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Sonic anemometry measurements to determine airflow patterns
in multi-tunnel greenhouse
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Abstract

The present work describes a methodology for studying natural ventilation in Mediterranean greenhouses using
sonic anemometry. The experimental work took place in the three-span greenhouse located at the agricultural research
farm belonging to the University of Almeria. This methodology has allowed us to obtain patterns of natural ventilation
of the experimental greenhouse under the most common wind regimes for this region. It has also enabled us to describe
how the wind and thermal effects interact in the natural ventilation of the greenhouse, as well as to detect deficiencies
in the ventilation of the greenhouse, caused by the barrier effect of the adjacent greenhouse (imply a mean reduction
in air velocity close to the greenhouse when facing windward of 98% for u, 63% for u,, and more importantly 88% for
u,, the component of air velocity that is perpendicular to the side vent). Their knowledge allows us to improve the
current control algorithms that manage the movement of the vents. In this work we make a series of proposals that
could substantially improve the natural ventilation of the experimental greenhouse. For instance, install vents equipped
with ailerons which guide the air inside, or with vents in which the screen is not placed directly over the side surface
of the greenhouse. A different proposal is to prolong the opening of the side vents down to the soil, thus fomenting the
entrance of air at crop level.

Additional key words: buoyancy; insect-proof screens; natural ventilation; wind effect.

Resumen

Determinacion de los patrones de flujo de aire en un invernadero multitinel mediante anemometria sénica

En este trabajo se ha desarrollado una metodologia para estudiar la ventilacion natural en invernaderos mediterra-
neos mediante anemometria sonica. Los ensayos se han realizado en un invernadero multitunel de tres modulos si-
tuado en el Campo de Practicas de la Universidad de Almeria. Esta metodologia nos ha permitido obtener los patro-
nes de ventilacion natural del invernadero experimental para los vientos mas comunes de la region. También nos ha
permitido describir la interaccion entre el efecto edlico y térmico, asi como detectar deficiencias en la ventilacion
natural del invernadero debidas al efecto barrera de otro invernadero adyacente (provocando una reduccion media en
la velocidad del aire en el exterior de la ventana de barlovento de hasta el 98% para u, 63% para u, y, mas importan-
te, 88% para u,, la componente de la velocidad del aire que es perpendicular a la superficie de ventilacion lateral).
Los conocimientos adquiridos en este trabajo nos permitiran mejorar los algoritmos de control del sistema de venti-
lacion. En este trabajo se realizan una serie de propuestas que podrian mejorar sustancialmente la ventilacion natural
del invernadero. Por ejemplo, se proponen algunas posibles modificaciones de la configuracion de las ventanas late-
rales, buscando una mayor captacion del aire exterior: se podria optar por ventanas dotadas de alerones exteriores
que dirijan al aire hacia el interior o ventanas en las que la malla no se coloque directamente sobre la superficie late-
ral del invernadero, disefiando una antesala donde el aire pueda entrar sin la oposicion de la malla. Otra propuesta
seria prolongar la apertura de las ventanas laterales hasta el suelo, para favorecer asi la entrada de aire a nivel del
cultivo.

Palabras clave adicionales: efecto edlico; flotabilidad; mallas anti-insectos; ventilacion natural.
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Introduction

Natural ventilation is probably the most common-
place method of greenhouse climate control (Boulard
et al., 1996; Kittas et al., 1996), and this is particularly
true of areas such as the Mediterranean where the im-
plementation of technology in greenhouses has been
scant. With a view to optimising the design and handling
of natural ventilation systems one must understand both
quantitatively (Kittas et al., 1997) and qualitatively how
this type of ventilation functions in greenhouses. The
main driving forces of ventilation for a greenhouse
equipped with both roof and side openings are the result
of a combination of pressure differences induced by the
following effects (Boulard & Baille, 1995; Kittas et al.,
1997): the static wind effect due to the mean component
of the wind velocity, which induces pressure differ-
ences (side wall effect) between the side and the roof
openings (Bruce, 1978) and pressure differences be-
tween the windward and the leeward parts of the green-
house (Boulard et al., 1996); the buoyancy forces (also
called stack or chimney effect) generating a vertical
distribution of pressures between the side and roof open-
ings (Bruce, 1982); and the turbulent effect of the wind,
generated by pressure fluctuations of the wind velocity
along and across the greenhouse openings (Boulard
& Baille, 1995; Boulard et al., 1996).

