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In this paper a comprehensive experimental parametric study on the performance of a new evaporative
cooling pad type made of cellulose papers in bee-hive structure is presented. Four different pad sizes of
face area 0.335 x 0.390 m? and thicknesses 35, 70, 105, and 140 mm are examined. The tests are carried
out in a wind tunnel adapted with the evaporative cooling system. Experiments are conducted to evaluate
the cooling pad performance parameters: air temperature drop, air humidity ratio raise, cooling capacity,
water evaporation rate, saturation efficiency, pressure drop, energy efficiency, energy efficiency ratio, ex-
ergy efficiency and overall exergy efficiency. The effects of the cooling pad thickness and the operating
conditions including air velocity, inlet air temperature, water flow rate, water temperature and cooling
pad thickness on the performance parameters are investigated. The results show that, the saturation ef-
ficiency, exergy efficiency and overall exergy efficiency of the proposed pad enhance with increasing the
pad thickness and water flow rate and their highest obtained values are 84%, 92% and 74%, respectively.
The maximum pressure drop, temperature drop and cooling capacity obtained for this pad are 46 Pa,
18 °C and 6.26 kW, respectively. Moreover, the highest energy efficiency ratio is 281 obtained at 2m/s
air velocity. Finally, new dimensionless experimental correlations for predicting the system performance

parameters in terms of various operating conditions and system size are presented.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Electricity consumption of buildings sector represents 32% of
the whole world consumption as indicated by the International
Energy Agency [1]. Recently, buildings sector was considered the
biggest consumer of electricity. Conventional air-conditioning us-
ing vapor compression system consumes about 20% of the to-
tal electricity consumed in buildings all over the world. Evapo-
rative cooler can be considered one of the effective solutions of
the electricity consumptions in buildings [2]. For example, in a
regular 200 m? house, the common energy usage of evaporative
cooler is as little as 250.0 kWh compared to 850.0 kWh for tradi-
tional air-conditioner units (i.e. 75% power saving) [2-3]. By track-
ing the energy consumption of evaporative cooler in a small com-
mercial building, it's observed significant energy savings and im-
provement in thermal comfort as compared with conventional air-
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conditioning systems [4]. In evaporator cooler air and water passes
in cross flow configuration through a porous wetted medium/pad
and comes in contact causing water evaporation and air cooling.
The cooling pad is kept wet by continuous feed of spraying wa-
ter over it. Evaporative cooler is most appropriate for hot and dry
regions as in most of the Middle East cities.

Some studies integrate the idea of evaporative cooler with cool-
ing of condensers of air condition units in a trial to reduce the
electrical consumptions. Yu and Chan [5] reported that the perfor-
mance of the air-conditioning systems can be improved by using
evaporative pre-cooling to drop down the temperature of the air
that pass on the air-cooled condenser. Hao et al. [6] developed a
mathematical model to evaluate the energy saving in evaporative
air-cooled chillers (EACC) and reported that there is an optimal
thickness of the cooling pad that gives maximum energy saving.
Others investigators [7-9] conducted experimental works that inte-
grated an evaporative cooler with small air-conditioning condenser
(split-unit). It was shown that the reduction in power consumption
and the improvement in the COP of the AC split-unit can reach 10—
30% and 10-50%, respectively by this integration.

Several studies were conducted to investigate the performance
of different cooling pads material to examine their suitability for
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Nomenclature

Cp Constant pressure specific heat [k]. Kg'1.K1]
ex specific exergy [k].kg-1]

qxfh chemical specific exergy [k].kg-1]

Ex rate of exergy destruction [ kW]

g standard gravitational acceleration [m.s-2
g‘}_w(,) Gibbs function of formation [k].kg-1]
HP circulating pump head [m]

h specific enthalpy [k].kg-1]

M Molar mass [kg.kmol-1]

m mass flow rate [kg.s-1]

Qc sensible cooling capacity [kW]
v mean velocity [ m.s-1]

R gas constant [ kJ. Kg-1.K-1]

S specific entropy [ kJ. Kg-1.K-1]
S rate of entropy [K].K-1 ]

T Temperature [ oC]

Vi air volume flow rate [ m3.s-1 |
Wfan fan power consumption [KW]
Wpum,J pump power consumption [kW]
y mole fraction of the gas phase
z Elevation [m]

Greek symbols

$ evaporative pad thickness, mm

AP pressure drop of evaporative cooling pad [Pa]

At temperature drop of evaporative cooling pad |
oC]

Aw Humidity ratio increase of evaporative cooling
pad [gv.kga-1 |

n saturation efficiency

nen energy efficiency

nex exergy efficiency

nex,overall overall exergy efficiency

Jo Density [kg.m-3]

w Air specific humidity ratio (mass basis) [kgv.kga-
1]

@ Air specific humidity ratio (molar basis)
[kmolv.kmola-1 ]

X arbitrary variable

Subscripts

0 dead state condition

1 inlet air flow

2 outlet air flow

a dry air

dest destruction

evap evaporated

g gas

gen generation

i Arbitrary parameter for inlet/outlet air flow

1 liquid

\% water vapor

w water

wb wet-bulb

evaporative cooler. Al-Sulaiman [10] experimentally studied the
performance of three evaporative natural fibers cooling pads (Palm,
Jute and Luffa fibers) and reported that their highest cooling effi-
ciencies at 2.4 m/s air velocity are 62.10%, 55.10%, and 38.90%. Koca
et al. [11] constructed a test facility for evaporative cooling-pads
and verified that the pad cooling efficiency and air pressure drop
depend mainly on the air velocity and pad thickness. Kovacevic
and Sourbron [12] presented numerical model to study heat and

mass transfer in a novel design of metallic-compact direct evap-
orative cooler. It was reported that the highest effectiveness was
obtained for evaporative pad thickness of 90 mm at low air ve-
locities. Liao and Chiu [13] constructed a wind tunnel for test-
ing different evaporative cooling pads of fine and coarse mesh
and they noticed that the coarse fabric type has better perfor-
mance. Rawangkul et al. [14] tested the performance of a direct-
evaporative cooling pad made from coconut coir of two different
configurations. They concluded that coconut coir has good charac-
teristics to be used as a wetted medium in evaporative cooling sys-
tems. Gunhan et al. [15] conducted an experimental study to test
different porous materials (pumice stones, volcanic tuff and green-
house shading net) to be used as alternative to CELdek cooling pad
which was commercially used. The results verified that the vol-
canic tuff pads can be considered as efficient alternatives of CELdek
pads at 0.60m/s air velocity. Jain and Hindoliya [16] conducted an
experimental study to compare the performance of coconut fibers
and palash fibers with the aspen and khus pads. It was observed
that the pad efficiency of palash fibers is 13.20% and 26.30% more
than aspen and khus pads, respectively, while the efficiency of the
coconut fibers is about 8.2% more than that of khus.

