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Abstract 12 

Sonic anemometry has been used to analyse two greenhouse evaporative cooling systems: a pad-fan system and 13 
a low pressure water/air fog system. These systems were used in empty greenhouses to simulate the 14 
microclimatic conditions produced inside Mediterranean greenhouses when crops are seeded in nurseries or 15 
transplanted in commercial greenhouses. Evaporative cooling systems could be necessary in the future for all 16 
Mediterranean greenhouses to reduce excess heat and to maintain certain levels of relative humidity on hot days 17 
from spring to autumn. The pad-fan system proved capable of maintaining more favourable conditions than the 18 
fog system. The best results were obtained by combining the evaporative pads with shading screens (differences 19 
of 1.4ºC to 1.8ºC between inside and outside temperature). The main drawbacks of the pad-fan system were the 20 
horizontal and vertical temperature gradients, with a maximum temperature difference between pads and fans of 21 
up to 11.4ºC, and a maximum difference of 6.7ºC between heights of 2 m and 1 m. However, inside temperature 22 
and relative humidity were more stable over time in the greenhouse using the pad-fan system. The fog system 23 
required higher energy consumption (7.2-8.9 kWh) than the pad-fan system (5.1 kWh) for continuous operations 24 
over one hour. Nevertheless, the average water consumption of the pads (122.3 l h-1) is greater than that of the 25 
fog system (9.4 l h-1). 26 
 27 
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 29 

1. INTRODUCTION 30 

 In Mediterranean climates, excess heat from spring to autumn may affect the yield of 31 

greenhouse crops (Kittas, Draoui, Boulard, 1995). Under such circumstances, special care 32 

must be taken on dry days, when a balance must be attained between reducing excess heat and 33 

maintaining certain levels of relative humidity (70-90%) inside the greehouse (Von Elsner et 34 

al., 2000), since levels of below 60% may produce hydric stress in the crop (Bailey, 2006) 35 

and require additional irrigation. 36 

 The greenhouse effect brought about by the increase in the concentration of greenhouse 37 

gases in the atmosphere is giving rise to global warming. Boulard and Fatnassi (2010) 38 

simulated the climatic conditions in the region of Avignon (France) for 2070-2099, predicting 39 

an average yearly air temperature increase of only 1°C inside the greenhouse for an augment 40 

of 2.2°C outside. These predictions are an indication that evaporative cooling systems may be 41 

required in the future in Mediterranean greenhouses.  42 

 In the province of Almería very few greenhouses are equipped with systems that act on 43 

the microclimate. The vast majority merely rely on natural (passive) ventilation. Natural 44 

ventilation is usually the simplest and preferred greenhouse cooling method due to its low 45 

cost and simplicity (Villarreal-Guerrero et al., 2012a). The main advantage of sonic 46 

anemometry is that it allows natural ventilation flow patterns to be established, as well as 47 

determining whether air enters or exits through the greenhouse vents, and differentiating 48 

between the mean and turbulent contributions to air renewal and the removal of heat (Molina-49 

Aiz, 2010). When roof vents are opened to windward, the wind and buoyancy effects can 50 

produce air movements in different senses, counteracting and reducing the cooling capacity of 51 
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the natural ventilation system (López, 2011). However, natural ventilation alone is generally 52 

not adequate to remove efficiently the surplus energy during very hot periods (Villarreal-53 

Guerrero et al., 2012a). In addition to ventilation, daily cooling must be provided for 54 

greenhouses located in semiarid climates to maintain the desired conditions for year-round 55 

crop production (Villarreal-Guerrero et al., 2012b). 56 

 The high air temperature and humidity in the greenhouse can severely limit greenhouse 57 

production, causing reduced yield and low produce quality during a significant part of the 58 

year. However, greenhouse crop production can be maintained during warm periods by proper 59 

use of greenhouse climate control and various cooling methods (Villarreal-Guerrero et al., 60 

2012a).  61 

 Two evaporative cooling systems can be used to reduce the temperature inside the 62 

greenhouse: those employing evaporative pads and extractor fans and those based on fog 63 

systems, which are associated with natural ventilation. Pad-fan evaporative cooling systems 64 

can significantly reduce the inside temperature by 4-6ºC in comparison to the outside air 65 

temperature (Sethi and Sharma, 2007). Pad-fan systems allow lower inside temperatures 66 

(28ºC) than natural ventilation with fogging nozzles (31.4ºC), improving the quality and yield 67 

of tomato crops (Willits and Li, 2005). Another advantage of the pad-fan system compared to 68 

misting is that it does not imply any risk of wetting the plants (Arbel, Barak, Shklyar, 2003). 69 

 However, the use of the pad-fan system to cool greenhouses normally produces non-70 

uniform climatic conditions (Arbel, Barak, Shklyar, 2003), and significant temperature 71 

gradients of around 0.13-0.27ºC m-1 are observed in the direction of the airflow (Kittas, 72 

Boulard, Papadakis, 1997; López, Valera, Molina-Aiz, Peña, 2010). The vertical temperature 73 

gradient, which increases at greater distances from the pad, must also be considered (López, 74 

Valera, Molina-Aiz, Peña, 2010). The use of shade screens can reduce the horizontal 75 

temperature gradient produced by this evaporative cooling system by 18% (Willits & Peet, 76 

2000) and can increase the inside-outside temperature difference to 12ºC (Sethi and Sharma, 77 

2007).  78 

 Fog systems may be recommended for hot and even desert regions, as they can achieve 79 

greater uniformity of temperature and higher levels of relative humidity than evaporative pads 80 

(Luchow & von Zabeltitz, 1992). Çolak (2002) compared the two systems, finding that the 81 

temperature drop achieved in the greenhouse by pads was 1.4ºC greater. By combining a fog 82 

system with mechanical ventilation Arbel, Barak and Shklyar (2003) were able to maintain 83 

the greenhouse temperature at 28ºC and the relative humidity at 80% at midday during the 84 

summer months (for outside temperatures of 40-42ºC). Fog systems can also be combined 85 

with shade screens to achieve greater reductions in temperature (Perdigones et al., 2008). 86 

 However, no system can satisfy all the cooling requirements for all the greenhouses types 87 

and crops grown (Sethi and Sharma, 2007). Arbel, Barak and Shklyar (2003) recommend 88 

future research centering on anlaysis of the characteristics of the airflow generated inside the 89 

greenhouses. Li and Willits (2008) carried out this type of analysis with a hot wire 90 

anemometer, measuring only the magnitude of the mean air velocity vector, whereas a more 91 

interesting characterisation of the airflow can be obtained using three-dimensional sonic 92 

anemometry, which allows the three orthogonal components of air velocity to be measured 93 

(López, Valera, Molina-Aiz, Peña, 2010; López, Valera, Molina-Aiz, 2011). 94 

 Temperatures in excess of 32ºC are considered excessive for greenhouse crops (Baudoin 95 

et al., 1999). When mean daily temperatures above 22ºC are common, artificial cooling may 96 

be necessary (Baudoin et al., 1999; Von Elsner et al., 2000) or cultivation in greenhouses has 97 

to be stopped, and with mean temperatures between 12 and 22ºC natural ventilation is 98 

sufficient; mean daily temperatures above 27ºC could be considerate excesive (Von Elsner et 99 



 

 

3 

 

al., 2000). In Almería, these limiting temperatures are reached in late July and throughout 100 

August (Fig. 1), restricting crop transplant to the greenhouses during this period. Seedlings 101 

are grown in soil cubes and are transplanted in late summer, normally in late August and early 102 

September (Orgaz, Fernández, Bonachela, Gallardo, Fereres, 2005; Magán, Gallardo, 103 

Thompson, Lorenzo, 2008). 104 

 Fog has long been used to increase cooling when the ability of the plants to transpire is 105 

expected to be insufficient (e.g., in rooting and transplant greenhouses) (ASABE, 2008). In 106 

Almería, the main utility of evaporative cooling systems can be to reduce high temperatures 107 

inside greenhouses in August, in order to bring forward the transplanting date. In nursery 108 

greenhouses, the use of evaporative cooling systems can allow seedlings to be available for 109 

early transplanting. Thus, the nurseries could be guaranteed a better price (Gupta, Samuel, 110 

