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Measurements were taken with a strong northeast wind (Levante) and with a weak westerly
wind (Poniente). For the model considering only the wind effect, the coefficient of effec-
tiveness obtained was Ey = C4C%° = 0.050, and the values of the mean and turbulent wind
coefficients were C,, = 0.066 and C,,’ = 0.029, respectively. Two important characteristics of
the Almeria-type greenhouse analysed in this work make natural ventilation difficult: the
presence of mature tomato plants inside the greenhouse and of an obstacle close to one of
the side openings, which affected the air movement throughout it. Discharge coefficients
due to the presence of screens in the greenhouse (Cq, = 0.156-0.245) were calculated from
wind-tunnel measurements, obtaining a total discharge coefficient of C4 = 0.193. Use of the
anti-aphid screen in the openings can cause an approximately 71% reduction of C4 and
consequently of the wind-related coefficient Ey. Winds perpendicular to the axis produce
an inflow through the side opening free of obstacles and an outflow through the roof vents.
In qualitative terms, this airflow pattern is in good agreement with previous simulations
using Computational Fluid Dynamics.

© 2009 IAgrE. Published by Elsevier Ltd. All rights reserved.

1. Introduction velocity usually observed in the plant zone inside naturally

ventilated greenhouses is around 0.1-0.5ms™' (Bartzanas

Natural ventilation is the main means of climate control in the
greenhouses which cover over 27 000 hectares in the Spanish
province of Almeria. However, there is still very little infor-
mation available on the design of Almeria-type greenhouses
with natural ventilation. In recent years, the Almeria-type
greenhouse has been exported to other countries and warm
climate areas such as Mexico, Colombia, Morocco and China.
In hot summer conditions, deficient ventilation makes control
of the air temperature in the plant zone difficult. The air

* Corresponding author. .

et al., 2004; Molina-Aiz et al., 2004a,b; Jiménez-Hornero et al.,
2005; Soni et al., 2005; Teitel et al., 2005; Fatnassi et al., 2006).
Given the importance of natural ventilation in greenhouse
climate control, many research works have attempted to
establish a numerical function which directly relates ventila-
tion rates to different environmental variables, such as wind
speed and direction, solar radiation or interior and exterior
temperature. To date, most studies on natural ventilation
have been based on estimations of a total exchange rate of air

E-mail addresses: fmolina@ual.es (F.D. Molina-Aiz), gilribes@uco.es (J.A. Gil).
1537-5110/$ - see front matter © 2009 IAgrE. Published by Elsevier Ltd. All rights reserved.
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Nomenclature Re, Reynolds number based on the screen’s
. . . ermeabilit
a,b,c  second-order polynomial regression coefficients P . y. . )
. Rg global radiation outside the greenhouse, Wm
A,B,C  parameters used to calculate the ratio of the mean 2
. - Sc greenhouse area, m
to the instantaneous ventilation flux . 2
. . . Sv surface area of the vent openings, m
Cq total discharge coefficient of the opening T air temberature. °C
Caru discharge coefficient due to the shape of the = p ’ R
’ R T mean air temperature, °C
opening u air velocity, ms™?
Ca,p discharge coefficient due to the presence of insect- _ L 1
’ u mean air velocity, ms
proof screens , . . . 1
. . . u fluctuating air velocity, m's
Cw wind effect coefficient for the mean airflow N . . . . 1
. . . Ui air velocities scaled only with wind speed, ms
Co' wind effect coefficient for the turbulence airflow N . .. . .
. u air velocities scaled with wind speed and
D pore height, mm . 1
. . . temperature differences, ms
d wire diameter of the insect-proof screen, mm . . _1
. . . U, wind speed at reference height (4 m), ms
Ev coefficient of effectiveness of the openings .
. W pore width, mm
e thickness of the screen, m . £
. Y inertial factor
F, pressure drop coefficient due to the presence of an .
insect-proof screen o angle of opening, degree
_ p . - AG difference between the volumetric flow rate
G mean volumetric flow rate, m°s . .. . 3 1
L entering and exiting through the openings, m-s
G turbulent component of the ventilation flow, N . . R
I AT; inside to outside temperature difference, °C
o . dynamic viscosity of air, kgs 'm™?!
Gr free component of the ventilation flux induced by " y . . Y &
3 1 0 wind direction, degree
buoyancy forces, m>s . .
o . insect-proof screen porosity
Gw forced component of the ventilation flux induced . . _3
by wind forces, m3s~?! air density, kgm
y o ’ . s oy standard deviation of the air velocity, m st
g gravitational acceleration, ms
H vent opening height, m Subscripts
HR relative air humidity, % i inside
hsr difference in height between side and roof L leeward
openings, m M average value
iy, i, turbulence intensity in directions y and z o outside
K, screen permeability, m? R roof vent
L length of the window, m S side vent
P pressure, Pa AW windward
R ventilation rate, h*

using gas tracer techniques (Bot, 1983; Fernandez and Bailey,
1992; Boulard and Draoui, 1995; Kittas et al., 1995; Papadakis
et al., 1996; Kittas et al., 1996; Baptista et al., 1999; Kittas et al.,
2002) and simulations of homogeneous air temperature by
means of energy balance models (Wang and Boulard, 2000;
Demrati et al., 2001). Nevertheless, these techniques only
allow prediction of a general air change rate in the green-
house. Airflow has also been estimated directly through the
vents by measuring the difference in pressure in different
greenhouses (Kittas et al., 1996; Boulard et al., 1998). More
recently, airspeed measurements have been taken through
vents and inside the greenhouse using unidimensional (Bou-
lard et al., 1997b), two-dimensional (Wang and Deltour, 1999)
or three-dimensional (3D) sonic anemometers (Wang and
Deltour, 1997; Boulard et al., 1998; Boulard et al., 2000; Tanny
et al., 2006; Katsoulas et al., 2007; Teitel et al., 2008; Kittas et al.,
2008) and hot wire anemometry (Molina-Aiz et al., 2004a,b).
Some of these studies (Boulard et al., 1996, 1997b) have shown
the feasibility of direct measurements of airflow through the
greenhouse vents. Teitel et al. (2008) calculated the ventilation
rate by multiplying the average air velocity near the inlet and
outlet openings (measured by a 3D sonic anemometer in the
middle of the opening) by the area of the windows, obtaining

ventilation rates similar to those obtained by N,O tracer gas
analysis.

Several authors have studied the reduction of ventilation
airflow caused when the screens are installed on green-
house openings (Sase and Christianson, 1990; Montero et al.,
1997; Teitel and Shklyar, 1998; Mufioz et al., 1999; Fatnassi
et al., 2002; Bailey et al., 2003; Pérez Parra et al., 2004; Kat-

soulas et al., 2006). Quantification of the screens’ effect onq1

ventilation has been studied using Bernoulli’'s approach,
characterising their performance by a discharge coefficient
(Kosmos et al., 1993; Muifloz et al., 1999; Teitel et al., 1999;
Fatnassi et al., 2003) or using Forchheimer’s equation (Miguel
et al., 1997; Valera et al., 2006), considering screens as porous
media characterised by permeability and inertial factor. The
resistance of insect screens to airflow through greenhouse
vent openings has also been analysed recently by experi-
ments (Teitel, 2001; Kittas et al., 2002; Tanny et al., 2003; Soni
et al.,, 2005; Harmanto et al., 2006; Kittas et al., 2006) and
numerical models of Computational Fluid Dynamics (CFD)
(Bartzanas et al., 2002; Fatnassi et al., 2003; Molina-Aiz et al.,
2005; Fatnassi et al., 2006).

With a view to characterising natural ventilation in a five-
span Almeria-type greenhouse, the mean and turbulent

Please cite this article in press as: Molina-Aiz, F.D. et al.,, A study of natural ventilation in an Almeria-type greenhouse with
insect screens by means of tri-sonic anemometry, Biosystems Engineering (2009), doi:10.1016/j.biosystemseng.2009.06.013
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ventilation flow rate for each vent opening has been calcu-
lated by measuring air velocity through the openings. We have
determined the wind effect coefficient Cy, and the discharge
coefficient due to the presence of the insect-proof screens in
the greenhouse vents Cq4. This study differs from previous
ones since it attempts to estimate the coefficients Cy, and Cq
that characterise the ventilation flow through a greenhouse,
based on direct measurements of inflow and outflow through
ventilation openings by tri-sonic anemometers and based on
wind-tunnel experiments, respectively.