Natural ventilation in greenhouses is the result of
combining the airflows generated by the wind effect and
by the buoyancy of the air (thermal or chimney effect).
We can combine these fluxes obtaining different models
derived from Bernoulli’s equation (Boulard & Baille,
1995; Boulard et al., 1997; Kittas et al., 1997) which
allow us to estimate the ventilation rate. Application of
these semi-empirical models requires using two funda-
mental parameters: the pressure drop coefficient through
the vent (total discharge coefficient of the opening C,)
and the wind effect coefficient (wind effect coefficient
for the mean airflow C,)), which includes both the sta-
tionary and the turbulent aspects of the wind’s action.
These coefficients are obtained by means of experiments
which determine the ventilation rate.

Although many authors have obtained the coefficients
C,and C,, that allow the semi-empirical models to be
applied (Kittas et al., 1996, 1997; Papadakis et al.,
1996; Boulard et al., 1997; Fatnassi et al., 2002; Teitel
et al., 2008; Molina-Aiz et al., 2009, 2011), there is still
considerable debate as to the exact relationship between
the wind and thermal effects in the natural ventilation
of greenhouses. Papadakis et al. (1996) found that the
thermal effect was fundamental for winds of less than
1.8 m s7', while Boulard & Baille (1995) set this speed
at 1.5 m s and Sase et al. (1984) at 1 m s™'. Other re-
searchers have suggested that in greenhouses equipped
with roof vents the thermal effect can be neglected for
wind speeds of over 2 m s! (Boulard & Baille, 1995),
and this was also suggested for a greenhouse with side
and roof vents (Fatnassi et al., 2002). For the latter type
of greenhouse, Kittas et al. (1997) found that the ther-
mal effect is important when the ratio u,/AT,,%’ is less
than 1, while Bot (1983) set the limit at 0.3.

The earliest studies on the circulation of air in green-
houses date back to the mid-20th century (Morris &
Neale, 1954; Businger, 1963), and since then numerous
authors have striven to analyse and understand the
natural ventilation of greenhouses. Several methods
have been used to this end: scale models, tracer gas
method, CFD (computacional fluids dynamics) simula-
tions and direct measurements in the greenhouse using
a variety of sensors. Many of the studies on natural
ventilation have employed the tracer gas method, which
allows the ventilation rate to be quantified accurately,
but provides no information on the airflow character-
istics inside the greenhouse (Boulard ef al., 1996). Van
Buggenhout et al. (2009) established that the position
of the sensors that detect the concentration of gas can
lead to errors of upto 86% and this is particularly rel-
evant if this method is used to validate CFD simula-
tions. The first work to study the natural ventilation of
greenhouses using CFD was by Okushima et al. (1989).
The realism of simulations has improved considerably
thanks to the drastically increased capacity of software
to process data (Norton et al., 2007). Programmes of
CFD have been used to study the microclimate in

Abbreviations used. Nomenclature: C,(total discharge coefficient of the opening)); C,, (wind effect coefficient for the mean airflow);
CFD, computational fluids dynamics; RH (relative humidity [%]); / (two-dimensional horizontal resultant of air velocity in XY
plane [m s7); ¢ (specific humidity [g g']); R (solar radiation [W m™]); S, (greenhouse area [m?]); S, (vent surface area [m?]); T
(temperature [°C]); u (air velocity [m s']); v (two-dimensional vertical resultant of air velocity in XZ plane [m s']). Greek letters:
A (difference); AT, (vertical temperature gradient [°C m™']); 6 (wind direction [°]); o (standard deviation). Subscripts: x (longitudinal
component); y (transversal component); z (vertical component); s (sonic); sc (sonic corrected); j (measurement point); i (inside vent
surface); o (outside); e (exterior vent surface). Supercripts: ¢ (corrected); n (normalized).
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closed greenhouses (Boulard et al., 1997) and in natu-
rally ventilated ones (Kacira, 1996; Mistriotis et al.,
1997; Boulard et al., 1999; Molina-Aiz et al., 2010).
These CFD based simulation models require validation
by experimental data obtained in the greenhouse, and
sonic anemometry is an ideal tool for this purpose.

The present work describes a methodology for
studying the natural ventilation of Mediterranean green-
houses using sonic anemometry. Specific programmes
have also been designed to facilitate the processing and
analysis of the experimental data recorded. This meth-
od allows us to study the direction of the airflow at all
the greenhouse vents, determining where the air enters
and leaves the greenhouse, and therefore to establish
the airflow pattern for the greenhouse under conditions
of natural ventilation. Their knowledge allows us to
improve the current control algorithms that manage the
movement of the vents.