Other studies were conducted for different geometric construc-
tions of cooling pads materials. Beshkani and Hosseini [17] carried
out a mathematical analysis on the behavior of corrugated papers
(rigid media) cooling pad using finite difference technique. It was
verified that increasing the pad thickness increases the cooling pad
efficiency and the air pressure drop. Dai and Sumathy [18] solved
the governing equations for cross-flow direct evaporative cooling
combined with honeycomb papers of uniform channels spacing as
a cooling pad. They reported that the efficiency of the cooling pad
can be improved by optimizing the operating conditions and geo-
metric dimensions including air and water mass flow rates and pad
thickness. Wu et al. [19,20] conducted a numerical investigation
on direct-evaporative coolers using honeycomb papers as a cooling
pad. It was reported that the efficiency of the cooling pad increases
with decreasing air velocity and increasing cooling pad thickness.
Malli et al. [21] conducted an experimental investigation on the
behavior of evaporative cooling pads made of cellulose corrugated
papers of different thickness. They proved that increasing the air
flow velocity and the thickness of the cooling pads increases the
air pressure drop and reduces the cooling efficiency. Trade-off be-
tween air pressure drop and the evaporator efficiency should be
considered. Dhamneya et al. [22]| presented a comparative analy-
sis on square, triangle, pentagon, octagonal and hexagonal cooling
pads configurations in order to find the configuration of high wet-
ted contact areas for the air. It was observed that the triangle con-
figuration has the highest cooling efficiency. Moreover, the effects
of the operating conditions including air velocity, air temperature,
water flow rate and water temperature on the water evaporation
rate in humidification section of HDH system were recently con-
ducted [23-27].

Other investigations were conducted to evaluate the perfor-
mance of evaporative cooling pads based on energy-exergy anal-
ysis. For energy saving, Dogramaci et al. [28] experimentally in-
vestigated the performance of an evaporative cooler using eucalyp-
tus fiber pads. They reported that the maximum temperature drop
can reache 11.3 °C with a maximum cooling efficiency of 71% at
0.1 m/s air velocity. Laknizi [29] studied the performance of evapo-
rative cooling pads and the energy saving under different weather
conditions of six cities in Morocco. It was noticed that the water
consumption rate and the cooling capacity increases and the COP
decreases with increasing the air velocity and the pad thickness.
Kanoglu et al. [30] carried out a parametric study on the heating
and humidification process of air conditioning system to prove that
the operating conditions have a considerable effect on the exergy
change. Santos et al. [31] presented an analytical investigation on
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Fig. 1. Schematic diagram of experimental setup.

the evaporative cooler from energy-exergy viewpoints. They con-
firmed that the best operating conditions for getting optimum en-
ergy efficiency don’t match with the conditions of thermal com-
fort. Martinez et al. [1] conducted and experimental investigation
on the performance of evaporative pad (plastic mesh) from energy
and exergy standpoints. The results showed that the maximum sat-
uration efficiency and pressure drop for that pad type are 80% and
17 Pa, respectively.

In the present work the performance of a new cooling pad
made from corrugated cellulose papers in opposite arrangement
with a “bee-hive” construction is experimentally investigated. The
manufacturer/supplier of the pad is Wadi Group Company in Egypt,
under the trade name of “Tabreed” [32]. The effects of oper-
ating conditions and geometric parameters (frontal air velocity,
air inlet temperature, spray water flow rate, spray water tem-
perature, cooling pad thickness) on the system performance pa-
rameters (air temperature drop and humidity rise, pressure drop,
saturation efficiency, evaporated water rate, sensible cooling capac-
ity, energy efficiency ratio, energy efficiency, exergy efficiency and
overall exergy efficiency) are investigated and quantified based on
energy and exergy standpoints analysis. New empirical correlations
for the performance parameters are deduced from the huge ex-
perimental data in terms of the operating conditions and design
parameters.

2. Experimental methodology
2.1. Experimental setup and physical components

The experimental setup is designed, constructed and validated
to carry out comprehensive experiments for a wide range of op-
erating and design conditions (air velocity, inlet air temperature,
water flow rate and water inlet temperature, and pad thickness)
in order to investigate the performance of the proposed cooling
pad in details. To accurately evaluate and characterize the behav-
ior and performance, the cooling pads were tested in a wind tun-
nel system (See Fig. 1) under steady state subsonic conditions. The
wind tunnel consists of different sections including air fan/blower,
electric heaters for air heating, air mixer, and evaporative cooler

including the cooling pad and water circuit. The wind tunnel is
an open circuit, rectangular duct of 390mm (width) x 335 mm
(height) cross-section and overall length of 3000 mm. The tunnel
walls are 0.8 mm thick galvanized sheet steel thermally insulated
by 25-mm thick glass wool. The air supply section consists of
blower, flexible connection, and diverging section. The air blower
(735W, 220V and 50 HZ) is a variable speed blower with 100 mm
x 120 mm discharge cross section. The speed of the blower is con-
trolled using a voltage regulator to change the air flow rate by
changing the input voltage. The air is then passes around three
electric heaters of 3 kW each staggered arranged in the wind tun-
nel to occupy the entire cross section area of the tunnel. A voltage
regulator is used to control the power input to the heaters in or-
der to regulate and obtain the required air temperature needed for
each experiment. The air is then flow through an air mixer to ob-
tain a uniform air temperature along the cross section area of the
air duct. The air is finally passes through the evaporative cooling
pad section to cool it.

