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Abstract

This work studies natural ventilation in a Mediterranean greenhouse, comparing a new experimental screen of
13 x 30 threads cm 2 (porosity 39.0%) with a commercial control screen of 10 x 20 threads cm™ (porosity 33.5%). In
addition, both screens were tested in a wind tunnel to determine the discharge coefficients C, of the greenhouse side
and roof vents, which proved to be 0.16 for the commercial control screen and 0.18 for the experimental screen at both
vents. These values represent a theoretical increase of 11% (Cyg-10x20 /Ca 13 x30=0.89) in the natural ventilation capacity
of the greenhouse when the experimental screen is used. The greenhouse was divided into two separate sections allowing
us to analyze natural ventilation in both sectors simultaneously. Air velocity was measured in the lateral and roof vents
with two 3D and six 2D sonic anemometers. Using the commercial control screen there was an average reduction of
16% in ventilation rate, and an average increase of 0.5°C in the average indoor air temperature, compared to the
experimental screen. In addition, the ventilation efficiency n; was higher with the experimental screen (mean value
0f 0.9) than with the control (mean value 0.6). We have designed an experimental insect-proof screen (13 x 30 threads
cm2) with smaller thread diameter, higher thread density, smaller pore size and higher porosity than are used in most
commercial meshes. All of these factors promote natural ventilation and improve the greenhouse microclimate.

Additional key words: natural ventilation; sonic anemometry; discharge coefficient; ventilation efficiency.

Introduction sanitary treatments (Baker & Jones, 1989; Berlinger
et al., 1992), while at the same time avoiding the exit

With a view to reducing the entrance of certain in- of beneficial insects (Taylor et al., 2001; Teitel, 2007).
sects in the greenhouse (aphids, leaf miners, whitefly, On the other hand, the use of these materials reduces
thrips or mealybugs), insect-proof screens are ins- the greenhouses’ capacity for natural ventilation

talled on the vents, thus reducing the need for phyto- (Mufioz et al., 1999; Fatnassi et al., 2003; Kittas et al.,
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Abbreviations used. Nomenclature: C,(total discharge coefficient of the opening); C,, (discharge coefficient due to the shape
of the opening); C,,, (discharge coefficient due to the presence of insect-proof screens); D, [thread density according to the manu-
facturer (threads cm2)]; D, [diameter of the threads (um)]; D; [diameter of the inside circumference of the pore (um)]; D, [thread
density measurement (threads cm2)]; £ [thickness of the screen (um)]; E; [error in the calculation of volumetric flow rate (%)];
F, (pressure drop coefficient due to the presence of an insect-proof screen); G [mean volumetric flow rate (m* s™')]; HR [relative
air humidity (%)]; K, [screen permeability (m?)]; L,, [length of the pore in the weft direction (um)]; L, [length of the pore in the
warp direction (um)]; Ly [length of the vent (m)]; P [pressure (Pa)]; g [specific humidity (g g™')]; R [ventilation rate (h™')]; Re,
(Reynolds number based on the screen’s permeability); R, [incoming shortwave radiation (W m2)]; S, [greenhouse surface area
(m?)]; S, [unit surface area corresponding to each measurement point in the vent (m?)]; S, [area of the pore (mm?)]; Sy [vent surfa-
ce area (m?)]; T [temperature (°C)]; u [air velocity (m s™')]; ¥ (inertial factor). Greek letters: A (difference); p [angle of opening
(°)]; mr (ventilation efficiency for the temperature); 6 [wind direction (°)]; p [dynamic viscosity of air (kg s m™)]; p, [air density
(kg m™)]; @ [insect-proof screen porosity (%)]. Subscripts: C (corrected); i (inside); j (measurement point); LS (leeward side vent);
M (average value); O (outside); S (sonic); WR (windward roof vent); WS (windward side vent); x (longitudinal component). Su-
perscripts: * (corrected with wind speed); ¢ (corrected with inside-outside air temperature).
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2008; Baeza ef al., 2009; Molina-Aiz et al., 2009),
which has negative repercussions on the greenhouse
microclimate, increasing the interior temperature and
humidity (Fatnassi et al., 2006; Harmanto et al., 2006).

Growers must install insect-proof screens with an
average pore size smaller than the size of the tiniest
insect pest (Teitel, 2007), but at the same time the po-
rosity of the chosen screens must not be detrimental
to the natural ventilation of the greenhouse. Given this
scenario, the growers’ choice of mesh is limited, as lo-
wer porosity meshes reduce the ventilation rate and
increase both temperature and humidity inside the
greenhouse (Fatnassi et al., 2003). For instance, a
mesh of 25% porosity can cause a drop in the green-
house ventilation rate of 77-87% (Baeza et al., 2009);
one of 53% porosity was found to reduce the ventila-
tion rate by 50% and increase the greenhouse tempe-
rature by 4°C compared to a greenhouse without
meshes (Bartzanas et al., 2002). Other studies have
obtained the following results: 27% reduction in ven-
tilation rate with a mesh of 50% porosity (Katsoulas
etal., 2006), 50% reduction with a mesh of 45% po-
rosity (Mufioz et al., 1999), 35% reduction with a
mesh of 39% porosity (Pérez-Parra et al., 2004), 35%
reduction with a mesh of 34% porosity (Campen &
Bot, 2003), 38% reduction with a mesh of 34% poro-
sity, and 55% reduction with a mesh of 26% porosity
(Campen, 2005).

The above-mentioned negative aspects of the
screens may be exacerbated by the accumulation of
dust and dirt in the pores of the mesh (Linker ef al.,
2002; Lopez et al., 2013). Over time the structure of
the mesh deteriorates, and Lopez et al. (2013) obser-
ved that the thread diameter increases by an average
of 3.1% and the porosity of the screen suffers a mean
reduction of 6.5%. The accumulation of dust and dirt
in the insect-proof screens gives rise to a mean reduc-
tion in the porosity of the insect-proof screens of
20.3%. The combined total of these two negative
effects (mesh degradation and accumulation of dust)
amounted to a 26.8% mean reduction in porosity
(Lopez et al., 2013).