Material and methods
Experimental setup

The experimental work took place in the western
half (24 m x 20 m) of a 1080 m? three-span greenhouse
located at the agricultural research farm belonging to
the University of Almeria (36°51° N, 2°16” W). The
greenhouse was divided into two halves, as this allows
us to study the natural ventilation of each half sepa-
rately (Fig. 1).

Lel(ante Meteorological
Wind \  station
//

10m ;‘é

The experiments were carried out with the two side
vents (1.05 m X 17.5 m) and the roof vent of the cen-
tral span (0.97 m x 17.5 m) open. The ventilation
surface Sy represented 11.2% of the of the total green-
house surface area S,. In order to prevent insects enter-
ing the greenhouse, insect-proof screens of 13 x 30
threads cm™ (0.39 porosity, 164.6 um pore width,
593.3 um pore height and 165.5 um thread diameter)
were placed on the vents (Valera et al., 2006). The
greenhouse contained a tomato crop (Solanum Ilycop-
ersicum L. cv. Salomee) with an average height of
approximately 2.18 m for the first measurement test
on 14/05/2009 and 1.90 m for the last one on
18/06/2009, and a leaf area index (m? leaf m~ ground)
of about 2.03 for the first test and 3.09 for the last one.

Experimental design 1. airflow inside
a naturally ventilated greenhouse

To measure the air velocity inside the greenhouse
two devices were used, each with three anemometers
[Suppl. Fig. 1a (pdf)]. These were placed at 55 differ-
ent points, making a total of 165 measurement points
(Fig. 2). The air velocity was measured over 3 min at
each point. This time period is a compromise between
a shorter one that may reduce accuracy and a longer
one that may increase the overall difference with regard
to outside microclimate parameters (Molina-Aiz et al.,
2009). As it proved difficult to place the anemometers
at the roof vent [Suppl. Fig. 1b (pdf)], this vent was

T and HR sensor (HOBO® Pro)

Antechamber

Experimental Sector

Polyethylene sheet

Figure 1. Dimensions and location of the experimental greenhouse at the farm.



634

0.5m

—

2D anemometer

A. Lopez et al. / Span J Agric Res (2012) 10(3), 631-642

21m 38m 21m 4m 3.25m

] |

/1.25m

/é.S m

/é.5 m
/é.S m
/é.S m
/é.5 m
25m

o Measurement points in roof
vent with 2D anemometers

« Measurement points inside
the greenhouse

Figure 2. Position of measurement points for experimental design 1: airflow inside a naturally ven-

tilated greenhouse.

divided into three equal surfaces and the air velocity
measurements were taken continuously at the centre of
each surface by three 2D sonic anemometers (Fig. 2).

Experimental design 2: airflow through the side
openings

Simultaneous air velocity measurements were taken
at the inside and outside surfaces of the northern side
vent in the western sector of the greenhouse (Fig. 3a).
These measurements were taken by four pairs of 2D
anemometers and one pair of 3D anemometers (Fig. 3a).
The anemometers of each pair were located one on the
inside and one on the outside [Suppl. Fig. lc (pdf)],
separated by the insect-proof screen. In these experi-
ments all the anemometers were fixed in place and the
air velocity was recorded over 30 min. The 3D anemom-
eters were placed at the centre of the vent, and the dif-
ferent pairs of anemometers were placed 3.5 m apart.

Experimental design 3: outside-inside airflow

For this experiment all the sonic anemometers were
placed along a line running perpendicular to the mid-
point of the side walls of the western sector (Fig. 3b).
Inside the greenhouse, a 3D anemometer was placed at
the northern side vent, and five 2D anemometers were
placed along the same line running through the inside
(Fig. 3b). To measure the outside air velocity four 2D

anemometers and one 3D device were used. These were
first placed to the north of the greenhouse (Fig. 3b) and
measurements were taken over two 15-min periods (one
with the 2D anemometers in a vertical position, measur-
ing the air velocity on the horizontal plane XY; and one
with them in a horizontal position, measuring the air
velocity on the vertical plane XZ). Subsequently, they
were placed to the south of the greenhouse (Fig. 3b),
and again measurements were taken over two 15-min
periods.