The direct evaporative cooling system is equipped with water
supply unit and consists of re-circulating water pump, water tank,
electric water heater, spray water distributer, evaporative cooling
pads with bee-hive structure and piping and control valves as
shown in Fig. 1. The working principle is that the evaporative cool-
ing pad is wetted continuously by spraying water vertically onto
the upper edge of the cooling pad and the air passes horizontally
in cross-flow arrangement with the water. As a result, water evap-
orates with the air when it passes through the pad. This water
evaporation absorbs its heat of evaporation from the air and causes
a reduction in the air temperature. Finally, the air exits from the
humidifier at a low temperature and high humidity (i.e. it's cooled
and humidified). In the water supply unit, the re-circulating water
pump is 380 V, 50Hz, and 10 liter/min capacity. The water tank
contains a serpentine-shape water electrical heater (1500 W) con-
nected to a voltage regulator to control the feed water tempera-
ture. The spray water distributer is fabricated from a steel pipe
of 1-inch diameter with 13-holes and with spacing of 30 mm and
overall length of 500 mm.

Four evaporative cooling pads of type Tabreed 45/45 angle
[32] and thicknesses 35, 70, 105 and 140 mm were tested. The
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Table 1

Technical specifications of measuring instrumentations.
Measuring instruments Measured parameters Range Accuracy Resolution
Hygro-thermometer (HTC-1) Temperature Relative humidity —50 to +70 °C 10% to 99% RH +1°C+5% +0.1°C+1%

RH RH
Hygro-thermometer (SH-109) Temperature (ambient) Relative humidity —10 to 50 °C indoor —50 to +70 + 1 °C+5% + 0.1
(ambient) outdoor 20% to 99% RH RH °C+1%R H

Temperature sensor (PT100) & digital Temperature —50 to 400 °C +1°C + 0.1 °C
thermometer (TC4Y)
Digital differential pressure manometer 0.5 Pressure drop (cooling pads) 0 - 0.5 Psi +0.3% 0.001 Psi
PSI (HD755)
Pitot tube anemometer & manometer Measures Air Velocity/Airflow in 1 to 80.00 m/sec +1% 0.01
(HD-350) difficult-to-reach or tight locations

pads section consist of corrugated sheets of cellulose 0.7 mm thick
grouped in an opposite sequential arrangement with a “bee-hive”
structure to generate the flow of air inside the cells. The pad con-
figuration and full dimensions are illustrated in Fig. 2. The mate-
rial of these sheets has an excellent ability to water abortion and
chemically treated using an odorless substance to achieve excep-
tional wetting properties [32].

2.2. Measuring instrumentation devices

The experimental setup is equipped with the measuring instru-
mentation devices needed to measure and record the physical pa-
rameters that are necessary for the data analysis including tem-
peratures, air humidity, pressure drop, electrical power, air veloc-
ity and water flow rate. The measuring instruments used in this
study are hygro-thermometers, digital thermometer, digital differ-
ential pressure manometer and Pitot tube anemometer & manome-
ter. Three hygro-thermometers were installed in the setup to mea-
sure the relative humilities and temperatures at different locations
in the tunnel section as shown in Fig. 1. Two hygro-thermometers
are located at the inlet and outlet of the evaporative cooler, while
the third one (SH-109) is used to measure the ambient air con-
dition in the laboratory. PT100 temperature sensor was connected
with a digital thermometer (model TC4Y) to measure the temper-
atures at the inlet of the evaporative pad. A digital differential
pressure manometer (0.5 PSI, HD755) is used to measure the air
pressure drop across the evaporative pad. Pitot tube anemometer
& manometer (HD-350) are used to measures the air velocity and

Table 2
Studied parameters and their values.

Value

1, 1.5, 2, 2.5 and 3m/s

35, 70, 105 and 104 mm

30, 35, 40, 45 and 50 °C

0.0465, 0.0952, 0.1176 and 0.1667 kg/s
25, 30, 35 and 40 °C

Studied parameter

Frontal air velocity, v,
Cooling pad thickness, &

Air inlet temperature, T;
Spray water flow rate, my
Spray water temperature, Ty,

airflow rate in the air duct. The detailed specifications of the mea-
suring instruments are given Table 1.

2.3. Experimental procedure and measurements

Eighty two experiments were carried out to test the cooling
pads for different pad thicknesses, air velocities, inlet air tempera-
tures, water flow rates and temperatures ranges as given in Table 2.
Before recording any test, steady state conditions should be main-
tained. To ensure maintaining the steady state condition, the ex-
periment was turned on a long period, at least 30-40 min, before
taking the measurements until ensuring that the senor readings
are constants without significant fluctuations and within the ac-
curacy of the instrumentations.

For the validation of the procedure and accuracy of the present
experimental work, several preliminary experiments have been
carried out on widely used evaporative cooling pad (CELdek) made
of cellulose media by Munters company as a reference material for

47 cm
41 cm
3.5¢cm
45°
45°

7 mm

S|o|» | O|s|T

H:PadHeight W:Pad Width h: Flute Height
D : Pad Depth

a:FluleAngle  b: Flute Angle

Fig. 2. Configuration and full dimensions of utilized model bee-hive cellulosic pad.
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Fig. 3. Validation of the experimental test method (comparison of the present ex-
perimental results with other previously reported results).

comparisons. The validation tests were conducted on cooling pad
of 100 mm thickness at a wide range of air velocity and the satu-
ration efficiency and air pressure drop were calculated for each ex-
periment. The obtained data was checked and compared with the
data collected from different researchers [11,15,21,33]. As shown in
Fig. 3, the results obtained from the present study have approxi-
mately the same values presented by other authors for the same
cooling pad.

