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Abstract

Evaporative cooling (EC) is an ancient technique that is usually suitable for hot and dry climatic
conditions due to the potential of water vapor evaporation. In this study, three kinds of evaporative
cooling systems such as direct EC (DEC), indirect EC (IEC), and Maisotsenko cycle EC (MEC) were
locally developed at lab-scale. The performance of the systems was evaluated and compared for
agricultural storage and livestock air-conditioning application in Pakistan. The experiments were
performed for climatic conditions of Multan city (Pakistan) and the data were collected for hourly
and daily basis. According to the results, it was observed that the DEC system has the ability to
reduce the temperature of ambient air to an average of 8.5 °C. Whilst IEC and MEC systems were
able to drop the temperature of ambient air to an average of 6.8 °C and 8.9 °C, respectively. As per
the results, the DEC system remained behind to provide desired conditions for livestock and
agricultural product storage applications due to excessive humidity. On the other hand, the IEC
and MEC systems can achieve the desired conditions for livestock application, but could not
provide feasible conditions for various fruits and vegetable storage. The study concludes that hybrid
EC systems can be developed to provide desired conditions for a wide range of applications under
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varying climatic conditions.

1 Introduction

Temperature and humidity control are necessary for thermal
comfort and industrial applications (Tariku et al. 2011; Sultan
et al. 2018; Mahmood et al. 2019). Only in the case of
buildings, the air-conditioning (AC) systems consume nearly
48% of the entire building energy of the world (Zhuang
et al. 2020). This demand will increase with the increase in
world’s population that is expected to increase by 2 billion
in the next 30 years i.e. nearly 9.7 billion persons in total in
2050 (Chen et al. 2020; Li et al. 2020). It is worth mentioning
that air-conditioning is not only necessary for humans but
also for various applications including (but not limited to)
fruits and vegetable storage, livestock thermal comfort etc.
(Sultan and Miyazaki 2017; Mahmood et al. 2019). Pakistan
has an agriculture-based economy and nearly produces 12
million tons of fruits and vegetables each year. Approximately

E-mail: muhammadsultan@bzu.edu.pk; muhammad_sultan@sfu.ca

35% of these agricultural products are perished away due to
post-harvest losses (Sultan and Miyazaki 2017; Mahmood
et al. 2020b). In the 21* century, optimal storage and handling
of agricultural products are vital for biosafety standards
in the global market due to the involvement of biological
and physiochemical processes (Sultan and Miyazaki 2017;
Mahmood et al. 2020a). Similarly, different animals have
various AC requirements depending on multiple parameters
including metabolism rate, respiration rate, skin heat transfer,
genetic factor and nature of the feed etc. (Rose et al. 1996;
Karimi et al. 2015; Niaz et al. 2019). The airflow/ventilation
rate is an important factor for animal AC. Different techniques
are used for storage purposes. In this regard, American
Society of Heating, Refrigeration, and Air-Conditioning
Engineers (ASHRAE) recommends the range values of
humidity and temperature for ideal thermal comfort of animals
(ASHRAE 2007, 2009). The ideal storage for generalized
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List of symbols

A area [m?]
AC air-conditioning

ASHRAE American Society of Heating, Refrigeration, and
Air-Conditioning Engineers

C convection heat loss from respiration [W/(h-m?)]

Co specific heat capacity of air [J/(kg-K)]

DEC direct evaporative cooling

E evaporation heat loss from respiration [W/(h-m?)]

EC evaporative cooling

h enthalpy [k]/kg DA]

H heat loss [W/h]

IEC indirect evaporative cooling

m mass [kg]

M metabolic rate [met]

M-cycle  Maisotsenko cycle

MEC M-cycle evaporative cooling

n number of air changes [—]

Nt number of fans [—]

N number of lumps [—]

N, number of people working in storage chamber [—]

p atmospheric pressure [kPa]

pa vapor pressure [kPa]

P power [W]

q partial heat for different parts and objects [kW]

Q. total heat for animals [kKW]

Q. equipment load [kW]

Qr fan heat load [Wh/day]

Qi infiltration load [kW]

Q lamps heat load [Wh/day]

Q personal load [kW]

Q: heat of respiration [kW]

Q transmission load [kW]

r respiration heat [k]/(kg-day)]
RH relative humidity [%]

S heat stored in the body [kW]

t time [h]

T temperature [°C or K]

T, ambient air temperature [°C or K]
Ta dry bulb temperature [°C or K]

dew point temperature [°C or K]
Tin inlet temperature [°C or K]

Tout outlet temperature [°C or K]

Tuwb wet bulb temperature [°C or K]

U overall heat transfer coefficient [W/(m?K)]

v velocity [m/s]

\% air volume [m?]