Equipment and instrumentation

The three components of air velocity and tempera-
ture were measured with two 3D sonic anemometers
(mod. CSAT3, Campbell Scientific Spain S.L., Spain;
resolution: 0.001 m s™' and 0.002°C; accuracy
+0.04 m s and £ 0.026°C). Nine 2D sonic anemom-
eters were also used (mod. Windsonic, Gill Instrument
LTD, Lymington, Hampshire, UK; resolution: 0.01 m s™;
accuracy 2%). Data from all sonic anemometers were
recorded by two CR3000 Microloggers (Campbell
Scientific Spain S.L., Barcelona), with a data registra-
tion frequency of 10 Hz (Shilo et al., 2004) for the
3D and 1 Hz (Lopez ef al., 2011) for the 2D sonic
anemometers.

Outside climatic conditions were recorded by a
meteorological station at a height of 10 m located to
the north of the greenhouse (Fig. 1). The meteoro-
logical station included a BUTRON II (Hortimax S.L.,
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Figure 3. Position of measurement points for experimental design 2: airflow through the side open-
ings (a) and for experimental design 3: outside-inside airflow (b).

Almeria, Spain) measurement equipped with a tem-
perature sensor Pt1000 IEC 751 class B (Vaisala Oyj,
Helsinki, Finland) with a measurement range of —10
to 60°C and an accuracy of & 0.6°C. This box was also
equipped with capacitive humidity sensor
HUMICAP 180R (Vaisala Oyj) whit a measurement
range of 0% to 100% and accuracy of £3%. Outside
wind speed was measured with a Meteostation II
(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 pyranometer
sensor Kipp Solari (Hortimax S.L.), with a measure-
ment range of 0 to 2000 W m2, accuracy of £20 W m™2,
and resolution of 1 W m2,

Temperature and humidity inside the greenhouse
were measured using six autonomous data loggers
(HOBO Pro Temp-HR U23-001, Onset Computer
Corp., Bourne, MA, USA). The data loggers were
placed in a vertical profile under the ridge of the three

greenhouse spans at heights of 1 and 2 m (Fig. 1).
These fixed devices measure a temperature range of
—40°C to 70°C with an accuracy of =0.18°C and rela-
tive humidity of 0% to 100% with an accuracy of
+2.5%. They were all programmed to register data at
0.5 Hz and were protected against direct solar radiation
with a passive solar radiation open shield. From the
data of inside humidity recorded by the fixed sensors,
we can obtain the specific humidity g and correct the
sonic anemometer temperature T [°C] using the fol-
lowing expression (Tanny et al., 2008):

TS

e (1+0.51¢) H

The measurements were done under prevailing Le-
vante (northeast) and Poniente (southwest) winds, the
most usual winds in the province of Almeria (Molina-
Aiz et al., 2009). The outside climatic conditions re-
mained relatively stable over the six measurement tests
(Table 1).



636

A. Lopez et al. / Span J Agric Res (2012) 10(3), 631-642

Table 1. Outside climatic conditions for the measurement tests. Average wind speed u, [m s™'], wind direction € [°], outside and
inside temperature 7, and 7; [°C], outside and inside humidity RH, and RH, (%) and outside radiation R [W m™]

Test — Date Time u, 0! RH, RH; T, T: R
Airflow inside the naturally ventilated greenhouse
1 - 14/05/2009 10:42-12:51 397+080 289+20 59+4 69+2 205+05 241+14 637+118
2 - 15/05/2009 10:37-13:01 355+1.26 183+15 51+£6 68+3 220+0.7 266+1.0 771+091
3 -20/05/2009 10:45-13:05 3.94+0.95 118+9 37+£2 652 269+1.0 274+13 732+125
4 - 28/05/2009 09:40-11:56  10.71 £ 1.11 68+ 6 33+£5 51+£5 232+£0.7 23.0+£09 588+124
Airflow through the side openings
5 - 12/06/2009 10:25-10:55  10.28 £0.37 75+3 19+1 501 29.7+£0.5 26.0+04 539+28
6 - 15/06/2009 11:00-11:30 3.20+0.28 98«14 32+1 72+2 320+04 28.6+x0.6 578+58
7 - 17/06/2009 10:58-11:28 5.77 +0.55 96 +7 62+1 77+1 266+03 268+03 486+57
8 - 18/06/2009 10:20-10:50 5.59+0.56 76 +5 64+1 78+2 258+0.1 254+0.1 295+10
Outside-inside airflow
9 - 12/06/2009 11:20-13:02 9.23+0.69 74£5 161 49+£2 319+£04 279+£05 774+65
10 - 13/06/2009 11:10-12:52 298+0.74 259+£12 38+2 64+£3 258=+05 26603 711+53
11 - 15/06/2009 12:24-14:09 3.72+0.40 2617 42+3 64+2 299+0.6 31.0+03 30315
12 - 17/06/2009 11:49-13:35 4.40 +0.66 92+13 57+2 72«2 279+04 287+0.7 743+£76

! Direction perpendicular to the windows is 208° for a Poniente from southwest wind and 28° for a Levante from northeast wind.