2. Materials and methods
2.1. Greenhouse characteristics and location

The Almeria-type greenhouse used for the present study
consists of a «raspa y amagado» structure, the most common
type in this province, and is located on the Almeria University
Campus (latitude: 36°50', longitude: 2°23). The NW-SE
oriented experimental greenhouse is a 4770 m? five-span
Almeria-type greenhouse (Fig. 1). All openings are manually
operated and are covered with insect-proof screens of
10 x 20 threadscm™2 (0.34 porosity; 233.0um pore width;
741.3 pm pore height; 271.9 um thread diameter). Measure-
ments were taken on 4th, 11th, 13th and 15th February 2008,
between 11:00 h and 18:45 h (local time, GMT + 1 h) when the
outside climatic conditions were stable (Table 1). The Almeria
province is characterised by two frequent winds channelled
by the Mediterranean basin: the Levante, a warm dry northeast
wind blowing from the land to the sea and the Poniente, a cold
damp westerly wind (Kuciauskas et al., 1998). However, in the
particular case of our experimental greenhouse (located 10 m
from the sea), both winds are cold as they blow parallel to the
beach. These winds provide remarkable conditions for wind
research, because of their frequency, constancy of direction
and persistence (Table 1). The greenhouse contained a tomato
crop (Solanum lycopersicum L. cv. Pitenza) with an average

Meteorological station

Crop rows

Roof vents

/

height of approximately 2 m during the period of measure-
ment and a leaf area index of about 1.6 m? leaf per m? ground.

2.2. Measuring equipment

Temperature and humidity inside the greenhouse were
registered as the average of three sensors placed 1.5 m above
the soil, below the ridges of the three central spans. Internal
air temperature and relative humidity were measured every
2 s by means of a HOBO® Pro Temp-HR U23-001 data logger
(Onset Computer Corp., Pocasset, USA), equipped with
temperature and humidity probes. This measured the
temperature in a range of —20°C to 70 °C with accuracy of
+0.18 °C and the relative humidity from 0% to 100% with an
accuracy of +2.5%. Temperature sensors were protected
against direct solar radiation with a passive solar radiation
open shield.

Outside climatic conditions were measured usinga portable
meteorological station located 2 m from the southwest side
wall at a height of 4m (Fig. 1). Outside temperature and
humidity were measured by a HOBO® Pro RH-Temp H08-032-
08. Solar radiation was measured with a LI-200SA pyranometer
sensor (Li-Cor Inc., Lincoln, USA). This photovoltaic-based
sensor covers a limited spectral range (400-1100 nm) with an
accuracy of +5%. The outside wind speed was recorded by
means of a cup anemometer (Davis Instrument Corp., Hay-
ward, USA), with a measurement range of 0-78ms~ %, an
accuracy of +5% and a resolution of 0.09 ms~'. The wind
direction was measured with a vane (accuracy +7° and reso-
lution 1.4°). These three sensors were connected to a data
logger HOBO® H08-006-04 for data recording.

The three components of air velocity in the greenhouse
openings were measured by means of a 3D sonic anemometer
(model CSAT3, Campbell Scientific Spain S.L., Spain; resolu-
tion: 0.001 ms™%; accuracy +0.04 ms~%; vertical path length:
5.8 cm, measurement rate: up to 60 Hz). Data were recorded by
a Micrologger CR3000 (Campbell Scientific Spain S.L., Spain).
Turbulence intensity on the axis perpendicular to the side

Side vent opening

g Publicity sign

A 1.9m
z v
X 3.2m
44 m 38.5m
2m
244 m
W N | 1.6 m ¢
><: 10.4 m 7.8 m 7.5m 7.6 m 11.7m .
S E [« >
38.5m 52m

Fig. 1 - Schematic view of the Almeria-type greenhouse with the plant rows.
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Table 1 - Climatic conditions recorded both inside and outside the greenhouse during the 4 measurement periods

(average + standard deviation)

Date Local time U,, mst 0, °2 T,, °C T;, °C Uy/ATS? HR,, % HR;, % Rg, Wm™
4/2/08 11:45-18:45 3.89+1.41 212 +22 SW 18.3+1.1 23.0+2.5 1.80 62+6 63+7 289 4+ 152
15/2/08 10:45-14:45 3.34+1.21 248 +21 SW 17.9+0.5 253+1.6 1.23 51+3 56 +7 395+77
11/2/08 11:15-15:00 8.40 +2.00 72+ 14 NE 15.7 £0.5 209+1.4 3.67 47 +£2 47 +£3 369 £+ 62
13/2/08 11:00-15:00 7.19+2.13 55+ 15 NE 16.1+0.5 20.1+1.5 3.56 43+3 48 +3 333+ 94

Wind speed U, wind direction 6, outside temperature T,, inside temperature Tj, ratio determining the relative importance of the wind and
thermal buoyancy forces U,/AT%’, outside humidity HR,, inside humidity HR; and outside radiation Rg.
a Direction perpendicular to the windows is 66° for a Levante wind from northeast (NE) and 232° for a Poniente wind from southwest (SW).

vent openings was calculated as the standard deviation
divided by the mean local velocity measured by the
anemometer iy, = oy,/uy (i, = 0u,/u, for the roof vents).

In each of the side openings air velocity was measured in
three central profiles (B, C and D in Fig. 2) at four different heights
(1,2,3and4inFig 3a) and two side profiles (A and Ein Fig. 2) at the
upper two heights, while in the roof vents measurements were
taken at three profiles at two different points (Figs. 3b and 2b).
More points were used in the side openings, because they have
a less uniform shape (Fig. 2), whereas the roof vents have
a rectangular shape (Fig. 1). We have calculated the average
volumetric flow rate through the openings by multiplying the
average air velocity normal to the plane of the opening at each
point by the corresponding area. The mean surface corre-
sponding to each pointis 2.1 m? This value is similar to that used
by Boulard et al. (1998) to calculate the ventilation flux
throughout the only roof vent of a tunnel greenhouse (2.6 m? per
point) and between those used by Teitel et al. (2008) in a mono-
span greenhouse with two side vent openings (1.1 m? per point)
and by the same authors (Teitel et al.,, 2005) in a four-span
greenhouse with threeroof vents (8.5 m? per point). Ateach point
the sonic anemometer measured at a sampling rate of 10 Hz for
3 min (6 min for the first test on 4/2/2009).

2.3.  Ventilation models
The main driving forces of ventilation for a greenhouse

equipped with both roof and side openings are caused by
a combination of pressure differences induced by the

19,25m

following effects (Boulard and Baille, 1995; Kittas et al., 1997;
Baptista et al., 1999):

- The static wind effect due to the mean component of the
wind velocity, which induces pressure differences (side
wall effect) between the side and the roof openings (Bruce,
1978) and pressure differences between the windward
and the leeward parts of the greenhouse (Boulard et al.,
1996).

- The buoyancy forces (also called stack or chimney effect)
generating a vertical distribution of pressures between
the side and roof openings (Bruce, 1982).

- The turbulent effect of the wind, generated by pressure
fluctuations of the wind velocity along and across the
greenhouse openings (Boulard and Baille, 1995; Boulard
et al., 1996).

These effects generate a vertical ventilation flux due to the
chimney effect and the vertical wind pressure distribution
(mean and turbulent), and a horizontal ventilation flux due to the
side wall and the turbulent effects (Kittas et al., 1997). As
a simplification of these effects, we can consider that green-
house ventilation is the combined result of two fluxes generated
by wind and buoyancy forces. We can combine these fluxes
obtaining different models derived from Bernoulli’s equation
(Boulard and Baille, 1995; Boulard et al., 19973; Kittas et al., 1997):

(1) Model 1. In this model the flow is driven by the pressure
field equal to the sum of the two independent pressure

15.4n
11,5m
7.7
——— 3t ——1 B C 0 E
§ mr———— E; E——— | 9
38,5m
22n
17,6m
13,2m £
8,6n | H
4,4m g
—="—a 8 C 0° E
a‘\J T T —— i B
44m

Fig. 2 - Location of anemometers for airspeed measurements in the northeast (a) and southwest side openings (b) with

division of each elementary surface Sy; (thin broken line).
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a
A
3 o =
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®&— |, |2 o
—1 't s B 3
(=) i 3
o ® |3
3 3
Y Y b N

Fig. 3 - Location of sonic anemometer in the side openings (a) and roof vents (b).

fields (Zhang et al.,, 1989). Therefore, for a greenhouse
equipped with side and roof openings, G is calculated as
the vector sum of the free component of the ventilation
flux induced by buoyancy forces Gr, and the forced
component of the ventilation flux induced by wind forces
Gw, G = 1/G2 + G2, (Kittas et al., 1997):

2

SyrSvs < AT;, ) <SVR + Svs) ?
G=C —_—_ 2 h + (————=] CyU? 1
d TZ/R'*‘S\Z/S ) T, SR 5 wUg (1)

where Sy and Sy are the sum of the two roof and the two side
openings’ surface areas, respectively, in m?, g is the gravita-
tional constant in ms™2, AT}, is the outside-inside tempera-
ture gradient in K, T, is the outside temperature in K, U, is the
wind speed, Cq4 is the discharge coefficient, C, is the wind
effect coefficient and hgy is the vertical distance between the
midpoint of side and roof openings, in m.