To avoid the entrance of insects into greenhouse, in-
sect-proof screens are indispensable, but solutions
must be sought to minimize their effect on the natural
ventilation and the greenhouse microclimate. At this
point several possibilities may be put forward:

— (1) Increasing the total ventilation surface in or-
der to limit as much as possible the reduction in natu-
ral ventilation capacity brought about by the use of in-

sect-proof screens (Mufioz et al., 1999; Teitel, 2007).
One option is to increase the maximum angle to which
the roof vent can be opened in multi-span greenhou-
ses (Bailey, 2003), though this is hardly viable in
areas with frequent strong winds. Another way is to fit
the frames of the openings with pre-formed concerti-
na-shape screens that unfold as the vents open and fold
up again when they close (Bailey, 2003).

— (ii) Combining insect-proof screens with other
means of pest control which allow the use of mesh with
lower thread density and greater pore size. For instan-
ce, biological control methods making use of other in-
sects, mites, fungi, bacteria, viruses, nematodes and
weeds (auxiliary), which act as parasites, predators,
pathogens, antagonists or competitors of the organisms
that cause damage to the crop. The green revolution
that Almeria (Spain) has undergone over the last four
years is particularly noteworthy. In this area many of
the crops are produced using 100% biological control
methods, which also constitute a competitive advan-
tage over rival areas of production. The following
examples provide an idea of the solutions available to
growers: for the biological control of whitefly (7ria-
leurodes vaporariorum Westwood), the parasitic wasp
Encarsia formosa (Castang et al., 2004) can be used,
and also autochthonous Mediterranean predatory bugs
such as Macrolophus caliginosus or Dicyphus tama-
ninii Wagner (Lucas & Alomar, 2002; Castafié et al.,
2004); to combat the Bemisia argentifolii whitefly pa-
rasitic wasps such as Eretmocerus eremicus and En-
carsia Formosa (Hoddle et al., 1998) can be used; whi-
le to combat thrips (Frankliniella occidentalis), the
parasitic nematode Thripinema nicklewoodi Siddiqi
(Arthurs et al., 2003), the fungus Metarhizium aniso-
pliae (Ansari et al., 2007), the predatory mite Ambly-
seius cucumeris or the wasp Orius insidiosus (Shipp
& Wang, 2003) can all be used. Other methods for
combating whitefly have been studied: planting a la-
yer of covering vegetation that attracts these insects in
order to reduce their incidence on crops (Hilje &
Stansly, 2008); placing chromatographic adhesive traps
shaped like a chrysanthemum flower (Mainali & Lim,
2008); and fitting electrostatic meshes (Tanaka et al.,
2008).

— (ii1) Designing new, more porous insect-proof
screens with larger pores than the current marketed
models. Along these lines, the present work presents
an experimental mesh of 13 x 30 threads cm™. The
threads of this mesh are of very small diameter, allo-
wing us to obtain reduced pore size while at the same
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time maintaining an acceptable level of porosity. This
experimental insect-proof screen was designed by the
“Rural Engineering” Research Group (AGR-198) of
Almeria University in collaboration with Spanish com-
panies that manufacture and market such screens. The
design allows the cost, and therefore the sale price, to
be similar to that of screens currently on the market.
The efficiency of the screen in preventing the entran-
ce of whitefly into the greenhouse was tested using
yellow sticky traps to calculate the whitefly popula-
tion inside the experimental greenhouse described be-
low over four crop cycles of Solanum lycopersicum L.
In the first crop cycle (autumn-winter 2007/2008) a
66% reduction in whitefly population was observed in
the western sector of the greenhouse fitted with the ex-
perimental mesh (13 x 30 threads cm™), as compared
to the control mesh (10 x 20 threads cm™2); in the se-
cond cycle (spring-summer 2008) this reduction was
12%; in the third one (autumn-winter 2008/2009) it
was 7%; and in the fourth (spring-summer 2009) the
reduction was 22% (Escamirosa, 2009).

Sonic anemometry has been used to study the effect
of two insect-proof screens on the natural ventilation
of a Mediterranean greenhouse; a commercial mesh
(10 x 20 threads cm™) and the experimental one
(13 x 30 threads cm™2).

Material and methods

Two types of experiment have been carried out
in order to evaluate the new design of insect-proof
screens (13 x 30 threads cm™): A), wind tunnel tests to
evaluate the aerodynamic characteristics of the expe-
rimental mesh (13 x 30 threads cm™) and the control
mesh (10 x 20 threads cm™) in the laboratory (under
controlled conditions); B), experimental measurements
in the greenhouse, using two 3D and six 2D sonic ane-
mometers, as well as other sensors, to analyze the mi-
croclimate and natural ventilation of the experimental
greenhouse fitted with both screens.

Wind tunnel tests

In order to obtain the aerodynamic characteristics
of the insect-proof screens, tests were carried out in a
4.74 m-long low velocity wind tunnel (Fig. 1) with a
circular cross-section of 38.8 cm diameter. This wind
tunnel was designed in the Engineering Department of

the University of Almeria. This device is able to pro-
duce airflows of up to 10 m s™', and is divided into the
following principal parts (Fig. 1): flow conditioner and
contraction, test section, diffuser and fan (Valera et al.,
2006; Molina-Aiz et al., 2006). The experimental de-
vice forces a current of air through the porous meshes,
allowing measurement of both the air velocity and the
pressure drop produced. For the technical characteris-
tics of the wind tunnel, the sensors used to measure air
velocity and pressure drop and the different electronic
components, see Valera et al. (2005 and 2006) or
Molina-Aiz et al. (2006).