Sirohi, 2010). In crop production greenhouses, the use of evaporative cooling systems can 111 

allow young transplants to acclimatize to changing environmental conditions, allowing them 112 

to withstand the environmental stress caused by transplant to the greenhouse (Gupta, Samuel, 113 

Sirohi, 2010). These systems are also recommended when plant evapotranspiration is 114 

negligible. By bringing forward the transplanting date farmers can have an early yield when 115 

production prices are at a maximum, and thus increase their income. 116 

 The present work was carried out in summer 2010 with the aim of analysing the capacity 117 

to reduce the temperature inside empty greenhouses (when crops are seeded in nursery or 118 

transplanted in greenhouses) using different evaporative cooling systems (pad-fan and fog), 119 

either working alone or combined with aluminised shading mesh and interior fans. This work 120 

is a continuation of two studies carried out in the same experiemental greenhouses over the 121 

two previous summers. In 2008 we studied the airflow and distribution of temperature and 122 

humidity in a multi-span greenhouse equipped with a pad-fan cooling system operating with a 123 

well-developed tomato crop and without crop (López, Valera, Molina-Aiz, Peña, 2010). The 124 

system of evaporative pads was less effective for the empty greenhouse. The crop inside the 125 

greenhouse allowed the temperature in the area occupied by the plants (1 m above the ground) 126 

to be reduced by about 4°C with respect to the empty greenhouse (López, Valera, Molina-Aiz, 127 

Peña, 2010). In summer 2009 we studied the microclimate and airflow inside the same multi-128 

span greenhouse (with a well-developed tomato crop) equipped with a pad-fan cooling 129 

system, analysing several operational alternatives: three ventilation flow rates, and combining 130 

the medium flow rate with two interior fans or with a shading screen (López, Valera, Molina-131 

Aiz, Peña, 2012). The combination of shading screens with the pad-fan working at medium 132 

level ventilation rates (0.042-0.049 m3 s–1 m–2) achieved the greatest reduction in temperature 133 

with respect to the outside value (inside-outside temperature difference of –3ºC). 134 

 The main aim of the present work is therefore to compare the microclimate in three 135 

Mediterranean multi-span greenhouses (arch-shaped roof) with different cooling systems 136 

(pad-fan system, fog system and natural ventilation as reference) without the contribution of 137 

cooling and humidification from the crop by evapotranspiration. Together with the fog 138 

system, inside fans were used to homogenize the microclimate inside the greenhouse. To 139 

compare these cooling systems we analyse the inside air velocity vector, which is important to 140 

understand the airflow pattern and its uniformity, since this explains the temperature 141 

distribution inside the greenhouse. This knowledge can help to improve these cooling 142 

systems. In addition, the methodology allows us to study the characteristics of the air flow 143 

turbulence, providing useful information for future validations of Computational Fluid 144 

Dynamics (CFD) simulations. 145 

  146 

2. MATERIAL AND METHODS 147 
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2.1. Experimental Setup 148 

 The experimental work took place in three multi-span greenhouses located at the 149 

agricultural research farm belonging to the University of Almería (Fig. 2), in southeastern 150 

Spain (36° 51′ N, 2° 16′ W and 87 MASL). Two greenhouses of 24×45 m2 [greenhouses 1 151 

(Pad-Fan, PF) and 2 (Fog System combined with natural ventilation, FG)] and one of 152 

18×45 m2 [greenhouse 3 (Natural Ventilation, NV)] were each divided into two halves by a 153 

polyethylene sheet, which allowed us to study the inside microclimate of the two halves 154 

separately for other research projects. The measurements were carried out in the western half 155 

of the experimental greenhouses 1-PF (24×20 m2) and 2-FS (24×20 m2), but with the 156 

evaporative pad (PF) and fog systems (FS) operating in the whole greenhouse. The 157 

polyethylene sheet that divided the greenhouses into two halves may have a slight bearing on 158 

the airflow patterns inside the naturally ventilated greenhouses 2-FG and 3-NV. However, the 159 

airflows produced for several wind conditions (intensity and direction) inside both halves of 160 

the experimental greenhouse 2-FS were analysed simultaneusly in 2009, observing similar 161 

airflow patterns (López, 2011). We have compared the three cooling systems activated 162 

manually. Thus the pad-fan and the fog system worked continuously over the whole 163 

measurement period and the vent opening was opened at a fixed position (Table 1). 164 

 During the measurement tests the greenhouses contained no crop to simulate conditions 165 

with seedlings. In order to prevent insects entering the greenhouses, insect-proof screens were 166 

placed on all the vents. The screens’ geometric characteristics were obtained by the 167 

methodology developed by Valera, Álvarez and Molina-Aiz (2006): 10×16 threads cm-2 168 

(47.0% porosity) in greenhouse 1-PF;  13×30 threads cm-2 (39.0% porosity) in greenhouse 2-169 

FS; and 14×27 threads cm-2 (38.5% porosity) in greenhouse 3-NV. 170 

 In greenhouse 1-PF, Celdek evaporative pads (Munters AB, Kista, Sweden) (1.9×40 m2; 171 

1.9×17.5 m2 in western sector) were installed on the southern side, and eight EM50n-d-1-wp-172 

wm extractor fans (Munters Europe AB, Sollentuna, Sweden) were placed on the northern 173 

side. The extractor fans have a nominal power of 735 W, a nominal propeller (1.27 m 174 

diameter) speed of 368 rpm for a maximum electrical frequency of 50 Hz. The motors of the 175 

fans were connected to a variable frequency drive (VFD) unit NXS 0022 (Vacon Drives 176 

Ibérica S.A., Terrassa, Spain), with an output frequency of 0 to 320 Hz. The water was 177 

supplied by a PRISMA25 4M pump (ESPA, Innovative Solutions, Spain; 1.4 kW) from the 178 

store located next to greenhouse 2-FS to two tanks located close to the evaporative pads; from 179 

there it was pumped to the pads using two submergible LOWARA pumps of 0.55 kW - model 180 

DOC 76(T) (ITT Corporation, Lowara Srl., Italy). The water consumption at the pads was 181 

measured by a multi-jet dry-rotor water meter MTK-HWVB (Wehrle Gmbh, Furtwangen, 182 

Germany), with a nominal flow rate of 2.5 m3 h–1 and a minimum scale value of l0–5 m3.  183 

 Greenhouse 2-FS was equipped with a low pressure water/air fogging system model 184 

CLIMA – FUM (Mondragón Soluciones, Albuixech, Spain) with a volumetric water flow of 185 

1.2 l h-1 for water pressure of 0.3 MPa and air pressure of 0.4 MPa (droplet size <10 µm). The 186 

outlet pipes were placed at a height of 4.6 m, and nozzles were placed at a density of 1 nozzle 187 

per 12 m2. Water was pumped to the system by a PRISMA25 5M (ESPA, Innovative 188 

Solutions, Spain; 1.7 kW), and one air compressor was used: PUSKA model RTA 10/8 189 

(Puska Pneumatic, S.A., Spain; 7.5 kW). The water consumption of these cooling systems 190 

was obtained from readings of the water meter M150-20 (Elster Metering Limited, Luton, 191 

UK), with a permanent flow rate of 2.5 m3 h–1 and a minimum scale value of 2×l0–5 m3.  192 

 Greenhouse 3-NV was naturally ventilated. All three greenhouses were fitted with the 193 

same aluminised shading mesh Aluminet 50-I (Polysack Plastic Indutries Ltd., Israel; 50-54% 194 

shading) and with two Munters Euroemme® EDC18 ventilators (Munters AB, Kista, Sweden; 195 
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0.37 kW) in each sector, located at a height of 2.5 m, i.e. the axis of the propeller was at a 196 

height of 2.81 m. These fans were placed 4 m away from the side walls and were oriented 197 

across the width of the greenhouse. The cost of the pad-fan cooling system was 11 € per m-2 198 

of the greenhouse surface area, as compared to 3.2 € m-2 for the fog system. The lower price 199 

of the fog system is the main reason why this system is used more frequently in Almería’s 200 

commercial greenhouse than the pad-fan (only used in some nurseries). 201 

 Natural ventilation in greenhouse 2-FS consisted of opening the two continuous side vents 202 

and one continuous roof vent, while greenhouse 3-NV had an additional continuous roof vent 203 