(2) Model 2. We consider that the resulting flux is the sum of
two independent fluxes, calculating the greenhouse volu-
metric flow rate as the algebraic sum of the air fluxes,
G =Gt + Gy (Boulard and Baille, 1995; Kittas et al., 1997):

SyrSvs ATjo Syr + Sys
G=0Cq 29 hsg + v CwUo (2)
%z + S¥s To 2

(3) Model 3. The simplest model only takes into consideration
the wind effect. This model is appropriate for high wind
speed, when the contribution of stack effect is negligible
and the ventilation rate can be calculated as (Boulard and
Baille, 1995; Kittas et al., 1996)

S S
G= WCW /CuUs ©)
2.4. Anemometric measurement of volumetric flow rate

In order to obtain sufficiently accurate data, wind must
remain constant in both direction and strength for 4 or 5h.

Four tests were carried out at around noon, when the wind
tends to be stronger and to maintain a more constant direc-
tion (Fig. 4). Table 1 shows the mean outside wind direction
was 55-72° and 212-248° for the cases of Levante and Poniente
wind, respectively. It can be seen that for two cases the
southwest wind direction was approximately perpendicular
to the southwest side vent opening (232° SW), and for
the other two tests the northeast wind blowing ranged around
the direction perpendicular to the other side vent opening and
the two roof vents (66° NE).

The mean and turbulent volumetric flow rates through the
greenhouse were calculated by multiplying the scaled mean u;
and turbulent u’ components of the air velocity perpendicular
to the plane of the opening to the elementary surface Sy;
(Fig. 2) in order to describe the air circulation through the
opening (Boulard et al., 1998)

G =>_Sul @
j=1
n

G =Y Syu ()
j=1

With only one sampling position possible at any one time,
a difficulty arises from how to deal with changing external
conditions throughout the time needed to measure the 44
different measurement positions (Figs. 2 and 3). This problem
can be overcome by selecting measurements for a fixed
external wind direction and correcting the air velocities
measured by the 3D sonic anemometer at each position j at
the greenhouse openings uj(t) through a process of scaling
with the wind speed (Appendix A). However, we have also
used a second procedure scaling the air velocities measured
by the 3D sonic anemometer by the inverse of the normalised
ventilation flux G(t)/G, as given below:

ui (t) = uj(f)@ ©)

The inverse of the normalised ventilation flux used in Eq. (6)
was calculated as the ratio of the mean volumetric flow rate
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Fig. 4 - Evolution of air velocity through the vent openings (—) and the outside wind speed (—) and direction (- -) for the
measurements made on 4/2/2008 with a southwest Poniente wind (a), and on 11/2/08 with a northeast Levante wind (b).

G = G(ATy,, To, U,) to the instantaneous volumetric flow rate
G(t) = G[ATio(t), To(t), Us(t)]. G was calculated with Eq. (2) using
the average values of the climatic parameters (T,, 4T;, and U,)
for the whole measurement period (several hours), whereas
G(t) was calculated with climatic parameters averaged over
the measurement period t (each minute) at position j [To(t),
ATio(t), Uo(t)]. A detailed expression of the normalisation
formula is given in Appendix B.

The use of Eq. (6) is based on the assumption that the
variations of mean air velocity through the greenhouse
openings over time are proportional to the variations in the
ventilation volumetric flow rate, and considering these vari-
ations to be produced both by variations in the outside wind
speed (Fig. 4) and by variations in the temperatures inside and
outside the greenhouse (Fig. 5).

2.5. Discharge coefficient of the insect-proof screen

The analysis of the aerodynamic characteristics of the
greenhouse screen, and the respective discharge coefficient,
was carried out with wind-tunnel experiments providing data
of the pressure drop as a function of air velocity. A detailed
description of the wind-tunnel experiment was provided by
Valera et al. (2006) and details of the wind-tunnel instrumen-
tation were presented by Molina-Aiz et al. (2006).

The airflow through a porous mesh (very porous medium)
can be described by a modification of Darcy’s equation
(Forchheimer, 1901):

p_ (r Y
(o))

where P is the pressure in Pa, x the direction of flow, K, is
a coefficient independent of the nature of the fluid which
depends on the geometry of the medium. It has dimensions
(length)? and is called the specific permeability of the medium
(Nield and Bejan, 1999). Y is a dimensionless form-drag
constant dependent on the nature of the porous medium,
called inertial factor. According to Forchheimer’s equation,
a second-order polynomial (Miguel et al., 1997; Dierickx, 1998;
Muiioz et al., 1999) has been used for fitting the experimental
values of pressure drop an air velocity measured in a wind
tunnel (Valera et al., 2006; Molina-Aiz et al., 2006) through the
screen:

AP = —(au® + bu +c) ®)

The best fit equation AP=—(2.190u”+ 2.885u —0.621)
obtained from the wind-tunnel experiment provides the
values of coefficients a =2.190 and b = 2.885 [zero order term
can be neglected compared with the other terms (Miguel et al.,
1997)]. Equating the first- and second-order terms,

Please cite this article in press as: Molina-Aiz, F.D. et al.,, A study of natural ventilation in an Almeria-type greenhouse with
insect screens by means of tri-sonic anemometry, Biosystems Engineering (2009), doi:10.1016/j.biosystemseng.2009.06.013
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Fig. 5 - Temperature and relative humidity variations with time for the measurements made on 4/2/2008 with a southwest
Poniente wind (a), and on 11/2/08 with a northeast Levante wind (b). Values outside the greenhouse (thick continuous line)
and inside the greenhouse (thin dotted lines).

Table 2 - Average values of the mean normalised air velocity u/U, perpendicular to the greenhouse vents registered on 4/2/

2008 and on 11/2/2008 (u is positive for an inflow and negative for an outflow)

Vent opening Northeast (NE) side vent NE roof vent SW roof vent Southwest (SW) side vent
Height (m) 0.80 1.05 1.25 1.50 0.15 0.45 0.15 0.45 0.80 1.05 1.25 1.50
Measurements taken on 4/2/2008 with a Poniente wind from southwest

Extreme SE —0.01 —0.03 —0.02 —0.04 —0.03 —0.03 +0.04 +0.04
Middle SE +0.04 +0.03 +0.02 —0.02 +0.03 +0.04 +0.03 +0.02
Centre +0.04 +0.06 +0.03 —0.01 —0.01 —0.04 —0.03 —0.04 +0.03 +0.06 +0.05 +0.03
Middle NW +0.02 +0.03 -0.01 —0.01 +0.06 +0.11 +0.08 +0.11
Extreme NW +0.01 —0.02 —0.02 —0.02 —0.01 —0.04 +0.04 +0.07

Measurements taken
on 11/2/08 with a Levante wind from northeast

Extreme SE —0.07 —0.08 —-0.07 —0.06 —-0.06 —0.03 +0.05 +0.06
Middle SE —0.05 —0.04 —0.04 —0.03 +0.05 +0.08 +0.08 +0.07
Centre —0.04 —0.02 +0.00 +0.02 —0.06 —0.06 —-0.03 —0.02 +0.07 +0.07 +0.07 +0.08
Middle NW +0.07 +0.12 +0.09 +0.07 +0.03 +0.06 +0.09 +0.07
Extreme NW +0.07 +0.10 —0.06 —0.05 —0.04 —-0.03 +0.03 +0.05

Please cite this article in press as: Molina-Aiz, F.D. et al.,, A study of natural ventilation in an Almeria-type greenhouse with
insect screens by means of tri-sonic anemometry, Biosystems Engineering (2009), doi:10.1016/j.biosystemseng.2009.06.013
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respectively, of the experimental polynomial [Eqg. (8)] and
Forchheimer’s [Eq. (7)], the permeability and the inertial factor
can be obtained:

I

Kp = eB (9)
ak®>

Y= e; (10)

where the thickness of the screen e =371.3 um was obtained
measuring a transversal section of the net with a microscope
(Valera et al., 2006). Bernoulli’s equation can also be used to
describe the relationship between pressure drop and air
velocity through the screens (Kosmos et al., 1993; Montero
et al., 1997; Teitel and Shklyar, 1998):

AP = —1/2F ,pu?® 11
@

where F, is the pressure drop coefficient of the screen. We
have calculated this pressure drop coefficient from the wind-
tunnel test, making Eq. (7) equal to Eq. (11) with dP/dx = AP/e,
giving

2e (1
e 2 () @)

