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ABSTRACT

An experimental study is conducted to determine the performance parameters of system, as well as gradients of
temperature and humidity along greenhouse when opening Fan-Pad cooling system. Measurements in the study were
carried out by using seven sensors for different locations, as well as portable instruments. For this purpose, the five
digital temperature and humidity sensors and two pyranometers were used during experiments. Among them, two
were located outside greenhouse for external measurements. The rest one pyranometer above the crop canopy, four
temperature and humidity sensors were mounted within the crop canopy along the greenhouse. Four sensors were placed
according to positions defined between pad and fan. According to the experiment results, the non-uniform temperature
changes, but approximately uniform humidity changes due to the crop transpiration were observed along greenhouse
from pad panels to exhaust fans. When the cooling system closed, hourly mean temperature and relative humidity from
Pad to Fan inside greenhouse changed between 30-33 °C and 30-47%, respectively, at outside climate conditions of
32 °C and 25%. After providing stabile cooling by opening Fan-Pad system, hourly mean temperature and relative
humidity along greenhouse from pad to fan ranged between 20 — 27 °C, and 50 — 68%, respectively. The air temperature
entering to greenhouse with air velocity of 0.8-0.9 ms™! through pad was approximately 12—13 °C lower than the outside
air temperature. The air temperature from Pad to Fan increased approximately by 7 °C. The method of psychrometric
calculations was employed to determine the cooling efficiency of Fan-Pad system. According to the calculation result,
the average of air temperatures inside greenhouse was 24.5 °C after achieving stable cooling for outside air temperature
of 31.4 °C. The hourly mean cooling effect and cooling efficiency calculated for Fan-Pad system were determined to be
6.96 °C and 76.8%, respectively.

Keywords: Cooling efficiency; Fan-Pad cooling system; Greenhouse; Psychrometric calculation; Temperature and
relative humidity
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OZET

Fan-Pad sogutma sistemi ¢alisirken sera boyunca olusan sicaklik ve bagil nem degisimleri ve sogutma sistemi performans
parametrelerini saptamak i¢in deneysel bir ¢alisma yapilmistir. Caligmada Slgiimler yedi farkli noktaya yerlestirilen
sensorler ve taginabilir 6l¢lim cihazlar kullanilarak gergeklestirilmistir. Bu amagla, bes dijital sicaklik-nem sensorii
ve iki giines 151n1im sensorii kullanilmigtir. Sensorlerden ikisi sera digina, bir glines 1sinim sensori bitki Ortiisii Gistiine,
dort sicaklik-nem sensorii sera boyunca bitki ortiisti i¢ine yerlestirilmistir. Dort sensoriin yerlesimi Pad ve Fan arasinda
tanimlanmis konumlara gére yapilmistir. Elde edilen deney sonuglaria gore, Pad tarafindan fan tarafina sera boyunca
homojen olmayan sicaklik degisimleri, ancak transpirasyon nedeniyle yaklagik homojen kalan bagil nem degisimleri
gozlemlenmistir. Sogutma sistemi kapali oldugu zaman, havanin 32 °C ve % 25 oldugu kosullarda, sera iginde Pad
tarafindan fan tarafina saatlik ortalama sicaklik ve bagil nem degerleri sirasiyla 30-33 °C ve % 30-% 47 arasinda
degismistir. Fan-Pad sistemi galigtirilip kararli sogutma saglandiktan sonra, sera boyunca saatlik ortalama sicaklik ve
bagil nem degerleri sirasiyla 20 — 27 °C ve % 50 —% 68, arasinda degismistir. Islak Pad yiizeyini gecerek yaklasik
0.8-0.9 m s hava hizla seraya giren hava sicaklig: dis hava sicakligindan 12—13 °C daha diisiik olmustur. Pad tarafindan
fan tarafina sera boyunca hava sicakligi yaklagik 7 °C yiikselmistir. Buharlagsmali Fan-Pad sisteminin sogutma etkinligini
hesaplamak igin psikrometrik hesaplama yontemi kullanilmistir. Hesaplama sonucuna gore, dis hava sicakliginin
31.4 °C oldugu kosullarda kararli sogutma saglandiktan sonra sera icindeki ortalama sicakligin 24.5 °C oldugu
belirlenmistir. Fan-Pad sistemi igin hesaplanan saatlik ortalama sogutma etkisi ve sogutma etkinligi degerleri sirasiyla
6.96 °C ve % 76.8 olarak saptanmustir.

