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a b s t r a c t

In hot and dry climatic zones, direct evaporative cooling (DEC) system is used as an economical and
efficient alternative to traditional air conditioning systems. The present paper concerns comprehensive
experimental investigations and analysis of heat and mass transfer characteristics and thermal perfor-
mance parameters of a bee-hive construction of corrugated-cellulose papers as a new cooling pad ma-
terial. The performance parameters used to evaluate the effectiveness of the cooling pad materials are
the outlet air temperature and relative humidity, pressure drop, humidifier effectiveness, rate of the
evaporated water, sensible cooling capacity, specific cooling capacity (SCC), coefficient of performance
(COP), specific water consumption (SWC), and Nusselt and Sherwood numbers. The cooling pad per-
formance was investigated for a wide range of air and water temperatures and flow rates and pad
thicknesses. The results show the enhancements of heat and mass transfer coefficients and the perfor-
mance parameters with rising air temperature and water flow rate to humidifier. High values of the
performance parameters (hc ¼ 45 W/m2 oC and hm ¼ 0.23 m/s, εhum ¼ 0.85 and COP ¼ 170) are obtained
compared to the traditional pad materials. Experimental correlations for the evaporative cooler perfor-
mance parameters in terms of air and water temperatures and flow rates pad thicknesses are presented.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Currently, there is great requests for cooling and air conditioning
of buildings especially in hot countries. Conventional cooling and
air conditioning systems using vapour compression refrigeration
cycle require high demand of electricity supply and this causes
problems for government and electric authorities especially in
summer peak period. Statistics show that the electric demand of
the air conditioning systems in summer season represents about
60% of the electric demands of the domestic sector [1,2]. This high
electricity demands causes extra CO2 emission in the electricity
generation process. Moreover, most of the conventional chillers and
cooling systems are often run by environmentally hazardous
cooling agents. For saving electric power and avoiding
ing, Benha University, Benha,
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environmentally hazardous, using of direct evaporative cooling is
becoming preferable solution especially in hot and dry zones.
Direct evaporative cooling (DEC) system is one of the most eco-
nomic and efficient cooling techniques that can be used for build-
ings cooling especially in hot and dry regions. Cooling process in
direct evaporative cooler is attained based on sensible and latent
heat transfer between air and sprayed water in the evaporation
process. The main components of direct evaporative cooling sys-
tems are water tank, water circulating pump and cooling pad sec-
tion. In the following section, the relevant literature review of the
experimental and theoretical research is presented. The review is
classified to the following four main topics related to evaporative
cooling (i) Potential of using evaporative cooling in different
countries and weather conditions and the effects of the operating
parameters on its perfromance, (ii) hybrid systems of conventional
air conditioning system and evaporative cooling process, (iii)
different cooling padmaterials used in evaporative cooling, and (vi)
research related to heat and mass transfer mechanisms in evapo-
rative cooling. In the following sections, the review of each
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Nomenclature

A pad cross section area, m2

As contact surface area of evaporative pad material, m2

cp specific heat at constant pressure of moist air, kJ/kg K
D air thermal diffusion coefficient, m2/s
g standard gravitational acceleration, m/s2

HP circulating pump head, m
h specific enthalpy, kJ/kg
hc heat transfer coefficient, W/m2 oC
hm mass transfer coefficient, m/s
Lc characteristic length of pad, m
Nu Nusselt number
_m mass flow rate, kg/s
_Qc sensible cooling capacity, kW
q specific heat losses, kJ/kg
n mean velocity, m/s
R gas constant, kJ/kg K
Re Reynolds number
_V volume flow rate, m3/s
Vpad volume of evaporative pad material, m3

Sh Sherwood number
_Wfan power consumption of the air fan, kW
_Wpump power consumption of the water pump, kW

Greek symbols
d evaporative pad thickness, mm

DP pressure drop of evaporative cooling pad, Pa
Dt log mean temperature difference, oC
Dr log mean mass density difference, kg/m3

εhum humidifier effectiveness
r density, kg/m3

u specific humidity ratio of moist air (mass basis), kgv/
kga

x surface area per unit volume, m2/m3

Subscripts
a air/dry air
avg average
evap evaporated
hum humidifier
in inlet air flow
out outlet air flow
v Water vapour
w water
wb wet-bulb

Abbreviations
COP coefficient of performance
DEC direct evaporative cooling
SCC specific cooling capacity, kWh/kg
SWC specific water consumption, g/h m2 oC

S.A. Nada et al. / Energy 211 (2020) 1186782
classification is separately given and discussed in details.
In the last decade, the potential of using evaporative cooling

technology has been more utilized in some applications as an
alternative to conventional vapour compression cooling systems for
different operating conditions. It was reported that DEC systems
consume only 25% of the energy consumption of traditional vapour
compression air conditioning systems [3,4]. DEC system can reduce
the air temperature up to its wet bulb temperature and can be used
in air conditioning of different applications in residential and in-
dustrial sectors [5e8]. Xu et al. [9] experimentally examined the
performance of DEC in a greenhouse of 2304 m2 area in Shanghai,
China. They reported that the obtained results can be used to
optimize the energy management of greenhouses in humid con-
ditions. Guan et al. [10] estimated the potential of using DEC in
different Australian climates conditions. They reported that in
Brisbane increasing the cooling load in the range 30 W/m2 to
40 W m�2, the required period of cooling increases from 4.06% to
14.89%. Sohani and Sayyaadi [11] modeled and optimized the per-
formance and cost analysis of cellulose cooling pad direct evapo-
rative coolers. A model was developed to estimate payback period,
yearly water consumption and the coefficient of performance.
Sohani et al. [12] used modeling and statistical tools-artificial
neural network, multiple linear regression and genetic program-
ming to obtain pressure drop and the outlet air temperature of
direct evaporative coolers. Al-Badri and Al-Waaly [13] theoretically
and experimentally investigated the performance of direct evapo-
rative air cooling. The effects of air temperature, air humidity, and
water temperature andwater and air flow rates on the performance
of evaporative cooler were investigated. Somwanshi and Sarkar [14]
developed a mathematical model with experimental validation to
investigate the performance of an air and water cooler device for
the hot and dry climate conditions of Jodhpur, India. They reported
that, the cooler worked very well and the highest depression in the
temperature of hot water (17.8 �C) was obtained in May. Water
temperature depressions of 12.6 �C, 12.9 �C and 8.6 �C were ob-
tained in April, May and June, respectively. Tewari et al. [15,16]
conducted studies on ten specified office buildings using direct/
indirect evaporative cooler systems in climatic of Jaipur, India
during summer season. The results revealed that the evaporative
cooler systems can be used at differs temperature and humidity
levels than those defined in ASHRAE 55 and ISO 7730 standards and
the systems can achieve human comfortable conditions.