2.4. Mathematical analysis
The evaporative cooling process can be analyzed and character-

ized by conducting mass, momentum, energy and exergy balances
for the cooling pad section as given below:

ma,l = rha,Z (1)
ma,l w1 + mw,evap = Tg 20 (2)
Mg.1 1 + 1y hy = g2k (3)

Moreover, the exergy balance was presented by Dincer and Rosen
[34] and Moran et al. [35]:

Mg 1 (ex)1 + My (eX)w — Mg (eX)2 — (EX)gest = 0 (4)

(ex); = (hgi—hao) — To(Sai — Sa,0)
+ il (hyi—hy0)=To(Sy,i—Sv.0) ] + V2/2 + gz + (ex)¥ (5)

. 1+ @o - ;
(ex)? = RqTy |:(1 +&;)In ( Ty 67),‘) +&;ln (I);:| (6)
Where, @; = y2w; = 1.608w;, @ = 2wy = 1.608wg
(exX)w = (hw — ho) — To(Sw — So) + V%/2 + 82w + (ex)S" (7)
@) =g g0 LR Toln( 8)
w = 8fwa) ~ Efwig T+ Rwlodl |

(Ex)dest = Tosgen = To(Mg 282 — Mg 151 — mw,evapsw) (9)

The evaporative cooling efficiency (saturation efficiency) can be
calculated by Eq. (10) [36]:

n— (h -T)
(T — Ty 1)
The energy efficiency, nen is defined as the ratio of outgoing

stream energy to the sum of the incoming stream energies as pro-
vided by Kanoglu et al. [30]:

Mg 2hy
Mg 1hy + mw,evaphw

The exergy and overall exergy efficiencies, Nex & e overar €an
be obtained based on Martinez et al. [1] as follows:

(10)

Nen = (11)

Nex = — ma‘Z(f’:'X)z —1— (E?‘)dest (12)
Mg.1(€x)q + Muwevap(€X)yy (Ex)in
where,
(Ex)in = ma,l (ex); + mwevap(ex)w
Mg 2 (ex
Nex,overall = a.2( )2 (]3)

10,1 (eX)1 + Mw.evap (€X)y, + Wian + Woump

Where, me, and Wpump are the fan and pump power consump-
tions, calculated according to the air and water flow rates [6] as
follows:

. V,ir AP
Wfan == (14)
nfan
. m H,
Wiump = # (15)

Nfan and npump are the fan and circulating pump efficiencies, re-
spectively, which are taken as 80% in this work [6].

The sensible cooling capacity is a vital parameter for analysis of
cooling pad performance as given by:

Qc = rhucp(Tl - TZ) (16)

The performance analysis was also performed using the energy
efficiency ratio (EER), which is the ratio of sensible cooling capac-
ity (Qc) to total electric power consumption of the fan (Wy,,) and
water pump (Wpump) [37] and presented as:

EER = L
Wfan + Wpump

The evaporative cooler performance is investigated by solving
the former equations using EES (Engineering Equation Solver soft-
ware); commercial version (6.883-3D). All air and water properties
are obtained from EES data base at the measured temperature and
humidity.

It is essential to determine the experimental error of the mea-
surements and calculated variables. Uncertainty analysis can be ap-
plied by using the formula of Mofatt [38] and Taylor [39] in terms
of the source error (see Table 1) of the variables measured in the
experimental tests (i.e. temperature, relative humidity, air velocity,
....etc.). The equations from (1) to (17) can be put in the form of
Y=f(X;, X5, X3, ..., Xn) where Y is the required parameter and (X,
X5, X3, ..., Xn) are the set of measured parameters.

The experimental uncertainty can be obtained by Eq. (18):

2 2 2
aY aY aY
oY = \/ <3x1 (”‘1) * (axz‘%) Tt (axf"”)
(18)

Where §Yis the uncertainty of the required parameter and §X,
X5, ....0Xn are the uncertainties of the measured variables and

% is numerically calculated. The minimum and maximum overall
1

uncertainty for the calculated parameters is given in Table 3.

(17)
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Table 3

Overall uncertainty of calculated parameters.
Parameter én am.w, evap (SQ.C SEER Onex anex, overall
Min. uncertainty 1.5% 2.3% 2.5% 1.6% 4.6%  4.9%
Max. uncertainty 2.9% 11.9% 13.2% 8.6% 9.3% 9%

3. Results and discussion

The obtained results show that the performance of the tested
cooling pads depends on the operating conditions: air flow rate,
air temperature, water flow rate and water temperature as well
as on the thickness of the cooling pad. Efficient evaporative cool-
ing pads should maximize the air temperature drop and minimize
the water consumption rate and air pressure drop. The air tem-
perature drop, air pressure drop and water consumption rate for a
specific size/capacity of the evaporative cooler depend on the op-
erating conditions (air flow rate, air temperature, and water flow
rate and water temperature). Unfortunately, their dependences are
not all in the same required direction. Thus, determining the op-
erating condition that gives the best system performance needs an

20 16
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optimization and dimensionless parameters that measure the per-
formances of the cooling pads. These parameters as defined in the
literature and given in the present introduction section include sat-
uration efficiency, energy efficiency, energy efficiency ratio, exergy
efficiency and the overall exergy. At the same time, to increase the
size/capacity of the evaporative cooling system, the bad thickness,
air flow rates and water flow rate should be increased to satisfy
the increase in the cooling capacity. The operating conditions that
give the best performances of the system may vary from a system
to another according to the system size and capacity.

In the present work a comprehensive parametric study of the
performances of the proposed cooling pad sections are conducted
at a wide range of the operating conditions and system sizes. The
performance of the system was evaluated by air temperature drop,
air humidity ratio raise, cooling capacity, water evaporation rate,
saturation efficiency, pressure drop, energy efficiency, energy ef-
ficiency ratio, exergy efficiency and overall exergy efficiency. The
effects of the operating conditions and the system size parame-
ters (air velocity, inlet air temperature, spray water flow rate, spray
water temperature and cooling pad thickness) on each of the per-
formance parameters are investigated in the following sections.
This parametric study aims to determine the conditions that give
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optimum performance of the evaporative cooling using this type
of cooling pad for different sizes. Finally, correlations that give the
system performance parameters in terms of the operating condi-
tions and the system size were proposed to be used in predicting
the cooling pad performance for any operating conditions and sys-
tem size.