For geometric characterization of the insect-proof
screens (Table 1) a specific software tool was used
(Valera et al., 2003, 2006; Alvarez et al., 2012). The
average diameter of the threads in the experimental
screen (165.5 £ 7.0 um) was much lower than that of
the control screen (254.3 = 11.7 um) analysed by
Alvarez (2010), and so its porosity was greater despi-
te the higher density of threads.

Once we have determined the relationship between
the pressure drop produced when the airflow passes
through the mesh, the air velocity through the porous
medium and the geometric characteristics of the
meshes (porosity and thickness), we can calculate the
screen permeability K, the inertial factor Y, the pressu-
re drop coefficient F, and the discharge coefficient
due to the presence of insect-proof screens C,.

Figure 1. Low velocity wind tunnel designed at the University
of Almeria: (1) flow conditioner and contraction; (2) test sec-
tion; (3) diffuser; (4) elastic joint clamp; (5) fan; (6) hot-film
anemometer and temperature probe; (7) Pitot tubes.
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Table 1. Geometric characteristics of the screens (average values + standard deviation). Dyand D, are the thread densities
according to the manufacturer and measurement, respectively (threads cm2). Average value and standard deviation of: ¢,
porosity (m? m?); L, and L,,, the lengths of the pore (um) in the direction of the weft and warp, respectively; D, diameter
of the threads (um); D;, diameter of the inside circumference of the pore (um); S, area of the pore (mm?)

Df D, @ pr pr Dh D,‘ Sp
Eastern sector  10x20 9.9x19.7 0.335+0.011 233.7+23.9 734.0£29.2 274.5+11.0 236.6+24.0 0.171+0.019
Western sector 13 x30 13.1x30.5 0.390+0.006 164.6+9.3 593.3+19.0 165.5+7.0 167.4+9.6 0.098+£0.006

Darcy’s equation depends linearly on velocity for
Reynolds numbers below the unit. However, for Rey-
nolds number Re > 10 a break is observed in linearity,
since the resistance to solid objects (in this case the
mesh) is comparable to the resistance to friction with
solid surfaces (Nield & Bejan, 1998). The airflow
through the porous medium (the insect-proof screen)
can be described by modifying Darcy’s equation
(Forchheimer, 1901):

Y
Kip u+p, (K;/z [ ) [1]

where P is the pressure (Pa), x the direction of airflow,
u the air velocity (m s™), Y the inertia factor, a dimen-
sionless drag constant that depends on the characteris-
tics of the porous material, K, (m?) is an independent
coefficient of the nature of the fluid that depends on
the geometry of the porous medium and is known as
the specific permeability of the porous medium (Nield
& Bejan, 1998), p is the dynamic viscosity of air (kg
s7' m™) and p, is the air density (kg m~). In line with
Forchheimer’s equation, a second degree polynomial
can be used (Miguel et al., 1997, Dierickx, 1998;
Muioz et al., 1999) to adjust the experimental values
of pressure drop through the mesh (Molina-Aiz et al.,
2006; Valera et al., 2006):

AP = au’ +bu+c [2]

The independent term cannot be considered if it is
compared with the other terms (Miguel et al., 1997).
Equating the coefficients of the first and second order
terms of Forchheimer’s Eq. [1] and of the second
degree polynomial that results from the fit of the expe-
rimental data Eq. [2], we can obtain the specific permea-
bility K, (m?) and the inertial factor Y (dimensionless)
from the following expressions (Molina-Aiz et al., 2009):

P _
ox

K, = e% [3]
0.5

v a Kp (4]
p e

where e is the thickness of the screen (m). To obtain
an accurate measurement of the thickness of the mesh,
dimensional contact-free metrology has been used. The
optical measurements were taken with a TESA-VISIO
300 (TESA SA, Switzerland) fitted with video and
with a resolution of 0.05 um and an uncertainty in
measurement of (3+10-¢/1,000) (um), where e is the
dimension measured, in this case the thickness of the
mesh. For the magnitude of the measurements taken
the uncertainty was less than 10 pm.

Bernoulli’s equation can also be used to describe the
relationship between pressure drop and air velocity
through the mesh (Kosmos ef al., 1993; Montero et al.,
1997; Teitel & Shklyar, 1998):

A==V Fp [5]

where F, is the pressure drop coefficient due to the
presence of an insect-proof screen. This coefficient
can be calculated from the wind tunnel tests according
to the expression obtained by equaling Eq. [1] and Eq.
[5] for 0P/9x = AP/e (Molina-Aiz et al., 2009):

2e

o KOS
P

1
Re. + Y) [6]

This coefficient can be used to predict the pressure
drop through the mesh for Reynolds numbers Re, < 10°
(Teitel, 2001). Re, is the Reynolds number based on
the screen’s permeability and it can be calculated by
considering the square root of specific permeability

K, (Nield & Bejan, 1998):

K u
Re, = Y2 7]

w

In the present study, to determine Re, we have used
a value of 0.25 m s! for # (maximum mean value of
the longitudinal component u,, perpendicular to the
vents, in the experimental greenhouse). The dischar-
ge coefficient due to the presence of insect-proof
screens C,, can be calculated from the pressure drop
coefficient F, as follows (Molina-Aiz ef al., 2009):
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C,, =1FE" [8]

Bernouilli’s law establishes that when a vent is ope-
ned the pressure drop between its two sides (potential
energy) becomes kinetic energy. The main parameters
that determine the aerodynamic behavior of the vents
are their geometry (height and width), the angle to
which they are opened and the presence of insect pro-
of screens (porosity and airflow). The coefficient C,
for each vent can be calculated as follows (Arbel et al.,
2000; Kittas et al., 2002; Teitel, 2007):

[9]

where C,;y1s the discharge coefficient due to the sha-
pe of the opening which can be obtained as follows
(Bailey et al., 2003):

d

Couw = {19+ 07exp[-L, /(32.5hsinB)]} " 110]

where L is the length of the vent [m], / the height (m)
and, the angle of opening, which is 90° for side vents
without spoiler and 14° for the roof vent.