VCAC  vapor compression air-conditioning

w humidity ratio [g/kg DA], i.e. [g of water vapor per
kg of dry air]

w weight [kg]

dp dew point effectiveness [—]

Ewbd wet bulb effectiveness [—]

p density of air [kg/m’]

o uncertainty in effectiveness [—]

agricultural products and thermal comfort zones for
livestock are shown in Figure 1 (Mahmood et al. 2019; Niaz
et al. 2019).

Various types of AC options/techniques are explored
worldwide in order to obtain desired temperature and
humidity conditions for thermal comfort as well as for
associated applications. Sghiouri et al. (2020) provided a passive
cooling technique comparison in reducing overheating of
clay-straw building. Ameur et al. (2020) optimized the
passive design features for a naturally ventilated residential
building. Typically, two kinds of AC systems are used in
Pakistan i.e. (i) swamp air cooler (DEC) which is a low-cost
solution, and (ii) vapor-compression AC (VCAC) system
which is a costly option. The performance of the DEC system
is low in high humid climatic conditions (Laknizi et al.
2019; Al-Zubaydi and Hong 2019), while VCAC systems
cause the emission of environmentally harmful refrigerants
(Mahmood et al. 2016; Dizaji et al. 2018; Dai and Sumathy
2002). These gases are also responsible for ozone layer
depletion and global warming (Vakiloroaya et al. 2014;

Wan et al. 2018; Cihan et al. 2020; Al Horr et al. 2020). The
VCAC system also requires high electric power (Khalid
et al. 2016; Mahmood et al. 2016; Arun et al. 2020) that is
generated mostly from burning of fossil fuels and contribute
in the phenomenon of climate change. In Pakistan and other
developing countries, research on livestock and agricultural
product storage remains neglected due to the high cost involved
in the development and maintenance of conventional AC
technologies (Sultan et al. 2018).

The available literature depicts the liability of evaporative
cooling (EC) systems as a viable alternative to the VCAC
system for various applications (Riangvilaikul and Kumar
2010). The EC systems generate cooling by evaporation of
water vapors into the air (Camargo et al. 2005; Yuan and
Chen 2012; Jeong et al. 2018; Dong and Jeong 2020). These
systems usually possess simple design and construction,
therefore, considered as low-cost, energy-efficient and
environment friendly solution (Senthilkumar and Srinivasan
2012; Zhang et al. 2019; Sibanda and Workneh 2020).
Evaporation is caused by the contact of hot air with water
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Psychrometric representation of
ideal storage and thermal
comfort zones
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Fig. 1 Ideal storage zone for generalizing agricultural products and thermal comfort zone for livestock

and is energy efficient in the climatic conditions where
ambient air is hot and dry and limited at RHpgcand RHigc
> 75%, wmec < 11.2 g/kg DA) (Mohapatra and Sanjay 2013;
Mahmood et al. 2016; Wan et al. 2018; Nayak et al. 2020).
The EC systems consume one-fourth of electricity as com-
pared to the conventional AC systems (Khalid et al. 2016).
Besides their multiple benefits, the variety of EC systems is
available in developing countries only at limited scale.

This study focusses on the climatic conditions of Multan
city which is one of the largest cities of Pakistan with
population of more than two million. The city has an arid
climate with extremely hot conditions in summer and
relatively cold conditions in winter. Its winter season starts
from December and ends till February. Heavy rains occur
in this season which cause of the decrease in temperature.
The spring season starts from March and ends till April
where flowers shows are held across the city. The summer
season (including monsoon rain season) starts from May
and ends till September. The autumn season starts from
October and ends till November where dry and hazy weather
is the main features of this season. It has humid climatic
conditions in the monsoon season (July to September). So,
there is a need to control these environmental conditions
for different applications regarding the thermal comfort of
predetermined space.

As such this study aims to develop lab-scale EC systems
with locally available materials. The development includes
direct EC (DEC), indirect EC (IEC), and Maisotsenko cycle
EC (MEC) systems. The comparative performance evaluation
is an important segment of this study. The present study

focuses on the feasibility of EC systems for the climatic
conditions of Multan (Pakistan), and cost analysis of these
systems with 1ton ideal VCAC system.

2 Evaporative cooling (EC) technologies

The EC refers to techniques in which process air is cooled
by latent heat variation caused by water vapor evaporating
into the air. The study focus three EC systems named as (i)
direct EC (DEC), (ii) indirect EC (IEC), and (iii) Maisotsenko
cycle EC (MEC) systems. Table 1 provides the detail
fundamentals, thermodynamic concepts, schematics and
psychrometric representation of the EC systems (Duan
et al. 2012; Rafique et al. 2015). The DEC and IEC can cool
the air up to the wet-bulb temperature whereas, the MEC
can cool up to the dew-point temperature. Therefore, the
performance of DEC and IEC is measured in wet-bulb
effectiveness, whereas, it is measured in dew-bulb effectiveness
in the case of MEC.