3.1. Air temperature drop and humidity ratio increase

Fig. 4 shows the effect of air velocity, inlet air temperature, wa-
ter flow rate, water temperature and pad thickness on the air tem-
perature drop (AT) and humidity rise (Aw). The figure shows the
decrease of AT and Aw with the increase of air velocity. This can
be attributed to the decrease of the contact time between the air
particles and the wetted pad with the increase of air velocity caus-
ing the reduction of the water evaporation rate which means the
decrease of the air cooling potential. It worth to mention that in-
creasing the air flow rate causes the increase of the mass transfer
coefficient between the air and the wetted cooling pad and this
leads to the increase of the water evaporation rate but according
to the results shown in Fig. 4, this increase cannot compensate the

decrease in the water evaporation rate resulted from the reduction
of the contact time.

Fig. 4-a shows the variation of AT and Aw with cooling pad
thickness at T; =40°C, T,y =30°C, m'y, =0.1667 kg/s and a wide
range of air velocity. The figure shows the increase of the temper-
ature drop and the humidity of the air with the increase of the
pad thickness. This can be attributed to the increase of the con-
tact time between the air particles and the pad section which leads
to the increase of the water evaporation rate and air temperature
drop. The same results were obtained for different inlet air tem-
peratures, water flow rates and water inlet temperatures. Also as
shown in Fig. 4-a, the highest AT and Aw that can be obtained
are 12.2, 14, 14.6 and 15 °C and 5, 5.7, 6 and 6.5 g,/kg, for pad
thicknesses of 35, 70, 105 and 140 mm obtained at 1 m/s air veloc-
ity, i.e. AT and Aw increases by 23% and 30%, respectively with
increasing the pad thickness from 35 mm to 140 mm.

Fig. 4-b demonstrates the effect of the air inlet temperature on
the air temperature drop and humidity rise across the cooling pad
section. As shown in the figure the air temperature drop and hu-
midity rise increase with the increase of the air inlet temperature.
This can be attributed to (i) the increase of the capacity of the
air to hold more vapor with the increase of air temperature, and
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Fig. 6. Evaporated water and sensible cooling capacity of cooling pad at different: (a) pad thickness, (b) air inlet temperature, (¢) humidifier-water flow rate, (d) humidifier-

water temperature.

(ii) the increase of the potential difference of vapor mass transfer
between the wetted cooling pad and the air due to the increase
of the partial pressure differences with temperature. More evapo-
ration means more sensible heat is extracted from the passing air
which leads to higher air temperature drop. It's found at 1m/s air
velocity that the highest AT and Aw are 9, 12.9, 14, 17 and 18 °C
and 3.7, 5.1, 5.7, 6.9 and 7.3 gy/kg, for inlet air temperature of 30,
35, 40, 45 and 50 °C respectively. This means that AT and Aw in-
crease by 100% and 97%, respectively with the increase of the inlet
air temperature from 30 °C to 50 °C.

Fig. 4-c shows the increase of the air humidity rise and tem-
perature drop with the increase of the water flow rate. This is
attributed to the increase of the air to water contact areas with
the increase of water flow rate which leads to more evaporation
and high humidity rise. The high humidity rise is always accompa-
nied with high air temperature drop as the latent heat required for
evaporation is extracted from the air causing reduction of its tem-
perature. The maximum obtained AT and Aw at 1m/s air velocity
are 12, 12.5, 13 and 14 °C and 4.9, 5.1, 5.2 and 5.7 gy/kg, for wa-
ter flow rates of 0.0465, 0.0952, 0.1176 and 0.1667 kg/s respectively;
i.e. AT and Aw increases by 16.7% and 16.3%, respectively with the
increase of the water flow rate from 0.0465kg/s to 0.1667 kg/s.

Fig. 4-d shows the decrease of the air temperature drop and
humidity rise across the cooling pad section with the increase of
inlet water temperature. This is attributed to the increase of air
temperature due to its contact with the water leading to low air
temperature drop and humidity rise. It's observed that the highest
AT and Aw obtained at 1 m/s air velocity are 18, 14, 7, and 0.5 °C
and 74, 5.7, 2.9 and 0.2 gy/kg, for inlet spray water temperature
of 25, 30, 35 and 40 °C respectively; i.e. AT and Aw deceases by
97.2% and 97.3%, respectively with the increase of the water tem-
perature from 25 °C to 40 °C.

3.2. Saturation efficiency and pressure drop

The saturation efficiency is defined by Eq. (10) as the ratio be-
tween the actual air temperature drop across the pad section to
the maximum possible temperature drop to adiabatically saturate
the air. Thus, the increase of the actual air temperature drop leads
to the increase of the saturation efficiency. Therefore, as shown in
Fig. 4 and confirmed in Fig. 5, the air temperature drop and in con-
sequence the saturation efficiency increases with the increase of
the pad thickness, air inlet temperature, water flow rate and the
decrease of air velocity and water temperature.
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temperature.

Fig. 5-c shows the increase of the air pressure drop across the
pad section with the increase of the air velocity, cooling pad thick-
ness and water mass flow rate. However, Figs. 5-b and 5-d show
that the air inlet and water temperatures don’t have any effect on
the pressure drop. The increase of the pressure drop with the air
velocity, pad thickness and water flow rate is due to the increase
of the friction between the air and the pad section, the increase of
the flow resistance through the thick pad section and the decrease
of the void area for air to pass in the pad section as most of the
section becomes blocked with water.

Also as illustrated in Fig. 5-a, the highest saturation efficiency
and the corresponding AP at 1m/s air velocity are 62, 68, 73 and
77% and 4, 8, 13 and 20Pa for 35, 70, 105 and 140 mm pad thick-
nesses respectively; i.e. n and AP increases by 26% and 400%, re-
spectively with the increase of the pad thickness from 35mm to
140 mm. Moreover, Fig. 5-b shows that the highest n at 1m/s air
velocity are 61, 63, 86, 71 and 73% for inlet air temperature of 30,
35, 40, 45 and 50 °C respectively and the corresponding AP is 8 Pa;
i.e. n improves by 20% with increasing the inlet air temperature
from 30 °C to 50 °C.

