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ABSTRACT

This dissertation presents a comprehensive investigation into the
development of a neoteric design for the innovative dew point evaporative
cooler (DPEC). The DPEC is a groundbreaking cooling device possessing
energy efficiency (i.e., coefficient of performance) higher than 20 that makes it
super performing cooling machine when compared to the traditional vapor
compression refrigeration systems which have energy efficiency of around 3.
The DPEC depends only on the evaporative cooling mechanism of water with
innovative air flow arrangement inside its heat and mass exchanger which
makes it a complicated irreversible thermodynamic machine. The proposed
shell and tube design for the DPEC offers further enhancement in its thermal
and energy performance with aiming to replace the conventional high energy

consuming cooling devices.

The methodology of this research study followed the path of combining
theoretical and experimental investigations. This research work started with a
thorough review of the existing literatures conducted on DPECs, identifying
their limitations and shortcomings. Through a deep leveraging of this process,
the novelty for the current work has been identified. At the beginning, to
investigate the viability of the proposed notion, a rigorous computational model
has been developed. By the help of the dedicated simulation process, the impact
of the geometrical aspects and operational conditions on the cooler’s
performance were investigated. The comprehensive parametrical analysis that
has been carried out with the help of the validated numerical simulation, the
optimum design parameters were identified and employed for the construction

of the unit.

The unit has been constructed with a low cost polycarbonate drinking straw

tubes with 5 mm in diameter and 0.15 mm wall thickness. The tubes have been
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covered with a dual-layer disposable tablecloth that comprised of a plastic and
paper layers both with 0.03 mm thickness. The paper layer of the disposable
tablecloth acted as the evaporative surface that helped in effective dispersion
and evaporation of water flow. The ultra-thin characteristics of these layers
significantly contributed in minimizing the thermal resistance to the heat
transfer and improving the overall performance of the cooler. In addition, a
dedicated air handling unit has been designed and fabricated for the purpose of
the experimentations that was able to regulate the temperature and humidity of

the inlet air stream into the unit.

During the experimentations, when the unit operated under the pre-set
operational conditions, the system was able to reduce the ambient temperature
by up to 34.1 °C (from 53 °C to 18.9 °C), besides, it could achieve a dew-point
effectiveness of 99.6% and wet-bulb effectiveness of 135%. This high
performance makes the constructed unit to be considered as a super performing

cooling device.

Furthermore, the developed numerical model has been validated against the
experimental data from the experimentations. The maximum deviation
recorded was between +2.3% and +5.1%. Therefore, the simulation model can
predict the thermal and energy performance of the proposed DPEC with high
accuracy. On this bases, a deep parametrical analysis has been carried out
which enabled testing the system under harsh environmental conditions.
Nonetheless, the cooler firmly achieved an energy efficiency ranging between
28 and 66, dew-point effectiveness between 34% and 77%, wet-bulb
effectiveness between 62% and 134%, exergy efficiency between 50% and
86%, entropy generation rate between 0.00052 kW/K and 0.0023 kW/K, and
sustainability index between 2 and 7, when operated under a wide range of

operational and geometrical conditions.
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CHAPTER 1

INTRODUCTION

1.1 RESEARCH BACKGROUND

Due to the continuous growth of world’s population and the diversification
of building appliances, the residential energy consumption has surpassed the
proportions dedicated for industrial and public services sectors. For instance,
in Iraq, the energy consumption of buildings accounted for 65% which is higher
than the industrial and public services combined which are accounted for about
11.2% and 21.6%, respectively, of the total energy use as show in Fig. 1.1 (IEA
Iraq, 2021). This fact reflects the raped increase in the world’s total energy
demand as reached to more than 20,000 TWh by the end of 2019 as shown in
Fig. 1.2 (IEA, 2021).
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Fig. 1.1 Electricity consumption by sectors in Irag (IEA Irag, 2021)

Moreover, the portions of residential electricity consumption include
appliances, lighting, food preparation (cooking), refrigerating, domestic hot

water, air-conditioning systems (HVACR), and other equipment as illustrated

-1 =



in Fig. 1.3 (Hossein Motlagh et al., 2020). The electricity consumption in the
residential sector is mainly contributed to the air-conditioning systems (i.e.,
heating, ventilation, air-conditioning & refrigeration (HVACR) systems)
(Abbood et al., 2015; Oh et al., 2016).
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Fig. 1.2 World’s electricity consumption by sector (IEA, 2021)

In developed countries, such as United States, the United Arab Emirates,
and China, the electricity consumption by HVACR systems has accounted for
41%, 57.5%, and 55% of total residential energy use, respectively (Afshari et
al., 2014; California Energy Commission, 2022; International Renewable
Energy Agency, 2022). These variations are based on several key factors, such
as ambient temperature and humidity, building insulation quality, and how
modern the operating systems are. In the meanwhile, in the developing
countries, for example Irag, due to the poor insulation of the buildings and
inefficient energy management of air-conditioning systems, the electricity
consumption of HVACR systems accounted for 68.99% annually including
42.43% for cooling and 26.56% for heating (Hasan, 2012).
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Fig. 1.3 Division of residential electricity consumption (Hossein Motlagh et
al., 2020)

Consequently, this high energy consumption by HVACR systems, which is
significantly attributes to vapor compression refrigeration system (VCRS)
systems, contributes to several environmental and energy crises which are

summarized below:

e Environmental crises: six major greenhouse gases, which are stated by
the Kyoto Protocol in 1990s (i.e., CO,, CH4, NO,, HFCs, PFCs, and SF),
are highly contribute to ozone depletion and global warming (United
Nations Framework Convention on Climate Change, 1998). Eventually,
the utilization of environmentally un-friendly refrigerants and elevated
energy demand led to higher emission of greenhouse gases (Lin Jie,
2018).

e Energy crises: in order to attain thermal comfort in buildings
environment and world’s population rise, the electricity demand by
VCRS systems have intensively grown which is the major cause of

higher energy demand.



In addition, the utilization of VCRS systems may lead to safety and
technical issues. For example, some of the pressurized chlorofluorocarbon
(CFC) and hydrofluorocarbon (HFC) refrigerants are toxic and flammable and
may cause fire and explosion due to the leakage problems (Goetzler W. et al.,
2014). Moreover, most VCRS systems reduce the air temperature to below its
dew point temperature and cause de-moisturization and over cooling of the
conditioned space that eventually cause higher energy consumption (Lin et al.,
2017).

To overcome the above-mentioned disadvantages and achieve the thermal
comfort of the conditioned space without utilizing conventional space cooling
systems that require enormous amount of electrical energy, thereby, developing
an energy-efficient cooling system that is CFC & HFC free, environmentally

friendly, and relies on the natural energy sources is indispensable.

1.2 ENERGY-EFFICIENT EVAPORATIVE TECHNOLOGIES

The evaporative cooling technologies can be considered as the main
candidate to replace the conventional VCRS systems. The evaporative cooling
process is driven by the natural energy source (i.e., water’s latent heat of
vaporization) (Fouda and Melikyan, 2011). In addition, this technology
consumes 80% less energy and reduce up to 44% emission of carbon dioxide
when compared to VCRS systems due to lack of compressor and mechanical
parts (Duan, 2011). Hence, this technology possesses excellent energy
efficiency, in other words, with 10-20 of the coefficients of performance (COP)
which is considered the highest among the existing HVACR systems as
illustrated in Fig. 1.4 (Liu et al., 2019b; P. Glanville et al., 2011; REU, 2015).

Over the years, evaporative cooling, in general, has been considered as one
of the most sustainable and reliable sources of cooling in buildings and

industries owing to its simplicity, low-cost, and ease of access. Besides,
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compared to space cooling refrigeration systems, it lacks CFC and HFC
coolants that lead to environmental issues. Such working fluids must be
pressurized and de-pressurized to transport heat from one zone to another so as

to produce cooling.

20
15
1 16
=
Z 14 o
— r=
=2 '
5 "
': 160
I @ -
=
- i "y I
= o i =
- ] — ('] i = —
) _|'| [
5 = - b m bl
2 - =t = o
0 f— [ L — —
T S S S
'\-L':‘- {[E 3 't"'b \."-- '\.“'GF o
& L‘_ﬁq 7 ~ o -
& P e -
T ¥ e e
o
e

Fig. 1.4 Nominal COP values of existing refrigeration systems

This process consumes high amount of electrical energy that eventually
contributes to the global warming phenomenon through the emission of
greenhouse gases (Kashyap et al., 2022a; Liu et al., 2018). In consequence, the
VCRS systems result in high electricity bills, high initial and maintenance
costs, and severe environmental damage (Kashyap et al., 2022b; Shahzad et al.,
2021). Therefore, the environmentally friendly characteristics of the
evaporative coolers attracted many researchers to study such a system and
attempt to improve its performance through many prospects due to the
excellency of its thermodynamic process which absorbs the sensible heat of the
air stream through the evaporation of water by converting this heat to latent
heat without altering its enthalpy (Akhlaghi et al., 2019; Shi et al., 2022a).
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In general, the evaporative coolers are categorized into three main types,
namely, direct evaporative coolers, indirect evaporative coolers, and dew point

evaporative coolers. Each type will be explained in the subsequent sections.

1.2.1 Direct Evaporative Coolers (DECs)

Throughout the history, for thousands of years, the evaporative process of
water has been conducted for cooling purposes by hanging wetted objects with
high wettability capability over the doors and windows to cool the entrance air
stream. The direct evaporative cooler was first invented by Oscar Palmer in
1908 in Arizona with drip type water distribution technique (Cook, 1979;
Cooper, 1998). Over the decades, this cooler type came up with other names
such as swamp coolers, drip coolers, and desert coolers (Johnston et al., 2022).
Dowdy and Karabash (1987) experimentally investigated the DEC by using
cellulous as a wetting pad and water dripping technique as water spraying

method to moisturize the pads.

Within the DECs, the cooling process occurs when the ambient/outdoor air
passes over the wetted pads in direct contact as illustrated in Fig. 1.5 which
represents the evaporation cooling process: (a) air stream inside heat and mass

exchanger; (b) cooling process on the psychrometric chart.

When the unsaturated air stream passes over the wetted pad inside the heat
and mass exchanger (HMX), it gets moisturized gradually due to the
evaporation of the water. As it can be seen on psychrometric chart, the
evaporation process occurs along the wet-bulb temperature line, this process is
deemed as wet-bulb adiabatic saturation process. The occurrence of this
process is attributed to the substantial relationship between the humidity,
temperature, pressure, and evaporation process. The applications of DECs are

rated for hot areas with low humidity. However, the increased humidity of the



product air is considered as one of the major downgrades of such a system

which may cause uncomfortable indoor air condition.
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Fig. 1.5 Direct evaporative cooler: (a) air stream inside heat and mass
exchanger; (b) cooling process on the psychrometric chart
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1.2.2 Indirect Evaporative Coolers (IECs)

The excessive humidity content of the product air from the DECs has driven
the researchers to come up with a new design from which the cooler is separated
into the dry and wet channels (Kozubal et al., 2015; R. Chenggin and Y.
Hongxing, 2006; Z. Duan et al., 2012). A visual representation of such a
process is presented in Fig. 1.6. Through this technique, the high humidity issue
has been surpassed, yet the cooler faced another impediment, which is the low
thermal effectiveness. Similar to the DECs, the IECs cannot produce cool air
comparable to the wet-bulb temperature of the intake air. The wet-bulb
effectiveness is limited, and ranges from 55% to 75% because the airflows of



the dry (i.e., primary) and wet (i.e., working) channels are discrete and only

ambient air enters these channels (Duan et al., 2016a; Liu et al., 2019a).
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Fig. 1.6 Indirect evaporative cooler: (a) air streams inside heat and mass
exchanger; (b) cooling process on the psychrometric chart

1.2.3 Dew Point Evaporative Coolers (DPECs)

The limitation of high humidity content of DECs and the low thermal
effectiveness of IECs are two of the common impediments that enthused the
researchers to contemplate of a new working technique of air and water
streams. Thus, in 2003, Valeriy Maisotsenko was able to overcome these
impediments and boost the system’s performance when he introduced an
evaporative cooling device named Maisotsenko cycle or “M-cycle” that could
produce air with a temperature lower than the inlet wet-bulb temperature and
towards the dew-point temperature of inlet air (Valeriy Maisotsenko et al.,
2003). This phenomenon was achieved by the novel configuration of air and
water streams inside the heat and mass exchanger that they proposed from

which the air was first precooled inside the dry channels sensibly then diverting

- 8 —



A portion of thiz cocled air into the wet channel to perform further cooling vin

cvaporation proeess as illusteated in Flg, 1.7
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Fig. 1.7 Dew point evaporative cocler: (2) air streams in the heat and mass
exchanger; (h) ceoling process on the psychromeatric chart

I"hs systern came ap wilth other names such as dew oot evapormbive cooler
{I2PECT) amd regenembive evaporabve cooler [REC) Smee the Brst innovation,
the performance of such a system has baen contmuously improwving throngh
many aspects, including managemant of better air distribution, wtilization of
betrzr structural materials, amd employing more efficient wetting materials.
Therefore, in this siudy, this evaporative cooling technelogy will be employed

for further investigation and performanee improvement.

1.3 DESCRIFTION OF THE RESEARCH
1.3.1 Research Aims and Seopes

The fundamental aim of this research s too intredoce o novel dew point

avaporative cooler with shell and mbe design for :ts heat and mass exchanger
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from which the thermal and energy performance of the cooler deemed to be
improved. Since the invention of DPEC, the flat-plate desigh HMXs have been
cxeessively adopied due to their case of access, modelling, and manufaciuring.
In the aspects ef heat and mass transfer regarding the flat-plate design, these
two convective proccsses accur perpendicular 1o the direetion of the air stream.
in another word, this is a one-dimensional process. Therefore, this deficieney
has been considered as one gap through which the performance of the system
could be improved. For this, a tubular channel has been proposed from which
the process of heat and mass transfer take place around the circumference of
the tubes in all directions. The selection of shell and tube design for DPEC will
comtribute in the following aspects:

{1) Shell und tube HMX emplays 4 bundle ol lubes 2= promary channels which
mcreases the surface srea or heat amd mass tmanster amd makes the process
maore efficient.

{2y Shell and twbe HMXs can withstand higher pressures which 13
advantageous and profitable for industrial applications as in DPECs the
channels wall of the HMXs must be as thin as possible. Consequentlv. the
cocler will be appropriate to werk at higher velocities, thus its cooling
capacity improves.

(3 Shall and tube HMXs result in lower prassure drop. This translates to less

energy consumption requirsd by fans to circulats the air theough the system,

1.3.2 Research Objectives

Iy attain the potentizl anos reflerred m the Torpoimg section, this research

selseverul objectves which are sddressed below:

{1y To develep a robust mathematical mode! thar can prediet the thermal.
encrgy, and excrgy performance of the proposed DPEC. Therzafter,

conducting a numerical simulation using Engineering Equation Solver
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1l.

(EES) environment and compare the cocler’s parformance to that of flat-
plate type DPEC.

{2y Toeconstruct the cooling un:t anc examining it: perfiermance in a controlled
lab cnvironment. Then, validating the acquired data from the numerical
simulation bv comparing it to the experimental data.

{3) To investigare the coolers” performance under various weather cenditions
and geometrical configurations to identify the suitable boundary conditions
(or feasikility) for the proposed air-conditioning system,

{4) To carry out first and second laws of thermodynamics based analysis for
the proposed DPLEC through which a comprehensive perceptiveness about

the new cooler can be achieved,

1.3.5 RESEARCH CONTRIBLUTIONS

I'has study records a List endeavor regarding the dew pont evaporator by
amploying a novel shell and tube desygn for the hent and mass exchanger that
cnables enhanced thermal and energy performance, Owver the decades, the
complexity of the HMX of the DPEC: is onc of the major impediments for the
globalization of such a high-performanee systcm, however, through the
proposed design, the manufacturing of DPEC madc casv. it is time saving and
durablz, These merits are significantly going to contribute in the globalization

issues. To summarize, the proposed system possesses the following novelties:

Innovative structure of HMX: A unique dew point evaporator heat-mass
exchanger with shell and be design has been propused that enables heat
anl mass ransler process vecurrence inall ansverse direcbions.

Exclusive numerical simulation model: Perlinent o the proposed new
DPEC, & delnled numnernical model has been developed and sumoliated m
EES sofbaire which can buerhbie the tollwong tasks: (1) selechng the hest

pecmetricn] paramerers for stroctural opfimzation, (2) selecting the hest
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operational condition {, Le., wearher parameters) for vlnimate cooling
performance, and (3) analyzing the thermal and energy behavior under o
wide range of boundary conditions.

Innovative water distribution svstem: the unparalleled watcr distribution
system has been developed for the new cooler that can help in distributing
and orienting the water flow sustainably over the wbe bundles so as the
wetting surfaces of all the tubes getting moisturized evenly,

Employment of new materials for the HMX: the polycarbonate drinking
straws have been adopted to serve as the primary channels of the system,
The entire HMX has been fabricated from this type of the tube., These tubes
come with varietv of diameters and characterized by their super thin wall
with only 0.15 mm thickness which eventually has insignificant effect on
the beat transfer between the primary and working air streams. Regarding
the wetting surface, a dispozable tablecloth has been adopted which is
charactenzed by high water ditfusivity capabality alongside with a very
shallow thickness (less than (103 mm). The niihizabon of these materials =

a new trial in pir-conditioning system.

L4 DISSERTATION STRUCTURE

The prime content of this dissertation has been cleavage into scven

chapters. A brief explanation of each chapter is presented below:

CHAPTER 1 this chapter is concizely explain the background, aims. scopes,

objectives, and contributions,

CHAPTER 2 this chapter prescents a comprehensive literature review carried
out for cvaporative coolers with shifiing the focus towards the development
stages pertinent 10 the DPECs. In addition, this chapter include the theoretical
and cxperimental studics with 2 detailed review and their key outcomes, Based

on the review process, the research gap of this dissertation has been identified.
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CHAPTER 3 this chapter is bhased on the first and sscond laws of
thermodynamics which deseribes the working mechanism of the proposed
novel DPEC alongside with a solid marthematical medel development and a
numerical simulation schome that cnables testing the svstem under a vancry of
operational and geometrical conditions. Through this simulation scheme, the
optimum geometrical design for the new cooler has been obtained and thereby

harnessed for the construction of the unit.

CHAFPTER 4 = chapter mclusively demeonstrates the construction
procedures of the system, major compenents design, material selections,

profelype assernbly, and measurmg mslrumenls sel-up.

CHAPTR 5 thiz chapter investipares the thermal, encrgy, and exergy
performance of the now system and shows the cffeet of the operational and
peometrical parameters on the ceoler. Further, in this chapter, the eonstructed
system has been tested under a controlled environment by the help of an zir
handling unit and conducted a series of lab-based experiments to validate the

ded:cated numerical simulation scheme.

CHAPTER 6 this chapter summarizes the substantinl owcomes from this
research study, and sugeests further recommendations for the potential future

works and challenges.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter, a comprehensive review regarding the dew point
evaporative coolers will be carried out which is based on the ultimate conducted
research studies to build a strong scientific foundation for the current study.
Since the invention of the dew point evaporative cooler by Valeriy Maisotsenko
that patented in United State Patent and Trade Mark Office (Valeriy
Maisotsenko et al., 2003), the performance of such a low energy grade system
has been continuously improved through many aspects. An overview about all
the aspects that have been investigated by the researchers is illustrated in Fig.
2.1. A schematic illustration of the patented M-cycle dew point evaporative
cooler is presented in Fig. 2.2. Through this approach, the research gap has
been identified and set as the foundation for the current dissertation, and the
future research scopes are suggested. Furthermore, this comprehensive

literature review assisted in achieving the following trails:

I. Obtaining an overall understanding of the research and development (R&D)
progresses in this field from which further room for cooler’s improvement
could be identified that will push the system’s performance toward its
perfection.

Ii. Introducing new topics for the scientific researches.

iii. Developing guiding approaches for the subsequent chapters.
Iv. Reducing the risks for any flaws and misconceptions during designing,

modelling, manufacturing sessions.
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Fig. 2.2 M-cycle dew point evaporative cooler by Valeriy Maisotsenko (2003)

2.2 REVIEW ON THE TECHNICAL ASPECTS

This section presents the theoretical and experimental research studies
carried out regarding the arrangement of airflow and water-flow patterns,
alongside with the structural materials employed for channels wall, and wet

evaporative surfaces. Table 2.3 presents the literatures regarding this matter.

2.2.1 Airflow Configurations of DPECs

The dew point evaporators are involved with only two generic airflow
configurations, namely, the counter-flow and cross-flow. The former, is more
preferable to use, because a higher thermal performance could be achieved
when compared to the latter configuration. Zhan et al. (2011) caried out a
comparative study between the counter-flow and cross-flow dew point

evaporative heat-mass exchanger with flat-plate design as illustrated in Fig.
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2.3. They investigated both configurations theoretically and experimentally
under the same exact geometrical and operational boundary conditions. They
stated that, in comparison, the counter-flow HMX can achieve about 20%
higher cooling capacity and 15%-23% higher wet-bulb and dew-point
effectiveness. Consequently, the higher cooling capacity and thermal
effectiveness of the counter-flow HMX translates to lower energy
consumption, smaller unit size, lower airflow rate, and lower cost. However,
they found that the cross-flow HMX had about 10% higher coefficient of
performance in comparison to the counter-flow HMX due to lower pressure

drop.

Fig. 2.3 Schematic diagram of two dew point evaporative HMXs: (a) Cross-
flow; (b) Counter-flow (Zhan et al., 2011)

The original flat-plate M-cycle dew point cooler was proposed with
counter-flow configuration. However, the incipient manufacturing efforts were
unsuccessful due to difficulties in identifying the counter-flow region, high
pressure drop of the HMX, vertical wetting difficulties of evaporative surface,
and immature structural materials (Lee and Lee, 2013; Pandelidis and

- 17 -



Anisimov, 2015; Riangvilaikul and Kumar, 2010a). Subsequently, cross-flow
configuration has been selected to replace the counter-flow M-cycle as
illustrated in Fig. 2.4.

fair stream
{(dry channel)
{

ClLLE
air strearrh

working
atr stream

(wet channel) {(wet channel)

Fig. 2.4 M-cycle cross-flow HMX (Pandelidis and Anisimov, 2015)

Furthermore, Min et al. (2019) developed a 2-D numerical model that can
predict the thermal and energy performance for flat-plate cross-flow and
counter-flow DPECs. They stated that when using these coolers in hot and
humid regions, condensation happens in dry channels due to high humidity
content of the air stream. The formation of condensation will reduce the wet-
bulb and dew-point effectiveness. As shown in Fig. 2.5, under the same
operational conditions, results showed that the counter-flow configuration has
2-15% higher condensation rate than cross-flow configuration with 2-7%
reduction in wet-bulb effectiveness. As the condensation occurred in the dry-
channel, the total heat transfer has boosted by 2-3 times and it is lower in cross-
flow by 9% when compared to counter-flow.
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Fig. 2.5 Effect of inlet air temperature on: (a) condensation rate; (b) wet-bulb
effectiveness; (c) heat transfer rate (Min et al., 2019)

Furthermore, Jia et al. (2019) constructed two flat-plate dew point
evaporative coolers with cross-counter-flow configuration. In the first unit,
they used polystyrene and nylon fibers as structural materials. In the second
unit, they used aluminum foil. Then, they studied the impact of operational
parameters on the thermal performance on both systems. The conducted
research reported that the first unit will reduce the size of the cooler due to
higher cooling capacity and dew-point effectiveness which was between 46.7%
to 78.6%.

Other studies used adopted cross-flow configuration for regenerative air
circulating water to achieve lower pressure drop inside the HMX that will lead
to reduced airflow and more power efficient (Anisimov et al., 2014; Kashif
Shahzad et al., 2018; Pandelidis et al., 2020a). On the other hand, most studies
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adopted counter-flow configuration due to a higher cooling capacity, better
thermal performance, and lower product air temperature (Duan et al., 2017b;
Lin et al., 2020a; Pakari and Ghani, 2019; Wang et al., 2019a; Zhu et al.,
2023a).

2.2.2 Water-Flow Configurations of DPECs

Arranging the flow direction of water stream with the air stream has a
significant effect on the cooling performance, product air temperature, and
drain water temperature. When the direction of water flow is parallel to the
airflow direction in dry-channel, both streams simultaneously cool down and
result in lower water temperature. In contrast, when the direction between these
two streams are counter, the drain water temperature will be higher because as
the water approaches the exit point, it approaches the entrance point of the dry-
channel’s airflow which is at its maximum temperature. Hence, more heat will

be transferred to the flowing water.

Kashyap et al. (2020) made a thorough investigation regarding air and water
flow patterns with 8 different configurations for flat-plate DPEC, as shown in
Fig. 2.6. They conducted the numerical simulation under the nominal boundary
conditions presented in Table 2.1. The comparison of all the configurations

were based on cooling capacity, dew-point effectiveness, and COP.

During the investigation, they set the water flow in gravitational-driven

(downward) direction. They demonstrated the following outcomes:

e The inlet water mass flow rate and temperature significantly influenced the
performance of the DPEC.
e for all configurations, dew-point effectiveness improved when the inlet

water temperature was lower than the crossing air temperature.
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When the air-ratio of the secondary air stream increased, the dew-point
effectiveness increased. However, this approach reduced the cooling
capacity and COP of the coolers.

When the airflow channels’ gap increased, the cooling capacity, dew-point
effectiveness and energy efficiency of all the configurations were
improved.

When the primary air velocity increased, it decreased the dew-point
effectiveness and COP, while it improved the cooling capacity.

When the wet-bulb temperature of inlet air raised, it enhanced the dew-
point effectiveness, but reduces the cooling capacity.

For a water-flow of about 5 L/h, configurations A, E, and H had a better

performance than the other configurations.
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Fig. 2.6 Eight configurations for air and water flow patterns regarding the
HMX of DPEC (Kashyap et al., 2020a)
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Table 2.1 Nominal values of proposed DPECs (Kashyap et al., 2020a)

Parameter Value
Length of the evaporative HMX 0.5m
Width of the HMX 0.5m

The total height of the HMX 0.7m

The gap between the primary air channel 0.005m
The gap between the secondary air channel 0.005m
The thickness of the plate separating two channels 0.5 mm
The volumetric flow rate of water per channel 5L/h

The inlet temperature of the water 17 °C

Air extraction ratio 0.3

Total primary airflow rate 0.35 m%s
Total secondary airflow rate 0.105 m3/s
Total supply airflow rate 0.245 m3/s

Moreover, Ren and Yang (2006) studied the effect of water spray intensity
and its direction with the air stream inside the primary and working channels
for four different configurations. They found that the cooler gives the best
performance when the primary channel’s air stream arranged in counter-current
to the water-flow direction. They also concluded that, for the same air-water
flow patter, by decreasing the water flowrate, the performance of the cooler

improves.

2.2.3 Structural Materials of DPECs

The materials adopted for the DPECs’ manufacturing are divided into two
main categories; (i) plate material from which the HMX is composed, (ii) wick
materials from which the evaporative surface is composed. These materials
play a significant role on the system’s performance and manufacturing

feasibility.
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In general, the DPEC is made from flat-plate layers. Several studies utilized
aluminum sheets material for these layers due to its ease of handling during the
construction and high thermal conductivity. However, this material is not cost
efficient. Alternatively, considering low cost, availability, corrosion resistant,
and weight, polycarbonate and polyethylene materials have been widely
adopted, which are basically plastics. In terms of the wick materials, various
types of fiber, cotton, gauze, tissue, and craft paper have been adopted due to

their thinness and fast absorbing and spreading of water.

Xu et al. (2024) employed aluminum sheets as flat-plate material and
Coolmax® fiber as wick material. Experimental investigations revealed that
the fabricated system can reduce the ambient temperature by 18.16 °C (from
43.02 °C to 24.86 °C) as shown in Fig. 2.7. In addition, the prototype has a
coefficient of performance of 31, and a wet-bulb effectiveness of 93%. Further

description with a visual insight of the prototype is presented in Table 2.4.
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Fig. 2.7 Product air temperature and temperature drop trends under the effect
of various inlet air temperatures (Xu et al., 2024)
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Similarly, Khalid et al. (2016), employed aluminum sheets coated with felt
material to serve as the evaporate surface for cross-flow flat-plate M-cycle, as
shown in Fig. 2.8. Detail of the parameters used in the fabrication are presented
in Table 2.2. They concluded that the wet-bulb effectiveness and dew-point
effectiveness of the prototype ranged between 92-120% and 62-85%,
respectively, under the operational conditions of 25-45 °C ambient temperature
and 11-19 g/kg ambient humidity ratio. In addition, similar to (Riangvilaikul
and Kumar, 2010a), both studies reported that the proposed prototype can
provide a comfort indoor air condition for regions where the ambient

temperature and humidity ratio are less than 45 °C and 11.2 g/kg, respectively.

b

Fig. 2.8 Felt attachment to the aluminum sheets: (a) primary channel; (b)
working channel (Khalid et al., 2016)

On the other hand, polymer films and cellulose-blended fiber films has been
used by Duan et al. (2017a) as a structural material for a flat-plate REC.
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Moreover, each working channel at top has been coated with 0.3%x1.0x6.65 cm
aluminum strips that coated with the same wick fiber to serve as the water
distribution system. They developed two RECs, one with multi-stage air
diversion from primary channel to working channel, and the other one with

single stage diversion as illustrated in Fig. 2.9.

Table 2.2 Detail of the experimental parameters (Khalid et al., 2016)

Parameter Design value
Wall material Aluminum coated fiber (Felt)
Wall thickness 0.5 mm
Length of dry channel 0.508 m
Length of wet channel 0.203m
Width of channel 25 mm
Channel gap 4 mm
Felt water absorption ability 280 g/m?
Fabric (Felt) conductivity 0.04 W/m K
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Fig. 2.9 Working principle on psychrometric process regarding: (a) multi-
stage REC; (b) single stage REC (Duan et al., 2017a)
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They noted, after 5 minutes, the evaporative surfaces were completely
moisturized with water. They concluded that the wet-bulb effectiveness, energy
efficiency, and cooling capacity of the prototype were ranged between 96% to
107 %, 10.6 to 19.7, and 3.9 kW to 85 kW, respectively. Moreover,
polycarbonate and polymer materials have been adopted by other researchers
as the plate material for the HMX that gave superior low maintenance cost (Lin
et al., 2020b; Tejero-Gonzélez et al., 2013; Velasco Gomez et al., 2012). A
summary of the conducted research studies in regard to this section is provided
in Table 2.3.

2.3 METHODOLOGIES IN THE CONDUCTED LITERATURES
2.3.1 Theoretical Studies

The superior future of the theoretical study is that the proposed system can
be examined under a wide range of operational and geometrical conditions,
besides, this approach enables to select the optimum design paraments that will
later contribute to the system fabrication. For instance, (Pandelidis and
Anisimov, 2015) developed a two-dimensional (2-D) heat and mass transfer
model to compute the thermal performance of the flat-plate M-cycle. The
modified e-NTU has been adopted for mathematical modelling and parametric
analysis process. They conducted the simulation under two operational
conditions, namely, variable interring air volume flowrate and temperature.
Through the simulation, they were able to indicate the optimum operational and
geometrical parameters that have the most significant effect on the cooler’s
performance. On the other hand, Zhu et al. (2023b) developed a three-
dimensional (3-D) numerical model to calculate the airflow and moisture
content transport for a flat-plate DPEC. They focused on the influence of
uneven water distribution in the working channel’s evaporative surface and

investigated its effect on the system’s performance.