The DEC system is the simplest and old technique
in which the process air is directly in contact with water
vapors (Xuan et al. 2012). In this process, water vapors are
evaporated into the air which reduces the process air
temperature, however, increases the process air humidity
ratio. Ideally, this is an isenthalpic cooling process in which
enthalpy of the process air remains the same (Mahmood et al.
2019). The cooling limit of DEC is wet-bulb temperature of
process air (at 100% relative humidity). On the other hand,
the IEC system can cool the process air up to the wet-bulb
temperature while keeping the constant humidity ratio. This
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Table 1 Fundamentals of evaporative cooling systems

Evaporative cooling

It refers to techniques in which process air is cooled by
latent heat variation caused by water vapor evaporating
into the air

cooling limit direct
evaporative
wet-bulb _cooling system =~ S

temprature indirect
evaporative
cooling system

evaporative

cooling systems

M-cycle
evaporative
cooling system |

dew-point
temprature

e Air does not directly contact with water

e It consists of dry and wet channels

e Reduces the air temperature without increasing its
moisture

e The cooling effect is produced by two thermodynamic
processes: (i) evaporative cooling and (ii) sensible
heat transfer

e Humidity ratio of inlet and outlet air remains
constant
Wou =W,

ou inlet

e Enthalpy of outlet air is less than inlet air
houlle( < h

inlet

e Wet-bulb effectiveness range of IEC
system is 50%-65%

Direct evaporative cooling (DEC) system DEC
e Air directly contacts with water T, — T
e Reduces the temperature and humidifies the air Ewb = T, — Ty
simultaneously ]
e The thermal process is adiabatic
e Enthalpy of the inlet and outlet air remains the same ?) 1
Biree = howiee = h (isenthalpic cooling)
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Table 1 Fundamentals of evaporative cooling systems (Continued)
e  Maisotsenko-cycle evaporative cooling (MEC) | MEC
system T,-T,
e Anadvanced form of IEC system fp = T,—T,
e The cooling effect is produced by two thermodynamic
processes: (i) evaporative cooling and (ii) and sensible dry channel
heat transfer 0y 2)
e Reduces the air temperature closer to its dew-point
temperature h‘ | —
e  Humidity ratio of inlet and outlet air remains the G3) ey
same
Wos = Wi (1) inlet air

e Enthalpy of outlet air is less than inlet air
B <hy

outlet ‘inlet

e Dew-point effectiveness range of the MEC system
is 50%-65%

(2) outlet air

3) exhaust air (& -¢

©) S
SN
® O o

wet channel passssnsn

Humidity ratio [g/kg of DA]

@)

" :
L EsEEEEEEAEEEEEEEFESEEEEEEEEEEEEEESE

Dry bulb temprature [ C]

S sssssdEEEEEEEEEEEEEEEEEEEEEEEE

‘ sensible \
cooling achieved

process is realized by adjacent placement of dry and wet
channels in such a way that only heat transfer is possible
between the channels (Yuan et al. 2020; Matsui et al. 2020).
The ambient air is cooled in wet channels (working air)
similar to DEC process whereas, the obtained cooling effect
is transferred to dry channels (process air) at constant
humidity ratio. In addition, EC by means of Maisotsenko
cycle (MEC) is an advance form of IEC by which process
air can be cooled to dew-bulb temperature (Arun et al. 2020;
Lin et al. 2020). In this process, attributes of wet and dry
channels are organized in such a way that the resultant
cooling effect is accumulated in the product channel which
cools the process air up to the dew-point temperature. The
process of all three systems is explained in detail in Table 1,
whereas, following works can be referred for more insights
(Mahmood et al. 2016; Sultan and Miyazaki 2017; Sultan
et al. 2018; Niaz et al. 2019; Mahmood et al. 2016, 2019,
2020a,b).

3 Materials and methods

3.1 Experimental apparatus and procedure
3.1.1 DEC unit

A lab-scale experimental setup is developed which consists

of a fan (for moving the air), a regulator, a water pump,
a storage tank, and evaporative cooling pads. A schematic
diagram of the DEC experimental setup is shown in Figure 2.
In literature, different types of cooling pads are used as a
cooling media which are made up of date palm fiber,
cellulose fiber, jute, cotton fiber, etc. (Vala et al. 2014). The
DEC system market in Pakistan uses biodegradable cooling
pads which are easily available with local name as khus. The
efficiency of DEC system is decreased by increasing thickness
of the pad due to air pressure drop. Recently, cellulose pads
are readily available in the market. These are light in weight
and can be constructed into desired shapes (Warke and

water pipe

|_)

cool
produt air

o

hot
ambient air

e

[
*]
3
[oje]
e URIRARERRARY

. submercible
pump

Fig. 2 Schematic diagram of DEC experimental setup
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Deshmukh 2017). In this study, Cellulose Fiber 5090 is
used as a cooling media which has 70%-95% effectiveness
(Amer et al. 2015). The first two numbers of the fiber show
the distance between the two head-to-head layers in millimeter
and the last two numbers denote the angle between two
consecutive corrugated layers. During the experiment, water
moves downwards due to gravity and entered in a storage
tank where it is recirculated using a low-pressure water
pump. In the system, air passes from the cooling pads and
is cooled due to a difference in water vapor pressure in
the media and air. The detailed parameters of the DEC
experimental setup are shown in Table 2.