Experimental setup for greenhouse
measurements

The experimental measurements were carried out in
a multi-tunnel greenhouse (24 x 45 m?), divided into

Meteorological

Experimental greenhouse

two sectors (eastern sector 24 x 25 m? and western sec-
tor 24 x 20 m?), located at the “Catedratico Eduardo
Fernandez” farm of the UAL-ANECOOP Foundation
(36° 51' N, 2° 16' W) in the province of Almeria
(Fig. 2). The greenhouse was divided in two parts by
a three-layer plastic film of the same material as the
greenhouse cover. The plastic was held in place using
metal profiles which are the same as those used on the
greenhouse side walls, and in this way no air could pass
from one sector to the other. Experimental measure-
ments were carried out during the spring-summer crop
cycle of Solanum lycopersicum L. cv. Salomee (ave-
rage height 1.20 and 1.88 m, and average leaf area in-
dex (LAI) 0.78 and 2.75 m? m2, for the first and the
last experimental measurements, respectively).

One roof vent and both side vents were fully open
during the experimental measurements (Fig. 2, Table 2).
The commercial insect-proof screen control (10 x 20
threads cm™; Fig. 3a) was placed on the vents in the
eastern sector of the greenhouse, while the experimen-
tal one (13 x 30 threads cm™2; Fig. 3b) with a higher
thread density was installed in the western sector.

Table 2. Dimensions of the vents [m?]. S,/S,, ratio of vent
surface/greenhouse surface [%]

Northern  Southern Roof SIS
side vent  side vent vent v
Eastern sector 1.05x22.5 1.05x22.5 1.00x22.5 11.6
Western sector 1.05x17.5 1.05x17.5 1.00x17.5 11.3

10 x 20 threads cm™2

/ station
10m ;‘é 6.2m

13x30

threads cm’zr 24 m 3m

24 m

1
Ej T and HR sensor (HOBO® Pro)

Figure 2. Location of the experimental greenhouse at the farm.
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Figure 3. Microscope image of the control mesh 10 x 20 threads
cm? (a) and the experimental mesh 13 x 30 threads cm™ (b).

The natural ventilation of the greenhouse was stu-
died in both sectors simultaneously. The air velocity
was measured at 12 points in each side vent (Fig. 4a)
and at 3 points in each roof vent (Fig. 4b). The vent
area corresponding to each measurement point was 2.0

m? (side vents) and 7.5 m? (roof vent) in the eastern
sector, and 1.5 m? (side vents) and 5.8 m? (roof vent)
in the western sector. These values are similar to tho-
se used by Boulard et a/. (1998) in a tunnel greenhou-
se with one roof vent (2.6 m? per point), by Teitel et al.
(2008) in a mono-span greenhouse with two side vent
openings (1.1 m? per point), by Teitel ez al. (2005) in
a four-span greenhouse with three roof vents (8.5 m?
per point) and by Molina-Aiz et al. (2009) in a five-
span Almeria-type greenhouse (2.1 m? per point).
Two 3D and six 2D sonic anemometers were used:
half of the total in each sector. The 3D anemometers
measured the air velocity over 3 minutes (Molina-Aiz
etal.,2009; Lopez et al.,2011,2012) at each point in
the side vents (Fig. 4c). The 2D anemometers were

a) V\, lateral vent length (Table 2)
1/8- Vi 1/4- v,
1.05 | g =g :
.05m : ° ° °
: ° - :1:1 ° °
b) Vg, roof vent length (Table 2)
1/3- Vg
0.97 m | ° T - °

0.5m

c) 3D anemometer in lateral vent

Clamp Jlg bar

Bubble within the level

0.05m

Fixation

/

d) 2D anemometer in roof vent

-005m

[O.Sm
L3 im

— |
/r

Sample clip

Figure 4. Measurement points at the side vents (a) and roof vents (b). Details of the experimental setup using 3D anemometers pla-

ced at the side vents (¢) and 2D anemometers at the roof vent (d).
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used to measure continuously the air velocity at each
point in the roof vent (Fig. 4d). The methodology em-
ployed has been explained in greater detail in Lopez
etal. (2011, 2012).

The side vent of the northern sector of the green-
house was partially blocked by a small auxiliary wa-
rehouse (Fig. 2). This implies a negative influence on
the experimental design, as the two sectors of the
greenhouse are not identical. In order to complement
the results obtained from the experimental measure-
ments (B), wind tunnel tests (A) were also carried out.
In this way the aerodynamic behaviour of the mesh was
analyzed without the influence of external factors.

Instrumentation

Air velocity and temperature were measured with
two CSAT3 3D sonic anemometers (Campbell Scien-
tific Spain S.L., Spain; resolution: 0.001 m s and
0.002°C; accuracy +0.04 m s7' and =0.026°C). The air
velocity was also measured with 6 Windsonic 2D so-
nic anemometers (Gill Instrument LTD, Lymington,
Hampshire, UK; resolution: 0.01 m s7!; accuracy 2%).
The data from all sonic anemometers were recorded
by two CR3000 Microloggers (Campbell Scientific
Spain S.L., Barcelona, Spain), with a data registration
frequency of 10 Hz (Shilo et al., 2004) for the 3D and
1 Hz for the 2D sonic anemometers (Lopez et al., 2011
and 2012).

Outside climatic conditions were recorded by a me-
teorological station at a height of 10 m (Fig. 2). The
meteorological station included a BUTRON II (Horti-
max S.L., Almeria, Spain) measurement box with a
Pt1000 temperature sensor and a capacitive humidity
sensor, with a temperature measurement range of
—25°C to 75°C and accuracy of £0.01°C, and a humi-
dity range of 0% to 100% and accuracy of +3%. Out-
side wind speed was measured with a Meteostation 11
(Hortimax S.L.), incorporating a cup anemometer with
a measurement range of 0 to 40 m s™', accuracy of
+5%, and resolution of 0.01 m s~'. Wind direction was
measured with a vane (accuracy +5° and resolution
1°). Solar radiation was measured using a Kipp Sola-
ri (Hortimax S.L.) sensor, with a measurement range
of 0 to 2,000 W m2, accuracy of £20 W m™, and re-
solution of 1 W m=.