Anahtar Kelimeler: Sogutma etkinligi; Fan-Pad sogutma sistemi; Sera; Psikrometrik hesaplama; Sicaklik ve bagil nem

1. Introduction

Throughout the year, the demand for fresh vegetables
and fruits has increased from day to day. In order
to increase the amount of production of vegetables
and fruits in dry areas, the greenhouse production
period during the summer and autumn seasons can
be expanded. However, the accumulated heat within
the greenhouse due to the presence of high solar
radiation causes to rising of the internal temperature
(Tashoo et al 2014). Extreme temperatures inside
the greenhouse will limit the plant growth, as well
as its quality, eventually resulting in plant wilting
and death. Even in greenhouses with proper and
adequate circulation, the leaf temperature can be 5 —
10 °C higher than the air temperature (von Zabeltitz
2011). Greenhouse crops must not be kept for long
time at temperatures between 30 and 35 °C (Bailey
20006). If level of air temperature in greenhouses
where is used natural ventilation and shading system
is higher than 28 °C, it is recommended using of
an artificial cooling system. Generally, evaporative
cooling for greenhouses are made by using fogging,
Fan-Pad cooling and misting methods (von Zabeltitz
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2011). The system in which is suitable for hot and
dry climate conditions among these is the Fan - Pad
cooling system.

A Fan-Pad system consists of cellulose Pad
panels, exhaust fans, water circulation pump and
pipes. Pads and exhaust fans are located on opposing
walls to cool plants growing in between Pad and
Fan. Cellulose Pads have corrugated surfaces which
are suitable for passing water and air. When inlet
air passes through the wetted Pads, water evaporates
using its sensible heat. In thermodynamics, this is
known as an adiabatic process in which remains
the constant of enthalpy without heat loss or gain
(ASHRAE 2005).

Theoretical and experimental studies have
been conducted by many researchers on Fan-Pad
evaporative cooling systems. According to results
of Kittas et al (2001) and Jain & Tiwari (2002), the
internal greenhouse temperatures were lower about 10
°C and 4-5 °C than outside temperature, respectively.
Kittas et al (2003) presented and validated a model
to predict the temperature and humidity gradient
along the length of a large greenhouse equipped with
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Fan-Pad cooling system. Willist (2003) proposed a
numerical model to predict air and crop temperatures
when cooling system is used, not used. Fuchs et al
(2006) developed a numerical model based on energy
balance equation for evaporative cooling. Sabeh
et al (2006) studied on amount of water needed for
the cooling system to be used in a semi-arid region.
Sethi & Sharma (2007) reviewed the available
cooling technologies such as ventilation, shading,
evaporative cooling (Fan-Pad, misting, fogging,
and roof cooling) and composite systems (earth-to-
air heat exchanger system and aquifer coupled heat
exchanger system). Kumar et al (2009) reviewed
on cooling technologies, design parameters, and
their effects on the microclimate. Malli et al (2011)
tested experimentally the thermal performances for
three different cellulose Pad thicknesses, such as 75,
100 and 150 mm. Lopez et al (2012) analyzed the
characteristics of airflow and temperature distribution
both Fan-Pad system and a low pressure fogging
using sonic anemometry in an empty greenhouses.

In this paper, an experimental study was
conducted to determine gradients of temperature
and humidity formed along a greenhouse cooled
when Fan-Pad system is used in Ankara conditions.
The performance parameters of cooling system were
calculated by using the method of psychrometric
calculation according to external and internal data
related with greenhouse environment.

2. Material and Methods

2.1. Greenhouse experiments

The experiments were conducted in a tomato
greenhouse from April to August of 2009 at typical
summer days with dry, sunny and cloudless. The
crop was grown in a Venlo style research greenhouse
located at University of Ankara, Turkey (39° 57”39~
N, 32°51°49” E, and 855 m altitude).

The floor area of the greenhouse is 64 m? (8 m
x 8 m). The orientation of greenhouse is east-west
direction with an angle of 26.6° from North. The
greenhouse with galvanized steel frame is covered
with polycarbonate sheets at thickness of 4 mm with

double-walled and UV protection. The gutter and
ridge heights of greenhouse having the roof slope
of 26.5° are 3 m and 4 m, respectively. General
dimensions and position of the greenhouse are shown
in Figure 1. The greenhouse has six roof vents south-
facing and two vents north-facing, and is equipped
with Fan-Pad cooling system, as well as drip irrigation
system. During the experiments, the tomato crop was
grown in a soil medium. The greenhouse climate
system consists of natural ventilation, shading, Fan-
Pads cooling, high-pressure fogging, drip irrigation,
infrared heaters, and computer controller. During
experiments, natural ventilation, shading, irrigation
and Fan-Pad systems were actively used to ensure
proper climate for growing crop.