Several other researchers presented hybrid systems of conven-
tional air conditioning system and evaporative cooling process to
enhance the perfromance of the combined system and reduce the
power consumptions [17e20]. Hao et al. [17] presented a mathe-
matical model to optimize the energy consumption of coupling DEC
with the condensing unit of air-cooled chiller system (EACC). The
hourly weather data for four towns in China were utilized to
conduct this study. The results showed a maximum of energy
saving in the range is in the range 2.4%e14.0%. Martínez et al. [18]
modified the air-cooled condenser unit in split air conditioning
system by coupling the unit with various evaporative cooling pad
materials of different thicknesses. The purpose of their study was
finding the optimum cooling pad thickness that maximizes the COP
and energy efficiency of the system. The results indicated that the
COP and system cooling capacity increased by 10.6% and 1.8% and
compressor power decreased by 11.40% with using cooling pad
thickness of 100 mm. Other researches [19e23] were also con-
ducted to propose hybrid systems of evaporative cooling and
different conventional air conditioning system for the purpose of
cooling and fresh water productions. Different arrangements of the
hybrid system were propsed in these studies. The possibility of
using solar energy to participate in driving the system was also
included in these researches. Effects of operating conditions such as
air flow rate, air temperature, flow rate and temperature of feed
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water on the cooling effect were also investigated.
A lot of investigations were conducted to propose, study and

compare the perfromance of different cooling padmaterials used in
evaporative cooling. Malli et al. [24] carried out experimental work
using a sub sonic wind tunnel to investigate the thermal perfor-
mance of different types of cellulosic cooling pads. The results
revealed that the humidifier effectiveness decreases with
increasing frontal air velocity and the evaporated water rate and
pressure drop increase with the increase of inlet air velocity. The
thermal performance of different new evaporative cooling pad
materials such as aspen and khus pads were experimentally
analyzed and presented by Jain and Hindoliya [25]. They reported
that palash fibers pad efficiency was higher than those of aspen and
khus pads by 13.2% and 26.3%, respectively and coconut fibers ef-
ficiency was 8.15% greater than that of khus. A novel mathematical
model to analyze the effect of the operating conditions on the
performance of DEC using porous materials was presented by
Sellami et al. [26]. The results displayed that evaporative cooler
porous material can achieve the cooling requirements in dry zones.
A physical model to investigate the performance of evaporative
cooling pad material under different weather conditions of
Morocco cities was presented by Laknizi et al. [27]. The system
performance was tested and the effects of the pad thickness and air
velocity on the system performance were investigated. They re-
ported that water consumption rate and cooling capacity increases
and COP decreases with increasing pad thickness and air velocity.
Do�gramacı et al. [28] experimentally studied the performance of
eucalyptus fibre material as an evaporative cooling pad. The results
showed that the heights air temperature drop was 11.30 �C with an
efficiency of 71% at 0.10 m/s air velocity. Recently Nada et al. [29]
showed, based on energy-exergy analysis that corrugated cellulose
papers can efficiently be used as cooling pads of evaporative cool-
ing system under the Egypt climates conditions.

Themechanisms and characteristics of heat andmass transfer in
the cooling pad section of the evaporative cooling were also
investigated in the literature [30e34]. Camargo et al. [30] presented
mathematical and experimental study to calculate the heat transfer
coefficient from the basic principles of evaporative cooler. The
operation principles of the evaporative cooler and the basic
mathematical equations of the heat and mass thermal exchanges
were developed and presented. The saturation effectiveness was
determined from these equations. It was reported that, the effec-
tiveness of heat and mass transfer process in the cooling pads
makes the evaporative cooling systems can be used as an efficient
and economical alternative to traditional air conditioning systems
in hot and dry zones.

Wu et al. [31,32] theoretically analyzed heat andmass transfer in
evaporative cooling systems. Heat and mass transfer process be-
tween air and water film was theoretically studied. A simple cor-
relation of the cooler efficiency was proposed based on energy
balance concept to give the effect of air velocity and cooling pad
thickness on the cooling efficiency. Their results displayed also that
the optimal air velocity for selecting the face area of cooling pad
material for a certain cooling capacity is 2.5 m s�1. They also re-
ported that the direct evaporative cooler may be functional for air
conditioning with practical selections of air velocity and cooling
pad thickness. Fouda and Melikyan [33] presented a simplified
mathematical model to investigate and analyze the performance of
direct evaporative coolers. Heat and mass transfer process between
air and water was analyzed in the model through the mass and
energy conservation equations and their boundary conditions.
Latent heat of water during the evaporation process was considered
as the heat source of the energy equation and the evaporated water
mass was considered as the mass source in the mass conservation
equation. The effects of various operating conditions and geomet-
rical parameters on its performance were also investigated. The
governing equations of mass and heat transfer in a metallic-
compact evaporative cooler using a new design for pad material
were solved numerically and presented by Kova�cevi�c and Sourbron
[34]. A compact direct contact air-water cross flow heat exchanger
was considered to cool down the air by water. The model applied
energy and mass governing equations for both air and water. Cor-
relations for heat and mass transfer coefficients were considered.
The model was solved numerically by Matlab central-finite dis-
cretization. The results indicated that themaximum effectiveness is
found at evaporative pad cooler thickness of 90 mm and it is
affected by air velocity.