This coefficient can be used to predict the pressure drop
through screens even at Re,, < 150 (Teitel, 2001). The Reynolds
number based on the screen’s permeability Re, was calculated
considering the average airspeed passing through the 44
points in the openings at the time of measurement. This
Reynolds number is calculated for application to porous

media considering the square-root of the permeability as
a characteristic dimension (Nield and Bejan, 1999):

Re, = _\/Ifup (13)

The discharge coefficient of the insect-proof screens Cqg,,
has been calculated from the pressure drop coefficient due to
the presence of an insect-proof screen F, [given by Eq. (12)] as

Cap = 1/1—"2'5 (14)

2.6. Estimation of pressure drop coefficient of the
greenhouse openings

In order to determine the greenhouse’s wind effect coefficient
it is necessary to know the discharge coefficient of the
windows Cgq4, as well as the surface area of the side and roof
vent openings (Sys = 56.0 m? and Syg = 38.4 m?), the difference
in height between windows (hsg=2.10m), the thermal
gradient ATj,, the wind speed U, and the outside air temper-
ature T, (Table 1). The discharge coefficient of the opening Cq4
has been calculated as follows (Arbel et al., 2000; Kittas et al.,
2002):

(15)

where Cq 1y is the discharge coefficient due to the shape of the
window and Cg, is the discharge coefficient of the insect-
proof screen given by Eq. (14). The discharge coefficient of the

a w N
u,/U,=—0.04:0.02 u,/U,=—0.020.02 /=
i,=0.62 i,=0.70 g
Poniente
wind (SW)
==y
' uy/U,=0.0510.03 u,/U,=0.01£0.05
: iy=0.65 iy=2.74
b u,/U,=—0.040.03 u,/U,=—0.060.03 W N
i,=0.89 i,=0.51 5
E
Levante
wind (NE)

| uy/U,=0.06:0.02
‘ iy=0.34

Fig. 6 - Sketch of the airflow pattern in the vent openings of the Almeria-type greenhouse for a southwest Poniente wind on
4/2/2008 (a) and for a northeast Levante wind on 11/2/2008 (b), with values of the normalised air velocity perpendicular to

the openings and turbulence intensity.
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Table 3 - Values of the mean ventilation volumetric flow rate G; (m* s %) through each point of measurement j at the greenhouse openings calculated with values or air

velocities U; corrected with wind speed and buoyancy forces (Appendix B), for the four tests (G is positive for an inflow and negative for an outflow)

Vent opening

Northeast (NE) side vent

NE roof vent

SW roof vent

Southwest (SW) side vent

Height (m) 0.80 1.05 1.25 1.50 0.15 0.45 0.15 0.45 0.80 1.05 1.25 1.50
Measurements taken on 4/2/2008 with a Poniente wind from southwest
Extreme SE —0.06 -0.16 —0.28 -0.44 -0.54 —0.65 +0.27 +0.25
Middle SE +0.23 +0.18 +0.11 -0.11 +0.18 +0.31 +0.26 +0.20
Centre +0.40 +0.44 +0.19 —0.08 -0.16 —0.46 —0.38 —0.55 +0.25 +0.35 +0.36 +0.23
Middle NW +0.12 +0.16 —0.04 —0.07 +0.31 +0.84 +0.68 +0.82
Extreme NW +0.05 —0.09 -0.23 -0.28 -0.21 —0.59 +0.21 +0.46
Total inflow +7.86 Total outflow —-5.39 Mean flow 6.63
Measurements taken on 11/2/08 with a Levante wind from northeast
Extreme SE -0.91 -1.11 —2.09 -1.71 -1.62 —0.83 +0.77 +0.88
Middle SE —0.61 —0.65 -0.70 —0.43 +0.48 +1.31 +1.28 +1.24
Centre -0.75 —0.32 +0.07 +0.31 -1.73 -1.84 -0.87 —0.63 +1.29 +1.24 +1.11 +1.34
Middle NW +0.71 +1.71 +1.22 +0.91 +0.30 +1.01 +1.35 +1.12
Extreme NW +0.83 +1.19 -1.53 -1.44 -1.03 -0.77 +0.49 +0.77
Total inflow +22.91 Total outflow —21.55 Mean flow 22.23
Measurements taken on 13/2/08 with a Levante wind from northeast
Extreme SE -0.74 -0.79 -1.97 -1.47 -0.21 -0.22 +0.85 +0.79
Middle SE —0.54 —0.54 —0.60 —0.59 +0.66 +1.24 +1.35 +1.28
Centre —0.40 —0.02 —0.01 —0.43 —2.20 —0.96 —1.11 —0.40 +1.15 +1.36 +1.44 +1.44
Middle NW +0.98 -1.32 -1.41 -1.15 +0.26 +1.22 +1.34 +1.21
Extreme NW +1.32 +1.01 —1.54 —-0.78 -0.94 -0.76 +0.56 +1.03
Total inflow +20.48 Total outflow —21.10 Mean flow 20.79
Measurements taken on 15/2/2008 with a Poniente wind from southwest
Extreme SE +0.03 +0.14 -0.31 —0.90 —0.28 —0.92 +0.04 +0.12
Middle SE +0.35 +0.15 —0.03 —0.08 +0.23 +0.37 +0.09 +0.09
Centre +0.18 +0.27 —-0.10 —0.10 —0.30 —0.85 —0.30 —0.86 +0.37 +0.49 +0.50 +0.19
Middle NW +0.09 +0.13 +0.05 +0.03 +0.38 +0.58 +0.63 +0.47
Extreme NW —0.01 +0.03 —0.38 —0.70 —0.27 —0.88 +0.51 +0.68
Total inflow +7.19 Total outflow -7.27 Mean flow 7.23
Pk ke ke ek ek e ek e ek e ek e ek e ek e e ek ek ek e ek e ek
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openings without screen was calculated as follows (Bailey
> °g g% |ug
et al., 2003): Ml SS SS|§F
& g o
. _ EY =
Caun = {1.9+ 0.7 exp|—L/(32.5H sin a)]} (16) 8 o o |FE
. . . S EIIERR I
where L is the length of the window, H the height and « the g 5 E«
angle of opening (with a value of «=90° for an opening "; O & @ S S
. < | QA N gy
without flaps). g ¥ NN |&¢
& g3
T b s 5
£ “log ~nw |EF
. . - | 2% S8 %5
3. Results and discussion S i R I -
ot E_'J S t}‘
o 2 E
3.1. Measurement of air velocity through the greenhouse ] g s
. o
openings PR n v | B
== © O 0 N
o 3 R = I © o
S  HEha 185
In order to compare the air velocity measured at several 2 T 8
e . . =S =
positions in the greenhouse openings between the four cases, 0 Rl o o~ @ @
. . . . . . o S B =g
and since the outside wind varied during the period of = Rk &8
measurement (Fig. 4), normalised air velocity values were § Sh&| u %%
calculated (Table 2). The normalised components of the air g 2 ;
@®
velocity vectors on the axis perpendicular to the greenhouse 'E Rl wol g
side and roof (Fig. 1), were calculated as the ratio of the air s BB Q'E T2 % £
. . ¥}
velocity components measured by the 3D sonic anemometer § s Tt
e . £
u; at each position j in the greenhouse openings to the external i e %
. . . . . > — =
wind speed measured during the same time period U, i.e. uy/ < 3 S
= o
- O B el
U, and u,/U,. . ) 2 u.a & @9 Qo -2 é
The mean values of the normalised component of air Rl - s~ oo '§ &
. _ . . . ~ ~ Nan N
velocity (u;j/Uo) perpendicular to the side vent openings and -7 B ;a? g
roof vents are presented in Fig. 6a and b for the cases of “E’ g @ = im’
Poniente and Levante winds, respectively. For a weak south- S 3 & -
west Poniente wind, the spatial distribution of mean velocity “.; o M § § @
was more uniform in the four windows, although in the % ﬁ 2 Tg g z
windward side vents we can observe that air entered mainly E DE & XL RI | sg -5
through the southeast part of the opening (Table 2), because s Y f:: TTNT "é o “é
this part is close to the sea and without obstacles, while the % S B &% o
. . . 0
northwest part is close to other greenhouses and buildings. g il © £ 5 g
. . . a g
This effect can also be observed in the two roof vents, but in & S z B m
. . i o
these cases the flow is more uniform. For a strong northeast ° E L = < <
. . e . g g s 5
Levante wind, the spatial distribution in the leeward side § 3 ME N N | ®a &
vent and the two roof vents was very uniform (Table 2). On o |g’ LR A E > g
. . . o [ | =)
the other hand, for the windward side vent, airflow entered § g = I oo 5 i
through the northwest part of the window, directly exposed < w T
) =
to the wind (Fig. 6b), whereas air exited through the south- 3 E © & ; s
east part where there is a publicity sign 5.2m upstream ,;c:’: % . o g b:
from the greenhouse (Fig. 1). n 2 K3 5 £
-l " 2]
The average value for the four tests of the absolute s 3l o P
normalised air velocity (ju/U,|) in the vent openings was B '3 P =L E B g
. . M o %
0.037 with a standard deviation of 0.034. These values are = 'g = é ;‘5 E E ?EJ & E
. . ahs s 5 a
close to those measured by Kittas et al. (2008) near the side § ¢ [ S 2=
opening in a greenhouse with a curved roof and vertical side gg g n o
: : : : g2 g g
walls, equipped with two side roll-up windows and a flap ERcR - g g
) . B » s £ I ESE
roof window. They obtained normalised air velocities of > 5B 288
0.070 £0.015 and 0.039+0.022 for the west and east side E;} & N o | 8 EJ 5
. . . . B P <+ ©
openings with screens (265 pm wire diameter, 150 x 150 pm @ X X i N 2 % %
N . . = & 5 9
hole size, and 50% porosity), respectively, whereas the Rl (S0 3% 8 S 5
. . . . [)] n wn wn O
respective values near the two side openings without 2 & | ++ ++ |9 ":’ <
S
screens were 0.392+0.050 and 0.138 £0.047. The use of <Ir < g o E
insect screens in the ventilation openings resulted in an 9 @ 08 8 |s8Eg
. . . . Rl Y 2 S8 |8 35
average decrease of 76% in the normalised air velocity © :‘_5. SlSa 39 58 S
measured near the side vents (Kittas et al.,, 2008), and
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therefore a reduction of the wind-induced greenhouse
ventilation rate. The calculated values of normalised air
velocity for the side openings, ranging between 0.01 and
0.08, are lower than those obtained by Katsoulas et al. (2006),
who recorded 0.24 for the windward vent, but similar to the
value the same authors measured in the leeward vent (u/
U, =0.07) in a mono-span greenhouse with screens of 50%
porosity.

