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ABSTRACT

ABSTRACT

In this work, we propose three configurations for the cooling tower, including one suggested
as a technical solution to enhance the thermal performance of the solar sorption cooling system
during scorching outdoor air temperatures. These configurations are based on a combination of the
dry cooling tower (DCT) with one or more sorption systems, where these systems are defined as a
spray water system (SWS), a direct evaporative cooler (DEC), and a ground heat exchanger
(GHE). The combined system may incorporate more than one sorption system in the same
configuration. A case study is presented concerning an adsorption device primarily driven by solar
energy in the dry and hot climate of Biskra, Algeria. The developed methodology was validated,
and a good agreement was found between numerical simulations and experimental results obtained
from the literature. It was concluded that the coupling of the cooling tower with one or more

sorption systems is an effective solution in hot and arid regions.

Keywords: Solar adsorption, cooling tower, spray water, direct evaporative cooler, ground heat

exchanger.




ABSTRACT

RESUME

Dans ce travail, nous proposons trois configurations pour la tour de refroidissement, dont une
suggéree comme solution technique pour améliorer les performances thermiques du systéeme de
refroidissement par sorption solaire lors de températures torrides de l'air extérieur. Ces
configurations sont basées sur une combinaison de la tour de refroidissement seche (DCT) avec
un ou plusieurs systemes de sorption, ces systéemes étant définis comme un systeme d'eau
pulvérisée (SWS), un refroidisseur par évaporation directe (DEC) et un échangeur de chaleur
géothermique ( GHE). Le systeme combiné peut incorporer plus d'un systéme de sorption dans la
méme configuration. Une étude de cas est présentée concernant un dispositif d'adsorption
principalement alimenté par I'énergie solaire dans le climat sec et chaud de Biskra, en Algérie. La
méthodologie développée a été validée et un bon accord a été trouvé entre les simulations
numeériques et les résultats expérimentaux obtenus a partir de la littérature. Il a été conclu que le
couplage de la tour de refroidissement avec un ou plusieurs systémes de sorption constitue une

solution efficace dans les régions chaudes et arides.

Mots clés : Adsorption solaire, tour de refroidissement, eau pulvérisée, refroidisseur a évaporation

directe, échangeur de chaleur au sol.
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A Total area of the heat exchange, m?
Cf Frictional factor

Cp Specific heat capacity, J/(kg-K)
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P Pressure, Pa
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

Solar energy is generated by the sun's radiation, which can be captured and converted into
electricity or thermal energy through the use of solar panels or solar collectors. The use of solar
energy has numerous benefits, including reducing carbon emissions, mitigating climate change,

and decreasing reliance on non-renewable energy sources.

Solar energy, a cost-effective alternative to traditional fossil fuels, is further enhanced by the
integration of sorption technologies. While the initial investment in solar panels or collectors may
seem high, the long-term savings are considerable, making it an economically viable choice.
Governments often provide incentives and rebates to encourage the adoption of solar energy
systems among homeowners and businesses. The versatility of solar energy extends beyond
electricity generation; it can efficiently power homes and buildings while also serving in sorption
applications. Solar energy is instrumental in heating water for both domestic use and industrial
processes. Particularly in remote or off-grid areas, solar energy, coupled with sorption
technologies, becomes a primary and sustainable source of electricity, overcoming limitations
posed by the unavailability of traditional energy sources. This synergy aligns with the global shift

towards clean and renewable energy solutions.

The primary aim of this thesis is to propose innovative technical solutions for adapting
Adsorption Solar Refrigerating Machines (ASRM) to hot regions, where ambient air temperatures
can exceed 45 °C, especially during summer. This requires finding effective ways to cool down
the air entering the Cooling Tower (CT) to improve the performance of the ASRM. To achieve
this goal, the thesis explores various approaches, including using shallow geothermal energy and

cooling systems that employ direct or indirect water evaporation.

The thesis is organized into two main parts, consisting of five chapters, preceded by an
introduction and followed by a conclusion. The first part focuses on the theoretical background of
the ASRM and the cooling techniques used in hot regions. The second part proposes innovative
solutions for adapting the ASRM to hot regions, including the use of renewable energy sources
and novel cooling technologies. Overall, this thesis aims to contribute to the development of
sustainable and efficient cooling systems for hot regions, which can mitigate the adverse impacts

of climate change and improve the quality of life for people living in these areas.




GENERAL INTRODUCTION

The present thesis is divided into two main parts. The first part consists of two chapters that
present a literature review of the research carried out on ad/absorption solar cooling technologies

and their applicability in hot regions such as Biskra, Algeria.

Chapter | provides a comprehensive overview of the available techniques for sorption
refrigeration systems. It compares different types of sorption refrigeration systems and reviews the
relevant literature on the subject. The chapter highlights the advantages and disadvantages of each

system and identifies the key factors that affect their performance.

Chapter Il focuses on the operating principle of Adsorption Solar Refrigerating Machines
(ASRM) and evaluates their applicability in hot regions. It presents a bibliographical study on the
performance of ASRM in different climatic conditions, with a specific focus on Biskra, Algeria.
The chapter reviews the relevant literature on the subject and highlights the challenges associated
with using ASRM in hot regions.

The second part of the thesis consists of three chapters (3, 4, and 5) that propose innovative
technological solutions for adapting refrigeration machines, including adsorption systems, to hot
regions. The primary objective is to address the challenge of these systems malfunctioning when
the ambient temperature exceeds the operating limits of the cooling heat exchangers, such as

cooling towers.

Chapter 111 presents a parametric study of the use of shallow geothermal energy to cool the
air entering the cooling tower. The chapter describes the main elements of the hybrid cooling tower
and evaluates its performance in hot conditions. The latter was produced in the form of a book
chapter and article entitled, respectively, "Hybrid cooling tower for a solar adsorption cooling
system: comparative study between dry and wet modes in hot working conditions" and "Thermal
performance of evaporative cooling tower / ground-water heat exchanger system for hot and dry

climates".

Chapter IV proposes a novel approach to cooling the air using a direct evaporative cooling
system and explains how to create a new coupling system that combines a direct evaporative cooler
with a ground water heat exchanger. Both systems are integrated with solar adsorption cooling
systems and are applicable in arid and semi-arid regions of Algeria, especially in the extreme

temperatures of the summer season. A simplified mathematical model has been validated to
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describe the heat and mass transfer between air and water in a direct evaporative cooler and
between ground and water in a geothermal heat exchanger. The latter was produced in the form of
an article entitled "Adaptation of an Adsorption Cooling System for Hot and Dry Climates: Use of
a Ground Water Heat Exchanger Coupled to a Direct Evaporative Cooling Tower".

Chapter V studied and proposed a calculation methodology to design a hybrid cooling tower
(HCT) coupled with a horizontal ground-water heat exchanger (GWHE). The HCT-GWHE system
is proposed as a technical solution to enhance the thermal performance of the HCT by taking the
case study of an adsorption device driven mainly by solar energy in the dry and hot climate of
Biskra (Algeria). Four operation levels of the HCT-GWHE system are investigated, namely:
GWHE, direct evaporative cooler DEC, spray water system (SWS), and finned tube heat
exchanger. The latter was produced in the form of a patent entitled "Dispositif d amélioration de
Iefficacité des échangeurs de chaleur a air avec nouveaux éléments couplant trois systemes de

refroidissement basés sur [’évaporation directe de l'eau et la géothermie".
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1.1 Introduction

In recent years, the efficient utilization of renewable resources has become increasingly
important due to their potential for stimulating economic growth and reducing atmospheric
pollution. One key strategy for achieving this is the replacement of traditional energy sources, such
as hydrocarbons, with renewable energy sources such as wind, solar, geothermal, biomass, and
hydropower. These renewable energy sources are being used for cooling and heating purposes in
a variety of settings, including domestic, commercial, and industrial. The present chapter is
focused on the study of sorption cooling systems, which represent absorption and adsorption
technologies that use renewable resources. Specifically, the research aims to investigate the

adaptation of a solar adsorption air conditioner in the hot and arid climate region of Biskra, Algeria.
.2  Renewable energy

Renewable energy is a type of energy that is derived from natural resources that are
inexhaustible over time and have the ability to naturally renew themselves. This category of energy
includes sources such as wind, solar, geothermal, biomass, and hydraulic energy [1, 2]. Numerous
developed nations have implemented a range of renewable energy technologies. In recent times,
wind energy has gained increasing popularity [3]. For instance, wind turbines are being used to
generate power in the Netherlands, China, USA, Germany, Malaysia, Spain, and India [4, 5]. In
Iceland, seventy percent (70%) of their manufacturers use geothermal energy for industrial
reasons, while in northwest Iran, geothermal energy is produced using mineral elements [6]. Solar
energy has gained considerable attention from scientists in recent years, as there has been a surge
in demand for its utilization in a range of applications, including heating of water, building heating

and cooling, cooking, power generation, and refrigeration [7].
1.3  Energy of solar

Solar energy is a renewable and abundant source of clean energy that is captured from the

sun through photovoltaic cells, which convert sunlight into electricity. Solar power is widely
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available, affordable, and environmentally friendly, making it a sustainable solution to the world's
energy needs. The use of solar energy has increased in recent years due to technological
advancements and a growing awareness of the need to reduce greenhouse gas emissions. Solar
panels can be installed on residential and commercial buildings, as well as in large-scale solar
power plants, to generate electricity for daily use. By harnessing the power of the sun, we can

create a cleaner, healthier, and more sustainable future for generations to come [8].

In both commercial and residential buildings, the demand for AC increases during the
summer months. This is especially true in developing countries where there is inadequate
electricity and storage to support high-energy consumption systems such as refrigeration and
cooling. One way to tackle this problem is by utilizing solar cooling techniques to mitigate the
environmental impact and the problems consumption of energy associated with conventional

refrigeration and AC systems [9].
1.4 Solar refrigeration technology

Solar energy plays a critical role in solar refrigeration systems for cooling purposes. The use
of solar energy for cooling and refrigeration applications is not only cost-effective but also
pollution-free worldwide. The implementation of solar-powered cooling systems can help

Mediterranean countries reduce their energy costs by up to 50% [10].

Additionally, certain sub-Saharan nations with substantial solar potential can employ solar
refrigeration to maintain medicines and vaccines at lower temperatures, and these systems can be

designed to be portable if required, as they rely on solar energy as their power source [11, 12].
1.4.1 Solar photovoltaic cooling systems

Figure 1.1 portrays the four essential components of a solar electric system: PV modules,
inverters, batteries, and vapor compression cooling systems. PV cells convert solar energy into DC
electrical energy, which is stored in batteries when there is sunlight and released when there is
none. The charge regulator is responsible for preventing the battery from being overcharged. The
inverter generates AC electrical power that powers the vapor compression AC unit, a conventional
cooling or refrigeration system. The inverter transforms DC electrical power into AC and powers
AC loads with electrical energy [13].
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Figure I-1 Schematic diagram of a standalone PV system [13].

1.4.2  Solar thermo-electrical cooling

Peltier cooling systems can run on the power that solar PV devices produce in solar electric
cooling. By exploiting the thermoelectric effect, which allows the conversion of heat into
electricity and vice versa, it is possible to create a temperature gradient that results in cooling at
one end and heating at the other. Peltier cooling devices are compact and reliable, but their

efficiency is currently lower than that of vapor compression systems [14].

A thermoelectric refrigerator, illustrated in Figure I-2, features a generator comprising a
limited number of thermocouples, which generate low thermoelectric power but are capable of
producing a high current. This design provides the benefit of operating with a low-level heat
source, making it suitable for converting solar energy into electricity. Furthermore, the
combination of both components is compatible with using semiconductor-based thermoelectric
materials such as Bi2Te3 [15].
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Figure 1-2 Schematic of solar thermo-electrical cooling system [14].

1.4.3 Solar thermo-mechanical cooling

Solar thermal-mechanical cooling systems are gaining renewed attention for their versatile
applications and potential to be utilized in a wide range of industries. These systems can be used
for cooling purposes by utilizing suitable working fluids, and they can also generate electricity by
connecting the main engine to an electric generator when cooling is not required. They are highly
efficient and exhibit high performance in off-design conditions, allowing them to effectively use
a wide temperature range of solar collectors. The thermo-mechanical solar cooling system operates
in two steps: thermal energy is first converted into mechanical energy, which is then used to deliver
the cooling effect. One example of such a system is the steam ejector system, which is linked to a
parabolic solar collector. The steam generated by the collector flows through the ejector, causing
the evaporator pressure to drop, resulting in heat absorption from the cold water and water
vaporization in the evaporator. This system can operate at low pressure and low temperature for
air-conditioning applications, and it can utilize low-temperature solar heat by lowering the

operating pressure below atmospheric pressure. Overall, solar thermal-mechanical cooling
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systems are a promising technology that can be used in various industries to reduce energy

consumption, decrease carbon emissions, and promote sustainable development [16].
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Figure 1-3 Examining Thermo-Mechanical Cooling System Schematic Diagrams: A Comparison
of Solar Rankine Cooling (a) and Solar Ejector Cooling (b) [16].

1.4.4 Solar cooling techniques using thermal energy

Solar thermal cooling systems are becoming increasingly popular due to their direct
conversion of sunlight into heat and their potential to reduce energy consumption. These systems
can absorb more than 95% of incident solar energy and consist of a solar collection array, a thermal
storage tank, a thermal air conditioner, and a heat exchanger. Sorption technology is used to
achieve the cooling effect through chemical or physical changes between the sorbent and the
refrigerant. There are two main types of sorption technology: open and closed sorption systems,
with closed sorption technology including absorption and adsorption refrigeration. As technology
advances, solar thermal cooling systems can become more efficient, cost-effective, and accessible,

contributing to a cleaner and more sustainable future [13].
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Figure I-4 The essential components of a solar thermal cooling system [13].

.5 Sorption cooling systems

Thermal cooling techniques utilize sorption technology, which can be categorized as either
open sorption systems or closed sorption systems. Desiccant cycles are an example of open

sorption system [17].

Technologies based on absorption and adsorption are examples of closed systems:
- Absorption process between liquid-gas.
- Adsorption process between solid-gas.

The absorption phenomenon refers to the mixing of a gas with a liquid where the two fluids
have a strong affinity for each other. This results in the transfer of material from one phase to the
next, with the second phase allowing the material to interpenetrate and form a solution [14, 18,
19].

The basic process of any adsorption cycle involves the separation of a substance from one
phase, which is then accumulated or concentrated on the surface of another phase. The attachment
of fluid particles to the surface of a solid, known as adsorption, can occur through Van der Waals
or electrostatic forces or through covalent bonding. Physisorption, which utilizes Van der Waals
forces, is commonly used in commercial adsorption cooling cycles. During the adsorption process,
the temperature of the solid adsorbent increases while the temperature of the liquid adsorbate
decreases, making the process exothermic. An ideal adsorption process includes four stages:
isosteric heating, desorption and condensation, isosteric cooling, and adsorption and evaporation
[20].
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I.5.1 Desiccant Cooling Systems

In a solid desiccant cooling system, the desiccant wheel is the heart of the system, which is
made up of a large number of thin corrugated sheets impregnated with the desiccant material. The
desiccant wheel rotates slowly between two air ducts, one is used to dehumidify the process air,
and the other is used to regenerate the desiccant wheel. During the dehumidification process, the
air is dried by passing through the desiccant wheel, which adsorbs the moisture from the air. The
dried process air is then passed through the sensible heat exchanger and cooling coil to reach the
desired temperature and humidity level. The desiccant wheel's regeneration process involves
heating the desiccant material to a high temperature, which drives out the moisture from the
desiccant and releases it into the atmosphere. The regeneration heat source can be either an

electrical heater or a solar/waste heat collector.