Temperature and humidity inside the greenhouse
were measured using 12 autonomous dataloggers
(HOBO Pro Temp-HR U23-001, Onset Comput. Corp.,

Bourne, MA, USA) placed at heights of 1 and 2 m.
These fixed devices allowed temperature measurement
in a range of —40°C to 70°C with an accuracy of
+ (0.18°C. They were all programmed to register data
at 0.5 Hz and were protected against direct solar radia-
tion with passive solar radiation open boxes, allowing
natural air movement around the sensors (Molina-Aiz
et al.,2004). From the data of inside humidity we can
obtain the specific humidity ¢ and correct the sonic
anemometer temperature 7 using the following ex-
pression (Tanny et al., 2008):

T =——— [11]
“ " 1+0.51q

Statistical analysis

Temperature data inside the different sectors of the
experimental greenhouse were subjected to Analysis
of Variance (ANOVA) using Statgraphics Plus 4.1 Soft-
ware (Manugistics, Inc., Rockville, MD, USA). One-
way ANOVA and possible significant differences bet-
ween the temperature inside the eastern and western
sectors were evaluated by Least Significant Differen-
ces (LSD) multiple comparison tests with a confiden-
ce level of 95%. On the other hand, regression analy-
ses were carried out to study the relationship between
the inside temperature (7}), as dependent variable, and
the outside temperature (7,), the wind speed (u,) and
the porosity of the insect-proof screens (¢), as inde-
pendent variables.

Calculation of the airflow passing through the vents

With only one sampling position possible (for late-
ral vents) at any one time, a difficulty arises from how
to deal with changing external conditions throughout
the time needed to record data at all the measurement
positions in the lateral vents of each sector. This pro-
blem can be overcome by correcting the air velocities
measured by the 3D sonic anemometer at each posi-
tion j at the lateral vents through a process of scaling
with the wind speed (Boulard et al., 2000; Molina-Aiz
etal.,2009; Lopez et al., 2011):

ul =—tu [12]

where u, is the mean wind speed during the experi-
mental measurements [m s '], u,; and u, ; the mean va-



Microclimate evaluation of a new design of insect-proof screens 345

lue of the wind speed and of the longitudinal compo-
nent of the air velocity u, corresponding to measure-
ment pointj. The volumetric flow rate G is calculated
by multiplying u",; by the vent surface area corres-
ponding to each measurement point (Boulard et al.,
1998):

m

G=) lSjuj’j [13]
=

Results and discussion
Wind tunnel tests

The tests in the wind tunnel (Table 3) allowed the
discharge coefficient C,, to be determined (for u=0.25
m s7') as 0.17 for the control screen (10 x 20 threads
cm2) and as 0.19 for the experimental one (13 x 30
threads cm2). The discharge coefficient C, for the si-
de and roof vents was then calculated as 0.16 for the
control and 0.18 for the experimental screen at both
vents. These values are similar to those obtained in
other studies on insect-proof screens: C,=0.253 in a
mono-span greenhouse with side vents and a mesh of
35% porosity (Teitel et al., 2008); C,=0.194 for an Al-
meria-type greenhouse with a mesh of 34% porosity
(Molina-Aiz et al., 2009). In the latter, the authors re-
port the values obtained in a number of other works,
ranging between 0.42 and 0.89 for vents without
screens and between 0.16 and 0.51 for vents with in-
sect-proof screens of 25% and 45% porosity, respec-
tively.

Fatnassi et al. (2002) establish that the relationship
between the ventilation rates of the same greenhouse
with and without insect-proof screens can be conside-

a) 0.3 1
o
o
o
0.2 o o ©
o280
< o o °
. e
0.1 4
8
0.0 T T T T 1

T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Table 3. Aerodynamic characteristics of the insect-proof
screens: e, thickness (um); a, b and c are the coefficients of
the polynomial fit from the wind tunnel tests (Eq. [5]); R?,
the fit determination coefficient; K, screen permeability
(m?); Y, inertial factor; F,, pressure drop coefficient due to
the presence of an insect-proof screen; C,,, discharge coef-
ficient due to the presence of insect-proof screens (for u
=0.25 m s™); C, ., discharge coefficient due to the shape
of the opening; C,, total discharge coefficient of the ope-
ning; Re, Reynolds number

Screen 10x20 13x30
e 563.8 391.7
a 2.495 1.683
b 4.797 3.731
C —1.248 0.344
R? 0.999 0.999
K, 2.12-107° 1.93-107
Y 0.169 0.159
F, 24.46-(0.169+Re™") 17.84-(0.159+Re™)
Cio 0.167 0.189
Coariside 0.665 0.657
Co111-Roof 0.719 0.712
Cside 0.162 0.181
Ci-roof 0.162 0.182

red as proportional to the ratio of the discharge coeffi-
cients of the vents with and without screens. Bearing
this in mind, the results obtained would lead us to ex-
pect a theoretical increase of 11% (C.10x20/Ca13 x30
=0.89) in the natural ventilation capacity in the
greenhouse’s western sector fitted with the experimen-
tal screen (13 x 30 threads cm™) with respect to that of
the eastern sector with the commercial screen (10 x 20
threads cm™2). The vents’ discharge coefficients were
also calculated for values of u from 0.05 to 0.50 m s!
(Fig. 5), and in all cases the C.1920/Ca.13 x 30 ratios ob-
tained were equal to 0.89.
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Figure 5. Discharge coefficient (C,) at the side vent (a) and roof vent (b) as a function of air velocity («). O, mesh 13 x 30 threads

cm2; 0, mesh 10 x 20 threads cm™2.
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Experimental measurements in greenhouse

The measurement tests were carried out under Po-
niente wind from the southwest. The outside climatic
conditions remained relatively stable over the six
measurement tests (Table 4).