- 26 -



L

Table 2.3 Summary of the selected studies regarding the technical aspects (Section 2.2)

Cooler Nature of the | Airflow Water-flow plate Wick .
Study - . - . . . Key finding
type work configuration | configuration | material material
They obtained that, this system
can achieve comfort indoor
(Riangvilaikul and Flat-plate . i Downward condition for regions where the
Kumar, 2010a) DPEC Experimental Counter-flow flowing polyurethane | Cotton temperature and humidity are
less than 45 °C and 11.2 g/kg,
respectively.
They obtained that, counter-
i . i flow can achieve higher cooling
(Zhan et al., 2011) Flat-plate Theor«_atlcal & Cross- and Dow'nward polyurethane | Cotton capacity and thermal
M-cycle Experimental counter-flow flowing .
effectiveness, but lower COP
when compared to cross-flow.
They found that the water-
Flat-nlate Downward Porous flowrate significantly affect the
(Lee and Lee, 2013) P Experimental Counter-flow : Aluminum layer cooling performance which can
REC flowing - . .
coating be improved by reducing the
water-flow.
The results showed that the
(Anisimov et al., Flat-plate Theoretical & Cross-flow Canillary motion | polvmer Porous cooler is best suited for hot and
2014) M-cycle Experimental prffary poly material dry regions that can reduce the
temperature to below wet-bulb.
Similar to Riangvilaikul and
Kumar (2010), they found that
Flat-late the system can provide comfort
(Khalid et al., 2016) M-c pcle Experimental Cross-flow Capillary motion | Aluminum felt indoor condition for regions
y where the temperature and
humidity are less than 45 °C and
11.2 g/kg, respectively.
cellulose- They stated that, in order to
(Duan et al., 2017h) Corrugated- Nume_rlcal & Counter-flow . polymer blended optimize the performam_:e, the
plate REC Experimental fiber water flow must vary with

regard to the intake airflow.




8¢

Through utilization of desiccant

(Kashif Shahzad et | Flat-plate Experimental Cross-flow Downward . . dehumidification wheel, they
al., 2018) M-cycle P flowing could reduce humidity and
improve the performance.
They showed that, when the
systems operated under hot and
. Flat-plate . Cross-flow and Downward humid condition, the counter-
(Min etal., 2019) IEC Theoretical counter-flow flowing o o flow has higher condensation
rate that will badly affects the
thermal performance.
First unit: .
i i Through this study, they were
(Jiaetal., 2019) Flat-plate Experimental Cross-counter Dow_nward polystyren_e_ l\_lylon able to reduce size and weight
DPEC flow flowing Second unit: fiber of the svstem
aluminum Y '
They analyzed the entropy
i generation rate and entropy
(Wang et al., 2019a) Flat-plate Theoretical Counter-flow Dovv_nward — fiber production number and they
DPEC flowing
proved that these parameters are
useful for system optimization.
They investigated eight different
air-water flow configurations.
(Kashyap et al., Flat-plate Theoretical Cross-flow and Dow_nward . . Each system showed different
2020a) REC counter-flow flowing L
characteristics under the
investigation.
They developed two
. Flat-plate Theoretical & i . . Polyethylene | Natural optimization algorithms and
(Lin etal., 2020a) DPEC experimental Counter-flow Capillary motion Terephthalate | fiber compared the results with
experimental data.
The numerical simulation
Flat-late Canillary motion showed that higher inlet air
(Zhu et al., 2023a) P Theoretical Counter-flow pitfary Aluminum — temperature and lower humidity
DPEC (stagnant) .
lead to higher thermal
effectiveness.
They reported that the sensible
. heat transfer between dry- and
(Xu et al., 2024) Flat-plate Theor_etlcal & Counter-flow Dow_nward Aluminum C_:oolmax® wet-channels becomes effective
REC experimental flowing fiber

and rate can be improved by
using fins.




A flow-chart of the developed three-dimensional mathematical model is
presented in Fig. 2.10. Last but not least, on the basis of simulation results, they
determined that the 3-D model can improve the simulation accuracy by 5.46%
when compared to 2-D models. Furthermore, they found that the uneven water
distribution badly effects the cooling performance and water evaporation of the
cooler, and they observed that at the entrance and exit of the working channels
the water evaporation has the largest driving force which must be considered

for practical applications.

One of the leading edges of numerical simulation study for such a system
is found in examining the cooler’s thermal and energy performance under a
wide range of global climate conditions, particularly, at various air temperature
and humidity ratio. These two meteorological parameters have the crucial
settlement in terms of system’s feasibility in particular environments. For
instance, Ghosh and Bhattacharya (2021) assessed the performance of hybrid
flat-plate DPEC under hot and humid climate to determine its usability for
office buildings. Cui et al. (2015) developed a two-dimensional numerical
model for a hybrid flat-plate DPEC to lower the cooling load on the VCRS
system. They run the simulation under humid tropical climate and found that

the developed model can reduce the cooling capacity by 47%.

Moreover. Pandelidis et al. (2018) caried out a numerical investigation for
three different hybrid flat-plate M-cycles as recovery systems when used the
exhaust air from the conditioned space for moderate climate conditions. They
observed that the stated exhaust air can be used as the working air inside the
working channels. They indicated a lower product air temperature with 3°K
reduction. Further, (Gao et al., 2023) numerically investigated tube in tube
design DPEC and compared to flat plate design. They found a noticeable
improvements in new coolers performance through employing new geometry.

Baakeem et al. (2019) investigated the possibility of using DPEC under the
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climate condition of Arab Gulf countries (i.e., Abu Dhabi and Dubai in the
United Arab Emirates; Riyadh, Dammam, and Jeddah in Saudi Arabia; Doha,
the capital of Qatar; Kuwait, the capital of Kuwait; and Muharraq in Bahrain)
with regional relative humidity of about 70%. They stated that the flat-plate
DPEC can be considered as a viable choice for all selected cities and can
replace the conventional VCRS systems. An illustration of cooling capacity and
COP is shown in Fig. 2.11.

| S |

X

Cezenrvtrc milel

Matcrials seiting
indemains

TSR EIRR S e

-

e——. .
- -

Heat transtorin

LAt Bl Transpart of :
2% “hs . . " ST oy ’
Solids ané Fluids || d pulored Species |
] : | ; I H
' : '
Governing . Guvernirg : Governing -
S UILIonS : eyulions ' equiticns "
1 \ I : I i
' : 1
Houncary ' Houndeary ' Boungary '
aonditions : conditians ! conilinons :
' '
« Nonisothermal Flow/. Flow couple
. “..————.—-—d"‘------‘--—I----- -
Meash G cnlistion
dumain
Madel solution
Rusults expuor

(5]

Fig. 2.10 Flow-chart of the developed 3-D simulation model (Zhu et al.,
2023Db)
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Fig. 2.11 DPEC performance under Arab Gulf climate: (a) cooling capacity;
(b) COP (Baakeem et al., 2019)

2.3.2 Experimental Studies

Many researches implemented experimental approach solely without
refuging to the development of mathematical modelling. Undoubtedly, this
approach based on the logical findings from peer reviewed data by published
literatures. Hence, the experimental studies establish a foundation for practical
applications and mass production. In regard to the DPECs, plastic, aluminum,
and fibers have been used frequently as the structural material for heat and mass
exchanger. Xu et al. (2017) constructed a dew point evaporative cooler using
aluminum sheets and Coolmax® fiber as structural materials. They used
corrugated aluminum plate rather than the flat aluminum plate so as to increase
the heat and mass transfer surface area and give a rigidity to the cooler. An
illustration of the prototype is shown in Table 2.4. Under the standard test
condition (dry-bulb and wet-bulb temperatures of 37.8°C and 21.1°C,

respectively), the cooler achieved wet-bulb and dew-point effectiveness of
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114% and 75%, respectively, with energy efficiency of 52.5. The
experimentations revealed that at lower cooling output, the energy efficiency
was increased. Moreover, Duan et al. (2016b) used flat aluminum flat-plates
and porous fiber as a structural materials, besides, they inserted triangular air
guide into the primary channels to increase the heat transfer surface and
increase the cooling capacity as these air guides function as fins which increase
the hat transfer rate. They found that the wet-bulb effectiveness and energy
efficiency ratio (EER) improved by 31% and 40%, respectively when
compared to the conventional IECs. On the other hand, polymer and
polypropylene flat-plate sheets with cotton have been used as structural
materials by Arun and Mariappan (2019) and Riangvilaikul and Kumar (2010b)
with only 0.5 mm thickness. These materials are distinguished by their light
weight, availability, corrosion resistance, and low cost alongside with being
possible to made in super thin profile. Unlike metals, these super thin plastic
layers are able to withstand ripping, cracking or puncturing due to their
elasticity feature. These merits are considered highly significant when it comes
to mass production as they extend the lifespan of the coolers. In addition, due
to extreme thinness, the effect of materials thermal conductivity on heat transfer
rate between the primary and working channel air streams will be insignificant,

therefore, the heat transfer resistance are generally going to be neglected.

Furthermore, The DPECs can be used for cooling of the electronic units as
Dizaji et al. (2021) constructed a mini flat-plate M-cycle cooler to cool down
the Graphics processing Unit (GPU) and Control Processing Unit (CPU) of a
computer. 3-D printer has been utilized to fabricate the proposed cooler which
was made of nylon and tissue. From the experimental investigations, they stated
that such a cooler can be employed to decrease the electronic unit’s temperature
and improve their efficiency. Further description and visual illustration of the

conducted experimental studies can be found in Table 2.4.
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Table 2.4 Description of the experimental studies regarding DPECs
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2.3.3 Theoretical and Experimental Studies

The studies that gather theoretical research aided by the experimental
validation plays a remarkable role in scientific investigations and provides a
valuable understanding for cause-and-effect relationship. Additionally, through
the designed experiments under a controlled lab environment by the aid of air
handling units, a deeper understanding of the causality for different factors
effecting study outcomes can be acquired. The key significance of such

approach can be explained further:

(1) Causality comprehending: This approach allows the researcher to
intentionally manipulate the effective parameters. In our case, it
incorporates the manipulation of operational and geometrical variables and
observe their impact on thermal and energy performance of the system.

(2) Control over effective parameters: In this approach, the researcher has a
high level of control over the experimentation variables, from which
particular variables can be isolated and their influence can be evaluated.
This level of control ensures the direct connection between the observed
variation and manipulated parameters.

(3) Specific results: This approach yields a precise and specific results by
focusing on the parameter of interest and observing the outcomes when the
researcher examined the designed prototype under a controlled lab
experiment.

(4) Cause-and-effect identification: By testing the hypothesis, the
relationship between the cause-and-effect is made possible and can be
identified. This approach grants a foundation for parametric analysis and
exploration.

(5) Regional assessment: The obtained results from this approach will apply
to similar ideas and situations in real-life circumstances that contributes to

evidence-based operations in different regional conditions.
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(Pakari and Ghani, 2019) developed a one-dimensional and three-
dimensional heat and mass transfer model for a flat-plate DPEC with counter-
flow configuration. In order to validate the developed model, they build a
physical model based on the optimum geometrical parameters obtained from
the numerical simulation as shown in Table 2.4. The agreement between the
developed 1-D and 3-D modes and the experimental data, with regard to the
product air temperature, was 10% and 8.5%, respectively. Besides, they found
that the product air temperature is 1.86% lower for 1-D model than 3-D model.
However, the computational time was three times higher for 3-D model. In
addition, Wan et al. (2018) developed two models to simulate a flat-plate
DPEC. First, they formulated an NTU-Le-R model to calculated heat and mass
transfer coefficients within exchanger. Then, a two-dimensional CFD model
has been developed to simulate the heat and mass transfer process. Afterwards,
they manufactured the DPEC prototype to validate the developed models. They
reported that the developed models can obtain accurate results while simplifies

the computational scheme.

Kashyap et al. (2022c) designed and constructed an evaporative cooler
working in dual-modes: first, as DEC; and second, as a flat-plate REC. They
carried out exergy and economic analysis for cooling seasons under the
controlled lab climate condition of five different cities to examine the potential
benefits of employing such a system in diverse climatic conditions. The
selected cities were, Delhi, Brisbane, Brasilia, Shanghai, and Seoul. The
obtained results regarding the exergy efficiency and annual operating cost for
both operating modes are presented in Fig. 2.12. They stated that, the exergy
efficiency is superior for REC than that of the DEC, and the running cost is
higher for REC under all climate zones.
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Fig. 2.12 Performance of the dual-mode evaporative cooler: (a) exergy
efficiency; (b) annual operation cost (Kashyap et al., 2022c)

Kousar et al. (2022) carried out numerical and experimental analysis for
counter- and cross-flow DPEC with flat-plate HMX under wide range of
climate conditions (refer to Table 2.4). They utilized the experimental results
for energy, exergy, environmental, and cost analysis. They found that, the
highest and lowest exergy efficiency for cross- and counter-flow configurations
were 52%, 21.58%, and 46%, 18.23%, respectively. Moreover, they reported
that under low, medium, and high operating condition, the counter-flow
arrangement consumed more water and electricity by 39% and 2.7%, 24.65%
and 35%, 21.4%, and 38%, respectively.

The numerical/experimental approach has been adopted by many other
researchers in their research studies. For instance, Sadighi Dizaji et al. (2020)
conducted a sensitivity analysis of effective geometrical and operational
parameters for multi-stage flat-plate M-cycle. Their analysis was based on the
novel wet-surface theory. This theory enables the observation of the
evaporative surface temperature alongside with the distribution of the
temperature and humidity along the HMX’s channels that will imitate the real
working condition. Then the developed model was experimentally validated
with respect to the manufactured test-rig. more details are shown in Table 2.4.
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Table 2.5 Summary of the selected theoretical studies regarding the methodologies (Section 2.3)

Nature of the | Developed Numerical | Utilized Cooler Structural A
Study - . . Key finding
work model approach | software configuration | materials
. 2-D Hybrid Flat- The proposed system can aid
(Z%ligz; al., Theoretical mathematical — &%msﬁ I;ics plate DPEC, — VCRS by reducing the
model phy counter-flow cooling capacity by 47%.
2D They stated that uneven
(Pandelidis and Theoretical mathematical Modified e- | Flat-plate M- Polyethylene & | airflow inside wet-channels
Anisimov, 2015) model NTU cycle, cross-flow | Cellulose fiber | leads to reduction in cooling
performance.
. They stated when using the
(Pandelidis et . 4-D : Wolfram Hybrid Flat- exhaust air from conditioned
Theoretical mathematical Runge-Kutta . plate M-cycle, — .
al., 2018) Mathematica space, the product air can be
model cross-flow
reduced by 3 K.
They developed NTU-Le-R
. 2-D Flat-plate model and two dimensional
(Wan etal, Theor_etlcal & mathematical NTU-Le-R COMSOL. DPEC, counter- P_olyethylene & CFD model that can predict
2018) experimental & CFD Multiphysics fiber
model flow the heat and mass transfer
coefficients.
e?r:i?gi_;adte Flat-plate The DPEC is a suitable choice
(Baakeem et al., . . | for Arab Gulf cities and can
2019) Theoretical (r:T;SsServation MATLAB EI)EVEQ counter be considered as an
alternative to VCRSs.
model
The proposed system can
(Ghosh and Flat-plate olvoropvlene prevent the indoor air
Bhattacharya, Theoretical — — Java Hybrid REC, Elil%’llgwg overheating and provide
2021a) counter-flow thermal comfort throughout
the cooling seasons.
Steady-state They concluded that, the
. energy and Finite Flat-plate REC, . exergy efficiency is superior
(Kashyap etal., Theorgtlcal & mass difference EES counter-flow & Aluminum & for REC than that of the DEC,
2022c) Experimental . cotton . S
conservation scheme DEC and the running cost is higher
model for REC.
3-D Flat-plate Compared to 2-D models, the
(Zhu etal., Theoretical mathematical CFD COMSOL. DPEC, counter- | Aluminum 3-D model improved the
2023b) Multiphysics

model

flow

simulation accuracy by 5.46%




2.4 PERFORMANCE ENHANCEMENT OF DPECS

2.4.1 Enhancement Through Employed Materials

The core materials of heat and mass exchangers of dew point evaporative
coolers have been investigated through many literatures. Due to insignificant
effect of the plat material because of their super-thin profile (between 0.2 to 0.5
mm thickness in most studies) on heat transfer process, consequently, most
research studies focused on examining wick materials (i.e., porous materials),
due to their direct effect on the water dispersion and evaporation. Typically,
there are two groups of porous materials, namely, craft papers, and fibers. The
fibers are classified into three categories: (1) natural fibers (such as cellulose
pad, aspen pad, and coconut pad), (2) polymer fibers (such as nylon fiber), and
(3) fabric fibers (such as coolpass, topcool spandex, and bamboo charcoal with
Coolmax active) (Lv et al., 2021). The wick materials have a crucial effect on
the cooler performance as it contributes to the absorption, diffusion, and
evaporation rates of water. These three merits are remarkably indicating the

heat and mass transfer process inside the working channels.

Pandelidis et al. (2021) experimentally examined eight different types of
porous materials, including the synthetic and natural fibers, to be used as
evaporative surface as shown in Fig. 2.13. They observed that, when compared
to the natural fibers, the synthetic fibers are more capable of water distribution
rate. Among the adopted materials, the basalt paper-like synthetic fiber had the
highest dispersion capability that was able to vertically elevate the water to 40
cm by the capillary effect. Besides they stated that the synthetic fibers are more
durable than the natural fibers. Moreover, several more different types of
fabrics weaved from different fibers have been investigated and compared to
the craft paper in term of absorption capability, evaporation rate, and diffusion
rate by (Xu et al., 2016). They reported that, in comparison to the craft paper,
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some of the adopted fibers had 171-182% more absorption capability, 77-93%
more evaporation rate, and 298-396% more diffusion rate.

Fig. 2.13 Surfaces of the porous materials: (a) basalt paper- like synthetic
fiber; (b) synthetic surfactant non-woven; (c) 50% cotton fiber, 30% viscose,
20% polyester; (d) 100% cotton; (e) hydrophilic drainage textile; (f) resin
treated kraft paper; (g) rigid kraft paper; (h) original kraft paper (Pandelidis et
al., 2021)

More materials have been investigated by other literatures as a potential to
be used for evaporative surfaces (Boukhanouf et al., 2014; Y. Chen et al.,
2021a; Guilizzoni et al., 2019; Jradi and Riffat, 2016; Min et al., 2021). They
used the same experiment-procedure to test the proposed porous materials. One
experiment set-up is illustrated in Fig. 2.14.

On the other hand, a different approach has been carried out by (Zhao et al.,
2008) from which, alongside with fibers, they investigated metals to be used as
evaporative media. In this regard, as recommended by Schulz et al. (2005), a
wick (whiskers, meshes, sintered, or grooves) are structured on the surface of

the metal plate (aluminum and copper). A sample of the whisker-attained
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refined surface of copper tube is shown in Fig. 2.15. Thus, the wick-attained
metals are compared to the fibers, ceramics, zeolite, and carbon on the bases of
water holding ability, durability, water-proof coating, and cost. They found that
the wick-attained metals are the most adequate material over other adopted
materials and the wick-attained aluminum plates are cheaper than the wick-
attained copper tubes. From the conducted tests, for all the adopted materials,
they observed that the evaporation rate was in the range of 0.57-0.58 I/m?-h and

the heat transfer rate was in the range of 392-399 W/m?,

Fig. 2.14 The test bench for porous materials inspection (Cui et al., 2023)
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Fig. 2.15 Microstructure whisker-attained copper tube (Schulz et al., 2005)
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2.4.2 Enhancement Through Water Spraying System

One of the key factors to the heat and mass transfer process inside the wet-
channel is the wettability of the evaporative surface (wick material). The water
spray system has a significant role regarding this matter. Many efforts have
been made to enhance the uneven water distribution by the evaporative surface.
Conducted literatures focused on investigating different materials for better
diffusion and evaporation of water (as discussed in Section 2.4.1) and
optimizing water spraying mechanism. Most of the studies regarding this
matter have implemented experimental approach. Throughout the
experimentations, different types of water spraying mechanisms were utilized

as shown in Fig. 2.16.
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Fig. 2.16 Available water spraying mechanisms for evaporative cooling (Sun
et al., 2020a)

De Antonellis et al. (2019) experimentally investigated six air-water flow

configurations with different water nozzle arrangement focusing on limiting the
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water consumption issue. They designed the water to working channel airflow
ratio to be ranged between 1.4-4%. The results showed that a wet-bulb
effectiveness as high as 82-84% can be obtained with the horizontal and top
plate orientation with water flowing at top. Al-Zubaydi and Hong (2019)
employed three water spraying modes (external, internal, and mixed) and
analyzed their effect on six types of the water spraying configuration on three
cooler’s performances. They evaluated the cooler’s performance based on the
wet-bulb efficiency, COP, and cooling capacity. They found that the cooler had
the best performance with mixed water spry mode, and with the internal mode
the cooler performed better when compared to the external mode as depicted in
Fig. 2.17.
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Fig. 2.17 Performance of the system under different water spraying modes:
(a) COP; (b) wet-bulb effectiveness (Al-Zubaydi and Hong, 2019)

Lin et al., (2018b) experimentally studied the water spray effect for two
plate orientations (horizontal and vertical). In this regard, they showed the
water temperature distribution for each test. During the investigation, they
noted that when the water is rapidly applied to the evaporative surfaces, the
temperature distribution along the evaporative surface is disrupted and needed

longer time to reach the steady state.
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Generally, in theoretical studies, the evaporative surfaces are assumed to be
fully saturated. Yet this condition is hard to achieve in practical applications
for DPECs. Therefore, many researchers tried to design an effective water
spraying system to obtain higher performance and reduce deviation between
the numerical and experimental data. However, with regard to theoretical
investigations, Lacour et al. (2018) and Montazeri et al. (2015) developed a 3-
D CFD model and identified the water particles size to observe their behavior

and impact inside evaporative cooling devices.

On the other hand, many researchers used intermittent water supply to
reduce the water flowrate. This approach yields power saving by water pump
and improved cooling performance (Golizadeh Akhlaghi et al., 2020; Ma et al.,
2023; Shi et al., 2022b; Wang et al., 2017). During the intermittent water
supply, the fully wetted evaporative surface can be achieved via the capillary
motion of water. This mechanism avoids the issues like unsteady water flow,
formulation of unnecessary thick water layer, flow resistance to heat transfer
between primary and working channels airflow, and continuous energy
consumption (Y. Chen et al., 2021b).

Sun et al. (2020b) examined five different nozzles under the influence of
intermittent and continuous water spraying modes. Different water spraying
nozzles were utilized, such as spiral, conical, square, sector, and target types as
shown in Fig. 2.18. They conducted a series of experimentations to indicate a
nozzle type with lower water consumption and higher wet-bulb effectiveness.
They were able to achieve lower water consumption by balancing between the
amount of water flowing on the evaporative surface and the rate of evaporation
for each individual experiments. The amount of water flowing was based on
the water consumption rate by the cooler under the specified boundary
conditions. They recommended the spiral type nozzle due to its acceptance
water spraying rate, wide area coverage, and good uniformity.
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Fig. 2.18 Nozzle types and their water spraying behavior (Sun et al., 2020a)

2.4.3 Performance Evaluation Criteria

To evaluate and indicate the thermal, energy, and exergy performance of
the DPEC, the globally accepted standards from American Society of Heating,
Refrigeration, and Air-conditioning Engineers (ASHRAE) are considered as
the most comprehensive and accurate criterias to be adopted for assessing and
testing the cooling systems. In particular, ANSI/ASHRAE Standard 143 (2015) and

ANSI/ASHRAE Standard 55 (2017) provides precise measurement procedures and
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guided practices under a controlled laboratory environment for testing IECs.
Thus, the following key performance parameters have been adopted to rate and

evaluate the performance of the proposed DPEC.

2.4.3.1 Temperature Drop

This parameter indicates the temperature difference between the inlet air
and product air. At first glance, it is a substantial parameter to indicate the
thermal performance of the system that provides how much the cooler has
reduced the temperature of inlet air. Furthermore, it is considered as a base
parameter from which other performance evaluation parameters will be

calculated.

2.4.3.2 Wet-Bulb and Dew-Point Effectiveness

The cooling efficiency of DPEC depends on wet-bulb and dew-point
effectiveness. The wet-bulb effectiveness is responsible for indicating how
much the product air dry bulb temperature is approaching or exceeding the wet

bulb temperature of ambient air that can be expressed as
=C .- >t - ) (2.1)
where,

. is the wet-bulb effectiveness;
- is the dry bulb temperature of inlet/ambient air, °C;
~ »is the dry bulb temperature of outlet/product air, °C;

. is the wet bulb temperature of inlet/ambient air, °C.

In the meanwhile, the dew-point effectiveness is a demonstration of the

cooler’s thermal effectiveness in terms of dew point depression that indicates
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how much the product air dry bulb temperature is approaching the dew point

temperature of the inlet air which can be expressed as

=C ,— U - ) (2.2)
where,

- is the dew-point effectiveness;

. is the dew point temperature of inlet/ambient air, °C.

2.4.3.3 Cooling Potential/Capacity

In a DPECs, the cooling potential or cooling capacity is pertinent to the
sensible heat loss of primary air inside primary channels. Therefore, it is a
function of temperature drop of the primary air flow that can be demonstrated

as follows
= @- ) (.- ) (2.3)
where,

. Is the cooling potential of the HMX, kW;
" . is the mass flowrate of the primary air, kg/s;
. 1s the working to primary air ratio;
~; Is the specific heat of primary airflow at constant pressure, (kJ/kg-K);
. is the temperature of inlet air, °C;

~ ©is the temperature of product air, °C.

2.4.3.4 Energy Efficiency

Energy efficiency or coefficient of performance is a common evaluation

metric for air-conditioning systems. It is a ratio of cooling potential of the
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system to the total electrical power consumed by the cooler. For DPECs, it can

be expressed as

where,

- is the energy efficiency;

. is the electrical power consumed by the fan, kW,

- is the electrical power consumed by the water pump, kW.

The electrical power required by the fan and pump are highly contributed
by the pressure drops occurred as a result of fluid flow inside the pipes
(friction/major resistance) and fluid flow inside the components (local/minor

resistance) that can be expressed as
A=A +A (2.5)
A =05 - - - 2. H+cos. . D (2.6)
where,

A :is the total pressure drop, kPa;
A :isthe major pressure loss, kPa;
A - IS the minor pressure loss, kPa;
. is the Darcy-Weisbach friction factor;
. 1s the length, m;
. is the density, kg/m3;
- is the fluid flow velocity, m/s;
- is the hydraulic diameter, m;

. 1S the local loss coefficient.
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2.4.3.5 Water Evaporation Rate

The evaporation of water is the driving force of the heat and mass transfer
inside the HMX of DPEC. The water evaporation take place when the water
molecules absorb the heat from their surroundings and discharge into the
working air through latent heat transfer, by which, the humidity ratio of the

working air increases. It can be calculated by the following equation
= =) (2.7)
where,

' is the water evaporation rate, kg/s;
- is the convective mass transfer coefficient of working channel air, m/s;
. Is the wettability factor of wet surface;
 is the surface area of water surface, m?;
: is the density of working air, kg/m?;
- is the humidity ratio at air-water interface, kg/kg;

. is the humidity ratio of working airflow, kg/kg;

2.4.3.6 Exergy Efficiency and Entropy Generation Rate

The exergy analysis is considered as the essence of second law of
thermodynamics analysis from which it can be identified how much exergy the
system can harness from the total exergy available. Whereas the entropy
generation rate by the system indicates how much the system approaches the

irreversibility, they can be expressed as

= (2.8)

=- (2.9)
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where,

. Is the exergy efficiency;
. Is the total output exergy, kW;
. is the total input exergy, KW,
- is the entropy generation rate, KW/K;

. is the exergy destruction, KW;

o. IS the dead state temperature, °C.

2.5 APPLICATIONS OF DEW POINT EVAPORATIVE COOLERS

2.5.1 Applications of DPEC with Solar Panel Systems

The generated heat from the solar photovoltaic (PV) panels are the leftover
heats from the received solar radiation photons that did not transformed into
electrical energy. This excess heat critically reduces the energy transformation
process by the PV cells and reduces the panel’s efficiency. Therefore, it is
substantial to cool down the PV panels. There are several methods for cooling
off the solar PV collectors, such as: (a) thermoelectric coolers, (2) phase change
materials, (3) evaporative cooling, (4) fins-aided air-cooling channels, and (5)

closed-loop underground cooling.

Regarding the evaporative cooling approach, it can be carried out through
three essential evaporative technologies, namely, the direct evaporative cooling
(DEC), indirect evaporative cooling (IEC), and dew point evaporative cooling
(DPEC). The DPEC is considered as the most significant choice for cooling of
the PV panels and improving their energy conversion efficiency due to its high
thermal and energy efficiency that can produce the lowest product air

temperature compared to other evaporative cooling types.
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Table 2. Summary of the selected studies regarding performance enhancement of DPECs (Section 2.4)

Water
Study el @t Enhancement method Emplc_)yed distribution Key findings
work materials :
mechanism
wick (whiskers, meshes,
sintered, or grooves) are They found that the wick-attained
structured on the surface of the | fibers, ceramics, Downward metals are the most adequate material
(Zhao et al., 2008) | Experimental metal plate and compared to zeolite, carbon, flowing over other adopted materials and the

other materials on the bases of
water holding ability, durability,
water-proof coating, and cost.

copper, aluminum

wick-attained aluminum plates are
cheaper than the wick-attained copper

(Xu et al., 2016)

Experimental

On the bases of absorption
capability, evaporation rate, and
diffusion rate, several types of
fabrics weaved from different
fibers have been investigated
and compared to the craft paper.

They used seven
types of fabrics
and craft paper for
the purpose of
experimentation

Capillary motion

They stated that, in comparison to the
craft paper, some of the adopted fibers
had 171-182% more absorption
capability, 77-93% more evaporation
rate, and 298-396% more diffusion
rate.

analyzed the effect of three
water spraying modes on six

They cooler had the best performance

(Al-Zubaydi and . - . Downward with mixed water spry mode, and it
Experimental types of the water spraying PVC plastic - o
Hong, 2019) - . , flowing performed better with internal mode
configuration on three cooler’s
than the external mode
performances.
Inve§t|gate_d six air-water flow It was found that, with water flowing
(De Antonellis et configurations with water Downward at top, a wet-bulb effectiveness as high
Experimental nozzle arrangement in view of Aluminum alloy - P, . - g
al., 2019) - - flowing as 82-84% can be obtained with the
reducing the water consumption . . .
issue horizontal and top plate orientation
investigated five different The spiral type nozzle had the best
(Sun et al., 2020a) | Experimental nozzles under the influence of OroUS ceramics Downward capability for water volume flowrate,
B P intermittent and continuous P flowing wide area coverage, and good

water spraying modes.

uniformity.

(Pandelidis et al.,
2021)

Experimental

Investigated eight different
materials to be used as the
evaporative surface for
evaporative air coolers.

Eight types of
synthetic and
natural materials

Capillary motion

They found that, when compared to
the natural fibers, the synthetic fibers
are more capable of water distribution
rate. The basalt paper-like synthetic
fiber had the highest dispersion
capability.




Moreover, occasionally there is another application when integrating the
photovoltaic/thermal (PV/T) collector with desiccant wheel integrated DPEC
which is used to improve the in-door air quality when this configuration is
operated under humid climates. These methods come with passive and active
cooling techniques. The passive cooling method uses natural convection and
conduction heat transfer process to dissipate the generated heat into the
environment, while active cooling method dispose that heat using forced
circulating coolants, such as water, air, or nanofluids (Kozak-Jagieta et al.,
2023; Reddy et al., 2015; Zhang et al., 2020).

However, the active cooling is more advantageous due to the potential of
harnessing this excess heat and utilizing it for other applications. Such
applications include the domestic hot water production (Habchi et al., 2024;
Hazi et al., 2014; Mi et al., 2020), heat recovery ventilation for domestic and
industrial processes under a particular weather condition (Choi et al., 2023;
Irshad et al., 2024; Sarvar-Ardeh et al., 2024), and desalination of seawater to
produce tap and clean water (He et al., 2023; Isah et al., 2024; Ravajiri et al.,
2024).

This section focuses on the configurations integrating DPEC with solar PV
panels, and brings all the outcome aspects from such a performance elevating
hybrid system. Many configurations and approaches have been adopted for this
regard. Yang et al. (2024) developed a flat-plate DPEC integrated PV panel
with two working channels, one is located in the DPEC that can produce a
product air temperature lower than the wet-bulb temperature of ambient air,
and the other one is located at the bottom of the solar panel as shown in Fig.
2.19. They compared the performance of the proposed configuration to
previous configurations and noticed 16.4% improvement in the performance of

the PV panel efficiency when simulated under two summer weather conditions.
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Fig. 2.19 (a) Proposed configuration; (b) conventional configuration; (c)
Schematic diagram of PV panel layer (Yang et al., 2024)

Song and Sobhani (2020) investigated the transient performance of flat-
plate M-cycle integrated solar desiccants air cooling system with phase change
material (PCM) as illustrated in Fig. 2.20. The PV/T collector employed to
provide the required heat at daytime, while during the nighttime, the PCM

thermal energy storage utilized in this regard.