In addition to the rotary desiccant cooling system, there are also fixed-bed and fluidized-bed
desiccant cooling systems. In the fixed-bed system, the desiccant is stationary, and the process air
is passed through it, while in the fluidized-bed system, the desiccant is fluidized with air, and the
adsorption and regeneration take place in a continuous process. The choice of desiccant cooling
system depends on various factors, such as the required cooling capacity, the climatic conditions,

the availability of energy sources, and the capital and operating costs [22].
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arr supply
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Figure 1-7 Principle of solid desiccant cooling [22].
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1.5.1.1 Operating principle

Desiccation exploits a double exchange of cold and humidity between the air flows entering
(process air) and leaving (regeneration air) a building. This air circulation is generally ensured by
an air handling unit (figure 1-8). Figure 1-9 air evolution processes are depicted in the diagram of

moist air where [22-24] :

Phase 1-2: Qutside air or forced air (also called process air) is drawn in through a filter, then
passed through the "desiccant wheel” or "desiccation wheel”. This rotary exchanger contains a
solid sorption product. The latter absorbs water vapor from the outside air by adsorption. The

outside air is thus dehumidified and in return sees its temperature increase.

Phase 2-3: The outdoor air is then cooled by heat exchange with the indoor exhaust air or the

exhaust air. This exchange takes place through a rotating heat exchanger (non-hygroscopic).

Phase 6-7: To increase the heat exchange and therefore the cooling of the forced air, the extracted
air is first cooled by humidifying it until saturation. his reduces the temperature as much as possible

and increases the cooling capacity of the exchanger.
Phase 7-8: By passing through the heat exchanger, the extracted air is therefore heated.

Phase 8-9: In order to operate continuously, the desiccant wheel must be regenerated, i.e. it must
dehumidify the adsorbent material. To do this, the portion of the wheel containing the humidity
must cross the flow of extracted air which will have been previously heated to reach a temperature

sufficient to vaporize the water molecules retained in the pores of the wheel.

Phase 9-10: Hot air circulates through the desiccant wheel, recharging it and allowing it to
continue dehumidifying indefinitely. Finally, using a fan, the exhaust air is heated and humidified

to a greater level than the outside air.

Phase 3-5: The forced air can still be sprinkled with water through a humidifier. The water will

absorb the remaining calories in the air before it is propelled into the building to be cooled by a

12
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fan. This alternative makes it possible to cool the forced air but not to dehumidify. To do this, it is

then necessary to replace this humidifier with a cold battery.

Phase 4-5: This system is said to be reversible because it can also be used for cooling and heating.
In winter, this corresponds to a normal operating mode of heating by a centralized air system, using
the sorption wheel as a heat recuperates, while supplementing the contributions of solar heat. The
presence of a heating coil thus allows the regulation of the heating temperature in winter [24].
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Figure 1-8 Schematic of solid desiccant cooling with SC [24].
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Figure 1-9 The evolution of air in the diagram of moist air [23].

1.5.2 Absorption process between liquid-gas.

Adsorption is a surface phenomenon that involves overcoming the attractive forces between
the adsorbate and the adsorbent, which requires a significant amount of activation energy.
Absorption, on the other hand, involves the diffusion of the absorbate into the bulk of the
absorbent, which typically requires less activation energy than adsorption [25, 26]. The
water/lithium-bromide absorption refrigeration system is still used today in large-scale industrial
and commercial applications, particularly in areas with limited electrical power supplies. In this
system, water is the refrigerant, and lithium bromide is the absorbent. The process involves the
absorption of water vapor by the lithium bromide, which is then separated by heat and pressure to
release the water vapor as a refrigerant. The remaining lithium bromide solution is then recycled
back to the absorber to continue the cycle. This process requires a source of heat, such as steam or
hot water, to drive the absorption and separation of the two fluids. Absorption refrigeration systems
have been used in a variety of applications, including air conditioning, refrigeration, and industrial
process cooling [27]. Compared to other thermally operated technologies, absorption systems have
a higher COP (coefficient of performance), making them their main advantage.

1.5.2.1 Operating principle

The absorption refrigeration system comprises four key components, namely the generator,
pump, absorber, and evaporator. Together, these components facilitate the compression of the
refrigerant vapor. The refrigerant vapor is drawn into the evaporator where it gains additional
thermal energy, separating it from the solution. The refrigerant is then condensed in the condenser
before being expanded by the evaporator to achieve cooling [28, 29]. A schematic of a basic closed

cycle of absorption refrigeration is shown in Figure 1.10.

Solar thermal absorption refrigeration technology involves using a chiller to absorb heat
from a tank connected to a solar collector. There are three categories of absorption systems based
on their solution regeneration and thermal operation cycles: single-effect, half-effect, and double-
effect solar absorption cycles. Compared to a double-effect chiller, single-effect and half-effect

chillers require lower temperatures [30]. The use of DAR (diffusion absorption refrigeration) and
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hybrid systems can provide even better performance compared to traditional absorption

refrigeration systems.
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Figure 1-10 General schematic of absorption system [16].
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1.5.3 The adsorption phenomena

Adsorption is a ubiquitous process that occurs when one substance, known as the adsorbate,
adheres to the surface of another material, known as the adsorbent. This process is typically divided
into two categories: physical adsorption and chemical adsorption. When weak intermolecular
forces like van der Waals forces hold the adsorbate molecules to the adsorbent surface, physical
adsorption takes place. This process is non-selective and can lead to the formation of multiple
layers of adsorbate molecules on the surface of the adsorbent. In contrast, chemical adsorption
involves the formation of chemical bonds between the adsorbate and adsorbent molecules.
Physical adsorption can be compared to the condensation process of a refrigerant within the
adsorbent material, and the heat released during adsorption is similar to the heat released during
the condensation process of the refrigerant. Applying heat or lowering the pressure can release the
molecules that have been physically adsorbent from the adsorbent surface without them
decomposing during the desorption process. Physical adsorption has a wide range of applications,
including refrigeration, gas separation and storage, catalysis, and air purification. Although
physical adsorption is a relatively simple and cost-effective process, it has limitations and is not
suitable for all applications [31].
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The most widely used adsorbents in energy adsorption refrigeration systems solar or residual
heat are activated carbon, silica gel, and zeolite, while the most generally used adsorbents in energy

adsorption refrigeration systems solar or residual heat are water, methanol (ethanol), or ammonia.

1.5.3.1 Operating principle Closed cycles with physical adsorption

Solar adsorption cooling systems utilize solar energy as their primary energy source and
operate solely on thermal energy, eliminating the need for mechanical or electrical input. The
refrigeration process takes place in a closed system consisting of an adsorbent bed in the solar
collector, a condenser, a receiver tank with a two-way valve, and an evaporator (as shown in Figure
1.11). The basic adsorption cycle consists of four steps, which are illustrated in the Clapeyron

diagram, featuring two isobaric and two isosteric lines (as shown in Figure 1.12).

During the daytime, the adsorbent material can be heated using solar energy to drive the
desorption process, while during the night-time, the adsorbent can be cooled by radiating heat to
the surroundings to drive the adsorption process.

A typical daytime adsorption cooling cycle consists of the following steps:

Adsorption: The adsorbent material is exposed to a gas or vapor, and the adsorbate molecules are

attracted and held onto the surface of the adsorbent.

Pre-cooling: The adsorbent material is cooled to a lower temperature to increase its adsorption
capacity. This can be achieved by passing a cooling fluid, such as water, over the surface of the
adsorbent material.

Adsorption stabilization: The adsorbent material is kept at a constant temperature and pressure

while the adsorbate continues to be adsorbed onto the surface of the material.

Cooling: The adsorbent material is used to cool a fluid or space by passing a cooling fluid or air
over the surface of the adsorbent material. As the fluid or air passes over the adsorbent, the

adsorbed gas or vapor is released, causing the fluid or air to cool down.

Desorption: The adsorbent material is then exposed to a higher temperature, typically using solar

energy, to release the adsorbed gas or vapor from the surface of the adsorbent.
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Regeneration: The desorbed gas or vapor is removed from the adsorption chamber, and the
adsorbent material is regenerated by removing any remaining adsorbed gas or vapor using a

vacuum or purging with an inert gas.

During the night-time period, the adsorption cooling device can still operate by utilizing the
radiative cooling effect. The radiative cooling effect is a natural phenomenon where an object loses
heat to its surroundings by emitting infrared radiation. By using an adsorbent material that has a
high emissivity, the material can effectively radiate heat to the surroundings, causing them to cool

down.
In a typical night-time adsorption cooling cycle, the following steps can be included:

Pre-cooling: The adsorbent material is cooled to a lower temperature to increase its adsorption

capacity. This can be achieved by radiating heat from the adsorbent to the surroundings.

Adsorption stabilization: The adsorbent material is kept at a constant temperature and pressure

while the adsorbate continues to be adsorbed onto the surface of the material.

Cooling: The adsorbent material is used to cool a fluid or space by passing a cooling fluid or air
over the surface of the adsorbent material. As the fluid or air passes over the adsorbent, the

adsorbed gas or vapor is released, causing the fluid or air to cool down.

Desorption: The adsorbent material is then exposed to a higher temperature to release the adsorbed
gas or vapor from the surface of the adsorbent. This can be achieved by using a heating fluid, such

as hot water or steam.

Regeneration: The desorbed gas or vapor is removed from the adsorption chamber, and the
adsorbent material is regenerated by removing any remaining adsorbed gas or vapor using a

vacuum or purging with an inert gas [2, 32].

The solar adsorption refrigeration cycle operates in two stages, with stages 1-3 occurring
during the daytime and stages 3-1 occurring during the night-time. Depending on the driving heat

temperature, which ranges from 60-95 °C, the adsorption cycle can achieve a COP of 0.3-0.7 [33].
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Figure 1-12 Basic adsorption cycle [32].
1.5.3.2 Physical adsorption

Highly porous physical adsorbents like silica gel, activated carbon (AC), and zeolite can
selectively trap and store refrigerants due to their high surface-to-volume ratios. When these
adsorbents become saturated, they can be easily regenerated by heating.

An adsorption refrigeration system using silica-gel/H20 and activated carbon (AC) with
methanol or NH3 as the refrigerant operates by cooling the adsorbent material to a low
temperature, allowing the refrigerant to adsorb onto its surface, releasing heat in the process. Upon
heating, the refrigerant desorbs from the adsorbent, evaporates, and cools in the evaporator in the
presence of ambient air or water, producing a cooling effect. The refrigerant vapor then adsorbs
onto the adsorbent material, and the cycle continues [34, 35]. The COP of an adsorption
refrigeration system can range from 0.1 to 0.5, depending on the specific conditions of the system,
and is typically lower than conventional vapor compression refrigeration systems. However,
adsorption refrigeration systems have several advantages, including their ability to utilize low-
grade thermal energy sources, low environmental impact, and the ability to operate without moving
parts or harmful refrigerants, making them well-suited for specific applications. Regular
maintenance and cleaning of the adsorbent material are necessary to maintain the system's
performance and prevent fouling or degradation of the adsorbent [36]. Current solar adsorption

technology can produce 4 -7 kg/m? of SC per day, with a cooling coefficient of 0.10 to 0.15 [37].

1.5.3.3 Chemical adsorption

Chemical adsorption is a process that involves the binding of a gas or vapor molecule to the
surface of a solid or liquid substance through strong chemical bonds. Unlike physical adsorption,
which involves weaker forces of attraction such as Van der Waals forces or hydrogen bonding,
chemical adsorption forms a more stable and irreversible bond between the adsorbent and the
adsorbate. This makes it a more energy-intensive process to reverse, requiring higher temperatures

or other chemical reactions to release the adsorbed molecules.

Erhard et al. [38] In Germany, a demonstration adsorption refrigeration device was
constructed using the strontium chloride/NH3 pair. However, the cycle only achieved a global

COP of 0.08, and the evaporation temperature reached -5°C during the cycle.
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Maggio et al. [39]. Propose a mathematical model was created to assess the efficiency of a
solar adsorption fridge that utilized a composite material composed of LiCl in the pores of silica
gel as the adsorbent and methanol as the refrigerant. The fridge obtained a maximum solar COP
of 0.33, and was capable of producing up to 20 kg of ice per m2 of collector each day.

Metal hydride refrigeration systems use hydrogen as a refrigerant and are being considered
for integration into hydrogen-fueled systems. However, like other adsorption technologies, metal
hydride refrigeration faces research challenges related to improving specific cooling capacity and
heat transfer in the beds. Single-stage systems can achieve a driving temperature as low as 80°C,
depending on the hydride and the heat rejection temperature, with COPs around 0.5 [40].

1.6 Comparison adsorption versus absorption

Adsorption is the process by which ions or molecules of gases, liquids, or dissolved solids
attach to a solid surface. During this exothermic process, molecules of a liquid or gas (called the
adsorbate) collect on a solid surface (called the adsorbent). Porous materials, known as adsorbents,
are capable of absorbing many times their volume in gases or liquids. It is important to note that
the terms "adsorption™ and "absorption” have different meanings, even though they are sometimes
used interchangeably. Adsorption refers to the sticking of gas or liquid molecules to the surface of

a solid, while absorption refers to the entry of gas or liquid molecules into the solid [41].

Table I-1 Comparison Between Various Solid Adsorbent Pairs

Adsorbent Refrigerant Adsorption Density of Considerations
Heat (kJ/kg)  Refrigerant
(kg/m?)

Activated HO 3000 1000 Water is applicable except for very
alumina low operating pressure
Zeolite HO 3300-4200 1000 Natural zeolite has lower values than

NH; 4000 — 6000 681 synthetic zeolite

CHs0H 2300 - 2600 791
Silica gel CH30H 1000 — 1500 791 Suitable for temperature less than

200°C

Silica gel HO 2800 1000 Used mostly for descent cooling
Calcium chloride =~ CH3OH 1800 —2000 791 Used for cooling
Metal hydrides Hydrogen 2300 - 2600 1000 Used for air conditioning
Complex Salts and 2000-2700 681 Used for refrigeration
compounds NH3 or H,O
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Table 1-2 Comparisons of the COP and SCP values of different studies.

Working pair COP SCP (kJ/kg) Reference

Zeolite 13X-water 0.38 92,5 Zhang (2000) [42]
Activated carbon/methanol 0.4 150 Wang et al. (2001) [43]
Activated carbon/methanol 0.12-0.14 230.4 Li et al. (2002) [44]
Activated carbon/methanol 0.125 117.3 Wang et al. (2006) [45]
Activated carbon/methanol 0.211 83.72 Hassan et al. (2011) [46]
Activated carbon/methanol 0.48 114 Tso etal. (2014) [47]
Zeolite 13X/CaCl2—water 0.16 106 Tso et al. (2015) [48]
Zeolite 13X/CaCl2—water 0.3 401 Chan et al. (2018) [49]
Zeolite 13X/CaCl2—water 0.24 208.2 Zhu et al. (2018) [50]
Activated carbon/methanol 0.49-0.67 113.7-114.8 Saravanan et al. (2022)
Zeolite/water 0.36-0.45 216-217.4 [32]

1.7  Conclusion

In this chapter, A state of the art review of the different technologies available to convert
solar energy into a cooling effect is demonstrated. The study draws up the main means of
production of solar cold, in this case electric solar air conditioning (photovoltaic), open cycle solar
cooling by desiccation and closed cycle solar cooling by sorption.

For open sorption refrigeration systems, it has been shown that in hot and humid climates,
or in ambient air with high humidity, a special and more complex design of the desiccant cooling
process is required. This is because reducing the high humidity to a sufficiently low level allows
the direct use of the desiccant cooler.

for closed systems, it has been shown that sorption refrigeration machines, especially
absorption machines, are commercially available for high power applications. However, the
market for small power absorption units (5-10 kW) is currently developing. Indeed, the
bibliographic study shows that adsorption refrigeration machines have a relatively low solar COP.