Airflow

Given the characteristics of the experimental
greenhouse (with a windward facing roof vent, a wind-
ward facing side vent that is blocked by another
greenhouse and a leeward facing side vent which is
partially blocked in the eastern sector) the eolic and
thermal effects are contrary. Due to the eolic effect the
incoming air enters through the roof vent (wind
pressure) and exits through the leeward side vent (suc-
tion of the wind), but also through the windward side
vent, as it is in the shelter of the adjacent greenhouse.
Due to the thermal effect, the hot air rises to exit
through the roof vent, which favours the entrance of
air from outside through the side vents. The combina-
tion of these two effects at the three vents means that
there are opposing incoming and outgoing airflows
(Fig. 6). The same ventilation pattern was previously
observed for the western sector of the greenhouse un-
der prevailing Poniente winds (Lopez et al., 2011 and
2012).

Despite the difference in porosity of the tested
screens (5.5 points), no major differences were found
in the ventilation patterns of the two greenhouse sec-
tors (Fig. 6).

The greenhouse ventilation is affected by the buo-
yancy effect generated by the average characteristic
temperature difference between the inside and the out-
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Figure 6. Airflow at the vents during experimental measurement
number 1 (height of measurements at the side vents 2.13 m).
Eastern sector with the control mesh 10 x 20 threads cm™
(green mesh, red vectors) and western sector with the experi-
mental mesh 13 x 30 threads cm (orange mesh, blue vectors).
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side air AT},. Papadakis 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,J° < 1. In the present case,
air was found to both enter and leave the greenhouse
through the roof vent in all experimental measure-
ments, which indicates that the thermal effect played
amajor role in the natural ventilation, even though the
ratio u,/AT;0° was at times higher than 1 (Table 4).

Table 4. Outside climatic conditions (average values + standard deviation): u,, outside wind velocity [m s7']; 6, wind direc-
tion [°]; HR,, outside relative air humidity [%]; 7,, outside temperature [°C]; R,, incoming shortwave radiation [W m=]; N,

experimental measurement number

. " u, /A%’ u, /A%’
N - Date Time u, [V} HR, T, R, (10 % 20) (13 x 30)

1 17/04/2009 11:06-13:07 1.94+0.70 226+25 59+5 169+04 584+175 0.65 0.65
2 23/04/2009 11:23-13:16 2.34+0.98 267+14 38+2 22.1+0.6 809+56 0.92 0.94
3 22/06/2009 11:14-12:58 3.42+0.50 258+8 564 25.5+0.4 617+71 2.08 2.55
4 26/06/2009 11:17-13:04 2.67+0.72 227420 64+2 24.0£0.5 751+£102 1.23 1.29
5 02/07/2009a 11:00-12:45 2.62+0.63 239+17 65+3 27.0£0.9 725+68 1.26 1.34
6 02/07/2009b 14:41-16:28 3.22+0.48 242+14 60+2 28.0+0.8 868 +£37 1.47 1.57

3 Direction perpendicular to the vents is 208° for a Poniente wind from southwest (SW).
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Air exchange rate

The precision of the average air exchange measure-
ments can be checked by summing inflows and out-
flows (Boulard et al., 1996) through all the openings’
surfaces in order to verify the degree to which mass
conservation in the greenhouse is satisfied (Boulard et
al., 1997). The mean ventilation flux G,, has been cal-
culated from Eq. [13] using velocities scaled with the
wind speed Eq. [12] and reducing the average differen-
ce between outflow and inflow to 11.8% and 67.0% for
the western and eastern sectors, respectively (Table 5).

Surprisingly, although the same methodology was
followed and the tests were carried out simultaneously,
the average difference between outflow and inflow in
the western sector was much less than that in the eas-
tern one. This major difference may well be attributed
to the partial blockage at the northern section of the
side vent in the eastern sector (Fig. 2), which surely
affects the airflow at that vent. More measurement
points would therefore be required at that vent. In the
western sector, on the other hand, where there are no
obstacles, the airflow is more uniform at all vent sur-
faces, and therefore the number of measurement points
is considered to be sufficient.

The air exchange rates observed in the present work
(Table 5) are very low in both sectors when compared
to recommended values, which for a temperature rise
of 5°C between exit and inlet air temperatures vary

from 0.02 m* s m2t00.09 m*s' m=2 (15 to 65 h™! for
a greenhouse with an average height of 5 m) depen-
ding on the solar radiation and the crop transpiration
(ASABE Standards, 2008), with optimum values of
between 45 and 60 h™! (Hellickson & Walker, 1983).
An air exchange rate of at least 45 h™! would limit the
inside-outside thermal gradient to approximately 5°C
(Molina-Aiz, 2010). There are two main reasons for
these low rates: (i) the combination of vents in the gre-
enhouse gives rise to opposing wind and thermal
effects; (ii) the insect-proof screens drastically redu-
ce the discharge coefficients C, at the vents as compa-
red to the obtained values of the coefficient C,p,
which is an approximation of the values at vents wi-
thout screens (Table 3). Below we indicate the values
of air exchange rates observed by other authors using
similar methodology, i.e. sonic anemometers in
greenhouses with insect-proof screens: in an Almeria-
type greenhouse (S, = 1,750 m?; screen porosity =
=34%), with two side vents and two roof vents, Molina-
Aiz et al. (2009) observed values for R), from 5.0 to
16.8 h™! (for u, from 3.34 to 8.40 m s7!, respectively);
in a mono-span greenhouse (S, =74.4 m?; screen po-
rosity =35%), with two side vents, Teitel et al. (2008)
observed values for Ry, 0f 20.7 h™! (u,=4.5) and 15.7
h™! (u,=4.6 m s'). The R), values observed in the pre-
sent work are similar to those found by Molina-Aiz et
al. (2009) at similar wind speeds. The higher air ex-
change rate recorded by Teitel et al. (2008) is mainly