(Fig. 2). In the western sector of greenhouse 2-FS the area of the side vents was 204 

17.50×1.05 m2 and that of the roof vent was 17.50×1.00 m2. In the western sector of 205 

greenhouse 3-NV (18×20 m2) the northern side vent had an area of 15.00×1.05 m2, the 206 

southern one had an area of 17.50×1.05 m2 and the roof vent 17.50×1.00 m2. The ventilation 207 

surface SV/SA (vent surface opened / ground surface) was 11.3% for greenhouse 2-FS (except 208 

for experiment A with 7.5%) and 19.2% for greenhouse 3-NV (Table 1), where all vents were 209 

fully opened for the eight tests. 210 

 Four different experiments were carried out (between 11:30 and 14:30) each with two 211 

replications (Table 1). In greenhouse 1-PF the system of evaporative pads was evaluated 212 

working in isolation (experiments A, B and D) and in combination with shade screen 213 

(experiment C). The experiments were carried out in the middle of the day and care was taken 214 

to ensure that external climatic conditions were as stable as possible for the duration of the 215 

experiments. 216 

 In greenhouse 2-FS the fog system was tested using different set-ups. In Almería 217 

greenhouses it is common practice to use active and inactive cycles (On/Off) in order to avoid 218 

wetting the crop, and the same practice was adopted for all experiments, although in this case 219 

there was no crop to simulate conditions shortly after transplanting. In all the experiments the 220 

On/Off cycles were programmed at intervals of 360/60 seconds. In experiment A the side 221 

vents were opened 50% and the roof vent 100%, while in experiment B all vents were fully 222 

opened (Table 1). In experiment C the system was combined with a shade screen. Finally, in 223 

experiment D it was combined with a shade screen and two interior fans. 224 

  225 

2.2. Equipment and instrumetation 226 

 Air velocity and temperature inside greenhouses 1-PF and 2-FS were measured with two 227 

3D sonic anemometers (model CSAT3, Campbell Scientific Spain S.L., Spain; resolution 228 

0.001 m s-1 and 0.002ºC; accuracy ±0.04 m s-1 and ±0.026ºC). Air velocity was also measured 229 

with ten 2D sonic anemometers (mod. Windsonic, Gill Instrument LTD, United Kingdom; 230 

resolution 0.01 m s-1; accuracy ±2%). Data from the 12 anemometers were recorded by two 231 

microloggers (model CR3000, Campbell Scientific Spain S.L.), with a data scan and storage 232 

rate of 10 Hz for 3D sonic anemometers (Shilo, Teitel, Mahrer, Boulard, 2004) and 1 Hz for 233 

2D sonic anemometers (López, Valera, Molina-Aiz, 2011). 234 

 Figure 3 shows the 30 locations of the airflow measurements taken in the western sector 235 

of the experimental greenhouses. The 2D anemometers remained fixed in the positions 236 

indicated in Figure 3: five were placed at the roof vent of greenhouse 2-FS (this vent could 237 

only be accessed by the resistent horizontal beams of the greenhouse structure, which are 5 m 238 

apart, and so air velocity was measured in the middle of the vertical axis of the vent); the 239 

other five anemometers were located next to the evaporative pad in greenhouse 1-PF (3.5 m 240 

apart, measuring air velocity in the middle of the pad’s vertical axis).  241 
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 The two 3D anemometers, one in each greenhouse, measured air velocity in each of the 30 242 

locations 1.75 m above the ground over 3 minutes. This time period is a compromise between 243 

a shorter one that may reduce accuracy and a longer one that may increase the distorsion 244 

produced by the change in microclimate parameters such as wind speed or inside-outside 245 

temperature difference (Molina-Aiz, Valera, Peña, Gil, López, 2009). For the analysis of the 246 

airflow characteristics we have calculated the following parameters from the 3D anemometers 247 

measurements over 3 minutes: mean air velocity ū, turbulence intensity i, the macroscale or 248 

integral length scale (the average size of the largest eddies) Li, the discrete power spectrum 249 

density function E(f), the average negative slope (β value) of the logarithmic power spectrum 250 

curves, the total turbulence kinetic energy k and the turbulence energy dissipation rate ε. An 251 

exhaustive description of all these parameters was given in a previous work (López, Valera 252 

and Molina-Aiz, 2011). 253 

 The wire frame intended to support and guide the crop was used to position the sonic 254 

anemometers inside the greenhouse. Each anemometer was mounted on a horizontal arm, 255 

which was fixed to a 3 m long aluminium pipe (Fig. 4a). At the upper end of the vertical pipe 256 

a U-shaped clamp was attached in order to fix it to the wire frame. At the lower end of the 257 

vertical pipe, a rod of smaller diameter was inserted to anchor the device to the ground once 258 

the anemometer had been placed at the correct point. A similar system was used to place the 259 

anemometers at the roof vent (Fig. 4b). A steel cable was extended under the greenhouse roof 260 

parallel to the roof vent, from which the vertical aluminium pipe with the anemometers was 261 

suspended. Once the anemometers were placed at the correct level, the device was secured to 262 

the greenhouse structure. 263 

 Outside climatic conditions were recorded (frequency 0.5 Hz) by a meteorological station 264 

at a height of 10 m located to the north of the greenhouse (Fig. 2). The meteorological station 265 

included a BUTRON II (Hortimax S.L., Almería, Spain) measurement box with a Pt1000  266 

IEC 751 class B temperature sensor (Vaisala Oyj, Helsinki, Finland) with a measurement 267 

range of –10 to 60ºC and an accuracy of ±0.6ºC, and a capacitive humidity sensor HUMICAP 268 

180R (Vaisala Oyj, Helsinki, Finland) with a measurement range of 0% to 100% and an 269 

accuracy of ±3%. Outside wind speed was measured with a Meteostation II (Hortimax S.L., 270 

Almería, Spain), incorporating a cup anemometer with a measurement range of 0 to 40 m s-1, 271 

accuracy of ±5%, and resolution of 0.01 m s-1. Wind direction was measured with a vane 272 

(accuracy ±5° and resolution 1°). Incoming shortwave radiation was measured using a Kipp 273 

Solari (Hortimax S.L., Almería, Spain) sensor, with a measurement range of 0 to 2000 W m-2, 274 

accuracy of ±20 W m-2, and resolution of 1 W m-2. 275 

 Temperature and humidity inside the western halves of the three greenhouses were 276 

measured using 36 autonomous dataloggers (HOBO Pro Temp-HR U23-001, Onset Computer 277 

Corp., Bourne, Massachusetts, USA) placed at heights of 1 and 2 m. Another four sensors 278 

were placed next to the evaporative pad, two inside the greenhouse and two outside (Fig. 2). 279 

These fixed devices allowed temperature measurement in a range of -40°C to 70°C with an 280 

accuracy of ±0.18°C and measurement of relative humidity of 0% to 100% with an accuracy 281 

of ±2.5%. They were all programmed to register data at 0.5 Hz and were protected against 282 

direct solar radiation with passive solar radiation open boxes, allowing natural air movement 283 

around the sensors. The sensors were not mechanically ventilated to avoid the air mixing from 284 

different heights (Molina-Aiz, Valera, Álvarez, 2004). These sensors were used to measure 285 

the difference of temperature at 1 and 2 m, and for correcting (using humidity data) and 286 

scaling (using temperature data) the air temperatures measured inside the greenhouses with 287 

the sonic anemometers. 288 
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 The speed of sound measured by the sonic anemometers depends both on temperature and 289 

on humidity. Therefore, in humid air it is necessary to correct the temperature of air TS [ºC] 290 

obtained by the 3D sonic anemometer from the speed of sound. From the data of inside 291 

humidity recorded by the fixed sensors, we can obtain the specific humidity q [kg kg–1] and 292 

calculate the corrected sonic temperature TSC [ºC] using the following expression (Tanny, 293 