When compared to absorption machines, adsorption machines are relatively big, requiring a

significant quantity of material and huge exchangers. However, the generation temperature level
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is lower than that required by liquid sorbents. Adsorption machines generally require very few
moving parts, reducing the need for maintenance. This is very important especially in a context
of lack of maintenance, qualified technicians or parts not manufactured locally. This reinforces the
choice to study the feasibility of adsorption solar installations in the Biskra region. Thus, the next
chapter is dedicated to the state of the art of solar cold production technology by the adsorption

phenomenon.
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adaptation.

CHAPTER II: Literature search on technical solutions used for

solar adsorption system adaptation.

1.1 INTRODUCTION

This chapter presents literature research on technical solutions used for solar adsorption
system adaptation and the most common failure problems of this solar system.The objective is to
give an overview of the techniques used in the field of cold production through the phenomenon
of adsorption. For this, it seems appropriate to us to present the work carried out in the field of
cold production by adsorption, which uses solar energy as a heat source in the Biskra region.

The effectiveness of such systems, as well as possible issues with design, installation, and
operation, are, incidentally, highlighted by one case. This particular illustration was selected to
illustrate the significance of system optimization. The acceptability and knowledge of new
technologies are particularly low when they are introduced to the market. Due to incorrect
application of technological fundamentals, there is a reduction in the ecological and financial
consequences. Thus, the relationship between the function of the adsorption machine and ambient
air temperature changes when the temperature reaches 35 °C in the summer season in the Biskra

region.
1.2 Adsorption refrigerator « Intermittent cycle »

Adsorption cooling systems, as discussed in the preceding chapter, can operate at low
temperatures (typically below 90 °C) [51-53], and combining adsorption cooling with solar

collectors has grown in popularity in recent years.

The exploitation of solar energy is done by adsorption collectors in the case of intermittent
cycles or by solar water heaters in the case of continuous cooling systems such as chillers. To this
end, and to present a clear bibliographic synthesis of applied research activities and projects, it is
appropriate to classify them into two different categories: adsorption refrigerators and two
different categories: adsorption refrigerators with a single adsorber and adsorption chillers with

two adsorbers (chiller).
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Figure 11-1 A diagram illustrating the adsorption cooling process utilizing CPC solar collectors
[54].

11.2.1 Adsorption chiller with single adsorber (Chiller)

In previous works, the control for a one-bed adsorption chiller with a separate condenser (C)
and evaporator (E) is generated and tested. Figures 11-2 and 11-3 provide an overview of the
components, the heat flow rates, and the temperatures that occur throughout a cycle with one bed
of adsorption. In addition to this, the separate phase periods for adsorption tadss and desorption tdes

are noted.

(@) C]C (b) @C o
A adsorber M
C: condenser ( Q-“ ( QA

e gyl

E: evaporator V,_ ‘ | Ll

r— Qg "
- B — E I
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Figure 11-2 Phases, heat fluxes, and a one-bed adsorption chiller setup. Adsorption and isosteric
cooling (a), desorption and isosteric heating (b) [9].
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Figure 11-3 The different phases of adsorption chiller with single chiller [55].

Isosteric Cooling and adsorption 1-3: The processes of isosteric cooling and adsorption can be
divided into three states. In state 1, the adsorbent is at its minimum loading, wmin, and its
maximum temperature, Tpes = Tp;gn. All valves are closed at this point to prevent adsorption or
desorption. Next, in state 2, the adsorbent is cooled isothermally until the pressure in the adsorber
pad (Tad,; = wyin) €quals the pressure in the evaporator pE (Tlow). A valve between the
evaporator and adsorber can be used to achieve this. If the pressure in the evaporator is higher than
that of the adsorber, the valve opens, and adsorption begins. During this phase, heat Qgis
transferred to the evaporator, while Q4,45 is needed to cool the adsorber to remove the released
enthalpy of adsorption h,4. The ideal adsorption phase ends when the adsorbent reaches its
maximum loading, wmax, and its minimum temperature, Ty = Tpmiq, Which is state 3. The
duration of this phase is referred to as the adsorption phase time ads, which determines the

temperature and loading reached in an actual cycle.

Isosteric heating and desorption 3-1: During the heating phase, the loading remains constant
while the pressure gradually increases until the adsorber pressure pad (T,; = Wiqy) €quals the
condenser pressure pC (T,,;4) in state 4. This is achieved in an adsorption chiller by using a valve
between the adsorber and the condenser. Desorption begins as soon as the valve opens, with the
adsorbate flowing from the adsorber to the condenser. While Q p.s cools the condenser, QC

provides heat to the adsorber. In the ideal cycle, the desorption phase ends when the adsorbent
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reaches its maximum temperature (Tpes = Thign) and minimum loading (wmin), which is state 1.

The duration of the desorption phase, called "des, determines the temperature and loading achieved

in a real cycle.

11.2.2 Adsorption chiller with double adsorber (Chiller)

SorTech AG is a German company that manufactures adsorption chillers. The company's
most popular model is the SorTech ACS, which is a small, compact chiller that can be used for a
variety of applications, including home and office air conditioning, and industrial process cooling.
The SorTech ACS is powered by heat, which can be provided by solar energy, biomass, or waste
heat. The chiller is also very energy efficient, and can save up to 50% on energy costs compared
to traditional air conditioners [56].

Here are some of the benefits of using an adsorption chiller:

e Energy efficient: Adsorption chillers are very energy efficient, and can save up to 50% on
energy costs compared to traditional air conditioners.

e Eco-friendly: Adsorption chillers are powered by heat, which can be provided by
renewable energy sources such as solar energy, biomass, or waste heat. This makes them a more
sustainable option than traditional air conditioners, which use electricity.

e Quiet: Adsorption chillers are very quiet, and operate at a much lower noise level than
traditional air conditioners.

e Compact: Adsorption chillers are small and compact, making them ideal for use in homes,
offices, and small businesses.
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Figure 11-4 Adsorption chiller ACS 08 / ACS 15 [57].

In addition to their expertise in silica gel technology, SorTech has also gained significant
knowledge in zeolith coating technology as shown in figure I1-5, which enables them to coat three-
dimensional structures made of various alloys. The special aspect of this technology is that it
allows for the direct crystallization of Zeolith onto aluminum-based surfaces, resulting in highly
energy-dense and space-efficient heat exchangers for SorTech's advanced sorption chillers and

heat pumps.

Reaktionsldsung

Aufldsung Kristallbildung Schichtwachstum

Figure 11-5 Crystallization process (left); alloy sponge suitable for Zeolite coating (right).

Traditional air conditioners use electricity to compress a refrigerant, which causes it to
evaporate and cool the surrounding air. Thermal-driven chillers use thermal energy to compress
the refrigerant, which can come from a variety of sources. Adsorption chillers are a type of thermal-
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driven chiller that uses a solid adsorbent to absorb the refrigerant. This process releases heat, which
is then dissipated into the surrounding environment. The refrigerant is then released from the

adsorbent and condensed into a liquid, which absorbs heat from the surrounding air.

SorTech's adsorption chiller uses silica gel as an adsorbent. Silica gel is a porous glass with
a high affinity for water, so it can absorb large amounts of water vapor. When the silica gel absorbs
water vapor, it releases heat. This heat is then dissipated into the surrounding environment.

Adsorption chillers have a number of advantages over conventional air conditioners,
including being more energy-efficient, more environmentally friendly, and able to run on a variety

of renewable energy sources.

Step 1: Desorption — Drying of the adsorbent

Desorption is the process of heating the adsorbent, which causes the refrigerant to be released
from the adsorbent and vaporize. This step releases heat, which is dissipated into the surrounding
environment.

Step 2: Adsorption

After the water vapor has been adsorbed on the surface of the adsorbent, a reverse reaction
occurs, causing the liquid condensate to evaporate after a cooling period. This time, the lower
evaporator control valve opens, allowing the dry adsorbent to draw in the water vapor. The water
then evaporates in the evaporator, creating a cooling effect that can be used for air conditioning.
Adsorption releases heat, which must be dissipated.

Step 3: Return of condensate

The circuit is then closed after returning the liquid condensate to the evaporator. Two
adsorbers operate together to provide a continuous flow of cold, with one adsorber desorbing while
the other simultaneously creates cold by adsorbing.
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Figure 11-6 Working process of the adsorption chiller [57].

11.3 Construction principles
11.3.1 Coating of the adsorber heat exchangers with silica gel

The use of silica gel pellets in adsorption chillers has been limited due to the low heat and
mass transfer rates in a solid bed of pellets. However, SorTech AG has developed a technique to
improve the power density of adsorption chillers by applying silica gel directly onto the surface of
the adsorber heat exchanger. This process involves pasting the heat exchanger surface with silica
gel pellets using an epoxy resin, that does not block the pellets' entrance pores. The technique is
versatile and can be used with all types of granulation. The pellets themselves are typically small
and circular, with diameters ranging from 1 to 3 mm. Improving heat and mass transfer in this way

significantly enhances the efficiency of the adsorption chiller [57].
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Figure 11-7 Photo of a silica gel coated tube and fin adsorbed heat exchanger [57].

11.3.2 Compact self-supporting construction

A significant challenge in developing adsorption chillers is the construction of a vacuum
vessel to contain the adsorber heat exchangers, evaporator, and condenser. Designing vacuum
vessels using typical design rules leads to bulky and heavy constructions to enre stability against
atmospheric pressure. developed a design where the heat exchangers and the internal structure of
the machine serve as a support for the vacuum-tight envelope. This innovative design enables the
use of thin stainless-steel metal sheets as vacuum containment, resulting in a lighter and simpler
construction , as shown in the above figure 11-6. This approach leads to substantial material and
volume savings and represents a significant breakthrough in the construction of cost-effective
adsorption chillers.

11.4 Effect of operating temperatures

Sah et al. [52] conducted a study to investigate the impact of various operating conditions
on the performance of an adsorption chiller, as shown in Figures 11-8 and 11-9 . Figure 11-8
demonstrates that the cooling capacity of the chiller increases from 3.99 kW to 6.68 kW when the
hot water inlet temperature rises from 60°C to 120°C, while the cooling water temperature is

maintained at 25°C. This increase in cooling capacity is attributed to the higher driving
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temperature, which results in more refrigerant being desorbed and evaporated, leading to a higher
cooling output. The COP of the chiller shows no significant change when the hot water inlet
temperature is increased from 60°C to 70°C, but a sharp decrease is observed at higher

temperatures due to increased irreversible losses.
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Figure 11-8 Impact of Inlet Water Temperature on Cooling Capacity and Coefficient of
Performance (COP) [52].

Figure 11-9 illustrates that the cooling capacity and the COP of the chiller increase when the
cooling water inlet temperature decreases from 32°C to 20°C. This is because a lower adsorption
temperature allows for a larger amount of refrigerant to be adsorbed and desorbed during each
cycle, leading to a higher cooling output and a higher COP. Specifically, the cooling capacity
increases from 4.55 kW to 6.71 kW, while the COP rises from 0.33 to 0.37 as the cooling water
inlet temperature drops from 32°C to 20°C.
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Figure 11-9 Influence of the inlet temperature of cooling water on cooling capacity and
performance coefficient [52].

11.5 The effect of high air temperature on the adsorption refrigeration system's operation

The cooling water is one of the principal fluids in the adsorption system and it is shown in
table 11-1, which shows the basic limits for operation in the best conditions since the cooling tower
is responsible for lowering the cooling water temperature as a function of the head between the

water inside the tower and the air outside.

Figure 11-8 shows the variation of the ambient air temperature according to each month. We
also note the highest temperatures recorded in summer, since they exceed 35 °C. The latter directly
affects the operation of the adsorption refrigeration system. Thus, through the curve shown in
Figure 8, it can be seen that the temperature of the ambient air in the Biskra region is much higher
than the temperature of the cold water at the outlet, and this constitutes a major obstacle to the
process of convection inside the cooling tower, resulting in a mandatory and unambiguous increase
in the surface of the exchanger or the use of methods involving Cooling with water that is less than

or equal to 30 °C is more efficient.
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Table 11-1 The different working conditions of the adsorption cooling machine.

Inlet outlet
Hot water 85°C 80 °C
Cooling water 30°C 35°C
Cold water 20°C 25°C

The temperature of Biskra city in 2020
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Figure 11-10 The ambient air temperature of Biskra city in 2020 [58].

1.6 The technical solution proposed for the malfunctioning of a solar adsorption cooling

system

A rich literature review is mentioned by Rouag et al. [59], The proposed solution in this
study is based on harnessing a renewable energy source known as geothermal energy, which
involves exchanging thermal energy with the Earth's subsurface. This energy is typically used for

various applications, including heating and cooling systems, as well as generating electricity [60].

There is no defined categorization of geothermal energy in the literature, to the best of the
writers' knowledge. Some researchers divided geothermal energy into four categories based on
temperature fields: high (>180°C), average (>100°C), low (>30°C), and extremely low (10-30°C)
[61, 62]. Geothermal fields are classified into two main types: deep systems (>400 m depth) and

shallow systems (<400 m depth). While deep systems require specific geological conditions and
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high geothermal gradients, shallow systems can be developed in areas with normal geological
settings and moderate geothermal gradients [63, 64].

According to a review of current research, authors generally connect the heating systems of
heat pumps to water geothermal systems to enhance their performance [65, 66]. This combination

has been studied for improving the performance of heat pump cooling systems.

In addition, the connection of the air geothermal systems with heat pumps remains relatively
untapped. Among the most current technical methods for enhancing the performance of both

conventional and solar cooling systems are:

Rouag et al. (2016) [67]. A technical solution is proposed to adapt a solar adsorption cooling
system. This technique is defined by replacing the dry cooling tower with an earth-water heat
exchanger (EWHE). EWHE is only connected to the chiller during ambient temperature peaks to
prevent malfunctioning of the cooling system. The authors designed a typical EWHE for the Biksra
region and found it to be an effective geothermal solution. However, they also noted that continued
operation of the EWHE could cause soil saturation and diminish its performance over time.

Accordingly, the authors recommend further study to account for the operating time of the EWHE.

Ounis et al. [68]. In order to enhance the efficiency of conventional vapor compression
refrigeration systems, researchers have proposed a novel approach that involves using the
condensed water from the evaporator to cool the condenser. This is achieved through the use of a
specially designed accessory known as a humidified grid. By improving the operating conditions
of the condenser, this approach can significantly reduce power consumption. Moreover, it has the
potential to address the issue of system malfunction caused by high ambient temperatures

exceeding the system's normal operating range.

Rouag et al. [69]. (2020) are proposed to study the coupling an earth-air heat exchanger
(EAHE) with finned tube heat exchangers (such as the condenser or dry cooling tower) in order to
reduce the inlet air temperature. This novel solution involves using an air mixer to connect the
EAHE to the finned tube heat exchanger, resulting in what the authors call a Geothermal Air-
Cooler (GAC). The objective of this approach is to improve the operating limits of the air-cooler

and increase its efficiency.
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Soni et al. [70].” applied a similar approach to enhance the energy efficiency of a traditional
air-conditioner by integrating it with an EAHE system, which was tested in three different
configurations. The researchers found that supplying the entire fresh air from the EAHE to cool
the condenser coil resulted in a considerable reduction in power consumption in the hybrid system

compared to a conventional air-conditioner”.

The economic viability of the hybrid arrangements was assessed, revealing potential energy
savings and favorable payback periods. According to the analysis, the proposed system could
achieve an 11% reduction in energy consumption, with a return on investment of 3 years. For a
similar system, Benhamza et al. (2017) [71], the integration of an EAHE with a conventional air
conditioning system was found to improve the Energy Efficiency Ratio (EER) and COP by 19%

and 20%, respectively.