3.1.2 IEC unit

The developed experimental apparatus for IEC system is
presented in Figure 3. The system comprises of 30 aluminum
sheets upon which felt (fibrous material) are pasted on one
side of the sheets with an adhesive material. The felt is used
to hold the thin water film and form a wet channel as it can
retain and adsorb water 280 g/m? (Zhan et al. 2011). Rubber
cord of 4 mm thickness are used as channel guides and
placed horizontally and vertically for the dry and wet channels,

Table 2 Design parameters of the DEC system

Design parameters Values/quantities Units
Fan type 15 (axial fan) W
Pump type 10 (submersible pump) w
Evaporative cooling pad material Cellulose fiber —
Length of cooling pad 0.34 m
Width of cooling pad 0.25 m

The thickness of the cooling pad 50.8 mm

hygrometer
(temperature and relative humidity sensor)

Upper tank

fan
regulator

lower tank

Fig. 3 Pictorial diagram of IEC apparatus: (a) dry channels, (b)
wet channels, (c) arrangement of dry and wet channels, (d) IEC
apparatus

respectively. Dry to wet channel heat transfer depends on
the thickness of aluminum-coated felt sheets, coefficient of
convective heat transfer (a function of channel size and
airflow rate) and thermal conductivity of the material used
(Khalid et al. 2016). Literature suggests a 0.5 mm gap between
dry and wet channels, 25 mm spacing between guides of the
dry and wet channels (Khalid et al. 2016). Channel guides
move horizontally along the width to make wet channels
and vertically along the height to make dry channels. Each
sheet consists of eight dry channels in the case of a dry side
or 20 wet channels for the wet side. The length of the
wet channel is 0.20 m and the dry channel is 0.50 m. The
experimental system consists of upper and lower water tanks,
water pumps, and fan at the outlet. Water moves vertically
in wet channels and product air moves horizontally in dry
channels, to make crossflow. The detailed design parameters
of the IEC experimental setup are given in Table 3.

3.1.3 MEC unit

The developed MEC experimental setup is shown in Figure 4.
The system consists of 33 aluminum sheets pasted with felt
material. Dimensions of all sheets are the same as those of
the IEC system with different design. In dry channels,
precise holes with a diameter of 4mm are made for the flow
of air from dry to wet channels. Each sheet consists of 8 dry
channels and 20 wet channels. In dry channels, the upper 5
channels serve as product channels and the last three
channels serve as working channels. In working channels,
holes of 4mm diameter are made with the gap of 1 channel.
A portion of the working air passed through these holes
to reduce the temperature of the ambient air up to the
dew-point temperature. The detailed design parameters of
the MEC experimental setup are given in Table 3.

Table 3 Design parameters of IEC and MEC systems

Design parameters Values/quantities Units
Wall materials 121::21;:?:; };eelett —
Wall thickness 0.5 mm
Length of channel 0.50 m
Width of wet channel 0.20 m
Channel gap 25 mm
Fan type 15 (axial fan) w
Pump type 10 (submersible pump) w
Sensors Hygrometer, anemometer —
Water absorbing ability to felt 280 g/m?
Felt conductivity 0.4 W/(m-K)
Outer surface constructed 5 (plastic sheets) mm

material

Joint material Silicon —
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water pipe

Upper tank

outlet .

i & M-HMX ot
| hygrometer  axial fan air
hygrometer

!

lower tank

_Avater pump

A

Fig. 4 Pictorial diagram of MEC apparatus: (a) dry channels,
(b) wet channels, (c) MEC apparatus

3.2 Cooling load measurements

Cooling system is designed based on peak load required
for agricultural product storage and livestock applications.
Design schematic diagram and heat transfer phenomenon
for animals and agricultural products storage are shown in
Figure 5.

3.2.1 Agricultural product storage

In this study, the cooling load is considered for the storage
of 3.3 tons (3300 kg) of mangoes. It is worth mentioning
that the air temperature of 15 °C and relative humidity
ranging from 85% to 95% (with an average of 90%) is required
for optimum storage of mangoes. Respiration rate of mangoes

(a) solar
radiation

» exhaust
~  gases

heat transfer

from building
TN o) o e
\T \ \E‘H/ (T/J \RH/ respiration tra;ls;;:ssnon
T DEC/IEC O =
o — or o LN /
: ) Co, J
hot MEC system cold Lo
ambient air supply air =
(b) solar
radiation » exhaust
— gases

heat transfer
from building

heat from

- — res iration
(1) \/R?‘ (1) (re) . skiny | transmission
NN NN o
T DECIEC | [ ] ‘ —/ load
or //
hot MEC system cold heat to metabollc -
ambient air supply air