Haslavsky, Teitel, 2008): 294 

 
 q

T
T S

SC
51.01

  (1) 295 

 To analyse the differences of temperature and humidity between the three greenhouses 296 

analysis of variance (ANOVA) with Statgraphics Plus v4.1 (Manugistics Inc., Rockville, 297 

Maryland, USA) was carried out. Furthermore, multiple regression analysis evaluated the 298 

effect of the volumetric flow rate generated by the extractor fans and moisture content in 299 

outside air on the water consumption of greenhouse 1-PF. 300 

  301 

3. RESULTS AND DISCUSSION 302 

 In order to avoid discrepancies in the results, all eight measurement tests (Table 2) were 303 

carried out at around noon, when the outside climatic conditions remained relatively stable. 304 

Four of the measurement tests were carried out under prevailing Levante wind (from the 305 

northeast), and the other four with Poniente wind (from the southwest). For both northeast 306 

and southwest winds the polyethylene sheet that divided the experimental greenhouse may 307 

have a slight bearing on the natural airflow inside the naturally ventilated greenhouses 2-FG 308 

and 3-NV. 309 

 Let us first analyse the airflow inside greenhouses 1-PF and 2-FS with the two cooling 310 

systems; we shall then go on to estimate the air renovation rate per hour in these greenhouses; 311 

thirdly we shall compare the different levels of turbulence observed inside these greenhouses; 312 

next the temperature distribution will be analysed in the same greenhouses in comparison 313 

with the pattern observed in greenhouse 3-NV; finally, we shall analyse the differences in 314 

electricity and water consumption between the two cooling systems. 315 

 316 

3.1. Air Velocity and Airflow Direction 317 

 For the analysis of the effect of the different cooling treatements on the airflow generated 318 

inside the greenhouses we have plotted in Figure 5 the two-dimensional resultants of air 319 

velocity on the XY plane (l) and the XZ plane (v) with the frequency histograms of velocity 320 

directions (depicted as polar plots). Vectors in blue correspond to a height of 1.75 m, while 321 

those in red represent the airflow at the roof vent. 322 

 The extractor fans (greenhouse 1-PF) produced a suction of air from the evaporative pad, 323 

where air entering the greenhouse was humidified, to the extractor fan where heated air exited 324 

the greenhouse. For all the measurement tests, air passed through the greenhouse, following 325 

the direction perpendicular to the greenhouse ridge and parallel to the ground (Fig. 5). 326 

However, we can observe that in the centre of the greenhouse airflow was distorted (Fig. 5) 327 

by the presence of the entrance chamber in the western side of the greenhouse (Fig. 3b). The 328 

direction in which the air advances and the fact that there is little mixing of air inside the 329 

greenhouse are responsible for the temperature gradients which are characteristic of these 330 

cooling systems (López, Valera, Molina-Aiz, Peña, 2010). The airflow produced by the 331 

extractor fans (1-PF) generated a more uniform air direction than the natural ventilation in the 332 
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greenhouse with fog system (2-FS). Besides, the magnitude of air velocities was lower in 333 

greenhouse 2-FS, with an average value for the 8 measurement tests of 0.24 m s–1 (standard 334 

deviation of 0.22 m s–1) than in greenhouse 1-PF, with an average value of 0.40 m s–1 335 

(standard deviation of 0.23 m s–1). The maximum value of air velocities inside the two 336 

experimental greenhouses was 1.04 m s-1, the critical value above which excessive flow can 337 

be detrimental to the crop (ASHRAE, 2009). However, the mean air velocity entering the 338 

greenhouse through the pad ranged between 0.5 and 0.7 m s-1, below the recommended value 339 

of 1.27 m s–1 for corrugated cellulose pads (ASABE, 2008).   340 

 On the other hand, in greenhouse 2-FS, the frequency histograms show greater fluctuation 341 

in the direction of the air (greater mixing of air) than in greenhouse 1-PF, although the air 342 

velocity was much lower (Fig. 5). The proximity of the fans in greenhouse 1-PF to the 343 

southern side of greenhouse 2-FS has been observed to foment the entrance of air into the 344 

latter greenhouse (Fig. 5), thereby possibly improving its ventilation capacity. However, the 345 

entrance of warm air from greenhouse 1-PF into greenhouse 2-FS limited their cooling 346 

capacity. A distance of 4 to 5 fan diameters (5.1 to 6.4 m for our fan extractors) should be 347 

maintained between the fan discharge and any nearby obstructions (ASABE, 2008). However, 348 

the experimental greenhouses 1-PF and 2-FS were only 3 m apart (Fig. 2). On the whole, the 349 

separation between commercial greenhouses in the area of Almería is less than 3 m. In this 350 

particular case, the extractor fans should have been installed on the south side of greenhouse 351 

1-PF to avoid the negative influence on ventilation and cooling of greenhouse 2-FS (Fig. 2). 352 

 The airflows generated in both greenhouses with evaporative cooling systems (1-PF and 353 

2-FS) with (Fig. 5c) and without shade screens (Fig. 5b) were very similar, although their use 354 

reduces the natural ventilation capacity (in greenhouse 2-FS). The use of the two horizontal 355 

airflow fans (working in opposing directions) produced a circular current of air inside the 356 

naturally ventilated greenhouse 2-FS (Fig. 5d).  357 

 These interior ventilators (Fig. 5d) allowed similar values of air velocity inside 358 

greenhouses 2-FS (between 0.10 and 0.98 m s–1) and 1-PF (between 0.10 and 1.04 m s–1), 359 

although no change was observed in air velocity though the greenhouse windows. Without the 360 

fans and with low to moderate wind speeds, the air velocity in greenhouse 2-FS was 361 

considerably lower (between 0.06 and 0.62 m s–1) than in greenhouse 1-PF (between 0.09 and 362 

0.98 m s–1) as Figs. 5a and 5c illustrate. 363 

 Under conditions of natural ventilation the airflow does not follow such a clear, uniform 364 

pattern as with mechanical ventilation. The airflow pattern and the exhange rate inside 365 

naturally ventilated greenhouses depend on the interaction between the thermal or buoyancy 366 

effect, proportional to the inside-outside air temperature difference ∆Tio, and the wind effects 367 

(depending on wind speed). Papadakis, Mermier, Meneses and Boulard (1996) observed that 368 

the thermal buoyancy effect could not be neglected in a plastic greenhouse (with continuous 369 

roof and side openings) when the wind speed was lower than 1.8 m s-1, although it had less 370 

bearing than the wind effect. However, to determine when one of the two effects is 371 

predominant it is preferable to use the ratio between wind velocity and the root of the inside-372 

outside temperature difference. Kittas, Boulard and Papadakis (1997) observed, in a 373 

Mediterranean greenhouse with ridge and side openings, that the wind effect predominated 374 

over the thermal buoyancy effect when this ratio uo/∆Tio
0.5 became greater than 1, while Bot 375 

(1983) set this limit at 0.3 for a Venlo type greenhouse with only continuous roof windows. 376 

 When the Levante wind prevails the air has been observed to enter through the northern 377 

windward vent, which is free of obstacles, and through the southern side vent. Once inside, 378 

due to buoyancy the air rises and leaves through the roof vent, which is on the leeward side 379 

(Figs. 5a, 5b and 5c). In previous works carried out in the experimental greenhouses, at low 380 
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wind speed the thermal effect was predominant, with outside air entering through the side 381 

vents and leaving through the roof vent (López, 2011). However, for strong Poniente wind, as 382 

the roof vent is windward, air entered through the roof vent and exited the greenhouse through 383 

the side vents. Thus, for Poniente wind (Fig. 5d), depending on the wind intensity (wind 384 

effect) and the difference between inside and outside temperatures (thermal effect), 385 

ventilation occurs differently. In these tests (A1, C1, D1 and D2) the uo/∆Tio
0.5 ratio was less 386 

than 1 but more than 0.3 (0.55, 0.72, 0.86 and 0.63, respectively), making it difficult to 387 

establish a ventilation pattern. During the same test air has been observed to both enter and 388 

leave through the roof vent. Moreover, the southern side was affected by the fans of 389 

greenhouse 1-PF. 390 

 To analyse the airflow uniformity, the heterogeneity of l and v has been calculated at the 391 

measurement points inside the greenhouse (excluding the points closest to greenhouse sides), 392 

dividing their standard deviation (σl and σv) by the mean value (Kittas, Katsoulas, Bartzanas, 393 