Fig. 2.20 Solar desiccant air-conditioning (Song and Sobhani, 2020)
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The required heat is the essence of the desiccant wheel (DW) operation that
function as the air dehumidifier to enhance the thermal performance of DPEC.
The proposed system has been investigated under hot and humid climate
condition for a small office building for five cooling months (from June to
October). Afterwards, the performance of the M-cycle investigated with respect
to in-door air thermal comfort acquisition. They found that the total COP
obtained from the proposed system was 0.404. In addition, they concluded that

the utilization of PCM can increase the overall efficiency of the system.

Similarly, Wang et al. (2020) utilized the same configuration as Song and
Sobhani (2020), this time they added a humidification-dehumidification
desalination unit (HDDU) to the configuration benefited from the waste heat
from the desiccant wheel for the purpose of freshwater production from
seawater. Both studies added a PCM material to the PV/T collector which is
located beneath the panel to store heat at daytime and restoring it at nighttime

simultaneously with the stored heat in the thermal storage tank (Fig. 2.21).

The hybrid PV/T based DPEC has been adopted by many literatures as
effective air-conditioning system to bring thermal comfort in high humidity
weather condition regions (Buker and Riffat, 2016a; Harrouz et al., 2021).
Furthermore, many literatures potentially cooled the solar PV panel through
direct evaporation method using water spray mechanisms by sparkling the
ejected water on top of the PV panel via different types of nozzles due to
simplicity and low cost of this cooling method (Benato et al., 2021; Mahdi and
Ali Aljubury, 2021; Nateqi et al., 2021). Regarding the passive cooling method,
Zizak et al. (2022) experimentally investigated the potential of using passive
evaporative cooling for PV solar collector under various weather conditions of
eight cities as illustrated in Fig. 2.22. The experiments reported that about
20.1°C reduction and 9.6% increase in both PV peak temperature a electricity
generation could be achieved with the proposed cooling method.
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Fig. 2.21 Schematic diagram of PV/T-PCM solar collector (Wang et al.,
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Fig. 2.22 (a) Experimental setup: (b) Back-view (Zizak et al., 2022)

2.5.2 Applications of DPEC with VCRS Systems

The intensive power consumption of VCRS systems is the greatest
downside of such system. Consequently, this type of air-conditioning system
possesses the significantly low energy efficiency ratio (COP) compared to the
evaporative based air-conditioning systems in general. Several factors affecting
the degradation of this COP, such as sub-cooling and superheating of the
working fluid, compressor efficiency, refrigerant type, and discharge and
suction pressures. The efficiency of VCRS systems can be notably increased

through the improvement of the above-mentioned factors. Operating this
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system in hot climate areas is another factor for demolishing its performance.
One of the common methods for COP improvement is integrating evaporative
coolers with the condenser (evaporative condensers). This approach enhances
the condenser function by which the sub-cooling effect will be increased. This
far, there is no dedicated study utilizing DPEC for such an effective method.
However, one study proposed the evaporative air-cooled condenser (EACC) by
utilizing cooled air from the direct evaporation cooler for improving the
condenser performance of inverter VCRS system (Sarntichartsak and Thepa,
2013). Another study proposed the evaporative water-cooled condenser
(EWCC) to cool down the refrigerant passing through the condenser of an
VCRS system (Nasr and Hassan, 2009).

The available literatures utilizing DPEC as a pre-cooling device for VCRS
systems to improve the indoor air quality of the air-conditioned space are rather
few. Chauhan and Rajput (2016) carried out a parametric analysis for integrated
flat-plate DPEC with VCRS system to produce a comfort indoor conditioned
air, then compared the results with a conventional VCRS systems. The

illustration of the proposed cycle is shown in Fig. 2.23.
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Fig. 2.23 DPEC- VCRS for air-conditioning (Chauhan and Rajput, 2016)
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They pre-cooled the ambient fresh air first in the DPEC before interring the
VCRS system in order to produce a desired supply air under a wide range of
climate conditions. It was found that the proposed configuration was able to
achieve 192.31 kWh of average net monthly power consumption when
operated under hot and dry climate, while the amount of saving reduced to
124.38 kWh for hot and moderate humid climate. Similarly, Zanchini and Naldi
(2019) combined a flat-plate M-cycle with VCRS system (refer to Fig. 2.24) to
provide a thermal comfort for an office building during July and August in
north Italy. The simulation conducted for hourly energy consumption,
dehumidifying, and ventilation. They proposed two air flow management
configurations for the cycle and compared them to the traditional cycle. In the
first configuration, they employed the out-door air to be pre-cooled in the M-
cycle, while in the second configuration, they employed the recirculated air
from conditioned space to be pre-cooled in the M-cycle. They found that the

second configuration reduced the total energy consumption by 38%.
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Fig. 2.24 (a) First air-conditioning cycle; (b) Second air-conditioning cycle
(Zanchini and Naldi, 2019)
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Similar approach has been adopted by other researchers in the light of
providing energy saving, performance improvement, and indoor thermal
comfort condition (Chen et al., 2022; Q. Chen et al., 2021; Cui et al., 2015b;
Duan et al., 2019).

2.5.3 Applications of DPEC with Desiccant Wheel

The application of DPEC combined with desiccant wheel is usually used
for regions with hot and humid climate condition. This type of combination has
a broad implementation due to its efficient ability to remove the moisture from
ambient air and reducing its dew-point temperature significantly as the dew-
point temperature is the most effective key parameter for DPEC systems. The
desiccants are hygroscopic materials capable of absorbing and releasing the
moisture when exposed to the air. In general, there are two types of desiccant
materials, namely, liquid desiccants (such as, lithium chloride solution, calcium
chloride solution, and ionic liquid) and solid desiccants (such as, metal-organic
framework, zeolite, and silica gel). On the bases of their application in air-
conditioning systems, they are available as: liquid-desiccant dehumidifiers
(LDD), and solid-desiccant dehumidifiers (SDD).

Olmus et al. (2023) assessed the performance of an off-grid sustainable
solid desiccant air-conditioning system for a building under the weather
condition of Adana, Turkey. In their proposed configuration, they used solid
desiccant wheel to dehumidify the flowing air prior to the flat-plate DPEC and
the required heat and electrical energy of the cycle were provided by a water-
cooled PV/T system as illustrated in Fig. 2.25. They stated that the electrical,
thermal, and total COP were respectively 4.09, 0.46, and 0.42. Besides, the net
energy consumption for the cooling season was computed to be -102.82 kWh,

the negative sign indicates the self-energized sustainable cycle.
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Fig. 2.25 Off-grid sustainable air-conditioning system (Olmus et al., 2023)

Likewise, (Buker and Riffat, 2016b) proposed a similar self-driven air-
conditioning system, this time they employed liquid desiccant dehumidifier
with flat-plate DPEC to improve the indoor air quality as shown in Fig. 2.26.
They manufactured a prototype for the proposed system. The results from the
experiments showed that the cycle can provide 10 MWh electrical power per
year with a cooling load and generated heat of 5 kW and 3 kW, respectively.

More details about their results are provided in Fig. 2.27.
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Fig. 2.26 Sustainable air-conditioning cycle (Buker and Riffat, 2016b)
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Zhou (2021) studied the potential of flat-plate DPEC that integrated with
solar-driven DW and compared the results with the conventional VCRS
systems. They investigated the thermal and energy performance of such a
system to provide cooling and heating demand for a building under the climate
condition of three cities of Australia with tropical, subtropical, and temperature
climate conditions. The results indicated that, under the tropical weather
climate, the cycle could not achieve 28.36% of cooling and heating demands,
while it could achieve 98% of such demands when the cycle operated under
subtropical and temperature weather climates. Ghosh and Bhattacharya
(2021b) Carried out design methodology and thermal analysis of flat-plate
DPEC assisted by LDD under hot and humid climate. They set the indoor
design temperature to about 25 °C based on ASHRAE Standard 55-2017 (2020)
recommendation. It was reported that the thermal COP of the cycle varied

between 0.32 to 0.96 for a year-round operating period.
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Fig. 2.27 Hourly variation of obtained results (Buker and Riffat, 2016b)
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Many researchers adopted the similar idea of desiccant wheel assisted flat-
plate DPEC through various airflow configurations, equipment placements, and
integrated devices in the light of improving the thermal and energy
performance and maintaining the indoor thermal comfort under a wide range
of regional climates (Chen et al., 2018; Delfani and Karami, 2020; Elsarrag et
al., 2016; Lai et al., 2022; Pandelidis et al., 2020b, 2016; Woods and Kozubal,
2013).

One study (Lai et al., 2022) considered freshwater production alongside
with cooling process by adding humidification-dehumidification desalination
unit (HDDU) to the flat-plate M-cycle integrated SDD air-conditioning cycle
under three air circulation modes: ventilation, half-circulation, and re-
circulation. The exhaust air from the M-cycle has been used by the HDDU to
improve the water generation. From the conducted simulations they found that
the water production rates were similar for all air circulation modes of around
52 kg/h. on the other hand, the recirculation mode showed the best cooling
performance of 7.91 kW which could maintain the temperature of the supply
air lower than 20.85 °C. More details about the selected studies in this regarding
can be found in Table 2.7.
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Table 2. Summary of the selected studies regarding the hybrid DPECs (Section 2.5)

Nature of the . Weather s
Study work Integrated modules Region condition Key finding
They presented numerical modelling and
Hot-humid, experimental testing of two stage desiccant
(Woods and Theoretical & . hot-dry, enhanced DPEC with 8 independent
Kozubal, 2013) experimental DPEC+DEC+LDD moderate- variables. They proposed a future
humid installation for the system to study the
energy saving potential.
A prototype of the proposed configuration
(Buker and Riffat, | Theoretical & | DPEC+LDD+HX+TES+DEC . was fabricated and tested. They analyzed
2016b) experimental +PV/T — Hot-humid the electrical and heat generation _from the
PVT. The proposed cycle can deliver 5 kW
of cooling and 3 kW of heating.
It was found that, when the proposed cycle
(Chauhan and E&t;nn(? dry, operated at 46 °C and 6 g/kg specific
Rajput, 2016) Theoretical DPEC+VCRS — moderate humidity, the maximum net monthly power
Jput, humi saving was 240.28 kW h indicating 7.2
umid -
years of payback period.
For each unit, they internally calculated the
heat and mass transfer and concluded that
(Chen et al., 2018) Theoretical TPE\C/:;I.CHLDDWESJ'HX — Hot-humid the required energy for the cycle can be
saved by 22.4-53.2% under various air
conditions.
It was stated that combined DPEC with
0,
(Duan et al., 2019) Theoretical DPEC+VCRS Beijing, China | Hot-humid VCRS able 0 save energy by up to 38.2%.
They developing a dynamic model based
on Energy Plus for the hybrid system.
They conducted hourly energy
(Zanchini and consumption, dehumidification, and
Theoretical M-cycle+VCRS+HX Milan, Italy Hot-humid ventilation using two different airflow

Naldi, 2019)

configurations. They were able to save up
to 38% of energy consumption.
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(Song and Sobhani,
2020)

Theoretical

M-cycle+PV/T+DW+TES+
heater+HX

Bandar Abbas,
Iran

Hot-humid

They used integrated PV/T-TES to provide
the heat for DW during daytime and
nighttime to improve the supply air quality
from the M-cycle. The total obtained COP
was 0.404.

(Wang et al., 2020)

Theoretical

M-cycle+PV/T+DW+TES+
heater+HX+HDDU

Bandar Abbas,
Iran

Hot-humid

They used similar system as (Song and
Sobhani, 2020) but this time they added
HDDU to produce freshwater from
seawater alongside with providing a
thermal comfort.

(Ghosh and
Bhattacharya,
2021h)

Theoretical

DPEC+ECT+LDD+HX

Kolkata, India

Hot-humid,
moderate-
humid

They proposed a desiccant assisted DPEC
which can maintain the indoor thermal
comfort specified by ASHRAE.

(zhou, 2021)

Theoretical

DPEC+DW+GHC+TES+PV/T

Darwin;
Brisbane;
Melbourne,
Australia

tropical,
subtropical and
temperate

The proposed solar-driven air-conditioning
was able to deliver 98% of cooling and
heating load under Brishane and Melbourne
climates, while it could not deliver 28.36%
of such demand when operated under
Darwin climate.

(Lai et al., 2022)

Theoretical

M-cycle+SDD+heater+HDDU

Hot-humid

By the insertion of HDDU into the
SDD+M-cycle cycle, they were able to
generate about 52 kg/h of freshwater
alongside with 7.91 kW of cooling under
hot-humid climate.

(Olmus et al., 2023)

Theoretical

DPEC+DEC+SDD+ PV/T

Adana, Turkey

Hot-humid

The proposed configuration was able to
provide the required cooling for the
building and electricity generation for the
cycle.

(Yang et al., 2024)

Theoretical

DPEC+PV

Fukuoka,
Japan

They cooled the PV panel directly by
adding a DPEC to the bottom of the panel
and noticed 16.4% improvement in the
performance.




2.6 CHAPTER SUMMARY AND KEY FINDINGS

I this chapter, a comprehensive and detziled literature revicw has been
carricd out covering all the aspects studied by the rescarchers, such as technical
aspects, methodology, performance enhancememt, and DPEC’s applications
with other systems for various purposes. A detailed chart for all the aspects that
have been investigated by the enormous number of literatures, which have been
reviewed in this chapter, has been established and presented in Fig. 2.28. After
a thorough review of the available literatures, it was indicated that majority of
the researchers emploved flat plate and commugated plate type heat and mass
exchangers, Consequently, a clear gap has been indicated and considered as the
research gap for this FhD project. The current PhD) work intends fo achieve
breakthroughs i cooling technologies and ensrgy saving through introducing
multiple wnovatiens for the dew point evaporative cocler that baven't been
addressed previously. lTherefore, 11 15 decded o conduct a deep-dive

investiganon mto this headline by implementing the following objzetives:

(1) Proposing a nove! shape for the DPEC that will improve the heat and mass
transfer process and enhances the overall performance of the cooler,
Further, it was aimed through emploving a new geometry the fabrication of
such a system made easy which was one of the biggest impediments for
globalization of such a high-performance cooling system for years due to
its complex design. For this reason, a shell and tube design DPEC has been
proposed.

(2) Developing an innovative water distribution system o distribuie the watss
Mlow evenly over the tube bundle ol the heat and mass exchanger. For ths
reason, cloth-sponge with perloraled copper luhes have been proposed.

{3) Employing @ new maleral Tor the evaporzbive sorbace thid possess ellecive
wiler absorphon and  distmbobion  charsclensbes. For this reason, o

symthetic ulmra-thim disposable mbleclnth s proposesd

_{55}_



{4y Ezrablizhing a dedicored numerical simulation scheme, first by formulating
n mathematical model that can predict the complicared heat and mass
transfer process in tandem within the HMX with least amount of
aszumption to clevate the model's accuracy. For this reason, the encrey and
mass balanee cquations will be cmployed and the governed diffzrential
equatiens will be discretized by the finite differenee method with forward
difference scheme inside the Engineering Equation Selver environment
using newton iteration methed.

(5} Validating the acquired data from the numerical simulation against the
experimental data te indicate the reliability of the numerical simulation
with the view of deploying the dedicated nuwmerical model for the future
applications,

{€) Asseszing the performance of the propesed system under a wide range of
operational and geometrical conditions so as (o assess the cooler's
performance amnd to identify the optimnm ceometrical sizes o be adopted

fior the mamifactoring process of tha system.
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CHAPTER 3

MATHEMATICAL MODELLING

3.1 INTRODUCTION

This chapter presents the inception for the geometry-development concept
regarding the dew point evaporative cooler based on the intensive numerical
investigation conducted with regard to the key performance parameters. Fig.

3.1 shows the selection procedures for the best performing DPEC.

[ Proposing a novel design for DPEC ]

!

{ Establishing a dedicated energy ]

and mass conservation based
mathematical model

!

[ Boundary conditions identification ]

!

[ Developing two numerical models: one ]

predicts cold-air and warm-water;
other predicts cool-air and chill-water

!

Programing a numerical simulation
coding in EES environment

!

[ Validating with the published experimental data J

to ensure the accuracy of the developed model

Case study 1: under a wide Case study 2: under wide
) Performance .
range of operational == =) range of geometrical
- assessment -,
conditions conditions

;[ Selecting the best ]A

performance criterias

!

[ Identifying the optimum HMX J

dimensions (sizing) as the base
for the system construction

Fig. 3.1 Geometry selection procedure of novel DPEC
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In addition, the following objectives will be carried out in this chapter:

(1) A novel design for DPEC will be proposed, sketched, and compared to the
conventional flat-plate type DPECs.

(2) Describing the working principle of the physical models.

(3) A robust mathematical model will be formulated based on the energy and
mass balance equations.

(4) Dedicated numerical model will be developed and computerized that
enables the prediction of heat and mass transfer process within the HMXs.

(5) The numerical model will be validated against the published experimental
data so as to ensure the accuracy of the developed model.

(6) A series of numerical simulations will be conducted so as to assess the
performance of the proposed system under different operational conditions
and geometrical configurations so as to identify the optimum dimensions
for the novel DPEC which will be employed for the manufacturing of the

system.

Moreover, the developed numerical simulation model should be able to

carry out the following tasks:

(I). Predicting cooler’s thermal and energy performance.
(I1). Executing exergy, entropy, and sustainability analysis of the proposed
DPEC.
(111). Determining the optimum sizing for the proposed DPEC and finalizing the
physical design of the HMX so as to be employed for the construction of

the unit.

The results obtained from the numerical simulation will be double validated

with the experimental data from the fabricated unit in Chapter 5.
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3.2 CONCEPTUAL DESIGN AND WORKING PRINCIPLE

After a thorough review of the existing literatures that has been carried out
in Chapter 2, it was noticed that most of the studies employed flat plates as the
base design for HMX. Therefore, so as to investigate other possible geometries
for DPEC, four new designs were proposed and compared to the conventional
flat-plate and corrugated-plate type DPECs. A 3-D graphical sketching
alongside with 2-D front shapes of the HMX are presented in Table 3.1.
Throughout the investigation, the concentric-tube design heat and mass
exchanger showed the best thermal performance among all the HMX types
(more explanations discussed in Chapter 5). Consequently, the concentric-tube
type has been selected and further improved with regard to feasibility for easy
construction. Therefore, it has been substituted with shell and tube design in
lights of easy manufacturing (i.e., design complexity reduction), maintenance,

and rigidity of the practical unit.

The flat-plate type DPECs has an impediment of limited heat and mass
transfer potential due to occurrence of heat transfer only in one direction from
primary channel to working channel (i.e., perpendicular to the flat plate), unlike
the proposed design from which the potential of heat and mass transfer has been
significantly increased as they occur in all radial directions. On that base, we
proposed a shell and tube design for HMX of DPEC, which has not been studied
previously. The proposed novel HMX consists of one shell (works as a single
working channel) and a preferred number of tubes (work as primary channels).
The selection of tubes number is based on the designed cooling capacity of the
system. Such a design made the construction of complex HMX very easy, and
the complexity impediment can be overcome. Besides, it could save time
during mass production owing to the simplicity of shell and tube configuration.

During the analysis, the energy and thermal performances of the novel DPEC
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ware investigated and compared to that of flat-plate DPEC under two air-water

flow configurations and different operational and geometrical conditions.

Table 3.1 Graphical representation of the proposed HMXs for DPEC

HMX type

Two-dimensional shape
of channels

Three-dimensional shape
of channels

Concentric
tube
(HMX-1)
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- 71 -



That being so, the formulation of the mathematical model and the working
principle of the proposed novel cooler will be demonstrated in this chapter,
thereafter, the development of the numerical model will be described. A 3-D
schematic representation of the novel shell and tube DPEC is presented in Fig.
3.2(a) with deeper illustration of individual primary and working channels pair
in Fig. 3.2(b).

o Inlet air chambaer
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i - Primary channel
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Fig. 3.2 Three-dimensional graphical representation: (a) Novel shell and tube
DPEC; (b) Individual primary and working channels pair

As illustrated in Fig. 3.2, the proposed shell and tube type DPEC consists
of one shell and preferred number of tubes (depends on the designed cooling
load). The cooler is divided into three chambers, namely, inlet air chamber,
working air chamber and product air chamber. The utilization of these
chambers contributes in uniform air distribution (at entrance) and accumulation
(at exit), alongside with facilitating the manufacturing process. At the

beginning, the unsaturated air enters the system from side/top of the inlet air

- 72 -



chamber and distributed uniformly onto the primary channels. This ensures
each channel earns equal amount of airflow. After these air streams been
cooled, the product air chamber accumulates the flowing air from each channel

and directs them out of the unit from side/bottom of the chamber.

Regarding the working air chamber, it houses the working air streams,
evaporative surfaces, and water spraying system. Once all the primary channels
covered with wick film (evaporative surface), then they are compiled and
enclosed by a transparent acrylic sheet to form the shell, which works as a
single working channel. Due to the absence of a working channel boundary
wall for each primary channel, a hypothetical boundary is considered for each
channel for the purpose of mathematical modeling, as illustrated in Fig. 3.2(b).
A portion of the unsaturated cooled air from the primary channel diverts to the
working channel/chamber through the perforations made in the tubes wall (six
perforations per each primary channel) prior to the product air chamber. Each
tube is covered by a wicking film that guarantees efficient absorption,

diffusion, and uniform flow of water.

For the proposed DPEC, a dedicated water distribution system has been
developed as shown in Fig. 3.2(a). It consisted of perforated plate, perforated
fabric-sponge, copper tubes, water pump, and rotameter (more description is
presented in Chapter 4). The water is fed to the fabric-sponge via perforated
copper tubes on top and flowing downward around the evaporative surface by
the effect of the gravitational force. A part of the downward flowing water will
be evaporated as it passes through the working air chamber due to mass transfer
phenomenon (i.e., evaporation process) and accumulated in the water sink to
be dripped out of the system. At the end, after the working air been processed
and nearly fully saturated via the evaporation process, it leaves the working air

chamber as exhaust air.
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3.3 AIR-WATER FLOW CONFIGURATIONS

The configuration of air and water flows inside HMX significantly affects
the system's performance. As illustrated in Fig. 3.3, two configurations are
proposed for both exchanger types. In Fig. 3.3(a), which represents the first
configuration, the flow directions of the primary air and downward flowing
water are parallel (cocurrent). However, in Fig. 3.3(b), which represents the
second configuration, the flow directions of the primary air and downward
flowing water are counter. Yet, the direction between the primary and working
air streams is kept counter for both configurations, and the water is always

flowing downward, as described in Table 3.2.
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Fig. 3.3 Air-water flow configurations: (a) parallel flow (PF); (b) counter
flow (CF)
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Table 3.2 System description according to air-water flow configurations

Air-water flow System

DASCgE configuration Name

Description

The primary and working airflows
are always kept in counter
exchanger direction. However, the directions
(STX) Counter flow (CF) | STX-CF | between the primary air and water
flow are investigated in two cases.
In the first case, they are in

Shell and tube Parallel flow (PF) | STX-PF

Flat plate Parallel flow (PF) | FPX-PF | cocurrent flow (i.e., parallel flow),
exchanger while in the second case, they are
(FPX) Counter flow (CF) | FPX-CF in opposite direction (i.e., counter

flow)

3.4 MATHEMATICAL MODELLING

This section is based on the first law of thermodynamics analysis deeming
the energy and mass balance equations as they have been employed to develop
the mathematical model which can predict the heat and mass transfer for both
STX and FPX type dew point evaporative coolers. Each primary and working
channel (refer to Fig. 3.2(b)) is divided into numerous amounts of differential
elements, explained in Section 3.6. The illustrations for each differential

element of both DPEC types are depicted in Fig. 3.4.

During the simulation, to conduct a fair comparison study, the volumes of
HMX of both systems are fixed, and the cross-section area for each differential
element of both systems is equally sized; besides, the primary channel’s cross-
section area is equated to that of the working channel. For the model’s accuracy
to be improved, within each differential element, conduction and convection
heat transfer through the channel wall and by downward flowing water are
considered, respectively, alongside with the thermal entry region consideration
for both primary and working air channels. The key assumptions of the
developed model are as follows:
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The surface of the wet film is considered to be completely wetted ( =1).
The velocities of air and water flows are considered uniform within each
differential element.

The system'’s circulating air is considered incompressible gas.

Iv. The physical interaction between the exchanger and the surroundings is
assumed adiabatic.

v. Variation of thermophysical properties in 6 direction are neglected, while
in z direction they continuously varying from entrance and exit of each
element.

vi. The heat and mass transfer are in steady state.

vii. The fully developed region is considered to be at constant surface
temperature.
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Fig. 3.4 Differential elements: (a) FPX element (top view); (b) STX element

(top view); (c) FPX element (3D illustration); (d) STX element (3D
illustration)
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Overall, within the heat and mass exchanger, heat is transferring from
primary air to the channel wall and thereafter from channel wall to the
downward flowing water, which is then released to the working air flow
through convection and evaporation processes. Fig. 3.5 shows the controlled
differential element, based on which, the changes in thermophysical properties
and the heat and mass transfer processes have been illustrated. For each

differential element, the governing equations are outlined below:

3.4.1 Primary Channel Airflow

The airflow inside the primary channel loses heat sensibly to the inner wall
surface by convection. Hence, the humidity ratio of the air remains unchanged.
In terms of heat balance, the total heat lost from primary air can be expressed

as
= - - )= (3.1)

where d denotes the rate of change of any parameters at inlet and exit of a
differential element. The convective heat transfer coefficient ( ) of each
element varies based on the location of the element in the flow path, which
depends on the flow regions. Concerning the thermal consideration for flow
inside a channel, two regions are available: namely, the thermal entrance region
and the fully developed region. Regarding the Reynolds number (Re), the flow
inside the primary and working channels were examined under a wide range of
temperatures, air flow velocity, and channel sizes, and it was found that the Re
in all the cases were below 2300. This implies that the flow is consistently
laminar. Thus, the thermal entry region (Zt) for laminar flow can be calculated
from (Cengel et al., 2022)

=C - - 20 (3.2)
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For the primary channel, the corresponding Nusselt number at the entrance
region is calculated with the following correlation (Baehr and Stephan, 2006;
Bergman et al., 2017):

754
_ tanh (2264 —¥34+17. —273)
tanh(2.432. ¥%. -X¥7%)

+0,0499. -tanh (=)

(3.3)

where Gz is the Graetz number, Gz=DH-Z*-Re-Pr. On the other hand, in fully
developed region, the Nusselt number is constant. This region is characterized
by being either at a constant heat flux state or at constant surface temperature
state. For the current study, a constant surface temperature is considered owing
to continuous phase transition of water (i.e., evaporation) at the outer channel

wall (Bergman et al., 2017).
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Fig. 3.5 Differential element applied for heat and mass transfer calculations

3.4.2 Downward Flowing Water and Channel Wall

The rate of transferred heat from the air stream in primary channel to the

inner surface of the channel wall is the same amount of transferred heat from
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outer surface of the wall to the downward-flowing water. In terms of heat

balance, the above statement can be expressed as
( = ¥, . =C =Y = =)/ (3.4)

where I'; is the thermal resistance faced by heat transfer from air stream in
primary channel to downward flowing water for each computational element,

which can be expressed as
=( 20 - - )FEC ) 2 - )T
«¢ 2. - ) (3.5)

=( - - )T+ (- )re(C - )T 38)

As it is affected by gravity, the downward flowing water film is highly
contributing in transferring heat between channel wall and working airflow
through evaporation and convection. Its thickness and convective coefficient

can be computed from (Stoitchkov and Dimitrov, 1998)

=vV@- - ¥yT?* ) (3.7)

—188. . ! (3.8)

3.4.3 Working Channel Airflow

For the current study, the analysis of the working channel airflow for the
flat plate type cooler is differentiated from the shell and tube type cooler. The
working airflow inside the flat plate exchanger is treated as internal flow inside
individual channels having rectangular profile, while the working air-flow
inside the shell and tube exchanger is treated as external flow with the
consideration of flow along a bank of tubes with the aligned-arrangement,

unlike the primary air channels, where the flowing air inside both cooler types
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was considered as internal flow. Accordingly, the Nusselt number varies for
each type as it can be calculated for shell and tube type exchanger with the

following correlation (Bergman et al., 2017)

- . . 036, ( _~ )025
~~ >07
3.9
[ ok ] (3.9)
=0.63

where Gt and G, are transverse and longitudinal gaps between the channels
(refer to Fig. 3.4(b)), and the Prs is evaluated at surface temperature.
Meanwhile, for flat-plate type, the Nusselt number can be computed with Eq.
3.10, which differs from the one used for the primary air channel owing to the
evaporation process inside the working air channel (Dowdy and Karabash,

1987; Heidarinejad et al., 2010; Lin et al., 2016)
=0.10 - (/)0.12 . 08, ¥3 (310)

where L. is the characteristic length and is equal to volume over area. Along
the working channel, heat and mass transfer occur simultaneously through
convection and evaporation, i.e., sensible and latent heat transfer. For working
air inside each differential element, its total energy change equates the sum of

latent and sensible heat gain from the water film which can be expressed as

= () - - = )+
( — ) (3.11)
=  + (3.12)
()y=+ (3.13)

Regarding Eq. 3.11, the first term of the right-hand side indicates the latent
heat transfer by evaporation, while the second term is the sensible heat transfer
by convection. Further, i. is the latent heat of vaporization which depends on
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the pressure at which the evaporation occurs. At the air-water interface on
evaporative surface, the air is considered fully saturated and its pressure is
equivalent to that of the saturation (Ps). Moreover, ¢s is the humidity ratio of
airflow near air-water interface where the saturation is dominant, and it can be
calculated from (Baehr and Stephan, 2006)

=0622- (T - () (3.14)

The saturation pressure of air stream near air-water interface can be
calculated by using the Goff-Gratch formula for T>273.16 K, as referenced in
(Junzeng et al., 2012)

— 1
og( )= 1 ( -+ - ()+ 3@ -1+ 5.
20 sCD—1)+ () (3.15)
where T = 273.16 x To1, and the coefficients (X1 — X7) are as follows:

X,=-7.90298, X,=5.02808, X,=1.3816x10", X,=11.344,
X,=8.1328x10"°, X,=-3.49149, X,=1013.246

Regarding the amount of heat transfer by the water flow to the outside of
each differential element boundary, it is equivalent to the total energy change
of downward flowing water for that element. In other words, it can be expressed
as subtracting the total primary air heat loss from the total working air heat gain
that yields the following equation

= = = (3.16)

As a result of latent heat transfer, a portion of flowing water is partially
discharged into the working air through evaporation. Consequently, diminution
occurs in the flowing water quantity that deems the evaporated water which can

be expressed in terms of mass balance as
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= - (=)= - ) 6w

Regarding the mass transfer coefficient (¢), based on the analogy between

the heat and mass transfer, it can be computed as

/= 2B (3.18)

= - ) (3.19)

3.4.4 Performance Evaluation Parameters

The performance of the proposed DPEC has been evaluated using thermal
efficiency, water consumption, cooling potential/capacity, and energy
efficiency. The thermal efficiency is typically characterized as dew-point

effectiveness () and wet bulb efficiency () that can be expressed as
= - YU - ) (3.20)
= ( o ' 9/( o~ Y ) (321)

The water consumption (i.e., water evaporation rate) can be calculated
using Eq. 3.17. Besides, the cooling capacity (Q) and energy efficiency ()

of the systems can be computed as
= @@= ) -C, = ) (3.22)
= ¢ + ) (3.23)

The electrical power (E) required by the fan can be estimated using the

following formula

=A . (3.24)
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where A IS the circulating air’s total pressure drop within the HMX that

can be expressed in terms of the major loss (A ) and minor loss (A ) as
(Cengel et al., 2022)

A =A + A (3.25)
A =05 - . . 2. 1 (3.26)
A =505.- . . 2 (3.27)

The value of the Darcy-Weisbach friction factor (f) relies on the rate of
airflow and channel’s geometry, f=N/Re, where N value is dependent on the
geometry, for instance, with regard to laminar flow, f=64/Re for circular pipe
and f=96/Re for a wide rectangular pipe (Cengel Y. A. and Cimbala J. M.,
2020).