Results and discussion

Description of airflow inside the naturally
ventilated greenhouse

Airflow inside the greenhouse with Poniente
southwest winds

Under these conditions the roof vent is facing wind-
ward and the windward side vent is blocked by an-
other greenhouse, while the leeward side vent is com-
pletely free of obstacles (Fig. 1). Due to the wind
effect, air enters the greenhouse through the roof vent
and leaves through both side vents, while the thermal
effect acts against this, causing the warm air to rise due
to buoyancy (see plane XZ in Fig. 4). The counter play
of wind and buoyancy effects in the natural ventilation
of buildings has been studied in greater depth by Li
& Delsante (2001). The air velocity was greater and
the direction was more uniform in the southern sector
of the greenhouse, which means that the temperature
was lower than in the northern sector.

When the air enters through the roof vent it moves
northeast, maintaining the same direction as the wind
and encountering the central division of the greenhouse,
which forces it to change direction and move contrary
to the wind direction. The air moves towards the south-
ern side vent to exit the greenhouse and towards the
western side, where there is no outlet. Counterflows

inside the greenhouse have been observed by other
authors (Wang & Deltour, 1999; Molina-Aiz et al.,
2009). Opening the western side of the greenhouse
might achieve a better combination of the wind and
thermal effects in natural ventilation of the greenhouse.

Airflow inside the greenhouse with Levante northeast
winds

Under prevailing Levante winds the roof vent is fac-
ing leeward, the windward side vent is free of obstacles
and the leeward side vent is blocked by another green-
house. The air enters through the windward side vent
due to the wind effect, rising and leaving through the
roof vent. In these circumstances the wind and thermal
effects work together. Contrary to what might be ex-
pected, air enters through the leeward side vent as it is
protected by the other greenhouse structure (Fig. 5).

As air enters through the windward side vent in the
northern sector of the greenhouse the wind effect ap-
pears to prevail and air does not rise due to buoyancy.
However, in the southern sector, the closer to the lee-
ward side vent, the more air is seen to rise due to the
thermal effect (see Plane XZ in Fig. 6). Opening
the central roof vent alone does not prove to be the
most suitable alternative, as the air that rises does not
find an exit. The results obtained indicate that opening
the roof vent in the southern span of the greenhouse
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Figure 4. Airflow inside the greenhouse. Experiment 1 with
prevailing Poniente southwest wind. Histograms in blue repre-
sent the airflow inside the greenhouse, while those in red repre-
sent the airflow at the roof vent (/ and v, two-dimensional hori-
zontal resultant of air velocity in XY and XZ plane, respectively;
u,, average wind speed).

—

Plane XZ

Plane XY - height 1 m

!
Iy
i

i

i

gé‘rf‘?

) »
— £
0.5ms™ < Kb

(=]

4 R )

0.5ms™! I
5}

Figure 5. Airflow inside the greenhouse. Experiment 3 with
prevailing Levante wind. Histograms in blue represent the air-
flow inside the greenhouse, while those in red represent the
airflow at the roof vent (/ and v, two-dimensional horizontal
resultant of air velocity in XY and XZ plane, respectively; u,,
average wind speed).

would achieve a better combination of the wind and
buoyancy (thermal) effects to foment natural ventilation
of the greenhouse.

