about 20 (nearest cell center 0.5 mm from wall, 
which falls into overlap layer for the given velocity 
profile, terrain condition and properties of air). The 
‘All y+ treatment’ linearly combines the log-law and 
linear-law behaviors of near wall turbulence 
quantities (turbulence production, dissipation and 
stresses). The boundaries at the top and sides of the 
computational domain were set as symmetries (no 
normal gradients).  
 
Standard k-ε, turbulence closure was used initially. 
The simulations were later repeated using realizable 
k-ε closure. 

3.2 Results 
Predictions of pressure are presented as non-
dimensionalized pressure coefficient 

 𝐶𝑝 =
𝑝 − 𝑝𝑜
1
2
𝜌𝑈2

 (2) 

where p is the static pressure at a point, po is the static 
pressure of the undisturbed flow, ρ is air density and 
U is wind speed at greenhouse ridge height without 
the greenhouse present. 

Figure 3 shows the predicted pressure distribution 
along a north-south transect through the middle of the 
greenhouse. Figure 3 also includes the measurements 
by Wells and Hoxey [13] and the results of CFD 
studies by Mistriotis et al. [14] and Reichrath and 
Davies [15]. 
 
Fig. 3 shows that pressure builds towards the first 
ridge along the windward face and then the 
magnitude of Cp abruptly decreases after the first 
ridgeline. The lowest Cp occurs over the leeward face 
of the first span. The magnitude of the pressure again 
decreases before reaching the second ridge and the 
increases downwind of the ridge. This pattern repeats 
with a reduced variation of magnitude over 
subsequent downwind ridges. This is due to the flow  



  

Figure 3. Comparison of pressure coefficients for 
transverse wind, based on horizontal distance from 
windward side of greenhouse. 

slowing down and reattaching to skim over the ridges 
after the second span. 

The current simulation reproduced the measured 
pressure coefficient distribution over the first span of 
the greenhouse more closely than the prior CFD 
studies. Similar simulation results were obtained for 
both standard k-ε and Realizable k-ε turbulence 
models indicating consistent findings (Fig. 3).  
 
Mistroitis et al. [14] under-predicted pressure on the 
front side of the first ridge. This is most likely 
attributed to their use of two dimensional modeling. 
Two-dimensional simulation of a three-dimensional 
phenomenon lacks sensitivity to finite span length.  
 
Both simulations (RNG and standard k-ε) by Reichart 
et al. were not able to reproduce the lowest pressure 
region in the second half of the first span. This could 
have been due to the fact that the polyhedral fine 
meshing used in the current simulation has the ability 
to reproduce areas of recirculation better than the 
coarse hexahedral meshes [19] used by Riechart et al. 
They also pointed out that their result was impacted 
by the weakness of the CFD technique they utilized.  
Hexahedral cells have fewer faces/neighbors, 
increasing the difficulty of calculating gradients with 
standard linear shape functions. That is, the optimal 
number of flow directions are limited [21]. 
 
The rapid transition from high pressure on the 
windward roof faces to very low pressure 
immediately downwind on the downwind roof faces 

suggests that when both windward and leeward roof 
vents are opened, much of the entering flow might 
escape immediately after entering the frontal 
opening, resulting in minimal air change in much of 
the space even though flow through the vents is high. 
 
The authors intend to continue investigating wind 
directionality effects, and then conduct an internal 
flow study of the greenhouse with open vents. 

4. INTERNAL FLOW VALIDATION 
The wind tunnel-based PIV studies of flow through a 
cubic building with rectangular openings by Kavara 
et al. [16] were used for internal flow validation.  
Ramponi and Blocken [17] performed CFD 
simulations of wind-driven ventilation through the 
same building with similar openings. Both the wind 
tunnel and CFD studies are used here for validation. 

4.1 Simulation 
The computational domain size was set to be similar 
to that used by Ramponi and Blocken [17] for their 
simulation; based on a 1:200 scale model of the full 
scale building (20 m × 20 m × 16 m). Only a half-
section domain was used (450 mm × 1540 mm × 480 
mm) because the flow is symmetrical about the 
stream-wise mid-plane. 
 
A log-law boundary layer velocity profile was 
applied at the inlet with aerodynamic roughness 
length of zo= 0.025 mm (i.e. 5 mm in full scale). The 
reference velocity at the building height was taken as 
6.97m/s. The test data of kinetic energy and 
dissipation rate from Ramponi and Blocken’s [17] 
study was used to define the inlet turbulence 
conditions. 
 
A variable-density polyhedral mesh was generated 
with the smallest cells adjacent to the building 
openings and domain floor (Fig. 4) where gradients 
are expected to be highest.  The stream-wise velocity 
along a line through the center of both openings is 
shown in Fig. 5. 
 
