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Effect of pad water flow rate on evaporative cooling system efficiency

in laying hen housing

Mohamed Saied Ghoname

Agricultural Engineering Department, Faculty of Agriculture, Tanta University, Egypt

Abstract

An experiment was conducted in three commercial laying hen
houses with 32-week-old hens in the summer of 2017 in a commer-
cial farm in Gharbia Province, Egypt (31.06°N, 31.16°E) using an
evaporative pad cooling system to determine the most suitable
water flow rate for maintaining indoor air temperature within the
thermal comfort zone. The experiment was conducted using three
different water flow rates, i.e. 4.76, 5.65, and 6.35 L min '.m2, to
assess the effect of different water flow rates on evaporative pad
cooling system performance and determine the most suitable water
flow rate for maintaining the thermal comfort zone of laying hens.
The evaporative pad cooling system maintained the mean indoor air
temperature below 28°C. The mean indoor air relative humidity
during the experimental period ranged from 72.6 to 73.8%. The
4.76 L min~!.m 2 water flow rate resulted in the highest saturation
efficiency (ca. 73.75%). In contrast, the 6.35 L min~! m2 water flow
rate resulted in the lowest saturation efficiency (70.63%). The mean
cooling energy values were 69.11, 66.0, and 66.65 kwh for water
flow rates of 4.76, 5.56, and 6.35 Lmin'm=2, respectively. The
highest temperature-humidity index was 27.78°C, which indicated
that birds were not stressed in all treatments.

Introduction

Poultry is a good source of cheap protein compared with other
types of animal proteins. Poultry production includes both the pro-
duction of eggs from laying hens and meat from broilers. Eggs are
considered one of the most important natural sources of protein
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for consumption as well as for use with other ingredients in food
production. In 2018, the total Egyptian national egg production in
2018 was 8,794,335,000 eggs, which is equivalent to 454250
tonnes (FAO, 2020).

Heat stress can occur when the dry-bulb temperature and
indoor relative humidity are excessive. Indoor relative humidity
should range between 50 to 70% for broilers up to 21 days of age
and 40 to 60% afterwards (Fairchild, 2012). Heat stress decreases
the amount of heat released from the body, increasing the core
body temperature of birds. Increasing core body temperature by
4°C can lead to death. Increasing indoor air temperature over 28°C
is the main cause for a decrease in the feed intake of laying hens.
Egg weight and laying rate decrease by approximately 1.5% and
0.3 g, respectively, when the indoor air temperature increases by
1°C (You, 2005). Star et al. (2009) reported a reduction of 31.6%
in feed conversion, 36.4% in egg production, and 3.41% in egg
weight in laying hens exposed to heat stress (32°C) at 24 weeks of
age for 22 consecutive days. Heat stress arises from the interaction
between air temperature, humidity, radiant heat, and air speed, and
air temperature plays a major role. The optimal indoor air temper-
ature for production performance is between 19-22°C for laying
hens (Charles, 2002). In another study (Ebeid et al., 2012), heat
stress caused a significant reduction in egg weight (-3.24%),
eggshell thickness (—1.2%), eggshell weight (-9.93%), and
eggshell percentage (—0.66%).

Heat stress results from a negative balance between the net
amount of energy flowing from the animal to its surrounding envi-
ronment and the amount of heat energy produced by the animal.
This imbalance is induced by changes in several environmental
factors (e.g., sunlight, thermal radiation, and air temperature), ani-
mal properties (e.g., rate of metabolism and moisture loss), and
thermoregulatory mechanisms, such as conduction, radiation, con-
vection, and evaporation. When the bird’s ability to dissipate heat
during heat stress is compromised, excessive heat production can
potentially be life-threatening and affect live weight, feed efficien-
cy, egg production, egg quality, egg shell quality, fertility, hatcha-
bility, and survival. Among several environmental factors that
affect layer chicken production, heat stress has the most pro-
nounced effect on production parameters, especially given that
birds are sensitive to heat waves, because of their feathers and lack
of sweat glands, thus making heat dissipation particularly difficult
(Estrada-Pareja et al., 2007).