Temperature distribution and microclimate inside the
greenhouse

To study the difference in air temperature A7}, from
the measurements taken by the 3D sonic anemometers
inside the greenhouse, one must bear in mind the
variation in climatic conditions inside and outside the
greenhouse during the experiments. In a first attempt,
the normalised difference in air temperature A7,,” (Bou-
lard et al., 2000; Kittas et al., 2008) was used:

n T;Cvf B T’”’j
AL =0 7 (2]
ij Lo

where T, is the corrected sonic temperature (Eq. [1])
obtained for point j, 7,; and T;; are the outside and
inside air temperatures recorded at measurement point
j. This method of temperature normalisation proved
problematic at times when the inside and outside
temperatures were very similar, making the denomina-
tor in Eq. [2] close to 0. Given this difficulty, the
corrected difference in air temperature A7, [°C] was
used:

T,+T,

AT¢ -0 T
T, ,()+T_ (1)

zo—j(l) = T;cfj(t) [3]

where 7T, and T; are the mean outside and inside air
temperatures during the experiment (Table 1). Using
this method the greenhouse temperature distribution
maps were obtained (Fig. 6).

b) AT, °C

Figure 6. Corrected difference in air temperature A7, [°C] in-
side the greenhouse at a height of 1.75 m. Experiment 1 with
prevailing Poniente wind (a) and experiment 4 with prevailing
Levante wind (b).
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The heterogeneity of the temperature, the tempera-
ture gradient (A7,,°) and normalized two-dimensional
resultant of air velocity in XZ and XY plane (/” and v")
inside the greenhouse was studied by dividing the
standard deviation (o) of each parameter by its mean
(Kittas et al., 2008), and the greater this ratio is, then
more heterogeneous is the parameter (Table 2). During
the experiment there were variations wind speed and
direction, in order to calculate the heterogeneity of the
two-dimensional resultant of air velocity in XZ and XY
plane (/" and v") we calculated the normalized two-
dimensional resultants at each measurement point j as
(Boulard et al., 2000):

v =29 100 ang 1 =40
Q) Tou,(0)

o

X100  [4]

where v;(¢) and /;(¢) are the two-dimensional resultant
of air velocity in XZ and XY plane, respectively, meas-
ured for the time interval corresponding to point j, and
u,(t) is the average wind speed over the same time
interval. Greater homogeneity of the temperature inside
the greenhouse does not imply a lower gradient be-
tween inside and outside temperatures. Kittas et al.
(2008) studied the microclimate in a single-tunnel
greenhouse with different combinations of vents, and
they found that the combination that gave rise to the
lowest temperature differences between inside and
outside was also the one that produced the most het-
erogeneous temperature distribution. In the experiment
carried out on 15/05/2009 (Fig. 6a) under prevailing
Poniente wind, the air temperature was more uniform
than in the one on 28/05/2011 under prevailing Le-
vante wind (Fig. 6b). In fact, the most uniform air
temperatures were observed in those experiments with
the least temperature difference between inside and
outside the greenhouse.

A lower vertical temperature gradient was also ob-
served in the experiments carried out under prevailing
Levante wind, most likely due to the greater heteroge-
neity of the normalized two-dimensional vertical result-
ant of air velocity in XZ plane v' (Table 2).

Temperature maps (Fig. 6) illustrate at a glance the
areas of the greenhouse where most heat accumulates.
Under prevailing Poniente wind (Fig. 6a) a lot of heat
is seen to accumulate in the central part of the green-
house, as warm air rises due to buoyancy but cannot
leave the greenhouse as it encounters a contrary flux
due to the wind effect. Under conditions of prevailing
Levante wind (Fig. 6b), the southern sector of the
greenhouse is colder than the outside air, possibly due
to the cooling effect of crop evapotranspiration. The
greenhouse antechamber constitutes an obstacle to
ventilation, causing higher temperatures in the area
close to it.

Description of airflow through the side
openings: airflow at the northern side vent,
before and after passing through the
insect-proof screen

The four experiments for this section were carried
out under prevailing Levante wind, and so the northern
side vent was facing windward. On the horizontal XY
plane the airflow outside was almost parallel to the vent
surface, and on passing through the insect-proof screen
it changed direction. On the vertical XZ plane, the air-
flow at the outside vent surface had a considerable
negative vertical component u. which diminished once
the air passed through the screen due to the laminating
effect of this porous material [Suppl. Fig. 2 (pdf)].
When the side vent was facing windward it was ob-
served that part of the air that approaches the vent

Table 2. Vertical temperature gradients AT, (°C m™), heterogeneity of the corrected difference in
air temperature AT, of the normalised air velocity on the XY plane (/") and on the XZ plane (v")

o .
AThy " et
Test AT, AT; r v"
1.75 m 1m 1.75 m 2.5m 1.75 m
1 1.2 0.23 0.49 0.47 0.56 0.70
2 2.0 0.35 0.62 0.58 0.78 0.65
3 1.2 1.24 0.56 1.07 1.04 0.96
4 0.4 3.26 1.21 1.62 0.88 1.42
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surface does not enter, but rather descends the side of
the greenhouse and moves westward.