Table 5. Ventilation volumetric flow rates [m? s7!'] through each vent opening calculated from Equation [3] with values of
longitudinal component of air velocitiy u; corrected with wind speed: leeward side G5, windward side Gy, and windward
roof Gy. Error in the calculation of ventilation flow rates £ [%] and air exchange rate R), [h™']. N, experimental measure-

ment number

AG

N Date GLS GWR GM EG = RM
Gy
10x20
1 17/04/2009 0.16 -0.95 1.60 1.36 59.6 1.45
2 23/04/2009 0.46 -2.07 1.46 1.99 -7.4 2.13
3 22/06/2009 —0.35 —4.14 2.36 3.42 —62.2 3.66
4 26/06/2009 036 387 1.4 3.03 787 3.4
5 02/07/2009 055 326 112 2.47 109.1 2.64
6 02/07/2009 _154  -498  2.64 458 84,8 4.90
13 x30
1 17/04/2009 —0.10 —-1.46 1.59 1.57 1.8 2.11
2 23/04/2009 0.29 -1.98 1.94 2.11 12.3 2.83
3 22/06/2009 -1.50 -3.07 4.30 4.44 -6.3 5.96
4 26/06/2009 0.47 -2.64 2.03 2.57 -53 3.46
5 02/07/2009 -0.19 -2.02 1.80 2.01 -20.8 2.69
6 02/07/2009 -1.17 -2.57 2.93 3.33 —24.3 4.48
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Figure 7. Air exchange rate R, (a) and ventilation efficiency for the temperature 1, (b). O, western sector with the experimental
mesh 13 x 30 threads cm2; O, eastern sector with the control mesh 10 x 20 threads cm2.

due to the small dimensions of the greenhouse used,
with a distance between vents of only 9.3 m and a
greenhouse volume of approximately 300 m?.

The lower porosity of the control screen (33.5% as
opposed to 39% for the experimental one) may well be
the main cause of the reduction in air exchange rate
observed in the eastern sector (Table 5, Fig. 7a). How-
ever, the partial obstacle at the northern end of the eas-
tern sector might also contribute to the reduction. Be-
aring in mind the exchange rate R, calculated from the
average flow G, a 16% mean reduction in R, is found
in the eastern sector (with a ratio Ry.iox20/Ryr13 x30=
=0.84). The maximum reduction in the air exchange
rate, Ry, =39%, was recorded in test 3 (Table 5).

The results of the wind tunnel tests indicated that
the different aerodynamic characteristics of the insect-
proof screens lead to a theoretical 11% reduction in
the ventilation capacity of the eastern sector com-
pared to the western one (C.jgx 20/Ca-13 x 30 = 0.89).
The difference between C,ig 20 /Caizx30 = 0.89 and
Ryr10x20/Rar13 < 30=0.84 is thought to be due in the main
to the influence of the obstacle that partially blocks the
eastern sector of the greenhouse. In addition, it is im-
portant to remember that the ventilation surface in the
eastern sector (S,/S,=11.6) is slightly larger than that
in the western one (S,/S,=11.3).

The difference in the ventilation rate observed for
the two types of mesh tested (5% difference in poro-
sity) differs considerably from the results of Harman-
to et al. (2006), who observed that two different me-
shes (30% and 38% porosity) reduced the ventilation
rate by 50% and 35%, respectively, when compared to
a third mesh of 41% porosity. Fatnassi et al. (2003)
found that a mesh of 19% porosity reduced the air ve-
locity inside the greenhouse by 50% as compared to a
mesh of 69% porosity. The differences between the re-

sults recorded by Harmanto et al. (2006) and Fatnassi
et al. (2003) are due to the different experimental me-
thods employed. Harmanto et a/. (2006) worked with
water vapor mass balance and energy balance methods;
while Fatnassi et al. (2003) worked with simulations
based on Computer Fluid Dynamics (CFD). The me-
thod followed and the placement of the sensors in each
case can have a significant bearing on the results ob-
tained. Van Buggenhout et al. (2009) studied the in-
fluence of the position of sensors on results when the
tracer gas method is employed, and they found that the
errors involved reached up to 86%. This fact should
therefore be taken into account, especially when the
tracer gas method is used to validate CFD simulations,
as is the case of Fatnassi et al. (2003).

Interior microclimate

The greenhouse microclimate was monitored while
the experimental measurements were being carried out
(approx. 2 h). The 3D anemometers were used to deter-
mine the temperature at each of the measurement points
in the side vents consecutively for 3 min each. The
effect of changes in outside temperature throughout the
duration of the tests should be considered. To do so, we
have used the average inside and outside temperatures
as the parameter to scale the inside temperature mea-
sured with the anemometers (Lopez et al., 2012):

o _p L+7) 4]

sc,j sc,j
J Ji]:]j+7—;/i

where T, is the corrected sonic temperature (Eq. [11])
for position j in the lateral vents, T, and 7; are the
mean outside and inside air temperatures during the

test and 7,,; and T;; are the mean outside and inside air
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temperatures recorded by the fixed sensors over the 3
min used for measurement at position j.

In order to judge objectively the effect of ventila-
tion on the inside temperature, we have determined the
ventilation efficiency for the temperature 1 (Qingyan
etal., 1988):

T,-T

n, = [15]

where 7., is the mean temperature of the air that lea-
ves the greenhouse through the side vents and AT, is
the difference in temperature between inside and out-
side the greenhouse during the course of the experi-
mental measurements. The term m; represents the
effectiveness to eliminate heat of the greenhouse area
occupied by the crop. A value of n;equal to 1 indica-
tes that the outside air enters into greenhouse and it
mixes perfectly with the inside air.