Based on the above extensive literature review for hot and dry
climatic zones, direct evaporative cooling (DEC) system is used as
an economical and efficient alternative to traditional air condi-
tioning systems. Moreover, a lot of studies focused either on the
thermal and hydraulic performance or energy saving potential in
evaporative cooler system. Very limited studies which directly
correlate heat and mass transfer characteristics and the system
performance (thermal & hydraulic) in terms of pad thickness, air
humidity, air and water temperatures and mass flow rates are
available in the literature. Such correlations are important for
comparing between pad materials to select the best one. Therefore,
it is always needed to propose new more efficient cooling pad
materials and evaluate, correlate and compare their performance
(thermal & hydraulic) with the existing ones.

In the present study heat and mass transfer characteristics and
the thermal-hydraulic performance parameter of bee-hive con-
struction of corrugated cellulose papers cooling pads are experi-
mentally investigated. Comprehensive experimental parametric
study is also presented for awide range of operating conditions and
geometrical parameters. The study also aims to predict experi-
mental correlations for heat and mass transfer coefficients and
performance parameters in terms of all operating conditions and
geometric parameters. The studied cooling pad is made of corru-
gated cellulose papers in opposite arrangement with a “bee-hive”
construction. The manufacturer and supplier of the pad is a Wadi
Group company in Egypt, under the trade name of “Tabreed”. The
pad has low manufacturing cost, easy and flexible to adjust to any
evaporative cooling system and has lower pressure drop.
2. Experimental methodology

2.1. Experimental setup

To investigate the thermal-hydraulic performance of the DEC
with the proposed new cooling pad material, an experimental test
rig is designed and constructed to test the system at awide range of
operating conditions and geometrical parameters. Different cooling
pad sections of different thicknesses were tested under steady-
state in a subsonic wind tunnel as shown schematically in Fig. 1.
The wind tunnel is a rectangular cross-section of
width � height ¼ 390 mm � 335 mm and of 3 m length..

Themain components of the experimental test rig are air fan, air
heaters, air straightener, water circuit and cooling pad section.
Measuring and instrumentation devices are also included in the
test rig for measuring air temperatures, air relative humidifies,
pressure drop, power consumption, air velocity, water temperature
and water mass flow rate. The walls of the wind tunnel are 0.8 mm
thick galvanized sheet steel. The wind tunnel walls are thermally
insulated by 1- inch thick glass wool insulation to minimize the
heat losses from the system and assuring proper heat balance in
each section.



Fig. 1. Schematic diagram of experimental setup: 1. Air fan; 2. Air heaters; 3. Straightener; 4. bee-hive cellulosic pad; 5. Water pump; and 6. water heater.
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The test rig contains two loops; air loop and water loop. Air is
extracted from atmospheric by air fan (1 Hp, 220 V and 50 HZ). The
speed of the fan is controlled by variable transformer (Variac) to
control its flow rate. The air is then passed on air heaters (three
heaters, 3 kW each) to heat the air to the required temperature.
Each heater is made of 3m long bar steel with 8.5mmdiameter and
it is formed in serpentine shape and the heaters are arranged in
staggered arrangement in the flow direction to cover the entire
cross section area of the tunnel. The temperature of the air is
controlled by using a Variac to control the input power to the
heater. After that the air is passed through the air mixer and then it
flows through an air straightener to obtain on a uniform air velocity
and temperature through the duct cross section. Finally, air is
passed through the evaporative cooling pad section to humidify
and cool it to the required temperature.

In the water loop, a water pump (380-V, 50 Hz, and 10 L/min) is
used to pump water from the water tank to a water distributer
placed over the evaporative cooling pads section. The tank geom-
etry is 400 � 335 � 390 mm, fabricated from 0.8 mm thick galva-
nized sheet steel. The water tank contains a water electrical heater
(1500W). 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. Water flows downward through the pad
section in cross flow arrangement with the air where the air is
cooled and humidifying. The temperature of the water in the water
tank is controlled by water heater and variable transformer
(Variac).

Different instruments and measuring devices are mounted in
the test rig to measure air flow rate, water flow rate, air tempera-
tures at the inlet and exit of each section, water temperature at the
inlet of the cooling pad section, power of air and water heaters, and
pressure drop across the cooling pad section. Two hygro-
thermometers are placed at upstream and downstream the evap-
orative cooler, and one more (SH-109) is used to measure the
ambient air condition in the Lab. PT100 temperature sensor is
coupled with a digital thermometer (model TC4Y) to measure the
temperatures at the inlet of the cooling pad. A digital differential
pressure manometer (0.5 PSI, HD755) is used to measure the air
pressure drop across the cooling pad. Pitot tube anemometer &
manometer (HD-350) are used to measures the air velocity and
airflow rate in the air duct. The specifications of measuring in-
struments are given in Table 1.
2.2. Evaporative cooling pad material

A new evaporative cooling pad material is proposed and tested.
The cooling pad materials is made of cellulose papers corrugated
sheets of 0.7 mm in thickness grouped in the form of a “bee-hive”
structure (see Fig. 2). The pad type used is a 45/45 angle. The
cooling pad is a product of Wadi Group Company; leader company
in the Arab World under the trademark of “Tabreed”. Four cooling
pad sections of thickness 35, 70, 105 and 140 mm are tested. The
cross section area of the cooling pad section is 0.335� 0.390m2 and
the surface area per unit volume (x) is 360 m2/m3.
2.3. Measurements and procedure

The experiments are performed to study the thermal-hydraulic
performance of the DEC system at a wide range of operating con-
ditions and geometric parameters. Eighty two experiments are
performed with different cooling pad thicknesses, air velocity, air
temperature, humidifier water temperature and flow rate. Mea-
surements in each experiment were recorded at steady state con-
ditions. To achieve steady state condition, the experiment was
turned on at least 30e40 min until ensure that the readings of each
sensor shouldn’t have significant fluctuations, and then the mea-
surements should be taken. The procedure to conduct the experi-
mental program was as follows.

1. Keeping the air fan flow rate at specific required value.
2. Keeping air temperature at specific required value.
3. Keeping the water flow rate at the specific required value.
4. Keeping the water temperature at the specific required value.
5. Repeating the above steps with different values of the studied

operating and geometrical parameters as shown in Table 2.