Mermier, Boulard, 2008). On the whole, the heterogeneity of both parameters was greater in 394 

greenhouse 2-FS (Table 3), which indicates that the air mixed to a greater degree, which leads 395 

to greater homogeneity of the microclimate (see section 3.4). 396 

 397 

3.2. Air Exchange Rates 398 

 For greenhouse 2-FS, the mean ventilation flow rate has been calculated using the air 399 

velocities ūx,j(t) measured by the 3D sonic anemometer at each position j at vents through a 400 

process of scaling with the wind speed (Molina-Aiz, Valera, Peña, Gil, López, 2009): 401 

 
)(

)(
1

,

tu

u
tuSG

o

o
m

j

jxj


  (2) 402 

where Sj is the unit surface of vent corresponding to each measurement point j, ūx,j(t) is the 403 

perpendicular component to the greenhouse openings of mean air velocity at minute t at each 404 

point j in the greenhouse openings, ūo is the average wind speed for the overall test period 405 

(several hours) and uo(t) is the instantaneous value (average for each minute t) .  406 

The air exchange rates R (in h–1) for greenhouses 1-PF and 2-FS were calculated by 407 

dividing the volumetric flow rate G (in m3 s–1) obtained from equation 2 by the greenhouse's 408 

volume (2682 m3 for the western sector of both greenhouses) and multiplying by a conversion 409 

factor of time units (3600 s h–1). For greenhouse 1-PF, the air exchange rates were obtained 410 

from the mean values of air velocity entering the greenhouse through the pad (with a surface 411 

area of 33.25 m2) measured at ten locations indicated in Figure 3 (five locations with one 3D 412 

anemometer and five 2D anemometers that remained fixed). For greenhouse 2-FS, air velocity 413 

was measured at the roof vent with 5 fixed 2D anemometers and at the two side vents with the 414 

3D anemometers at 5 different locations (Fig. 3). 415 

 The air exchange rates obtained for greenhouse 1-PF were in the range of 27-31 h–1 (Fig. 416 

6). These values fall between the value of 20 h-1 suggested by Sethi and Sharma (2007) and 417 

the optimum value of 45-60 h-1 recommended by Hellickson and Walker (1983). However, in 418 

the greenhouse with fog system (2-FS) the air exchange rates were similar to these observed 419 

in the province of Almería (5 to 15 h-1) in naturally ventilated Almería-type and multispan 420 

greenhouses (Molina-Aiz, 2010; López, 2011). The use of fans inside the greenhouse does not 421 

lead to an increase in the air exchange rate, but these fans contribute to homogenizing inside 422 

air. We recommend placing them next to the lateral vents in order to benefit from both effects 423 

(increase in the air exchange rate and homogenizing inside air). 424 

 425 
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3.3. Turbulence Flow Characteristics 426 

 427 

3.3.1. Turbulence Intensity and Energy Levels 428 

 Average turbulence intensity i was greater in the naturally ventilated greenhouse 2-FS 429 

(0.42-0.82) than in greenhouse 1-PF (0.33-0.38), where the extractor fans normally generate a 430 

less turbulent airflow (Ouyang, Dai, Li and Zhu, 2006), as Table 4 illustrates. Besides, this 431 

mechanically generated airflow can be stabilised when passing through two porous media 432 

(Fang, 1997), the insect-proof screen and the humidified pad installed at the opening. In 433 

general, the average turbulence intensities measured within both greenhouses (Table 4) are 434 

similar to those observed inside a banana screenhouse (0.49±0.12) by Tanny, Haijun and 435 

Cohen (2006), and to those measured in a naturally ventilated multi-span glasshouse (0.16 to 436 

0.47 for the x direction) by Boulard, Wang and Haxaire (2000). In greenhouse 2-FS, the three 437 

components of turbulence intensity were similar. In greenhouse 1-PF, however, turbulence 438 

intensity was less for the vertical component (iz) than for the others (ix and iy), which may be 439 

the reason behind the vertical temperature gradient observed in this greenhouse.  440 

 As regards turbulence kinetic energy k and turbulence energy dissipation rate, we can 441 

observe that the energy levels inside greenhouse 2-FS were only greater than in greenhouse 1-442 

PF for test B2, which was carried out in conditions of strong Levante wind, and for tests D, 443 

when the internal fans were activated. The use of these fans inside the greenhouse does not 444 

lead to an increase in the air exchange rate, but these fans could contribute to homogenizing 445 

inside air, increasing turbulence kinetic energy. We recommend placing them next to the side 446 

vents to augment the ventilation airflow as well as the value of k. 447 

 The k values obtained (Table 4) inside the experimental greenhouses equipped with 448 

insect-proof screens were much lower than those observed by Boulard, Wang and Haxaire 449 

(2000) in the centre of an empty greenhouse tunnel without screens (0.28 m2 s–2) and close to 450 

the windward opening (reaching 1.44 m2 s–2). However, the values of the turbulent kinetic 451 

energy measured in our 8 measurement tests (Table 4) were similar to these observed in a 452 

multi-span glasshouse, ranging from 0.003 to 0.068 m2 s-2 (Wang and Deltour, 1999).  453 

 The values of turbulence kinetic energy measured in both experimental greenhouses 454 

indicate a low capacity of the inside airflow to mix and to transport heat and water vapour 455 

(Tan-Atichat, Nagib, Loehrke, 1982). This may constitute a major drawback for the low 456 

capacity of the airflow to remove the solar energy absorbed by the soil when the seedlings are 457 

transplanted into the greenhouse at the end of summer and low capacity to remove water 458 

vapor generated by a mature crop at the end of growing season in late spring or early summer. 459 

 460 

3.3.2. Measures of Turbulence Macroscale 461 

 The macroscale represents the dimension of the most energetic eddies, which have the 462 

most significant effect on the mixing of air and therefore on ventilation (Tanny, Haslavsky, 463 

Teitel, 2008). In greenhouse 1-PF the airflow is characterised by similar levels of macroscale 464 

(Lix, Liy, Liz and Li) over all eight tests. This type of forced ventilation generates a predominant 465 

airflow perpendicular to the pads, meaning that the dimension of the turbulence scales is 466 

greater for the longitudinal component Lix than for the transversal Liy and vertical Liz ones 467 

(Table 5). Consequently, the air mixes less and horizontal temperature gradients are 468 

generated.  469 

 In greenhouse 2-FS, the turbulence scales increase with the air velocity, reaching 470 

maximum values in tests B1, B2 and C1. The use of fans in the greenhouse (tests D) leads to 471 
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an increase in the turbulence scales compared to the other tests. Under conditions of natural 472 

ventilation (greenhouse 2-FS), with moderate wind speeds (tests A2, B1, B2 and C2), Liy is 473 

higher than in greenhouse 1-PF, which suggests greater transversal mixture of air. In 474 

greenhouse 2-FS the macroscale is highest for Lix and lowest for Liz, indicating more mixture 475 

of air on longitudinal and transversal planes than in the vertical one. The presence of the 476 

insect-proof screens installed in the openings of both experiamental greenhouses may reduce 477 

the average values of the macroscale Lix, which is much lower (ranging from 0.13 to 0.61 m) 478 

than those measured in an unscreened tunnel greenhouse (1.19-2.11 m) (Boulard, Wang and 479 

Haxaire, 2000). 480 

 481 

3.3.3. Discrete Energy Spectrum 482 

 Breaking down the time series in frequency components allows us to see how the eddies 483 

of the different scales contribute to the overall turbulence (Fig. 7). In greenhouse 1-PF the 484 

energy levels were highest when the fans were activated (Fig. 7c) and in conditions of strong 485 

