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Abstract—In the present paper, a thermal model has been 

presented for predicting the thermal environment inside a 

fog cooled naturally ventilated greenhouse. Experiments 

were conducted on a polyethylene covered greenhouse 

having 250 m2 ground area located at Coochbehar 

(latitude: 26.2o N, longitude: 89oE), West Bengal, India.  

The greenhouse was cooled by intermittent fogging with 

three distinct fogging cycles during the experiments. The 

greenhouse air temperature profiles as predicted by 

theoretical model were validated for different fogging 

cycle configurations. The model prediction and 

experimental results build up a good match (co-efficient of 

correlation was in range of 0.85 to 0.92). It was observed 

that fogging cycle configuration (spray time and spray 

interval combination) influences greatly the cooling 

performance of the fogging system. Further analysis 

revealed that greenhouse temperature could be maintained 

2-4oC below the ambient temperature by employing 

suitable fogging cycle, maintaining the relative humidity 

within acceptable level.  

Keywords—Cooling, Fogging cycle, Greenhouse, 

Natural ventilation, Spray time.  

 

I. INTRODUCTION 

Greenhouse is meant to provide optimum growing 

conditions of the plants inside it all over the seasons. In 

cold countries, the primary objective of the greenhouse is 

to increase the air temperature by the principle of 

“greenhouse effect” for sustainable growth of plants. 

However, a country in subtropical or tropical areas, 

temperature reduction is the main objective rather than the 

“greenhouse effect”, which has been provided by “shading 

effect” (checking solar radiation) during the periods of 

high radiation, or providing a suitable air exchange, or 

incorporating evaporative type cooling. Nowadays, in hot 

climatic regions, evaporative cooling with some form of 

ventilation (natural or fan-induced) is used extensively to 

provide a suitable microclimate for plant growth during the 

hot summer season. In most of the cases, fan pad 

evaporative cooling is a common practice of greenhouse 

cooling. But fan pad cooling system creates temperature 

and humidity gradients along the length of the greenhouse; 

also the total equipment cost for the system is high. In 

order to maintain uniform temperature and humidity all 

through the greenhouse, fog cooling can be employed. It is 

based on fine water dispersion into the air stream to 

increase the heat exchange between water and air. Air 

circulation is very much important for fog cooled 

greenhouse and can be achieved by fan induced ventilation 

or natural ventilation. To reduce electric power 

consumption, the fog cooling system is often incorporated 

with natural ventilation, achieved by multiple ventilators 

which allow air to enter and leave the greenhouse. 

This paper presents a thermal model of a fog cooled 

greenhouse located in the Indian subcontinent. The prime 

focus of the study was to investigate the fogging effect on 

a greenhouse micro-climate in a plastic greenhouse during 

summer under natural ventilation. To serve this purpose, a 

greenhouse equipped with fog system was selected, a 

thermal model has been established to characterize the 

fogging system, experiments were conducted and finally 

the model was validated with experimental data. 

Many researches carried out studies on greenhouse cooling 

by employing fogging system. Arbel et al. (1999) 

developed a mathematical model to characterize the fog 

cooling system. They conducted an experiment in a four-

span greenhouse which was equally divided into two parts. 

Each part of the greenhouse was equipped with fog system 

and with fan-pad evaporative cooling system. They did a 

comparative study by operating each system in the two 

parts alternately. It was observed that fog cooling system 

performed better than fan-pad evaporative cooling system. 

Arbel et al.(2003) presented a cooling arrangement for a 

greenhouse combined with high pressure fogging and fan-

induced ventilation system. They reported that greenhouse 

air temperature and relative humidity can be kept at 28 0C 

and 80% respectively during mid-summer with such type 

of cooling arrangement. Ahmed et al. (2006) established a 

dynamic model for a naturally ventilated fog cooled 

greenhouse. The developed model was capable of 

predicting the greenhouse air temperature, plant 

temperature, cover temperature, floor surface temperature, 

relative humidity, transpiration and evaporation rate. The 

model results have been compared with an experimental 

greenhouse installed in Tokyo. Abdel-Ghany et al. (2006) 

suggested a new expression of cooling efficiency for a fog-

cooled greenhouse system. They investigated the cooling 

efficiencies for different fogging cycles. Öztürk (2003) 
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carried out an experiment in a multi-span plastic 