In addition, K is the loss coefficient, and its value depends on the type of
the component the air passes through. Fig. 3.6 illustrates the corresponding
pressure drops along the airflow paths within the HMX of DPEC. As illustrated,
the induced airflow from the supply fan is equally distributed onto the primary
channels, thus all the primary channels assumed to have similar air flowrate.
When the air enters the primary channel, a sudden contraction loss (Kj) is
produced. By passing the inlet airflow through the primary channel, friction
loss (f1) is occurred due to viscous effect, then a fraction of the primary airflow
exit at the end of the primary channel as a product airflow from which sudden
expansion loss (K3) is produced. The remaining of the inlet airflow is diverted
to the adjacent working channel through the perforations as working airflow.
Tee-line flow loss (K3), Tee-branch flow loss (K,), and diversion loss (Ks) are
caused owing to the diversion of the airflow through the perforations to the
adjacent channel. Moreover, the friction loss (f,) is produced when the working

air passes through the working channel. Finally, due to exhaust of the working
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air to the environment, a sudden expansion loss (Kg) is produced (Cengel and

Cimbala, 2020). All abovementioned loss coefficients provided in Table 3.3.

Primary air path Product air path

\
Inlet sudden 1\, Primary
Inlet air —» contraction — Y\ channel loss -
loss coefficient friction factor
K1 fi

Outlet sudden
" expansion —
loss coefficient
[ €]

Tee-line flow - 1\
loss coefficient
Kz

— Product air

Tee-branch
flow - loss
coefficient
Ka

. . Working Outlet sudden
Diversion loss .
N channel loss - expansion — .
coefficient L. . » Exhaust air
Xs friction factor loss coefficient
f2 Ks
/

/

Working air path [—

Fig. 3.6 Total pressure drop within the HMX of DPEC

Table 3.3 Induced loss coefficient within HMX (Cengel and Cimbala, 2020)

coellzf?zisen t Value Description
K1 0.8 Sudden contraction loss of dry channel entrance
Ko 0.9 Tee-line flow loss of dry channel
Ks 2 Sudden expansion loss of dry channel exit
Ks 2 Tee-branch flow loss of the perforations
Ks 1.5 Diversion loss
Ke 2 Sudden expansion loss of wet channel exit

The required electrical power by the water pump can be calculated as
=A - (3.28)

The pressure loss of the water flow (A ) is considered for the water line

that connects the pump to the water distributor inside the cooler. According to
Cengel Y. A. (2020), the estimated fan and pump efficiencies can be considered
between 50% and 85%.
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3.2 EXERGCY, ENTROPY, AN SUSTAINABILITY ANALYSIS

This sectien 15 bazed on the second law of thermodvramics deeming the
cxerey and entropy analysis of the shell and rube design DPEC which relies on
the temperature (T) and pressurc (P) of the cooling process and the
cnvironment. These two parameters (1.0, T and P) are considered as the state
propertics. ard to obtain them, firstlv, the znalysis of the first law of
thermaodynamics must ke conducted to formulate the energy and mass balances
zquations for the DPEC, Regarding this matter, the ensrgy and mass balances-
based system of equation: has been developed for the proposed DPFEC as
pervasivelv explained. Subsequently, the state properties of the working fluids
{air and water) at any point inside the heat and mass exchanger channels were
acguired from the solution of the numerical simulation that been implemented
by EES software.

The prime distincoon betwaeen the frst and szcond laws of thermoedynamics
can be found in their essence statement about the cnergy. While the former law
comcerns about the amount of energy 2nd its conservation notion, the latter law
focuses on the quality and the flow direction of energy. The second low also
demonstrates the irreversibilitv of energy svstems and the natural tendency of
any thermodvnamical process towards the chaos and disorder (1.e., entropy

gencration).

According o Lthe second law ol thermedynamos, wilhon an enersy syslem,
the cvarliable amoant of thermal energy can be translomed o work omly when
termperatre grachent exists hetween the hot sovree and cold sk, However, nod
all the available thermal enerey con be 1% converted due o enerey
dissipation and entropy merzase which prevents the 100% efficiency of the
actual systems. The aforementioned statement of the second law of

thermodynamies is the key aspeet of the irveversibility of any thermodynamic
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process, Within a svstem, the irreversibility lends to redoction in excrgy, while

it tnereases the entropy.

S0 as 1o prescribe the working potential of the hot scurce, the grade or the
quality of the pertinent thermal ensrgy must be indicated, which is highly
depends on its temperature. This can be achieved by dictating the potential
exergy for the system. Both energy properties (exergy and entropy), can be
computed by the help of the second law of thermodynamics. Firstly, the exergy
15 considered as a physical propery of a thermodynamic system that uncovers
the available amount of its thermal energy with repard o a dead state.
Comunonly, the dead state, or i another word the 2ero stale, 15 refer 1o the

ambient or envairomment slale.

For the flow streams of the ecoler, the tetal amount of potential work is
acquainted as the flow-excrgy (Bejan A 2006, Y, AL Ceongel et al,, 2019). The
flow-exergy regarding the working fluids of the DPEC is separated for moist
air stream and liquid water stream. For maist air stream, the total specific flow-
exergy (2x,7) include thermal {ex,), mechamical {ex,,), and chemical {ex,)
cxergics which can be expressed as follows (Bejan A 20162 Chenggin et al.
2002a; Dincer L. and Rosen MLA., 2020)

EXqr = €X; + 8X,, + BX, (3.29)
£ry = (epq + 0y )To {} T =tn | (3.30)
€xm = (1 + 1.#3[]EIE+}R1TU.!H;—; (3.31}

ex; = RoTo [(1 + 16080 =t + 16080 o | (3.32)

e o I 12 4] 1 G,

where T, @, and ) arc temperature, humidity rato, and pressure with

reference 1o dead state, ¢, ,, and ¢, ars respective specific heats of dry air and
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water vaper, and R, is the dry-air's specific gas constant, On the other hand.
the total specific flow-cxergy for liguid water stream can be expressed as
{Blanco-Marigortz et al., 2022; Caliskan 2t al., 2012a)

expr = (brry — bumy) — (Semy — Sorgg)To + (P Paaeery J0riny
R, Taln () (3.33)

where i, Iy, 5 and 5, are enthalpy and entropy of saturated water liguid and
water vapor as a function of temperatures, respectively, P, is the saturated
water vapor pressure, v 18 the saturated Liquid water’s specific volume, R, is
water-vapor's specifie gas constant, and @y is the relative humidity at dead

srate cond:bon.

Under a particular enviromnment, winle e exergy delines the amount of
avanlable energy 1 a thermodynarme process, the dead stale s deemed as & key
marameler o delme the exerzy amount and epergy gquatily. The dead sbite
comes with other variant namcs, such as zero state and reference state. This key
paramerer has been econsidered differently by the rescarchers. Some studics
considercd the ambicnt condition as the dead state (Chenggin et al., 2002b;
Taufig ¢t al., 2007), whilz others conzidersd saturated state (100% humidity)
of the ambiznt as the dead state (Kashvap et al., 2020b; Lin etal., 2018¢; Wang
et al.. 2018), in addition, avionomous (random) boundary condition has also
been considered as the dead state by some studies (Caliskan et al., 2011:
Sadighi Dizaji et al., 2009a).

Nubseqguently, the exergy balznoe eguation [or the proposed dew pomi

gvaporatve coaler cun be wrillen as
EXmpur — EXcurpue T EXgestruction (3.33)

EII”F’” = 'EINI;.[" = E:{Iifﬁ = {.'IT.;‘!-]]'F!II:: i1 + E'ljl-,.ﬂm:ﬂ ‘33 5}
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; L E .ok vl T
'Exuu.tpu. = E':'*u (L TT} + Exu.ﬂ:ﬂ.! x .EJL'; oul = EXgou Ty + EXp cur My

l E'Ixj-'r:, “E'I'ﬁ‘rﬂt 1-3-3 '5}

- <k L - . s - & < b T
EXgocrruction — €X, 1My T €Xpntile; — €Xg ape Mg — BX g oMy

—&Xr ot Mhr out (3.37)

where £x,,, and E-’f_r.m are lotal exergy mpul rale of mlet air and water
strearns, respectively, Fxl . .*;';tﬁﬂm, and Byl 8 exerey outpul rate ol
product air, ¢xhaust air, and drain water, respectively. In addition,
F ¥ ypermmerian 15 the exerry destruction in the thermodynamic process durng
heat and mass fransfer inside HMX. Morcover, the specific exergies of

unsaturated air inlet (g%, ;). product air outlet (exg . ). and cxhauvst air outlet

H..-FH
(X e ) e can be culeulided wath the ollowimg comelishions as
it

in F*] + E,Tﬂm% +R,Toln(1 + 16080,  (3.28)
]

0

1"
o

LA & i (9
Elgim = ‘*rJ--'JT“( T
u

= e Tﬁ Wil ¥
S = .Mlﬁ[ & ’—1—£n ”]+R T it “as 4 p o7 dn(l+ 16089, (3.39)

[H
s 4 p*-
v t b AL . - e e Be B
exXgour = (com + 0o ,:I']',,( -1=in )+ (1 + 1.6080]", )87 in
% T T:I A P|_'
'_|_ I" 'v. |‘i'1.5-|:|3’.:|:| Hel: 1 ﬁ:a:ﬁ;""! it
+RaTr | (1 4 1.60BDS by.: M e+ L.6UBRIn— et | (3400

It can be observed that from Eq. (3,38) and Eq. (3.39), the humidity ratio
(@) 1s =et o zero, because the bumidity ratio along the prmary channel is
comstant and not vary (Caliskan el al., 2002b; Sadighn Deeap el al., 2019b;
Tuuhigetal., 200°7). On the ather hamid, the specilic exergy obinlet waler (e . ]

and drain water (exy gy, ) are caloulated with the fellowing correlations as

: i, ) ] ;
BXr g = Lbrerpny = LFiTuJ} 7 I-Lf-"lf-' fmy 5""»‘11:'} It

EP:'.-:. Z Fu_mr{'."“,:]ll I"_fl:i"_rll.“} - R Tgln () (341)

_{33}_



CXf opr = EEI.- o P Err.r.}} = ':5.' (7 oue) ~ Satrd | Tt

[P: ':'! <Y Fri"r“ul‘.rrf .Jnl_]J “fll._Ti' 'u'r_': = R"'Tr ||.1 {I:"-I] {3'42}

N0 as Lo assess the exergeuc perfonmance of the proposed DPEC, the exergy
elliciency needs W be demonstrated and analyzed. o an deal thermodynanmc
process, Lhe exergy elhoency s umly and can be as high as 1.0 owime o
absence ol exerey destruchon. However, 1nan actial process, msuie DPEC, The
irreversibihity 15 unavondishle due to mevitnhle exergy destructon occormence
durmng hear transter end water evaporabion. Accordmg o Rotlamwalis and
Mncer (M13], the exergy ethoency con be defined throuph three ditferant
approaches. The first approach states that the exeroy efficiency is the ratio of
cxerpy znined by the cooler to the exerey provided to the cooler. In this regard,
the gained cxergy i3 considered as the rate of cxergv change in the primary
airflow, while the provided exergy is considered as the input exergy by the air
strcam and the exergy of the water, The second approach states that the cxergy
efficiency i1s the ratio of the exergy content of the product air to the exergy
comtent of the interving water. The third approach states that the exergy
efficiency is the ratic of the combined exergy of the outlets to the combined
exerpies of inlets regarding the air and water streams. All three approaches have
been adopted by different literatures to demonstrate the exerpetic perfonmance
ol the system. For the curtent study, the thied approach bas been adoptled as this
approach redwce the efTecl of the dead sigle condinens and empowers Lhe
resulls o vary mere exlendedly due w the consideraian of the inpul parmelers
as expressed below (Cuhiskan et al, 20020 Kashyap et al, 2022¢; Koosar et
al., 2022 Sadighi Dizaji et al,, 2019b)

 Exg g+ Ex g YEE L

= =5
Hex = f;'-'lf,;"x, I-E.I_.",..:'I [J.q'-.?;

Pertinent 1o the exerpetic efficiency, the sustainamlity index plays a

significant rale i the manageinent and athzabion ef resources (e, water 2nd
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zlectricitv) efficiently, The sustainability index (8) of DPEC is a function of
cxerpetic efficiency and it can be expressed as (Caliskan et al., 2011; Kashyap
ctal, 20200 Kousar et al, 2022)

1

51 (3.44)

1—n i

Regarding the cotropy, it 13 considercd as a fundamental paramerer in any
thermodynamical processes which indicates the scale of disorder. In general,
entropy demaonstrates how much diserganized the energy inside a system and
It increases overtime. [nside the 1IMX of DPEC, some of the heat will be lost
due to irreversibility which is evenmally contributes to the generation of
entropy. In another word, the entropy generation inside DPLC is the escalation
of entropy as a result of irreversible coeling, evaporation, and pressure
recuction processes [Farmahini-Farahani et al., 2012; MAHIOUB ¢t al.. 2014;
Wang ot al. 201%b). Entropy gencration 1= & remarkable indicator for
thermodynamical optimization of DPEC, The entropy generntion [E':_w"‘.r 15 the
function of destroved sxerry to the tempemture of dead state which can he

oxpressad as

_ EXgaviruction A
Sgen = S [3.45]

3.6 BOUNDARY CONDITIONS

3.0.1 Parallel Flow Configaration

The boundary conditions tor the parallzl air-water flow configuration inside
the HMX are as follows (refer to Fig, 3.3 and Flg, 3.4)

Primary air channel;

Tr; |?=ﬂ = T_':_.:n 1 ||,'-"‘|’= | F= = m:'.n T"::I' |f=ll = ﬁ’:"q‘m '.1"'1'h:|
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Working air channel;
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A0.2 Counter Flow Conlienration

AR

]

My im °

(3.47)

(2.4%)

(3.49)

(3.50}

(3.52)

The houndary comdibions tor the counter mr-wiker Now contigrration inside

the HMX are os follows (refar to Fig, 3.3 and Fig. 3.4)

Primary air channel:

TElfhll s ."I::..'mr: I:E"l.v:-lj =g Pl Tfi&i:-u: = 'ﬂ; in " :] T ""1#:'

Talzms, = Vo ina B |zms, = Oy, Mg |zay, = g 4
Bla . Oiho Ay

v =0, ar = 0. & =3

Channel wall:

DT""" s ﬁT'"- | ik

JE =0 {}'I I.]E I E=mL I:}

_{ o }_

(3.53)

(3.54)
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Drovarnward flowing water:
Tj‘ lo=n = r‘r:f.irr.: "-'iflsrnll = ﬁ*f,j:i- ]'j-'-f lz=r = m;l‘.m — i (327}

Warking air chanmel:

— i o & | ¥ T 'y ¥ n_ ol uoW ¥ 5

Iy |e=0 = Tu.in = TuJum" " I:=I] ={ a=0r Ty |.'s==:I = Mgin AR (3.55]
(T 48 o L] CY ] ;-

Tu |a—£. - TH,.{.F'HJ--" @ E:—L oy I"r'f':.ll.u!.' Pu. |a:—L oy ‘n'.:,L':.u {.J'S?]

3.7 SIMULATION SET-UP AND GRID SENSITIVITY ANALYSIS

The governing differential cquations for the developed model were
diserctized by applying the finite difference method (FDM), and the forward
difference scheme was utilized as the inlet conditions were known. These
discrzte equations are then solved with the help of Newton iteration method.
The svstem of simultancous non-linsar egquations was implemented in
sngineering equation solver (tEES) environment. The coding of the mode! can
be found n Appendix A that can predict the thermal, energy. and exergy
perlormance ol the proposed DPEC under vanely ol peometneal  amd

operabional comdibions.

The thermodynamic propertics of air, watcr, and water vapor have been
computed using inbuilt functions of EES. After that, the grid sensitivity
analysis was investigated on various cell element numbers (from 30 o 750
clements for each individual channel) as shown in Fig. 3.7, [t was found that
the changes in product air temperaturs and thermal efficiency are within 2.38%
when increasing the element number frem 50 to 450, while they were within
0.12% when increasing the element number from 450 to 750, Therefore,
comsidering the time and accuracy of the trial computational results, 450

differential elements were adopted for each flow channzl.
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Fig. 3.7 Grid sensitivity analysis for the simuolatien

38 MODEL VALIDATION

Regarding maodel accuracy, it was validated using two approaches. In the
first approach, the developed model was walidated against three sets of
cuperimental results from the published literatures (Lin et al., 2018h;
Riangvilaikul and Kumar. 2010b; Xu et al |, 2017). Howewver, due te lack of
cxperimental rescarch studies on shell and tube type DPEC, therefore, the
developed model's accuracy has been validated by comparing it with flat plate
tvpe DPECs. which is fairly adequate because similar heat and mass balance
equations have been emploved for both shell and tube type and flat plate type
coolers in the current comparative study. Moreover, in the fizld of evaporative
coolers in general, the circular tubes have been considered by several studies
{Cui et al., 2023; Sun et al., 2023, 2020b; Wang et al.,, 2017), but they all
comsidered indirect evaporative coolers with cross-flow rather than dew point

svaporative coolsr, which have a complately different working principle from
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DFEC, During the wvalidatien, dentical geometrical and  operational

specifications have been adopted from the cxperimental studies,

The utilhzation of the first approach of validation is crucial as it ensures the
credibility of the developed numerical model and enables assessing the
propesed DPEC under a wide range of geometrical and operational conditions,
from which the optimum geometrical dimensions will be selected to be

smployed for the manuiacturing of the system prior to the expenimental work.

In the second approach ot validation process. the developed numerical
model was validated against the obtained resulis from the constructed vmit {i.e..
novel shell and twbe design DPEC unit). The exsct same geometrical
dimensions, weather conditions, and operational circumstances of the
cxperiments have been emploved in the numerical simulation model. A detailed
cuplanation for the simulation set-up and the wvalidation of the developed
numerical model with the experimental datz from both appreaches are
demonstrated and discussed in Chapter 5.

3.9 CHATTER SUMMARY

I this chapter, a novel design for DPEC was proposed. The new geometry
includes shell and tubg design for heat and mass exchanger of DPEC that will
umprove the heat and mass transfer process and surpasses the design complexity
of the comventional DFEC. Eventually, this contribuficn helps n future
wanufacturing and mass production of such & high energy and thermal
performance system. The working principle of the cooler along=ide with the

physical processes mside the HMX were explained modetan ]

To demaonstrated the full eapability of the proposed sysiem, two differcm
air-water flow arrangemens were studicd from which chilled water and eold

air can be obtaied: first, primary air strcam and water flow arranged in counter
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direction fo produce cold air and warm water: second, primary air stream and
water tlow arranged in parallzl direction to produee child warer and cool air, In
both eases, the direet:on between the primary and working airflows was fixed

to counter, and the watcr always flowed downward.

In addition, a dedicated mathematical model has been developed which
was based on the heat and mass balance notions. The govarming equations for
the phyzical model were discretized using finite difference method and coded
oto the Engineening Equat:on Solver software =0 as 1o perform the numerical
simulation. Prior to the constructon of the cooler, it was crucial 10 make sure
of the accuracy of the developed numerical mode results, because the size of
Lthe manafactured system s wlally dependent on the oplimurm dunensions
acguired Trom the theorebeal model. This approach prevents the under-sising
or over-sing the arflow chinnels that will sipmbeantly caose the degradabion
of the cooler’s performaence. Theretore, the expenmental vahidation wis
conducted for the developed model by comparing it with three experimental
data from published literatures under a wide range of geometrical and

operational circumsiances.

Furthermore, the model is able to cary out a comparabive analysis between
lhe propused DPEC and the Nat-plate type DPEC with regard o the key
perfvrmance paramelers, such as coohing capacily, engrey consurmplion, dew-
painl ellech veness, wel-bulb ellectuveness, energy ellicency, prixduct air
lermperalure, cullel waler lemperdune, waler consumphion, exerey destruction,
entropy generation, and coonler’s sustumability, The theoretical comparanive
imvastigntion ketween these nwo coolers 1s mandatory to show the superiority

of the neoteric DPEC.
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CHAPTER 4

EXPERIMENTAL WORK

4.1 INTRODUCTTION

This chopter is established on the acquired optimum design paramaters
from the numerical simulation. Thesz parameters will be employed mm the
comstruction of the proposed novel dew point evaporative cooler. The detailed
analysis for the scleetion of cach design paramertcrs will be discussed in the
subsequent seetion. Despite the selected materials and the equipment which arc
available commereial preducts. the designed heat and mass exchanger and the
water distribution svstem are original and innovative, The main tasks carried

out in this chapter are as follows:

1. Sbructural design demenstrzbion tor the proposed DPEC.
1, Matenals salecnion for rubes wall and evaporative surthce,
i, Step-hy-step procedurs of the fabrication of the HMK
iv. Protorype assembling, and sensors allocation.

v. Measuring instrumenis calibration

vi, Expcrimenis sct-up proparation.

At last, the uncertainty analysis of the experimental results will be carried
out, The ebtained results fiom the experiments will be presented and discussed

in Chapter 5.

2 SELECTION OF OPTIMUM DESIGN PARAMETERS

The construction of the physical prototvpe will be implemented based on

the optinum sizes of the channel gap/height. channel width, tube diameter, and
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axchanger length which have heen ebtained from the numerieal simulation. A
zet of numerical simulations werz carriad out based on the pre-ser parameters
showed in Table 4.1, During the simulation, thermal performance of the

proposed cooler has been investizated under a wide range of gecometrical sizes,

Tahle 4.1 Pre-set values for numencal simulanon

Parameder Iinit Valuc
Ambient air mperature 5 354045
ﬂt:llili;'. al menstuee conlenl kg L3
inlet air velocity s 1.2
Eatio of working 1o primany air - o4
Inler wrier emperanire i a3
[nlet waler Mowrste I'h EK
Woall amd 10 lm thackmess cim LERDE
Primary channel diameter Cim 05
Working channel widrh‘hoighs om 1
Chanmel length om i

Eeganding the channel length, the vanzbon of product an teraperature and
cowling load potenbzl ol the cooler amder the influence ol varymg channel
lemgzth fromm L2 moto 1.5 moare dlhsireled o Fie. 4.1 a0 three dilTerent mlet air
temperatures. As it can be seer, the product air temperature  reduced
dromatically when the channel length increased froom 0.2 moto 0.7 m due o
increased surthos area for hest and mass transter process. Afrarwards, when the
channel length increased from 0.7 m o 0.2 m, the preduoct air temperature
moderately reduced and this reduction rate became least effective when the
length incrcased more than 1 m. On the other hand, the impact of channel lenzth
on cooling load trend is significantly lower than its impact on product zir
temperature. Therefore, a channel length of 0.82 is deemed 10 be the optimum

length considering the size, weight, and cost of the system.
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Fig. 4.1 Effect of channel length on: (a) product air temperature; (b) cooling
load

Eegarding the mfluence of prnmary channel tube diameter and working
channel heighwidth on the cooler’s perlinmance, they bath presented m Fig.
4.2 Bolh design pararmeters are demonstraled m Fig, 3.4 back m Chapler 3.
Akl lustraded m Fig, 4.2(a), the prodact aor temperaiare s sracoally decressed
with increasing the wbe diameter until the tube diameter rcached 6.5 mm.
thereafter, the temperature started increasing substantially. The tcmperature
difference between 5 mm ané 6.5 mm diameter tubes is only 0.3 °C,
Conscquently. & tube with 5 mm dizmeter has been selected as optimum choice
considering the size and weight of the cooler, Morcover, the working channels
are considered to have hypothetical square boundary layer (as illustrated in Fig.
4.3), thus, the height and width of these channels are equal. Fig. 4.2(b) shows
the effect of working channels height and width on coolers performance. 1t can
be observed that the product air temperature continucusly increases with
increasing the height or the width of these channels, while the dew point
efiectiveness trend is less affected. However, when increasing werking
channel’= height and widih, the size of ihe system significantly 1ncreases,
therefore, the middle option (10 mum) has been selected as the product ai

Lemperalure vanes by £1 “C when compared wilh the masimum and monmam
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considered width, Therefore, the final selected optimum design dimensions to
be used for the manufacturing process are shown in Fig, 4.3, Morzover, the
identification of channzl numbers is only affeeting the cooling lead of the
coolor, while it does not have any cffcer on the product air temperamure and
drzined water temperature, Accordingly, 300 channels have boen sclected for

the cooler that arranged in 15 rows and 20 columns,
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Fig. 4.2 Product air temperature and dew point effectiveness variation under
influence of: {a) primary channel diameter; (k) working channel height/width
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Fig. 4.3 Optimum dimensions employed for prototype construction
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4.3 STRUCTURAL DESIGN

The preposed DPEC i3 mainly consisted of 2 quinteszsential heat and mass
exchanger, supply air axial fan, exhaust air axial fan, watcr pump, and watcr
distributer. The supply axial fan drags the ambient air into the primary
channels. Inside the primary channels the air will bz processed by sensible
cooling process and loss the heat to the wkbes wall. The processed air is then
supplied te the conditioned space for the purpose of the air-conditiening. The
extracted heat from the primary air is then transported through the tubes wall
to the ¢vaporative surfaces, afterwards this heat deployed into three parts, Two
parts of it absorbed by working air via sensible and latent heat transfer and
leave the coaler by the exhaust air, while the third part is absorbed and carried
out of the cooler by the flowing water as drain water. In additior, the working
air 18 a diverted air from the primary channels o the working channel through
circular perforation by a specified ratio (called aw ratio) to perform further
conling. This mechanism 1s what distinguishes the DPEC from other types of
svaporation based cooling machines (1Le, cdircct and indirect svaporative
coolars) and pushes the DPEC 1o its furthest potential and bring the ambicnt

dry-bulb temperature towards its dew-point icmporature.

4.4 SYSTEM CONSTRUCTION

After the determination of the optimum design parameters by the numerical
simulation, ic., primary channe! diamerar, werking channel height and width,
and channcl length, they have been emploved for the subsequent stages of

comstructing the cocler,

4.4.1 Material Selection

Due o the extreme thimmess of the channel wall, the heal elTorlessly

Lransler [mam prunary channel W the working chanmel. Henee, the imatenal type
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is futile when it comes to the hear transter resistance. In this regard, o
polyearbonate drinking straw tubes have been nominated for building the hemt
and mass exchanger as shown in Flg, 4.4 Eight different ke tvpes have been
investigated, cach has differcnt hardness lovel and wall thickness, The onc
marked in a red rectangle has been chosen which has thinnest wall with (.15
mm and most appropriate diameter of about 5 mm, and they are characterized
by light weight, rigiditv, and low cost as illustratzd in Fig. 4.5.

Fig. 4.4 Candidate tubes for HMX formation

In adilitiom, the ubilized meterials for the evaporative surfaces regmred o
has hiph absomphivity and diffesivity capabilities, alonpside with ol -thin
profile. For this renson, afier a deap search for appropriate material, disposable
tablacloth has been chosen. The selected disnosable tablecioth is consisting of
two distinet layers with only 0.03 mm thickness. The first laver i3 a super thin
plastic layer that is significantly soft 1o touch. This softness ensures minimum
air gap formation when wrapped around the tbe. While the sccond layer i3
made of paper which has 2 high water absorption and diffusion characteristics.

Fig. 4.6 Shows the employed tablecloth for evaporative surface. These two
-.E 1071 }-



layers are strongly bonded together, ond the plastie layer aveids the destruction

and removal of the paper laver.

Fig. 4.5 Selectzd material for primary channels: (a) drinking straw tubes; (b)
tube diameter; (c) tube wall thickness

Fig. 4.6 Selected matenal for evaporauve surface: (a) disposable tablecloth
rele: (b dual-layer constitution: (¢) both lavers thickness

Revarding (the tape type used Tor jomming taao neszhbormge tubes and Lo allix
the evaporative surfaeces Lo the ebes, several bvpes have been mveshizabed and

the double-sided translucent paper tape has been selected tor s ulira-thim
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profile. The HNOX has been enclozed by transparent ncrylic sheets to prohibit
the heat and mass tronafer with the surrounding ambient air and to give rigidity

to the cooler.

4.4.2 Primary Channels Construction

The primary channels are bazically formed by connecting the drinking
straw tubes. Each straw has a length of 21.75 cm and it requires the attachment
ol 4 tubes W fonn one prunary chanmel with 87 e lengith, Nevertheless, anly
85 v remzin [romm thal length as T oem el wp and bottoan ol each lube mserted
il the mlel ar and produecl s charmbers Tor welding purpose, respectively

(see Fig. 3.2}

S0 a3 to prevent the curvature of the connected tubes and cnsure their
straightmess, the tubes have been placed ente a circular matal bar with 4.8 cm
diameter as shown in Fig. 4.7(a). Afterwards, the four wbes are connected with
gach cther by a double-sided translucent paper tape having 1 em width (refer o
Fig. 4.7(b)). The utilized paper {ape 1= characterized by ulira-tun profile, super

adbesive, and hard e np (presented i Fig, 4.7(c)).

Fig. 4.7 (2) Tubes placed on metal bar; (b) Bording of two adjacent tubes; (¢)
PDouble-sided ranslucent paper Lape
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4.4.3 Evaporative Surface Formation

The procedures of evaporative surfaces formation on twop of the primary

channels are illustrated in Fig. 4.8 and the steps arc as follows:

{1} 50 as to rap the dual-layer tablecloth around the fubes, the tablzcloth sheets
have been sliced into narrow stipes with | cm width as shown in Fig. 4.8(a)
and (b). Sumilar to tablecloth sheets’ length, each stoip bas [ cm length,
wlile the comnecled tubes require 130 cm long stpes o be coverad
enlirey.

{2y Thus, twa stripes (100 cm and 20 em) have been atached with @ small 11
em® paper ape (reler o Fig, 4.8(c)).

{3) The mpimg process started rom top ot the tnbes o bobom so as o give a
spital shape to the evaporative surtace. This will help in seamlass warer
flow alomgz the strips. To do so, first & 1 em paper tape has heen stick to the
top and bottom of the twbe to mount in place the strip ns can be seen in Fig.
4.8(d). Then. the strip sticked to the tape and started rapping (see Fig. 4.8(¢)
and (F)). In between the top and bottom sticked strip, the strip sticked to
three more 1 cm tapes at tube bonding joints. This gives extra grip to the
evaporative surface with the tube which guarantees overcoming the 1ssues
like removal or waging of the evaporative surface during the operation of
the system.

{4y After rapping the strip, the evaporative surface integrated primary channel
15 finally mamfactured as presented i Fig, 4.8(g). This process repeated
300 times for all 300 wbes w be prepared for the next stage wlich s the
deployrent al these tubes over the precisely perlorated plates e compose

the: heal and mass exchanger.

_{10.-1}_



Fig. 4.8 Evaporative surface formation procecures
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4.4.4 Puncturing the Perforations for Air Diversion

Irzide the working channels. for the working airflow 1o be available, a pan
of the primary airflow in the pnmary channels needs to be diverted to the
waorking channels before it leaves the primary channels te primary air chamber
as product air. For this to happen, six perforations have been made in cach tube

prior to the water distribution location.

I'he ressons belind selecting six holes rather tan lower nwnbes were Lo
perim L seamiless e diverswon and 1o redece pressure drop ocourrence through
Lhese perlomtions. Each hole hes o coreclar shape wilh 2 i diameler which
wis made by a saldenng device as lustrated m Fig, 4.9 The six holes divded
om i three columns around each tube, and each column holds beo perforations,
The distinct feature ohous using seldering device rther than other punchuators
is that during punching process, due to the high remperafure of the deviee’s tip.
hath the tube wall and tablecloth are fused together which gave an extra grip to

the evaporative surface.