Figure 1- Schematic of experiment greenhouse used
for cooling experiments

Sekil 1- Sogutma deneylerinde kullanilan seranin
sematik gosterimi

Tomato (Lycopersicon esculentum L.) seedlings
were transplanted into the greenhouse on April 01,
2009. The crop was configured in seven rows with
14 plants in each row, total 98 plants, as illustrated
in Figure 2. Row spacing and plant spacing were 0.9
m and 0.4 m, respectively.

Water need of plants is provided with drip
irrigation system which has dripper discharge rate
of 2 L hl. A cable-drum drive system is used to
extend and retract from truss to truss for shading
of crop in greenhouse. The shading nets with solar
transmittance of 50% in two-pieces at height of 2.5
m above ground are available in the greenhouse.
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However, the small sun flecks are occurrence on
crop in the greenhouse by reason of the space of 1 m
between these nets (Figure 2).

Irrigation water
tank
0.4 m
............II
® o o 4 o o|e o o 0 0 o »
2m
% © 0 6 g o o|0 o o o o o

1.5m

Cooling water
tank

N 3m Im 3m

Figure 2- Configuration of crop, drip irrigation
system Fan-Pad cooling system, and shading nets in
experiment greenhouse

Sekil 2- Deney serasinda bitki, damla sulama, Fan-Pad
sogutma sistemi ve golgeleme perdesinin yerlesimi

2.2. Fan-Pad cooling system

Evaporative cooling Pads that are at thickness of
100 mm are placed in two frames, width of 1.5 m
and height of 1 m. They mount on the bonded gas
concrete wall that is at height of 0.75 m above ground
at north side. The distance between the pads and the
first canopy line in rows was approximately 2 m.
Two exhaust fans are mounted to opposite side of the
greenhouse as shown in Figure 2. The rotation axis of
fans, which have the diameter of 0.5 m, is at a height
of 1.6 m above ground. The spacing between rotation
axes of fans on side wall is 2.85 m. Air flow capacity
of each fan with 0.37 kW electrical motor power is 7
m? h!' at zero static pressure. Airflow directions from
Pad to Fan are parallel to the crop rows.

A submersible water pump in water tank of 200
L has flow rate of 6 m® h'! at head of 3 m. The water
lost by evaporation from water tank is compensated
from the tap water via floating valve. The water flow
amount passing through the Pads is controlled by
return valve.

2.3. Measurements

Measurements related with greenhouse environment
were carried out by using seven sensors at different
positions, as well as portable instruments. For this
purpose, the five digital temperature and humidity
sensors (SHT75, accuracy: + 0.3 °C for temperature
and =*1.8% for humidity, Sensirion, Zurich,
Switzerland) and two pyranometers (CM6, accuracy:
+ 5 Wm?, Kipp and Zonen, The Netherlands) were
used. Among them, two were located outside
greenhouse for external measurements. The rest
one pyranometer above the crop canopy, four
temperature and humidity sensors were mounted
within the crop canopy along the greenhouse.

Furthermore, a portable thermo-hygrometer
(AZ8721, accuracy: = 0.5 °C for temperature and
+2% for humidity, AZ Instrument, Shangai, China)
and a portable hot wire anemometer (Lutron AM4204,
accuracy: £ 0.8 °C for temperature and £1% for air
velocity, Taipei, Taiwan) were used for instrumentation
at different locations for greenhouse experiments.

SHT75 is a digital sensor with high accuracy,
which is fully calibrated at the factory. SHT75
sensors were used together with programmable
PIC16F628 microcontroller-based data acquisition
modules (Microchip, AZ, USA). Each module was
connected to a desktop computer over single serial
bus line based on RS-232 settings (2400 baud rate,
8 data bits, no parity, and 1 stop bit) for serial data
transmission. Temperature and humidity data were
measured for every one minute, and were recorded in
text files. Readings coming from two pyranometers
were logged for every 30 minutes. Data logged
were monitored by using a GUI program written in
Borland Delphi 7. Wind speed data were taken from
records of meteorological station in campus.