Zapatowicz et al. (2018) [72]. proposed a novel air-conditioning system that integrates a
conventional air-conditioner, earth-air heat exchanger (EAHE), and photovoltaic (PV) installation.
The system works by using the EAHE to cool the building wall, which reduces heat gain into the
interior and subsequently reduces the required cooling capacity of the air conditioner. This results
in a lower demand for electric power supplied to the compressor, which improves the energy
efficiency of the system. A simulation study was conducted to evaluate the performance of the
proposed system. The results showed that the system can achieve a significant improvement in
energy efficiency compared to a conventional air-conditioning system. The system is also more
efficient in warm climates with high solar irradiance. The proposed system has the potential to be
a more sustainable and cost-effective solution for air-conditioning in buildings. The system can
help to reduce energy consumption and greenhouse gas emissions, while also providing a

comfortable indoor environment.

Habibi et al. (2019) [73]. used a mathematical model to simulate the performance of the
different heat pump systems over a 30-year period. The model took into account the variations in
building loads, ambient air temperature, soil temperature, and COP of the system. The results of
the study showed that the vertical ground water heat exchanger (VGWHE) system had the highest
performance, followed by the horizontal ground water heat exchanger (HGWHE) system and the

earth-air heat exchanger (EAHE) system. The VGWHE system also had the highest energy
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efficiency, followed by the HGWHE system and the EAHE system. The study concluded that
connecting heat pumps with shallow geothermal heat exchangers can improve their performance.
The results of the study are important for the design and optimization of ground source heat pump
(GSHP) systems.

1.7 Innovative solutions to improve adsorption machine function in Biskra city

Rouag et al. (2014) [69] Have proposed a technical solution to address the problem of
malfunctioning air-cooling heat exchangers, such as air condensers and dry cooling towers, during
extreme temperatures in hot regions. The proposed solution involves using an air mixer to connect
a finned tube heat exchanger to an Earth-Air Heat Exchanger (EAHE), resulting in the creation of
a Geothermal Air Cooler (GAC). The GAC system is designed to improve the efficiency of air
heat exchangers used in air conditioning systems. A schematic of the GAC system is shown in

Figure 11-11, where a condenser or dry cooling tower is connected to the GAC.

The proposed GAC system offers several advantages over traditional cooling solutions.
Firstly, it does not have any negative impact on the environment. Secondly, it requires minimal
additional electrical power, which is consumed mainly by geothermal exhaust fans. Finally, it
replaces the water used in cooling towers with air, thus reducing electrical consumption by using
an exhaust fan instead of a pump. In addition to improving the performance of conventional and
solar cooling systems, GAC can also replace industrial air coolers. EAHE can also be utilized to

build air coolers in hot temperatures and heaters in lower temperatures.
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Figure 11-11 Scheme of the air condenser (or DCT) coupled to GAC composed by the air mixer
and the EAHE [69].

Ounis et al. [68], proposed an invention relating to the general field of air-cooled heat
exchangers. It aims to improve the operation of cooling, air conditioning, and refrigeration
conditioning installations and makes it possible to remedy the problems of malfunctioning
refrigeration installations in the event of ambient temperatures exceeding the temperature limits of
their operation. The principle is to couple an air cooler or an air condenser with a humidified grid
(6) supplied by a source of water and/or by the condensates coming from the air heat exchangers,
in particular, but not exclusively, evaporators (1). The device is also equipped with a water
collector (8), to recover the water and/or condensates to be then reused to humidify the grid (6).
The latter makes it possible to lower the temperature of the ambient air (9), sucked in by the fan
(5). At the outlet of the grid (6), the cooled air (10) passes through the finned coil (4) and thus

37



CHAPTER II: Literature search on technical solutions used for solar adsorption system
adaptation.

improves the efficiency of the latter. In the case of the extreme climatic conditions mentioned
above, such as, for example, during heat waves, the air-cooled (10) by the grille (6) makes it

possible to avoid the malfunctioning of the system.
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Figure 11-12 Scheme of humidified grid accessory for increasing the efficiency of air exchangers
and condensers [68].

Melhegueg et al. [74] proposed an ‘Adsorption chiller / geothermal air cooler’ coupling
device with new elements ensuring the cooling of the adsorber. As shown in Figure 11-13, the
device allows the coupling of an adsorption refrigeration machine to a geothermal air cooler. The

example in Figure 11-13 shows the adsorption refrigeration machine, which comprises: an adsorber
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1, an air condenser 2, generally in the form of a finned coil heat exchanger; an evaporator 3
installed in a refrigeration enclosure 11, and a set of valves 8, 9, and 10 connecting, respectively,
components 1 to 2; 2 to 3; and 3 to 1 of the refrigeration machine. The geothermal air cooler,
shallow as the example in Figure 1, comprises an air-soil exchanger 4, an air filter 12, a fan 7
sucking in the geothermal air, an air distribution valve 6, and an air diffuser 5, pushing the
geothermal air towards the inlet of the condenser 2.

The "refrigerating machine/aero-cooler" coupling device of the present invention is
composed of the following new elements: i) A connector 13 connecting the geothermal air-ground
exchanger 4 and the adsorber 1 via the distribution valve air 6; ii) An air diffuser/mixer 14
delivering geothermal air to the inlet of the adsorber 1's air channel 15; and iii) Two manual and/or
automatic mechanisms for the air inlet and outlet 16 and 17 of the channel 15. Thus, the coupling
device of the present invention works intermittently with the "air-soil geothermal exchanger
system/condenser” by making it possible to improve the coupling mentioned in particular by
cooling the adsorber 1 in a manner: a) conventional by natural or forced convection using ambient
air; b) using geothermal air according to the invention; and c) by mixing ambient air and

geothermal air according to the invention.
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12.2

Figure 11-13 Scheme of the ‘Adsorption chiller/geothermal air cooler’ coupling device with new
elements ensuring the cooling of the adsorber [74].

Kheireddine and Benchabane [75]. In 2023, a proposed invention relates to the general field
of heat exchangers using air and water, more particularly to the two fields of air-cooled wet heat
exchangers and ground/ (water or air) geothermal heat exchangers. The present invention relates
to the combination of a cooling tower with a ground/ (water or air) geothermal system and two
direct water evaporation systems, namely: a water spray system and a cooling system by direct

evaporation by pad.

The invention aims at improving the operation of air-cooling towers known in the prior art.
More particularly, the present invention is a technological solution, easy to realize, to remedy the
problem of malfunctioning of refrigeration systems when the ambient temperature exceeds the

operating limits of these systems. The invention allows the extension of the operating time of these
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systems by adding new elements to the cooling tower, especially for dry and hot climates. The new
elements of the present invention ensure in particular the cooling of: i) the ambient air by direct
evaporation of water through a pad, ii) the humid air by direct contact with the sprayed cooling
water, iii) the cooling water by two sub-systems, namely: a ground/(water or air) geothermal
system and a system for the return of condensate recovered from the evaporator of the refrigerating

machine.

The present invention will be better understood by studying a particular embodiment taken

by way of example, which is not limiting, and illustrated by the two annexed drawings in which:

Figure I1-14a represents, according to the invention, a cooling tower with new elements for
cooling: i) the ambient air by direct evaporation of water through a pad, ii) the humid air by direct
contact with the sprayed cooling water, iii) the cooling water by a ground/(water or air) geothermal

system and/or by condensate recovered from the evaporator of the refrigerating machine.

Figure 11-14b represents, according to the invention, a cross-section of: i) the cooling water
basin 15, and ii) the water/ (water or air) exchanger 9 coupled to a geothermal ground/(water or

air) exchanger.

As shown in figures 1l1-14a and 11-14b, the device of the present invention allows the
improvement of the efficiency of air heat exchangers by new elements based on direct water
evaporation and geothermal energy. The cooling tower of figure 11-14a is equipped with a delivery
or extraction fan 2 which ensures the cooling of the finned coil 3. The latter elements are the basic
parts of dry cooling towers. According to the present invention, the ambient air 6, which is
generally dry, is first cooled by direct evaporation of water through the porous medium (pad) 5.
The cooled air becomes humid and passes, by a second direct water evaporation system, through
a set of spray nozzles 4 of fresh water 14 before passing through the finned battery 3. The cooling

water 14 is cooled by a third ground/ (water or air) heat exchanger system 11.

The device of the present invention is composed of the new elements described in the
following: The tank 15, mounted on a support 13 and containing the cooling water 14, is cooled
by the water/(water or air) heat exchanger 9, which is itself coupled with the above-mentioned

geothermal heat exchanger 11. This coupling can be ensured, for example, in a closed loop with,
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in particular, insulating ducts 20 and a pumping and control system 12. The two direct water
evaporation systems, i.e. the pads 5 and the spray nozzles 4, are fed from the basin 15 in a closed
loop by a system consisting of a pump and piping 10. Thus, the basin 15 is fed from: i) tap water
7 with a system equipped in particular with filters 21, a float 8 and a water overflow pipe 16, ii)
condensate 17 recovered from the evaporator 22 of the refrigerating machine, and iii) the surplus
water coming from the two direct water evaporation systems, i.e. the pads 5 and the spray nozzles
4.
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Figure 11-14 Scheme of: a) cooling tower with a ground/ (water or air) geothermal system and
two direct water evaporation systems, b) cooling water basin.

11.8 Conclusion

Through this chapter, it has been shown that many techniques for the design, construction
and installation and maintenance of adsorption chillers have been developed. Activated
carbon/methanol and silica gel/water couples, which could be produced locally, are widely used
because they are inexpensive and allow low temperatures to be easily reached with low
regeneration temperatures (around 80°C).

According to the above-mentioned bibliographic study, the performance of a solar
adsorption machine is highly dependent on climatic conditions. It should be noticed that practically
all of the above-mentioned experiments were conducted in cold climates or during moderate
seasons such as spring. The average ambient temperature in arid regions, such as the region of
Biskra (Algeria), can exceed 34°C in summer and even approach 35°C in July-August [58]. These
external conditions undoubtedly have a considerable impact on the air heat exchangers, which are
the condenser in the refrigerator and the cooling tower in the chiller. The second part of this thesis
has been devoted to developing, investigating, and evaluating innovative options for improving

the operation of these exchangers and adapting refrigeration equipment to hot climates.
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I1. CHAPTER I11: Hybrid cooling tower coupled with a

geothermal heat exchanger

I11.1 Introduction

The present chapter describes the development of a simple calculation methodology to
design an evaporative cooling tower (ECT) coupled with horizontal ground-water heat exchanger
(GWHE). The ECT-GWHE system is proposed as a technical solution to enhance the thermal
performance of the ECT by taking the case study of an adsorption device driven mainly by solar
energy in the dry and hot climate of Biskra (Algeria), where the GWHE system only works in hot
temperatures for a short time (less than 7 hours). Three operation modes of the ECT-GWHE system
are investigated, namely: dry, wet counter-current, and wet co-current modes. The heat and mass
transfer phenomena within the ECT and the GWHE are thermally analysed and modelled
mathematically. The method of Runge-Kutta 4™ order is applied to solve the system of four
differential equations, for the counter-current and co-current flow arrangements, describing the
evaporative cooling process in the wet cooling tower. A Matlab code was developed according to
the presented calculation methodology allowing the thermal design of the ECT-GWHE system.
The developed methodology was validated, and a good agreement was found with numerical
simulations and experimental results obtained from the literature. It was concluded that the
coupling of ECT with GWHE is an effective solution in hot and arid regions. Besides, ECT with
a sprayed-water system in counter-current mode is the best method for high heat and mass transfer

rates.

The main objective of this study is the development and the validation of a simple calculation
methodology to design an evaporative cooling tower (ECT) coupled to a ground-water heat
exchanger (GWHE). The new ECT-GWHE system is proposed as a technical solution to improve
the ECT’s thermal performance. Hot air temperatures in the semi-arid region of Biskra (Algeria)
are considered as a case study. The three operation modes of the ECT-GWHE are studied, namely:
dry, wet counter-current, and wet co-current modes. To the authors’ best knowledge, the present

study is the first investigation on the ECT-GWHE system in a dry and hot climate.
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I11.2 System Descriptions

Figure I11-1 shows the studied system formed by an ECT coupled with a GWHE. The ECT
can work in cross-flow arrangement of ambient air and process fluid. When the ECT works in the
wet mode, the air and the spray water can flow according to two configurations: co-current mode
(Fig. 1I-1a) and counter-current mode (Fig I11-1b). In this study, the use of a close ECT-GWHE
system pattern was investigated for hot climatic conditions in the city of Biskra (Algeria), where

the peak temperature exceeds 48 °C in summer season [76].

Air outlet Air outlet

/\/\/l\ /]\/\/I\

|—CDC> Spray water _OO_I Spray water
> : > S— <
Water inlet |@ : >
» Water inlet ((‘ .))
| WOW W W WY Spray water ' ! 3

< 1
Arinet =% s g Arinet =B o
L |

(a) (b)

Figure 111-1 Evaporative cooling tower (ECT) coupled with a ground-water heat exchanger
(GWHE) called ECT-GWHE system: (A) in co-current and (B) in counter-current modes.

111.2.1 Evaporative Cooling Tower

The ECT-GWHE system can work in three different configurations depending on the
operating modes of the ECT. Figure I11-2 shows the three operating modes of the ECT: (A) Dry
mode: In this case the ECT operates without a spray water system; (B) Wet counter-current mode:
In this case, the sprayed water and the airflow are in opposite directions. Process fluid and air flow
operate in cross-direction; and (C) Wet co-current mode. Most evaporative air coolers include the
wet parallel-flow heat exchangers [77]. The airflow is going in the cross-direction of the process

fluid. Moreover, the water is injected parallel to the airflow [78].
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AZ A Air A Air Spray water & A Air
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Figure 111-2 Fluids directions in the three operating modes of the ECT: (A) Dry mode, (B) Wet
counter-current mode and (C) Wet co-current mode.

The studied ECT has the same geometric properties of DCT of the Sortech ACS08 machine
[79]. The ECT is a heat exchanger of a finned tube ordered in several rows. The tubes are placed
in staggered rows in a goal for ensuring multiple passages per row. Each row contains the same
number of tubes. Ambient air at 2.27 m/s is cross-flowing with a process fluid at 0.5 m/s inside
the tubes. Table I11-1 shows the geometric and thermophysical proprieties of the heat exchanger
of the present ECT.

Table I11-1 Geometric and thermophysical parameters of the finned tube heat exchanger of

present ECT.
Tubes material Copper
Fins material Aluminum
Heat transfer area A, m?2 271.43
Tube inner and outer diameters, mm 9-11
Tubes volumes, | 36.67
Length of the finned tubes, mm 2000
Width of the finned tubes, mm 1009
Finned thickness, mm 0.4
Distance between the fins, mm 2.40
Number of fins 305
Longitudinal tube pitch, mm 20
Transversal tube pith, mm 35
Water temperature (spray), °C 24
Water mass flow rate (spray), m,,, kg/s 0.187
Air temperature, Ta, °C 48
Mass flow rate of the air, m,, kg/s 4.3
Maximum air velocity, Va m/s 35
Water temperature (serpentine), Tf, °C 41
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Water mass flow rate (serpentine), my, kg/s 0.9308
Number of rows, N 10

111.2.2 Horizontal Ground Water Heat Exchanger

The GWHE is a simple type of horizontal heat exchanger made by PVC tubes such as a plate
serpentine shape at a 3m depth inside the ground. It is a secondary system that is connected to the

ECT and is used to extract geothermal energy for the purpose of cooling the spray water.

ECT is coupled with a GWHE to decrease the spray water temperature of the outlet of the
tower, to guarantee the water temperature to be approximately near the soil temperature. The

geothermal characteristics of the ground-water heat exchanger are shown in Table I11-2.

Table I111-2 The geothermal characteristics of GWHE.