Fig. 5 Design schematic diagram and heat transfer phenomenon
for: (a) mango storage, and (b) cow cattle farm

is taken as 33.26 kJ/(kg-day) (Ravindra and Goswami 2008;
Mohapatra et al. 2013; Raza et al. 2013; Patel et al. 2016).
The dimensions of storage room are considered as 3.6 m
length, 3.6 m width and 3.6 m height. It is important to
mention that the cooling load comprises of transmission
load (Qu, heat of respiration (Qy, personnel load (Qp),
equipment load (Q.) and air infiltration load (Q;) and measure
as follows:

Qt :UA(Tout_T;n) (1)

where, Q, is in [kW]. The U is the overall building heat
transfer coefficient [W/(m*K)], and A is the building area
[m?]. T,y is the ambient air temperature outside the storage
area [°C], and T, is the temperature inside the storage area
[°C]. After harvesting, agricultural products behave like as
living organism and respire as given by Eq. (2) (Mahmood
et al. 2020b). Oxygen presented in ambient air reacts with
sugar of product to produce carbon dioxide, water, and
respiration heat.

CH,0, + 60, — 6CO, + 6H,O + respiration heat ~ (2)

The heat of respiration (Q;) is given by following relationship:
Q =mr ©)

where, Q; is in [kW] and r is the daily respiration heat
[kJ/(kg-day)]. The personnel heat load (Q,) is given by the
following relationship:

Q, = N, Ht (4)

where, Q, is in [kW]. The Nj, is the number of people working
inside per day, t is the working hours [h] and H is the heat
loss per person [W/h]. The equipment load (Q.), the fan
heat load (Qy), and the lamps heat load (Q)) are estimated as
follows:

Q =Q +Q (5a)
Q; = NPt (5b)
Q, = N,HPt (5¢)

where Q. is in [kW], Qs is in [Wh/day], and Q is in
[Wh/day]. The N is the number of fans, Njis the number of
lamps, t is the time used per day (h) and the power (P) is
the wattage of equipment [W]. The air infiltration load (Q;)
is given by following relationship:

Q =nVpC, (T, —T,) (6)

where, 7 is the air changes per day, V is the air volume [m?],
C, is the specific heat of air [k]/(kg-K)] and p is the air
density [kg/m?].
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3.2.2 Livestock thermal comfort

For livestock application, the cooling load is calculated for
cattle farm of 50 Holstein Friesian cows. The dimensions of
cattle farm are taken as 150 m length, 50 m width and 9 m
height. The cooling load requirement is calculated for ideal
thermal comfort of Holstein Friesian cows in cattle farm.
The average weight of cow is presumed 560 kg. The cooling
load is calculated by using set of Egs. (7) to (9) (ASHRAE
2009; Wang et al. 2018; Sultan et al. 2019).

Qa = qrespiratory + qskin + N (7)

where, Q, is the total heat for animals [kW]. The g is the
partial heat for different parts and objects [kW]. The §
represents the heat stored in the body and for ideal heat
balance (S = 0). The numerical value of Grespiratory per unit hour
and per unit m? is determined using Eq. (8a):

qrespiratory = Erespiratory + Crespiratory (83.)
Erespiratory = 00173M(587 - pa) (8b)
Crespiratory = 00014M(34 - ’Ta) (SC)

where, C represents the convection heat loss from respiration
[W/(h-m?)] and E represents the evaporation heat loss from
respiration [W/(h-m?)]. The M represents the metabolic
rate [met] where 1 met is equal to 58.2 W/m?. The T, and p.
represent the ambient air temperature [°C] and the vapor
pressure [kPa], respectively.

(9a)
(9b)

qskin = MAskin
Ay, = 0.147W°

where, Agin is the skin area [m?] and W is the animal
weight [kg].

3.3 Uncertainty analysis

The uncertainty analysis is carried out for the effectiveness
of the systems’ performance data by using root of sum
of squares method as given by Eq. (10) (Mahmood et al.
2020b). Values of individual uncertainties are provided by
manufacturer of the sensors i.e. uncertainty in 7, RH, and v
are 1 °C, 5%, and +1 m/s, respectively. The overall
uncertainty of systems’ effectiveness is determined as follows:

= +0T? + oRH? + 0v? (10a)
_ Oe,, 2 8e, 2
i\/(ST o)+, ) (10b)
Oe, 2 /8¢y 2
ot = :l:\/((STOioTom) + (ﬁonp) (10c)

where, oe,» and oeg, denote the uncertainty in wet-bulb and
dew-point effectiveness of the experimental systems. The
0Tows 0Tw, and oTg, represent the digital hygrometer
thermometer instrument uncertainties i.e. £1 °C. Uncertainty
in the wet bulb effectiveness of DEC, IEC and MEC systems
is +£0.08, £0.09, and +0.08, respectively. In the case of the
MEC system, the uncertainty in the dewpoint effectiveness
is +0.09.