Pedarations

\
S

Fig. 4.9 (a) Six perlomtions m theee columnes, two per each columog (b 300
perforated tubes
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4.4.5 Water Distribution System Design and Fahrication

For the proposed DPEC. a dedicated water distribution system has been
designed which 13 able to distribute water cvenly over the 300 cvaporative
surface imtegrated primary channels, The innovative water distribution system
made sure to bring adequate water for each evaporative surface and wet the
entire surface of the cuter tube. The first water distribution system was made
from plastic {polycarbonate], but it was a fatlure attempt as it was fragile and
could not with stand the weight of the water inside the system, besides, making
a numerous small holes in the tubes all with same diameter as watgr dripping
points was unattainable. Therefore, in the second attempt, copper tubes have
been utilized in this regard and it fixed all the aforementioned issues. The
propesed water svstem 1= consisted of one copper header, eighteen copper
tubes, sponge cloth sheet, one bed plate, a water punp, and a fow regulaton
{rotarneter). Each copper tube contams 14 small holes with 0.75 mm diametar.
It wos made sure that all the holes hove the exact same dinmeter sp os every
tubz permit the same ameount of water flow. The boles have been made with o
drilling machinc. The distanee berween cach twio holes was | em to meet the
designed diszance where cach hole provides warter 10 in berweon 4 exterior
surfaces of the tubes.

Moreover, a sponge has been used to spread the water evenly i between
the tubes. Several types of sponges have been put into the invest:gation.
However, many of these sponges possessed seros problems, for example, the
cellulose =ponge naturally could not absork the water, it must be pressurized
and depressunized so 2= e absarb the water 25 shown m Fig, 4100 Ax can be
seen, # water dreplel placed on op ol the sponge Tor 30 mimules, vel il remaned

stitbionary withowl heing absorbed by the sponge.
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Fig. 4.10 Ccllelousc sponge tested for water absorbtion

In the secomd attempl, i super absorhent cellulosetootion sponee has been
tessterl. This rype was able o0 absorb the water nalurally, however, 11s mapor
problem was that it got hardenzd andé shrinked by 15% after it went dry az
shown in Fig. 4.11. This issue lzd the twbes of the HMX to bend.

Soakad with water After heing dried out

Fig. 4.11 Celluloze  cotton sponge under the test

In the last attempt, a super zbsorbent 50% polvester 50% viscose cloth

zponge has been tested. This tvpe could overcome all the above-mentioned
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problems and was able to naturally abserh and distribute water imstantly. It has
been emploved for the wartar distribution svstem. First, it was resized 1o 20 cm
* 15 cm o fit the HMX and perforated by office paper perforator. The size of
cach perforation was 5 mm which was cnough o let the wbes go through. Fig.
4.12 shows the prepared parts for the water distribution system construction,

Fig. 4.12 Prepared parts regarding water distribution system

After the employved sponge has besn perforated with 300 holes, it was
placcd on the bed plate. The bed plate was perforatcd with the same number of
holes in a wayv that cach hole from the sponge and the plate aligns. Besides, the
halzs in the bed plate were larger (2bout 7 mm) to lot the water passcs through
themn by the effect of the gravitational force. The implemented holes in the bed
plate for system construction relative to the water distribution system are
prezented in Fig. 4.13. That being so, the water dripping from the copper tubes
holes onto the cloth sponge, the cloth sponge distributes the water evenly

among the tubes and when it gets fully soaked, the excess water falls down
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thronzh the bed plate’s perforations nlongside the evaporative surface, Finally,
the remained water [unevaparated ) drops down imto the water sink a1 the bottom
of the HMX to be discharged out of the sysiem.

Fig. 4.13 (a) Bad plate {upside down}; (b) 7mm holes in bed plate; () holes
made m front and back acrylic sheets for copper fube nsaition

4.5 SYSTEM ASSEMBLY

The fabricated tubes must be installed with 10 mm apart 50 as 1o produce
hypothetical working channgls boundary in between them. This is made
possible by top and bottom plates that are perforated with 300 holzs and these
holez are perfectly aligned to ensure the prumary channels straightness, The
process of puncturing has been conducted through several =tages. Fust, the
designed dumensians of each square elerment {1 cm = | cm) wene skeiched on a
paper @ shown mm Fig. 4.14{a) (the blue squares) and the placement ol each
perforatiom was precisely marked as shown m Figo 4.14(b) (the red milerszcted

limas).

Fig. 4.14(¢) illustrates the aligned top and bottom plates prior to the
perforation process which was made by a drilling machine, and the final look
of the perforated plates are shown in Fig. 4.14(d) and [e). Likewise, the
perforations regarding the bed plate of the water distribution system were made
with the same procedures.
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Fig. 4.14 (a) Element framing; (b) Tubes location determination, (¢) Aligning
top and bottom plates, (d) Perforated plates. (¢) Finished plates with
referenced dimensions
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Afterwards, the acrylic sheet has been designed and cut in to pleces
according 1o the HMX dimensicns to compose the structure of the svstem as
shown in Fig. 4.15(a). In add:tion, aluminum bars werz emp oved to hold the
plates in place and to give the cocler's structure an cxtra rigidity as can be scen
in Fig. 4.15(b). All thc acrylic sheets, including the aluminum bars. have been
welded together using 2 super adhesive glue which was characterized by instant
solidification and high bonding strength; besides, bolts and nuts have keen used
as well regarding this matter.

Fig. 4.15 (a) Prepared acrylbc sheets iy compose the cooler™s strocture; (b)
Coaler's structure reinforced with aluminum bars

Thercaficr, the perforated cloth sponge has been placed on top of the bed
platz, then the fabricated mwbes were inserted into the system one by one (as
shown in Fig. 4.16(a)), and they have been glued to the plate 1o avoided the
displacement and fluctuation. The outer circumference of cach tube that has
been inserted into the inlat air chamber was glued all over to ensure the sealing
=0 as the accumulated water at the sink does not leak (refer to Fig. 4.16(b}).

Subsequently, when all the tubes have been placed in the cooler to form the
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HMX, then the water distribution system has been integrorad into the system
by inseriing the perforated copper tubes n between the mounted primary
channels/ubes on top of the cloth spenge. All the insertion points of the copper
thcs have been scaled with transparent silicon glue o provent any air exchange
between the HMX and the swrmounding, The final shape of the warcr
distribution system 1s presented in Fig, 4.17.

Fig. 4,16 (a) Tubes insertion into the systen (upside down); (b) Glued wbes
te prevent leak ape

Fig. 4.17 Dedicated water disteibution system for propozsed DPEC
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Regarding the air ducting system thar delivers the airflow inte and carries
it away from the HMX, several components have been purchased, and others
have been hand meade as presentcd in Fig., 4.18. The utilized eomponents
include different sized fittings, T-joints, clbows. air dampers, and reduced duet
wedges. They were designed in a way that all the channels reccive the
cquivalent amount of airflow which 1s fundamental 1o ensure cach primary and
waorking channels pair produce the similar thermal performance.

Fig. 4.18 Air ducting components

Cventually, after preparing and constructing all the required parts. they
have been assembled tegether to form the final cooling unit as can be seen from
Fig. 4.19. To acquire the accurate results and to minimize the heat exchange
with the surrounding, all the ducting system have been coated with a thermal
insulation layer doring the test,
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Fie, 419 Conslructed 57T X5 - [2PEC

4.6 EXPERIMENT SET-UP
4.6.1 Air Handling Unit Design and Construction

S0 as to conduct the experimentations under a wide range of ambiznt

conditions, therefore, an air handling unit (AIIU) were designed and
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manutactured to generate n desired weather condition for rhe cocler. A
schematic diagrom of the AHLI is shown in Fig, 4.20. The constructed AHL
includes one clecirical heater, onc humidifier, two a:r dampers, two air filters.
and several ducting components. Thus, the fabricared AHU could produce a
summer-like condition for the cooler, besides. it can simulate the inlet air 1o a
desired humidity ratio for the purpose of testing the unit under humid climate

condition,
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Fig. 4.20 Air handling unit prior to the DPEC entrance

The dew-point temperature was sclected as the base parameter for the
cxperimentations as it is the crucial parameter for indicating the thermal
performance of the DPEC, Morcover, the procise air temperature obtained
through the organization of the air dampers. The first air damper is placed prior
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to the heater, and the second one is placed atter the heatar to regulate the nmount
of intake air through which the air temperaturs can be controlled to the desired
limit. In addition, a 1500 mm pipe has been vtilized in the AHU prior to the
DPEC which is cnough length to vicld & fully developed air flow o cmphasize
an even air distribution over the primary channels of the HMX (Xu ctal., 2017).
The purposc of using the air fan inside the AHU was to compensate a part of

the pressure lose cavsed by the ducting,

4.6.2 Measurement and Instruments

The deployment of the parameter measurement instruments is illustrated in
Fig. 4.21. This schematic diagram is the exact replicant of the experimental set-

up for the measuring instruments.
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Fig. 4.21 Parameter measurement instruments crganization

As it shown, the inlet, product, and cxhaust air temperature and humidicy
measurement sensors were located right at the entranee and exit poinis to
acquire a precise measuremaent before the zir potentially exchange any heat with

the ambient, Détails of the measured parameters alongside with the emploved
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instruments for their measurements have been presented :n Table 4.2, The table

also includes the mensuring range, resolution, and accuracy of each instrument.

Table 4.2 Experimental measurcd parameters and cmployed instrumeonts

Farameter _E'mp‘myed MEASIEINE Hesolation Accuracy
inslrument rangee
Ambient air dew-naint
and dry-bulb Fro‘sh, MT40:4  -10--50°C 0.1 2C ] *C
temperature |
Ambicnt ﬂ.l-l'.t'tlﬂtl"v"l:‘- broski MT<4014 0 - 100% 0.1% B H Lam
_ humidity _~_EH
Inlet air éry-bulb K-lype ?
400 = N e =054
temperature thermecouple g ' =
Inlet air rz ative STC-3024 O [ 00y £ P
humidiry hygrometer RH 0.1% RH 20.1% RH
: ; W ane-Anzinome g =5 nivs o
- X - AN e <
Inlet air velocity UNI-T (UIT363) 0-30 m's i1 m's +5% of mading
Prochuct an dry-bull Bo-lype W z i
temperahire thermeconple (Rl Te L% =0.3%
Product sir relative STC-3008 0 - 100 o
hurmidity | hygrometer FH b =
i : Wane-Ancmomaotor / =005 m/s o
Product air velocity UNI-T (UT363) 0-30 s 0] m's +5% ol wading
Ehaust i dry-ull o 0-400°C | 01°C ~0.5%
temperature thermecanple
Cxmaust air relative STC-3028 O [00% - Y
hurmidity hygrometer BH 0, 1% EH 1% EE
y ! Woane- Ancmomeicr : . 0.5 m/s or
; Frh Eo {1 s : : ‘ i
Badmust air velocity UNLT (UT383) | 0w | Imds ge of seading
Feaol waler leniperatures ‘.-’EILE!' ;’rﬁAFT ~EDE;-{: A0 0.1 % =0 ¥z
Drrain water | VOLTCRAFT  -200-137
i o
femperature K101 “C ik A
Yariable arca
Frod water flawmin Rotwmeter (FT1 I:irl_nfﬂ — 5% of reading
SERIES 630}

Moreover, Fig, 4.22 demonstrates the visual representation of the utilized
mstruments  for the experimentations, The measuring instruments -were
calibratzd prior to their usage for data acquisition. For the experimentation,

regarding the temperature measurements, K-tvpe thermecouples (FT100) has
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been used to measure the inlet, product, and exhanst sir drv-bulb remperarores
as snown in Fig, 4.22(a) The utlization of this type of tempersture meaasuring
instruments 13 accuraic enough for such application and it has been widely used
to monitor the thermal perfermance of DPECs. For humidity measurement,
STC-3028 hygromcter has been employed to monitor the relative humidity
variation at inlet, preduct, and exhaust vents of the cecoler (refer to Fig.
4.22(b}). Furthermorz, a hand held Pro'sKit MT-4014 has been utilized to
measure the thermophysical preperties of the ambient air, such a3 dry-bulk
temperature, dew-point temperature, and relative hurmadity (see Fig. 4.22{c)).
Similarly, for feecing and drain warer temperatures, 2 hand held VOLTCRATT

K101 thermocouple has been employed as illustrated in Fig. 4.22(d).

I'he veloeily measurement carmed out al & locaben where the lenzth of the
mbes were about 13 omes the dumeter of the lube o emphasiee the Tolly
developed air stream (Xu et ol 2007 This way, aceormate velocity maasuring
process can be obtained and 2@ Vane Anemometer (UNI-T (UT363)) has been
employed for this matter as shown in Fig. 4.22(e). For water flow measuremant.
a variable area acrylic tube Rotameter has been utilized that futures the
integrated flow regulation valve to precisely adjust the water flowrate to desired
acale (demonstrated in INig. 4.22(f}). The K-type thermocouples wers connected
to the data logger (refer to Fig. 4.22(g)) which was programmed to read and
save the data each 5 seconds imterval, Thereafter, the acquired data were
transferved ta the computer for future analysis. During the experimentation, the
operating parameters, such as temperaturs, humidity, and velocity, of the inlet
air wers confrolled via adjusting the heater, humidifiar, fan, and air dampers to
the de=igned condition for each test, more explanation can be found in Chapter
5. All the measuring nstruments were calibrated poor o the experinental

wark, more detail about the calibrabion ol the sensors can be lound m Appendix

A2

~§119 }-



Fig. 4.22 Instraomants nsad tor paramersrs measurement: (o) K-type
thermocouple: [b] STC-3028 hyvgrometer; (<) Pro’sKit MT-4014; (d)
VOLTCEAFT K101, (&) Vane Anemometer UNI-T [UT362), [1) Variable
arzan Rotamerar, (g) data logger
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4.7 UNCERTAINTY ANALYSIS

Dwiring the data acquisition in the cxperimental work, the uncenzinty of the
measured data is inevitable which is potentially caused by various sources, such
a5 human factor, measuring instruments, and experimental environment,
Thercfore, conducting the uncertainty analysis for the experimental data is
imperative. In the current research study, the uncertainty of the measured data
caused by the measuring instruments error factor. One of the main objectives

of the uncertainty analysis is to quantify the accuracy of the measuring process.

For the purpose ol overall uneertunly cilealzbon lor the measored data,
hath Lypes of patenbal errors Bom the sensors have been comsiderad, numely,
the systematic error and random error which are occurred from the physical
measurement, connections, and datn processing systems (Willink, 2022 Xu el
al., 2022} The everall uncertainty (L) was ealculared by Eq. (4.1)

e 2 & -
i, = \ 0, + O 4.1
where L7, 1s the random or precision uncarainty, and O, is the systematic

or Bias uncertainty. The preecision unceriainty i a function of standard

deviation (507) that can be caleulate as

TN -2 .

5p = [|H=ri 4.2)
v =1

U, =580-N-"3 4.5}

where x; 15 measured parameter, ¥ is the mean value of the measured
parametsr, and & is the number of measursment times. Moreover, the Dias
uncertainty, which is claimed as the resolution or error of the measuring

instrument, can be caleulated as

Uy = Eige * 375 (4.4)
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where £, 13 the maximum crror which is permancntly given by the
manufacturer. The results from the uncertainty caleulation are presented in
Table 4.3,

Table 4.3 Uncertainty of the measured parameters

Maun Haodsm Fimmilloral Hias serell
ingupondent paramaler valpg wacertainty | govisrion ®8cecfaindy un<criainty
x Liy 4D [ (e
: - = £, [0F A
= i ¥ [ O i
Inlen air eemperatuss (°C) 40, 0.1 0245 0.165 (140,
' - : 5 +0, 186 °C
s | o 4 £
Produet wir empesaiure {"C) Zi1E 0005 = o, [t 0,165 +.88%
i =
Dxtaustair temperature () [ 265 wd4 | o3e0 euss | IO
; P ; = =L 14E 5%
atit . L & el 1 T F|
Irilen air relotive homidity (%0 2376 0.143 AR Al 0.033 6]
- wr
Prisduct wir relative humidity (%) | 6906 0211 AT T e
(.31 %
Exnaust air relative husidiry (%) | 9962 0.1 (249 TEE ;'E ’l‘.':__:“:
=
Inilet aie veloeity (ms) 136 0024 0084 00028 *iz'ﬂfs’
y Lo el ey o =032 mt
Procuet cir velocity (m/s) 1.26 0023 0033 0.0220 £3 8400
= S o .01 ms
Exlaust an velcgily [on'sh DEG 0027 160 00143 +3.6]%,
: L1117k
ot wEb cil. R E ! K RS
Inlet weter flowrate (1) 15 151 AR 0.1r LLTRY,

Table 4.4 Uncertainty of performance parameters

Performanee parameter Owerall omecrrainry 1
o , RO 0
Wet-bul tiv 2
sl 401 76% of £,y
0. Tod% o

S %
Dew-point effzctiveness () 0.978% of £

+4.657 W ur
+4.43% of (),

Cooling capacity (W)
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CHAPTER 5

RESULTS AND DISCUSSION

3.1 INTRODUCTION

[n this chapter, fust, the developed numerical simulation modzl will be
validated against the obtained expernimental results from the published Iiteratures.
The results From the companson will be presented and the deviation rates wall be
demoan-trated. Thersaller, reparthing the manulactured umt, the obiamed resolis
from the expermentiabions will ke presented, analyesd, and discassed by
caomparmg them o the resulls fromme the simualabons execulzd under the dentical
hennidary comdibions as the expenimentibons, thus the accunzey of the developed
mathematicnl maodel can he further nssessed. Morzover, a thorougzh numeneal
mvestigntion will be carried out so a5 to dive deep into the parametrical analysis
and extensively investigating the effect of each geometrical, climatical. and
opetational parameter: on the thermal and energy performances of the innovative
DPLC. Turthermore, to show the superiority of the proposed DPLC, itz
performance comparsd to the widely used flat-plate type DPLEC for both possible
air-water flow configurations, For this reason, the first and second laws of
thermodynamical analvsis have been adopted to demonstrate and compare all the

performance aspects of the proposed DPECs.

5.2 MODEL VALIDATION WITII PREVIOUS STUDIES

In this approach, the develeped numerical model was valicated against three
sets of experimental results from the published literatures, namely, Lin ot al.

(2018 ., Xu et al, (2017, and Riangvilzikul and Kumar (20106). During the
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validation process, ident:cal geometrical and oparational specifications have been

adopted from the experimental stodies as shown in Table 5.1

Table 5.1 Descriptions of the published experimental studies

— Tl Rl
Snudy bierhod — | Expermenmal | Expermental | Experimentn)
Samiam ype — | DPEC-FPX | DEFEC-CFX | DPEC-FPX
Cliannel bength c | G0 [N [ 20

Channel height/gap em |03 s (1.5

H=W of each corrugetad wave  om [ 0285116 | —

Ambienl z2ir lemperalure 2| 3040 2637, 25-43
Ambient 2ir hundity ratio whke | 10512 HoH=18.48 689204
Ambient 217 velocity m's | 20 24

Inlet air flowrats mih | — 750 7

Ratic of working ta primary air | — | 033 044 | 033

5.2.1 Validation 1

Under the same operational amnd geometne:] condioons (Table £.1) Fom Lan
el ol ( 2018h), the acagored results were validated aganst their expernmental data,
as shown in Fig, 1. Tt was foune that the maximom discrepancy tor conling
potential and prodoct mir temperature in Fig, 8.1 (a) are abour 3.3 W (2% and .3
“C (1.7%), respectively. In addition, ns depicted in Fig. £.1(b), the dizcrepancy 15

less than 2% when the model predicts the thermal efficiency of the ceoler.

5.2.2 Validation 11

The current model was further vahidated against the experimental data from

Nu etal. (2017, They mainly vsed cormugated plate rather than the typical flat
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plate HMX o remowve the need for channel omdes and increase the surface area,

The inlet air conditions and peometrical specifications are given in Table 8.1, The

validation was parformed under the environment of six diffcrent ecities with

diffzrent elimares as shown in Flg. 5.2, and the discrepancics were all within 4.4%

when comparing the results of current modcl and their experimental data.

140 [

'I: i
| H{(-f‘{:{{-- i 1s
e | T &
E = o 115
Toas z '-':"1 " g
£ 1 o e 5 Wl
.4 ' i | =
: i A
E o] = j &3 4
5.5 - e I i =
}-. i — | Luron: roce]
19 R -] Lxsmmaaied 1 75
P —— 3 LR e =
: === [k FH-I.‘lill"ll
185 r— ) | i
H g k! e L 4
(@) A gy (b)

5]

[ |

—#— . ibkw paa s Cuncd nnde
=== thw pim - Fyposioaeial
e o b B o e rEae |
memas g rer bl . Expenimens)

N I

R S
| ——— &

i J:4 E 50A 4
s Wy Tormpersune )

Fig. 5.1 Cxperimental validation of performance parameters under different inlet
sr leanpers lores proveded by Lin et ol (2008bY: (o) prodoet wir lemperature and
cooling capacity: (k) thermal efficiencies
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Fig, £.2 Experimental validation under the climate conditions of diftarent cities
adopred from Xu et al. (2017} (2) product air temperature; (b] thermal

elliciencies
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5.2.3 Validation 11

Finallv. the experimemal results from Riangvilaikul and Kumar (2010b) have
been adopted for the validation under diverse inlet air velocity, temperature. and
hunidity ratic. The highest recordad discrepancy for the product air temperaturas
was nearly within 0.6 *C (3%) at an ambient temperature of 45 °C and humidity
ratie of 0.9 gke, as depicted in Fig 5.3(a), while the maximum discrepancy was
accounted for 2.3% when predicting the dew point effectiveness under mlst air

velocity of 1.5 m/s and humidity ratio of [% g/kg as depicted in Fig. 5.3(b).

L1 = x [LE =
: et gk o _l 3 —t— Cumron recdie] a0 d- bl
oy __-___:..;::l | N === | apurrimeydal §ooe 19 g
1 '..L‘—_.—.— ‘: i II - ‘-:::.H e | @I TR i L AT
e ] L ] - 4 ol ® 13
g =S P a0 B -\.H ol b pental g3 e
3 wxif FRETRE | S
oo B
é 1 H \\
i —_ty, | =
b LR 5 S P & fa T
;X i__,;.:ﬂu-"""'d_-..-hiL s = e ﬂh... "‘:-;1:_5
E i T £ s R
T _.____I,._..--\- & S 11 La-\'i:h.n Jh.“"-q. 4
S I et || e Wiy
i + iy : & Darsermd wadd | " . "'.!_'i--r-
=l et intl 1
i 1 ETT] 1 '
d2 1 ] W B 1.% La d.3 1 LY L}
[-11} kbt Al Tengeranne [*Ch {l‘:l] Tader adi Sekew iy dinsi

Fig. 5.3 Expermental validation under diverse ambient an femperature,
humidity ratio and velocity provided by Riangvilaikul and Kumar [(2010b): (2)
product air temperature; (b) dew point efficiency

From the above analysis, the agreement between the developed numerical
model and the experimental data is relatively high, and due to the analogy between
the developed model for both flat plate and shell and ke exchangers, therefore,
the current model can provide a credible result with high accuracy at predicting
the performance of shell and tube type DPEC. Conducting the val:dation process
using this appreach is significant to enable assessing the performance of the
proposed cooler under a wide range of geometrical, climarical. and operational

conditions, from which the optimum geometrical dimensions can be selected for
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the manutacturing of the unit as 0 preparaticn for the expernimenta]l work s
demonztrared and explained 1= Seetion 4.2, Furthermore, this approach makes the
investigation possible o0 execute a comprehensive parametrical analysis
(cxplained in detail in Seetlon 5.4, otherwise it wouldn't be attainable through

the exporimentations.

S3VALIDATION WITH THE CURRENT CONSTRUCTED UNIT

With the help of the nomerical mvestgastion, the optmom seometrical
dimenzions were selected as the base for construetion of the shall and rube design
hear and mass exchanger of DPEC as explaired intensively in Chapter 4 The
conatructed unit has been operated and put under the experimentations. 5o as to
widely cvaluzte the unit’s perfermanee. various opcrational related paramicters
have been investigated under laboratory experiments, The measuring instrurnents
and scnsors were attentively configured and located so 23 to cnable accurate datz
measuring and recording of temperature, relative humidity, and air flow velocity
of three air streams, namely, entrance, product, and exhaust air streams (more

detail can be founc in Section 4.6).

During the experimentation, the pertormance of the unit has hean evaluated
under varyirg inlet air temperature, inlet air humidity ratio. inlet air flowrate, and
air rat:o. These four parameters have a critical effect on DPECs performance.
Therefore, they have been considered 25 varying  paramcters  for  the
cxperimentations for the current study, The oxperimentzl results are prosented in
Table 5.2 and the simulation results under the exact boundary conditions of the

experimentations are presented in Table 5.3,

The results were obtained by camrving out the following experunental

PrOCeCures.
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(1)
(2)

Powar on the ccoling unit, air handling unit, and measuring mstroments.
Remlating the product air and exhaust air fans speed to coincide the required
air flowrate inside the primary and working channels to meet the pre-set air
ratio.

Adjusting the water flowrate via integrated rotameter and regulating valve in
the water distribution system as well as the water temperaturc to achicve the
pre-set water flowrate and temperature,

Regulating the elzctrical zir heater to obtain the pre-set temperature of
entrance air.

During the experimentation, the data were recorded when the svstem reached
to steady state condition, for each measurement, it has been waited for about
10 to 15 minutes to let the operating condition stabilize when regulating for
a new measurement, i€, less than 0.5% alteration per minute for each

parameter measurement,

5.3.1 Performance Testing Under Varying Inlet Air Temperature (Test 1)

[n this test, a series of experiments were carried out under differsnt inlst ai

temperatures ranging from Z5°C fo 50°C. The varation of air tampeaature was

ach:

eved by regulating the electrical air heater nside e AHU alonpsude with

adjusting itake air stremans throoeh both sre campers (see Fieo 4200, Dunng the

lest, the prodoet ar Qowrale was adjusted 0 177.7% m*h and the exhaust ar

Mowrale was adjusted © 1787 m¥h o yaeld the pre-sel air rabio o G4 and pre-sel

entrance wr Dowrate ol 29 65 m''h. Further operabonal condibioms of the imlet ar

resardimg Test I ean be toamd m Tahle 8.2, In addibion, the izt wargr temperature

and water Howrate were regulated to 23 *C and 10 L'h, respectively.
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Table 2.2 Experimental sef-up and resulis

E Uperatiomal conditions of entrance air Expurimentul (messurad) resulis
i .
E ﬁ Tempersture | Humidity | Air flowrate  Air BEL ui:tmr FProduct air 'E:h“:tt:ir Exhamst air Mol Tip o,
zZ () ratio (whe] | fmlh) ratie ”""{':;:] UIR L ORH (%) ";‘:'fé} TORHGY | %) ) | (W
25 815 M6TS 4 204 | 719 ) 03,7 7224 | 4712 | 2743
-f':"’ E 0 815 1067 4 208 | 2 11T 03R 05 K212 | 5397
E‘ ﬁ 15 RIS 96T N4 209 | 04T 4.7 97 R IGA.7 | T1.35 | 8135
= 8 W | e | SRbE | e 2Ll | 489 ok | R ) Ue | Thad| WS
: % 45 K15 TS 4 .2 | 4.5 27 W 4 1159 | 7997 | 1330
5l 815 6T 4 14 A0 PR 106 1179 | 8227 | 1575
o A0 5.2 26T 4 17.0 | 432 224 b 7 1099 | 6d71 | 1297
E % 40 i 29673 .4 149 50,6 239 03,8 107.7 | 6953 | 113.8
22 40 0.5 AT 4 211 | BE 9 265 93 & 12 | 7wI3 | I07e
£ 40 120 | 29673 04 | 213 | 760 269 | 100 [ 1166 8118 | 106
|7 = 4 4.5 0BT 1.4 21.3 | Q0.7 s [ O 1285 | 9252 | [0S
e M) L&.? 29473 0.4 22,1 | 95 279 100 135 | 00 | (024
- I 11.780 21.200 LI =149 714 atl L 7 L4 | 7709 | 7352
= 40 11 780 15 436 4 1R & hY 037 H2) | 77461 | 88T
- 40 11780 | 29673 04 iL5 73.1 268 994 | 1139 7859 | 1052
.- iy 11780 302 .4 214 T30 an 03h 1145 | 70233 | [ 200
=i 3 11780 38,151 04 213 4.0 27.1 092 Ls.1 | 7955 | 1367
E = B 11780 42300 4 1.4 ; Tie i73 iy 2 ii45 T332 | (511
a0 11780 2y 4wl 04 21.5 | (N 275 | 1139 | 78 | 1653
= i 1250 2106475 0.2 a2.2 4.3 R [ Q) 1128 | 7900 | 1351
= 40 1250 9673 N3 2.9 ! LI 27.2 100 4.7 | ®0.23 [ 1302
E' = i) L2500 29675 14 1.5 | FiF ] 209 Lo i 1172 [ 32,11 | 105.3
:; % i 1230 2067 1.5 1.4 7.0 156 [ | 1170 | 22,35 | 88.22
e < I 50 M eTs .o 213 35 47 0% h 135 | K299 [ 96
E il [2.50 20675 0.7 212 | 75,8 4.5 0o 2 119, | 83.44 | 535
4 1250 I BT .5 211 | 704 A5 02 1198 | 8588 | 3586
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Table 5.3 Simulanion resulis under the boundary conditions of experimentations

E Omperational eanditions of entranec air Simulation results
& g Temperature | Homidity |Air flawreate Ai_r t]::iu:hi:l:; Product air 'E::::_i[“‘::_l; Fxhamst air ﬂ,r, Tap J.
5 CC}  |eatiofpkg)| [(mYh) | eatio | O, RII (%) 0 RING] | (%) | (2%4) | (W)
i 25 (UE 29671 0.4 20.24 7166 41.53 | 0 7475 | 48,76 | 2830
£ 2 30 10813 294673 04 2031 | 7235 23,14 | O D509 | 65,00 | Sa8h
E‘ % 35 145813 9673 .4 0% | 7113 2167 | O T10.2 | 7406 | 3445
= = 40 10515 2 673 4 2041 ] F1.) 212 100 a1 | T | 1113
E ; 45 11515 AT 4 20.45 ¥ B 7.5 100 1195 | 8247 | 1372
A0 Inals 19673 n4 20.49 | T1.55 188 100 1216 | &4.59 | 1625
8. 40 5.2 2673 04 158 21.7% ). Iy HO& | 6527 | I3MLA
E 2 40 8§22 29673 0.4 1904 | 35758 253 | Gy 1123 | T2.51 | 118.6
3™ 40 0.5 29673 04 204l | 6%.Rd at.12 100 6.1 | T8l | 1113
e 40 |21 96T U4 2082 | ViR 649 |0 119 | B2.E1 | LUBS
%3 40 14.5 9673 4 2187 | RIED = B 100 1247 | 8973 | 103.5
AT 40 16,7 67 04 2271 | 556 17,79 100 1304 | 96,22 | 9893
40 L1 TR 21200 n4 2115 | 74 5. Iy LB | BO3T | ThSS
g, 40 L1781 15434 04 094 | 7569 36,12 100 117.3 | 8127 | 92.80
f;:‘ 8 40 L1780 20673 n4 208 L= 264 100 A2 | 81.59 | 92
_:_': E < 1178l izMz 4 2002 FLEA 200 [0 187 | B2IJD | 1255
'; ,; 40 11780 38.151 0.4 2071 | IETFT 26,83 | 00 1133 | 8226 [ 141
e s <0 11780 42390 U4 20397 | 547 20 L} 1184 | B2.03 [ [5b.5
40 11.780 16.630 A4 2086 | 7606 27.12 106 1178 | 81.51 [ 171
- 40 FEA0 AT 2 21 54 | Pl ¥ e LUy 15 &DF | 13TR
£ 40 1250 29673 1.3 214 | 749 £7.87 |00 1179 | §1.57 | 1233.5
E i 40 L1350 29.673 0.4 108 | 7954 26.6 [0 1199 | 85596 | 1077
o= 40 1250 | 29675 L5 2085 BULET 2563 LI} 1214 | By | 90K |
=3 40 1250 0673 .6 20166 El.62 24.86 O 1125 | 85,52 | 7357
E 40 1250 26T .7 20.52 R2.33 z4.35 |00 1235 | f6.47 | 55.45 |
<40 1250 29473 1.8 204 B2.43 23,43 1000 124.2 | 87.01 | 371y |




The selection of water temperature was hased on the natoral temparature of
the tap water, in another word, the underground water temperature in a tvpical
day which was measured practically for the current study. On the other hand.
most studics ((Kashyap et al, 2022a; Rasheed cral., 2022: Sverdlinctal | 2011;
Xu et al., 2024)) utilized lower water iemperatures (between 7°C 1o 200C) for
the purpose of decreasing product air temperature and increasing cooling
capacity of the system, nonetheless, this approach does not consider practical
as the water need to be precooled before interring the system. Consequently,
using tap watsr is mors reasonable as it alwavs available in moderate

temperature without needing for precooling.