Tube length, m 100
D;and D, , m 0.036 - 0.04
Ae, WmK 0.46
my,, kg/s 0.187
As, W/m'K 1.5

T, °C 24

Ty, °C 24-35

I11.3 Calculation Methodology

In this section, the calculation methodologies of (i) the dry cooling mode, (ii) wet cooling
mode by spray water and (iii) ground water heat exchanger are explained in detail. The Runge-
Kutta method is employed to solve the differential equation systems to calculate the temperature

distribution in the tubes of the ECT.
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111.3.1 Governing equations of the ECT heat and mass transfer

111.3.1.1 Dry cooling mode

The heat transfer exchange rate can be estimated as:

=g Cpr (Tt jn =Tt o) (11-1)

The total exchange area of the finned tube heat exchanger is calculated by the Eq.(111-2) [80]:

__ ¢
U ATy (111-2)

The following relation describes the equation used for the finned tube heat exchanger:

(Ta,in _Tf 0 )_(Ta,o _Tf ,in)
In (Ta,in _Tf 0 J
T.o—Ts
ao —'fin (1m-3)

Eq.( 111-4) is used to calculate the heat exchanger's overall heat transfer coefficient [81]:

-1
U= (hi_1+i)%i)s—e+s—eLn De + 1 +Re
Si 27 Di ) 716 he

(111-3)

The external heat transfer coefficient of the air side is calculated by the correlation from

Wang et al. [82]:
ha =1 paCpaVa Pra_2/3 (1-5)

To estimate the heat transfer coefficient for a plate fin profile and staggered tube
configuration, the following equation is used to calculate the Colburn factor [83] :

Jg Jg -0.93
j =0.086Rel2 N %4 [%ﬁ} {SAJ [Sp_aj
: " t (111-6)

Where;

Rep =V, D pa/ 1t (11-7)
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0.41
i3 :—0.361—m+0.158 In| N Sa.
In(ReD ) c
1.42
- (P./Dn)
=-1.224-0.076 "/ ]
a in(Rep ) (1n1-8)
i N
j5 =-0.083+0.076 ——
In(Rep )
jg =-5.735+1.21In(Re /N )
Where h;, is calculated by Eq.( 111-9) [84]:
Nu for the water inside the pipe is predicted as follows [85]:
For 06 < Pr <15 — Nu=00214(Re®®-100) Pr* (1+(D; / L) *'?)
(111-10)
For 15 < Pr < 500 — Nu=0.012(Re®*-280)Pr®* (1+(D; / L) *'°)
Number of fins is calculated per meter of length as follows [83] :
N fin_m = /(S5 +e) (11-12)

111.3.1.2 Wet counter-current mode

Heat and mass transfer proprieties of the ECT can be determined by mass and energy balance

with the following assumptions [86-90]:

e In the range of temperatures taken into consideration, dry air temperature, serpentine water
temperature, and specific heat capacity are taken constant.

Spray water is coupled with a geothermal heat exchanger to ensure a constant temperature.
Under steady-state situations, the mass and heat transfer processes move in a direction
perpendicular to the walls of the tower.

The specific enthalpy is zero, at 0°C, for the dry air, water and serpentine water.

Heat transmitted by radiation is not included since the process happens at very low temperature

differences.
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e The air at the contact is at the same temperature as the water, and its humidity is at equilibrium.

e The interface of the falling water film has low thermal resistance.

The sensible and latent heat exchange between the air flow and falling water layer causes
the change in temperature of the dry air along the wet tube's surface. The energy balance of (i) the
serpentine water and (ii) the descending water layer results in the ordinary differential equations

(ODEs) given in Eq.( 111-12) [91, 92] with the boundary conditions in Eq.( 111-13):

Ty, —T
dL: h—c+va sat dw ( > a)
dA M, " dA ) Cpy
dT, 1 . dw
=— h -T,)+m,—(C T,+Cp, T, +Hv )+U T
dA mePw [ c(rw a) a dA( Py sat!a Pww ) (Tw f):l (|||_12)
dT; _U (T, ~Ty)
dA mf Cpf
dw h
a :m._n;(wsat (Tw)—Wy)
With the boundary condition.
Ta(z =0) :Ta,in
Tw (z=L) =Ty ,in (111-13)
Tt z=0) =T+ in
Wz =0) =W in
The specific heat capacity of humid air Cp,,, is defined by Eq. (111-14):
Cpm =Cp, + W Cp, o4 (11-14)

The water mass, evaporated per unit of the water-vapor interface of the heat exchange area,

is referred by the term dw/dA in Eq. (I111-12). The saturated air humidity ratio is estimated by Eq.
(11-15):
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Pox (T
Woear (Tw ) =0.622 5 _Sa;,(tV(VT) ) (111-15)
a sal w

The saturation pressure P

sat

(T,) of humid air is defined as:

Psa (Tw ) =€Xp | 23.3265- (111-16)

3802.7 ([  472.68 2
T, +273.18 (T, +273.18

Wet-bulb temperature of humid air can be determined from the following formulas [93] :

Toup = 2.265(1.97 +4.3T, +10000w o, )*° —14.85 (111-17)

Using the description of air humidity ratio, the following formula is used to evaluate the rate

of change of cooling water mass m,, per unit of heat exchange area:

dm, . dw

A=y (IN-18)

111.3.1.3 Wet co-current mode
Finally, the parallel-flow configuration based on ODEs constituted as follows [89].

Assumptions are the same as above and only the direction of flow is different.

Ty —T
&: I’T_C_Fvaysat dW (W a)
dA m, dA ) Cp,
ar, 1 . dw
TR {hc (T —Ta)+mad—A(Cp\,’saITa +Cpy Ty +HV )+U (T, Ty )} .
dT; _U (T -T¢)
dA m;¢ Cps
dw h
d_A=m._n;(WsaI (Tw)_Wa)

with the boundary conditions:
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Ta(z =0) :Ta,in

Tw 1y =Ty i
w(z=L) w ,in (|||-20)
Tt z=1) =Tt in

Wz =0) =W in

111.3.2 Coefficient of heat transfer in the ECT

111.3.2.1 Smooth tube case
The following equation, Eq.( I111-21), describes h. between the air stream and falling water

film with Le=1 [94].

he =hy, CPpy (111-21)
where h_ is the coefficient of mass transfer determined by the following relation:

hn =6x1078 ReX? ReJ™® D, ° (IN-22)
Here, Re,, is the Reynold number of the sprayed water stream.

The following equation determines the total heat transfer coefficient, U, estimated between

the water film, the tube walls and the serpentine water [87, 95]:

1
T LR R (111-23)
rnhe K I h.

where the Dittus-Boelter relation provides the value of h, , the convection heat transfer

coefficient of serpentine water [96]:

0.8 0.3
. :(0.023Ref Pr! 4} (1128

D;
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111.3.2.2 Finned tube case

A technique for analysing the properties of heat and mass transmission has previously been
presented for finned tube heat exchangers under humidifying conditions. The overall heat transfer
coefficient U, in this case, is changed concerning the geometrical dimensions of both fins and tubes
[78, 97].

-1

U= (hi—1+mi)s—9+s—e|_n(&j+ ! iw, (111-25)
Si 27 ]’[ Di n ha

The coefficient of heat transfer of the air, h,, is affected by the air velocity between the fins.

The Colburn factor j is used to calculate h, for an array of staggered tubes and a herringbone-

wavy fin profile [98].

-0.272 ~0.205 ~0.558 ~0.133
j =0.394 Reg™%’ Phy (Sfij Rin i (111-26)

hy, =4 j Rey Pr®®/D (11-27)

The equation below can be used to determine the surface of the wavy fins [98].

pY | ]
A, [“[x_f] }Af (111-28)

111.3.3 Heat transfer modelling of the GWHE

The following assumptions were used to modelling the GWHE system based on steady-state

analysis:

e The horizontal GHE's maximum operating time is limited to a few hours, even during the hottest
parts of the day.

e The soil is uniform around the heat exchanger and with a constant conductivity.

e The water flow is steady through the heat exchanger length.

e The thermophysical characteristics of water are estimated using correlations obtained from the

literature.

53



CHAPTER I11: Hybrid cooling tower coupled with a geothermal heat exchanger

e The soil's characteristics are isotropic and that the soil and pipe are in perfect contact.

The resolution of the heat transfer equation serves as the foundation for the calculation
model, as shown in Figure I11-3 [99-101]:

T(X)-T

mCp (T (x)-T (x +dx))= S dx (111-29)

th

Here, R,y is the overall thermal resistance of the water soil heat exchanger between the pipe water
and surrounding soil, as measured by the relation (111-30) [100-102]:

R, =R, +R¢ +R, (111-30)
1
R =——— 11-31
““hp (111-31)
Where
hi :NU)W /dl (I“'32)

According to Equation (I11-33), the following relations are considered:

Where 2300<Re <10° and 1.5<Pr<500.

- 087 04 _ 0.66
Nu = 0.012 (Re®®"~280) Pr* (1-+(d; / L)**) (111-33)

The thermal resistance of the tube, R;, and the thermal resistance of the soil annulus, R, are
given by Egs. (I11-34) and (I11-35), respectively [99-101].

_In(r /1) (111-34)
Yo2zAL

R, = M(rs /1) (111-35)
2 A L
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The suitable thickness of the soil annulus has been investigated in several works in the
literature [101, 103-105]. The result of all these studies is that the soil's thickness varies with how
long the heat exchanger is working. The GWHE operation is limited to a few hours at most and 7y
is considered equal to 2r; (fig. I11-3).

After dividing Eq. (29) with dx, the equation can be rewritten as follows [99-101]:

ar _T(x)-T

-mC
P dx Rth

(111-36)

h;’w O
T dx Water flow
: ————
"

Figure 111-3 The thermal balance of a horizontal geothermal heat exchanger (Ground/Water),
GWHE.

Then

T (x)=C% exp| —> | +C$ 11-37
(x) 1 p[meRthJ 2 ( )

By considering boundary conditions, we find the constants A and B:

For x >, T(x)=Ts >C3' =T

For x -0, T(x)=Ty—>C; ' =T,-T,

T(x)=To-Ts) eXD(LJ +Ts

mCp Ry, (111-38)
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Also, T(x) can be written as:

—X
T(x)=o-T)exp| — |47,
(x)=(To-Ts) Xp(pCpSV Rthj_'_ ss)

Eq. (111-40) represents the pressure drop across the full tube length. This is based on the total

of the tube's pressure loss [106].

APt ZAP"n +APS +APi—O

ing (111-40)
To determine the linear pressure losses, Eq. (111-41) is used:
Vi
AP“n = ARN L —
2d (41)

Laminar or turbulent flow characteristics affect how the loss ratio of load A is calculated in

Eq.( 111-42) [106]:

For 2100<Re<10°, the Blasius formula is used:
A=0.3164Re %% (111-42)

The following formulas are used to estimate singular and inlet-outlet pressure losses [106]:

Vi
APging = SPy =
2 (111-43)
AP, :§/q/v Vvs
4 (111-44)

111.3.4 Solving procedure

The governing equations, Egs. (111-12) and (111-19), with Egs. (111-13) and (I11-20) as
boundary conditions are used to estimate the heat and mass transfer in the ECT. These equations
are solved numerically in the literature [87, 107] by using Runge Kutta 4" order integration
method. The analytical method is used to predict the distribution of the temperature in the tube
rows of the ECT. In this study, the Runge-Kutta is also employed to solve the ODE systems for

the counter-current and co-current flow arrangements as shown in Figure 111-4.
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Here = is the convergence criterion of the calculation, and it becomes as follows:

(111-45)

For i=1,4 then & =min(g;)

Geometry, operating conditions.
Boundary conditions (13 and 20)

v

Initialization
TH0), Tyl

Calculation of outlet
water temperature of
GWHE using:
equations (28-42)

Calculation of system parameters:
equations (3 -11)
Solve equations (12 and 19) by:
Range-Kutta (4) method

<>

Tt T Tae W

Figure 111-4 Flowchart diagram describing the solving procedure of the ECT-GWHE system.
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I11.4 Verification and validation of the calculation methodology

111.4.1 Smooth tube case

For WCT in the case of the tube without fins under the configuration counter-current mode,

the spray water crosses the heat exchanger from the top to the bottom while the air and the process

fluid flow in opposite directions as shown in Figure 111-2B.

In Table 111-4, a comparison is made between the calculation results of Papaefthimiou et al.

[87] and the present numerical results for process fluid T;. This comparison is made for the same

essential inlet conditions as given in Table 111-3.

Table 111-3 Geometry and thermophysical characteristics of the heat exchanger used by

Papaefthimiou et al. [87].

Tubes material, -

A, m?2
Di_g, M
Lt, m
N,

Nt_I'OWS’

Copper Tw—sprays °C
27 My —spray, KO/S
0.015-0.0191 Mg , Kg/s
0.913 Tpris °C
16 My, Kg/s
31 Dy_pitch, MM

20
1.85

2.07
35

2.67
1.5

Table 111-4 Comparison between calculation results of Papaefthimiou et al. [87] and present

numerical results for process fluid T+.

Wetted tube

Counter-current mode

Difference error %

surface (m?) T:(°C), T:(°C) (Counter-current)
Papaefthimiou present work
et al
0 15.60 15.6 0
1.8 15.32 15.34 0.10
3.6 15.11 15.15 0.17
5.4 14.96 14.99 0.20
7.2 14.83 14.86 0.19
9.05 14.72 14.75 0.14
10.8 14.63 14.64 0.06
12.6 14.54 14.54 0.04
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14.4 14.46 14.44 0.17
16.3 14.38 14.33 0.33
18.0 14.29 14.22 0.50
19.9 14.20 14.10 0.68
21.7 14.09 13.97 0.88
23.5 13.98 13.83 0.19
253 13.85 13.68 1.30
27.0 13.72 13.51 1.53

111.4.2 Finned tube case

The air and the spray water flow similarly as detailed in subsection 111-4.1. The authors point
out that z = 10 and z = 0 indicate respectively the bottom and the top rows, which represents the
boundary conditions in Egs. (111-13) and (111-20).

The numerical results were validated with the experimental study conducted by Wiksten and
Assad [108] for the same geometrical and thermophysical parameters (Table I11-5). The
experimental setup consists of a heat exchanger with finned-tube placed beneath a spray water
system. The validation results with the measurements of Wiksten and Assad [108] are illustrated

in Table 111-6, where the highest relative error was found to be 6.71%.

Table I111-5 Geometrical and thermos-physical parameters of the finned-tube heat
exchanger of Wiksten and Assad [108]

Tubes material, - Copper Tw—spray: °C 17.3
Material of fins, - Aluminum T,,°C 24
A, m2 270.6 Ty —sprays K/s 0.6714
Di_o, mm 10-12 mg , Kg/s 0.902
VA, liter 37 Tpsi, °C 25.2
Phy, mm 29.4 My, Kg/s 0.375
Ph,., mm 34 Di_pitch, MM 1.5
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Table 111-6 Comparison between predicted and experimental values of Wiksten and Assad [108]
for wavy finned-tube heat exchanger temperatures.

Row- T#(°C) T¢(°C) Relative Ta(°C) Ta(°C) Relative Tw(°C) Tw(°C) Relative

level (exp) (calc) Error % (exp) (calc) Error % (exp) (calc) Error %
0 25.20 25.20 0 17 16.51 2.8 17.9 17.79 0.60
1 22.47 22.89 1.84 16.60  16.17 2.55 17.13 16.93 1.10
2 20.44 21.03 2.90 16.4 16.00 2.41 16.64 16.24 2.35
3 19.07 19.54 2.47 16.25 16.01 1.465 16.29 15.68 3.69
4 18.01 18.34 1.813 16.29  16.22 0.42 15.97 15.24 4.56
5 17.30 17.37 0.38 16.48  16.66 1.13 15.82 14.89 5.84
6 16.72 16.60 0.67 16.98  17.40 2.49 15.56 14.65 5.79
7 16.33 16.01 1.90 17.77  18.49 4.07 15.62 14.57 6.71
8 16.09 15.61 2.98 19.17  19.99 4.30 15.66 14.75 5.77
9 16.05 15.46 3.68 21.24 21.9 3.14 16.25 15.53 4.38
10 16.40 15.79 3.77 24 24 0 17.8 17.8 0

I11.5 Results and discussion

The results of the design of an ECT coupled to GWHE are presented in this section in detail
based on the above calculation methodology. The GWHE operates only for short periods and do

not exceed 7 hours of continuous operation.
111.5.1 Water temperature discussion

When there is a high ambient temperature, the ECT employs the addition of water spray to
the air flow. This transported the energy into the air by improving the heat transfer through
convection and evaporation process. Eg. (111-18) can be used to estimate the optimal spray water

flow rate, which is approximately 0.187 kg/s as shown in Table I11-1.