The ideal ambient air temperature in bird housing for laying
hens is approximately 25°C (Xin, 2011). In agricultural structures,
evaporative pad cooling systems are an important method for
reducing heat stress. Evaporative pad cooling systems aim to
reduce the dry inlet temperature, but they increase relative humid-
ity. The reduction in dry-bulb temperature is driven by the extrac-
tion of heat from dry air by evaporation.

Evaporation is achieved by both heat and air velocity to pro-
mote the release of water from pad surfaces. Many parameters can
decrease or increase the efficiency of pad evaporative cooling sys-
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tems. These parameters can be classified into two categories. The
first category pertains to environmental conditions, including out-
side air temperature and relative humidity. The second category
refers to the specifications of the system, including pad thickness,
pad face air velocity, pad material, and water flow rate above the
pad. Pad evaporative cooling represents the direct evaporative
cooling based on mechanical and thermal contact between air and
water (Porumb et al., 2016).

The water flow rate through the pad evaporative cooling sys-
tem is one of the most important parameters affecting the satura-
tion efficiency of the system. Below, the importance of pad evap-
orative cooling is clarified, as many researchers have concluded
that the water flow rate has no significant effects on the perfor-
mance of evaporative cooling systems.

Gunhan et al. (2007) evaluated the effects of the water flow
rate on the evaporative saturation efficiency of pad materials in an
air conditioning chamber of 3x3x6 m in size. They found that there
was no significant effect of the water flow rate (1.00, 1.25, 1.50,
and 1.75 L min') on this chamber. In contrast, other studies found
that the water flow rate is critically important for evaporative pad
cooling systems (Dzivama et al, 1999) and generally indicated
that saturation efficiency increases as the water flow rate increases
until the pad is sufficiently moist. Nelson (2006) suggested that the
optimal water flow rate passing through the cooling pads is
7.5 L min~! per length unit of cooling pads. The length of cooling
pads in the experiment was 9.6 m; therefore, 7.2 L min! per length
unit of cooling pads was the optimal water flow rate. The satura-
tion efficiency of the evaporative cooling system based on a fan-
pad system under different circumstances was studied during the
hottest days of the summer season (June to August of 2014). ANSI
and ASABE (ANSI/ASABE, 2008; ASABE, 2008) recommended
airspeed values and minimum water flows for four different types
of pads. Aspen fibre pads of 50 and 100 mm thickness mounted
vertically should be operated at 0.76 m s~! airspeed and 5 L min~!
m~! minimum water flow rate per unit length of the pad in severe
conditions, while corrugated cellulose pads of 100 and 150 mm
thickness should be operated at 1.27 and 1.78 m s! airspeed,
respectively, and 6.2 and 9.9 L min~! m~! minimum water flow rate
per unit length of the pad, respectively.

Malli et al. (2011) investigated the performance of cellulose
evaporative cooling pads. Different pad thicknesses were tested for
their thermal performance in terms of pressure drop, humidity vari-
ation, amount of water evaporated, and saturation efficiency.
Specifically, they reported that the pressure drop and the amount of
evaporated water increased with frontal air velocity and pad thick-
ness, whereas the saturation efficiency and the relative humidity
decreased with increasing air velocity. Franco et al. (2010) dis-
cussed the effect of water and airflow rate on the performance of
cellulose pads for greenhouse applications. They found that the
amount of water evaporated from the cooling pads increased as the
difference in the inlet and the outlet air temperature increased. The
higher water flow rate of 0.256 L s"'m 2 was associated to a much
higher pressure drop compared to the other water flow rate values
at the same air velocity.