The sensor positions are illustrated in Figure
3 with numbers given from (1) to (7). (1): outside
temperature and humidity sensor, (2-3-4-5): inside
temperature and humidity sensors, (6): inside
pyranometer, and (7): outside pyranometer. The
sensors with numbers of (1-6-7) were mounted on
a metal stand at 2.2 m of height from the ground
outside greenhouse. The sensors with numbers of (2-
3-4-5) were placed at intervals of 2.2 m at heights of
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1.25 m above ground within the crop canopy along
the greenhouse. These four sensors were named as
“very close to pad”, “next to pad”, “middle”, and
“next to fan”, respectively.

Roof vents

D)

Q)
Infrared heater

m
25m

537}

333

Figure 3- Positions of sensors placed inside and
outside greenhouse, 1 5, temperature and
humidity sensors; 6-7, pyranometers

1.25m

Sekil 3- Sera igine ve disina yerlestirilen sensérlerin
konumlart, 1... 5, sicaklik ve bagil nem sensérleri; 6-7,
giines 1stmim sensorleri

2.4. Performance parameters

The difference between the outside temperature
and inside temperature can be used as an important
parameter to describe the cooling performance
of Fan-Pad system. For this purpose, as an easy
criterion, the cooling effect of Fan-Pad system is
calculated from

Atpo=ty-t; D

Where; t , outside air temperature (°C); t,, inside air
temperature (°C).

The cooling efficiency (1) is determined as
the ratio between the drop in air temperature after
passing through the Pad and the maximum drop
under conditions of air saturation.

_tap(V-tap(2)
tap(1)-tp(1)

Where; 1, cooling efficiency (%); t, (1), the outside
dry-bulb temperature of entering air to Pad (°C); t,,(2),
the dry-bulb temperature of leaving air form Pad (°C);
t (1), the outside wet-bulb temperature of entering
air to Pad. However, two psychrometric properties of

entering air to the system must be known:

1. Dry bulb temperature and the wet-bulb
temperature, or

100 2

2. Dry bulb temperature and relative humidity

If both dry bulb temperature (t,) and the wet-
bulb temperature (t ) is measured directly, the
cooling efficiency can be calculated by substituting
into equation (2). If dry-bulb temperature (t,)
of air and relative humidity (rh) are known, its
wet-bulb temperature (t,) can be calculated by
using psychrometric equations. The method of
psychrometric calculations due to sensors used
at measurements was employed to determine the
cooling efficiency of evaporative Fan-Pad system.

2.5. Method of psychrometric calculations

The following psychrometric equations given by
ASHRAE (2005) were used in all calculations.
Relative humidity is defined as the ratio of the
water vapor pressure to the saturation water vapor
pressure at all temperature and pressures:

Py

rh= 3

Pyys
The humidity ratio (W, also known as moisture
content or mixing ratio) of a given moist air sample
is defined with following equation as functions of
partial pressure of water vapor and total pressure (Pa):

Py )
P-P,,

The total barometric pressure of moist air can be
calculated according to altitude (Z):

W =0.62198

P=101.325(1-2.25577x10°°2 ) ** )

The humidity ratio at saturation (W) can
be calculated by substituting P__instead of P_ in
equation (4).

The saturation vapor pressure over liquid water
for temperature range of 0-200°C is given by
following equation:

C
(P, )= —t+Co+ C3T+CyT>+CsT > Coln(T) (6)
Where;

C,=-5800.2206,
C,=1.3914993,
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C,=-4.8640239x107,
C,=4.1764768x107,
C.=-1.4452093x10°%,
C,=6.5459673.

In (6) equation, saturation pressure P is
calculated in Pa, using T the absolute temperature
(K=°C+273.15).

2.6. Adiabatic saturation process

Evaporative cooling is an adiabatic process at constant
enthalpy that is no heat loss and heat gain. It utilizes
the exchange of energy between air and water. The
energy needed to evaporate water is taken from the
air, thus reducing air temperature. The energy in the
air can be divided into two parts: sensible heat and
latent heat. Sensible heat is a quantitative measure of
the air temperature. Latent heat is the energy needed
to evaporate the water in the air.