In addition, when the temperatures of ambient air and inlet process are high, the optimal inlet
spray water temperature is estimated to be approximately equal to the air wet bulb temperature at
the inlet [87]. With air temperatures as high as 48°C and relative humidity as low as 9%, the initial
wet bulb temperature range is around 22.5°C. As a result of the predetermined estimation, the
effective spray water temperature was determined according to the soil temperature range from
22°C to 24°C.
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Figure 111-5 represents the effect of the temperature of the spray water on the ECT
temperature after four tests as shown in Table I111-7 with a spray water mass flow rate of 0.187
kg/s. Since this spray water was injected directly into the ECT, it did not pass into the GWHE
before. As a result, the spray water temperature is an important parameter because when the spray

water temperature increases, the ECT’s performance decreases.

The temperature of the spray water plays a crucial role in determining the specific humidity
of the air. As the temperature of the sprayed water increases, the evaporation rate of the water also
increases. This results in a higher evaporation mass flow rate, which means more water molecules

are transitioning from a liquid state to a gaseous state in a given period of time.

When the water evaporates, it increases the amount of moisture in the air, leading to an
increase in the specific humidity of the air. The amount of water vapor in a given volume of air is
measured by the specific humidity, which is usually given as a ratio of the mass of water vapor to
the total mass of air.

As the temperature of the sprayed water continues to increase, the rate of evaporation will
also increase, leading to a further increase in the specific humidity of the air. This highlights the
importance of controlling the temperature of the spray water in applications where the specific
humidity of the air needs to be accurately controlled or measured, such as in industrial processes

or meteorological studies.

Table 111-7 The inlet flow temperatures of ECT.

Test Ta°C Tf°C Tw °C
1 48 41 18
2 48 41 24
3 48 41 30
4 48 41 38
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48 4 Twe°C 18 24 30 38
Ta —— —A— —— ——
Tf

Temperature °C

Row level

Figure 111-5 Effect of the temperature of the spray water on the process fluid temperature for
different spray water temperatures, m,, =0.187 kg/s.

111.5.2 Thermal design of the GWHE

Experimental evidence has shown that elevating spray water temperature results in an
increase in water consumption. Thus, a part of the spray water is evaporated and the rest returns to
the water tank. When the sprayed water temperature is hot, the rate of evaporation increases,
leading to a higher evaporation mass flow rate. This means that more water is transitioning from a
liquid state to a gaseous state in a given period of time, and the amount of residual water in the
tank decreases [109]. The effect of pre-cooling the spray water system on the specific humidity of
the air is related to the temperature of the spray water. As mentioned, the temperature of the spray
water is decisive for determining the rate of evaporation of the water, and consequently the specific
humidity of the air. By pre-cooling the spray water, the temperature is reduced, leading to a lower
evaporation mass flow rate and a corresponding decrease in the specific humidity of the air.
Besides, several factors can affect the maximum achievable heat flow rate, such as the geometry
of the heat exchanger, the thermal properties of the soil and the operating conditions. Designing
and installing a ground heat exchanger system should take into account the specific conditions and

requirements of each location to ensure optimal performance and efficiency. Generally, the
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maximum thermal cooling power produced by one meter of the ground heat exchanger is around
the value of 100 W/m [99, 110]. Thereby, the optimal length of the geothermal heat exchanger,
which will ensure a constant spray water temperature, is estimated based on a critical water
temperature value of 35 °C and mass flow rate of 0.187 kg/s. Figure 7 shows the variation in water
temperature along the axis of the geothermal heat exchanger tube and the effect of inlet water
temperatures. These results correspond to an outlet temperature of 24°C; equal to the ground
temperature when the GWHE operates for a short period of 7 hours or less to avoid soil saturation
[99, 110]. The results obtained from Figure 111-6 indicated that the length of the exchanger tube
must be less than 100m. Melhegueg et al. [111], for the same reason, represent the operation of
GHE for a short period of continuous operation (less than 70 hours) where the soil loading

dominates the soil recovery.
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Figure 111-6 Water temperature variation in the ground heat exchanger with different water inlet
temperatures for a mass flow rate of m, =0.187 kg/s.

111.5.3 ECT-GWHE system operation

Figure I11-7 presents the temperature changes in the dry mode (A). Immediately, we note an

increase in the temperature of the process fluid. On the other hand, the air temperature drops from
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48°C to 46°C, which means poor functioning of the cooling tower system. This directly results in

a malfunction in the adsorption cooling system.

48 - 48
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47— +Tf _47
/
46 N N N A - 46
o
Te’ 45 - - 45
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I
5 441 - 44
£
QL 43 . -43
42 - - 42
41 - -41
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Figure 111-7 ECT-GWHE temperature variations in dry mode (A), without spray water
circulation.

The ODEs, Egs. (111-12) and (I11-19) and associated boundary conditions are numerically
solved by the Runge-Kutta 4" order method [112] to predict the thermal analysis under the effect

of the spray water system.

Figures 111-8 and I11-9 show the variation in the process fluid temperature T, air temperature

T,, and spray water temperature T,,. The process fluid and air temperature are reduced and reached
to the operating limits of the adsorption cooling system (<32 °C). However, the inlet spray water
temperature differs slightly from the value at the outlet because the exit water is circulated through
the water tank at the bottom of the tower before entering the GWHE. If the spray water temperature
exceeds 25 °C, it is entered directly into the geothermal heat exchanger and then used in the spray

system again.

64



CHAPTER I11: Hybrid cooling tower coupled with a geothermal heat exchanger

481 m, =0.187kg/s
444 T T
Ta

—Tw

Temperature (°C)

mode (B)

48

L 44

Row level
Figure 111-8 ECT-GWHE temperature variations in counter-current mode (B), m,, =0.187 kg/s,
Tw=24 °C.
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Figure 111-9 ECT-GWHE temperature variations in co-current mode (C), m,, =0.187 kg/s,

Tw=24 °C.
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I11.6 Conclusion

This study presents a technical solution to enhance thermal performance of the ECT by
taking the case study of an adsorption cooling machine driven in solar energy in the dry and hot
climate of Biskra (Algeria). The objective is to develop a simple calculation methodology to design
ECT-GWHE system. Three operation modes of the ECT-GWHE system are investigated, namely:
dry mode, wet counter-current mode, and wet co-current mode. The impact of critical ambient air
conditions of Biskra city (Ta = 48 °C and HR = 9%) on the thermal properties of ECT-GWHE

system is examined.

A model was developed to analyse the impact of the surrounding air conditions on the
thermal performance. The developed calculation methodology was validated, and a good
agreement with experimental and numerical results from the literature were found. Results showed
that a GWHE of 70 m of length is sufficient to decrease sprayed water temperature from 35 °C to
24°C. In this case, the proposed ECT-GWHE system can easily decrease the process fluid
temperature under the operating limits of the solar adsorption cooling device. When the air
temperature reaches 48 °C, the counter-current mode in the ECT gives better performances in the
critical ambient air conditions. Consequently, it has been proven that coupling of the two systems
(evaporative cooling tower and ground water heat exchanger) is an effective solution to improve
the thermal performance of adsorption cooling systems in hot arid and semi-arid regions such as

the Biskra region.
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Iv. ~ CHAPTER IV: Thermal analysis of the performance of a

hybrid cooling tower coupled with a geothermal exchanger

1IV.1 Introduction

In the present chapter a new combination system is established to improve the performance
of the direct evaporative cooler (DEC). Ground-Water Heat Exchanger (GWHE) is coupled to the
DEC of a hybrid cooling tower. A mathematical model has been developed and validated to depict
the heat and mass transfer that occurs in the DEC between the air and water, as well as between
the ground and water in the geothermal heat exchanger. The key variables taken into consideration
are the ambient air temperature and the mass flow rate and the temperature of water. The effect of
the inlet hot air velocity and temperature, and water mass flow rate, on the evaporated water is
investigated. The findings indicate that the mathematical model of a DEC coupled to GWHE
predicts optimal characteristics, leading to a reduction in the air temperature from 48°C to 32°C at
the heat exchanger inlet of the cooling tower. Results indicate that the coupling proposed in this
study is deemed an innovative technical solution to address the dysfunction problem of cooling

towers and solar adsorption cooling systems in hot and dry climates.

The present chapter proposes a new application for the shallow ground heat exchanger. The
GWHE is used in hot and dry climates as a pre-cooler of the water supplied to the DEC. The
objective of this coupling (the GWHE with a DEC) is to better cool the air of the CT of the
adsorption system driven by solar energy. In this regard, the thermal analysis of the CT is studied
in three cases according to the nature of the cooling air: i) dry CT, ii) CT with air humidified by a
DEC iii) CT with air humidified by a DEC coupled to a GWHE ensuring a constant water
temperature for the DEC.

IV.2 System description

Figure IV-1 shows the new DEC proposed in this study which consists of three principal
elements: i) DCT in its basic shape, ii) Pad cooling (direct evaporative cooler), in the present work
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the GLASdek 7090 type is proposed for the pad, iii) The third element is the GWHE, which is the

new element proposed in this study.

Air outlet
Process quid%I |_ -
inlet I
((. Air inlet
i - /
DEC 7 % AN
GWHE

Figure IV-1 Schematic description of the new DEC tower.

IV.2.1 Dry cooling tower (DCT)

A dry cooling tower of the ACS 08 adsorption machine is considered an example for this
study [113]. According to Kheireddine et al. [79], the maximum operating air temperature of the
dry cooling tower can’t exceed 35°C. For that, the FTHE of this cooling tower is responsible for

cooling the process fluid in the ACS 08 by ambient air in forced convection to be less than 35°C.

Table IV-1 shows the most important geometric and thermophysical parameters of the FTHE

of the present DEC.
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Table 1V-1 Geometric and thermo-physical parameters of the FTHE of present DEC.

Tubes material, - Copper Ty—spray, 'C 24
Fins material, - Aluminium T,, °C 48
A, m2 271.43 My _spray, KO/S 1.12
Stin ,» MM 2.40 L, mm 2000
Dij_o,, M 0.009-0.010 mg , kg/s 4.3
Leoe, M 576 Tpri °C 41
N, 10 My, Kg/s 0.9308
Nt rows: 29 P;, mm 35
IVV.2.2 Direct evaporative cooler (DEC)

DEC is a type of air conditioning system that cools air through the process of evaporation.

It operates by passing hot, dry air over a wet surface, where water evaporates and cools the air.

DECs are a cost-effective and energy-efficient cooling solution, particularly in hot, dry climates.

In this case, air humidification decreases the temperature of the air entering the FTHE [114, 115].

In the present study, the GLASdek 7090 is used as a pad evaporative cooler in the DEC by

using the geometric characteristics as shown in Table 1V-2.

Table 1VV-2 Geometric characteristics of the DEC.

Geometric (GLASdek 7090)
Width, B, m 0.3048

The height, H, m 1.2192

The thickness, D, m 0.138

The number of pores per unit area, N, m?/m? 440

Wave angle, o 45

Wave angle, 3 45

Wave height, h, mm 7
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IVV.2.3 Ground water heat exchanger (GWHE)

A GWHE is coupled to the DEC for the pre-cooling of water prior to its injection into the
system. This helps stabilize the water temperature and provides improved performance. The
GWHE is constructed using a cylindrical PVC tubes such as a plate serpentine shape at a 3m depth
inside the ground, with a diameter of 0.06 meters and a length of 110 meters, and it is directly
connected to the DEC system. This design provides a cost-effective and environmentally friendly
solution for temperature regulation in DEC. The characteristics of the GWHE are shown in Table

IV-3.

Table 1VV-3 Characteristics of the designed WGHE.

Type of exchanger GWHE
Tube length, m 110
Outside / inside diameter, m 0.06/0.056
Mass flow rate of water, kg / s 0.081-0.243
Soil Thermal Conductivity, W. m™?, K 1.5
PVC thermal Conductivity tube, W. m*. K 0.46
Soil temperature, °C 24
Water temperature in the inlet, °C 32

1V.3 Mathematical model

In the current configuration, three parts of calculations are adopted:

(i) The DCT calculation side: The parametric calculation used for the FTHE is the Logarithmic
Mean Temperature Difference, LMTD, method developed by the authors in a previous work. This
method estimates the difference in temperature between the process fluid at the inlet and the outlet

of the heat exchanger [79].

The rate of heat transfer exchanged can be expressed as,

¢ =m¢Cpy (Tt inTr o) (IV-1)

70



CHAPTER IV: Thermal analysis of the performance of a hybrid cooling tower coupled
with a geothermal exchanger

The total exchange surface of the FTHE can be calculated by Eq.( 1V-2) [80] :

__ ¢ (1IV-2)
The following relation describes the LMTD method used for the FTHE:
Tyin—T —(Tao —Ts
ATLM :( a,in f ,o) ( a0 f ,|n) (IV-3)
(Ta,in —Ty o)
(Ta,o —Ts m)

A technique for analyzing the properties of heat and mass transmission has previously been
presented for FTHEs under humidifying conditions. The overall heat transfer coefficient U, in this
case, changed concerning the geometrical dimensions of both fins and tubes [78, 97]. Eq.( IV-4)

is employed to calculate the heat exchanger's overall heat transfer coefficient [81]:

-1
D
U= (i+ﬂ%i)8—e+s—eln—e+i+9¥e (1V-4)
hi Si 27h Di nghe

The external heat transfer coefficient of the air side can be calculated by using the following

correlation from Wang et al. [82]:

ha = j p.CpV oPr 23 (IV-5)

a

The Colburn factor in the following equation must be used to calculate the heat transfer for
a plate fin profile and staggered tube configuration [83] :

j =0.086Re /3N J4(s,/D, ) °(5,/Dp ) ® (Sa/P ) % (IV-6)

where;

Re =V aDe 05/ 14 (IV-7)
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j3=-0.361-0.042N /In (Re)+0.158In {N (Sa/Dc )0'41}

. 1.42

iy =—1.224—0.076(Pt /Dh) /In(Re)
jg =-0.083+0.076N /In (Re)

jg =-5.735+1.21In(Re/N )

(IV-8)

The internal heat transfer coefficient h; is calculated as a function of Nusselt number [84]:
h. =NuA / D.
i w /i (1v-9)

Where the correlation (1V-10) of Nusselt number for water flowing inside the pipe [85].

2/ 3
For 0.6 < Pr <15 — Nu =0.0214(Re0'8—1OO)Prf0'4{1+(Di /Lt) }

(10)
For 15 < Pr < 500 — Nu :0.012(Re0'87—280)Prf0'4 {1+(Di /Lt)m}
Number of fins per meter of length is calculated as follows [83] :
1
" (Sate) (IV-11)

The heat transfer coefficient of the air side h,, is affected by the air velocity between the fins.
And the Colburn factor j is used to calculate the heat transfer for an array of staggered tubes and

a herringbone-wavy fin profile [98].

~0.272 -0.205 ~0.558 -0.133
j —0.394Re 0% | Pt (Sﬂj Xtin P (IV-12)
Ph, D P, Ser

The heat transfer coefficient on the air side is obtained from [98].