Levante wind (Fig. 7a). In both cases the energy levels were greater than in greenhouse 1-PF. 486 

In conditions of weak to moderate wind, the energy levels in greenhouse 2-FS without 487 

internal fans were lower than in greenhouse 1-PF (Fig. 7b). In greenhouse 1-PF, unlike 488 

greenhouse 2-FS, the energy levels did not depend on the wind characteristics. 489 

 Inside the greenhouse, the slope of the β spectrum was less for greenhouse 1-PF (Table 5) 490 

than for greenhouse 2-FS (with values close to 5/3, characteristic of natural airflows). On 491 

activating the fans inside greenhouse 2-FS the slope of the spectrum decreases, approaching 492 

the values recorded in greenhouse 1-PF. These low values of β measured when using the 493 

extractor and inside fans are characteristic of mechanical airflows, and they indicate that 494 

turbulent energy is distributed uniformly over the range of frequencies considered (Ouyang, 495 

Dai, Li, Zhu, 2006). Mechanical airflows usually produce a higher transport of energy at high 496 

frequencies than natural airflows, in which energy is transported at low frequency (Ouyang, 497 

Dai, Li, Zhu, 2006). 498 

 In short, the levels of turbulence intensity measured inside greenhouse 1-PF were lower 499 

than the values observed in greenhouse 2-FS. This lower intensity of turbulence of the cooling 500 

airflow reduces the mixing of the inside air with the outside air entering the greenhouse 501 

through the pad (López, Valera, Molina-Aiz, Peña, 2010). The levels of turbulence kinetic 502 

energy and turbulence energy dissipation rate measured inside greenhouse 2-FS were higher 503 

than in greenhouse 1-PF on days with strong winds.  504 

 505 

3.4. Interior Microclimate 506 

 The higher air exchange rate (which implies greater evacuation of the heat accumulated 507 

inside the greenhouse) and the higher water consumption in greenhouse 1-PF with respect to 508 

greenhouse 2-FS (the water consumed is used to reduce temperature and increase the moisture 509 

content of air entering the greenhouse through the evaporator panels) implies that greater 510 

reductions in temperature were obtained in the former. The lower inside temperatures 511 

obtained using the pad-fan system for the empty greenhouses studied in this work suggest that 512 

this evaporative system is the most effective for cooling greenhouse when young plants are 513 

transplanted at the end of the summer. 514 

 However, the differences observed in airflow characteristics between these greenhouses 515 

have repercussions on the interior temperature distribution. In greenhouse 2-FS there was 516 

greater mixing of air than in greenhouse 1-PF, where the airflow was more uniform, entering 517 
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through the evaporative pads and heading towards the extractor fans. The results obtained in 518 

this study are conditioned by the fact that the greenshouse was empty (without crop). 519 

 520 

3.4.1. Mean temperature and relative humidity values inside the greenhouse 521 

 On the whole, air temperature inside greenhouse 3-NV was lower than in greenhouse 2-FS 522 

due to the lower ventilation rate in the latter. The temperature in greenhouse 2-FS was lower 523 

than in greenhouse 3-NV only under conditions of strong wind and with the vents fully 524 

opened (test B2; uo=7.51 m s-1) or when combined with a shade screen (test C2; uo=4.98 m s-525 
1) (Table 6). Fogging systems have been successfully developed for greenhouse cooling. 526 

However the lack of control strategies, in combination with ventilation systems, especially 527 

passive ventilation, has limited their capabilities (Villarreal-Guerrero et al., 2012b). 528 

 In greenhouse 1-PF the temperature was always below the values recorded in the other 529 

two greenhouses (Table 6). The lowest temperature difference recorded was in tests C, when a 530 

shade screen was used. Differences of up to 11.6ºC (test B2) were observed between 531 

temperatures in greenhouses 1-PF and 3-NV, while the maximum difference between 532 

greenhouses 1-PF and 2-FS was 10.4ºC (test A1).  533 

 With no crop in the greenhouse and at the hottest time of day, the temperature differences 534 

between greenhouses 1-PF and 2-FS (Table 6) were much higher than the 3.4ºC reported by 535 

Willits and Li (2005) in their comparison of the same two systems in the presence of a tomato 536 

crop (cooling effect of evapotranspiration of the crop) over two years. The mean differences 537 

in temperature between both systems can be smaller if the analysis is carried out over long 538 

periods of time and with a crop inside the greenhouse However, special attention should be 539 

paid to certain situations (hottest times of the year and/or when the crop has recently been 540 

transplanted) in which the cooling requirements may be greater, making the pad-fan system 541 

preferable to the fog one, as the results obtained in the present work illustrate. 542 

 Commonly grown horticultural species in the Mediterranean region are adapted to mean 543 

temperatures of 17 to 28ºC, with maximum and minimum limits of 12 and 32ºC, respectively 544 

(Amsen & Nielsen, 1988). In greenhouse 1-PF, without crop, the mean temperature ranged 545 

between 29.6ºC (test C2 with shade screen) and 35.0ºC (test A2), but if a crop were present it 546 

would have a cooling effect due to crop evapotranspiration and the air temperatures would be 547 

lower. Thus, the temperatures recorded in the area occupied by a mature tomato crop in 548 

greenhouse 1-PF in mid-summer 2008 were 3 to 4ºC below the outside temperature of 29.9ºC 549 

(López, Valera, Molina-Aiz, Peña, 2010). In addition, evapotranspiration of the crop 550 

augmented the water content of the inside air transported by the forced airflow, and as a result 551 

the air humidity increased at greater distances from the evaporative pads, whereas in the 552 

assays without crop we observed that the air accumulates greater water content closer to the 553 

pads (López, Valera, Molina-Aiz, Peña, 2010). 554 

 In greenhouse 2-FS the mean temperature (between 36.4ºC and 43.7ºC) was much higher 555 

than the recommended maximum values. This situation could arise in commercial 556 

greenhouses with a recently transplanted crop in early August. The pad-fan system combined 557 

with a shade screen proves to be the best alternative for bringing forward transplanting in 558 

summer, improving the results obtained in 2008 (López, Valera, Molina-Aiz, Peña, 2010) 559 

with the pad-fan system without the shade screen and in accordance with the results obtained 560 

in 2009 (López, Valera, Molina-Aiz, Peña, 2012). 561 

 The relative humidity measured inside greenhouse 1-PF at a height of 1 m above the 562 

ground was 25% and 26% greater on average than in greenhouses 2-FS and 3-NV, 563 

respectively (Table 6). However, these differences only reached 7% and 9%, respectively, at a 564 
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height of 2 m. We can observe that the evaporative effect of the pad is greater at 1 m, making 565 

this system suitable for use when young seedlings are transplanted to the greenhouses. 566 

 The fog system analysed in this work seems to be inadequate to increase the relative 567 

humidity inside the greenhouse. Thus, the average increase in humidity with respect to the 568 

outside air was 6% inside greenhouse 2-FS for days with outside relative humidity lower than 569 

60%. Moreover, for the three days with higher outside relative humidity, in the region of 70% 570 

(tests A1, C1 and D2), the relative humidty was greater in greenhouse 3-NV than in 571 

greenhouse 2-FS. The greater ventilation capacity in greenhouse 3-NV allows the inside 572 

humidity to be increased with the water vapour supplied by the humid air entering the 573 

greenhouse through the vent openings. However, this effect observed in the empty 574 

greenhouses (similar to a greenhouse with young plants) could be different when better 575 

ventilation can allow elimination of the water vapour supplied by the evapotranspiration of a 576 

well-developed crop. 577 

 The low pressure water/air fog system is the most widespread in Almería’s commercial 578 

greenhouses as it is cheaper than the pad-fan system. However, the capacity and density of 579 

nozzles installed seem insufficient to increase inside humidity and reduce temperature. 580 