3.4 Datareduction

The psychrometric parameters (temperature, relative
humidity, specific humidity, and enthalpy) are estimated
by the following equations (Riangvilaikul and Kumar 2010;
Stull 2011; Miyazaki et al. 2011; Dogramaci and Aydin
2020; Mahmood et al. 2020b).

1
T,, = Ttan'|0.151977 + (RH + 8.313659 )2

Wi

+tan' (T +RH) — tan™' (RH —1.676331)

3
+0.00391838RH?tan ! (0.023101RH ) — 4.686035 (11)

100 —RH

Ty, =Ty — +0.9 (12)
h =1.006T + W (2501 + 1.86T) (13)
P

= 0.62195 u 14

i g “
P

RH =—* 15

5 (15)

where, Ty, is the dry-bulb temperature [°C], RH is the relative
humidity [%], h is the enthalpy [k]/kg], P is the pressure
[Pa] and w is the humidity ratio [g/kgDA].

The wet-bulb and dew-point effectiveness are calculated
by Egs. (16) and (17), respectively (Bruno 2011; Boonyasri
et al. 2017; Jaafarian 2018; Mahmood et al. 2019; Yuan et al.
2020).

T. —T,,
= Cow 16
SWb T T:vb ( )
T t
__ Zin  “out 17
edp ,I;n ’po ( )

where, €. and eq, represent the wet-bulb and dew-point
effectiveness, respectively.

4 Results and discussion
The experimental data from the developed EC systems i.e.

DEC, IEC, and MEC are obtained for the different climatic
conditions of Multan (Pakistan). The monthly (average)
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temperature and relative humidity of ambient air for climatic
conditions of Multan is shown in Figure 6. The climatic
conditions data are obtained from the Metronome 7 software.
The inlet air velocity is ranging between 4 and 5 m/s in the
case of the MEC and IEC system, whereas, it is 2-3 m/s in
the case of DEC system. The outlet velocity of air is ranging
between 2 and 3 m/s in the case of MEC and IEC, whereas,
itis 1-2 m/s in the case of DEC system.

Performance of the systems is evaluated on hourly
based data for the day of 16-May and daily based data for
April. Hourly based variation in temperature and relative
humidity of ambient and product air for the developed
systems on May 16 is shown in Figure 7. Solid lines containing
solid filled markers show the variation in temperature of
ambient air, and product air of DEC, IEC, and MEC systems.
However, broken lines containing blank markers are
indicators for the variation in relative humidity of ambient
air and product air conditions accordingly. It was noticed
that DEC, IEC, and MEC temperature lines run below the
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Fig. 6 Monthly (average) temperature and relative humidity of
ambient air for climatic conditions of Multan (Pakistan)
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Fig. 7 Variation in temperature and relative humidity of ambient
air and product air of the developed systems for 16 May on hourly
basis data

ambient air temperature line. From H, to H; (1 am. to
7 a.m.) temperature variation trend lines show the decreasing
behavior. Moreover, during this period, the temperature of
ambient air decreased. As a result of this phenomenon, the
trend lines of evaporative cooling systems slide downward.
From H; to Hys (7 am. to 2 p.m.) temperature variation
trend lines show the increasing behavior. It is noticed that
during this time temperature of ambient air was increasing,
therefore from H; to Hs the performance of the systems is
high. The peak temperature of ambient air which was
observed on 16 May for Hjs.;s was 35.5 °C. It was observed
that the performance of the evaporative cooling systems
reached a maximum at a peak temperature of ambient air.
The observed temperatures of product air at this point were
25 °C, 27 °C, and 23 °C for DEC, IEC, and MEC systems,
respectively. From H, to H; (2 p.m. to 12 a.m.) temperature
variation trend lines show the decreasing behavior. It
shows that during this time the temperature of ambient air
is decreased. It was cleared that the performance of the
systems depends on ambient air conditions. It was observed
that, when the temperature of ambient air was decreased,
the relative humidity of product air will increase. The
minimum relative humidity observed at Hy; was 37% and
at this point, the relative humidity of the product air of the
DEC system was 80%, the IEC system was 59%, and the
MEC system was 78%. Ambient air temperature for the day
of 16-May on hourly basis data was ranging from 26 °C to
35.8 °C. Test results displayed a noticeable cooling effect (i.e.
difference of ambient and product air temperatures) was
ranging from 6.2 to 9.6 °C in the case of the DEC system.
In the case of IEC and MEC systems, the cooling effect was
ranging from 3.2 to 6.2 °C and 5.3 to 12.3 °C.