The enthalpy balance as follows to calculate
the humidity ratio of moist air for the adiabatic
condition must be defined (ASHRAE 2005):

B (W W) = )

Where; h, moist air specific enthalpy in kJ per kg
dry air; W, humidity ratio at saturation point at
wet bulb terﬁperature; W, humidity ratio of moist
air; &', specific enthalpy in kJ per kg water of
water added at wet bulb temperature; 4", specific
enthalpy of moist air at wet bulb temperature in

saturation.

In equation (3), substituting h, 2", and /" is solved
for humidity ratio:

_ (2501-2.326t,, )W ¥ -1.006( t g -t )
2501+ 1.86t 45 - 4.1861,,y,

®)

2.7. Computation procedure

In order to calculate the cooling efficiency of system
according to equation (2), the wet-bulb temperatures
need to be known. The wet-bulb temperatures were
calculated with a convergence of W, — W, = +
0.0005 from (3) to (8) equations using an iterative
procedure written in Matlab 2007b (Mathworks,
Natick, MA, USA).

3. Results and Discussion

The experiments were conducted under greenhouse
conditions in Ankara at 26 — 30 August of 2009
when the crop was at full maturity. The external
and internal climate data including solar radiation,
temperature, humidity, and air speed were measured.
During operating Fan-Pad cooling system, which
was operated for approximately 2-4 hours daily, the
internal shading nets were used to provide the more
efficient cooling.

3.1. External conditions

Figure 4 indicates data that characterize the external
climate during the experiment periods. As seen in
Figure 4, the external air temperature, the relative
humidity, the solar radiation, the wind speed ranged
between 30 - 33 °C, 20 - 25%, 600 - 860 W m and
2.1 - 3.8 m s during high solar radiation hours
(12:00 — 15:00), respectively.

3.2. Internal conditions

Internal solar radiation was approximately
proportional to the external solar radiation.
However, the internal solar radiation decreased, for
example by 43.5% at noon, because of greenhouse
frame, top radiant heater, cover and shading nets
(Figure 5). During test trials, the solar radiation
measured above plants ranged between 200 and 370
W m™. Figures 6 and 7 show the daily variations
of temperature and humidity data measured at 2,
3, 4, 5 sensors positions along greenhouse. The
temperature and humidity profiles were determined
along horizontal axis between Fan and Pad at a daily
time scale. Numbers in figures show the sensor
positions: (1) external, (2) very close to Pad, (3)
2.2 m away from Pad, (4) middle (4.4 m away from
Pad), and (5) next to Fan (6.6 m away from Pad).
Figures present how to change levels of temperature
and humidity along greenhouse.

Cooling system was run up from 13:14 to 17:00,
which were hours to be effective of cooling (Figures
6 and 7). It must be emphasized that the performance
of Fan-Pad cooling system was analyzed for the time
interval of 180 minutes. Hence, the two time stages
were selected, one of which was 12:00 — 13:00 time
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Figure 4- Daily variations of solar radiation, temperature, humidity, wind speed data measured outside

greenhouse (26 August 2009)

Sekil 4- Sera disinda olgiilen giines 1sinimi, sicaklik, bagil nem ve riizgar hizi verilerinin giinliik degisimleri (26

Agustos 2009)
900 50
800 - F45
Outside
700 A » L 40
Z 600 Transmittance 35 g
= I 30 2
£ 500 5
£ 25 2
=
£ 400 2
5 20 &
& 300 |
i 15
200 1 -t
100 Lots
0 =N
19

Local time

Figure 5- Daily variations of internal and external solar radiation (26 August 2009)

Sekil 5- Sera dust ve i¢i toplam giines 1gimimunin giinliik degisimi (26 Agustos 2009)

stages which turned off the cooling system. The
other of which was 14:00 — 15:00 time stage which
turned on the system. At these time stages, the levels
of hourly mean solar radiation prevailing above
plants were approximately 350 Wm (cooling off),
and 270 Wm™ (cooling on), respectively.

The variations of temperature and humidity along
greenhouse were evaluated for two time stages.
When turning off system between 12:00 and 13:00,
the levels of hourly mean temperature calculated for
2, 3, 4 and 5 sensors positions were approximately

33 °C, 31 °C, 32 °C, and 30 °C, respectively, along
the horizontal axis from Pad to Fan, After turning
on Fan-Pad system, when being stable cooling
conditions between 14:00 and 15:00, levels of hourly
mean temperature for 2, 3, 4 and 5 sensors positions
dropped to approximately 20 °C, 24 °C, 27 °C, and
26°C, and air at these points were colder as much as
12.75 °C, 6.6 °C, 4.9 °C and 3.8 °C, respectively.