Table 1
Technical specifications of instrumentations.

Instrumentation Measured parameters Resolution Range Accuracy

Hygro-thermometer (HTC-1) Temperature Relative humidity ±0.1 �C ± 1 %
RH

�50 to þ70 �C 10%e99% RH ±1 �C ± 5 %
RH

Hygro-thermometer (SH-109) Temperature (ambient) Relative humidity (ambient) ±0.1 �C ± 1%
RH

�10 to 50 �C indoor �50 to þ70 outdoor
20%e99% RH

±1 �C ± 5 %
RH

Digital thermometer (PT-100) Temperature ±0.1 �C �50 to 400 �C ±1 �C
Digital differential pressure manometer 0.5

PSI (HD755)
Pressure drop (cooling pads) 0.001 Psi 0e0.5 Psi ±0.3%

Pitot tube anemometer & manometer (HD-
350)

Measures Air Velocity/Airflow in difficult-to-reach or
tight locations

0.01 1e80.00 m/s ±1%

Fig. 2. Configuration and dimensions bee-hive cellulosic pad [27].
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2.4. Data reduction and performance analysis

The mass and energy conservation equation of the system sec-
tions give.

_ma;in ¼ _ma;out ¼ _ma (1)

_mw;evap ¼ _maðuout � uinÞ (2)

_ma hin þ _mw hw � _mahout � q ¼ 0 (3)

The effectiveness of the humidifier can be calculated by Narayan
et al. [35,36].
εhum ¼max

 �
ha;hum;out � ha;hum;in

�
�
ha;hum;out;ideal � ha;hum;in

�;
�
hw;hum;in � hw;hum;out

�
�
hw;hum;in � hw;hum;out;ideal

�
!

(4)
_Wfan and _Wpump are the power consumptions for the air fan and
water pump and can be calculated as follows [17]:
_Wfan ¼
_VairDP
hfan

(5)

_Wpump ¼
_mw rwHPg
hpump

(6)

Where hfan and hpump are fan and pump efficiencies, which are
taken as 80% [17].

Cooling capacity ( _Qc), specific cooling capacity (SCC) and Spe-
cific water consumption (SWC) can be calculated from
_Qc ¼ _macpðtin � toutÞ (7)



Table 2
Studied parameters and their values.

Studied parameter Value

Frontal air velocity, vair 1, 1.5, 2, 2.5 and 3 m s�1

Air inlet temperature, tdb,1 30, 35, 40, 45 and 50 �C
Water flow rate, _mw 0.0465, 0.0952, 0.1176 and 0.1667 kg s�1

Water temperature, tw 25, 30, 35 and 40 �C
Cooling pad thickness, d 35, 70, 105 and 140 mm

Fig. 3. Validation of the present experimental work with previous studies.
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SCC¼
_Qc

_mw;evap
(8)

SWC¼ _mw;evap

DT As
(9)

DT ¼
�
Tin � Twb;in

�� �Tout � Twb;out
�

ln

"
ðTin�Twb;inÞ
ðTout�Twb;outÞ

# (10)

The Reynolds number, convective heat and mass transfer co-
efficients, Nusselt and Sherwood numbers can be calculated as
follows:

Re¼ ravgv Lc
ma;avg

(11)

hc ¼
_Qc

DT As
(12)

hm ¼ _mw;evap

Drv As
(13)

Nu¼ hc Lc
ka;avg

(14)

Sh¼ hm Lc
Da;aveg

(15)

where,

As ¼Vpad x (16)

Lc ¼
Vpad

As
(17)

Drv ¼
�
rwb;out � rv;out

�� �rwb;in � rv;in
�

ln

"
ðrwb;out�rv;outÞ
ðrwb;in�rv;inÞ

#
(18)

D¼2:356
�
Ta;avg
256

�1:81

� 10�5 (19)
Table 3
Uncertainty of main calculated parameters.

Main Parameters wm�
w;evap

m�w;evap

wQ�
c

Q�
c

wCOP

COP
wεhum

εhum

Uncertainties ±3:5% ±5:2% ±7:4% ±6:8%
The cooling pad performance was also measured by the coeffi-
cient of performance (COP), which is the ratio of sensible cooling

capacity ( _Qc) to electric power consumption of the fan ( _Wfan) and

water pump ( _Wpump) [27] and presented as:

COP¼
_Qc

_Wfan þ _Wpump
(20)

Performance parameters of the evaporative cooler are deter-
mined by solving the above system of equations (Eq. (1) to Eq. (20))
using the Engineering Equation Solver software (EES).
3. Error analysis and experimental work validation

Mofatt [37] and Taylor [38] techniques of obtaining the uncer-
tainty of the experimental results and measured parameters are
applied. These uncertainties depend on the measuring instruments
errors. Equations from (1) to (20) can be written as follows:

y¼ f ðx1; x2; x3;…; xnÞ (21)

where y is the calculated variable and (x1, x2, x3,…, xn) aremeasured
parameters that affect the calculation of y. The uncertainty of y can
be obtained from the following equation [37,38]:

wY ¼
"�

vY
vX1

w1

�2

þ
�
vY
vX2

w2

�2

þ ,,,,,,,þ
�

vY
vXN

wn

�2
#0:5

(22)

where wY is the total uncertainty, dX1, dX2, …dXn are the uncer-
tainty of the measured variables and vY

vXi
is obtained numerically.

The errors ranges for the used instruments are given in Table 1. The
minimum and maximum value of the uncertainty of experimental
wSCC

SCC
wSWC

SWC
whc

hc

whm

hm

wNu

Nu
wSh
Sh

±7:4% ±8:2% ±6:7% ±4:7% ±10:6% ±9:3%



Fig. 4. The effect of pad thickness, air inlet temperature and water temperature & flow rate on outlet air dry bulb temperature and relative humidity.
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results and calculated parameters obtained from Eq. (22) are
illustrated in Table 3.