e oblamed resulls from Test [ oare presented m ‘Table 5.2. The
expermmental resulls are compared o the nomancal resulls by mmplementng Lhe
exacl boundary conditims ol expenmentatons m the simultion program,
hence, the obtmned stmulabon resalts are presented m Table 5.3, Moreowver.
Fig. 5.4 dcpicts the effect of varying inlet zir temperature on the procuct and
exhaust air temperaturss both in experimental and simulation. As can be noted
in Fig. 5.4(a). with altering the inlet air temperature from 235 °C to 50 °C, the
product air temperatures of both experimental and simulation were marginally
affected accounting for 1°C change in sxperimental data, while 0.25°C change
in simulated data, vielding a2 maximum deviation of £4.2% at inlet air
temperature of 50°C. This can be attributed to stability in performance of the
proposed DFEC under wide range of ambient temperatures,

(i the other hand, the exhaust temperatures were signihicantly aftected by
the inlet air temparnore (refer to Fig, £.4(bh)). mereasing from 21,970 and
21.53%C 1o 28.9°C and 28 8°C respacoively for both experimental and
simulatton due to the occurrence of simultanecus haat and mass transter
process insice working channel. However, the exhaust air temperature recorded

less deviation than the praoduct air temperature between the experimental and
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simulated darn. In this regard, the maximum deviation af £2.3%; was recorded

at 30°C entrances air tempararure.
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Fie, 5.4 Ellect ol varying inlet ar enperalure on the emperatures ol (4)
produet air; (b) cxhaust air

Reganding the ympuct ol izl ar tempertere om wel-bulb and dew -poini
affectiveness, as illustrated in Fig. 58, they are contimoously incrensing with
increasing  the temperature. As ean be seen, the theorctical thermal
effectiveness was slightly better than the experimental owing to the slightly
higher temperature of the experimental results. The highest deviation recorded
was L35 for wet-bulb effectiveness and 13% for dew-point effectivenass,
Besides, the wet-bulk effectiveness can reach to as high as 117.9% for the
experimentation and as high as 121.6% for the simulation at ambient
temperature of 50 °C, Likewise, at the same temperature, the highest dew-point
cffectiveness was 82.27% and 54.59% for experimental and simulation,
respecitvelv. The improved thermal effectiveness at higher temperatures 1= the
incication of more efficient thermal management by the DPEC at hotter
ambient ceaditwons. Sumlar to themmal efficiency, the cooling capacity of the
cowler was spgruhcantly mopreved walh mcreasing mlel air lemperalure (see
Fig. 5.0) spanmng om 2743 W o 1575 W lor the experimental and 2839 W

i 162.5 W lor the sironlabon yielding a missomuom deviation of =3% af 20 °C.
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5.3.2 Performanee Testing Under Varying Humidiry Rartia (Test 1)

In this test, the constructad system has been tested under varying inlet air
humidity ratia spanning from dry 1o humid air conditzons at humidity ratio of
53,822 105,121, 143, and 167 gram moisture per kg dry air (g/ke). The

variation of inlet air humidity ratio was achicved by the help of the humidificr
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which was integrated into the AHL as illustrated in Fig, 4.20. Other operational
paramertars wene kept similar to Test [ except for the inlet air temperatire which

was fixed o 40°C during conducting Test 1L

Unlike the effect of varying inlet air temperatures, varying inlet air
humidity ratio noticeably effect the temperature of product air, as illustrated in
Fig. 5.7(a), while it acted similarly regarding the exhaust air temperaturs, as

tlustrated i Fig. 5.7(b).
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Fig. 5.7 Litect of varying inlet air humidity ratio on the temperatures of: [a)
product air; () exbaus: anr

The experimental product air temperature was shghtly higher than the
simulation till the humidity ratic of 14.5 g'kg, thereatter, the simulation became
higher than the experimental. While for the exhaust air temperature, at the
beginning, the simulation temperatures were higher till the humidity ratio of
10.5 g'kp, alterwards, the experimental suipassed the sumulaton. The
occurrence ol tus phenomenen can be related W the imeraction of the
lemnperalure measuring nstrament with the hamdity, Aceesdig e thes
staternent, woong all the measured data ol all Tour tests, the ones wilh varving
hummtity ratio had the highest Hoeteation e, Nonetheless, throoghout all the

varyinss humiclity richo expernimentabions, when the conler rested under the dry,
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moderate, and humid air conditions, the maximom deviation recorded between
the experimental and simulation data was about +4 3% for product air
temperature, and about =5.1% for exhaust air tcmperature both at the humidicy
ratio of 822 o'kg Experimentally, ameong all the condueted experimentations
of all 4 sc1s of tests, the svstem could achicve the lowest produet air wmperature
of 17 °C when operated under humidity ratio of 52 gkg and inlet air
temperature of 40°C.

Pertinent to the alteration between the experimental and simulated product
air temperatures that occurred when the humidity ratie tncreased from 12,1 pfkp
lo 145 o/ko, sunnlary, the thermal elficiency and cooling capacity trends acled

i Lhe sanme manmer, g~ shownom Fig, 5.8 and Fip. 5.9.
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Fig. 5.8 Effect of varying inlet 2ir humidity ratio on thermal effectivencss

These three performance parameters, 1.e., wet-bulb effectiveness, dew-
point effectiveness, and cooling potentizl, are strongly bonded to the product
air temperature. Experimentally, when the unit operated under hot and humid

air condition (40°C and 16.7 g'kg), the cooler could reach to 9%.6% of dew-
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point effectiveness which 1z relotively very high, as the highest dew-point
affectiveness could be reached is 1005% theoretically. This indicates that the
system can produce a chill air with its eemperamuire almaost cquares the dew peint
temperature of inlet air. Regarding the cxperimental wet-bulb effectivencss.
under the same aforementioned operating conditions, the cooler could achicve
a significantly high wet-bulb effectivencss of 1535%, In this regard, the highest
deviations recorded were +34% and +4% for dew-point and wet-bulk
effectiveness, respectively. On the other hand. the cooling potential of the
cooler acts in opposite manner o that of the thermal effectivensss as it produces
mere cooling in drier weather conditions as depicted in Fig. 5.9, Of all the
recorded data, the maximum ceoling capacity deviation was =47 at humidity
ratio of §.22 gk
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Fig. 5.9 Effecr of varying inlet air humidhty rabio on coolims capacity

53.5 Performanee Testing [nder YVarying Inlet Air Velocity (Test 111)

The vanabeon of inlel air velocity was adjosted via three air oveloeity
measuring instroments, referring to ug, w,, v, 0 Fig, 421 The miat ar

anemometer was nnlized o measure the pre-set inler mir flowmite into the
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systeam, and both the product and exhoust anemometers were ufilized to
measure the air flowrates at both exits of the unit and the amount of the air
flowrates were adjusted via variable speed fans 1o comeide the pre-sct inlet air
flow and air ratio for the cxperimentation cach time when altering the inlet air
velocity, The inlet air velocity was varicd from 1 m/s to 2.2 m/s at cach dry
channel entrance. By a simple caleulation, cach tme when varving the inlet air
velocity, the total amount of inlet air flowrate was found alongside with the
corresponding air flow at both exits of the cooler to achieve the required air

ratio,

As (Hustated in Fig. 510, vanation of inlet air velocity has inswenilicanm
elfect oo producl awr temperatures which was accounted [or 04 “C
expermmentally and 029 50 numencally when miel s velocily meressed Trom
1 s by 22 mds. Furthermore, as shown m Fige. S.HNa), (he experimental and
simulated product mir temperatures agread well as both sets ot dai: have stilar
acting trends. Likewise, the exhaust air temperature acted similarly except in
experimental data. the trend was slightly decreased by 0.25 °C and increased
again. This cccurrence is related to the temperature measuring instrument as
thiz phenomenon did not happen in the simulation results, nevertheless, the rate
of fluctuation is marginal anc accounted for only 0.5 °C (¢r 1.8%]. The highest
deviation calculated for product air temperature was about £3.9% and for

exhaust air temperature was about =4,8%.

hie systemn achieved nearly same wel bulb and dew-point efleciiveness
over the span of mlet air velocity (reter o Fige 5.11). This mdwares the
imsizniticant effect ot inlet mir velociyMowrate on the tharmal e cliency ot the
DFEC. The cooler conld achieve n average ahout 113.6% and 75.7% of
experimental wer-hulb and dew-point effectiveness, respectively The wet-bulk

cffectiveness of more than 100% indicares the superiority of the unit which can
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produce an air with s temperotore lower than the ambient wet-bulk

temperature and towards its dew point temparature,
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Contrast 1o the thermal efficiency, the cocling capacity of the DPEC is
highly affected by the air velocity/flowrate, as shown in Fig, 5.12. The impact

of the air velocity on the cooling potential is erucizl as the cooling capacity of

the constructed unit inercased from 73,52 Woat air velocity of 1 mf3 o 1653 W
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at mir velozity of 22 m'a which 15 accounted for 124% increase in coonling
capacitv. In addition, the maximum deviation racorded between  the

cxperimental and simulated cooling capacity was =2 3%,
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Fig. 5.12 Effect of varying inlet air velocity on cooling capacity

5.3.4 Performanee Testing Under Varying Air Ratio (Test V)

The vanatien of working to primary air ratio can be achieved throuzh rwo
methods: zither by using air dompers at both exiis of the DPEC s0 as to increase
or decrease the resistance to the air flow. or by using variable speed fans. In
former method, the air fan run at a constant speed (moestly at highest pre-sct
speed) which does not considered power fricndly. In latter method. the amount
of air flow inside the primary and working air channels arc adjusted by
regulating fan speed. In this case. less power will be consumed by the fans,
Therefore, for the current study, the second method have been adopted to adjust
the pre-set air ratio for the experimentatzon. Same maethod for measuring the
speed of zir flows in Test Il has been adopted for Test 1V, The pre-set

operational conditions for the current test are presented in Table 5.2
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Regulating the nir ratio results invarintior. of the air flowrate inside primary
and working air channels. Lower air ratio indicates higher primary air flow and
lovwer working air flow, and vice versa for higher air ratio. In this regard, as the
air ratio inercased, the product air wemperature gradually deercased (refor o
Fig. 5.13(a)) that lead to higher wet-bulb and dew-point cffectiveness of the
cooler as illustrated in Fig. 5.14. The fact behind this oceurrence is owed to that
at higher air velocity inside the working channel, more evaporation (i.€., mass
transfer] occurs, and higher evaporation result in higher cooling of the working
air flow, Therefore, as illustrated in Iig. 5.13(b), the exhaust air temperature
decrzased noticeably with increasing air ratio which was accounted for 5°C
reduction in experimental exhaust temperature when air ratio increased from
0.2 to 0.8, Frem the recorded and simulated data, the maximum deviation

recorded was =3.3% for product air temperature and +£2.3% for exhaust air

tenperatare.
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Fig. 5.13 Eftect of varying air mbio on the temperabures of; (a) product air; (B)
exhaust air

Under all air ratios, the experimental wet-bulb effectiveness was higher
than 1 12% which 15 a good indication of superiority of the constructed system.
Morcover, the working to primary air ratio is critical parameter regarding the

cooling capacity of the cooler (sce Fig. 5.15) due to the direct relation between
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the cocling capacity and primary air flowrate. As explained earlier, higher air

ratio means lower product air flowrate that eventually reduces ceoling potential

of the cooler. For

mstance, when the air ratie increased from 0.2 to 0.5, the

cxperimental cooling capacity of the system was reduced from [35.1 W o

35.86'W, ormanother word, 73.4% reduction in cocling potential of the cooler,
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Maoreover, despite the experimental results presentad in Table 5.2, a solo
cxperiment has been carmed our so as fo test the ceoler under extreme hot and
dry ambient air condition. In the experiment, the inlet air temperature and
humidity ratio were adjosted o 53°C and 3.2 wke, respectively, with fixing
other parameters similar to that of Table 5.2. Under this operational condition,
the system was ablz o reduce the product air temperature to 18.9°C {18.3°C
numerically), that accounted for 34.1°C recuction in ambient temperature, With
this thermal performance, the system experimentally achieved dew-point and

wel-bulb effectiveness of 71.56% and 112.5%, respectively.

54 COMPREHENSIVE PARAMETRICAL ANALYSIS

After the developed numerical model being intensively validated with the
experimental data from the published literatures and the experimental data from
the current constructed unit, the model showed a goed agreement when
comparad with the experimental data, the maximum recorded deviation was
between =2.3% o =5.1% (e dillerent expernnental data. This indicates that
Lhe samulation medel can prediet the perlomance ol the proposed DPEC wilb
a high aceuracy. Therelore, the stmulabion model can conlulently be ublied
fer conduchme a comprehenstve parnmetrical analysis that otheraise could ool

he done experimantally,

Furthermere, as the mathematical model bezn developed for both types of
the DPECs, namely, the shell and mbe type and flat-plate type, therefore, in the
upcoming sections, the results from both models have been compared to each
otker so as to show the superiority of the proposed novel DPEC (explained in
detail in Chapter 3). In addition, the developed models can obtain the thermal
and energy performances of both cooler tvpes in two air-water flow
configurations, 1.e., counter and parallel air-water flow configurations as
described in Section 3.3 (Fig, 3.3 and Table 3.2). The purpose for considering
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these two air-watar tlow contigumations is that the counter configuration can
producze chill air with moderate water temperature, while the parallel

configuration can produce cool air with chill water temperature.

Moreover, one of the most distinct feature of the dedicated simulation
model is that it can cbtain the vanation of the physical properties along the
channels of the cooler. In particular, at any peint along the primary and working
channels, the model can compute the air flow temperaturs, water flow
temiperature, humidity ratic, relative humidity, evaporation rate. cooling
patential, latent heat transfer, sensible heal transfer, and heat and mass transier
coellicients. 1he comprebensive paramelrical analvais ol all subsequent
sechens are conducted under he pre-set condiions presented i 'T'able 5.4, For
Lhe purpose ol [wr compan=on between the twe DPECS, the volumes ol hoth
exchingers are bxed, and the cross-sechon areas ol both prmary amd working
channels are hixed and equated for both DPECS amd within each HMX (o each
other. For the current study, 3025 wbes were sclected 23 with this number
nearly one ton of refiguration (3.517 kW) could be achieved. The decp dive

parametrical analvsis are presented in the following sections,

Table 5.4 Pre-set simulation values

, Shell and tube | Flat plate
rFarameter LUimit HMX HMM ;:
Cxchanger sixe: WxDxL 1T ShuE5a |20 S5xS5x |20
Cross-scction area of 1he exchanpor cm® 3025 028
Cross-scetion arca of primary channs em® 0.5 0.8
Cross-seetion area of working channel em? 0.5 (1.5
Primary channel dizmeter/height em | 0.79% A5
Waorking channel widik: 111 [.0 1.0
Channel lenglh il L 21 120
Ambient air temperaiune by & 35 35
Ambient air moisture content g'kg 4.1 4.0
[nlet air velocity .3 [.5 1.5
Ratio of working fo primery pir = 135 0318
[nlet warer iemprarine . 23 21
Inlet wzer flowrate L' fl &l
Wall and film thicknzss mm 0.2 d
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5.4.1 Properties Variation Along the Channels

The direction of properties variation of air and water are according to flow
paths along the channels. As illustrated in Fig. 3.3, the water always flows
downward for both air-water flow configurations, interring at z=0 cm and
leaving at z=120 cm. Regarding the parallel flow (PF) configuration (refer to
Fig. 3.3(a) and Table 3.2), the outdoor air enters the primary channel at z=0
cm and leaves at z=120 cm, while the diverted chilled air enters the working
channel at z=120 cm and leaves at z=0 cm. On the other hand, for counter flow
(CF) configuration (refer to Fig. 3.3(b)), the state points of airflow are opposite
to those of PF configuration. The above statements are reflected in the

upcoming analysis with reference to pre-set conditions in Table 5.4,

5.4.1.1 Cooling Process on Psychrometric Chart

In this section, by utilizing the initial conditions referred to in Table 5.4,
the change of states of airflow along the primary and working channels are
depicted on the psychrometric chart as can be seen in Fig. 5.16. Each line was
comprised from a series of 900 data (or nodes) from which 450 of primary
channel and 450 of working channel, capturing the real time physical process
inside the HMX. The state point S1 indicates the state of air interring the
system, while the state points S2-5 indicate the air states at the primary channels
exit (i.e., product air). Furthermore, the state points S6-9 indicate the state of
exhaust air at the working channels exit. It can be noticed that the shell and tube
type cooler in both air-water flow configurations (i.e., PF and CF) produced a
better cooling and lower temperature than the flat-plate type cooler. Besides,
for both STX and FPX, the counter air-water flow configuration produced a
colder product air than the parallel air-water flow configuration. Further
explanations regarding these phenomenon are presented in the upcoming

sections.
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Fig. 5.16 Psychrometric presentation of cooling process along the channels

5.4.1.2 Temperature Variation Along the Channels

The variation in temperatures of air and water flows along the channels for
both coolers with both air-water flow configurations are illustrated in Fig.
5.17(a) and (b), respectively. As can be noticed, for all exchanger types, the
primary air temperatures are gradually decreasing in the flow direction, where
primary air inters at z=0 cm for PF and z=120 cm for CF, owing to sensible
heat transfer to the channel wall, but the decreasing rate is significantly higher
for the STX when compared to the FPX, which is accounted for more than 3°C

at the end of the primary channels for both air-water flow configurations.

This clearly indicates FPX being outperformed by the STX with a
noticeable difference. However, the temperature variation of working air is

pertinent to that of water flow (refer to Fig. 5.17(b)). In PF configuration, the
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working air inters at z=120 cm where water leaves the system. At the working
channel entrance, due to intense evaporation, at first, the air temperature
gradually decreased in the flow direction until the evaporation stabilized (refer
to Fig. 5.18(a)); thereafter, the air temperature started increasing continuously
up to z=5 cm, subsequently, owing to lower temperature of water than the air,
the air temperature decreased again. Regarding the CF configuration, working
air enters the channel at z=0 cm, where water enters the system as well. Here,
owing to sensible heat transfer from water to working air, there is a slight
increase in the temperature of working air. Similarly, the temperature of
working air started to decrease at channel entry due to intense evaporation, and

then it began to rise again as evaporation stabilized.
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Fig. 5.17 Variation of parameters along the channels: (a) airflow temperature;
(b) water flow temperature

Moreover, from Fig. 5.17(b), the water temperatures are sharply increased
in PF configuration, while oppositely decreased in CF configuration for both
coolers (STX and FPX) due to significant difference between the air and water
temperatures at water entrance location (i.e., z=0 cm). From the analysis, with
reference to the pre-set conditions in Table 5.4, it was found that the STX

always produced a lower product air temperature than the FPX, which was

- 146 -



accounted for about 2.83 °C lower for PF configuration and 3.1 °C lower for
CF configuration, this indicates the superiority of the new design in terms of
performance. In the meanwhile, for both coolers, it is apparent that the PF
configuration always produced a much lower water temperature than the CF
configuration, which was about 15.76 °C (140%) lower for STX and 13.18 °C
(101%) lower for FPX.

5.4.1.3 Humidity and Evaporation Variation Along the Channel

Along the working channel, the variations of humidity ratio and relative
humidity are depicted in Fig. 5.18(a). The humidity ratio of working air
continuously increases owing to the continuous evaporation of water film. As
evidence, the working air of STX in both air-water flow configurations requires
a shorter distance to reach the saturation state when compared to FPX, as
demonstrated by relative humidity trends. This denotes more efficient heat and

mass transfer in STX.
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Fig. 5.18 Variation of parameters along the channels: (a) humidity ratio and
relative humidity; (b) water evaporation rate

Moreover, regarding the PF configuration in both systems, a slight decrease

in humidity ratio trends can be noticed near the channel end (z=5 cm). This
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indicates the potential for condensation of water vapor that can be confirmed
by the occurrence of negative evaporation seen from Fig. 5.18(b) at the exact
location near the channel end, this phenomenon relates to higher working air’s
dew point temperature when compared to the surface temperature, or in a
another word, the surface temperature of the channel wall is lower than the dew
point temperature of working air. Fig. 5.18(b) shows a high water evaporation
rate for all proposed systems at the entrance of working channels, mainly
because the humidity ratio is lowest at the working channels entrance. After
that, the evaporation rate decreases gradually up until the occurrence of the
saturation state (refer to Fig. 5.18(a), dotted lines). Although the working air
attains saturation, yet the water film’s evaporation continuous due to the
consistent heating of water film by primary air along the channel that will
eventually maintain the necessary difference in saturation pressure for

evaporation between water vapor and working air at air-water interface.

5.4.1.4 Heat Transfer Along the Channel

Along the primary channel, the cooling potential flux is shown in Fig.
5.19(a) under the operational and geometrical conditions presented in Table
5.4. As the air enters the primary channel (at z=0 cm for PF and z=120 cm for
CF), the cooling begins at its maximum rate due to highest difference in
temperature between the air and wall alongside with the effect of thermal and
hydrodynamic boundary layer development. In addition, near the end of
primary channels, a dramatic decrease in cooling flux could be noticed in the
CF configuration. This occurrence is deemed reasonable because the primary
air temperature at channel end is lower than that of the channel wall owing to
low water temperature at the entrance, as shown in Fig. 5.17(a) and (b); this
results in heating the primary air which represented as negative sensible heat
transfer in Fig. 5.19(a).
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Fig. 5.19(b) illustrates the overall heat transfer coefficients of air flows
along the working channels for the proposed systems. Inside the working
channels, heat transfers by convection and evaporation process, i.e., sensible

and latent heat transfer, respectively, as illustrated in Fig. 5.20(a) and (b).
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Fig. 5.19 Variation of parameters along the channels: (a) cooling potential
(heat flux); (b) overall heat transfer coefficient

Inside each working channels, for convection heat transfer to happen, the
temperature difference between air and water must be tangible; otherwise, the
heat will only transfer via evaporation. Consequently, due to the equilibrium
state where the working air and water film temperatures equates, thereby, in
this location, the overall heat transfer coefficient proceeds to infinity, as
depicted in Fig. 5.19(b).

Based on the computed results, near the entrance of the working channels
in both air-water flow configurations of both coolers, the latent heat transfer is
at its peak, as illustrated in Fig. 5.20(a) and (b), because the air that has been
diverted from the primary channel is relatively dry, as a result, the highest
evaporation rate occurs. Meanwhile, regarding the PF configuration for both
exchangers (refer to Fig. 5.20(a)), despite the higher temperature of working
air than the water film, but nonetheless, the trends of sensible and latent heat
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transfer near the exit of working channels (z=5 cm) experience a dramatic fall
due to the effect of condensation that has been explained previously. On the
other hand, regarding the CF configuration depicted in Fig. 5.20(d), at the
working channels entrance (z=0 cm), the higher inlet water temperature than

that of the working air resulted in negative sensible heat transfer.
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Fig. 5.20 Variation of parameters along the channels: (a) heat transfer of PF
coolers; (b) heat transfer of CF coolers

5.4.2 Effect of Operational Parameters
5.4.2.1 Effect of Inlet Air Temperature and Humidity Ratio

Among all the operational and geometrical parameters, temperature and
humidity of inlet air flow have the most crucial effect on system’s performance
when compared to other parameters. Therefore, these two parameters will be
investigated more extensively than other operational and geometrical
parameters. In this section, the performance of the proposed DPECs are
evaluated under various temperature and humidity ratio of inlet air while
keeping other operational and geometrical parameters constant as listed in
Table 5.4. The energy efficiency (i.e., COP) of the proposed systems under
wide range of inlet air temperature and humidity ratio are illustrated in Fig.
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5.21(a) and (b). The variations in these two operational parameters have the
opposite effect on energy efficiency as it substantially improved when the inlet
air temperature raised. At the same time, it decreased with increasing humidity
ratio. The reason behind this phenomenon relates to the cooling characteristic
of the exchangers, which is improved with increased temperature while

deteriorated with increased humidity (refer to Fig. 5.22(a) and (b)).
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Fig. 5.21 Energy efficiency performance under the effect of inlet air
parameters: (a) temperature; (b) humidity ratio

The reason behind this occurrence is pertinent to the evaporation process
which is the fundamental operating principle of DPEC. The driving force of
evaporation is the difference between the vapor pressure at air-water interface
and the partial vapor pressure of water vapor in the working air flow. When the
liquid water is heated, the water molecules gain kinetic energy and the vapor
pressure at the air-water interface increases which yields a larger driving force
for evaporation (i.e., water diffusion). Moreover, the humidity ratio of the air
affects the partial vapor pressure of the water vapor in the working air flow. At
higher humidity, the difference between the partial pressure and vapor pressure
reduces, hence the evaporation reduces. Therefore, higher temperature

promotes the evaporation, while higher humidity inhibits the evaporation.
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Consistently, the STX showed a higher energy efficiency than that of FPX,
which accounted for 12.2% in average, owing to better cooling potential of
STX than that of FPX.
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Fig. 5.22 Variation of cooling capacity under the effect of inlet air
parameters: (a) temperature; (b) humidity ratio

In the meanwhile, as depicted in Fig. 5.23, the product air temperature and
dew-point effectiveness are gradually increased when inlet air temperature
raised from 25°C to 45°C and humidity ratio raised from 2 g/kg to 20 g/kg.
However, the increasing rate in product air temperature for STX is lower when
compared to that of FPX, which indicates more effective cooling in favor of
STX, which continuously produced colder air with 3.1°C in case of inlet air
temperature variation (see Fig. 5.23(a)) and 2.78°C in case of inlet air humidity
ratio variation (see Fig. 5.23(b)) in average for both parallel and counter air-

water flow configurations.

As its evidence, in both coolers, the CF configuration always produced
lower product air temperature (as low as 13°C at inlet air temperature and
humidity of 35°C and 2 g/kg, respectively) than the PF configuration, with a
difference as high as 11.6% for STX and 9.9% for FPX under the inlet air

temperature and humidity ratio of 45°C and of 4 g/kg, respectively. Moreover,
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regarding the dew-point effectiveness, the STX always recorded the higher rate
under both operational conditions with the highest rate recorded in CF
configuration, which accounted for 78% in average under the case of humidity

ratio variation.
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Fig. 5.23 Variation of product air temperature and dew-point effectiveness by
effect of inlet air parameters: (a) temperature; (b) humidity ratio

Furthermore, regarding the wet-bulb effectiveness, under the variation of
inlet air temperature and humidity, the STX continuously outperformed the
FPX in both air-water flow configurations as illustrated in Fig. 5.24. The wet-
bulb effectiveness of STX exceeded 100% when the inlet temperature raised
above 29°C for CF configuration and 35°C for PF configuration, while for FPX,
it exceeded 100% only when the inlet temperature raised above 41°C for CF
configuration and it never reached 100% over the span of the considered
temperature and humidity for PF configuration. On the other hand, the wet-bulb
effectiveness for STX was persistently above 100% over the span of the
humidity ratio for both air-water flow configurations. This is owing to the
superiority of STX design over the FPX design which resulted in improved heat

and mass transfer process inside the HMX.
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Fig. 5.24 Variation of wet-bulb effectiveness under the effect of inlet air
parameters: (a) temperature; (b) humidity ratio

Fig. 5.25(a) and (b) depicts noticeable superiority of PF configuration over
CF configuration when it comes to chill drain water temperature. Both DPEC
types were able to produce a chill water temperature at low inlet air humidity
ratio, regardless of the temperature of inlet air. For instance, the STX and FPX
type DPECs could reduce the drain water temperature to about 9.2°C and
10.7°C, respectively, under the inlet air temperature and humidity of 35°C and

2 g/kg, respectively.

Regarding the water evaporation, i.e., water consumption rate, the rate for
STX was persistently higher than that of the FPX owing to a better mass
transfer process by STX that eventually result in better cooling performance. It
IS worth notice that at higher temperature and lower humidity, the evaporation
rate significantly elevated due to the fact that the evaporation potential
increases with increasing temperature and diminishes with increasing humidity
as previously explained. In average, the evaporation rate for the considered
cases in Fig. 5.25(a) and (b) has boosted by up to 106% when the temperature
increased from 25°C to 45°C, while it has diminished by up to 66% when the
inlet air humidity increased from 2 g/kg to 20 g/kg. This phenomenon will

badly affect the cooling performance of the system as explained earlier.
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Fig. 5.25 Variation of drain water temperature and water evaporation under
the effect of inlet air parameters: (a) temperature; (b) humidity ratio

5.4.2.2 Effect of Inlet Air Velocity and Air Ratio

The performance of DPEC is strongly bonded to the inlet air velocity and
working to primary air ratio due to their direct impact on Reynolds number and
convection coefficients inside the channels. In this section, the performance of
the proposed DPECs were investigated under varying inlet air velocity from 1
m/s to 3 m/s, and the air ratio from 0.1 to 0.9. For this set-up, the flow is still in
laminar state with Reynolds number computed to alter between 170 and 1873,
and the convective heat transfer coefficients were computed to be around 27
W/m?-K under the initial conditions presented in Table 5.4. Fig. 5.26(a) and
(b) illustrate the influence of product air temperature and dew-point
effectiveness by inlet air velocity and air ratio, respectively. As its evidence, at
lower inlet air velocity and higher air ratio, the proposed coolers performed
better as they can obtain colder air and higher dew-point effectiveness. The
former is related to higher heat transfer occurrence between primary channel
airflow and channel wall when air flow is reduced that yields in lower product
air temperature, and the latter is related to more air will flow inside working
channels at higher air ratios that eventually results in more heat and mass

transfer which cause a dramatic reduction in product air temperature.
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Moreover, the STX consistently performed better than FPX for both air-
water flow configurations, continuously producing air with about 14.5% colder
in temperature and 19% higher in dew-point effectiveness, in average. In
addition, when the air ratio was 0.1, the STX with CF configuration produced
the coldest air and highest dew-point effectiveness, but while the air ratio
increased to 0.9, similarly, the coldest air and highest dew-point effectiveness

were achieved by the same HMX type but this time with PF configuration.
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Fig. 5.26 Variation of product air temperature and thermal effectiveness by
effect of: (a) inlet air velocity; (b) working to primary air ratio

Regarding the coefficient of performance (i.e., energy efficiency), as
illustrated in Fig. 5.27, all DPEC types acted in the same manner. It is apparent
that the variation of air ratio had significantly more effect on the energy
performance of the coolers than the variation of inlet air velocity. For all the
coolers, in general, when the inlet air velocity gradually increased from 1 m/s
to 3 m/s, the highest energy efficiency obtained at air velocities between 1.4
m/s to 2.2 m/s. Likewise, regarding the air ratio, all the coolers achieved the
best energy efficiency at working to inlet air ratio of 0.3 to 0.4. This case is
pertinent to the cooling capacity of the coolers as they achieved the highest

cooling capacity at air ratio of 0.3 to 0.4 as depicted in Fig. 5.28(b). The above
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statement indicates that the air ration of 0.3 to 0.4 gives the best proportion

between the cooling capacity and power consumption for the cooler through

which the highest and most stable performance efficiency can be achieved.

Furthermore, it can be notice that when air ratio increased from 0.3 to 0.9, the

cooling capacity of the coolers were dramatically decreased that can be

accounted for 2.51 kW reduction in average for all coolers.
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On the other hand, with increasing the inlet air velocity, the cooling

capacity of the DPECs linearly increased (refer to Fig. 5.28(a)). However, the
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STX of both air-water flow configurations were uninterruptedly outperformed
the FPX with a prominent difference owing to the ability of STX type DPEC
to produce a noticeably colder air. Besides, the CF configuration steadily
achieved higher cooling capacity than PF configuration over the entire range of

considered inlet air velocity and air ratio.