The airflow pattern for a Poniente wind was similar in the
two cases studied, with air entering the greenhouse via the
windward side vent and the lower part of the leeward side
vent (Table 2) and exiting through the roof vents and the upper
part of the leeward side opening (Fig. 6a). This result is qual-
itatively in good agreement with the airflow patterns simu-
lated with CFD and measured with an omnidirectional
anemometer (Molina-Aiz et al., 2004b) inside the same green-
house with two side openings and with only one roof vent
placed in the central ridge, for Poniente wind. However, when
the greenhouse was equipped with only one central roof vent,
the leeward side opening acted as the entrance for outside air,
whereas when there were two roof vents, the upper part of the
leeward side opening acted as the exit for air (Fig. 6a). The side
vent was particularly important for enhancing the air
exchange rate between the inside and outside (Bournet et al.,
2007).

On the other hand, a Levante wind blowing perpendicular
to the greenhouse ridge produces an outflow through the
half of the northeast side vent opening close to the obstacle
(an advertising sign), whereas in the other half of this side
opening, the air enters the greenhouse. The normal flow to
the frontal face of an obstacle (such as the advertising sign)
creates a negative pressure zone on its leeward face (Baetke
et al., 1990), and when the obstacle is close to a plane (the
ground) a recirculation region forms downstream (Bhatta-
charyya and Maiti, 2004). This negative pressure zone with
air recirculation produces an outflow through the half of the
northeast side opening next to the advertising sign. For this
Levante wind, we can also observe an inflow at the southwest
side opening (free of obstacles) and an outflow at the roof
vents, where wind produces suction (Simiu and Scanlan,
1996). At the northeast side opening, influenced by the
proximity of obstacles to the greenhouse, the airflow
depends on the wind direction, whereas the behaviour of the
southwest side and the roof openings was independent of

Table 5 - Values corresponding to the Reynolds number
based on the permeability of the screen Re, and the
average speed of air circulation in the windward vent,
pressure-loss coefficient due to the presence of the

insect-proof screen F,, discharge coefficient
corresponding to the effect of the screen Cq , discharge
coefficient according to the vent geometry C4 15 and total
discharge coefficient of the vent opening Cyq

Date Re, F, Cap Carn Ca

4/2/08 0.41 41.20 0.156 0.696 0.152
15/2/08 0.50 34.37 0.171 0.696 0.166
11/2/08 1.18 16.62 0.245 0.696 0.230
13/2/08 1.12 17.38 0.240 0.696 0.227

the wind direction, acting as entrance and exits of air,
respectively.

3.2 Evaluation of the mean and turbulent
ventilation flows

The precision of the average air exchange measurements can
be checked by summing inflows and outflows over the whole
openings surface in order to verify the degree to which the
mass conservation in the greenhouse is satisfied (Boulard
etal., 1997b). The mean ventilation flux G(u*) (Table 3) has been
calculated from Eq. (4) using velocities scaled with the inside-
outside differences in temperature and wind speed [u(t)G/G(t)]
(Appendix B) reducing the average difference between outflow
and inflow to +9.8% (Table 4). This difference was +18.1% for
the values of G(ti) calculated scaling the air velocity only with
the wind speed [u(t)U, /U, (t)] (Appendix A), and was +28.8%
for the ventilation flux G(u) calculated with the velocities
measured directly with the anemometer without scaling [u(t)].
The greenhouse ventilation rate is affected by the buoyancy
effect generated by the average characteristic temperature
difference between the inside and the outside air ATj,. Papa-
dakis et al. (1996) showed that the effect of buoyancy on
greenhouse ventilation could not be neglected at wind speeds
lower than about 1.8 m s~*. In greenhouses with both roof and
side openings, Kittas et al. (1997) considered that the stack
effect is important if the ratio U,/AT%’ < 1. In our case, the
mean values of Uy/AT%> during the period of measurement
were 1.52ms 'K %> for the weak Poniente wind and
3.62 m s~ T K% for the strong Levante wind, respectively (Table
1). A priori, for all cases studied the stack effect can be neglec-
ted. However, for the second test with the Poniente wind (15/02/
08) the ratio U,/ATY’=1.23+0.30 was smaller, and during
a significant part of the measurement period it was lower than
the threshold ratio of 1ms 'K °°. This suggests that the
buoyancy effect could have been important, as Katsoulas et al.
(2006) found for a greenhouse with roof and side openings.
Buoyancy effects not only influence ventilation quantita-
tively, but also from a qualitative point of view, affecting the
form in which air moves inside the greenhouse. There are two
fundamentally different modes of buoyancy-driven natural
ventilation: displacement and mixing. Displacement ventila-
tion occurs in greenhouses with side and roof vents. Outside
air enters through low-level openings and displaces warm air
through openings at higher levels (Haslavsky et al., 2006). Thus
inflow and outflow are separate and take place through the
side and roof vents, respectively. The neutral plane, defined as
the vertical level where the internal and outside pressures are
equal, is located between the side and roof vents. On the other
hand, mixing ventilation occurs when only one roof vent is
opened so that inflow and outflow take place through
different regions of the same opening. The plume of the
incoming cool outside air mixes with the fluid within the
space, while warmer air leaves the greenhouse through the
upper region of the same roof vent. In mixing ventilation, the
neutral plane is approximately at mid-height of the roof vent,
separating inflow from outflow (Fitzgerald and Woods, 2007).
The ratio between surface areas of the roof vent openings Syr
and side vent openings Sys affects the efficiency of the buoy-
ancy ventilation flux (Kittas et al., 1997). In our case the value
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of the Syr/Sys ratio was 0.67. According to Kittas et al. (1997),
this is in the appropriate range for maximization of the
buoyancy ventilation flux (0.5 < Syr/Sys < 2). This value is also
in therange 0.5 < Syr/Sys < 1, where the displacement mode of
buoyancy-driven natural ventilation prevails and cold outside
air enters through low-level openings and displaces warm air
from the greenhouse through openings at higher levels (Has-
lavsky et al., 2006).

Mass conservation is slightly less well satisfied for the first
set of measurements (4/2/2008), with a difference of +37.3%,
than in the following three studies, where differences ranged
between —1.2% and +6.1% (Table 4). For this first test we
measured for 6 min on each point, extending the total length
of the experimentation to 7 h. This duration implies a greater
variation of the outside wind speed (Fig. 4a) and of the
temperature difference between inside and outside the
greenhouse (Fig. 5a). Fig. 5a shows important differences in
the outside-inside temperature gradient for the different
measurement locations. When the temperature gradient is
greater, at the side vent openings for the test carried out on 4/
2/2008 (Fig. 5a), the buoyancy effect is higher, whereas when
the temperature gradient drops, the thermal effect on venti-
lation decreases. These variations of the buoyancy effect are
influential in obtaining values of the total inflow in the
greenhouse greater than the outflow (Table 4). By calculating
the mean ventilation flux Gy(u*) from velocities scaled with
the inside-outside differences in temperature and wind speed
(Appendix B), we can partly correct this distortion produced by
temperature variations (Table 4).