The efficiency of the evaporative pad cooling system is neces-
sary for determining the pad efficiency of the saturating inlet air
with moisture. Complete (100%) saturation efficiency means that
the incoming air is fully saturated with moisture, causing the rela-
tive humidity of the incoming air to increase to 100%. The effi-
ciency of the evaporative pad cooling system is designed to range
between 70 and 80%. The cooling efficiency is less than 100% to
prevent the incoming relative humidity from becoming excessive
(typically between 75 and 85%) (Czarick and Fairchild, 2014). An
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evaporative pad cooling system was evaluated in a broiler house in
the Cukurova region (Adana, South Turkey). The cooling efficien-
cy ranged from 69.2 to 72.0%, and the temperature reduction
ranged between 4.4 and 7.3°C (Dagtekin et al., 2009b). The mean
evaporative pad cooling system efficiency was 69.35%, and the
cooling effect was 5.19°C in August and September under
Mediterranean climate conditions inside a laying hen house with a
capacity of 15,000 birds (Dagtekin et al., 2009a). A lower water
flow rate resulted in the accumulation of minerals, which caused
the deterioration in pad characteristics because, water evaporated
from the pad surface and left minerals that clogged the pores of
pads. This deterioration in pad characteristics causes reductions in
the efficiency of the system over time. As the water flow rate of the
pad increases, the wavy structure on the surface of the pad (pores)
is covered with water, making it smooth and causing a decrease in
the size of the total pad surface area. In regions where the pad
pores are in close proximity (in small pore pads), excess water
reduces the area of the pad surface in contact with the air crossing
the pores. As a result, air flows more readily through the pad, and
cooling efficiency is much higher (Yildiz et al., 2010). The pad
face air velocity should range between 0.5 and 1.5 m s~! (Dagtekin
et al., 2011). Karaca et al. (2016) studied the relationship between
the cooling effect and the pad water flow rate (2, 4, and 6 L min™!
m2) and two different pad air velocities (1.0 and 1.5 m s!). The
cooling effect and saturation efficiency values were the lowest at a
water flow rate of 6 L min~! m2, but they also were relatively sim-
ilar at water flow rates of 4 and 2 L min~! m2.

This research was based on the assumption that operating
evaporative pad cooling systems generally use an unsuitable water
flow rate. A low water flow rate leads to the accumulation of min-
erals on pad surfaces, which deteriorates pad characteristics and
reduces the efficacy of the pad cooling system. By contrast, a high
pad water flow rate increases air relative humidity inside the hous-
ing above 70%, especially when outside air relative humidity is
high (ranging from 50 to 60%). In this study, the water flow rate
was assumed to be an important parameter, because it affects the
ability of the pad-fan system to absorb and evaporate water to com-
plete the cooling process. The goals of this study were to: i) eval-
uate the effect of different water flow rates on evaporative pad
cooling system performance; ii) determine the most suitable water
flow rate for operating pad fan cooling systems; and iii) maintain
a thermally comfortable zone for laying hen production.

Materials and methods

Materials

The experimental work was conducted in three commercial
laying hen houses in Egypt (31.06°N, 31.16°E). The experiments
were conducted in the relatively hot summer season of 2017.

Laying hen house

Three identical laying hen houses rectangular in shape were
used for the experimental work. The dimensions of the laying hen
houses were 50 m in length, 9 m in width, and 3.5 m in height and
had a floor surface area of 450 m? and a volume of 1575 m3. The
house had a north-south orientation (Figure 1). The ceiling was
made with 0.2 m of reinforced concrete, and the house walls were
made of 12-cm red bricks and were blasted with 5 cm of cement
mortar. The laying hen houses were equipped with a mechanical
feeder system (chain feeder system) and a nibble drinking system.

OPEN aACCESS



Laying hens

Each laying hen house was occupied by a total of 3600, 32-
week-old Ross birds with masses of 1.85 kg.

Evaporative cooling system

All houses were equipped with a pad fan evaporative cooling
system. The pads were distributed at the end of the eastern and
western walls, and the ventilation fans were installed on the south-
ern wall. The evaporative pad cooling system consisted of a pad, a
water line supply, a 350 W water pump, a perforated polyvinyl
chloride (10-mm diameter) distribution pipe, a gutter, two storage
tanks with a volume of 250 L each, and a bleed-off line (Figure 2).