The kinetic energy and dissipation rate at the inlet 
need to be set properly to ensure an appropriate 
distribution of turbulence. The current research 
utilizes the kinetic energy and dissipation rate values 
from plots by Ramponi and Blocken [17] to calculate 
the value of the specific dissipation rate required for 
the simulation: 
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where Iu is turbulence intensity, Uu is the stream-wise 
component of inlet velocity, and a is the turbulent 
kinetic energy parameter. 
 
Symmetry conditions were imposed on the top and 
side domain boundaries. A no-slip wall condition was 
assigned to the domain floor boundary. Ramponi and 
Blocken [17] used the Shear-stress Transport (SST) 
k-ω model [20,21] in their simulations. Accordingly, 
the current simulations were conducted using the SST 
k-ω turbulent flow model in the STAR-CCM+ solver 
assuming steady and incompressible flow. Ramponi 
and Blocken [17] indicated that the kinetic energy 
parameter, a, needs to be adjusted for the different 
turbulence models to arrive at the same solution 
fitting the PIV result on most of its positions. 

4.2 Results 
Fig. 6 compares the centerline wind speed 
distribution through the building predicted by the 
current study, Ramponi and Blocken’s [17] 
simulations, and Kavara et al.’s [16] measurements. 

Karava et al. [16] noted that their PIV measurements 
at and near the openings were less accurate due to 
shading and reflection effects. The parts of the profile 
away from these regions were closely reproduced 
(Fig. 6). Fig. 7 shows the velocity vector plot in the 
ventilated building for the present simulation results 
and Karava et al. [16]. 

One of the essential observations from this study is 
that it is critical to correctly set the turbulent kinetic 
energy parameter a. Values of a = 1, 1.2 and 1.5 were 
tested for various turbulence models, resulting in an 
over- and under- estimation of the velocity at the 
center of the building, except at a = 1 for the SST k-ω 
case (Fig. 6). This simulation showed the best 
agreement with the measurements. The SST k-ω 
model is known to be less sensitive to changes in 
turbulence properties at the inlet. Moreover, the k-ω 
model family considers the wall all the way down to 
the viscous sub-layer and so does not require near-
wall damping functions. The sensitivity to the kinetic 
energy parameter, a, was also reported by Ramponi 
and Blocken [17].  

It was also observed that the converged velocity 
results were of an oscillatory nature for all cases 
tested. Ramponi and Blocken [17] also observed this 
oscillation. Their results were presented after 
averaging successive converged iterations from the 
same simulation. They suggested that care should be 
put on the amplitude of oscillation as it might suggest 
significant variations in full scale. This might 
indicate a very thorough treatment is required for 
results with oscillatory convergence specially when 

the basic geometry changes; and/or for changes in the 
number, size and location of openings. These gaps 
are planned to be part of the authors’ future research 
activity.  

 

 

 
Figure 4. Ventilated building mesh. 

 
Figure 5. Geometry of ventilated building. (1) indicates 
profile line in Fig. 6. Adapted from [17]. 

 
Figure 6. Streamwise relative wind speed along a line 
through the center of the block openings. (Windward 
face at x/D = 0, leeward face at x/D = 1.) 
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Figure 7. Velocity vector plot of ventilated building: a) 
present CFD, b) Karava et al. [16] PIV. 

5. DISCUSSION 
The following recommendations are made for steady-
state RANS-based CFD simulation of wind-driven 
greenhouse ventilation, based on the literature review 
and experience detailed here. 
 
Ensure adequate meshing, including sufficient cell 
density near openings and separation points, and 
verify with convergence testing. The smallest 
physical dimension on the object (e.g. openings) 
should be an order of magnitude greater than the cell 
size so that the correct gradients and flow fields are 
predicted. 
 
The choice of turbulence closure was observed to 
significantly impact the flow field within the 
ventilated building. Mesh resolution and cell type 
(e.g. polyhedral or tetrahedral) are known to impact 
predicted velocity fields within the ventilated 
building. This suggests that careful validation of 
results is particularly necessary in greenhouse 
ventilation CFD simulations.  

The SST k-ω turbulence model was found to be an 
appropriate model for a building with openings. 
Considering how irregular the flow could be under 
different wind directions for the pitched roof 
greenhouse with ventilations openings [3] , SST k-ω 
will be the utilized in future tests. 

This study was an initial investigation on using CFD 
to simulate wind-driven ventilation in greenhouses. 
The authors plan to conduct further studies to 
determine appropriate methods, including meshing 
and turbulence closure, for simulating wind-driven 
ventilation in large, Venlo-type greenhouses. The 
larger study will seek to use CFD to investigate 
optimization of greenhouse orientation and vent 
sizing. 
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