Furthermore, it's shown in Fig. 5-c that for 1 m/s air velocity
and water flow rate of 0.0465, 0.0952, 0.1176 and 0.1667 kg/s the
highest n and the corresponding AP are 60, 62, 64 and 68% and
4, 5,7 and 8 Pa respectively. In other words n and AP increases by

14% and 100%, respectively with the increase of the water flow rate
from 0.0465kg/s to 0.1667 kg/s.

Additionally, Fig. 5-d reveals that at 1 m/s air velocity the maxi-
mum 7 are 83.5, 68, 34 and 2.5% for inlet water temperature of 25,
30, 35 and 40 °C respectively and the corresponding AP is 8 Pa.

3.3. Water evaporation rate and cooling capacity

Although Fig. 4-a shows the decrease of the air temperature
drop and humidity rise with the increase of the air velocity, Fig. 6-
a shows the increase of the water evaporation rate and the cool-
ing capacity with the increase of the air velocity. Increasing the
air velocity means the increase of the air mass flow rate which
causes the increase of the water evaporation rate and cooling ca-
pacity (see Eqgs. (2) and 16). This means that the effect of the air
mass flow rate on the cooling capacity and water evaporation is
more dominant than the effect of the decrease of the air tempera-
ture drop and humidity rise.

Fig. 6a-d also shows the increase of the cooling capacity and
the evaporation rate with the increase of the cooling pad thick-
ness Fig. 6-a), the increase of the air inlet temperature (Fig. 6-b),
the increase of the water flow rate (Fig. 6-c) and the decrease
of the water inlet temperature (Fig. 6-d). These can be attributed
to the increase of the air temperature drop and humidity rise
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Fig. 8. Exergy and overall Exergy efficiencies of cooling pad at different: (a) pad thickness, (b) air inlet temperature, (c) humidifier-water flow rate, (d) humidifier-water

temperature.

(see Eq. (2) & (16). One can predict from Fig. 6a-d that the wa-
ter evaporation rate and the associated cooling capacity increases
by 73% with increasing the pad thickness from 35 mm to 140 mm,
by 180% with increasing the inlet air temperature from 30 °C to 50
°C, by 25% by increasing the water flow rate from 0.0465kg/s to
0.1667 kg/s and decreases by 80% with increasing the water tem-
perature from 25 °C to 35 °C.

3.4. Energy efficiency and energy efficiency ratio

The energy efficiency ratio (EER) is defined as the ratio between
the cooling capacity and the fan and pump powers. Fig. 7 shows
the effects of the different operating parameters and the pad thick-
ness on EER and energy efficiency. As discussed in the previous
section increasing the air velocity leads to the increase of the cool-
ing capacity. At the same time increasing the air velocity causes
the increase of the fan power. Fig. 7 shows the increase of EER
with the increase of air velocity up to 2 m/s (highest EER) and then
the EER decreases with the air velocity increase. This means that
at air velocity smaller than 2 m/s the percentage of the increase of
the cooling capacity with air velocity is higher that percentage of
the increase of the fan power with the air velocity and vice versa
at air velocity higher than 2 m/s.

Fig. 7-a and 7-c demonstrate that EER increases with the in-
crease of the cooling pad thickness and water flow rate. This can
be attributed to the increase of the cooling capacity with the in-
crease of the pad thickness and water flow rates with percent-
ages higher than the percentages of the increase of the fan power.
As illustrated in Fig. 7-a, the highest EERs that can be obtained
at 2m/s air velocity are 117, 128, 135 and 143 for pad thick-
nesses of 35, 70, 105 and 140 mm respectively; i.e. EER enhances
by 22% with increasing the pad thickness from 35 mm to 140 mm.
While, the maximum EERs observed in Fig. 7-c at 2m/s air ve-
locity are 281, 187, 157 and 128 for water flow rates of 0.0465,
0.0952, 0.1176 and 0.1667 kg/s respectively; i.e. EER improves by
120% with decreasing the water flow rate from 0.1667 kg/s to
0.0465 kg/s.

Fig. 7-b and 7-d show the increase and decrease of EER with
the increase of the air inlet and water temperatures, respectively.
This can be attributed to the increase and the decrease of the cool-
ing capacity with the air and water inlet temperatures, respec-
tively. Moreover, Fig. 7-b shows that the maximum EERs are 73,
110, 128, 159, and 162 for inlet air temperature of 30, 35, 40, 45
and 50 °C respectively at 2my/s air velocity. This means that EER
increases by 122% with increasing the inlet air temperature from
30 °C to 50 °C. Whereas, Fig. 7-d reveals that the maximum EERs
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Fig. 9. Experimental correlations prediction of studied evaporative pad (bee-hive).

are 176, 128, 43 and 2 for inlet water temperature of 25, 30, 35
and 40 °C respectively at 2m/s air velocity.

The energy efficiency, nen of the cooling pad is defined as the
ratio of outgoing stream energy of the air to the sum of the in-
coming stream energies of air and evaporated water as provided
by Kanoglu et al. [25]. Theoretically, this efficiency should be 100%
if the process is considered as adiabatic saturation and the test sec-
tion is perfectly insulated. Fig. 7 shows that the energy efficiency
can reach 105%. This proves that the actual process slightly devi-
ates from the adiabatic saturation process especially at higher inlet
water temperature and low air velocity.

3.5. Exergy efficiency and overall exergy efficiency
Fig. 8 shows the decrease of exergy efficiency nex and over-

all exergy efficiency 7ey overan With the increase of the air velocity
for all bad thickness and operating conditions. This is due to the

increase of the heat transfer rate, mass transfer rate, friction and
pressure drop and the fan power with the increase of the air ve-
locity. Increasing all of these parameters causes the increase of the
exergy destruction and consequently the decrease of the exergy ef-
ficiency and the overall exergy efficiency.