To validate the measurements of the present experimental
work, numerous tests have been performed on a common cooling
pad material (cellulose media, CELdek) by Munters Company. The
results of these tests are compared with the available reference
data for CELDEK in the literature. The validation tests were con-
ducted by comparing humidifier effectiveness and pressure drop of
a cooling pad of thickness 140 mm at a wide range of air velocities.
The data was collected from different researchers and compared
with data of current experimental tests. As shown in Fig. 3, the
current experimental data have the same results obtained by other
previous authors. This agreement validate the present experi-
mental work (test rig, experimental procedure, technique of mea-
surements, errors and uncertainty of measurements) to test any
other cooling pad materials with confidence in the obtained results
and accuracy.
4. Results and discussion

The main objectives of the current work are studying the
thermal-hydraulic performance of the new cooling pad material
and the effects of operating conditions and geometrical parameters
on this performance. Outlet air temperature and relative humidity,
pressure drop, humidifier effectiveness, rate of evaporated water,
sensible cooling capacity, specific cooling capacity (SCC), coefficient
of performance (COP), specific water consumption (SWC), heat and
mass transfer coefficients and Nusselt and Sherwood numbers of
the new pad material are measured and considered as thermal-
hydraulic performance parameters of the cooling pad. The effects
of the operating conditions and geometric parameters (air tem-
perature, air and water mass flow rates, water temperature and pad
thickness) on these thermal-hydraulic performance parameters are
investigated and presented in the following sections. For the
assessment and evaluation of the proposed cooling pad materials,
the thermalehydraulic performance of the present direct evapo-
rative cooler are compared with previous data for other selected



S.A. Nada et al. / Energy 211 (2020) 1186788
pad materials in the literature for the same operating conditions.
These comparisons show the prevailing of using the current pro-
posed pad material. Finally, the experimental results are regressed
to obtain new experimental correlations for the thermal-hydraulic

performance parameters (tout, RHout, DP, εhum, _mw;evap, _Qc, SCC, COP,
SWC, hc, hm, Nu and Sh) of the proposed evaporative cooler pad
material in a wide range of operating and geometrical design
parameters.
4.1. Mechanism of transport process and heat and mass transfer

Before going to the analysis and discussion of the experimental
data it is wort to highlight the underlying mechanisms of the
transport process in the evaporation cooling. This well help in
investigating and analyze the different trends obtained in the ex-
periments. The concept of simplified models presented in the
literature was also cited to better understand the transport process
and make the experimental trends more clear.

In the evaporative cooler air is forced to flow through the
cooling padwhich is contentiouslymaintainedwetted by continues
Fig. 5. The effect of pad thickness, air inlet temperature and water tempera
flow of water through it. Normally water flow downwards in the
pad medium and the air is in cross flow with it. Due to the differ-
ence of water mass concentration in water and air flows, water
vapour is transferred from the pad medium to the flowing air
causing the air becomes more humid. The process of vapour
transfer between the wetted pad medium and the flowing air
logically to be dependent on the air properties (air flow rate, air
humidity and air temperature) as well as on wetted medium
properties (wettability of the medium by water, water flow rate
through the wetted medium, the structure of the wetted medium
and the water temperature). Evaporation of water in the wetted
medium to vapour carried by the flowing air needs heat of evap-
oration. This latent heat of evaporation is extracted from the air
sensible heat causing temperature drop and cooling of air. This heat
transfer between the air and the wetted medium depends on the
air temperature, air velocity and wetted medium temperature.
Thermodynamically, the sensible heat taken form the air is
balanced by the heat of evaporation of water. This evaporation of
heat is recovered again to the air as a latent heat/latent enthalpy. So,
theoretically speaking the enthalpy of the air should be kept
ture & flow rate on humidifier effectiveness and evaporated water rate.
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constant through this evaporation process as the drop in the sen-
sible enthalpy equals the increase of the latent enthalpy of air. A
deviation may occurs and the enthalpy of air may slightly increase
or decrease according to the air and water flow rates and temper-
atures as well as according to the heat andmass exchanging process
in the wetted medium which depends on the medium structure.
Finally as a result of this process, the air temperature decreases and
the air specific humidity increases as the air passes through the
wetted medium. As discussed in this section, the degree of air
cooling is expected to depend on a number of factors, including air
andwater temperatures and flow rate as well as the structure of the
wetted medium which controlled the mass and heat transfer dur-
ing the evaporation process. Accordingly the aim of the present
experimental work is to find and correlate the effects of these pa-
rameters with using the new proposed wetted medium.

Firstly the traditional cooling pad medium was made from
aspen. Currently this old used medium has been replaced by
different engineered medium of agriculture products like porous
materials and plastic-coated cellulose rigid cooling which is more
efficient and has other advantages like good wettability, work as
Fig. 6. The effect of pad thickness, air inlet temperature and water tempe
cleaner of the flowing air and the material itself and long life time
where the lifetime of these modern cooling pads media can reach
to ten times that of the traditional older one. Any new cooling pads
media must be experimentally tested to measure and evaluate its
effectiveness and perfromance. Also it will be very useful and
interesting if we can find correlate the data of the experimental
tests to find correlations that predict the perfromance and the heat
and mass transfer characteristics of the evaporative cooler using a
new cooling pad material.
4.2. Outlet air dry-bulb temperature and air relative humidity

Fig. 4 illustrates effects of cooling pad thickness, air tempera-
ture, water temperature, water flow rate and air velocity on outlet
air temperature and relative humidity. Fig. 4 displays the increase
of tout and the decrease of RHout with the increase of the frontal air
velocity. The trend is the same for all operating conditions and
geometrical parameters (d, tin, tw and _mw,evap). This behavior can be
attributed to the decrease of contact time between air and cooling
pad with the increase of air velocity leading to a lower water
rature & flow rate on cooling capacity and specific cooling capacity.
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evaporation rate and lower outlet air relative humidity. This
reduction in evaporated water rate causes a decrease in latent and
sensible heat transfer between air and the wetted surfaces which
lead high outlet air temperature.