greenhouse to determine the efficiency of the fogging 

system. The average represented fogging system efficiency 

was 50.5%.Ishigami et al. (2014)experimented on two 

separate fog- cooled greenhouses, each having 26.4 m2 

floor area. They observed that twin fluid nozzle system 

had higher evaporation rate and lower degree of wetting of 

plant foliage compared to single fluid nozzle system. It 

was observed that twin fluid nozzle system produced the 

same cooling effect as single fluid nozzle system. Li and 

Willits (2008) compared the performance of a low pressure 

(4.05 bar) fogging system with high pressure (40.5 bar) 

system. They observed that high-pressure systems provide 

better cooling than low-pressure systems, though high-

pressure systems required much higher initial investment 

and operational costs. The cooling and evaporation 

efficiencies of the two systems were also compared. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II. MATERIALS AND METHODS 

Study Sites: The greenhouse located at Coochbehar 

(Latitude: 26.2o N, Longitude: 89.0oE) was selected for the 

experiment and data collection. The greenhouse is situated 

700 Km away from Kolkata in India.  

Experimental Greenhouse: The greenhouse was 

constructed to form single span arched-roof using single 

layer polyethylene as cover (200 micron thick). The 

greenhouse was East-West oriented and made by 

galvanized tubular steel structure. The side view of the 

experimental greenhouse is shown in Fig. 1. The 

greenhouse was 20 m in length and 12.5 m in width i.e. 

250 square meter in ground area. The ridge of the 

greenhouse was 5.5 m high from the ground. The 

greenhouse floor was covered by young plants with a leaf 

area index of 0.25. The greenhouse has been provided with 

gravity fed drip irrigation system for the water requirement 

of the cultivated plants. The greenhouse microclimate was 

controlled by low pressure fog cooling system; horizontal 

thermal shading screens were placed at gutter level and by 

adjusting the openings of side and roof vents. The side 

vents were set on both north and south walls; each side 

having of 14.4 m2 area (0.9m× 16 m) and roof vent area 

was 16 m2. The side vents were covered with insect proof 

net. The greenhouse side vent opening can be regulated by 

roll up curtain as per ventilation requirement. 

Fogging System: The main elements of fogging system in 

the greenhouse are a pump unit and Fogging lines. Pump 

unit consists of pump, a water reservoir, a water softener, a 

fine filter, and a pressure adjusting regulator, valve, and 

the fogging lines consist of main pipe line, distributor line, 

LDPE (low density poly-ethylene) pipe 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lines with fog nozzles connected to it. Four fogging lines 

are equipped along with the length of the greenhouse at 2.5 

m spacing and connected with a distributor line via main 

pipe line. There are total 32 four-way fog nozzles and each 

nozzle line consists of 8 nozzles which are located at 2 m 

spacing from one another. Fog nozzles are situated at 2.2 

m above the ground surface and spray water to the 

greenhouse by an electrically operated pump at a pressure 

of 3 bar and at 0.175gm/m2s fog rate. 

Experimental Measurements: Experiments were 

conducted on the naturally ventilated greenhouse with both 

roof vent and side vents open and with intermittent 

spraying of water fog. Experiments were done considering 

three different fogging conditions (spraying time to 

interval time were 1-.5-3.5 min, 1-2 min, and 1-3 min 

respectively). The measurements were conducted at noon 

(12:10 pm to 1:00 pm) on clear hot sunny days of summer 

(20 and 21 June, 2015). Following parameters were 

recorded at 30 s intervals: (i) outside temperature and 

Fig.1: Experimental greenhouse 
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relative humidity using digital psychrometers (HTC 

HD304), (ii) inside temperature by aspirated temperature 

sensor, (iii) outside wind speed using an anemometer 

(HTC AVM06), (iv) outside solar radiation flux by 

pyranometer (WACO 206). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. THERMAL MODELING 

Instantaneous temperature of the greenhouse air is 

formulated by a simplified energy balance equation as 

follows 

croplatentventerin
i

pg QQQQQ
dt

dT
Cm  cov

   (1) 

Where mg is the mass of the greenhouse air, Cp is the 

specific heat of greenhouse air, Ti is the temperature of the 

greenhouse air 

Qin is the net input solar energy to the greenhouse air, and 

is given by  

pain A)SF1(IQ       (2) 

Where I is the normal radiation,  is the proportion of 

the solar radiation entering into the greenhouse air, SF 

shading factor, Apa is the projected area. 
  