Fig. 8-a demonstrates the increase of the exergy efficiency and
the overall exergy efficiency with the increase of the pad thickness.
Increasing the pad thickness leads to two opposite effects on nex
and 7y overal Which are (i) the increase of the inlet exergy due to
the increase of the water evaporation rate that causes the increase
of the exergy efficiency as per Eq. (12) and (ii) the increase of the
exergy destruction due to the increase of the heat transfer, mass
transfer, pressure drop and the fan power in the pad section and
this causes the decrease of the exergy efficiency as per Eqs.12 and
13. The effect of the increase of the inlet exergies on the exergy
and the overall exergy efficiencies is more dominant than the ef-
fect of the increase of the exergy destruction with the increase of
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Fig. 10. Errors in experimental predicted correlations of studied evaporative pad (bee-hive).

the pad thickness (see Eqs. (12) and 13). Also as shown in Fig. 8-
a, the highest values of 7ex and Neyoveran at 1m/s air velocity are
70, 73, 74 and 77% and 60, 62.8, 63.4 and 67% for pad thicknesses
of 35, 70, 105 and 140 mm respectively; i.e. ex and 7ex oyeran IM-
proves by 10% and 12%, respectively with increasing the pad thick-
ness from 35mm to 140 mm.

Fig. 8-b shows the decrease of the exergy efficiency and the
overall exergy efficiency with the increase of the inlet air temper-
ature. This can be attributed to the increase of the exergy destruc-
tion of the air as per Egs. (9), 12 and 13. Fig. 8-b shows that the
highest values of nex and Mgy overann at 1 m/s air velocity are 81, 78,
73, 71 and 68% and 70, 67, 63, 61 and 59% for inlet air tempera-
tures of 30, 35, 40, 45 and 50 °C respectively; i.e. Nex and ey overall
improve by 19% and 18.6% with decreasing the inlet air tempera-
ture from 50 °C to 30 °C.

The effect of the water mass flow rate on the exergy effi-
ciencies is shown in Fig. 8-c, where the exergy efficiencies in-
crease with the increase of the water mass flow rates. This can be

attributed to the increase of the water evaporation rate and the air
temperature drop across the cooling pad and this causes the in-
crease of the inlet exergy and the decrease of the exit exergy of
the pad section, respectively. It is worth to mention that increas-
ing the water mass flow rate increases the water pump power, air
pressure drop through the pad section and both cause the increase
of the exergy destruction and consequently the decrease of the ex-
ergy efficiency. This reduction of the exergy efficiency cannot over-
come on the increase of the exergy efficiencies due to the increase
of the water evaporation rate and the air temperature drop across
the pad section. Fig. 8-c demonstrates that the maximum 7ex and
Nexoverall At 1m/s air velocity are 70, 70.5, 71 and 73% and 59.5,
60.2, 61 and 63% for water flow rates of 0.0465, 0.0952, 0.1176 and
0.1667 kg/s respectively; i.e. Nex and ney overann €Nhances by 4.5% and
6% with increasing the spray water flow rate from 0.0465kg/s to
0.1667 kg/s.

Fig. 8-d shows the increase of the exergy efficiencies with the
increase of the inlet water temperature. This can be attributed to
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Table 4
Coefficients of predicted correlations.
X A B C D E F Error
O 0.349 -0.29 0.13 1.656 0.125 —-3.06 predicts 87% within error £20%
ﬁxx 0.381 -0.295 0.253 1.614 0.144 —3.052 predicts 86% within error +20%
0.297 —-0.269 0.259 0.68 0.043 -2.85 predicts 84% within error +15%
A%”ax 1.16 1.124 0.627 0.001 0.238 0.186 predicts 88% within error +20%
m'"wwﬁ 0.473 0.662 0.309 1.623 0.153 -3.215 predicts 85% within error £15%
Q‘c:fm 0.474 0.663 0.309 1.623 0.15 -3.211 predicts 84% within error £15%
: 3.806 0.662 0.310 1.628 0.118 -3.176 predicts 84% within error +£15%
Nex 0.838 -0.112 0.062 -0.299 0.045 1.022 predicts 97% within error £10%
Nex, overall 0.710 —0.099 0.082 -0.225 0.048 0.795 predicts 94% within error +10%
Table 5
Comparisons with previous different types of evaporative pads on highest saturation efficiency.
Refs. Material type V,ir (m/s) 6 (mm) m'y (kg/s) AT (°C) AP (Pa) n
Al-Sulaiman [10] Jute 2.4 50 — — — 0.62
Liao and Chiu [13] Coarse fabric PVC sponge 0.5 150 0.022 — 9.8 0.86
Gunhan et al. [15] Volcanic tuff 1.6 100 0.029 6.87 203.9 0.811
Coarse pumice stones 1.6 100 0.029 5.99 266 0.761
Shading net 1 150 0.029 4.42 38.1 0.513
Jain and Hindoliya [16]  Aspen fibers 1.4 — 0.045 12.7 49 x 10° 0.71
Khus fibers 11.3 14.7 x 105 0.64
Coconut fibers 13.8 39 x 106 0.69
Palash Fiber 15.56 29 x 10° 0.81
Malli et al. [21] cellulosic pads (7090) 1.8 150 - - 20 0.85
Dogramaci et al. [28] Eucalyptus fibres 0.1 20 — 9.8 — 0.71
Laknizi et al. [29] Cellulosic pad cooling 0.5 300 — — 6.4 0.96
Martinez et al. [1] Plastic mesh 0.2 250 0.467 1.5 0.2 0.805
He et al. [40] Polyvinyl Chloride (PVC) 0.5 200 0.65 — 0.9 0.5
He and Hoyano [41] Porous Ceramic 1 — — 4 — 0.7
Dagtekin et al. [42] Cellulose based pad 1.25 100 0.096 5.54 - 0.84
Shrivastava et al. [43] Coconut coir — 70 — 13 — 0.6
Present work Cellulose (bee-hive) 1 70 0.1667 18 8 0.84

the increase of the inlet exergy of the system with the increase of
the inlet water temperature as shown in Egs. (7) and 12. It's ob-
served in Fig. 8-d that the highest nex and 7ey oyeran at 1m/s air
velocity are 52, 73, 81 and 92% and 45, 63, 69 and 74% for in-
let water temperatures of 25, 30, 35 and 40 °C respectively. This
means that nex and 7exoveran iNCrease by 77% and 64%, respec-
tively with increasing the spray water temperature from 25 °C to
40 °C.