Further research could focus on improving this cooling system by increasing the density of 581 

nozzles and their capacity. 582 

 In general, the temperature and relative humidity measured by the fixed sensors at each 583 

location were more stable over the three-hour measurement period for the 8 tests in 584 

greenhouse 1-PF (standard deviation of ±0.6ºC and ±1.7%, respectively) than in greenhouses 585 

2-FS (±1.3ºC and ±2.4%) and 3-NV (±1.6ºC and ±2.8%). The use of the pad-fan system 586 

seems to allow greater temporal stability of temperature and humidity. However, this 587 

advantage is offset by their lower spatial uniformity. Thus, the total variation in space and 588 

time (standard deviations in Table 6) was similar for the three greenhouses. 589 

 590 

3.4.2. Temperature gradients 591 

 The analysis of temperature gradients inside the greenhouse can help growers to optimise 592 

fertilisation and irrigation systems (Boulard & Wang, 2002) and avoid the problem of thermal 593 

stress of seedlings being transplanted in areas of air stagnation. The average differences 594 

between temperatures measured at 2 m and 1 m above the ground by the fixed sensor (vertical 595 

temperature gradients ΔTv) was around 25 times greater in the greenhouse with mechanical 596 

ventilation (1-PF) than in the naturally ventilated greenhouses (2-FS and 3-NV), with a 597 

maximum value of 6.7ºC m–1 for test B1 (Table 6). The cooling effect produced by the pad-598 

fan system was greater at 1 m (where relative humidity was greater) than at 2 m above the 599 

ground. Consequently, we can observe that the temperature differences between the three 600 

greenhouses were greater at a height of 1 m than at 2 m (Table 6). At the lower height, where 601 

in late summer the young crop has a low evapotranspiration cooling capacity, the average 602 

temperature for the 8 tests was about 10ºC lower in greenhouse 1-PF than in the naturally 603 

ventilated greenhouses (2-FS and 3-NV). However, at 2 m this average difference was only 604 

about 5ºC. 605 

 On the other hand, the horizontal gradients measured with the 3-D sonic anemometer in 606 

the mechanically ventilated greenhouse 1-PF were between 0.16 and 0.26ºC m-1 (Table 6). 607 

These values are close to the 0.13ºC m-1 reported by Kittas, Bartzanas and Jaffrin (2003) and 608 

the 0.27ºC m-1 observed by López, Valera, Molina-Aiz and Peña (2010) in greenhouses with 609 

pad-fan cooling systems. The use of shade screen in combination with pad-fan system can 610 

reduce horizontal temperature gradients in greenhouses (Willits & Peet, 2000; López, 2011). 611 
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Thus, the lowest horizontal gradient in experimental greenhouse 1-PF was recorded in test C1 612 

with the shade screen (0.16ºC m–1). The values measured without screen ranged from 0.19 to 613 

0.26 ºC m–1. Overall, the horizontal temperature gradients measured in the greenhouse with 614 

fog system and natural ventilation (2-FS) were lower than those observed in greenhouse 1-PF 615 

(Table 6).  616 

3.4.3. Greenhouse temperature distribution 617 

 To study the heterogeneity of temperature distribution (Figs. 8-10) we have also used the 618 

air temperatures measured at a height of 1.75 m with the 3-D anemometers at 30 different 619 

positions inside the two experimental greenhouses with evaporative cooling systems (1-PF 620 

and 2-FS). To compare the temperatures measured at different times in the 30 different 621 

positions in each experimental greenhouse (Fig. 3), we need to consider the effect of changes 622 

in outside temperature throughout duration of the tests. This problem can be overcome using 623 

the difference in air temperature between the centre of the greenhouse and the external air 624 

stream as a scaling parameter (Boulard, Wang and Haxaire, 2000). However, this method can 625 

be problematic when there is little difference between inside and outside temperatures (Lopez, 626 

2011). Consequently, we have used the average inside and outside temperatures as the 627 

parameter to scale the inside temperature measured with the anemometers. The inside-outside 628 

temperature difference used in Figs. 8-10 has been calculated as (López, Valera, Molina-Aiz 629 

and Peña, 2012):  630 
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where Tsc,j is the corrected sonic temperature [Eq. (1)] for position j inside the greenhouse, To 632 

and Ti are the mean outside and inside air temperatures during the test and To,j and Ti,j are the 633 

mean outside and inside air temperatures recorded by the fixed sensors over the 3 minutes 634 

used for measurement at position  j. 635 

 Figure 8 illustrates how the extractor fans in greenhouse 1-PF favour the entrance of air 636 

through the southern side vent in greenhouse 2-FS. In this greenhouse, with light wind and the 637 

side vents open 50%, the temperature in almost the whole greenhouse is between 11 and 12ºC 638 

higher than outside. In conditions of strong Levante wind, and with the windows fully open, 639 

the situation is more favourable (Fig. 9). However, we can observe the negative effect 640 

produced on ventilation by the warm airflow entering greenhouse 2-FS from the extractor 641 

fans located in the side wall of greenhouse 1-PF. At the leeward side vent of greenhouse 2-FS 642 

(close to the extractor fan of greenhouse 1-PF) the air enters 4ºC warmer than through the 643 

windward side vent (Fig. 9). The cooling capacity of the fog system was limited by the 644 

entrance of warm outside air arriving from the other greenhouse. The use of internal fans has 645 

the effect of homogenizing the greenhouse air temperature (Fig. 10), but it does not foment 646 

the exchange of air with the outside since the fans are located 4 m from the side vents.  647 

 Temperature maps allow us to visualise the increase in temperature in greenhouse 1-PF at 648 

greater distances from the evaporative pads. The entrance chamber to the greenhouse (Fig. 3) 649 

gives rise to an increase in temperature in the northwestern corner (Figs. 8, 9 and 10). In 650 

greenhouse 1-PF without the shade screens, the temperature differences between the coldest 651 

and hottest points ranged from 8.5 to 11.4ºC (Figs. 8 and 9). The use of the shade screen in 652 

this greenhouse (tests C) slightly reduces these temperature differences to 7.3 and 8.0ºC. 653 

 654 

3.5. Electricity and water consumption 655 
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 Functioning continuously for one hour, greenhouse 2-FS consumed more electricity (7.2 656 

kWh - tests A; 8.2 kWh - tests B and C; 8.9 kWh - tests D) than greenhouse 1-PF (5.1 kWh). 657 

On the other hand, consumption of water was much greater in greenhouse 1-PF (average 658 

value of 115.1 l h-1, minimum of 44.3 l h-1 for test A1 and maximum of 209.3 l h-1 for test B1) 659 

than in greenhouse 2-FS (average value of 9.4 l h-1, minimum of 5.3 l h-1 for test C1 and 660 

maximum of 16.7 l h-1 for test D1), which may be due to the greater temperature drop in the 661 

former. We should bear in mind that water is a valuable natural resource which must be 662 

managed responsibly. 663 

 The results obtained in the empty greenhouses show that the use of the pad-fan system can 664 

be more adequate than fog system for cooling greenhouses when seedlings are transplanted at 665 

the end of the summer. At this stage the plants’ evapotranspiration is very low (Orgaz et al., 666 

2005) and their cooling effect is negligible. In these conditions, the greater water consumption 667 

of the pad-fan system has an appreciable effect on temperature reduction. However, a well-668 

developed crop can reach average daily values of evapotranspiration in Almería of 4-4.5 mm 669 

day–1 (Orgaz et al., 2005), equivalent to 0.40-0.45 l h–1 m–2, i.e. 4 times greater than the pads’ 670 

consumption (about 0.107 l h–1 m–2) and 50 times greater than that of the fog system (about 671 

0.008 l h–1 m–2). 672 

 Results showed a statistically significant increase in the measured water consumptions in 673 

greenhouse 1-PF mw with the capacity of increasing the water vapour content of the air 674 

entering the greenhouse (expressed as the difference between the absolute saturation humidity 675 

xso and the absolute humidity of the outside air xs) and the volumetric flow rate G. The 676 

multiple regression analysis carried out showed that the results can be fitted (at 99% 677 

confidence level, with R2 =0.95 and p-value=0.0005) to a multiple linear regression model 678 

shown by the equation: 679 

mw [kg h–1 m–2] = 0.150 G [m3 s–1] + 347.13 (xso – xo) [kg kg–1] – 3.744  (4) 680 