Qcov is related to the convective heat losses through the 

cover. Which is given by  

)(cov aicer TTUAQ       (3) 

Where U is the overall heat transfer coefficient and Ta is 

the temperature of the ambient air. 

Qvent represents heat exchange due to air infiltration 

through the greenhouse ventilators is given as  

)( aipvavent TTCmQ       (4) 

a  is the density of air and mv is the volume flow rate of 

the ventilated air. 

Qlatent refers to the latent heat transfer due to fog 

evaporation. Which is given by 

wlatent mQ       (5) 

Where  is the latent heat of vaporization, β is the fraction 

of supplied water that would be evaporated into air. The 

fraction β is considered 0.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During the interval period, when pump is off β is taken as 

zero. mw is the mass of supplied water by fog nozzles. 

The latent heat of vaporization of water  (J/Kg) is given 

by [8] 

)103478.1101687.17352.5104702.3(10 352233 TTT  

      
(6) 

Where T is the tempertaure in K. 

Qcrop is related to is energy exchange due to crop 

transpiration, and given by 

tcrop EQ       (7) 

Where Et transpiration rate of crop. 

Crop transpiration rate of the plants is given by [9] 

)( apsft eeLAIAE  
    

(8) 

Where Af is the area of floor and LAI is the leaf areaindex. 

eps is the saturated vapour pressure corresponding to plant 

temperature and ea is the water vapour pressure 

corresponding to the greenhouse temperature of air. is 

the stomatal boundary layer conductance.  

To find the instantaneous temperature of the greenhouse in 

a particular fogging cycle equation 1 has to be solved. The 

numerical solution of the differential equation of the 

greenhouse model required a set of initial conditions which 

are shown in table1.  

In a naturally ventilated greenhouse, ventilation rate is due 

to mass flow rate due to the thermal buoyancy and wind 

velocity represented by Ganguly and Ghosh (2009). For 

fog cooled greenhouse, ventilation rate primarily depends 

on wind effect, buoyancy effect is being insignificant. A 

Distributor pipe 

2 m Nozzle Line 

2.5 m 

Main pipe line 

Reservoir Pump 

Pressure regulator 

Fig.2: General layout of the fogging system 
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linear relationship of the type BAxy   was assumed for 

the vent rate calibration and a co-relation was obtained by 

the fitting a regression line with an observed data points. 

 

Table.1:Input parameters used for the model 

Parameter Values 

Proportion of solar energy (τα ) 0.52 

Overall heat transfer coefficient 

(U) 

4.5 Wm-2oC 

Covering area of the 

greenhouse(Ac) 

312 m2 

Area of greenhouse floor (Af) 250 m2 

Plant Leaf Area Index (LAI)  0.25 

Mass flow rate of spraying 

water ( mw) 

0.175 gm/m2s 

Fraction of fog water to be 

evaporate (β) 

0.4 

S.F 0.75 

 

IV. RESULTS AND DISCUSSION 

To solve the model equations, a program code which is 

written in C has been solved. Calculations were made 

using the measured solar radiation intensity and climatic 

parameters surrounding the greenhouse for clear sunny 

days of summer (20 and 21 June 2015).The program code 

is simulated in the two parts. In first part (spraying time), it 

simulates the greenhouse temperature profile with time, 

starting from initial temperature of the greenhouse till the 

attainment of the final temperature by spraying fog water 

under natural ventilation.  In second part (interval period 

i.e. 0 ), it simulates the greenhouse temperature 

profile with time, starting from the temperature just after 

spraying off till the period of the commencement of next 

fogging cycle under natural ventilation. The ventilation 

rate of air in a greenhouse microclimate is difficult to 

predict as it depends on outer environmental conditions. 

Therefore, its value has been considered as input 

parameter to simulate the programme. 

Fig. 3: Variation of ventilation rates against wind velocity 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Temperature and RH profiles with continuous 

fogging 

Figure 3 shows the ventilation rate of air plotted against 

outside wind velocity from the experimental data. It is seen 

that ventilation rate was strongly correlated to the outside 

wind velocity.  Since their correlation was good in 

agreement (coefficient of correlation r = 0.9), a regression 

equation (mv=2.0947+0.7803v) was obtained.   