3.6. Experimental correlations

It is worth to formulate the results in correlations to predict the
performance parameters of the cooling pad in terms of the operat-
ing conditions and system size parameters. These correlations will
help in the system design including the selection of the cooling
pad thickness, air flow rate and water flow rate that gives the de-
sired capacity and conditions of the system at any operating con-
ditions. The trends of the results show that the correlations can be
put in the form:

B C D . E F
x=A Vair ) T; My Ty
Vair, max Smax T1 max 1w, max T, max
(19)

Where y is one of the system performance parameters as given
in Table 4. Eq. (19) is valid for the following ranges: 1m/s < v, <
3my/s, 35mm < § < 140 mm, 30 °C <T; < 50 °C, 0.0465kg/s < my,
< 0.1667 kg/s and 25 °C < Ty < 40 °C. Where, Vgirmax, 8 max, T1,max,
Mw,max and Twmax are 3 m/s, 140 mm, 50 °C, 0.1667 kg/s and 40 °C,
respectively.

In this equation and as listed in Table 4, all the performance pa-
rameters of the system and the operating conditions of the system
were put in dimensionless form as a ratio of the maximum value

of these parameters. Where, ATmax, AWmax, APmax, Mw,evap,max and
Q¢ max are 18 °C, 7.355 gy/kga, 46 Pa, 2.5g/s and 6.26 kW, respec-
tively. A, B, C, D and F are constants for each performance param-
eter as listed in Table 4. Fig. 9 shows the techniques of predicting
the equation of each performance parameters and the trend line
of each equation. Fig. 10 and Table 4 also show the predicting er-
ror of the majority of the experimental data by the given equation
for each parameter. The predicted equations give similar trends of
the effects of the operating conditions and the system size param-
eters on the evaporative cooling performance that are Shown in
Figs. 4-8. These correlations can be used to find the system perfor-
mance parameters at any operating conditions and system design
parameters.

3.7. Evaluation of the proposed cooling pad with others pads used in
the literature

Based on the data obtained from literature for different cool-
ing pad materials and types, the highest saturation efficiency and
associated operating conditions of these materials and types are
compared with that obtained from the current work as tabulated
in Table 5. For fair comparisons of the measuring performance
parameters (AT, AP and 1) of the current evaporative pad with
ohers pads materials in the literature, all systems must have the
same operating conditions. Therefore, and according to the au-
thors’ review, some of these pad materials (e.g. Jute, Aspen fibers,
Khus fibers, Coconut fibers, Eucalyptus fibres, Cellulose, etc.) are
tested at closest operating conditions and pad thicknesses of the
current pad type. These conditions and their references are also
listed in Table 5. As shown in Table 5, at pad saturation effi-
ciency, n (0.84), the pad used in the present work gives the high-
est air temperature drop AT (18°C) and the lowest air pressure
drop AP (8Pa) as compared with other pad types. In addition, the
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maximum saturation efficiency of the studied pad (cellulose paper,
bee-hive) is much higher than those of other types tested in the
literature [1,10,15,16,28,40,41] and [43]. Whereas, it has closer per-
formance (i.e. approximated value of n) with Coarse fabric PVC
sponge and cellulosic pads [13,21,29] and [42] that were tested
at 70mm pad thickness and higher performance (higher n) at
the same operating conditions. Therefore, in general the current
pad reveals higher performance parameters (1 and AT) and lower
AP compared with other pad types in the literature providing
that the current pad (cellulose paper, bee-hive) is reliable and
applicable.

4. Conclusion

The performance of cellulose paper, bee-hive evaporative cool-
ing pad is experimentally investigated based on energy and ex-
ergy analysis for a wide range of operating conditions (air veloc-
ity, inlet air temperature, and water flow rate and water tempera-
ture) and pad thicknesses. The performance of the cooling pad was
evaluated and quantified in terms of air temperature drop, air hu-
midity rise, cooling capacity, evaporation rate, saturation efficiency,
pressure drop, energy efficiency, energy efficiency ratio, exergy ef-
ficiency and overall exergy efficiency. Dimensionless experimental
correlations for measuring system performance in terms of var-
ious operating conditions and system size parameters were pre-
dicted and presented within reasonable error. The findings of the
present comprehensive parametric study can be summarized in the
following:

e The increase of the air temperature drop and humidity rise
with the increase of the pad thickness, air inlet temperature,
water flow rate and the decrease of air velocity and water
temperature.

o The increase of the air pressure drop across the pad section
with the increase of the air velocity, cooling pad thickness
and water mass flow rate. The maximum pressure drop is
46 Pa obtained at v,;; =3 m/s, §= 140mm, T; =40 °C, my=
0.1667 kg/s and Ty= 30 °C.

o The increase of the saturation efficiency with the decrease of
air velocity and water temperature and the increase of pad
thickness, air inlet temperature and water flow rate.

o The highest saturation efficiency (7=84%) is obtained at
Viyr=1m/s, §= 70mm, T;=40 °C, my =0.1667kg/s and
Tw =25 °C which can be considered as the optimum operat-
ing and design conditions. The associated air pressure drop
at these conditions is 8 Pa.

o The increase of the cooling capacity and water evaporation
rate with the increase of the air velocity, cooling pad thick-
ness, air inlet temperature and water flow rate, and the de-
crease of the water inlet temperature. The maximum cool-
ing capacity can be obtained from the pad is Q =6.26 kW
at vy =3m/s, = 70mm, T; =40 °C, my =0.1667 kg/s and
Tw =25 °C.

e The improvement of the energy efficiency ratio with the in-
crease of pad thickness, air inlet temperature, and the de-
crease of water flow rate and water temperature. The high-
est energy efficiency (EER= 281) is obtained at v,;, =2m/s,
§= 70mm, T; =40 °C, my, =0.0465 kg/s and T\, =30 °C.

o The enhancement of the exergy and overall exergy efficien-
cies with the decrease of air velocity and air inlet tempera-
ture and the increase of pad thickness, water flow rate, and
water temperature. The maximum exergy and overall exergy
efficiencies are 7nex=92% and 7eyoveran= 74% and are ob-
tained at v,;; =1 m/s, = 70 mm, T; =40 °C, my = 0.1667 kg/s
and T, =40 °C.
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