Figure 8(left) shows the variation in the humidity ratio
of ambient air and product air. The variation of relative
humidity is shown with bar lines. In this figure, solid filed
bar line shows the variation in humidity ratio of ambient
air and pattern filed shows the variation in humidity ratio
of product air. It was observed that in the case of MEC and
IEC systems the humidity ratio of ambient air and product
air is the same but in the case of the DEC system, it is
changed. Because the DEC system reduced the temperature
of ambient air with the addition of humidity (Wan et al. 2018).
But the IEC and MEC systems reduced the temperature
without the addition of humidity (Sultan and Miyazaki 2017).
Figure 8(right) shows the variation in enthalpy of ambient
air and product air. The variation of enthalpy is shown
with bar lines. In this figure, a solid filed bar line shows the
variation in enthalpy of ambient air and pattern filed shows
the variation in enthalpy of product air. It was observed
that in the case of the DEC system the enthalpy of ambient
air and product air is the same but in the case of the IEC
and MEC systems, it is changed. Because the DEC system
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Fig. 8 Thermodynamic properties of ambient air and product air of the developed systems for 16-May on hourly basis data: (left)

variation in humidity ratio, and (right) variation in enthalpy

has isenthalpic cooling potential. But IEC and MEC systems
provide sensible cooling.

Figure 9 shows variation in temperature and relative
humidity of ambient air and product air of the developed
systems for April on daily basis data. It is important to
mention that the climatic conditions data are obtained from
the Metronome 7 to check the performance of developed
systems. The peak temperature of ambient air which observed
at Dy, was 35.5 °C. At this temperature, the performance of
the evaporative cooling systems was the maximum. The
observed temperature of the product air of the DEC system
at this point was 22.3 °C. The IEC system at this point was
25.7 °C, and the MEC system at this point was 21 °C. The
peak relative humidity of ambient air which observed at
D,; was 42.8%. At this point, the observed relative humidity
of the product air of the DEC system was 64.9%, the IEC
system was 55.8%, and the MEC system was 72.9%. Ambient
air temperature for April was ranging from 21.5 to 33.9 °C
and the range of relative humidity was from 30 to 58%.
Sensible cooling effect (i.e. difference of ambient and product
air temperatures) of the DEC system was ranging from 6.5
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Fig. 9 Variation in Temperature and relative humidity of ambient

air and product air of the developed systems for April on daily
basis data

to 10 °C. In the case of IEC and MEC systems, the cooling
effect was ranging from 3.9 to 6.7 °C and 5.3 to 11.6 °C,
respectively.

Thermodynamic properties of ambient air and product
air of the developed systems for April are analyzed on daily
basis data for (a) variation in humidity ratio, and (b)
variation in enthalpy. Figure 10(a) shows the variation in
the humidity ratio of ambient air and product air. It was
noticed that in the case of MEC and IEC systems the
humidity ratio of ambient air and product air is the same
but in the case of the DEC system, it is changed. Figure 10(b)
shows the variation in enthalpy of ambient air and product
air. It was clear that in the case of the DEC system the
enthalpy of ambient air and product air was not different
but in the case of IEC and MEC systems, it is changed.

Performance of the systems is investigated in terms of
wet-bulb and dew-point effectiveness as defined by Egs. (16)
and (17). The results for all the systems are plotted in
Figure 11 which also show the experimental error. The
detailed uncertainty analysis results (monthly basis) of the
wet-bulb effectiveness are given in Table 4 for all the systems.
In addition, a comparison of wet-bulb effectiveness is made
for the developed EC system on hourly basis variation for
16-May, and on daily basis variation for April as shown in
Figure 12. According to variation in hourly basis data for
16-May, the wet-bulb effectiveness of the DEC system ranges
from 0.85 to 0.99, for the IEC system its ranges from 0.55 to
0.56 and for the MEC system its ranges from 0.85 to 0.98.
According to the variation in daily basis data for April the
wet-bulb effectiveness of the DEC system ranges from 0.85
to 0.98, for the IEC system its value ranges from 0.53 to
0.57 and for the MEC system effectiveness ranges from 0.58
to 0.98. In addition, variation in temperature, relative
humidity, enthalpy, humidity ratio, and wet-bulb effectiveness
of the developed systems for the months of May and June,
are provided in the Appendix via Figure Al to Figure A5,
which is available in the Electronic Supplementary Material
(ESM) in the online version of this paper.
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Figure 13 shows the operational cost comparisons
between the develop EC systems and conventional VCAC
system. The VCAC system consumes high primary energy
than any of the developed EC system. Therefore, the study
concluded that the developed EC systems are economical
options to provide desired temperature and humidity
to agricultural storage and livestock thermal comfort
applications.