When turning off Fan-Pad system, the levels of
hourly mean humidity calculated for 2, 3, 4 and 5
sensors positions were approximately 30%, 41%,
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39%, and 47%, respectively. It must be emphasized
that the relative humidity levels inside greenhouse
were more because of crop transpiration, even
turning off the system. At 14:00 — 15:00, levels
of hourly mean humidity calculated for 2, 3, 4
and 5 sensors positions rose up to approximately
68%, 56%, 50%, and 57%, respectively. The air
at measurement positions along greenhouse was

40

Cooling on

Temperature (°C)
N~ N
(=] o

a

S

o

0 2 4 6 8 10 12 14 16 18 20 22 24
Local Time

Figure 6- Daily variations of temperatures
measured at different locations outside and inside a
greenhouse cooled with Fan-Pad system (26 August
2009); Sensor positions: 1, outside; 2, pad; 3, next to
pad; 4, middle; 5, next to fan
Sekil 6- Fan- Pad sistemi ile sogutulan bir seranin i¢inde
ve disinda farklt konumlarda olgiilen sicakliklarin
giinliik degisimi (26 Agustos 2009), Sensor konumlari:
1, dis; 2, pad, 3, pade yakin, 4, orta; 5, fana yakin

more humid as much as 38%, 15%, 11% and 10%,
respectively. These results are integrated in Table 1
for both temperature and humidity gradients.

Our results are consistent with findings of past
studies by Kittas et al (2001, 2003); Bartzanas & Kittas
(2005); Al-Helal et al (2006); Teitel et al (2010); Lopez
et al (2012) related to the temperature and humidity
distributions. For example, in a study performed by

Cooling on

W
S

IS
S

Relative humidity (%)

0 2 4 6 8 10 12 14 16 18 20 22 24
Local Time

Figure 7- Daily variations of relative humidity
measured at different locations outside and inside
greenhouse of a greenhouse cooled with Fan-Pad
system (26 August 2009); Sensor positions: 1, outside;
2, pad; 3, next to pad; 4, middle; 5, next to fan
Sekil 7- Fan- Pad sistemi ile sogutulan bir seranin
iginde ve disinda farkli konumlarda él¢iilen bagil nemin
giinliik degisimi (26 Agustos 2009); Sensor konumlari:
1, dis; 2, pad, 3, pade yakin, 4, orta, 5, fana yakin

Table 1- Gradients of temperature and humidity according to sensor positions during periods turning off
(12:00 — 13:00) and on (14:00 — 15:00) of cooling system

Cizelge 1- Sogutma sisteminin kapali (12:00 — 13:00) ve agik (14:00 — 15:00) oldugu periyotlarda sensor

konumlarina gore sicaklik ve bagil nem degisimleri

Sensor positions
Outside Pad Next to pad Middle Next to fan
1 2 3 4 5

Temperature ~ Off 32.05(0.29)  33.02(0.41) 31.10(0.45) 31.93(0.39) 30.02(0.52)
(S.D.) On 31.44(0.175) 20.27(0.13) 24.50(0.13) 27.04(0.30) 26.18(0.16)

°C At - 12.75 6.60 4.89 3.84
Humidity Off 24.69(1.51) 29.52(1.48) 41.06(1.77) 38.55(1.09) 46.79(1.59)
(SD) On 23.09(1.09) 67.96(0.89) 56.50(0.49) 49.67(0.66) 56.98(0.94)

% Arh - 38.44 15.44 11.12 10.19
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Bartzanas & Kittas (2005), the difference between the
air temperature entering to greenhouse and outside
air temperature was about 10 °C. In a research study
carried out in a greenhouse equipped with Fan-Pad
system by Lopez et al (2012), the inside air temperature
was cooler up to 11.6 °C than that of a natural ventilated
greenhouse. However, it is emphasized that the main
drawback of the Fan-Pad system was the horizontal
temperature gradients to be with a maximum difference
of 11.4 °C between the pads and fans. So far, however,
there has been little discussion about horizontal
humidity gradients between Pad and Fan.