Fourteen corrugated cellulose pads, each 0.6 cm in width and
1.5 m in height, were used. The total face area of the cooling pads
was 13.5 m? (9 m in length and 1.5 m in height); the pads were 15

S0m

cm thick and mounted vertically. Four axial-flow, direct-driven
suction fans with a diameter of 140 cm, three phases, and a 42,000
mh~! discharge were used to provide a maximum mass airflow
rate of 56 kg s7! during hot periods under 2.5 mm of static pres-
sure. Fans were operated by an electric motor with a belt pulley by
attaching an electronic tap changer to each of the fan motors, thus
making it possible to achieve easily the desired air velocity. The air
mass flow rate can be quantified by multiplying the adjusted mean
pad face air velocity, air density, length of pad, and pad height.

Methods

The experiment was conducted in three identical laying hen
houses (A, B, and C) with 3600 laying hens in each house. The
experiments were conducted to assess the effects of the water flow
rate on the evaporative cooling system performance in terms of sat-
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Figure 2. Schematic diagram showing the evaporative pad cooling system.
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uration efficiency, temperature reduction, cooling energy, and water
consumption on evaporation. Therefore, the most suitable water
flow rate was used for cooling system operation. Three water flow
rates were used (4.76, 5.56, and 6.35 L min~'m2) from 13 June to
10 July of 2017. The water pump withdrew water from a sump
through a filter and then pumped it through a perforated distribution
pipe above the pads. A gutter under the pads was used to collect
water draining from the pads. The collected water can be recycled
as long as salt or minerals do not accumulate on pads. A valve was
used to adjust the water flow rate through the distribution pipe. The
water flow rate was measured using a measuring cylinder and a
chronometer. A Mt 512 E-temperature controller and indicator with
temperature control between —50 to 75°C was used to read and con-
trol the temperature inside the laying hen houses. It has a serial out-
put for communication with the SITRAD program. SITRAD is Full
Gauge Controls software for the local module: it must be installed
on the computer to which the controllers are connected through a
serial converter (32 channels). In other words, it must be installed
close to the controllers, and its sheet reader shows the number of
sensors and their temperature values. The calibration of the sensor
was successfully completed at the beginning of the experiments.
The control system was used to control the indoor air temperature
at a set point of 28°C and was installed at a height of 50 cm with a
differential temperature of 0.1°C. The sensor of the controller was
set at the last third of the house near the ventilation fan. Therefore,
if the house temperature increases over 28°C, the cooling system
pump reduces the indoor air temperature to the pre-set points. The
thermostat stopped the pump before all of the fans stopped working
so that the pad could dry.

Measurements

Temperature measurements

Three data-logger devices (16 channels) were used for collect-
ing, recording, and reading from the different sensors (LM ther-
mistors with a typical accuracy of + (1/4°C) at room temperature
and £3/4°C over a full =55 to +150°C temperature range) installed
at different positions inside and outside the laying hen houses. Dry
and wet-bulb temperatures were measured at six different locations
along the inside of the laying hen houses, including air temperature
at the pads (Tpad), the middle of the house (Tcenter), and near the
fans (Tfan). Then, the average temperatures were calculated. Figure
1 shows the locations where the temperature was measured. Two
sensors were used to measure dry and wet-bulb temperatures out-
side the house. Wet-bulb temperature (Wp) was measured by ther-
mistors wrapped in wet clothes. The psychometric chart program
was used to calculate the relative humidity in front of the pad
(Rhpad), at the centre of the house (Rhcenter), near the ventilation
fans (RHfan), and outside the houses (Rhout) (Figure 1). The data
logger was equipped with a keyboard and a monitor. The computer
programs Lap Jack and Profilap were employed. The Lap Jack pro-
gram was used to run the data logger on the computer, and the
Profilap program was used to convert the reading from analogue to
digital. The time interval for the data recording was 5 minutes, and
data were acquired every minute for integrated measurements. All
of the sensors and data loggers were calibrated at the beginning of
the experiments.