The differences in inflow-outflow ranged from 31.6%
obtained with a tri-sonic anemometer by Boulard et al. (1997b) to
2.5% measured with a one-dimensional sonic anemometer by
Boulard et al. (1996) in a two-span greenhouse with only one roof
vent. As expected, the differences in the present study were
considerable because the covering structure of the Almeria-type
greenhouse is held in place by two networks of wires, requiring
the plastic to be pierced every metre in order to be held firmly in
place. This means that airflow through the holes in the green-
house cover can lead to significant differences between inflow
and outflow through the vent openings. In general, the results
obtained with the flows scaled with temperatures and wind
speed, indicate that we were able to successfully identify the
mean wind component using a tri-sonic anemometer.

The turbulence intensity was on average about 3-9 times
larger at the windward side opening than near the leeward
opening for the two tests with Levante wind (Fig. 6b). Teitel et al.
(2008) obtained turbulence intensity values about 5 times
greater on the windward openingthan on the leeward opening.
Boulard et al. (2000) also showed that the turbulent kinetic
energy is greater near the windward than the leeward opening
for a tunnel with discontinuous openings and wind blowing
perpendicular to the axis of the tunnel. However, for a Poniente
wind the turbulence intensity was 5 times smaller at the
windward side opening (Fig. 6a). It seems that the publicity sign
close to the northeast side vents of the experimental green-
house (Fig. 1) produced an increase in turbulence intensity at
the opening for a northeast Levante wind when placed in
a windward position. The sign generates suction, causing an

Table 6 — Values of the wind effect coefficient C,, and the coefficient of effectiveness of the windows Ey, = C4C%° for the three

ventilation models studied (M ) obtained by several authors in different greenhouse types with side and roof openings with

and without insect-proof screens

Model Cw Ey = C4CS> Ca Greenhouse type Se, m? Uy, ms™* Source
Greenhouse without screen

M1 0.002 0.025 0.656 Almeria 881 2-10 Pérez Parra et al., 2004
M1 0.079 0.210 0.745 Multispan 416 0-8 Papadakis et al., 1996
M1 0.09 0.204 0.68 Multispan 416 0-8 Kittas et al., 1997

M1 0.098 0.175 0.56 Multispan 242 1-3 Sase et al., 2002

M1 0.103% 0.210 - Multispan 179 0.5-2.7 Abreu et al., 2006

M1 0.116 0.303 0.89 Multispan 242 1-3 Sase et al., 2002

M1 0.12 0.208 0.6 Multispan 416 2 Kittas et al., 1996

M1 0.13 0.252 0.7 Multispan 416 0-8 Kittas et al., 1997

M2 0.18 0.178 0.42 Multispan 416 0-8 Kittas et al., 1997

M3 0.012* 0.07-0.18 - Tunnel 240 1-2 Boulard et al., 1997a
M3 0.04* 0.13 - Tunnel 504 2.8 Sbita et al., 1996

M3 0.041% 0.131 - Tunnel 368 5 Fatnassi et al., 2004
M3 0.074 0.178 0.656 Almeria 881 2-10 Pérez Parra et al., 2004
M3 0.085% 0.19 - Multispan 416 5.3 Boulard et al., 1997a
M3 0.173% 0.27 - Multispan 10000 2-4 Demrati et al., 2001

M 0 Cw C4C%? Ca Greenhouse type Sc, m? Uy, ms?! Source
Greenhouse with insect-proof screen

M3 0.5 0.022% 0.096 - Multispan® 160 2.2 Katsoulas et al., 2006
M3 0.62 0.071 0.069 0.253 Monospan 74.4 4.5 Teitel et al., 2008

M3 0.69 0.11 0.14 0.42 Canary® 5600 1-2 Fatnassi et al., 2002

Cg4 discharge coefficient of the openings; ¢ insect-proof screen porosity; S. greenhouse area; U, wind speed.
a Wind effect coefficient Cy, calculated from coefficient of effectiveness of the windows using C4 = 0.65 (discharge coefficients not supplied by
the author).
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Table 7 - Discharge coefficients C4 of screened openings analysed in several ventilation studies in greenhouses ordered by
the insect-proof screen porosity ¢. Geometric characteristics of the insect-proof screens: D pore height; W pore width;

d wire diameter; C411 discharge coefficient due to the shape of the opening; Cy , discharge coefficient of the insect-proof

screens
Cq Ca,u Ca,» 1) Screens Density® D, mm W, mm d, mm Source

0.369 0.769 0.42¢ 0.25 Anti-thrip 28 x 28 0.18 0.18 0.18 Montero et al., 1997
0.16¢ 0.65¢ 0.16 0.25 Anti-thrip 29 x 29 0.17 0.17 0.17 Bailey et al., 2003

0.21 0.65¢ 0.224 0.3 78 mesh 21 x 27 0.29 0.18 0.19 Harmanto et al., 2006
0.199 0.707 0.21¢ 0.355 50 mesh 10 x 19 0.26° 0.73¢ 0.255 Teitel et al., 1999

0.314 0.65° 0.35 0.355 50 mesh 10 x 19 0.26° 0.73¢ 0.255 Teitel, 2001

0.28 0.65¢ 0.31¢ 0.38 52 mesh 9x18 0.8 0.25 0.31 Harmanto et al., 2006
0.41 0.645 0.534 0.39 Anti-insect 13 x 13 0.47°¢ 0.47¢ 0.28 Pérez Parra et al., 2004
0.31 0.65¢ 0.35¢4 0.41 40 mesh 15 x 16 0.44 0.39 0.245 Harmanto et al., 2006
0.51 0.65¢ 0.824 0.45 Anti-aphid 17 x 17 0.40° 0.40¢ 0.2 Murnioz et al., 1999
0.509 0.769 0.684 0.45 Anti-aphid 17 x 17 0.40 0.40 0.2 Montero et al., 1997
0.344 0.65¢ 0.41 0.45 Anti-aphid 17 x 17 0.4 0.4 0.2 Bailey et al., 2003
0.40¢ 0.65¢ 0.50 0.53 Anti-insect 21 x21 0.31 0.31 0.16 Bailey et al., 2003
0.504 0.65¢ 0.80 0.629 17 mesh 6x6 1.34° 1.34¢ 0.35 Teitel, 2001

0.253 0.66 0.275 0.62 17 mesh 6x6 1.406 1.164 0.356 Teitel et al., 2008

0.48¢ 0.65¢ 0.71 0.66 Anti-insect 19 x 19 0.44 0.44 0.1 Bailey et al., 2003
0.49¢ 0.65¢ 0.75 0.68 Anti-insect 18 x 18 0.45 0.45 0.1 Bailey et al., 2003

0.42 0.707 0.524 0.69 36 mesh cm—? 17 x 17 0.50 0.50 0.1 Fatnassi et al., 2002

a Calculated as 10 mm/(D +d ) x 10 mm/(W +d).

b Obtained from Teitel and Shklyar (1998).

c Estimated values from porosity as ¢ = DW/[(D+d ) (W +d)].
d Calculated from Eq. (15).

e Discharge coefficients not supplied by the author (supposes as a rectangular window Cq = 0.65).

outflow in the half of the window next to the obstacle, whereas
in the other half of this windward side opening, the air enters
the greenhouse (Fig. 6b). For a Poniente wind blowing from
Southwest, at the window close to the publicity sign on the
leeward side of the greenhouse, air enters through the lower
part of the opening and exits through the upper part (Table 3).
In this case the turbulence intensity is also greater than in the
southwest side opening, which is free of obstacles.

Local estimations of mean and turbulent flux of sensible
energy across a vent opening can be obtained using eddy
correlation techniques (Boulard et al., 1996). We have evaluated
the turbulent sensible heat exchange by integrating the lateral
flux (perpendicular to the vent opening surface) along the
opening (Molina-Aiz et al., 2009). The mean flow of sensible heat
is estimated at between 86% and 97% of the total flux, and so the
turbulent flow does not exceed 14%. The contribution of the
turbulent flux was less here, when the wind blows perpendic-
ular to the opening, than the 23-45% obtained by Boulard et al.
(1996) in a roof vent for a wind parallel to the greenhouse ridge.