The air velocity u is much higher at the outside
surface of the vent, falling by 60-85% on entering the
greenhouse and passing through the insect-proof
screen, but the three orthogonal components are af-
fected differently (Table 3). Much of the airflow that
approaches the side vents is diverted sideways or ver-
tically and does not enter the greenhouse. Indeed, the
absolute air velocity u falls by an average 72% on
passing through the insect-proof screen into the green-
house. Due to the diversion of the flow, the transversal
u, and vertical «, components fall by an average 76%
and 89%, respectively.

In two of the experiments the longitudinal compo-
nent, u,, perpendicular to the side vent was 3% (ex-
periment 1) and 60% (experiment 2a) less inside than
outside, while in the other two experiments this com-
ponent was higher than outside, increasing by 22%
(experiment 3) and 19% (experiment 4). The varia-
tions observed in the longitudinal component u,,
perpendicular to the side vent, are mainly due to the
distance of the anemometers from the vent rather than
to the effect of the screen. If we were to measure the
longitudinal component u, just before and after pass-
ing through the screen, the air velocity should be the
same. The screen would act as a filter, reducing the
magnitude of the fluctuations but maintaining their
mean value [Suppl. Fig. 3 (pdf)]. The passage of air
through porous media such as this causes a laminating
effect on the airflow (Fang, 1997). The different be-
haviour of the three components of air velocity may
be due to the orientation of the screen’s pores and the
layout of the threads. The reduction of the air flux
(that enters the greenhouse) due to the insect-proof
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screen arises mainly because it prevents the entrance
of those air currents that do not flow perpendicular to
the pore.

Description of airflow outside and inside the
greenhouse

Fig. 7 represents the airflow outside and in the
central span of the western sector of the experimental
greenhouse. The barrier to the southern side of the
greenhouse may well mean that, whatever the wind
direction, the airflow on this side is practically paral-
lel to the side of the greenhouse, making it more dif-
ficult for air to enter through the southern side vent.

To determine the reduction in the velocity of the
outside air in the proximity of the side vents due to
the obstacles, the air velocity measured on the outside
was normalised using the mean air velocity recorded
by the meteorological station, this values are shown
in the Suppl. Table 1 (pdf). In all experiments the
normalised air velocity is much lower on the southern
side (with obstacles) than on the northern side (with-
out obstacles). If we compare the values recorded on
both sides when they are facing windward, under
prevailing Levante on the northern side the mean
value of uw/u, is 0.769, u,/u,, is 0.234 and u,/u,, is
0.845, while under prevailing Poniente on the south-
ern side the value of w/u, is 0.017, u,/u., is 0.029 and
u,/u,, s 0.312. In other words, the obstacle on the
southern side of the greenhouse causes a mean reduc-
tion in air velocity close to the greenhouse when this
side is facing windward of 98% for «, 63% for u,, and
more strikingly 88% for u,, the component of air ve-
locity perpendicular to the side vent.

Table 3. Mean values of the air velocity # [m s '] and its three orthogonal components u,, u, and u, [m s™'], before and after pass-
ing through the insect-proof screen, measured by 3D sonic anemometry. Subscripts: 7, inside surface; o, outside surface

Test Surface u u;/u, u, u,;/u,, u, u,;/u,, u, u,;/u,,
Inside 1.94+1.13 1.12 £ 0.75* -1.56 £1.09 -0.27+0.32
> Outside 4.89+£2.42 0.40 1.16 £ 1.03* 0.97 —423+2.71 0.36 -2.10+£1.58 0.13
Outside 1.09 +0.79 0.10 £ 0.22% -1.03 +£0.85 -0.28 £0.44
Outside 2.15+1.45 0.23 +£0.50* —-2.00+1.53 —0.72 +£0.85
8 Inside 1.12+0.55 0.34 0.69 + 0.36* 1.19 -0.88 £0.50 0.29 —-0.04 £0.11 0.04
Outside 326+ 1.43 0.58 £ 0.47* -3.01 +1.57 —1.09 £ 0.86

* No statistical difference between inside and outside vent surfaces (95% confidence level, LSD method).
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Figure 7. Cross-section through the middle of the western sector of the greenhouse
representing the airflow. Experiments 10 (a) and 11 (b) under prevailing Poniente
wind, and experiments 9 (c) and 12 (d) under prevailing Levante wind.