Pad face air velocity

A digital fan anemometer (model TFA) was used to measure
mean pad face air velocity, airflow rate from the axial fans, and
mean air velocity in laying hen houses. The anemometer had a
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range of 0.1 to 30 m s~! and an accuracy of £5%. Mean pad face
air velocity was measured for each house at 30 points across the
pad face area. The mean value of the measured points was then cal-
culated. The axial fans were calibrated by measuring the airspeed
exiting from the fan outlet at nine different points within the cross-
sectional area of the fan. Airspeed exiting from the fan outlet was
determined by calculating the mean value of nine measurements.
The airflow rate at the fan outlet was then calculated by multiply-
ing the mean airspeed by the cross-sectional area of the fan.

Calculation

Cooling potential (cooling effect)

The cooling effect can be expressed as temperature reduction
and was estimated using Equation (1):

AT =T,

dhe

_T:ih,p (1)

where AT is the cooling effect, Tqb,o is the outside air dry-bulb tem-
perature (°C), and Tqpp is the dry-bulb temperature (°C) of air just
leaving the pad.

The average cooling potential was calculated for each experi-
mental treatment.

Saturation efficiency

Saturation efficiency (SE) is defined as the ratio between the
actual dry-bulb temperature reduction (i.e., cooling effect) and the
theoretical maximum at 100% saturation (ASHRAE, 2005). It is
calculated as a percentage from the following Equation (2):

U:LXIOO(%) )

dbo ~ “dbo

where 1 is the saturation efficiency (%), Twb,o is the wet-bulb tem-
perature of the outside air entering the pad (°C) (i.e., air tempera-
ture at saturation), and Tdb,0 — Twb,o is the wet-bulb depression (°C).

Cooling energy

The cooling energy is calculated by the temperature difference
at the inlet and the outlet according to Equation (3) (Laknizia et al.,
2019):

O=mxcpxAT 3)

where Q is the cooling energy (kWh), m is the air mass flow rate
(kgs™), and cp is the specific heat of air (kJ kg™1.°C1).

m,, =pxVxLxH (4)

where p is the air density, V is the mean pad air velocity (m s™!), L
is the width of the pad cooling (m), and H is the height of the pad
cooling (m). The cooling energy required for water evaporation is
a function of time. The Ec required for water evaporation is a func-
tion of time (t).The relation ship Ec=f(t) can be identified from
experimental data between Ec vs. t using a definite integral as
shown in the following to calculate the area between the best-fit
curve and the t-axis, where the lower and upper bounds of the inte-
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gral correspond to the start and end time of operation (in this case,
09:00 to 16:00 h). This area represented the amount of energy
required for completing the evaporation process. The formula used
to calculate the cooling energy can be written as:

EC= ljjf(x)cb(

Water consumption

Water consumption in the evaporation process was calculated
by Equation (5):

me=MX(WDm Awin) (5)

where me is the water consumption (kg h™!), M the air mass flow
rate (kg h™!), wout is the humidity ratio of air before pads (kg water -
kg ! dry air), and wiy is the humidity ratio of air after pads (kgwater -
kg’l dry air)-

Temperature-humidity index

Temperature-humidity index (THI) values for laying hens were
determined for the experimental period using Equation (6) (Gates
et al., 1995):

THI=0.6T,,, +0.4T,,, ©

where THI is the temperature-humidity index (°C), Tab,i is the
indoor dry-bulb air temperature (°C), and Twb, is the indoor wet-
bulb air temperature (°C). The THI equation was used to assess the
production of laying hens in response to heat stress. A threshold
temperature of 28°C was used for the temperature—humidity index
for laying hens (Gates et al., 1995).