The variation of tout and RHout with the pad section thickness for
different air velocities at tin ¼ 40.0 �C, tw ¼ 30.0 �C and
m$w ¼ 0.167 kg s�1 is illustrated in Fig. 4-a. As shown in the figure,
the outlet air temperature decreases and air relative humidity in-
creases with increasing the cooling pad thickness. Increasing of the
cooling pad thickness increases contact time between air stream
and pad surface leading to high evaporation rate and high reduc-
tion in outlet air temperature an increase in outlet air relative hu-
midity. The maximum and minimum of (tin-tout) and RHout
obtained in this experimental work are 16 �C and 7 �C and 70% and
91% respectively. This means that (tin-tout) and RHout rise by 71%
and 21.5% with increasing pad thickness from 35.0 mm to
140.0 mm at 3 m.s�1 air velocity.

Effect of air temperature on the temperature and relative hu-
midity of the exit air are demonstrated in Fig. 4-b. As illustrated in
Fig. 4-b, the outlet air temperature and air relative humidity in-
creases with increasing air inlet temperature. The possible
Fig. 7. The effect of pad thickness, air inlet temperature and water temperature
explanation of that is the increase of the mass transfer between air
and the wetted surface of the cooling pad due to the increase of
vapour partial pressure in air with the increase of its temperature.
Increasing the vapour pressure increases the sensible and latent
heat transfer between the air and wetted surface of cooling pad.
Themaximum temperature differences between inlet and outlet air
(tin-tout) at 1 m.s�1 air velocity are 9 �C and 18 �C at tin ¼ 30 �C and
50 �C, respectively. Moreover, (tin-tout) and RHout rise by 100% and
16% with rising air temperature from 30 �C to 50 �C, respectively.

Fig. 4-c shows the increase of tout and RHout with the increase of
water temperature. This is because of the increase of water evap-
oration rate which causes an increase in the sensible and latent
heat transfer between the air andwetted surface of cooling pad and
hence higher tout and RHout can be obtained. Fig. 4-c also shows that
(tin-tout) decreased to a minimum value when the temperature of
sprayed water was 40 �C and this due to the latent heat transfer
became more dominant. The achieved values of (tin-tout) and RHout
were 18 and 0.1 �C and 66% and 90% with changing humidifier
water temperature from 25 �C to 40 �C, respectively. (tin-tout) and
RHout drop and rise by 99% and 28.8% with increasing water tem-
perature from 25.0 �C to 40.0 �C, respectively.
& flow rate on coefficient of performance and specific water consumption.
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The outlet air temperature and air relative humidity decreases
and increases with the increase of the humidifier water flow rate as
illustrated in Fig. 4-d. This can be attributed to the increase of the
water vapour pressure which causes an increase in the potential of
mass transfer causing latent and sensible heat transfers. It’s found
that the maximum and minimum values of (tin-tout) and RHout are
14 and 9 �C and 84% and 63%, respectively for humidifier water flow
rate varies from 0.0465 kg s�1 to 0.1667 kg s�1.

The general trends of the effects of the air and water flow rates
and temperatures and the thickness of the cooling medium on the
outlet air temperature and humidity agree with the trends of the
other cooling medium obtained by other investigators
[18,24,25,39e42]. A quantitate comparison is needed to compare
the perfromance of the current proposed cooling medium (bee-
hive cellulose paper) with other medium. To perform such com-
parison, the obtained results should be correlated in the form of
correlations to be compared with previous correlations of other
cooling pads and this will be presented in section 6.
Fig. 8. The effect of pad thickness, air inlet temperature and water temp
4.3. Humidifier effectiveness and evaporated water rate

The variation of the humidifier effectiveness (εhum) and evapo-
rated water rate ( _mw;evap) with pad thickness, air temperature,
water flow rate, water temperature and air velocity are shown in
Fig. 5. As displayed in this figure εhumand _mw;evap decreases and
increases, respectively with increasing air velocity and the trend is
the same for all operating conditions. This is due to the decrease in
the contact time between air and pad section with the increase of
air velocity. The reduction of the contact time leads to the decrease
of latent and sensible heat transferwhich causes a reduction inεhum.
On the other side, _mw;evap increases with the increase of the inlet air
velocity due to the increase of the air mass flow rate which became
more dominant than the reduction in latent heat transfer rate.

Fig. 5-a displays the variation of εhum and _mw;evap with d for
different air velocities; as shown in the figure εhum and
_mw;evapincrease with increasing cooling pad thickness. The increase
of the cooling pad thickness causes an increase in the heat andmass
erature & flow rate on heat transfer coefficient and Nusselt number.
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transfer rate between air and the pad surface leading to higher
evaporation rate and humidifier effectiveness. The highest and
lowest εhum and _mw;evap that can be attained are 0.85 & 0.51 and
6.5 g/s & 1.5 g s�1 at d of 140 mm & 35 mm, respectively. Moreover,
εhum and _mw;evapincrease by 37.8% and 18.2% by the increase of
d from 35.0 mm to 140.0 mm at 3 m.s�1 frontal air velocity.

Fig. 5-b shows that increasing the inlet air temperature causes
the increasing of εhum and _mw;evap. This is because of the increase of
heat and mass transfer with the increase of the air inlet tempera-
ture. As shown in Fig. 5-b, εhum and _mw;evapincrease by 61% and 79%,
respectively with increasing the inlet air temperature from 30 �C to
50 �C at 3 m s�1 frontal air velocity.

Fig. 5-c and 5-d show the increase of εhum and _mw;evapwith
increasing tw and _mw. This is due to the increase of evaporation rate
with the increase of tw and _mw and this leads to the increase of the
latent and sensible heat transfer rates. As presented in Fig. 5-c, εhum
and _mw;evaprise by 20.3% and 336%, respectively with rising tw from
25 �C to 40 �C at 3 m s�1 frontal air velocity. Moreover, εhum and
_mw;evap increase by 25.1% and 12.0%, respectively with increasing
_mw from 0.0465 kg s�1 to 0.167 kg s�1, respectively.
The trends of the variation of the humidifier effectiveness with
air and water flow rates and temperatures and the thickness of the
cooling medium agrees with the trends obtained by previous in-
vestigators for other medium [24,25,27,40e42]. A quantitate com-
parison shows that the humidifier effectiveness of the propsed
cooling medium (bee-hive cellulose paper) is always higher than
those obtained by the other previous investigators for other cooling
medium. Detailed quantities comparison is given in section 6.