3.3. Evaluation of the discharge coefficients of the
greenhouse openings

Table 5 shows the total discharge coefficients calculated from
Eq. (15) for the four dates on which air velocity and average
ventilation volumetric flow rates were measured in the
experimental greenhouse. The discharge coefficient due to the
shape of the openings for the greenhouse Cq 1y = 0.696 (Table
5) was calculated as an average of values obtained from Eq.
(16) for the side (C4qruz=0.691) and the roof openings
(Caru=0.701). The discharge coefficient due to the shape of
the openings Cq 1y is equivalent to the total discharge coeffi-
cient C4 of an unscreened opening [as we can deduce from Eq.

(15) with Cg , = 0]. Thereby, the obtained values of Cq 1y are in
the range of the discharge coefficients C4 used for different
greenhouse types without nets (Table 6). The discharge
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Fig. 7 - Discharge coefficients C4 versus insect-proof screen
porosity ¢. Values for the four tests in the Almeria
greenhouse (#); values of screened openings measured by
different authors presented in Table 7 (A); values of
unscreened greenhouse used by different authors
presented in Table 6 (x); value of C4 for the Almeria
greenhouse for Re = 25 (m); regression line fitted to all
experimental data Cq = —0.367¢2 + 0.971¢ with coefficient
of determination R? = 0.67 (- - -); line calculated by Bailey
et al. (2003) using Egs, (14)-(16), and F, = [18/Re + 0.75/
log(Re + 1.25) + 0.055 log(Re)] [(1 — ¢?)/¢?] for Re = 50 (---),
Re = 25 (- - -) and Re = 5 (- -), being Re = Repd/K}/? the
Reynolds number based on the wire diameter of the net d.
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coefficients due to the presence of screens in the greenhouse o o =
Ca,, = 0.156-0.245 were calculated from the mean air velocity a g § §
measured throughout the openings and the values of g = +H 9
permeability K,=2.37 x10°m? and the inertial factor g L;é g % g gf g %
Y =0.243 calculated using Egs. (9) and (10) with values of -3 e e e e ©° 5
a and b measured in the wind tunnel. "3 :C}
The mean total discharge coefficient C4 =0.194 (Table 5) E . o 2
calculated for the Almeria-type greenhouse with insect- E “E‘ g ::J
proof screens (porosity ¢ = 0.34) from a wind-tunnel experi- § E o e ne O “g
ment using Egs. (11)-(16) is similar to values obtained by % - L;é 5o 55 & g
several authors (Teitel et al., 1999; Bailey et al., 2003; Har- TL e e e ©° o
manto et al., 2006) for nets with comparable porosities g rg‘ %
(¢p =0.25-0.35 in Table 7), as we can observe in Fig. 7. The § & o S
values of C4 presented in Table 5 are also in good agreement = ,.g g 3 ©
with the total discharge coefficient calculated by Teitel et al. ‘gnﬁ et S g
(2008) with C4=0.253 for a screened opening (porosity of g% ug g §_ g 5 § g
0.62). According to net properties, reductions in Cq seem g0 e e °e ° &
proportional to the reduction of net porosity (Bailey et al., aF g a‘
2003; Harmanto et al., 2006) and the Reynolds number, as can g o [ o B ;
be observed in Fig. 7. By a rough approximation, the reduc- G nE: E S s DEJ
tion of greenhouse ventilation rate induced by the insect S ° \3’ S 9?3 2
screens could be considered proportional to the reduction of g :7 2 a § § g § °
airspeed measured at the side vent openings (Wang et al., g2 © S S E’ %
1999). We can estimate the reduction of the wind-induced gﬂug 3 =
greenhouse ventilation rate from values of the discharge E@“ ~ g %
coefficient of the windows with and without the insect-proof N § =
screens (0.34 porosity) deduced from wind-tunnel measure- é "‘E"' \E o o we N ; %
ments (Table 5). We can observe a reduction of the discharge B & g8 58 § E} =
coefficient (C4 = 0.668 without screens) of about 65% and 76% oo e e °e ° 3 K
for measurements with strong (Cq =0.229 for a wind speed £ b=} 2y
U,=7-9ms %) and weak (Cq = 0.159 for a wind speed U, = 3~ § UB . :SJ E
4 ms~ %) wind conditions, respectively. g = \501 Lg 5
£.9 e 5 | 5%
3.4.  Estimation of the wind effect coefficient a g 811 S & B
EA | 8% 823 8 |8
The dimensionless wind effect coefficient C,, expresses the S ° B 8 8 8 8 8 g E
translation of the wind field at reference level to the wind 3 3 = =
field near the opening (Kittas et al., 1996). We have used Egs. @ E E’ 2
(1)-(3) to obtain C for the three ventilation models (M1, M2 § 5 P g 5 S
and M3) derived from Bernoulli's equation (Boulard and &g \% i £ E
Baille, 1995; Boulard et al., 1997a; Kittas et al., 1997). The mean g QE’ Ua Qo QaQ gu % ‘;
Cy for the three ventilation models (Table 8) have been -i-; o S e 22 23|TE
deduced from Egs. (1)—(3) using the mean ventilation flows 7-“; g J? E
Gum(ux) (Table 4), calculated from Eq. (4) with scaled air z-g ‘g E
velocity u*, and the mean values of C4 obtained from wind- .g g,: =% N g g
tunnel measurements (Table 5). The models that obtain g :0 S| 2 g i “003 g
a better fit to the experimental data are Model 1, considering eS g § Q0 § Q2 guw % a
the resulting pressure distribution as the sum of the pressure .‘_,J 8 £ = = ; ce o % Lj
fields due to stack and wind effects, and the most simplified g__{. % % & = §
Model 3, with similar values of R? (Table 8). If the fluxes g ; § = ‘g g
driven separately by the wind and stack effects are added s < BB i g L@
together (Model 2), R? decreases by 1%. The mean values of E R \E, 8§ g 3 5 E
the wind effect coefficient for model 1, Cy, = 0.049 £ 0.016 and f: s S § B & E’ BE 9 &, %
model 2, C,,=0.022+£0.017, are much lower than values g 5 3 c 2 s - 22 E E
given in the literature for these models (Table 6). However, E '§ S S E *;
Pérez Parra et al. (2004) also obtained a small wind effect ‘>" g 2 2 B L‘JQ
coefficient Cy, =0.0017 for a five-span Almeria greenhouse w0 B % § § % § § g =
with side and roof vent openings using Model 1 (Table 6). 22 I SS = SIS = z 2
The average value of C,, that we obtain with Model 3 is E § fg g § % § g § 523 % é’ %
Cw = 0.066 £ 0.010 (Table 8). This value is in good agreement
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with Cy, =0.071 obtained by Kittas et al. (1996) and C,, = 0.075
by Teitel et al. (2008) for tunnel greenhouses with two
continuous side openings. Overall, the value of the mean wind
effect coefficient calculated in this work is in very good
agreement with the one deduced from tracer gas measure-
ments by Pérez Parra et al. (2004) for a similar Almeria green-
house with side and roof vent openings without insect-proof
screens, Cy =0.074. The wind effect model (Model 3) has the
advantage of allowing the wind effect coefficients to be
calculated individually for each vent opening.

The individual wind effect coefficients C,,; for each of the
four vents j (Table 8) were based on the average scaled air
velocity passing through them u;*, the discharge coefficients
Cq of each one (Table 5) and the wind speed at reference height
U, (Table 1). We use the following equation:

N2

For a Poniente wind, the ratio between the windward and
leeward side vent coefficients Cygw/Cwst = 1.99 is similar to
the value Cysw/Cywsr. = 0.46/0.18 found by Kamaruddin (1999),
in a tunnel greenhouse with side and roof vents. Montero et al.
(1997) also obtained great variability for values of the wind
effect coefficient for roof vents open to the windward (0.32-
0.48) and leeward sides (0.06-0.09) in a 1/3 scale model of
a three-span greenhouse.

Model 3 supposes that the volumetric flow rate G is
proportional to three parameters, as we can deduce from Eq.
(3): the surface area of the vent openings Sy, the outside wind
speed U, and a coefficient of effectiveness of the openings
Eyv=Cq4C%>. This coefficient C4C%° is frequently used in the
literature to characterise the effect of wind on ventilation. For
the Almeria-type greenhouse we obtain here a mean value
C4C%® = 0.050 + 0.011, which is very similar to the value 0.052
obtained by Katsoulas et al. (2006) for a mono-span green-
house with insect-proof screens of 50% porosity and the value
calculated by Teitel et al. (2008) in a screened greenhouse.
However, these values are lower than that found by Kittas
et al. (2002) in a multispan greenhouse with insect-proof
screens (0.6 porosity) on the roof vents. For the wind effect
model (Model 3) they deduced an effectiveness coefficient for
the window of Ey =0.136, with a wind effect coefficient of
Cw=0.169 and a discharge coefficient of C4 =0.330.