Results and discussion

Effect of water flow rate on indoor air temperature and
relative humidity

Figure 3 shows the weekly mean hourly indoor air temperature
for 7 hours during daytime, when the pad evaporative cooling sys-
tem was in operation. These indoor temperatures were compared
with the outdoor air temperature from June 13 to July 10, 2017.
The thermal variation was observed along the house, because of
the long distance of the airstream (50 m in length) and the sensible
heat emitted from the hens. The temperature gradually increased
from the pad (Tpad) to the ventilation fans (Tfan) in all treatments.
The effect of outdoor conditions on the indoor conditions at three
water flow rates (4.76, 5.65, and 6.35 L min~'m2) was investigat-
ed. The temperature difference between the pad located at the
beginning of the house and the pad located at the end of the house
near the fan inside the house varied from 3.5 to 5.15°C (4.76 L
min~'m~2 treatment), 3.9 to 4.7°C (5.65 L min~'m2 treatment), and
3.8 to 4.75°C (6.35 L min'm2 treatment).

Figure 4 indicates the weekly mean hourly relative humidity
(RH) in front of the pads, at the centre of the house; outside the lay-
ing hen houses, and in front of the fans. Indoor relative humidity
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was higher than outdoor relative humidity. Indoor relative humid-
ity was high in front of the pads and decreased gradually towards
the end of the house near the extraction fans in all treatments. The
weekly mean hourly indoor relative humidity ranged from 60.7 to
82% at a 4.76 L min~'m2 flow rate; 63.5 to 79% at a 5.65 L min~
Im~2 flow rate, and 61.5 to 80.6% at a 6.35 L min'm2 flow rate.

The performance of the pad cooling system

Figure 5 shows the weekly mean hourly values of saturation effi-
ciency and cooling effect under different water flow rates. The maxi-
mum saturation efficiency was observed at noon or in the afternoon,
when the difference between the outside and inside air temperature
increased. At a flow rate of 4.76 L min'm2, the weekly mean daily
values for saturation efficiency were 72.27% (June 13-19); 76.99%
(June 20-26), 66.44% (June 27-July 3), and 79.29% (July 4-10); week-
ly mean daily cooling effect values were 4.88°C (June 13-19), 5.48°C
(June 20-26), 4.76°C (June 27-July 3), and 5.37°C (July 4-10). At a
flow rate of 5.56 L min'm2, the weekly mean daily values for satura-
tion efficiency were 70.59% (June 13-19), 70.91% (June 20-26),
68.71% (June 27-July 3), and 74.94% (July 4-10); weekly mean daily
cooling effect values were 4.76°C (June 13-19), 5.10°C (June 20-26),
4.91°C (June 27-July 3), and 5.06°C (July 4-10). At a flow rate of 6.35
L min'm2, the weekly mean daily values for saturation efficiency
were 75.80% (June 13-19), 65.05% (June 20-26), 66.07% (June 27-
July 3), and 75.59% (July 4-10); the weekly mean daily cooling effect
values were 5.08 (June 13-19), 4.65 (June 20-26), 4.70 (June 27-July
3), and 5.13°C (July 4-10). A flow rate of 4.76 L min—'m2 resulted in
higher cooling efficiency values relative to the other treatments except
for the June 13-19 period, when a flow rate of 6.35 L min~'m2 resulted
in the highest cooling efficiency. From 27 June to 3 July, the 5.56 L
min~'m2 flow rate resulted in higher cooling efficiency compared with
the other treatments, which may be related to the outside weather con-
ditions. The weekly mean values for saturation efficiency during the
experimental period were 73.75%, 71.3%, and 70.63% for water flow
rates of 4.76, 5.56, and 6.35 L min'm2, respectively. These findings
are similar to those of Karaca et al. (2016). Three multiple regression
equations were developed to describe the relationship between SE and
outdoor temperature (Tdb,0), outdoor relative humidity (RHo), and tem-
perature of the pad (Tp) for the various water flow rates. The multiple
regression analysis revealed that the saturation efficiency for the three
tested water flow rates was strongly affected by outdoor temperature,
outdoor relative humidity, and pad temperature. The multiple regres-
sion equations obtained were as follows:

SE (4.76)=12.6 T, +1.77RH_ -14.48 Tp —-42 34 R%=0.9927
SE (5.56)=12.54Ty,, +1.75RH, -14.11T, - 4878 R =0.9934
SE (6.35) =8.69 Ty, +1.90RH,, -9.29T, - 65.5 R?=0.7103

The combined correlation coefficients (r) for these parameters
together were 0.9963, 0.9971, and 0.8427 for the 4.76, 5.56, and 6.35
L min~'m2 water flow rates, respectively.