 681 

4. CONCLUSIONS 682 

 The use of internal fans in the greenhouse in combination with the fog system produces an 683 

increase in the turbulence kinetic energy that foments mixing of the air and therefore tends to 684 

homogenize inside air temperature distribution. However, the location of the internal fans 685 

tested in the present work, rather distant from the vents, does not increase the entrance or exit 686 

of air. We recommend placing them next to the side vents to increase the airflow through the 687 

greenhouse. 688 

 The evaporative pad cooling system maintains more favourable conditions in all tests 689 

when compared to both the fog system and natural ventilation. The greatest decreases in 690 

temperature were achieved by combining the pad-fan system with a shade screen (ΔTio = 691 

1.4ºC and 1.8ºC). The pad-fan system combined with a shade screen proves to be the best 692 

alternative for cooling greenhouses when crop evapotranspiration is lower (in nurseries or just 693 

after transplant in commercial greenhouses), and it may allow the date for transplant to be 694 

brought forward at the end of summer. 695 

 Temperatures in the empty greenhouse with the pad-fan system were up to 11.6ºC lower 696 

than in the naturally ventilated one, and up to 10.4ºC lower than in the one equipped with the 697 

fog system. On average, the differences in temperature at 1 m height (where young plants 698 

grow) between the greenhouse with pad-fan system and the naturally ventilated one with and 699 

without fog system were 10.1ºC and 9.8ºC, respectively. In a previous work, we observed an 700 

averaged difference in temperature between the pad-fan system and the naturally ventilated 701 
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greenhouse of only 5.0ºC, a well-developed tomato crop (leaf area index of 3 m2 m–2) was 702 

growing (López, Valera, Molina-Aiz, Peña, 2012).  703 

 The low pressure water/air fog system tested in this work (one of the most commonly 704 

used in the commercial greenhouses of Almería due to its low price compared to the pad-fan 705 

system) did not prove capable of maintaining temperatures below the minimum recommended 706 

values for most horticultural crops (between 36.4 and 43.7ºC). On the other hand, in some 707 

tests, the pad-fan cooling system maintained a mean air temperature of between 29.6 and 708 

35.0ºC, which is more suitable for such crops. 709 

 The main drawbacks of the pad-fan cooling system were the high water consumption and 710 

the horizontal and vertical temperature gradients. We have observed a maximum temperature 711 

difference between pads and fans of up to 11.4ºC and a maximum difference in temperature 712 

between 1 m and 2 m height of 6.7ºC. The water comsuption was about 0.107 l h–1 m–2 for the 713 

pad-fan system and about 0.008 l h–1 m–2 for the fog system in the empty greenhouses. These 714 

values were 4 and 50 times lower, respectively, than the water supply (0.40-0.45 l h–1 m–2) 715 

produced by a well-developed crop evapotranspirating 4-4.5 mm day–1 (Orgaz et al., 2005). 716 

The water flow supplied by the low pressure water/air fog system tested was insufficient to 717 

reduce the inside temperature below 36ºC and to increase relative humidity up to 50%. The 718 

design parameters habitually used for this type of fog system need be improved by increasing 719 

the nozzle capacity and density. 720 

 The methodology presented in this work has allowed us to quantify accurately the 721 

greenhouse ventilation rate under varying conditions of outside wind, and to describe 722 

accurately the airflow and the temperature distribution inside the greenhouse. It has also 723 

allowed us to characterise the turbulence of the airflow inside the greenhouse, providing 724 

useful information for future validations of simulations based on CFD. 725 
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Nomenclature 854 

 855 

E spectral density [m2 s-1] 856 

f frequency [Hz] 857 

G volumetric flow rate [m3 s-1] 858 

Gp volumetric flow rate through the evaporative pads [m3 h-1] 859 

HR  relative humidity [%] 860 

i turbulence intensity 861 

k  turbulence kinetic energy [m2 s-2] 862 

l two-dimensional horizontal resultant of air velocity in XY plane [m s-1] 863 

Li integral length scale [m] 864 

m number of measurement points in vents 865 

mw water consumption of wed pad surface [kg h-1 m-2] 866 

q specific humidity [g g-1] 867 

R incoming shortwave radiation [W m-2] 868 

R(t) normalized autocorrelation function [m2 s-2] 869 

SA  greenhouse surface area [m2] 870 

Sj  unit surface area corresponding to each measurement point in the vent [m2] 871 

SV vent surface area opened [m2] 872 

T  temperature [ºC] 873 

∆Th horizontal temperature gradient [ºC m-1] 874 

∆Tv vertical temperature gradient [ºC m-1] 875 

t time [s] 876 

tint integral time scale [s] 877 

u air velocity [m s-1] 878 

u′  fluctuating component of air velocity [m s-1] 879 

v two-dimensional vertical resultant of air velocity in XZ plane [m s-1] 880 

x absolute humidity of air [g g-1] 881 

X(f) fast Fourier transfer (FFT) of sample data 882 

X(t)  sample data 883 

X*(f)  conjugate complex number of X 884 

xp absolute humidity of the air leaving the wed pad [kg kg-1] 885 

xs absolute humidity in saturation [kg kg-1] 886 

 887 

Greek Letters 888 

 889 

∆ difference 890 

β  power spectrum exponent 891 

δt increment of time [s] 892 

ε turbulence energy dissipation rate [m2 s-3] 893 

η cooling efficiency [%] 894 

θ wind direction [º] 895 

ρa  air density [kg m-3] 896 

σ standard deviation 897 

 898 

Subscripts  899 

 900 

l horizontal resultant of air velocity 901 

v vertical resultant of air velocity 902 

x longitudinal component 903 
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y transversal component 904 

z vertical component 905 

s sonic 906 

sc  sonic corrected 907 

j measurement point 908 

i inside 909 

o outside 910 

 911 

Supercripts 912 
c corrected 913 

n normalized 914 

915 
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Figure captions 916 

Fig. 1. Incoming shortwave radiation versus monthly means of temperature for Almeria region: (●) Average of 917 
1934-2000 (Molina-Aiz, 2010); (■) Average of 2000-2010 (López, 2011) and average of 2008-2011 in the 918 
research farm of the University of Almería (▲). 919 

Fig. 2. Location of the experimental greenhouses at the farm. 920 

Fig. 3.  Measurement points with sonic anemometers inside the western sectors of greenhouse 2-FS (a) and 921 
greenhouse 1-PF (b). 922 

Fig. 4. Details of the experimental setup using 3D anemometers placed inside the greenshoues (a) and 2D 923 
anemometers at the roof vent (b). 924 

Fig. 5. Two-dimensional resultants of air velocity in the XY (l) and XZ (v) plane, and polar plots of airflow 925 
direction in the measurement tests type A2 (a), B2 (b), C2 (c) and D2. 926 

Fig. 6. Estimated air exchange rate [h-1] against wind speed [m s-1]. Greenhouse 1-PF (×); Greenhouse 2-FS with 927 
Poniente winds (red): measurement tests A1 (□), C1(▲) and D1 and D2 (■); Greenhouse 2-FS with Levante 928 
winds (blue): measurement tests A2 (◊), B1 and B2 (♦), and C2 (Δ).  929 

Fig. 7. Average energy density spectra in the interior of greenhouse1-PF ( ) and greenhouse 2-FS ( ). 930 
Measurement tests: B2 in conditions of strong Levante wind (a), C1 in conditions of weak Poniente wind (b) and 931 
D1 with weak Poniente wind and the fans inside greenhouse 2-FS (c). 932 

Fig. 8. Difference in corrected air temperature (ΔTio
c) in greenhouses 1-PF and 2-FS (test A1). 933 

Fig. 9. Difference in corrected air temperature (ΔTio
c) in greenhouses 1-PF and 2-FS (test B2). 934 

Fig. 10. Difference in corrected air temperature (ΔTio
c) in greenhouses 1-PF and 2-FS (test D1). 935 
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 937 