Airflow pattern outside and inside the
experimental greenhouse

The results obtained from the different experimental
designs allowed us to create a model illustrating how
the air moves both outside and inside the greenhouse
for both wind directions (Figs. 8a,b). Most noteworthy
is the fact that little air flows perpendicular to the side
vents, especially on the blocked southern side. This
shows the barrier effect of the adjacent greenhouse.
When the wind approaches the windward side vent, as
it has to overcome an obstacle eddies are formed at the

side of the greenhouse, making it difficult for air to
enter. Poniente winds must overcome two obstacles
before reaching the northern side vent: the neighbour-
ing greenhouse to the south and the experimental
greenhouse itself. Levante winds have a direct impact
on the northern side vent which is free of obstacles.
Natural ventilation inside the greenhouse is less effec-
tive under prevailing Poniente winds, since the air has
to enter through the roof vent and runs contrary to the
thermal effect. The air exits through the side vents, but
when the air among the plants warms up it rises instead
of heading towards the vents. When the Levante pre-

a) i ; b)
Poniente wind Levante wind
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Figure 8. Airflow pattern outside the greenhouse and inside the western sector for the two most

frequent winds, Poniente (a) and Levante (b).
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vails the air enters through the side vents and leaves
through the roof vent, fomenting the exit of warm air
that rises due to buoyancy.

Once the airflow pattern has been established for both
inside and outside, we are in a position to make a series
of proposals that could substantially improve the natu-
ral ventilation of the experimental greenhouse. For in-
stance, certain modifications regarding the placing of
the side vents can be proposed with a view to improving
the entrance of outside air. One option would be to in-
stall vents equipped with ailerons which guide the air,
or with vents in which the screen is not placed directly
over the side surface of the greenhouse (Fig. 9). An-
other option would be to design an antechamber where
the air can enter without encountering the screen, which
would be placed further inside the greenhouse. A dif-
ferent proposal is to prolong the opening of the side
vents down to the soil, thus fomenting the entrance of
air at crop level. Bailey (2003) proposes making sev-
eral folds in the roof screen of the greenhouse, similar
to those of an accordeon, in order to increase the surface
area of the screen through which the air passes, thus
reducing the drawback of using screens of high poros-
ity. This is along similar lines to the idea of using the
different designs of the side vents presented in Fig. 9.

The design of natural ventilation in a greenhouse
must allow for different vent setups, in such a way that
the most suitable degree of opening can be set for each
vent, either manually or automatically, depending on
the wind direction, with a view to achieving the best
possible combination of the wind and thermal effects.
It is important that these two effects work in conjunc-
tion to foment natural ventilation, rather than counter-
acting one another as happens in the experimental
greenhouse when Poniente wind prevails.

10

Ailerons

| insect-proof screens = Ailerons 4 Roll-up side vent |

Figure 9. Proposals of alternative setups for vents, insect-proof
screens and ailerons (outside the greenhouse).

As conclusions, the use of sonic anemometry has
allowed us to identify the vents through which air en-
ters and exits the greenhouse, and therefore to establish
the airflow patterns caused by natural ventilation. The
setup of two side vents and one roof vent has given rise
to two quite different situations. The air velocity, the
direction of the roof vent (windward or leeward) and
the presence of obstacles close to the side vents have
a significant bearing on the air flux due to the thermal
effect (buoyancy), rising towards the roof vent, and the
air flux due to the wind effect. When the roof vent faces
leeward, cool air moves through the side vents due to
the wind effect, heading towards the roof vent through
which it leaves warmer, mixed with the air which
moves due to the thermal effect. However, when the
roof vent faces windward the outside air passes through
it, competing with the air which is rising due to the
natural convection of the thermal effect.

The obstacles on the southern side of the experimental
greenhouse cause a mean reduction in air velocity close
to the greenhouse when facing windward of 98% for u,
63% for u,, and more importantly 88% for u,, the compo-
nent of air velocity that is perpendicular to the side vent.

The methodology followed in the present work has
allowed us to obtain patterns of natural ventilation of
the experimental greenhouse under the most common
wind regimes for this region. It has also enabled us to
describe how the wind and thermal effects interact in
the natural ventilation of the greenhouse, as well as to
detect defficiencies in the ventilation of the greenhouse,
caused by the barrier effect of the adjacent greenhouse.
Several solutions to improve the ventilation of the
tested greenhouse are proposed.
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