Fatnassi et al. (2002) indicated that the ratio between the
ventilation rates for a greenhouse with and without screens
could be considered proportional to the ratio between the
discharge coefficients of their vents. The value for the above
ratio calculated by Kittas et al. (2008) was 0.67, whereas they
observed aratio of 0.24 of the normalised air velocity measured
near the vents. We have deduced the wind and pressure drop
related coefficient for the greenhouse without nets, assuming
that there is no screen on the openings (C4 = C4 1 = 0.668) and
using the mean wind effect coefficient C,, =0.067 (Table 8) as
proposed Teitel et al. (2008), obtaining a value of
Ev(Carn) = CauC%° = 0.173. This value is in good agreement
with the values reported in the bibliography ranging from 0.07
to 0.27 for different greenhouse types equipped with non-
screened side and roof openings (Table 6) and with the value
C4C%> =0.181 deduced by Teitel et al. (2008) following the same
procedure. Therefore, use of the anti-aphid insect screenin the
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Fig. 8 - Ventilation rate per unit of vent opening area in
Almeria greenhouses with side vent openings and vents
roof with insect-proof screen, calculated from tri-sonic
anemometer measurements for Poniente (1) and Levante
(2) winds, and without screen deduced by Pérez Parra et al.
(2004) with tracer gas measurements (A ).

openings can cause approximately a 71% reduction of C4 and
consequently of the wind-related coefficient C4C%>. Katsoulas
et al. (2006) reported a 33% reduction in the calculated wind-
related coefficients, C4C%> being equal to 0.078 for the green-
house without screen in the openings. For an Almeria-type
greenhouse, Pérez Parra et al. (2004) also observed that the
increased resistance to airflow caused by an insect exclusion
screen with a porosity of 0.39 fitted in the roof vents reduced
ventilation by 37%. The ventilation rates per unit of vent
opening area calculated in this work by sonic anemometry for
a Poniente wind are approximately 50% of the value deduced by
Pérez Parra et al. (2004) with tracer gas measurements for an
Almeria greenhouse without screens (Fig. 8).

Theresults obtained show that the wind effect coefficient of
the Almeria-type greenhouse (Table 8) is lower than those
obtained in previous works on different greenhouse types
(Table 6). These low C, values could be partly attributed to the
presence of mature plants (leaf area index of 1.6 m? m~2) that
create a barrier between the two greenhouse side vents; and
accordingly, significantly reduce the greenhouse ventilation
rate (Katsoulas et al., 2006). Boulard et al. (1997a) concluded that
the presence of a crop decreased the value of Ey = C4C%° by as
much as 28%. The low C,, values are also influenced by the
proximity of obstacles to the greenhouses (an advertising sign
close to the northeast side vent opening), as the pressure field
of the airflow around it may be affected by adjacent buildings
reducing the air velocity near vent openings (ASHRAE, 1993).

The wind effect model (Model 3) also allows us to calculate
the wind effect coefficients for the turbulence airflow Cy/,
which describes the fluctuating characteristics of wind pres-
sure (Boulard et al., 1996). The values of Cy/ (Table 8) have been
deduced for the wind effect model (M3) from Eq. (3) using the
turbulent ventilation flows G’ (Table 4) calculated from Eq. (4)
with direct measurement of air turbulence velocity u’ at the
vent openings. The measured turbulent wind effect coeffi-
cients Ew’ are quite steady, with values of around half the
mean wind effect coefficients C,, (Table 8), which indicates

Please cite this article in press as: Molina-Aiz, F.D. et al.,, A study of natural ventilation in an Almeria-type greenhouse with
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strong turbulence at the greenhouse openings. Boulard et al.
(1998) observed absolute values of the same order of magni-
tude for the turbulent and mean coefficients.

4, Conclusions

Volumetric flow rate measurements performed in an Almeria-
type greenhouse are presented and analysed with reference to
the combination of the two major physical driving forces of
ventilation, the wind and buoyancy effects. The three models
used give a good fit to the four experimental data, but
considering the resulting airflow as the sum of the air fluxes
due to buoyancy and wind effects (Model 2) we can improve
the degree to which the mass conservation in the greenhouse
is satisfied compared to the values calculated scaling the air
velocity only with the wind speed (Model 3). The wind coeffi-
cient of the greenhouse has been calculated from the venti-
lation airflow by measuring air velocity through the openings
with a tri-sonic anemometer. The results obtained with Model
3 Cw =0.066+0.010 show that the wind effect coefficient of
the greenhouse is lower than those obtained by previous
works on different greenhouse types. This may be due to two
important characteristics of the Almeria-type greenhouse
analysed in this work which make natural ventilation difficult:
the presence of mature tomato plants inside the greenhouse
and an obstacle close to one of the side vent openings, which
affected the air movement through it.

Discharge coefficients due to the presence of insect-proof
screens Cq,=0.156-0.245 in the greenhouse were calculated
from wind-tunnel measurements. The mean value of the
discharge coefficient of the openings (Cq=0.193) calculated
for the Almeria-type greenhouse with an insect-proof screen
in the openings is similar to values obtained by several
authors for windows with nets of comparable porosity. We
have estimated that use of the anti-aphid insect screen in the
openings can cause approximately a 71% reduction in the
value of the wind-related coefficient C4C%> and therefore, in
order to obtain the same ventilation flow as without screen,
the vent opening area should be increased.

In the particular case of a five-span Almeria-type green-
house equipped with two continuous roof vents at the gutters
and two side vent openings, a wind blowing perpendicular to
the greenhouse ridge produces an inflow at the side vent
opening free of obstacles and an outflow at the roof vents. At
the side openinginfluenced by the proximity of an obstacle (an
advertising sign close to the northeast side vent opening), the
airflow depends on the wind direction (Levante or Poniente).
When the side openingclose to the signis on the windward side
of the greenhouse (for a Levante wind), air exits through the half
of the window next to the obstacle, whereas in the other half of
this side opening the air enters the greenhouse. However,
when the side opening close to the obstacle is on the leeward
side of the greenhouse, for a Poniente wind, air enters through
the lower part of the opening and exits through the upper part.

The airflow patterns measured for Poniente wind are qual-
itatively in good agreement with the airflow patterns simu-
lated with CFD and measured with an omnidirectional
anemometer (Molina-Aiz et al., 2004b) inside the same green-
house with two side openings and with only one roof vent in

the central ridge, and without the publicity sign close to the
northeast side opening. Direct estimation of air velocity at the
vent openings by means of tri-directional sonic anemometry
measurements provided a spatial description of mean air
velocities and turbulent flows. Turbulence intensity has
a local maximum in the northeast side vent opening where
the outflow interacts with inflow due to the nearby sign.
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Appendix A.
Air velocities scaled only with wind speed

Asafirstapproximation, we have calculated an air velocity in the
opening scaled taking only wind effect into account tj(t), multi-
plying measured values of air velocity uj(t) on the minute tateach
point j in the greenhouse openings by the ratio between the
average wind speed U, for the overall test period (several hours)
and the instantaneous values U,(t) (average for each minute t):

(18)

The use of Eq. (18) is based on the assumption that the
contribution of stack effectis negligible and that the variations
of the air velocity through the greenhouse openings are directly
proportional to the outside wind speed variations (Model 3).

Appendix B.
Air velocities scaled with wind speed and
temperature differences

During the experiment there were variations not only in wind
speed (as the first approximation in Appendix A supposes),
but also in the buoyancy effect. To take into account the effect
of the evolution of the inside-outside temperature difference
throughout the experiment on the air velocity at the green-
house openings, we have used the volumetric flow rate G
calculated with the second ventilation model (considering
that the resulting flux is the sum of two independent fluxes) as
scaling parameter. For this second approach, we have calcu-
lated a scaled air velocity in the opening u;*(t) taking buoyancy
and wind effects into account, multiplying measured values of
air velocity uj(t) by the ratio between the volumetric flow rate
calculated with Eq. (2) using average values of the outside
temperature, the outside-inside temperature gradient and the
wind speed (T, AT;o, U,) for the overall test period (several
hours) and using the instantaneous values [To(t), ATio(t), Uo(t)]
(average for each minute t), respectively:
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- g (19)

SuxS ATo,  Sw+S _ AT,
= u(1)C B 25 g + DRI, CT, A [BER 4 CT
. G S2x + St To 2 T,
sylew (0 = (g SurS AT;o(t)
'VROVS io

S2x + S To(t) 2

From the equality presented in Eq. (19) we can deduce the
values of parameters A, B and C for the four tests:

SVRSVS
A=Cj—220 20
/S + S 20
¢ SwtSvs : VS o/ (22)

We have used these equations in an iterative process
obtaining the values of the parameter A, B and C (Table 4) to
calculate the wind effect coefficient C,, from air velocities u*
scaled with the ventilation flux.
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