: 0.33
h, —Zal Rep P (IV-13)
D
The equation below can be used to determine the surface of the wavy fins [98].
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Pd
A =1 | |y (IV-14)

f

f

(if) The DEC calculation side: is a semi-analytical model developed by [93, 115]. It is based on
energy conservation and heat and mass transfer analysis. This model predicts the heat and mass

transfer in the DEC system by using the geometric parameters as shown in Table IV-2.
Inlet boundary conditions to DEC.
Ta=TpW,=w,;, D=0

The following equations are used to calculate variations in humidity ratio and temperature

of moist air in one direction, x:

N BHD
Ta=Tsa+(T1-Tw)exp (—hC—J (IV-15)
man
o he N BHD
_ _Sp exp| _heN B A D IV-16
W a =W sat Lv(Tl T sat) p( e J ( )

Where AW = W —Wa

Evaporative cooling uses water evaporation to lower air temperature. Figure V-2 shows a
schematic diagram of the process, which involves a water supply, cooling pad, fan. As air passes
through the wet pad, water evaporates, cooling the air. This process is energy-efficient and ideal

for dry climates with low humidity levels.

Spray water | 5

Water Sump
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Figure 1VV-2 Schematic diagram of the evaporative cooling process.

(iii) The GWHE calculation side: is based on a mathematical model developed to estimate the
water temperature variations inside the heat exchanger. The model is grounded on the resolution
of the heat transfer equation [99, 100].

The water temperature inside GWHE can be written as:

T (0~ Ty e

- X
|47 IvV-17
GCSVRthJ s ( :

GWHE systems use thermal resistances to transfer heat between the earth and the fluid
circulating in the heat exchanger. Table 4 lists the equations for the thermal resistances used in
GWHE systems. These resistances impact the system's efficiency and performance, making them
important to consider during design and installation.

Table 1VV-4 Equations of thermal resistances in GWHE’s system.

Equations Reference

i Py [100, 102]
_In(r, /')
Y 2maL
In(rs /)
ST 2mAsL
1/3
Nu =1.64£[LJRepr]
Dy, [116]

The transitory soil temperature that is around the pipe is influenced by the thickness of the
soil annulus. For this reason, the soil thickness varies with the operation duration of the ground
heat exchanger (short duration or long duration) [99, 100, 103, 117, 118]. This soil annulus was

assumed to be equal to the radius of the pipe (ry =2r; ) in the current research since GWHE is
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only used for a short time period when the ambient air temperature is over 35 °C, as shown in

Figure IV-3.

Ts
h ,M  e———
T dx Water flow
s =
x Ts x+dx

Figure 1VV-3 Thermal equilibrium of the primary pipe of a GWHE.

IV.4 Comparison and model validation

Table V-2 shows the geometric characteristics of the porous material of the type (GLASdek

7090), the same characteristics used as data in the developed semi-analytical calculation code to

produce a lower humid air temperature of 35°C.

Using heat and mass transfer equations, it is discovered that there is a good agreement

between the outlet air temperatures after applying the total conservation equation between the

water sprinkled on the top edges of the pad and the dry air through the pores. The comparison of

the results is presented in Table IV-5.

Table 1V-5 Results and comparison.

Inlet Outlet temperature
temperature
Ta Ta Ta Ta Ta

(dry bulb/ (wet bulb/ °C)

(wet bulb/ °C)

(wet bulb/ °C)

(saturated °C)

°C) Present Comparison Experimental
calculation [115] [115]
27.21 22.8152 22.76 22.9 20.15
27.84 22.3745 22.32 22.66 19.06
28.54 23.5662 23.51 23.5 20.55
28.9 23.7644 23.71 23.81 20.65
29.32 22.6717 22.6 22.37 18.64
29.91 23.7971 23.74 23.78 20.09
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30.5 23.2541 23.18 22.77 18.86
30.83 23.9452 23.87 24.1 19.77
315 27.2608 27.22 27.6 24.69
31.86 25.8778 25.82 25.49 22.25
32.31 24.1802 24.1 23.94 19.25
32.86 23.8587 23.76 24.01 18.4
33.09 25.9935 25.92 25.49 21.69
33.73 27.1004 27.03 27.1 23.08
34.06 25.6127 25.52 25.73 20.49
34.46 27.4445 27.37 27.31 23.19
35.01 25.8904 25.8 259 20.36
35.81 28.2965 28.22 27.84 23.74
36.8 30.3572 30.29 30.4 26.45
37.06 28.5691 28.48 28.01 23.42

The continuous repetition of the water misting process on the pad produces a heat transfer
between water and hot air, directly leading to a high-water temperature. Consequently, the amount
of residual water has decreased. In other words, which involved an increase in water temperature
as a cause of an increase in water consumption as experimentally proven in the literature [119,
120].

IV.5 Results and discussions
IV.5.1 Climatically conditions of this study

Since the objective is the adaptation of an adsorption cooler to hot and arid climates
especially in Biskra city in the summer, it's necessary to choose the extreme climatic conditions in
the year. From infoclimat website [76], it’s found that the Biskra’s hottest typical day in 2021 is
July 1%, The hourly relative humidity and the hourly air ambient temperature of the chosen day is

presented in Figure 1V-4.
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Figure 1V-4 The temperature and relative humidity variations of the hottest day in Biskra city in
2021.

IV.5.2 GWHE thermal design

Table 3 shows the different parameters of the GWHE. Using Eqg. (I\VV-3), the ground water
heat exchanger dimensions required to cool the water for re-injection within the pad are calculated

based on the temperature of the inlet water and the mass flow of the water.

This test was executed in the climatic conditions of Biskra region. By assumptions, we
consider the temperature of the water leaving the pad is equal to the temperature of the air outlet,

and the temperature of the water re-injected into the pad is equal to the soil temperature.

The temperature of the water leaving the pad has been estimated as the critical temperature
of the system for three different water flow rates (0.081, 0.162, and 0.243 kg/s). It is worth
mentioning that the temperature of the ground beyond 3 m remained relatively stable, fluctuating
between 22 and 24 °C. Figure 5 indicates that as the water flow rate increases, the water outlet
temperature also increases, peaking at 0.243 kg/s. The rise in water velocity results in a higher
outlet water temperature, primarily due to the reduction in water residence time in the GWHE

tubes. In case there is a requirement to augment the water flow within GWHE, using a satisfactory
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low flow rate and increasing the number of GWHEs would allow for the desired low temperature
and higher water flow to be attained.

m,, (kg/s)
—— 0,243
—0— 0,162
—~— 0,081

Water temperature (°C)

22 T T T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100 110
Tube length (m)

Figure 1V-5 Variation of water temperature along the geothermal heat exchanger with different
mass flow rates.

Figure 1V-6a illustrates the impact of hot air temperature on the process fluid within the
DCT. The dysfunction of the system was identified through the observation of an increase in

process fluid temperature when the DEC and SWS were not activated.
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Figure 1V-6 a) The effect of hot air temperature on process fluid within the DCT.

Figure 1VV-6b shows the calculated outlet air temperature from the DEC system compared
with the ambient inlet temperature. As seen, the outlet air temperature is always lower than the
inlet temperature, and the difference between the two increases with the increasing ambient
temperature. This can be explained by the high ambient air temperature leading to more water
evaporation and then high performance. From the results obtained from Figure 1V-6b, it is clear
that the proposed system (GWHE coupled to DEC system) can maintain the temperature of the air

below the functioning limits of DCT in hot and dry climates.

79



CHAPTER IV: Thermal analysis of the performance of a hybrid cooling tower coupled
with a geothermal exchanger

Row level
o 1 2 3 4 5 6 7 8 9 10

48 - .
Cooling tower with spray /

464 A\-Tf
441
42
40

38+

Temperature °C

36

34+

324

0 20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140
Finned tube thickness, mm Pad thickness, mm

Figure 6b The variation of the process fluid and air temperature within DEC in wet mode.

Figure IV-7 represents the variation of the humidity ratio during 24 hours of the hot day in
the city of Biskra. This variation is related to the ambient air temperature and the relative humidity
at the pad inlet. Therefore, at the outlet, the humidity is increased after the water evaporates, and
reached its maximum value at the minimum value of the relative humidity at the inlet. This can be
explained that during lower relative humidity days, the air is relatively drier, meaning it has less
moisture content. As the air enters the direct evaporative cooler, it has a greater capacity to absorb
water vapor due to its lower moisture content. As a result, more water evaporates into the air,
which leads to greater cooling of the air. This, in turn, leads to a greater reduction in the outlet air

temperature, making it possible to reach minimum temperatures.
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Figure 1V-7 Variation of ambient air temperature and humidity ratio for 24 hours (July 1% 2021).

Figure 1VV-8 represents the effect of heat and mass transfer between water and dry air. In the
present study, we created an optimal system by increasing the performance of DEC by choosing
the perfect values of water temperature, air velocity, and pad thickness. Water temperature is
directly related to soil temperature, it varied between 22°C and 24°C, which is roughly constant
during the summer season. However, GWHE ensures a constant water temperature for the DEC.
On the other side, the optimal water temperature is 2.5°C upper than the inlet wet bulb temperature,
and air velocity is 2 m/s, as experimentally verified by Kabeel et al. [119].

The entraining wet bulb temperature in the present study varied between 14 °C as the
minimum and 27 °C as the maximum, with the relative humidity varying between 9% and 31%,

as shown in Figure 1V-4.

At a high ambient air temperature of 48 °C, the maximum evaporated water mass flow rate
is 10.8 kg/h, demonstrating that increasing ambient temperature causes progressive water

consumption due to evaporation, as shown in Figure 8.
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Figure 1V-8 Evaporation water mass flow rate for 24 hours of the hot day (July 1% 2021) in
Biskra city.

IV.6 Conclusion

The current study focused on the adaptation of adsorption cooling systems to hot and arid
climates, especially in the region of Biskra (Algeria). A solar adsorption chiller with a DCT
obtained from the literature are taken as an example of study. Besides, the thermal analysis of the
heat and mass transfer in DEC is investigated. As a new application, the DEC was connected to a
GWHE to lower the inlet air temperature to the DCT. The objective is to enhance the performance

of the cooling tower and the whole solar adsorption cooling system in general.

The analysis shows that the speed of the air inlet and humidity are two factors influencing
the DEC’s cooling efficiency. For the amount of air needed, the front air speed of the direct
evaporative cooler module should be about 2 m/s. At a high ambient air temperature of 48°C, the

maximum evaporated water mass flow rate is 10.8 kg/h.

The GWHE is an important element to pre-cool the water used by DEC for cooling hot and
dry air in the Saharan region. GWHE is ensuring the operational continuity of the hybrid cooling

tower in critical conditions where air and water are hot. Finally, this type of coupling presented in
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this paper can be considered an innovative technical solution for the dysfunction problem of
cooling towers and solar adsorption cooling systems in general in hot and dry climates.
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V. CHAPTER V: New evaporative hybrid cooling tower coupled

with a ground heat exchanger

V.1 Introduction

In this chapter presents the development of a simple calculation methodology to design a
hybrid cooling tower (HCT) coupled with a horizontal ground-water heat exchanger (GWHE). The
HCT-GWHE system is proposed as a technical solution to enhance the thermal performance of the
HCT by taking the case study of an adsorption device driven mainly by solar energy in the dry and
hot climate of Biskra (Algeria). Four operation levels of the HCT-GWHE system are investigated,
namely: GWHE, direct evaporative cooler DEC, spray water system (SWS) and finned tube heat
exchanger. The heat and mass transfer phenomena within the HCT and the GWHE are thermally
analysed and modelled mathematically. The method of Runge-Kutta 4th order is applied to solve
the system of four differential equations, describing the evaporative cooling process in the HCT.
A Matlab code was developed according to the presented calculation methodology allowing the
thermal design of the HCT-GWHE system. The developed methodology was validated, and a good
agreement was found with numerical simulations and experimental results obtained from the
literature. It was concluded that the coupling of HCT with GWHE is an effective solution in hot
and arid regions. Besides, HCT with a sprayed-water system in counter-current mode is the best

method for high heat and mass transfer rates.

The objective of this study is to investigate the potential of utilizing supersaturated humid
air as a cooling method for HCT systems. The primary goal is to improve the stability and
efficiency of HCT systems under unfavourable ambient air conditions, which can affect the overall
performance of the system. The study will employ theoretical analysis to evaluate the feasibility
and effectiveness of using supersaturated humid air as a cooling method for HCT systems.
Additionally, the study aims to identify the advantages and limitations of this approach to provide
insights into potential improvements for HCT systems. Ultimately, the objective is to contribute

to the development of more sustainable and efficient cooling solutions for HCT systems.
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V.2 V.2. System Descriptions

Figure 1 illustrates the system under investigation, which is comprised of an HCT and a
GWHE. The HCT operates on the basis of cross-flow air and process fluid exchange. The HCT
can operate in two modes: dry and wet. The wet mode is triggered by humid air created through
direct contact between ambient air and spray water. This study examines the use of a compact
HCT-GWHE system design in hot and arid climatic conditions in Biskra, Algeria, where summer

temperatures regularly reach above 48°C [76].

The HCT-GWHE system is an innovative solution that integrates four separate systems into
one cohesive unit. The HCT component comprises three systems: the DCT, SWS, and DEC. The
HCT is then combined with the GWHE to create the complete HCT-GWHE system.

DCT that is coupled with a spray water system and reinforced by a Direct Evaporative Cooler
(Pad) is a type of cooling tower that combines three cooling methods for maximum cooling
efficiency. The spray water system helps to reduce the temperature of the process fluid, while the
Direct Evaporative Cooler (Pad) provides additional cooling by evaporating water into the
incoming air stream. This combination of cooling methods results in a more efficient cooling tower
that is capable of providing improved thermal performance, reduced water consumption, and lower

maintenance costs compared to traditional cooling towers.

The use of a GWHE in a Hybrid Cooling Tower (HCT) system can result in improved
cooling efficiency and reduced energy consumption. By circulating water through a network of
underground pipes and using the naturally cooler ground water as a heat sink, the GWHE can
effectively lower the temperature of the water tank in the HCT. This, in turn, helps to reduce the

temperature of the process fluid, leading to improved cooling performance.
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Figure V-1 Schematic diagram of HCT-GWHE
V.2.1 Dry Cooling Tower (DCT)

The studied DCT has the same geometric proprieties of DCT of the Sortech ACS08 machine
[79]. The HCT is a finned tube heat exchanger with several rows, with the tubes placed in staggered
rows to ensure multiple passages per row. Each row contains the same total number of tubes. The
flow arrangement is a cross-flow, with ambient air acting as the external fluid and forcing forced
convection to blow across tube banks at a maximum mass flow rate of 4.3 kg/s~*. A mass flow

rate of 0.9308 kg/s~! is generated inside the tubes by the process fluid. The ambient air that is
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circulated by fans and passes through a finned tube heat exchanger, where the flow is referred to

as cross-flow, cools the process fluid that has to be cooled (ethylene glycol 34 vol, %).

Table V-1 shows the most geometric and thermophysical parameters of the finned tube heat

exchanger of the present HCT.

Table V-1 Geometric and thermo-physical parameters of the finned tube heat exchanger of

present HCT.
Tubes material, - Copper Tw—spray» °C 24
Fins material, - Aluminium T,, °C 48
A, m? 271.43 My —spray, KQ/S 1.12
Sfin,» MM 2.40 L, mm 2000
Di_o,m 0.009-0.010 Mg , Kg/s 4.3
Lioe, M 576 Tyrir °C 41
N, 10 m,r, Kgls 0.9308
Nt rows: 29 P, mm 35

V.2.2 The direct evaporative cooler (DEC)

DEC is a type of air conditioning system that cools air through the process of evaporation.

It operates by drawing hot, dry air over a wet surface, where water evaporates and cools the air.

DECs are a cost-effective and energy-efficient cooling solution, particularly in hot, dry climates.