Figure 4 represents the effect of continuous fogging on the 

greenhouse air temperature under natural ventilation (when 

side vents and roof vent were 100% open). It is clearly 

seen that temperature of the greenhouse air decreases 

sharply with fogging up to a certain time and thereafter 

temperature variation is very minimal or nearly constant. It 

is observed that major reduction of temperature occurs 

around 2 minute spraying of fog water. However spray 

(fogging) duration cannot be extended beyond certain time 

owing to RH limitation required for an operational 

greenhouse.  It was observed that spraying time more than 

1.5 minute results in exceeding the RH 80%. With 1 min 

spraying time RH can be kept within 75-80%. Thus to 

maintain the desired level of RH inside the greenhouse 1-

1.5 min spraying time is advisable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Greenhouse temperature profiles with a fogging 

cycle of spray time- spray interval of 1.5- 3.5 min 
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Fig. 6: Temperature profiles for two different fogging cycles in a summer day (21 June 2015) 

 

Figure 5 shows the effect of repeated fogging cycles on 

greenhouse air temperature, considering a fogging cycle 

consisting of 1.5 min spray time and 3.5 min interval. Both 

model predicted temperature profile and actual greenhouse 

temperature profile are shown in the figure when the side 

vents and roof vent are fully opened. The experimental 

data were taken on 21 June 2015. During the experiment, 

the average global solar radiation intensity was 967W/m2, 

average outside wind velocity was 1.3 m/s and the average 

ambient air temperature was 36.4oC and 75% shading in 

place. From the figure it is seen that the temperature falls 

rapidly during fogging time of the cycle and increases 

during interval periods. The temperature reduction was in 

the range of 3 to 4 oC during fogging periods and rise was 

also 3 to 4 oC during interval. It is observed that model 

predicted temperature profile closely matches the 

experimental temperature profile, the average coefficient 

of correlation being calculated to be 0.87- 0.92. 

Figure 6 shows greenhouse temperature variations in 

respect of time for two distinct fogging cycles on a hot 

summer day of June. The model predicted temperatures 

are obtained by the prevailing microclimatic data (solar 

radiation intensity, ambient temperature, wind velocity 

etc.) as input parameters. The model predicted temperature 

profiles are approaching nearer to the experimentally 

obtained temperature profiles. It is seen that measured and 

predicted temperatures disagreed for some fogging and 

interval periods. It is due to evaporation rate is assumed 

constant with time as well as free wind velocity, ambient 

temperature and solar radiation are considered constant 

during a fogging  cycle in the present model.  

Figure 7 and Figure 8 show the influence of fogging cycle 

configurations on greenhouse average temperature under 

natural ventilation.  The study is done considering of a set 

of ambient condition, taken by the observed data on a hot 

and dry day of summer. Global solar radiation intensity, 

outside wind velocity, ambient RH and greenhouse initial 

temperature are assumed as 967 W//m2, 1.3 m/s, 60% and 

37.8 oC respectively. It is seen that average temperature 

depends on the fogging interval period; if the interval 

period increases, the average temperature increases too. It 

is due to heat gain by the incoming solar radiation into the 

greenhouse at interval period. The rate of decrease of 

temperature is higher for first 4-5 sequential cycles and 

thereafter temperature variation nearly constant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Influence of spray intervals on greenhouse average 

temperature for fixed spray time of 1 min 
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Fig.8: Influence of spray intervals on greenhouse average 

temperature for fixed spray time of 1.5 min 

 

V. CONCLUSION 

The thermal model developed in the present paper is 

capable to predict the greenhouse air temperature under 

different fogging configurations. To validate the thermal 

model, experimental data have been collected from a 250 

m2 polyethylene covered greenhouse. The theoretical 

prediction of greenhouse air temperatures show a healthy 

match with measured experimental data. The value of 

coefficient of correlation is in the range of 0.85 to 0.92. It 

is observed that spray time and interval periods are 

significant for changing greenhouse air temperature. 

Performance study suggests that fogging cycle of 1.5 min 

spray time and 2 min spray interval is best choice, which 

can be reduced the greenhouse temperature up to 4oC when 

free wind velocity is adequate and ambient condition is hot 

and dry. Thus it can be concluded that present naturally 

ventilated fog-cooled greenhouse is able for maintaining 

suitable environment inside the greenhouse. 
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