Cooling energy

Figure 6 shows the cooling energy from 09:00 to 16:00 h. The
equations corresponding to the best fit for the relationship between
cooling energy and time are also shown (Figure 6).

Less energy was absorbed when the water flow rate increased in all
treatments, except from June 27-July 3 at a flow rate of 5.56 L min'm™2
and from July 4-10 at a flow rate of 6.35 L min'm2. These previous
observations indicate that the cooling energy required for water evapo-
ration increased as the area under the curve increased. Consequently,
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the ability of an evaporative cooling system to reduce the outside air
temperature increased as well.

The mean area under the curve decreased as the water flow rate
increased. The 4.76 L min~'m2 water flow rate had the highest area
under the curve (486.01 units or 69.11 kW.h) (Figure 7). The 4.76 L
min~'m=2 water flow rate also had the highest cooling energy compared
with the other water flow rates.

Temperature humidity index

High temperatures coupled with high humidity impose severe
stress on birds and lead to lower performance. However, measurements
of air temperatures inside the houses or air relative humidity in isolation
are not sufficient to assess heat stress. Consequently, records tabulated
by Gates et al. (1995) on adapted THI for laying hens should be con-
sidered, when assessing heat stress. THI values should range between
21.1 to 28°C. THI values over 28°C place birds under heat stress and
could reduce performance. Heat stress reduces the egg production of
laying hens. THI values for different days in each treatment were
roughly the same; the hourly THI for every treatment was calculated
and is shown in Table 1. Hourly THI values at various water flow rates
(25.24-27.78°C) indicated that the birds did not experience heat stress.
All treatments showed the same pattern. The THI values calculated
inside the laying hen houses and the mean THI were 26.94°C, 26.79°C,
and 26.83°C for water flow rates of 4.76, 5.56, and 6.35 L min'm2,
respectively. The THI equation was used to examine the relationships
between indoor air temperature (Tdbi) and indoor relative humidity
(RHj) for the three different water flow rates. The multiple regression
analysis revealed that the THI at various water flow rates was strongly
related to indoor air temperature and relative humidity. The multiple
regression equations obtained were as follows:

THI(4.76) = 0.8133 Ty,; +0.028 RH; -0.28 R? =0.8854
THI (5.65) = 0.7709 Ty, +0.026 RH, +0.95 R? =0.8074
THI(6.35) = 0.8644 Ty, + 0.010RH,; -0.40 R2=0.8931

The combined correlation coefficients for the effects of these
parameters were 0.9409, 0.8985, and 0.9450 for water flow rates
of 4.76, 5.56, and 6.35 L min~'m2, respectively.

Pad water consumption

The amount of water that the evaporative pad cooling system
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used for heat reduction was mainly dependent on three factors:
outdoor temperature, relative humidity, and mass airflow rate
through the pads. Maximum evaporation was achieved when pads
were not continuously wet. The water flow rate should be adjusted
to provide sufficient pad moisture, maximize water evaporation,
and prevent increases in humidity. If the water added to the house
environment exceeds the capacity of the ventilation system to
decrease humidity, several problems can arise, including wet litter,
high relative humidity, and high effective temperatures. Low
humidity facilitates evaporation and, therefore, cooling.

Figure 8 shows the mean hourly pad water use during the
experimental period under different water flow rates. At the water
flow rate of 4.76 L min~'m2, the range of water consumed by pads
was between 337.97 (09:00) and 498.6 L h~! (14:00 h).