A mean drop in the inside temperature of 0.5°C was
observed in the sector with the experimental mesh,
compared to the sector that was fitted with the
commercial model (Table 6). The maximum tempera-
ture difference between both sectors (0.9°C) was recor-
ded during experimental measurement number 3. The
lower air exchange rate recorded in the sector with the
commercial mesh means that there is less capacity of
natural ventilation to force out the heat from the gre-
enhouse. The ventilation efficiency was always grea-
ter in the sector which was fitted with the experimen-
tal mesh (mean value of ;= 0.9) than in the one with
the commercial mesh (mean value of n;=0.6) (Fig. 7b).

In the western sector with the experimental mesh,
where there was no obstacle by the leeward facing si-
de vent, the air that entered the greenhouse through the
roof vent mixed better with the air in the crop zone and
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left the greenhouse through the side vents, at higher
temperature than the air in the eastern sector with the
control mesh.

The results obtained in the present work confirm the
mean increase in temperature observed by Harmanto
etal. (20006), i.e. 0.1°C for each percentage point diffe-
rence in the porosity of the screens. The increase in
the temperature difference AT}, due to the lower poro-
sity of the control mesh, expressed as the ratio
ATior0x20/AT 013 x 30 = 1.16, 1s similar to the value of
1.25 recorded by Kittas et al. (2002), who compared
meshes of de 50 and 60%. Fatnassi et al. (2003, 2006)
obtained different values for the same ratio, 1.50, 1.43
and 2.67, recorded between meshes of 29 and 40%; of
20 and 41%, and of 56 and 69% porosity, respectively.

The statistical analysis based on the multiple regres-
sion between the porosity of the mesh ¢ (per 1%), the
inside and outside temperatures 7; and 7, (°C) and the
air velocity u, (m s™') provide us with the following ex-
pression:

I'=08T-25u-94-¢+20.4
[16]
(R* = 86.1%; p-value = 0.001)

The inside temperature increases with the outside
temperature and decreases with the air velocity and
porosity. A 10% increase in the mesh porosity gives ri-
se to a 0.9°C drop in inside temperature, while a 1 m
s™! increase in air velocity produces a 2.5°C tempera-
ture drop. When the difference in porosity between
meshes is not so marked, as in this study, the wind ve-
locity is more influential. However, when the ventila-
tion of the greenhouse is due to the thermal effect, on
days with little wind, higher porosity of the insect-
proof screen proves essential.

Table 6. Microclimate conditions inside greenhouses for the different tests (average values = standard deviation): 7}, inside
temperature [°C]; Tys and T, air temperature [°C] near windward and leeward vents, respectively (measured with 3D so-
nic anemometers and corrected with Equation [1]). AT, inside to outside temperature difference [°C]; 1 ventilation effi-
ciency for the temperature. N, experimental measurement number

N T; AT; Tys Tys Nr T; AT; Tys Tps Nr
Eastern sector (10 x 20 threads cm2) Western sector (13 x 30 threads cm™2)
1 26.0+£0.9% 9.0 21.2+0.7 224403  0.54 25.7+1.0%* 8.8 21.4+0.9 22.8+0.6 0.59
2 28.6+0.5% 6.5 24.2+0.9 25.8+0.1 0.45 28.3+0.1% 6.2 24.9+0.8 26.3+0.5 0.56
3 28.2+04* 2.7 26.4+1.0 27.6+0.1 0.58 27.2+0.5% 1.8 27.5+£0.7 28.0+£0.6 1.30
4 28.6+£0.2% 4.7 26.5+£0.6 28.2+£0.0 0.72 28.2+£0.2*% 4.3 27.4+0.5 28.2+0.3 0.89
5 31.3+0.2% 43 29.1+£0.6 30.4+0.5 0.65 30.8+0.4%* 3.8 30.5+0.7 31.0+£0.3 0.99
6 32.7+0.5% 4.8 30.3£0.6 31.5+0.1 0.62 32.1+£0.5% 42 31.5+1.2 32.6+£0.7 0.98

* Indicate statistically significant differences between eastern and western sectors (95% confidence level).
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The results obtained indicate that reducing the po-
rosity of the insect-proof screen also reduces the air
exchange rate. Consequently, the porosity can also
exert a considerable influence on the greenhouse insi-
de temperature (increasing it by 0.1°C per percentage
difference in mesh porosity). This negative effect on
the greenhouse microclimate is particularly notable
around midday when the vents are fully open. Never-
theless, during the rest of the day the negative effect
can be offset by opening the windows wider. In pre-
vious works analyzing four crop cycles (2007-09) in
the same greenhouse, the experimental mesh was not
found to cause significant variations in mean tempe-
rature or yield (Molina-Aiz ef al., 2012), but it did re-
duce the incidence of whitefly (Escamirosa, 2009).

As final conclusions, by using finer threads, insect-
proof screens can be designed to combine smaller po-
re size and greater porosity; this results in improve-
ments in the greenhouse microclimate due to the
improved natural ventilation, which is a key feature of
Mediterranean greenhouses.

In comparison to the commercial control mesh
(10 x 20 threads cm™; 33.5% porosity), the experimen-
tal mesh (13 x 30 threads cm™2; 39.0% porosity):

— (1) provides an 11% higher discharge coefficient
at the vents (Cyigx20/Ca.13 x 30=0.89), which leads to a
theoretical 11% increase in the greenhouse’s natural
ventilation capacity.

— (ii) does not have a negative effect on the
greenhouse airflow pattern.

— (iii) produces a mean increase of 16% in the air
exchange rate.

— (iv) produces a 0.5°C drop in inside temperatu-
re (0.1°C per 1% difference in porosity).

— (v) improves the ventilation efficiency for the
temperature 1; (mean value of 0.9 as compared to 0.6
with the commercial mesh).

Insect-proof screens with smaller thread diameter en-
able a greater mesh porosity, which improves
greenhouse ventilation when greater cooling is required
(around midday). At the same time the pore size is redu-
ced, which prevents the entrance of pests and the exit of
beneficial insects used in Integrated Pest Management,
a widespread practice in Almeria’s greenhouses.
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