5.4.2.3 Effect of Feed Water Temperature and Flowrate

The variations of product air temperature and dew-point effectiveness by
the effect of feed water temperature and flowrate are depicted in Fig. 5.29(a)
and (b), respectively. It was found that the feed water temperature has
insignificant effect on the performance of both coolers when they were
arranged in PF configuration; in contrast, for CF configuration, the product air
temperatures were gradually increased while the dew-point effectiveness were
decreased because in CF configuration, at the point where z=0 mm the primary
air exits the system whereas the water enters the system, and owing to higher
water temperature at this location, heat transferred from water film to primary

air that eventually leads to higher product air temperature.
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Fig. 5.29 Variation of product air temperature and dew-point effectiveness by
effect of feed water parameters: (a) temperature; (b) flowrate
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Meanwhile, the effect of feed water flowrate acted similar to that of feed
water temperature, but this time with a higher impact on PF configuration. It
can be easily seen that at low feed water flowrate, e.g., 10 L/h, both coolers of
the same air-water flow configuration obtained similar results (refer to Fig.
5.29(b)), but the difference has increased with increasing the flowrate (in favor
of counter flow configuration). In both cases of feed water analysis, the STX
showed a better performance than that of FPX, and the difference between the
trends of the same cooler was almost kept constant along the variation of feed
water temperature and flowrate, which accounted for about 2.4°C and 8.9%
regarding the product air temperature and coolers effectiveness trends,

respectively.

Regarding the drain water temperature and water evaporation rate, they
both have been affected somewhat marginally by the effect of water
temperature and flowrate as can be seen from Fig. 5.30(a) and (b). However,
in this regard, the rate of change is more noticeable by the effect of water
flowrate, while the effect of water temperature can be considered trivial.
Overall, the performance characteristics of the proposed DPECs are observed

to be more sensitive to inlet water flowrate than inlet water temperature.
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Fig. 5.30 Variation of drain water temperature and water evaporation by
effect of feed water parameters: (a) temperature; (b) flowrate
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5.4.3 Effect of Geometrical Parameters

In this section, the effect of geometrical aspects (i.e., channel length and
channel diameter/height) on performance parameters will be investigated. As
explained in Chapter 3, in particular Section 3.4, the comparative analysis
between the STX and FPX was based on fixed volume of the exchangers as
well as fixed cress-section area of all differential elements. Moreover, the
cross-section area of the primary channels is kept equal to that of the working
channels. Therefore, to study the effect of channel height/diameter, each time
by increasing or decreasing the primary channel diameter of STX type, the
hypothetical working channel height (He) of STX and the primary and working
channels height of the FPX are simultaneously changed to match the
corresponding dimension for fixed cross-section area analogy (refer to Fig.
3.4). Thus, for the purpose of terminology simplification, the analysis of
channel height/diameter is presented in terms of “equivalent channel diameter”
of STX. Accordingly, as the size of all the HMXs were fixed, thus each time
with increasing equivalent channel diameter, the number of channels decreased

as well.

It is observed that the effect of equivalent channel diameter is opposite to
that of the channel length regarding the performance of the coolers. As
illustrated in Fig. 5.31(a), when the channel length increased from 40 cm to
240 cm, the product air temperatures of the proposed coolers are gradually
reduced due to increased surface area that contributed in higher heat and mass
transfer rate. It is worth mentioning that the performance of the proposed
DPECs were more sensitive to the variation of length when it increased from
0.4 m to 1 m, whereas the sensitivity was noticeably reduced when the length

increased from 1 mto 2.4 m.

The STX type DPEC with CF configuration continuously produced the

coldest air under the entire variation of channel length and equivalent channel
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diameter as illustrated in Fig. 5.31(a) and (b), respectively. Fig. 5.31(b) shows
that with increasing the equivalent channel diameter from 0.39 cm to 1.11 cm,
the product air temperature significantly increased which was accounted for
about 7.8°C increase for STX with both air-water flow configurations and

8.8°C increase for FPX with both configurations, in average.
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Fig. 5.31 Variation of product air temperature by the effect of: (a) channel
length; (b) equivalent channel diameter

This situation happened due to the fact that when the channels
diameter/height increased, the air velocity reduces which affects a chain of
physical processes inside the HMX of DPEC. More precisely, by the reduction
of air velocity, the convective heat transfer coefficient decreases which is a
function of Reynolds number and Nusselt number that eventually results in
lowering the potential for heat transfer process. In addition, due to direct
relation (analogy) between heat and mass transfer coefficients, consequently,
mass transfer coefficient reduces as well. This parameter greatly impact the
mass transfer (i.e., water evaporation) rate. That being so, lower cooling take
place inside the HMX as can be seen from Fig. 5.32(b). In contrast, similar to

the effect of inlet air temperature, when channel length increased, the cooling
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capacity of the coolers were prominently improved, and the rate of
improvement is higher for channel length spanning from 0.4 m to 1 m than

spanning from 1 m and above, refer to Fig. 5.32(a).
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Fig. 5.32 Variation of cooling capacity by the effect of: (a) channel length; (b)
equivalent channel diameter

Fig. 5.33(a) and (b) shows the variation of dew-point effectiveness under
the effect of channel length and equivalent channel diameter, respectively. For
the dew-point effectiveness to be as high as possible, the system need to be
operated under a higher humidity air condition, as the air with high humidity
has a higher dew point temperature. This means the system can easier produce
an air with its temperature closer to inlet air’s dew point temperature that
eventually results in higher dew-point effectiveness (according to Eq.3.20 in
Chapter 3). Therefore, under the operational condition of the current
investigation (humidity ratio of 0.004 kg/kg) which is considered as dry air, the
proposed STX with both air-water flow configurations could achieve a dew-
point effectiveness higher than 60%, which is acceptable considering a harsh

operational condition for dew-point effectiveness.
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The air-water flow configurations highly impact the outlet water
temperature as shown in Fig. 5.34. In particular, the drain water temperature in
PF configuration was significantly lower than that of CF configuration,
accounting for about 17°C lower in average for both coolers. To be more
specific, the STX with PF configuration achieved the lowest temperature,
ranging between 10°C to 14°C under the variation of channel length (see Fig.
5.34(a)), while ranging from 9.3 °C to 13.4 °C under the variation of equivalent
channel diameter (see Fig. 5.34(b)).
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Fig. 5.33 Variation of dew-point effectiveness by the effect of: (a) channel
length; (b) equivalent channel diameter

When the equivalent channel diameter increased from 0.39 cm to 1.11 cm,
the drain water temperature increased by up to 4°C for PF configuration and
decreased by 0.8°C for CF configuration. The reason for this phenomenon has
been explained earlier in Section 5.4.1.2. Furthermore, despite the superiority
of CF configuration over the PF in terms of thermal and energy performance,
yet it continuously produced warm water (between 21°C to 32°C) under the
entire ranges of considered parameters for the purpose of extensive parametric

analysis. Again, this phenomenon has been explained in Section 5.4.1.2.
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Fig. 5.34 Variztion of drain water temperature by the effect of: (z2) channel
lengrh; (b} equivalent channel diameater

5.5 EXERGY, ENTROPY, AND SUSTAINABILITY ANALYSIS

I thiz :cction, the exorgy., enmopy, and sustainability analysis for the
innovative DPEC will be thoroughly analvzed and discussed based on the
second law of thermodynamics, Owing to the superiority of shell and tube
design DPEC paradigm with CF configuration in terms of product air
temperature, cooling capacity, and energy efficiency, therefors, it has been
decided to conduct the =econd law of thermodynamics analysis with regard to
the above-mentioned system. The significance of this appreach lies n =
capability for demonstrating a comprehensive evaluation for thenmal and
energy perlonmance ol any (reversible svstems. In particular, the fist law of
lhermodynamies assisis o adenalymge the energy elliciency and  thermal
performance ol 4 thermedynamo  process, while the secomd  law ol
thermmodynamies s further sophisticated method where 1 helps (o evaluate the
enerery quality and mreversibihity of enerey mansfer within a tharmaodynamic

aystem,
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The current analysis has been earned our based on the pre-set nominal
valuzs presented in Table 5.4 and considering the ambient air ot safurated state
as the dead state condition for exergy analysis. Similar o Seerion 5.4, the
sccond law of thermodynamics analysis has been undertaken covering a widce
range of operational and geometrical conditions. Fig, 535 illustrates the excrgy
flow varaten diagram (Grassmann dizgram) of the proposed STX-DPEC with
CF configuration,

[ rhiansd fn
T = 3556
:j;l!u :F'E:h] Warsne AlrFlee
F o= 181 225 k% -
L T T oy
T=557C T = 14974
deom b0 kg rimgiiry Aie Tl & =Dl
VeElrE' s W= 55 m ¥
F = 100545 kFa " = A0 525 kP
S 4
oo Vst Dess fews Londitions Ty= B dy = :'|-I'-..rr1=-:- (AEO%A L T = L1 KIE kPa [ ER T
' Te 5" T 337
i) V= 54 FIA LM ¥ = 0L
kaagy |haebruckis
EV o par i = HIZT W
Enhaustar oy 8 ik
Er. = GEE W 4 | Warkince Al Foapy Fan
0T >
e e
ke Wi Perpy Fodany A Porgy
Eaigy= B9 ) Pring ry Ay |'1|_'rl|,::h F i .E.'.l.f, = PN
ik L : b ] J.
e T
Lran Walen ey -ll—i_ llll e Frarpy
I:'rh=ﬁl|d" Jr = 2SI
[ Tel]
Firsi Law off Thernastyramios Berfimnees i, = 34T0H, S0~ =07 W P A o T AT
{I:'.I Sy Line ol Themmsalyraabr il wmnsaes f,, = T332, 5, & 00005 W 7 = 2911

Fig. 535 Thermodynamical performance of proposed DPEC: (a] physeal
propertics variation: (b) exergy variation (Grassmann) diagram

The thermal performance of the cooler 15 shown in Fig, 5.35(a) alongside
with the dead state conditions. On the other hand, the exergy, entropy, and
sustainability index performance of the cooler ars shown in Fig. 5.35(b). A=
indicated, for the let air temperatore of 35C, humidity ratio of 4 e/ke, and
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air flow of 817 m*h, the toral available inlet air exergy was 1359 W oand the
oxergy from the product air and exhmust air were respectively 999 4 W oand
57.54 W, while the destruction excrgy was 3127 W, viclding an excrgetic

efficicney of 77.23%,,

Moreover, the inlet air exergy can be further divided inte product air’s inlet
exergy (8833 W) and working air’s inlet exergy (475.6 W) in accordance to
warking to product air ratio (AE=0.35). It can be observed that, atter the
couling of product air, its exergy portion from the total inlet exergy of air and
water combine has imereased from 04.0%: to 72.45% that accounted for 8.45%
wprovernent nils exergy. This occurrence 15 aticbuted o the reduction
warking an’s exerey [rom 344% w0 4.17%) mowloch 22.67%% ol the woal inlel
exerey wis destrayed o converl 1161 W ol exergy lor coaling ol produoct ar,
In addibon, the entropy zenembon mte was A0S KWYK amd  the

sistmimability index for the enoler was 4 413

Furthermere, the exergy breakdown of the air streams at different state
paints inzide the heat and mass exchanger 1s prezented in Table 5.5, The exergy
brake down of the air streams 1nclude thermal exergy (Eq. (3.30)), mechanical
exerey (Eq. (3.31)), and chemical exzrgy (Eqg. (3.32)). It can be notice that the
Lthermal exergy of the inlet an 1= sero due o equivalent lemperatures of dead
siate and ambient air, Likewise, the mechameal exergy ol the exhaost dir1s zeno
ds the exhaust sir eventully gjected w the almosphere wilh 1 pressure
matehime thal of the abmosphere. The chemieal exaeregy, on the odher hand,
remains comstant Tor mlet air and produoce mir, becanse nside the primary
channels, the cnoling process take place sensihly without the variaton moair

stream’s humidity content
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Tahle 8.8 Specific exergy variation of air streams at different state points

Specific Exergy
Air State Paint Thermal Exergy | Mechanical Exergy | Chemieal Exergy
(4/ke) (k) (k)
lilet Air i L1503 5,044
Product Adr 1,7055 17213 049
Fahanst Air 141k RN 4972

In addition, at primary channel’s entrance (inlet air) and exit (product air).
the mechanical exergy decreased owing to the reduction of the air pressure (i.e..
flow resistance], while the thermal exergy increases due to the cooling effect,
The cooling effect achieved at the cost of the conversion of chemical sxergy
inside the working channel, thersfore, a dramatic decrease occurred in its
mwagnitude (from 5049 kg to 0.4%2 J'kg)., Owerall, 1t is obvicus that the
chemical exerpy possesses the bigpest share of the total exergy, and dus to the
dependency ol the chemical exergy maorly on the humidhiv of the au,
theretore, as explained 'n Scetion £.4.2.1, the performance of the DPEC s
highly bonded with the bumidity content of the ambient air. While the
mechanical exergy has the leas: eontribution on the exergetic performance due

to low pressure drep by the eooler.

5.5.1 Influence of Inlet Air Conditions

The thermadynamic performance of DPEC is noticeably influenced by the
operational conditions, with some parameters having more significant effect
than the others. In this regard. the effect of inlet air temperature and humidity
ratio is depicted in Fig. 5.36. The inlet air temperature and hunudity rario
individually ranged between 25°C to 55°C and 2 g/'kg to 20 g/kg, respectivelly,
Other parameters kept constant according to Table 5.4, Fig. 5.36(a) and (b)
Nlustrate the variation of exergy flow G.¢., product air exergy, exhaust air

exergy, drain water exergy, and destructed exergy) and total available inlet
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axergy under the effect of inler air temperatore and humidity  ratio,
respectivelly. Each eircle of the donut-pie figures represents the total input
cxerey. and from within, :f has been divided into product air exergy, exhaust
air ¢xcrgy, drain water cxergy, and cxergy destruction, which arc the cotire
components of the total available excrgy, cach provided with its magnitude and
percentage (%) contribution to that total exergy. Similarly, Fig. 5.36(c) and (d)
ustrate the exergy flow variation, only this time with total available exergy

included for each condition.
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Fig. 5.36 (a) Effcet of inlet air temperature on exergy flow; (b) Effcet of inlet
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As onn be zeen, the toral exargy 15 more sensifive fo temparature varation
than the humiditv variation as it increased from 782 W 1o 4042 W when the
inlet air temperaturs inersased from 25°C e 35°C, while it marginally
deercased from 1381 W o 1267 W when the inlot air humidity increased from
2 g'kz o 20 g'kg, Despite the slight variation in total input cxergy under the
variotion of humidity ratie, vet, when the humidity ratic increased from 2 g'keg
to 20 gk, the product air exergy noticeably diminished from 73% to 68% of
the total exergy, while exergy destruction unfavorably grown by 11% (from
21% to 32% of the total exzrgy). This incedznce badly affzcted the exergy

efficiency of the cooler, 2z shown in Fig, 5.37(b].
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Fig. 837 Vanahon of exeryy destruchon and exergy efbciency under the
influcnee of: (a) inlet zir temperature; (b) inlet air humidity ratio

On the other hand, as illustrated in Fig. 5.36(a) and (¢) and Fig. 5.37(a),
with incrzasing the inlet air emperature, the exergy destruction has increased
from 221.6°W 10 587.9 W, whilz its rate in the total exergy has diminished from
28% to 4%, which is contributed in improving the exergy efficiency of the

coolan that acounted for 13.79% emprovement.

The entropy geneanion rata is directly proporticnal to the exergy destrution,

The rare of entropy generation 1 consicered a5 0 fomdamental thermodynamical
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paramerar from which the mensure aof the irreversibility can be obzerved. Inside
an irreversible thermodynamic system. due 1o destuction of exergy, the
cntropy 18 generated. In addition, the sustammability analysis is an cssenrial
method of demonstrating how cfficiently the system utilizes the resources and
it is a function of cxergy cfficicncy. The sustzinability analysis for the preposed
DPEC can be conducted by sustainability index (S1) method, The effect of inlet
air temperature ané humidity ratic on the enmtropy generation rawe and
sustainability index are shown in Fig. 5.38(a) and (b), respectively. With
increasing the inlet air temperature and humidity, the entropy generation rate
was continously increased. The maximum recorde entropy generation was 1,79
W/ at maximum ambient temperature of 55°C, and 1.44 WK at maximum
ambient humdity ratio of 20 gk g, In contrass, the sustainability of the proposed
DFEC was improved with increasing temperature, however., it reduced with
increasing humidity, which indicates that the coolzr 1s more sustainable when
operated under hot and dry ament conditions. Concequently, through exerpy
amalysis, 1t can be exphaned why operamg such a system onder humid chmataes
will dimimish its anergy and thermal performances, while operating under hot

and dry climates its energy and termal performances improve.
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Fig. £.38 Variation of entropy generation rate and sustainbilty index under
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Creerall, the DPEC 15 capadle of converting huge amount of inler nir exergy
to product air exergyv under a wide range of inlet air temperature accounting for
2045 W outr of 4043 W (71%) cven when operated under sever ambient
temperature as high as 55°C. This speial merit is what destinguishes the DPEC
from other air-conditioning systems and provides the cooler with significantly

high energy efficiency (COP) and thermal! effectivencss (g, and &,,,,).

Furthermare, the influence of inlet air velocity and air ratio on the exergetic
performance of the cooler are shown in Fig. 539, The rate of change of product
air exergy and destructed exsrgy are more sensitive to the variation of air
velocity than that of air ratio. For istance, the product air exergy and exergy
destruction were merely varied from 71% to 73% and 22% to 24%,
respectively, under the influence of inlet air velocity (refer to Fig, 5.3%(a) and
{c)). where as these two exergy rates zeverely varied from 24% to 35% and
13% te 20% under the influence of air ratio (refer to Fig, 5.3%b) and {d)).

respectively.

Moreover, as it is evedence, the total available exergy significantly increaed
from 731 W to 2260 W with increaszing inlet air velocity, while it slightly
increased from 1358 Wio 1469 W with increasing air ratic, owing to that under
the variation of inlet air velocity, the total air flow supply to the system
increases, but when the air ratio increased. the total air flow supply to the
system remains unchanged, therefore, the total inlet exergy slightly increase
and the rate of this marginal increment is solely pertinent to the mechanical
exergy. As the higher air ratio deems higher working air flow and lowsar
primary atr flow, and owing to more prassure reduction by working channels
when compared o prumary channels doe (o the elfect of waler suiface, hence,
more pressure reduction occures and more an resistance zenerates al the olet

il the HMX thal wall eventoaall! resolls inhopher mechameal exergy.
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Fig. 5.39 (1) Ellect of mlet mr veloeily on exergy flow; (b) BHect of air rabo

on exergy flow; (¢) Variation of exergy flow and total cxergy under effect of

inlet air velocity; (d) Variation of exergy flow and total exergy under effect of
HIT FTIO

Diespite the slight alteration in total exergy under the enfluence of air ratio,
yet the vanations of cach idividual flow excrgies are complicated. Regarding
this matter, as illustrated in Fig. 5.39(b) and (d), as the air ratic increased from

.2 to 0.8, greater amount of inlet air will be divered to werking channzl which
lessens the product air flow due te the degridation in the mechanical and
thermal exergies, This air flow arrangement directly influence the variation of
exergy flow, accordingly, the product air exergy dramatizcally decreased from
H5% to 24%, in contrast, the ¢xhaust air exergy significantly rised from 1% to
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253%. Thiz hugely rezulted in elevanng the exsrgy destruction from 13% to
50%.. Consiquently, the reduciion in exergy effecieney is more neticeable under
the affect of air ratio. The excrey efficiency was reduced from 78% 1o 75.9%
when inlet air velocity rised from 08 m's w 2.4 m/s, however, it was
drematically redeced from 86.5%, to 30% when the air ratio rised from 0.2 o
0.8, as depicted in Fig. 5.40(a) and (b}, respectivellv,
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Fig. .4 Variation of exerpy destruction and exergy efficiency under the
influence of: (a) inler air velocity; (b) air ratio

Same patiern of the aforementioned statements can be observed when it
comes to cntropy generation and sustainability analysis, 23 shown in Fig,
541(a) and (b). The exergetic performace of the cooler is more stable under
the enfluence of inlet air velocit than that of air ratio, The sustainability of the
cooler, which is directly proportional to the exergy efficiency, is least affected
by the enfluence of inlet air velecity which reduced only by 0.39, whereas it
hugely affected by the air ratio variation as it diminished by upte 542,
Regarding the entropy generation rate, at minimuwm air velogit and air ratic, the
cooler generated about the same ameount of exergy accounting for about 0,52
WK, and the generation rate was considerably increased with incrsasing their

values due increase (n exergy destruction.
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Fig. 3,41 Variation of entropy genzration rate and sustaabilty index under
anfluence of® (a) inlet air veloity: (b) air ratio

5.5.2 Influence of Geometrical Dimentions

The influence of the geometrical dimentions of the proposed DPEC, i.¢.,
channel length and equivalent channel diameter, on the exergetic performance
of the svstem are demonstrated and discussed in this section. As explained in
Seclion 5.4.3 ) esch Gme when chanmel drameter changed, the workime channel
heizht amd ol channel nombers changad as well, Fig. 542 illostrates the
afect of the peomeimeal dimensions on exergy flow and ial avanlnble exeroy,
It can be observed that the channel length has a marginal influence on flow

exerpies and total exergy.

It is worth mentioning that, over the span of channel length (from 40 cim to
220 cm), the total exergy only increased by 57 W (2% of total exergy), and the
exery destuction had a slight decrease of about 2% [from 24% to 22%), The
small increment in total exergy with increasing channel length is due to
increased air flow resistance that eventually contributes to the mechanical
exergy. Likewise, with increasing the squivalent channel diameter from €59
cm to 111 em, there were a marginal reduction regarding exeigy Aows and

lotal exerey, but this lune with a bat Nactuation between imdividual channel
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diameters due to the reduction in air flow resistance (pressure drop) when the

channel diameter increased.
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Fig, 5.42 (a) Effect of channel length on exergy flow; (b) Effect of equivalent
channel chameter om exergy Now; (o) Vanebon ol exersy How amd ol
cxergy under effect of channe! length; (d) Variation of exergy flow and total
exergy under effect of equivalent channzl diameter

In the mean time, a3 depicted in Fig. 5.43(a), the exergy efficiency slightly
increased from 75.7% to 7B.1%% whith increaing channe!l length owing to the
marginal improvement in the product air exergy and slight reduction in the
destructed exergy [refer to Fig. 5.42(a)). On the other hand, with increasing
cquivalent channel diameter, as shown in Fig, 5.43(b), the exergy effeciency
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was gradunllv increased from Y7.3% to YE.1%% when the equivalent channel
diameter increased from 039 em to 035 em, thercafter, it was slowly reduced
to 76%. This indicares that 035 cm is the opiimum equivalent channel
diameter, aficr this value the available cxergy of the working zir s not

cfficicntly used by the cooler 1o cool down the primary air,
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Fie. 5.43 Varabion ol exergy destraction and exergy elliciency under the
influence of: (a) channe! length; (b) equivalent channel diametsr

The influence of geomerial dimentions en the entropy gencration and
sustainability of the cooler 15 shown in Fig. 5.44. The variation of entropy
peneratton and sustainability are identical 1o thar of ¢xergy destruction and
exergy officicney under the influence of geometrical parametars, respetivelly,
Concequently, the sustzinability was slightly emproved by upto (.43 and
entropy generation degraded by upto 0.06 WK when channel length increased.
while the sustainability was at its maximum value of 4.55 at equivalent channel
diameter of 0,55 cm, and the entropy generation was somewhat flatuting
betwheeen .14 W/K and 0,98 W/K. Overall, the mfluence of the geometrical
parametsrs on the exergetic performance of the DPEC is rather small, with a

bit more sensitive to the equivalent channel diameter,
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Fig. 5.44 Variation of entropy generatien rate and sustzinability index under
influence of: (a) channe! length; () equivalent channel diameter

5.6 CHAPTER SUMMERY

In this chapter, the nomercal and expenment:] resulis obfamed were
investignied, compared, and discussad. First, the develeped numerical
simulation model has been validated with the experimental data from three
published literatures. The comparisen showed a good agreement with a
maximum deviation of £4,4%, Thereafter, the parametrical analysis has been
carried out to identify the optimum design parameters to be emploved for the
comstruction of the coeler, After the proposed DPEC has been manufactured, it
was tested under series of experimentations at a wids range of varying inlet air

temperature, humidity ratio, velocity, and air ratio.

The simulation model was further validared, this time with the experimental
datn acquired from the expenimentations. Under all test conditions, the
devintion ratez was between £2.3% and +35.1%. Throngh the wvalidations
conducted, the simulation model can be conzidersd s reliable compurtational
approach te be used o execute a deep parametrical analvsis and evaluating the
cooler's performance under any imtended gcometrical, operational. and

meteoralogical conditions as well as diffzrent air-water flow configurations.
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When the constructed vnit rested exparimentally, it could achieve
sigmificantly high dew-peint effectiveness of 99.6% and high wet-bulb
cfiectiveness of 1353%. These high thermal efficiencey rates elassify the cocler
as supcr performing coaling deviee. Regarding the air veloeity and air ratio,
they had opposite effeet on coeler's performance. With increasing the inlet air
velozity, the preduct air temperature and cooling capacity of the coolers
improved significantly, while they were noticeably diminished with increasing

alr ratio,

I'he acalysis showed that the CF confipuration could achieve a lowe
lemnperalure product air than PR conliguration (a= low as 13°C), while the PF

ciom [iguraton achieved lewer dram water temperature (as low as Y.29C),

Under all test conditions, numcricallv and cxperimentally, the 5TX
persiztently gutperformed the FEX in terms of thermal and encray performance.
which indicates the superiority of the preposed STX,

Furthermaore, exersy, entropy, amd sustamab ity amualysis has been comed
out tor STA-TIPEC with CF confipmmtion. The exersebic periormance of the
conler vaned differentlv under the effect of different opernfional and
weometricnl conditions. The system showed the highest and most stable exerey
cfficicnev between 71.7% to 83 5% under the span of inlet air temperature
{(between 253°C 1w 25°C). Besides, the cooler was most sustainable when
operated under hot and dry conditions. Whercas, it generated least exergy when
operated at lower ambicnt temperature and humidity ratio and lower air
flowrate, In another word, the cooler’s irreversibility increased when operated

undzr hotter and more humid ambient conditions and higher air flowrates,
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

{1 CONCLUSIONS

In this dissertation, & novel dew point evaporative cooler has been
proposed. The wmovaave cooler comprises of one shell and a bundle of tubes.
The shell works as working channel, while the wbe bundle works as primary
channels. Thes neotene desien was [ist o be o-ed as new geomelry Tor DPEC.
Through a comprebensive theoretca! anabyses and expenment:] imvesheabon,
it wus foumd  thel the proposed DPEC contmuously  outpertformed  the
comventiomal wadely usad flat-plate bype DPED undar all test condibons
terms of thermal and energy performances. In addition, via shell and ruhe
peometry, which has a simple and smroight forward design, the design
complexity of the heat and mass exchanger of previous DPECs was able to
overcome which was one of the biggest impediment in globalization and mass

production of such a high performance cooling machine.

I'hee research sladed with a comprehensive hileralure review identlyimg all
Lhe It ons and shorteomings of the previously condocied research studies
regarding DPECs. 1Hwas noheed that most ol the former studhes comcentribed
on improving coalar’s performance through ditferent numencal approaches
theoretically, and employine different mareral tyvpas tor evaporative surface
and channels wall experimentally. Thus, improving the performance of the
coolzr via geometrical aspect was prominently underestimated. Thereafier, in
thiz regard, several geometrics were investigated, namely, circular-tube (ie..
shell and wbe), square-tube, reetangular-tube, and triangular-tube. The tubes

peometry representing the shape of the ckannels. Among all the gcometries, the
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coolar with shell and tude design performed the best, and thos it hos been

selected for the purpose of the current research study .

Thereafter, the proposed cooler has been further investigated through two
different air-water flow configurations, namely, counter-flow and parallel-
flow. For such en intensive theoretical investigation to be carried out, a
dedicated numerical simulation model has been developed in Engineering
Equation Solver (EES) environment. The simulation model characterized by
being able o predict the thenmal, energy, and exergy performance of the coolers
with high accuracy, besides, one of the most distinet feature of the model 1= that
it can caleulate any operational and performance parameters at any point inside
Lhe HMX ol the couler. Based on the aplunum gecmetncal paramelers obamed
Ironm Lhe symulizben mode! | the system was consbrocted. The consbrocted sy-iem
wits tested umder o wide range o operaaonal condiiions. The key hindings trom

this work can he summanzed in rhe following stfements:

. During the experimentations, the unit was able to achieve 99.0% dew-
point effectiveness and [ 35% wet-bulb effectiveness when operated under
ket air temperaturs of 20°C and bumidity ratio of [6.7 g'kg. This high
level of performance snsures that the proposed system potentially can be
considered 25 a supenor allermative o lugh energy consuming vapo

compression relngeration systems lar cooling o b ldines.

[

When the constructed aml lested under extremely bol and dey weather
condioom of 533 Y temperatare snd 3.2 g/ke bomadity mabie, which s
sirnlar toy a crinea’ g 's wenther condinon, the unit was able 1o achieve
a cold air with 18 9°C (12 3°C numencally), or m another word, 1t could
reduce the amhient temperature by up fo 34.1 *C. Nonetheless, this super
temperature reduction was achieved when the dew-point and wer-bulk

effectiveness of the cocler was only 71 36% and 11532 respectively.

*{m}_



isd

-

From the simulated results, it was observed thar the dew-point/wet-bulb
effectivenzss of the system more sensitive to the inlet air temperature,
veloeity, humidity, air ratio, and geometrical sizes of the HMX, while ess
sensitive to feed water tomperature and flowrate.

The effzet of equivalent channcl diameter was opposite 1o that of the
channe! length in terms of the cooler’s thermal and cnergy performance
owing to the fact that increasing channel length results in increasing
surface arca for heat and mass transfer process that will eventually
contributes in  improving cooler’s performance, while increasing
equivalent channe! diameter will result in reducing the air flow velocity
that dirsctly reduces the heat and mass transfer coefficients causing
reduction in cooling capability of the system.

During the experimentations, it was noticed that the cooling potential of
the unit dramatically reduced when the air ratio gradually increased from
(1.2 to 0.8, For instance, the conling capacity was diminished from 1351
Woin 3586 W, which ncemmted for 72 4% redoction m coolims potential,
For all the tests conductad on the DPECs in ferms of oir veloeiry and air
ratio, the highest energy efficiency obtained wen the air velocity spanning
between | 4 mfs o 2.2 m/s and air ratic ranged from 0.3 1o 0 4, as within
the range of this air ratio, the coolers aequired the best proporticn between
the cooling potential and power consumption.

The configuration between the primary channel zir flow and downward
flowing water significantly affects the drain water twemperaturc.  The
paralizl flow configuration distinguished by producing lower drain water
temperature, while coumter flow configuration distinguished by producing
lower product air temperature. In average, the PIF configuration was able
1o decrease dramn water temperature by up 10 17°C when compared to CF
configuration, for all the proposed DPECs in general. In particular, the
STX with PF configuration achizved lowest drain water temperature
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ranging between 9.3 *C to 13 4 *C under the cnse of varying equivalznt
cannel diameter.

The CF configuration is superior in producing cclder air than PF
confipuration. However, under all conduered tests, the produced drain
water remperature by CF configuration was between 21°C 10 32°C, which
is prominently clevated compared to the chill water temperature achicved
by I'F configuration,

In the PF configuration for both STX and FP'X, condensation occurred
near the end of working channels (at z= 5 ¢m]. The occurrence of
condensation at this location relates to higher working air’s dew point
temperature than the temperature of the channel wall,

The exhaust air from the DPECs was abways fully saturated under all
conducted testes experimentally and numerically as the relative hamidity
fluctuated between 99.4% to [(Fe during the experimamtations while it
was persistzntly HH%S during simulations. This indicates  efficiant
evipomibion process nsiiz the working chanmels of [2PECs.