4.4. Cooling capacity and specific cooling capacity

The variation of the cooling capacity (Q$c) and specific cooling
capacity (SCC) with vair, d, tin, tw and _mw are illustrated in Fig. 6. As
shown in this figure, Q$c and SCC increases and decreases, respec-
tively with increasing vair for all studied parameters. This is
attributed to the increase in air mass flow rate which is more
dominant than the decrease of air temperature difference (tin-tout)
and contact time between air and cooling pad as a result of the
increase of air velocity. The decrease of SCC is due to the increase of
_mw;evapwhich has more effect on SCC than the effect of increase of
Q$c with vair.
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Fig. 6-a and 6-b shows the increase of Q$c with increasing the
thickness of cooling pad and air temperature, while SCC increases
and decrease with the increase of cooling pad thickness and inlet
air temperature, respectively. These can be attributed to the in-
crease of the air temperature drop and evaporate water rate with
the increase of the pad thickness. As revealed in Fig. 6-a, the
maximum and minimum values of Q$c and SCC are 5.5 kW &
1.82 kW and 0.385 kWh.kg�1 & 0.18 kWh.kg�1, respectively.
Furthermore, Q$c and SCC increase by 48.8% and 38.8% with rising
d from 35 mm to 140 mm at 3 m s�1 frontal air velocity. Fig. 6-b
demonstrates that the maximum and minimum values of Q$c and
SCC that can be obtained are 6.1 kW & 1.91 kW and 0.36 kWh.kg�1

& 0.17 kWh.kg�1, respectively and Q$c and SCC increase and
decrease by 193.2% and 52.2% with the increase of air temperature
from 30.0 �C to 50.0 �C, respectively at 3 m s�1 air velocity.

The effects of humidifier water temperature and flow rate on Q$c
and SCC are shown in Fig. 6-c and 6-d. As illustrated in these figures
Q$c decreases and increases with increasing of tw and _mw, respec-
tively. This can be attributed to the decrease and increase of the air
temperature drop (tin-tout) with the increase of tw and _mw;evap,
respectively. Fig. 6-c and 6-d also shows that SCC decreases with
increasing of tw and _mw;evap, and this because of the increase of
water evaporation rate is bigger than the increase of Q$c with rising
of tw and _mw;evap.
4.5. Coefficient of performance and specific water consumption

The coefficient of performance (COP) is defined as the ratio of
cooling capacity to the electric power consumption of air fan and
water pump. The specific water consumption (SWC) is one of the
measuring performance parameters of the evaporative cooling
pads material. SWC is defined as the ratio of evaporated water rate
per unit surfaces area of pad material to the mean temperature
difference. Fig. 7 displays effects of air velocity, pad thickness, air
temperature, water temperature and water flow rate on COP and
SWC. As can be seen, COP increases by increasing air velocity up to
2.2 m s�1 and then COP decreases with the increase of the velocity.
By rising the air velocity up to 2.2 m s�1, the air flow rate and
pressure drops through cooling pad increase and this increases the
fan power consumption but the increase in the cooling capacity is
still dominant and vice versa at frontal air velocity >2.2 m s�1. The
highest COP was found to be 170 at tin ¼ 40 �C, d ¼ 70 mm,
tw ¼ 30 �C and vair ¼ 2.2 m s�1.

As illustrated in Fig. 7-a and 7-b, COP increases with increasing
the cooling pad thickness and inlet air temperature. This is because
of the increase of Q$c is superior to the increase of air fan power
consumption. Fig. 7-c and 7-d show that COP decreases with the
increase of water temperature and flow rate; this is due to the in-
crease of fan and pump power consumptions with a rate greater
than the rate of the increase of the cooling capacity.

Fig. 7-a, 7-b, 7-c and 7-d, shows that SWC increases with
increasing tin, tw and _mw;evap and decreases with the increase of d.
This can be attributed to the nature of the relation between the
cooling capacity and power consumption of air fan andwater pump
that was discussed in the previous sections. The highest and lowest
COP was found to be 105 and 85 for d of 140 mm and 35 mm,
respectively at 2 m/s air velocity. COP improves by 23.5% with rising
d from 35 mm to 140 mm. Moreover, the optimal value of COP (see
Fig. 7-d) is 170 at water flow rate and air velocity of 0.0465 kg s�1

and 2 m.s�1, respectively. The COP improves by 71.3% with
decreasing _mw;evapfrom 0.167 kg s�1 to 0.046 kg s�1.
4.6. Heat and mass transfer coefficients

Themost important objective and novelty of the present work is
to add new operating and geometrical design parameters to the



Fig. 10. Experimental correlations prediction of direct evaporative pad cooling system.
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existing (traditional) correlations of Nu and Sh to present new,
comprehensive, accurate and useful correlations that can be used in
the evaporative cooler design. Figs. 8 and 9 show the increase of
heat-transfer coefficient, Nusselt number, mass-transfer coefficient
and Sherwood number by increasing Reynolds number. The heat
transfer coefficient and Nusselt number are directly proportional to
the cooling capacity and inversely proportional to the temperature
difference between inlet and outlet air. Themass transfer coefficient
and Sherwood number are directly proportional to the rate of
evaporated water and inversely proportional to the densities



Table 5
Comparisons with previous types of evaporative pads.

Refs. Material type Vair (m.s�1) d (mm) DP (Pa) m�
w;evap(L.min�1) εhum COP hc (W.m�2k�1) hm (m.s�1)

Jain & Hindoliya [25] Palash Fibre 0.91e1.4 e 29e39 e 0.81e0.84 e 2.615e8.980 0.021e0.046
Laknizi et al. [27] Cellulosic pad cooling 0.5e3 100e300 5e200 e 0.71e0.96 18e175 e e

Martínez et al. [18] Plastic mesh 0.2e2.7 80e250 0.2e17 0.006e0.108 0.35e80 e e e

Malli et al. [24] cellulosic pads (7090) 1.8e4 75e150 15e75 0.06e0.13 0.57e0.85 e e e

Present work Cellulose (bee-hive) 1e3 35e140 4e46 0.18e0.9 0.38e0.85 42e170 9e45 0.018e0.23

Table 6
Comparisons with previous experimental correlations.