Figure 8 shows the gradients of temperature and
humidity along horizontal profile of greenhouse.
Plotting drawn in Figure 8 indicates increasing
approximately linearly of temperature between
Pad and Fan. It can be said that the humidity
variations along greenhouse remain approximately
stable between Pad and Fan because of the crop
transpiration. Giving details, the temperature
increased up to x=4 m, then decreased. The humidity
decreased up to x=3 m, and then remained stable. In
other words, it was emphasized that the temperature
at x=4.4 m was slightly higher while the relative
humidity was lower due to small sun flecks arising
from gap between two shading curtains. Kittas et al
(2001; 2003) also reported the similar results on rose

plants, which showed to be significantly differences
on temperature and humidity at experiments with
and without shading nets. If a general evaluation is
made to define temperature and humidity profiles at
x-direction, the second — degree polynomial trend
lines and equations can be derived with R?>=0.9946
and R?>=0.974, respectively (Figure 8).

Figure 9 shows the detailed performance
parameters including cooling effect (At ) and cooling
efficiency (), as well as temperatures (t, t , t, andt)
which correspond to external temperature, wet-bulb
temperature, temperature in front of pad, and internal
temperature, respectively. Here, t represents the
average of inside air temperatures that are measured at
the four points inside greenhouse. Experiments results
consist of cooling off (12:00 — 13:00) and cooling on
(14:00 — 15:00) time stages. As indicated in Figure
9, initially, before starting Fan-Pad system, the inside
air temperature was higher or close to the outside
air temperature. After starting system, the inside air
temperature dropped until reaching to equilibrium.
However, this reduction did not happen immediately,
there was always a transition stage. The period when
the cooling system is on includes “transition stage”
and “‘stable cooling stage” (Figure 9). There are very
significant differences between two time stages in terms
of temperature variations and performance values.
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Figure 8- Gradients of temperature and humidity along greenhouse

Sekil 8- Sera boyunca olusan sicaklik ve bagil nem degisimleri
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Figure 9- Performance parameters of Fan-Pad cooling system: cooling effect, cooling efficiency and

temperature levels

Sekil 9- Fan-Pad sogutma sisteminin performans parametreleri: sogutma etkisi, sogutma etkinligi ve sicaklik

seviyeleri

The results obtained related with the performance
of greenhouse cooling system during experiments
are summarized in Table 2. According to the
calculation results, the internal temperature was
24.5 °C while external temperature was 31.44 °C.
It was observed that the internal temperatures were
lower than external temperatures when turning on
Fan-Pad system. This is an indication that sensible
heat is converted to latent heat by water evaporation
(Li & Willits 2008). Values of the cooling effect and
cooling efficiency of Fan-Pad system were found to
be At = 6.96 °C and n=76.8%, respectively. The
maximum cooling efficiency was 80% at stable
cooling stage. Bartzanas & Kittas (2005) also found

that the cooling efficiency of the pad-fan system
was approximately 80%.

The mean air temperature entering to greenhouse
with air velocity of 0.8 m s! through the wet pad was
20.3°C. It was observed that the cooled air temperature
levels passing the wet pad with air velocity of 0.8-0.9
m s were approximately 12-13 °C lower than the
outside air temperature. The maximum air velocity
measured in front of Pads inside of the greenhouse
was 0.9 m s, but as moving away from Pads, it was
observed that the air velocities reduced up to 0.2 — 0.3
m s in crop rows, which were also consistent with
results obtained by Li & Willits (2008); Lopez et al
(2012). ASABE (2008) has recommended the mean

Table 2- Performance quantities of Fan-Pad cooling system: mean, minimum and maximum values

Cizelge 2- Fan-Pad sogutma sisteminin performans biiyiikliikleri: ortalama, minimum ve maksimum degerler

Quantities Symbol Mean (S.D.) Minimum Maximum
Outside temperature (°C) t 31.4(0.17) 31.1 31.8
Wet-bulb temperature (°C) Lt 16.9(0.27) 16.3 17.6
Temperature in front of pad Z 20.3(0.13) 20.1 20.6
Inside temperature (°C) £ 24.5(0.14) 243 24.7
Cooling effect (°C) dt, =t —t, 6.96(0.26) 6.4 7.3
Cooling efficiency (%) n 76.8(1.31) 74.1 80.0
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air velocity of 1.27 m s entering to the greenhouse
through the pad. However, if applying the high air
velocities on Pads, increasing electricity costs and
decreasing cooling efficiency. According to our
experiment results, it can be emphasized that the air
velocities of 0.8-0.9 m s are appropriate to provide
the efficient cooling.