The required cooling loads for the optimum agricultural
storage and livestock thermal comfort are estimated using

the fundamental concepts presented in Section 3.2. In this
regard, the ambient air conditions presented in Figure 6 are
used. The cooling load changes with the change in ambient
air conditions; therefore, performance of the developed EC
systems varies temporally. The resulted cooling loads for
the months of March to September are 4.25, 5.28, 6.02, 6.22,
5.85, 5.72, and 5.63 kW for agricultural products storage,
and 32.0, 31.71, 31.51, 31.45, 31.55, 31.59, and 31.62 kW for
livestock thermal comfort, respectively. For the rest of the
months, there is no need of cooling for agricultural products
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Table 4 The uncertainty analysis results of the effectiveness on
monthly basis for the MEC, DEC, and IEC systems

Uncertainty in wet-bulb effectiveness [—]

Month MEC DEC IEC
Jan +0.17 +0.15 +0.17
Feb +0.13 +0.11 +0.13
Mar +0.09 +0.09 +0.10
Apr +0.08 +0.08 +0.09
May +0.07 +0.07 +0.07
Jun +0.06 +0.06 +0.06
Jul +0.05 +0.05 +0.06
Aug +0.05 +0.05 +0.06
Sep +0.06 +0.06 +0.06
Oct +0.07 +0.07 +0.08
Nov +0.11 +0.10 +0.11
Dec +0.15 +0.13 +0.14
Average +0.09 +0.08 +0.09
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Fig. 12 Comparison of wet-bulb effectiveness of the developed

EC systems: (a) hourly basis variation in effectiveness for 16-May,
and (b) daily basis variation in effectiveness for April

storage. Consequently, feasibility of the developed EC systems
for agricultural product storage and livestock thermal
comfort applications is determined. In this regard, ambient
and product air conditions in terms of temperature and
relative humidity are plotted on psychrometric charts as
shown in Figure 14 for hourly (16-May) and daily basis
(April) data. It can be seen that the developed EC systems
are not feasible for the agricultural products storage at the
hourly (Figure 14(a)) and the daily (Figure 14(b)) conditions.
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Fig. 13 Operational cost comparisons between develop EC systems
and conventional 1-ton VCAC system
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It is because the low temperature and high humidity (as
presented in Figure 1) are required for the agricultural
storage which were unable to be achieved by the developed
EC systems. On the other hand, IEC and MEC systems
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achieved the required conditions for livestock thermal
comfort application. Consequently, performance of the
developed EC systems is analyzed for complete year using
daily basis data. The whole year results are summarized in
Table 5. The table clearly explains the feasibility situation
of the developed EC systems for both applications. The IEC
and MEC are feasible for livestock application from March
to June. However, the DEC system is not feasible because it
increases the moisture in air which disturbs the thermal
comfort. Ambient air conditions of Multan are feasible from
October to February (winter season) for many agricultural
storage and livestock thermal comfort applications.

Table 5 Results of developed systems for agricultural product
storage and livestock application for Multan (Pakistan)

Agricultural product storage Livestock application
Month DEC IEC MEC DEC IEC MEC
Jan N/A N/A N/A N/A N/A N/A
Feb N/A N/A N/A N/A N/A N/A
Mar X X X N/A o o
Apr X X X X o o
May X X X X o o
Jun X X X X 0 0
Jul X X X X b'e X
Aug X X X X X X
Sep X X X X N/A N/A
Oct N/A N/A N/A N/A N/A N/A

Nov N/A N/A N/A N/A N/A N/A
Dec N/A N/A N/A N/A N/A N/A

Key: o: feasible, x: not-feasible, N/A: no need of EC systems.
5 Conclusions

The present study develops experimental apparatus for the
performance evaluation of three kinds of evaporative cooling
(EC) systems i.e. direct EC (DEC), indirect EC (IEC), and
Maisotsenko cycle EC (MEC). The experimental data is
obtained on hourly and daily basis for the climatic conditions
of Multan (Pakistan). As expected, results indicate that the
performance of EC systems is high at low relative humidity
and high ambient air temperature. The experimental results
displayed a noticeable cooling effect (i.e. difference of ambient
and product air temperatures) which was ranging from 6.2
to 9.6 °C in the case of DEC system. On the basis of hourly
data, the cooling effect was ranging from 3.2 to 6.2 °C
and 5.3 to 12.3 °C for IEC and MEC systems, respectively.
However, as per daily basis data, the cooling effect of DEC
system was 8.5 °C, whereas, IEC and MEC systems were
able to drop the temperature of ambient air to an average
of 6.8 °C and 8.9 °C, respectively. The wet-bulb effectiveness

of DEC, IEC, and MEC systems were ranging of 0.85-0.99,
0.55-0.56, and 0.85-0.98, respectively. According to the
results, the developed EC systems consume relatively less
energy as compared to conventional vapor compression
systems which highlight the significance of EC systems. The
cooling effect of DEC system could not provide desired
conditions for agricultural storage and livestock thermal
comfort applications in Multan conditions. On the other hand,
IEC and MEC systems provided the required temperature and
humidity conditions for livestock thermal comfort application
from March to June, whereas, they were not feasible for many
storage applications. Ambient air conditions of Multan are
feasible from October to February for many agricultural
storage and livestock thermal comfort applications.
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