Refs. Material type Experimental correlations.
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difference of water vapour in the air. Therefore, the trends of heat
and mass transfer coefficients are attained based on the relations
betweenQ$c&DT and _mw;evap&Drv, respectively as discussed in the
previous sections. The highest hc and hm can be found are 45Wm�2

oC and 0.23 m s�1, respectively as shown in Fig. 8-a and 9-c. Where,
hc and Nu enhance by 92.1 and 81%, respectively with decreasing
d from 140mm to 35mm at Re¼ 1091 (see Fig. 8-a). Also, hm and Sh
improve by 456% and 425% with the increase of water temperature
from 25.0 �C to 40.0 �C at Re ¼ 1091 (see Fig. 9-c).

The trends of the variation of the heat and mass transfer coef-
ficient with the operating and geometric parameters agreewith the
trends of the other cooling medium obtained by other investigators
[25,40e42]. A quantitate comparison that is given in section 6
shows that the heat and mass transfer coefficient obtained for the
current proposed cooling medium (bee-hive cellulose paper) are
higher than those of the other medium used in the previous in-
vestigations [25,40e42].
5. Experimental correlations

The experimental data and results are regressed to obtain new
experimental correlations for the thermal-hydraulic performance
parameters (tout, RHout, DP, εhum, _mw;evap, _Qc, SCC, COP, SWC, Nu and
Sh) of the evaporative cooler in terms of the operating conditions
and geometrical design parameters for the proposed cooling pad
material. The obtained correlations with their error ranges are
illustrated in Table 4. The presented correlations are valid in the
ranges that given in Table 2, and the reference values of ta;Ref , tw;Ref ,
m$

w;Refand dRef are 50 �C, 40 �C, 0.1667 kg/s and 140 mm, respec-

tively. The predictions of these empirical correlations are depicted
in Fig. 10.

6. Comparison of present results with literature

The thermalehydraulic performance of the present direct

hassa
Highlight
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evaporative cooler represented by DP, εhum, _mw;evap, COP, hc and hm
are compared with previous data obtained for different selected
pad materials in the literature as tabulated in Table 5. The com-
parison study is carried out with works that have closest operating
conditions with the current work to show the prevailing of using
the current pad.

As can be seen, the maximum humidifier effectiveness, εhum can
be obtained for the current pad is 0.85, where the pad gives lower
pressure drop, DP (8 Pa). The maximum _mw;evap, COP, hc and hm that
can be obtained by the current evaporative pad are 0.9 L min�1, 170,
45W/m2 oC and 0.23m s�1, respectively as compared with all other
pad types (see Table 5). Therefore, the current pad material has
higher thermal-hydraulic performance rather than existing pad
materials within the studied parameters ranges which makes cel-
lulose paper, bee-hive more reliable and applicable as a cooling pad
material.

Additionally, comparisons between the current empirical cor-
relations for DP, Nu, Sh with previously available empirical corre-
lations are presented and tabulated in Table 6 in order to proof and
validate of using the predicted correlations of the current cooling
pad material (cellulose, bee-hive structure) in the ranges of the
studied parameters. Firstly, Dowdy and Karabash [40] were pre-
sented a simple correlation for Nu in terms of pad thickness, Re and
Pr using cellulous pad cooling material. After that, Liao and Chiu
[41] used two typed of cooling pad materials (Coarse & fine fabric
PVC sponge mesh) and they offered modified correlations for Nu &
Sh in terms of pad thickness, Re and Pr. Lastly, He et al. [42] pre-
dicted general empirical correlations for DP, Nu using three types of
cooling pad (cellhouse, PVC, combined), the correlation were
correlated in terms of pad thickness, air and water temperatures, Re
and Pr. In the present work, more general eleven performance
parameters correlations were predicted for tout, RHout, DP, εhum,
_mw;evap, _Qc, SCC, COP, SWC, Nu and Sh using new cooling pad ma-
terial (cellulose, bee-hive structure) in terms of pad thickness, air
and water temperatures, water flow rate, Re and Pr to cover more
studied parameters than others and hence enlarge the scope of
applications. Thus, the difference between the present correlations
and previous ones favors of using them and ensure the novelty of
the present work.
7. Conclusion

The thermal-hydraulic performance of a new evaporative cool-
ing pad material (cellulose paper, bee-hive structure) is experi-
mentally investigated. The influences of the operating conditions
and geometrical parameters on the performance parameters were
studied and evaluated. Experimental correlations in dimensionless
form for the thermal-hydraulic performance parameters (tout, RHout,

DP, εhum, _mw;evap, _Qc, SCC, COP, SWC, hc, hm, Nu and Sh) of the
evaporative cooler pad material in terms of all studied operating
and geometrical design parameters are predicted and presented
within acceptable error. The most important conclusions of the
present study are summarized below:

� Increasing of outlet air temperature, evaporated water rate,
cooling capacity, and SWC and decreasing of air relative hu-
midity, humidifier effectiveness, SCC with increasing air velocity
were obtained.

� Enhancing humidifier effectiveness and evaporated water rate
with increasing pad thickness, air temperature, water temper-
ature and water flow rate.

� Improving COP and cooling capacity with rising air temperature
and pad thickness.
� Enhancing heat and mass transfer coefficients, Nu and Sh
numbers with rising the air inlet temperature and humidifier
water flow rate and with decreasing the pad thickness. hc and
Nu enhance with decreasing d. Also hm and Sh improve with the
increase of the water temperature.

� The highest εhum and _mw;evap can be attained are 0.85& 6.5 g s�1,
respectively at 140 mm pad thickness and the highest values of
Q$c and SCC are 6.3 kW and 0.6 kWh.kg�1.

� The coefficient of performance increases by raising the frontal
air velocity up to 2.2 m s�1 and then it decreases with increasing
frontal air velocity.
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