Pad water consumption ranged from 302.2 (13:00) and 456.4 L
h! (14:00 h) at a water flow rate of 5.56 L min~'m=2. At 6.35 L
min~'m=2, water use ranged between 388.9 (10:00) and 490.6 L h-!
(15:00 h). Mean hourly pad water use during the experimental
period was higher at a water flow rate of 6.35 L min~! m2 (431.3
L h!) compared with the other treatments.

Based on the data in Figure 8, the following three multiple
regression equations were derived to describe the relationship
between pad water use and outdoor dry-bulb temperature (Tdp,o),
outdoor relative humidity (RHo), pad temperature (Tp), and relative
humidity in front of the pad (RHp) for various tested water flow
rates. The multiple regression analysis revealed that the pad water
use for the three water flow rates was strongly affected by outdoor
temperature, outdoor relative humidity, pad temperature, and rela-
tive humidity. The multiple regression equations obtained were the
following:

me (476)=377.5 T, +6245RH, ~331.3 T, ~80.63 RH, +94.69 R2 =0.6382
e (5.56)=187.96 T, +39 00RH, ~180 3 T, -51.58 RH, +677.45 R%=07422
mg (6.35)=219.68 Ty +42.88RH, —199.55T - 54.70 RH,, +308.32 R% =0.8380

The combined correlation coefficients for these parameters
were 0.7988, 0.8615, and 0.9423 for water flow rates of 4.76, 5.56,
and 6.35 L min 'm™2, respectively.

Table 1. Mean temperature-humidity index under different water flow rates.

09:00 25.34 25.24 25.28
10:00 26.24 26.1 26.24
11:00 274 26.42 26.46
12:00 26.86 26.98 26.88
13:00 212 26.98 212
14:00 27.56 27.62 27.66
15:00 27.76 21.18 21.74
16:00 27.12 27.18 27.12
Mean 26.94 26.79 26.83
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Figure 3. Indoor and outdoor air temperatures under different water flow rates from June 13 to July 10, 2017.
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Figure 4. Indoor and outdoor air relative humidity (RH) under different water flow rates from June 13 to July 10, 2017.
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Figure 5. Performance of the evaporative cooling system using different water flow rates from June 13 to July 10, 2017.
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Figure 6. Cooling energy under different pad water flow rates from June 13 to July 10, 2017.

Conclusions

An evaporative cooling pad fan system was used to reduce heat
stress inside three laying hen houses using three different water
flow rates from 13 June to 10 July 2017. The main results of the
experiment can be summarized as follows: i) all treatments of the
evaporative pad cooling system maintained the indoor air temper-
ature within the thermoneutral zone; ii) the daily average indoor air
relative humidity during the experimental period was 73.8%,
72.6%, and 72.9% for water flow rates of 4.76, 5.56, and 6.35 L
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min~'m2, respectively; iii) the mean evaporative pad cooling effi-

ciency during the experimental period was 73.75%, 71.3%, and

70.63% for water flow rates of 4.76, 5.56, and 6.35 L min 'm2,
respectively; iv) the 4.76 L min~'m2 water flow rate was associat-
ed with the highest cooling effect; v) the highest cooling energy
was recorded for the 4.76 L min 'm2 water flow rate; vi) the THI
was always below 27.78°C in all treatments, which means that lay-
ing hens did not experience heat stress during egg production; vii)
the mean pad water use increased by 3.55% at a water flow rate of
6.35 L min~' m? compared with 4.76 L min'm~2 and by 11.7%
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Figure 7. Cooling energy under different water flow rates from
June 13 to July 10, 2017.

| BWcd76 Lmin'm’ BWe556 L min'm? BWc635 L min'm?

600

500

400

300 4

200 A

100

Water eorsumption { We Lh")

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00

Time (hr)

Figure 8. Water consumed under different water flow rates.

compared with 5.56 L min~'m2; viii) the optimum water flow rate
for the operating pad cooling system was 4.76 L min~! m=2,
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