The efficiency of Fan-Pad system is an indicator
of air saturation efficiency. The closer temperature
measured in front of pad inside greenhouse is to wet-
bulb temperature, higher cooling efficiency of pad.
However, it is emphasized that the highest efficiency
values can be produced at low air velocities (Franco
et al 2014). As the air velocity decreases, the length
of time that the air comes into contact with the water
increases, also increasing the saturation of the air,
consequently the saturation efficiency is higher
(Franco et al 2010).

According to experiment results of Franco et al
2014, it was provided that the maximum values of
Fan-Pad cooling system efficiency were between
71% and 69% at low air velocities close to 0.5 m s
According to our experimental findings, the cooling
system efficiencies ranged between 74% and 80% at
air velocities 0f 0.2-0.3 m s measured in crop rows.
Willits (2003) suggested the higher air-flow rates
than 0.05 m* m?s! for Fan-Pad system to provide
efficient cooling. Air flow rate of fans used in our
system is 0.06 m*m~2s™! at zero static pressure. These
air flow rates are suitable for adequate cooling.

Although the length of the greenhouse is not
long, the significant temperature and humidity
gradients were observed, which become the coolest
air near the pads and the warmest air near exhaust
fans of the inside air temperature. The levels of
these gradients are affected by many factors, such
as greenhouse geometry, positions of shading nets,
external climate conditions, air flow rate, crop
density and temperature of circulating water. The
efficiency of cooling system was quite high due
to the dry and warm outside climate conditions.
Increasing the air flow passing the pad does not
improve the air saturation efficiency. Circulation
fans can be used to provide the uniform temperature
distribution between pads and exhaust fans.

4. Conclusions

This study evaluated the cooling performance of a
greenhouse cooled with Fan-Pad under hot and dry
climate conditions like in Ankara. During experiments,
natural ventilation, shading, irrigation and Fan-Pad
systems were actively used to ensure proper climate
for growing crop. In order to define greenhouse
experiment conditions, the external and internal data
including solar radiation, wind speed, temperature-
humidity and internal air velocity were measured.

The temperature and humidity profiles were
determined along horizontal axis between Fan and
Pad. The evaluations were made for the different
sensor positions: external, very close to Pad, next
to Pad, middle, and next to Fan. It was observed
that there were the significant temperature and
humidity gradients along the greenhouse from Pad
to Fan, even being a small greenhouse where the
experiments were made about Fan-Pad cooling.
The levels of these gradients are affected by many
factors, such as greenhouse geometry, positions of
shading nets, external climate conditions, fan air
flow rate, crop density and temperature of circulating
water. According to the horizontal temperature and
humidity profiles, the second — degree polynomial
trend lines and equations were derived.

The performance evaluations were made by using
two quantity, such as the cooling effect and cooling
efficiency. In order to determine the cooling efficiency
of Fan-Pad system, the method of psychrometric
calculations was used. The wet-bulb temperatures
were calculated by using an iterative procedure. The
results obtained showed that the cooling efficiency
was low at starting time. For this purpose, two
stages, a transition stage and stable cooling stage,
were defined. The cooling efficiency increased until
reaching to the equilibrium between sensible heat
and latent heat for adiabatic cooling process. The
hourly mean cooling effect and cooling efficiency
performance parameters, as well as the average of air
temperatures inside greenhouse, were calculated.

Cooling efficiency is a function of pad
temperature, outside temperature and its wet-bulb
temperature. The closer pad temperature measured
in front of pad inside greenhouse is to wet-bulb
temperature, higher cooling efficiency of pad. In
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order to provide the more effective cooling, there
is no need to increase the air flow rate; however, if
water temperature circulating in the system and the
external air humidity can be reduced, the cooling
efficiency can be increased. Furthermore, the
circulation fans in the greenhouse can be used for
the uniform temperature and humidity distribution.

Abbreviations and Symbols

S.D. standard deviation

R’ determination of coefficient

moist air specific enthalpy (kJ kg™)
total barometric pressure (Pa)
water vapor pressure (Pa)
saturation water vapor pressure (Pa)
air temperature (°C)

outside air temperature (°C)

inside air temperature (°C)
dry-bulb temperature (°C)

the wet-bulb temperature (°C)
temperature difference (°C)

the cooling effect (°C)

absolute temperature (K)

humidity ratio (g kg dry air')
Saturation humidity ratio (g kg dry air™)
altitude (m)

cooling efficiency (%)

water vapor

saturation water vapor

horizontal axis
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