Linder the variation of operstional parameters, the proposed DPEC was
able to achieve wet-bulb effectivenass of mora than 100%¢, which indieates
that the system can produce a cold air with its temperature lower than the
wet-bulbh  temperature of entranee air and towards the dew-point
temperature of ambicnt air,

Through excrey, entropy, and sustainability analysis, the STX-DPEC with
CF configuration achicved the highest and maost stable exergetic
performance, in terms of exergy efficiency that was ranged between
71.7% to 83.5%. under the influence of inlet air temperature ranging
between 25°C to 55°C.,

The exergy destruction and entropy generation rates were minimum at
lowest operational conditions (i.z., inlet 2ir temperature, humidity ratio,

inlet air velocity, and air ratio), However, both of these two rates were
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noticeadly  increpsed with ncreasing  operational  conditons,  This
indicares that the rreversibility of the propozed DPEC increases when it
operared under hotter, meore humid, and higher air flowrate conditions.
The propescd DPEC recorded the highest sustainability index of abourt 7
at highest inlet air temperature of 553°C and lowest air ratio of 0.2. In
addition, the air velocity, channel length, and equivalent channel diamerer
had the least comribution to the alteration of the sustainability of the
cooler, Besides, the lowest sustainability recorded was 2.01 at air ratio of
0.5,

6.2 FUTURE WORKS

While this disscrtation significantly contributed to the ficld of thermal

mechanical  enginecring, there are several agpeets that need  further

investigasion:

Ty make the cooler sturdier, employing metalhe tubes wath thim walls
supgested for myvestimbion, In this repurd, small dinmeter coppar rohe
sgams to be n promising candidate due to 1ts high tharmel conduciivity
corrosion rasistant to warer when compared to other merallic tubes.
Heowever, in this case, it must he decided between sturdiness and cost as the
merallic twbes are not very ceonomical and they are immensely maore
cxpensive than polvearbonate tubes.

During the experimental work. the water flowrate has been adjusted by the
help of regulating valve, It would be better if 2 variable specd water pump
employed to control the water flowrate via the alteration of input power to
the pump. This technique will shightly contribute in reducing the overall
power consumpticn by the coeler and improves its energy efficiency.

Due to conducting the current work in lrag, it is preferred to test the

proposed DPEC under the meteorological data of different cities of Irag for
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the cooling months of an entire yvear so as to asses: the performance of the
cocler and evaluate 1ts acceptance rate at ench city.

S0 as to extend the life span of the system. keeping the evaperation process
running cfficicmtly, and aveid contamination of the wet surface, it 13
proposcd 1o use a water filter prior 1o the water storage tank to purify the
watcr from any impuritics, gorms, mincrals, and salt. As a fact, the
evaporation precess occurs in a higher rate for purified water when
compared to a typical underground water.

Gv integrating the proposed DPLC with desiccant wheel, the inlet air can
be dehwumid:fied first before interving into the ceoler, The arr with less
hunudity will improve the cocolers performance as it contributes in
improved evaporation process, Conseguently, more evaporation result in
better cooling potential by the DPEC.
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APPENDIX Al

Developed Simulation Program for DPEC in EES software
(Only for Shell and Tube Type DPEC with CF Configuration)

“NUMERICAL SIMULATION MODEL OF DPHMX”
“CONCENTRIC TUBES”

$Keyboard US

$UnitSystem SI C kPa kJ Mass Rad
$Tabstops 0.50 2.5 7.62 9.00 12.00
$Include HMX.DPEC Preference.PRF

$Include HMX.DPEC UnitsList.unt
$Array on

- FOR AIR FLOW INSIDE PRIMARY CHANNEL----—--——=—-- "
Function h_local(L,B,Xt,Nod,Re,Pr,Dh,hO,mu_f,mu_w,kappa)
IT (Nod*L/B<Xt) Then “entry undeveloped region”
Gz=(Dh/(Nod*L/B))*Re*Pr
Nu=((7.54/(tanh(2.264*Gz"(-1/3)+(1.7*Gz~(-2/3)))))
+(0.0499*Gz*tanh(Gz~(-1)))/tanh(2.432*Pr™(1/6)*Gz~(-1/6))
h=Nu*kappa/Dh
Else
IT (Nod*L/B=Xt) Then
Nu=((7.54/(tanh(2.264*Gz"(-1/3)+(1.7*Gz~(-2/3)))))
+(0.0499*Gz*tanh(Gz~(-1)))/tanh(2.432*Pr™(1/6)*Gz~(-1/6))
h=Nu*kappa/Dh

Else

IT (Nod*L/B>Xt) Then “fully developed region”
h=h0

Endif
Endif
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Endif
h_local=h
End

“Function of Local Convection Heat Transfer”

Function q_local(L,B,Xt,Nod,Re,Pr,Dh,hO,mu_¥,mu_w,kappa,

T F,T_w,As)
q_local=h_Local(L,B,Xt,Nod,Re,Pr,Dh,hO,mu_f,mu_w,kappa)*As*(T
_F-T_w)

End

e FOR AIR FLOW INSIDE WORKING CHANNEL--==———————-— "
Function hjwc_local(L,B,Xt,Nod,Re,Pr,Prs,Dh,h0,mu_f,mu_w,kappa)

IT (Nod*L/B<Xt) Then "entry undeveloped region”
Nu=0.27*((Re”0.63)*(Pr™0.36)*((Pr/Prs)~0.25))
h=Nu*kappa/Dh

Else

IT (Nod*L/B=Xt) Then
Nu=0.27*((Re™0.63)*(Pr"0.36)*((Pr/Prs)”0.25))
h=Nu*kappa/Dh

Else

IT (Nod*L/B>Xt) Then "fully developed region”
h=h0

Endif
Endif
Endif

h]jwc_local=h
End

"Function of Local Convection Heat Transfer"™

Function g]wc_local(L,B,Xt,Nod,Re,Pr,Prs,Dh,hO,mu_¥,mu_w,
kappa,T_f,T_w,As)
qjwc_local=h|wc_Local(L,B,Xt,Nod,Re,Pr,Prs,Dh,hO,mu_¥,mu_w,
kappa)*As*(T_Ff-T_w)

End
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“Function of Moist Air Enthalpy in Working Channel”
Function enth_wet(Tair,HR)

Cpa=1.005

enth_dryair=Cpa*Tair

enth_1g=2449

Cpv=1.868

enth_vapor=enth_fg+Cpv*Tair
enth_wet=enth_dryair+HR*enth_vapor

End

“Function of Enthalpy of Water Vapor in the atmosphere/moist-
air”

Function enth_vap(Twater)

enth_1g=2449

Cpv=1.868

enth_vap=enth_fg+Cpv*Twater

End

“Function of Heat and Mass Transfer Analogy — Inside Working
Channel”™

Function hm_local(rho,Cp,kappa,T_wm,enth)

Dm_r= 0.000026

Dm_c=Dm_r*((T_wm+T_zero#)/298)"(3/2)

alpha=kappa/ (rho*Cp*1000[W/kW])

Le=alpha/Dm_c

hm_local=enth*Le”(-2/3)/(rho*Cp*1000[W/kW])

End

“Function of RH”

Function rh_air(tempd,humidity)

P_infinity=101.325
rh_air=relhum(AirH20,T=tempd,P=P_infinity,w=humidity)
End

“Function of Major Loss for Air Flow”
Function deltap _majair(f,L,Dh,Rho,u)
deltap_majair=f*(L/Dh)*((Rho*un2)/2)
End

“Function of Minor Loss for Air Flow”
Function deltap_minair(CL,Rho,u)

deltap_minair=CL*((Rho*un2)/2)
End

“Pre-Set Operating Conditions”
HR_infinity=0.004 “ambient air humidity ratio”
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RH_infinity=0.1146 “ambient air relative humidity”

T _infinity=35 “ambient air dry-bulb temperature”

u dry=1.5 “anterring air velocity to dry channel”
T waterin=23 “iInterring water temperature”
m_watertot=60 “total inlet mass flow rate of water”
Length=1.2 “length of the channels”

AR=0.35 “working to primary air ratio”

HR_infinity=humrat(AirH20,T=T_infinity,R=RH_infinity,P=P_infi
nity)
RH_infinity=relhum(AirH20,T=T_infinity,w=HR_infinity,P=P_infi
nity)

P_infinity=101.325

GrAc=9.8

“Channel Wall Properties”
delta_wall=0.2 [mm]*convert(mm,m)
kappa_wal 1=190

“Water Film Properties”
delta_water=0.1 [mm]*convert(mm,m)
Cp_water=4.182

“Water Line Properties”

f watline=64/Re_watline
Dh_watline=7.5 [mm]*convert(mm,m)
Ac_watline=pi#*(Dh_watline/2)"2
Length_watline=2.3

“Related Propetries”

Eta fan=0.6

Dh_perforation=2 [mm]*convert(mm,m)
Ac_perforation=pi#*(Dh_perforation/2)"2

“Water Flow in Supply Water Line”
Re_watline=Rho_watline*u_watline*Dh_watline/Mu_watline
Rho_watline=density(Water,T=T_waterin,P=P_infinity)
Mu_watline=viscosity(Water,T=T_waterin,P=P_infinity)
u_watline=m_watertot/3600/Ac_watline/Rho_watline

VT _watline=u_watline*Ac_watline
kappa_water=conductivity(Water,T=T _waterin,P=P_infinity)

“Ambient Air Properties”
Tdp_infinity=dewpoint(AirH20,T=T_infinity,P=P_infinity,w=HR_infin
ity)
Twb_infinity=wetbulb(AirH20,T=T_infinity,P=P_infinity,w=HR_infini
ty)
Rho_infinity=density(AirH20,T=T_infinity,P=P_infinity,w=HR_infini
ty)

“Mesh Setup”
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B=450 “number of elements per channel”

“Geometry Specifications”
channels|sat=3025 [-] “total number of HMX channels”

D]sat_dc=0.79808[cm]*convert(cm,m)“diameter of dry channel inner
surface”

H e=1 [cm]*convert(cm,m) “height of one computational
element”

W e=H e “width of one computational
element™}

Dh]sat_dc=D|sat_dc

r|sat_dc=D|sat_dc/2

Ac|sat_dc=pi#*r]sat_dc"2
As|sat_dc=2*pi#*r|]sat_dc*(Length/B)
P|sat_dc=2*pi#*r|sat_dc
Dh]sat_wc=4*Ac|sat_wc/P|sat_wc
P|sat_wc=P|sat_po+((2*W_e)+(2*H_e))
P|sat_po=2*pi#*r|sat_po
r|sat_po=r|sat_dc+delta_wall
Ac|sat_wc=(W_e*H_e)-Ac|sat_pdc
Ac|sat_pdc=pi#*r|sat_po”"2
As|sat_po=2*pi#*r]sat_po*(Length/B)
rlsat_pi=rj]sat_dc
Ac|sat_p=pi#*(r|sat_po™2-r|sat_pi~™2)
r|sat_watero=r|sat_dc+delta_wall+delta_water
r|sat_wateri=r]sat_dc+delta_wall
Dh]sat_watfilm=(2*r|sat_watero-2*r|sat_wateri)
As|sat_water=2*pi#*r|sat_watero*(Length/B)

“Flow Conditions”

f]sat_dry=64/Re|sat_dry
f]sat_wet={0.6686}(0.044+((0.08*(H_e/D]sat_dc))/((((H_e-
D]sat_dc) /D]sat_dc)”(0.43-(1.13*(D|sat_dc/
H_e)))))))*(((Rho]sat_wet*({((H_e)/(H_e-
Dlsat_dc))*}u]sat_wet)*D]|sat_dc)/(0.00001080))"(-0.15))
NuO|sat_dry=4.36 [-]

NuO|sat_wet=3.61 [-]

Nu]sat_water=4.86

g hO IN FULLY DEVELOPED REGION-—-—-————————- &
“h0 Inside Dry Channel — for Fully Developed Condition”

“ailr properties:”
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Mu]sat_dry=viscosity(AirH20,T=T|]sat_dry,P=P_infinity,w=HR|sat_
g;ﬁlat_dry:specheat(AirH20,T:T|sat_dry,P:P_infinity,w:HRlsat_
gggga|Sat_dry:conductivity(AirH20,T=T|sat_dry,P=P_infhﬁty,w=HR|sat
Eﬂg?sat_dry:density(AirH20,T:T|sat_dry,P:P_infinity,w:HRlsat_
g:T;at_dry:Grandtl(Air,T:T|sat_dry)
Mu]sat_sd=viscosity(A1rH20,T=T|sat_water,P=P_infinity,R=1)

“flow properties:”

m|sat_dry=u_dry*Ac]sat_dc*Rho_infinity
Xt]sat_dry=0.05*Re|sat_dry*Pr|]sat_dry*Dh]sat_dc “thermal
entry length of dry channel”
Re]sat_dry=Rho|sat_dry*u_dry*Dh]sat_dc/Mu|sat_dry
hO]sat_dry=NuO|]sat_dry*kappa|sat_dry/Dh|sat _dc “for fully
developed region”

“h0 Inside Wet Channel”
“air properties:”
Rho|sat_wet=density(AirH20,T=T|sat_wet,P=P_infinity,w=HR|sat_
wet)
Mu]sat_wet=viscosity(AirH20,T=T|]sat_wet,P=P_infinity,w=HR|sat_
wet)
Cp|sat_wet=specheat(AirH20,T=T|sat_wet,P=P_infinity,w=HR|sat_
wet)
Kappa|sat_wet=conductivity(AirH20,T=T|sat_wet,P=P_infinity,w=HR|sat
_wet)
Pr]sat_wet=6randtl (Air,T=T|sat_wet)
Pr]sat_wetsat=prandtl (Air,T=T|sat_water)
Mu]sat_sw=viscosity(AirH20,T=T|sat_water,P=P_infinity,R=1)
“flow properties:”
m|sat_wet=m|]sat_dry*AR “mass flow rate in wet channel”
Vf|sat_dry=u_dry*Ac]|sat_dc
Vf|sat_wet=Vf]|sat_dry*AR
u]sat_wet=Vf|sat_wet/Ac|sat_wc
Xt]sat_wet=0.05*Re|sat_wet*Pr|sat_wet*Dh|sat_wc

“thermal entry length for dry channel”
Re|sat_wet=Rho|sat_wet*u]sat_wet*Dh]sat_wc/Mu|sat_wet
hO]sat_wet=NuO]sat_wet*Kappa]sat_wet/Dh]sat_wc

“for fully developed region”

“Water Film Convection and Plate Conduction”
Rlsat_plate=In(r|sat_po/r|sat_pi)/(2*pi#*kappa_wall*(Length/B))

Rlsat_water=1/(h|sat_water*2*pi#*r|sat_po*(Length/B))
h]sat_water=(Nu]sat_water*kappa_water)/Dh|sat_watfilm

“for dry channels”
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T]sat_dry[O]=T_infinity
HR|sat_dry=HR_infinity
T]sat_dry=(T]sat_dry[1]+T]sat_dry[B])/2

“for wet channels”
T]sat_wet[B+1]=T|sat_dry[B]
HR]sat_wet[B+1]=HR|sat_dry
T]sat_wet=(T]sat_wet[1]+T|sat _wet[B+1])/2
HR|sat_wet=(HR|sat_wet[1]+HR]|sat_wet[B+1])/2

“for water film”

T]sat_water[B+1]=T_waterin
T]sat_water=(T|sat_water[1]+T|sat _water[B+1])/2
m]sat_water[B+1]=m_watertot/channels|sat/3600

“Numerical calculation throughout the entire numerical domain”
Duplicate j=1,B
HR]sat_water[j]=humrat(AirH20,T=T|sat_water[j],P=P_infinity,R=1
“THE GOVERNING EQUATIONS:”

"ENERGY BALANCE OF DRY CHANNEL™
Qlsat_dry[j]l=q_local(Length,B,Xt]sat_dry, j,Re|]sat_dry,Pr]sat_
dry,Dh|sat_dc,hO]sat_dry, Mu|sat_dry,Mu|sat_sd,Kappa]sat_dry,
Tlsat_dry[j].Tlsat_pi[j].As]|sat_dc)
Qlsat_dry[j]=m]sat_dry*Cp|sat_dry*1000[W/kW]*(T|sat_dry[j]-
T]sat_dry[j+1])

"ENERGY BALANCE OF PLATE WALL"
Q]sat_condplate[j]=(T|sat_pi[j]-T|sat_po[j])/R|sat_plate
Q]sat_condplate[j]=Q|sat_dry[]j]

"ENERGY BALANCE OF WATER FILM"
Q]sat_convwater[j]=(T|sat_po[j]-T|sat_water[j])/R]|sat_water
Q]sat_convwater[j]=Q|sat_condplate[]j]
Q]sat_water[j]=m]sat_water[j]*Cp_water*1000[W/kW]*(T|sat_wate
r[j]-Tlsat_water[j+1])
Q]sat_water[j]=Q]sat_convwater[j]-Q]sat_wet[j]-Q]sat_evapl[j]

"ENERGY BALANCE OF WET CHANNEL™
Qlsat_wet[j]=-q]wc_local(Length,B,Xt]|sat _wet, j,Re|sat_wet,
Pr|sat_wet,Pr|sat_wetsat,Dh|sat_wc,hO]sat_wet,Mu]sat_wet,
Mu]sat_sw,Kappa]sat_wet,T|sat_wet[]j],T|sat_water[]j],
As|sat_water)
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Qlsat_evap[j]=m]sat_evap[j]*1000[W/kW]*enth_vap(T|sat_water[j])

DELTAenth]sat_wet[j]=m]sat_wet*1000[W/kW]*(enth_wet(T]sat_wet
[J].HR|sat_wet[j])-enth_wet(T]sat_wet[j+1],HR|sat_wet[jJ+1]))
DELTAenth]sat_wet[j]=Q]sat_evap[j]+Q]sat_wet[]]

""MASS BALANCE OF WET CHANNEL"

m|sat_evap[j]=hm_local (Rho|sat_wet,Cp|sat_wet,Kappa]sat _wet,T
|sat_water[j].,h]Jwc_local(Length,B,Xt]|sat_wet, j,Re|sat wet,Pr]|
sat_wet,Pr]sat_wetsat,Dh|sat_wc,hO]sat_wet,
Mu]sat_wet,Mu]sat_sw,Kappa]sat _wet))*As]|sat _water*Rho|sat_wet
*(HR|sat_water[j]-HR|sat_wet[j])

hm]sat33[j]=hm_local (Rho]sat_wet,Cp|sat_wet,Kappa]sat_wet,T|s
at_water[j].,h|wc_local(Length,B,Xt]sat_wet, j,Re]sat_wet,Pr]sa
t_wet,Pr|sat_wetsat,Dh|sat_wc,hO]sat_wet,
Mu]sat_wet,Mu]sat_sw,Kappa]sat wet))*As]|sat water*Rho|sat_wet
*(HR|sat_water[j]-HR|sat_wet[j])

m|sat_evap[j]=m|sat_wet*(HR]sat_wet[j]-HR|sat wet[j+1])

""MASS BALANCE OF WATER FILM"

m|sat_evap[j]=m|sat water[j+1]-m]|sat _water[}]
m|sat_evap[j]=m|sat_water[j]-m|sat_water[j+1]
Qlsat_dry[j]=DELTAenth|sat wet[j]+Q]sat water[}]
RH|sat_wet[j]=rh_air(T]sat_wet[j],HR|sat_wet[]j])
RH|sat_dry[j]=rh_air(T]sat_dry[j].,HR]|sat_dry)

End

T]sat_product=T|sat_dryout
RH|sat_product=rh_air(T|sat_dry[B],HR|sat _dry)
HR]sat_product=HR|sat_dry
T]sat_dryin=T_infinity
T]sat_dryout=T|sat_dry|[B]
Tdp|]sat_dryin=Tdp_infinity
Twb]sat_dryin=Twb_infinity
T]sat_waterout=T|sat_water[1]
T]sat_exhaust=T|sat_wet[1]
RH|sat_exhaust=rh_air(T|sat_wet[1],HR|sat_wet[1])
HR|]sat_exhaust=HR|sat_wet[1]
VT|sat_supply=Vf|sat_dry
VT|sat_exhaust=Vf]sat_supply*AR
Vf|sat_product=(Vf|sat_supply)*(1-AR)

“Pressure Losses of Air Flow”

DELTAP|sat_drymaj=deltap_majair(f]sat_dry,Length,Dh]|sat_dc,Rh
o|sat_dry,u_dry)
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DELTAP|sat_wetmaj=deltap_majair(f]sat_wet,Length,Dh]|sat_wc,Rh
o]sat_wet,u]sat_wet)
DELTAP|sat_drymin=deltap_minair(CL|sat_1,Rho]sat _dry,u]sat_dr
yl)+deltap_minair(CL|sat_2,Rho]sat_dry,u|sat_dry2)+deltap_min
air(CL|sat_3,Rho]sat_dry,u|sat_dry3)

“loss coefficients”

CL]sat_1=0.8

CL]sat_2=0.9

CL]sat_3=2

u]sat_dryl=u_dry

u]sat_dry2=u_dry

u]sat_dry3=u_dry*(1-AR)
DELTAP|sat_wetmin=(deltap_minair(CL|sat_4,Rho|sat_wet,u]sat_w
etl)*6)+(deltap_minair(CL]|sat_5,Rho]sat_wet,u]sat_wet2)*6)+de
Itap_minair(CL|sat_6,Rho|sat_wet,u]sat wet2)

CL]sat_4=2

CL]sat_5=1.5

CL]sat_6=2

u]sat_wetl=(Vf]sat_wet/6)/Ac_perforation

u]sat_wet2=u|sat_wet

DELTAP|sat_dry=DELTAP|sat_drymaj+DELTAP|sat_drymin

DELTAP|sat _wet=(DELTAP|sat_wetmaj+DELTAP|sat_wetmin)*3

DELTAP|sat_Air=(DELTAP]sat_dry+DELTAP|sat_wet)/1000
“[kPascal]”

“Theoretical Power Consumption”
W]sat_fan=(Vf|sat_supply*DELTAP|sat_Air*channels|sat)/Eta_fan
“LkW]” “power consumption of air fan”

“Water system pressure lose”

W]sat_pump=((Massflow_wat*GrAc*Hwater_tot)/eff pump)/1000
“[kwatts]”

Massflow_wat=m_watertot*(0.00028)

Hwater_tot=H_valve+H_gravity+H_friction+(H_nozzle)

H valve=1.5

H gravity=3

H nozzle=1.5

H_friction=(64/Re_watline)*(Length_watline/Dh_watline)*((Vf_w

atline”2)/(2*GrAc))

eff_pump=0.6

“Performance Evaluation”

“DP effectiveness”
EPSILON|sat_DewPoint=((T]sat_dryin-|sat_dryout)/(T|sat_dryin-
Tdp]sat_dryin))*100

“WB effectiveness”
EPSILON|sat_WetBulb=((T|sat_dryin-T]sat_dryout)/(T|sat_dryin-
Twb]sat_dryin))*100

“water evaporated per channel”
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Evaporation]sat_water=m|sat_water[B+1]-m]sat_water[1]
“total evaporated water”
Evaporation]sat_Total=Evaporation]sat_water*channels|sat*3600
“[Kg/hr]”
“Cooling capacity and cooling flux”
Q]sat_cooling=m]sat_dry*(1-AR)*Cp|sat_dry*(T|sat_dryin-
T]sat_dryout)*channels|sat “Lkw]”
Qc|sat_flux=((m]sat_dry*(1-AR)*Cp|sat_dry*(T|sat_dryin-
T]sat_dryout))/As|sat_dc)*1000 “[w/m2]>
“Energy Efficiency (COP)”
COP]sat=Q]sat_cooling/((W]sat_fan+W|sat_pump)*1.8)

“dew point temperature of exhaust air — to study condensation
potential™
Asdc|sat_exchanger=2*pi#*r|sat_dc*Length*channels|sat
Asdc|sat_tube=2*pi#*r|]sat_dc*Length
Aswc|sat_exchanger=2*pi#*r|sat_po*Length*channels]sat
Aswc|sat_tube=2*pi#*r|sat_po*Length

“Exergy Analysis:”

Ra=0.287 “specific gas constant for air”
Rv=0.4615 “specific gas constant for water vapor”
Cpa=cp(Air,T=T_amb)

Cpv=cp(H20,T=T_amb)

“Inlet Conditions:”
T _amb=T_infinity
HR_amb=HR_infinity
P_amb=P_infinity

“Dead State (0):~

T _O=T_amb
HR_O=humrat(AirH20,T=T_0,R=RH_0,P=P_amb) “saturation state”
RH_0=1 “saturation state”
P_0=P_amb

“Pressure Drops”
DELTAP_primarych=(DELTAP|]sat_dry/1000)
DELTAP_workingch=(DELTAP|]sat_wet/1000)
P_intrance=P_amb+DELTAP_primarych+DELTAP_workingch
P_product=P_amb+DELTAP_workingch

P_exhaust=P_amb

“Saturation Properties”

Plex_satWatVap=p_sat(Steam,T=T_0)
h]0_satWatVap=enthalpy(Steam,T=T_0,P=(P|ex_satWatVap-0.001))
hlwi_satWat=enthalpy(Water,T=T_waterin,P=P_amb)

- A10 -



h|wo_satWat=enthalpy(Water,T=T|sat_waterout,P=P_amb)
s|0_satWatVap=entropy(Steam,T=T_0,P=(P]ex_satWatVap-0.001))
s|wi_satWat=entropy(Water,T=T_waterin,P=P_amb)
s|wo_satWat=entropy(Water,T=T|sat_waterout,P=P_amb)
P|_satWatLigin=p_sat(Water,T= T_waterin)
P|_satWatLigout=p_sat(Water,T= T|sat_waterout)
v]wi_satWatLig=volume(Water,T=T_waterin,P=P_amb)
v]wo_satWatLig=volume(Water,T=T|sat_waterout,P=P_amb)

“Exergy Model”

mf=1.608*HR_amb “mole fraction”
mf_0=1.608*HR_O “mole fraction at dead state — saturated”
m_water=m_watertot/3600

“Inlet Exergies:”

“Exergy of primary channel inlet (pi1)”
ex|pi_t=(Cpa)*(T_0+273.15)*(((T_amb+273.15)/(T_0+273.15))-1-
(In((T_amb+273.15)/(T_0+273.15))))
ex|pi_m=(1)*Ra*(T_0+273.15)*In(P_intrance/P_0)
ex|pi_c=Ra*(T_0+273.15)*(((L)*In((1+mFf_0))))

ex|pi_Total=ex|pi_t+ex|pi_m+ex|pi_c
Ex]inlet _Air=ex|pi_Total*(m]sat_dry*channels]sat)

“Exergy of water inlet (wi)”
ex|wi_Water=(h]wi_satWat-h|0_satWatVap)-((s]wi_satWat-
s]0_satWatVap)*(T_0+273.15))+((P_product-P|_satWatLigin)*
v]wi_satWatLiq)-(Rv*(T_0+273.15)*In(RH_0))

Ex]inlet _Water=ex|wi_Water*m_water
“Outlet Exergies:”

“Exergy of Product air — Primary channel Output (po)”
ex|po_t=(Cpa)*(T_0+273.15)*(((T|sat_product+273.15)/(T_0+273.
15))-1-(In((T]sat_product+273.15)/(T_0+273.15))))
ex|po_m=(1)*Ra*(T_0+273.15)*In(P_product/P_0)
ex|po_c=Ra*(T_0+273.15)*(((L)*In((1+mFf_0))))
ex|po_Total=ex]|po_t+ex]|po_m+ex|po_c
m|sat_product=m|sat_dry*(1-AR)

Ex]out_product=ex|po_Total*(m]|sat_product*channels]sat)

“Exergy of Exhaust air — Working channel Output (wo)”
mf]wo=1.608*HR|wo

HRJwo=HR|sat_exhaust
ex|wo_t=(Cpat(HRJwo*Cpv))*(T_0+273.15)*(((T]|sat_exhaust+273.1
5)/(T_0+273.15))-1-(In((T]|sat_exhaust+273.15)/(T_0+273.15))))
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ex|wo_m=(1+mFjwo)*Ra*(T_0+273.15)*In(P_exhaust/P_0)
ex|wo_c=Ra*(T_0+273.15)*(((1+mFJwo)*In((1+mF_0)/(1+mFJwo)))+(
mFjwo*In(mFJwo/mf_0)))

ex|wo_Total=ex]|wo_t+ex]wo_m+ex|wo_c
m]sat_exhaust=m|sat_dry*(AR)

Ex]out_exhaust=ex|wo_Total*(m]sat_exhaust*channels]sat)

“Exergy of water outlet (wo)”
ex|wo_Water=(h]wo_satWat-h|0_satWatVap)-((s]wo_satWat-
s]0_satWatVap)*(T_0+273.15))+((P_amb-

P| _satWatLigout)*v]wo satWatLiq)-(Rv*(T_0+273.15)*In(RH_0))

Ex]Jout_Water=ex]wo_Water*(m_water-(-
Evaporation]sat_Total/3600))

“Fan Exergy”
Ex_fan=(DELTAP_primarych*(Vf]sat_dry*channels|sat))+(DELTAP_w
orkingch*(Vf]sat_wet*channels]sat))

“Exergy Loss”
Ex_loss=Q]sat_cooling*(1-(T_O/T_infinity))

“Exergetic Efficiency”
Ex|Total_in=Ex]inlet_Air+Ex]inlet_Water
Ex|Total out=Ex]out_product+Ex|out_exhaust+Ex]out Water

eff_Ex1=Ex|Total_out/Ex]|Total_in

“Irreversibility = Exergy Destruction”
Ex_destr=Ex]Total _in-Ex|Total_out-Ex_loss*“irreversibility”

“Exergetic COP = Exergy efficiency ratio”
COP_Ex1=COP|sat*(1-(T_O/T_infinity))
COP_Ex2=(Ex]Jout_product-(Ex]inlet_Air*(1-AR)))/Ex_fan

“Entropy Generation (S_gen)”
S_gen=Ex_destr/(T_0+273.15)

“Entropy generation number (NS)”
NS_gen=(S_gen*(T_0+273.15))/Q]sat_cooling

“Sustainability”
SI=1/(1-eff_Ex1)
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APPENDIX A2

(Calibration of the Instrumentations)

1. Thermocouples

The utilized type K thermocouples were calibrated using the fundamentals
of temperature measurement apparatus (WL202 by GUNT) at Sulaimani
Polytechnic University, as depicted in Fig. A2.1.

Fig. A2.1 WL202 fundamentals of temperature measurement (GUNT)

The calibrated Type K thermocouple was employed in GUNT's WL202
apparatus for fundamental temperature measurements. It also offers a
straightforward approach for calibrating uncalibrated Type K thermocouples.
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Fig. A2.2 illustrates the deviations among these thermocouples, with the

maximum recorded deviation of 0.5 °C.
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Fig. A2.2 Calibration result

2. Hygrometers

The humidity measuring instruments (hygrometers) were utilized for
measuring relative humidity at inlet, product, and exhaust locations of the
cooler. To assess the accuracy of the employed hygrometers, they were put
under a test. As shown in Fig. A2.3, the hygrometer put in an enclosed chamber
alongside with a humidifier. It has been waited until the chamber reached full
saturation (100% actual relative humidity). Thereafter, the hygrometer’s
accuracy tested by observing the data viewer from the measuring instrument
for about 30 minutes and observing for any fluctuation in the reading.
Throughout 30 minutes testing, the sensor was most of the time measured 100%
relative humidity with a slight alteration between 99.6% and 100% at rare
occasions. This stable measurement indicates high accuracy measuring

instrument.
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Fig. A2.3 Calibration of the humidity measuring instrument

3. Anemometers

For the purpose of velocity measurement, vane type anemometer has been
utilized. To calibrate this type of measuring instrument, a special set of velocity
calibration apparatus is required which was hard to acquire. As an alternative,
S0 as to measure a reasonable magnitude of velocity, each time to measure the
velocity of airflow, three anemometers (as shown in Fig. A2.4) were employed
for the data measurement, thereafter the average of these three measurements
has been recorded as the final measurement for the intended test. Throughout
the course of the experimentations, the maximum deviation observed between

the anemometers for each test were about 0.1 m/s.
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Fig. A2.4 Employed anemometers for velocity measurement

4, Rotameter

Regarding the water flow measurement, a variable area type rotameter has
been employed. Prior to the experimentations, the accuracy of utilized
rotameter has been evaluated by comparing the actual measured data with the
calculated data at different water flowrates. The results from the comparison
are presented in Table A2.1. The maximum deviation recorded was about
+2.25%.

Table A2.1 comparison between measured and calculated data

Test Exps;zggntal Measured Calculated Deviation
. flowrate (L/m) | flowrate (L/m)
(minute)
1 10 1.3 1.33 +2.25%
2 10 1.63 1.66 +1.84%
3 10 1.95 2.00 +2.5%
4 10 2.30 2.33 +1.28%
5 10 2.60 2.66 +2.25%
6 10 2.95 3.00 +1.66%
7 10 3.25 3.33 +2.4%
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