In this case, air humidification lowers the air temperature before passing it to the finned tube heat

exchanger [114, 115].

In the present study that use the GLASdek 7090 as a pad evaporative cooler in the DECT,

by using the geometric characteristics as shown in table V-2.
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Table V-2 Geometric characteristics of the DEC.

Geometric (GLASdek 7090)
Width, B, m 2

The height, H, m 2*0.5

The thickness, D, m 0.138

The number of pores per unit area, N, 440

m2/m3

Wave angle, a 45

Wave angle, 3 45

Wave height, h, mm 7

V.3 Horizontal Ground Water Heat Exchanger (GWHE)

The GWHE is a simple kind of horizontal heat exchanger made by PVC tubes such as a plate
serpentine shape at a depth of 3 meters inside the ground. It is a secondary system that is connected

to the HCT and is used to extract geothermal energy for the purpose of cooling of spray water.

HCT is coupled with a Ground-Water Heat Exchanger (GWHE) to decrease the spray water
temperature of the outlet of the tower, to guarantee water temperature approximately near the soil
temperature. The geothermal characteristics of the ground-water heat exchanger are shown in
Table V-3.

Table V-3 The geothermal characteristics of GWHE.

Tube length, m 100
Dijand D, ,m 0.057 - 0.06
Ae, Wm-K 0.46
my,, kg/s 0.1

Ag, W/m-K 1.5

Ty, °C 24

Ty, °C 24 -28
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V.4  Calculation Methodology
V.4.1 Governing equations of the HCT heat and mass transfer
a) Finned tube heat exchanger zone

The rate of heat transfer exchanged can be expressed as,
& =meCpy (Tr in-Ts o) (V-1)

The total exchange surface of the finned tube heat exchanger can be calculated by using the
following Eq.(V-2) [80] :

¢

= V'2

The following relation describes the (LMTD) method used for the finned tube heat exchanger:

(Ta,in _Tf 0 )_(Ta,o _Tf ,in)
| (Ta,in _Tf ,o)
n =~ - 22020007
(Ta,o _Tf ,in)

(V-3)

A technique for analysing the properties of heat and mass transmission has previously been
presented for finned tube heat exchangers under humidifying conditions. The overall heat transfer
coefficient U, in this case, changed concerning the geometrical dimensions of both fins and tubes

[78, 97]. Eq.( V-4) is used to calculate the heat exchanger's overall heat transfer coefficient [81]:

1
U= (ieriJS—eJr Se pDe 1 +R, (V-4)
hi Si 27k Dy mshe

The external heat transfer coefficient of the air side can be calculated by using the following
correlation from Wang et al. [82]:

h, = j p.CpYV Pr 3 (V-5)
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The Colburn factor in the following equation must be used to calculate the heat transfer for
a plate fin profile and staggered tube configuration [83] :

_ i3 is i6 0,93
j =0.086Re N 14(s,/D,)!*(S,/Dp ) ° (Sa/R) (V-6)
where;
Re =V Depa/ tta (V-7)
j3 =—0.361—0.042N /In(Re)+O.158In[N (Sa/De )0'41}
j4 =—1.224-0.076(P, /D, )-** /In(Re)
j5 =—0.083+0.076N /In(Re) V:9)
jg =—5.735+1.21In(Re/N )

The internal heat transfer coefficient h; is calculated as a function of Nusselt number [84]:

hy =Nuf, /B, (V-9)
Where the correlation (\VV-10) of Nusselt number for water flowing inside the pipe [85].
For 0.6 < Pr <15 — Nu =0.0214(Re0'8—100)Prf0'4{1+(Di /L[)ZIS}
(V-10)
For 15 < Pr < 500 — Nu :0.012(Re0'87—280)Prf0'4 [1+(Di /Lt)m}
Number of fins per meter of length is calculated as follows [83] :
1
N . =
fin—m
(Sa+e) (V-11)

The heat transfer coefficient of the air side h,, is affected by the air velocity between the fins.
And the Colburn factor j is used to calculate the heat transfer for an array of staggered tubes and

a herringbone-wavy fin profile [98].
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-0.272 _ —0.558 -0.133
Ph 0.205
j—0smarefs| ZL | (] R | R (V-12)
Ph, D P, S

fin
The heat transfer coefficient on the air side is obtained from [98].

o _ZaliRep pr033

a D (V-13)
The equation below can be used to determine the surface of the wavy fins [98].
Py
A =1+ < A (V-14)
f

b) Spray water zone

When a stream of air comes into contact with a spray of water from a nozzle, heat and mass

transfer occurs between the two fluids.

Heat transfer occurs because there is a temperature difference between the air and water.
Heat is transferred from the warmer fluid to the cooler one. The rate of heat transfer depends on
several factors, including the temperature difference between the two fluids, the surface area of

contact between them, and the thermal conductivity of the fluids.

Mass transfer occurs because water droplets from the spray are carried by the air stream. As
the air flows over the droplets, they evaporate, transferring mass from the liquid phase to the gas
phase. The rate of mass transfer depends on several factors, including the relative humidity of the
air, the temperature difference between the air and water, and the size and concentration of the

droplets.

The tower is divided into numerous small regions along the vertical axis and the droplets
and gas are considered to be flowing parallel to each other according to the methodology of one-

dimensional model [121].

Several simplifying assumptions are made:
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e The radial and angular velocities of the droplets and air are assumed to be zero.

e The droplets and air are uniformly distributed over the cross section of the spray

e Heat transfer by radiation is neglected.

e The effect of pressure change on physical properties along the height direction is neglected.

e The process is done under adiabatic condition.

dT, _(6hag (Ta—Tw)
dz /1Cpa U d Dd
dT,, _ 6I:ha,d My —Ta)+ 54 7(a)sat _w)J 3 65Ty (a)sat —0))
dZ ANCpWUd Dd ANUdDd
dD 204 (W — @
a _—2H (s —@) (V-15)
dz ANU d
d_a): 65 (s — @)
dz AyU 4Dy
2
dUgq _9 (:q/v _pa) _ 0.75C4 pa (Ud _Ua)
dz L U d Dd Ly U d
By using the boundary conditions as follows:
Ta(z =H) =Ta,in
Tw (z=0) :TW ,in
Dy =1)=Pain (V-16)
Ug (z =0) =Uy in
Dz-H) = %in
The specific heat capacity of moist air Cp,, , which is defined as:
Cpm =Cpa + APy sat (V-17)
Where the saturated air humidity ratio is calculated using the following relation:
g Ty ) =0.622— et Tw) (V-18)

Pa - I:)sat (Tw )
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The saturation pressure P, (T,) of moist air at the water temperature is defined as;

P (T, ) =€Xp| 23.3265-

3802.7 47268 Y
(V-19)

T, +27318 (T, +273.18

Wet-bulb temperature of moist air can be determined from the following formulas [93] :
Top = 2.265(1.97 +4.3T, +10000ca5 )*° - 14.85 (V-20)

Using the description of air humidity ratio, the following formula is used to evaluate the rate

of change of cooling water mass m,, per unit of heat exchange area:

dr
W _ ., deo (V-21)
dA a dA
The energy and material transfer processes are typically similar in nature, therefore the mass
transfer coefficient between droplets and air can be expressed as [122]:
Py Dy, Nu

V-22
=0 (V-22)

Where hy , is defined as the heat transfer coefficient between the air and the droplets as follows:

Nu
Mo =2 (v-23)
d

Where Nu is the Nusselt number, which can be obtained as Eq. (V-24) [123].

(V-24)

N 2+0.5Rel°,10 <Re, <1.8x10°
u=
2+0.3ReJ*%** 1.8x10 < Re, <1.5x10°

Where the drag coefficient of a droplet is given by the following correlation [124].
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ﬁ(ulRez“j,Reglooo
Cd = Re 6

0.44,Re >1000

(V-25)

V.4.2 Pad zone

The DEC calculation side; is a semi-analytical model developed by [93, 115]. It is based on
energy conservation and heat and mass transfer analysis. This model predicts the heat and mass
transfer between air and water in DEC system by using the geometric parameters as shown in table
V-2.

Inlet boundary conditions to DEC.
Ta=T1, Wa=Wi1at x=0

The following equations are used to calculate variations in humidity ratio and temperature of moist

air in one direction, x:

hec NBHD
Ta=Tsat+ (T1—Tuw) eXP(————) (V-26)
M, Cp
Cp he NBHD
0y = Oggt — L_Va (T1— Tsat) EXP(— Cr'nana) (V-27)

Where Aw = Wy ~ Wy
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Figure V-2 Schematic diagram of evaporative cooling process.

V.4.3 Heat transfer modulization of the WHE

When modeling the system based on steady-state analysis, the following assumptions were used:

e The water tank surrounding the heat exchanger is assumed to have uniform temperature
distribution.
o Constant water conductivity is assumed throughout the experiment.
e Water flow through the WHE pipes is assumed to be steady.
e The tank is considered to be adiabatic, meaning that no heat transfer occurs to the surroundings.
e Negligible water flow rate is assumed within the tank.
Under the given assumptions, the mathematical model for heat transfer between the hot water

outside the pipe and the cold water inside the pipe can be expressed using the following equation:

The heat transfer rate using the following equation:
¢ =UA AT (V-28)

Where the overall heat transfer coefficient can calculate by using the following equation:

)
U= ;l_4_ [)e |_n.E§i_FE2§__£E_
hy 24, Dj Dj hy

(V-29)
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Where h, is the heat transfer due to natural convection outside the tube;

N
ho. = M (V-30)

D
Where Nu,, is the Squire-Eckert formulation, can be written as follows [125];

1612
Rap
Nu,. =10.60+0.387 T (V-31)
|1+(0859/Pr)** |

Rap is Rayleigh number

3
Rap = - 9/AT (V-32)

va

Where g is the coefficient of thermal expansion, can be calculated as the following equation

[125];
st (V-33)

V.4.4 Heat transfer modulization of the GWHE

When modeling the system based on steady-state analysis, the following assumptions were used:

e The horizontal GHE's maximum operating time is limited to a few hours, even during the hottest

parts of the day.
e The soil is uniform around the heat exchanger.
¢ Soil conductivity is constant.
e The flow of water is steady through the length of geothermal pipes.
e Using correlation from the literature, the thermophysical characteristics of water are estimated.

e By assuming that the soil's characteristics are isotropic and that the soil and pipe are in perfect
contact.
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The resolution of the heat transfer equation serves as the foundation for the calculation
model, as shown in figure 4 [99-101]:

My CPy | Tw (X JFTw (X +dX [T al Jdx (V-34)
T v <200

Where R,y is the overall thermal resistance of the water soil heat exchanger between the pipe

water and surrounding soil, as measured by the relation (\V-35) [100-102]:

Ry, =R, +Ry +R; (V-35)
R, = © (V-36)
Where
h - NU A4,

' (V-37)

According to Equation (V-38), the Nusselt number for water flow within a pipe is a function of
the Reynolds number Re [85].

Where 2300 <Re <10°and 1.5<Pr<500.
d 0.66
Nu = o.012(Re°-87— 280) pro4 {1+(L'] } (V-38)
t

R; and R, are the thermal resistance of the tube and the soil annulus, respectively, given by the
equations (V-39) and (V-40) [99-101].

_In(r, /'ry)

S mL (V-39)
_ In(rs /I’e) (V-40)
> 27mAL,
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The suitable thickness of the soil annulus has been investigated in several works in the
literature. The result of all of these studies is that the soil's thickness varies with how long the heat
exchanger is working [101, 103-105].

In this study, the GWHE operation is limited to a few hours at most. As indicated in Figure

V-4, the thickness of the soil annulus was considered to be equal to the pipe's radius (rs = 2ri).

After dividing the equation (V-34) with dx, this equation can be written as follows [99-101]:

dT _ (Tw (x)—=Ts) (V-41)
Rih

—my, Cpy, ax

T dx Water flow
 ——

Figure V-3 The thermal balance of a horizontal geothermal heat exchanger (Ground/Water),
GWHE.

Then

MCpRy,

T (x)=C St1exp[ J+C 2 (V-42)

By considering boundary conditions, we find the constants A and B:
-Forx 2 o, TX)=Ts22C"2 =Ts;
-Forx=> 0, TX)=To22A=To-Ts;

T (x)=(T,-T, )exp(m 5I§Rm J+TS (V-43)

Also, we can write the equation (V-43) as:
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T(x)=(Ty —Ts)exp[ (V-44)

—X
— |+ T
PCPSVR, ]
The equation (V-45) represents the pressure drop across the full length of the heat exchanger.
And this is based on the total of the exchanger's linear, singular, and pressure losses between the
input and outflow [106].

AP’[ = AP"n + APSin g + API (V'45)

To determine the linear pressure losses, use equation (V-46).
2
_ Yw :
APy =Aay b (V-46)
Laminar or turbulent flow characteristics affect how the loss ratio of load A is calculated in the
equation (V-47), [106].
For 2100 <Re <1O5 , the BLASUIS formula is used

A =0.3164Re 0% (V-47)

The singular pressure loss is defined by equation (\V-48):

N

\Y

AI:)sin g - ipw (V'48)

ole

The following formula is used to calculate pressure losses at the heat exchanger's inlet and outlet
[106]:

AP, =5 ave (v-49)

V.45 Solving procedure

The governing equations (V-15), with the boundary conditions (V-16), are used to estimate
heat and mass transfer of the SWS zone. These equations are solved numerically in the literature
[87, 107] by using Range Kutta 4" order integration method. The analytical method is used to

predict the temperature distribution in the tube rows of the HCT, as shown in Figure V-5.

Where ¢ is the convergence criterion of the calculation, it becomes as follows;

oy =Blw (V-50)
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For i=1,4 then & =min(g;)

Geometry, operating conditions.
‘ Boundary conditions

Set inlet values of SWS
T, (0)=24 °C T,(0)=
Ta,o , Wa(0)= Wa,o

v
N Initialization: P
g Tf(O), TW(O), Ta(0)= Wa(o) N
v
l SWS Zone :
Solve the Eqs (15-24) by:
DEC Zone: Range-Kutta (4) method

Solve equations (25 and 27).

No

Yes
v No
. es Finned tube Zone :
| Wt'_"E' 2533 Solve the Egs (1 - 14) by:
solve equations ( = ) L. Qutlet of DEC LMTD method
GWHE Zone: -~ TWO , Ta o Wa o
solve equations (34-50) ’ ' ’

A

Figure V-4 flowchart of calculation program.

V.5 Comparison and validation model
V.5.1 DEC zone

Table V-2 shows the geometric characteristics of the porous material of the type (GLASdek
7090), the same characteristics used as data in the developed semi-analytical calculation code to
produce a lower humid air temperature of 35°C.
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Using heat and mass conversion equations, it is discovered that there is a good agreement
between the air outlet temperatures after applying the total conservation equation between the
water sprinkled on the top edges of the pad and the dry air through the pores. The results obtained

are shown in Table V-4.

Table V-4 Comparisons between current results and experimental ones.

Inlet Outlet temperature
temperature
Ta Ta Ta Ta Ta
(dry bulb/ °C) (wet bulb/ °C)  (wet bulb/ °C)  (wet bulb/ °C)  (saturated °C)
Present Comparison Experimental
calculation [115] [115]
27.21 22.8152 22.76 22.9 20.15
27.84 22.3745 22.32 22.66 19.06
28.54 23.5662 23.51 23.5 20.55
28.9 23.7644 23.71 23.81 20.65
29.32 22.6717 22.6 22.37 18.64
29.91 23.7971 23.74 23.78 20.09
30.5 23.2541 23.18 22.77 18.86
30.83 23.9452 23.87 24.1 19.77
315 27.2608 27.22 27.6 24.69
31.86 25.8778 25.82 25.49 22.25
32.31 24.1802 24.1 23.94 19.25
32.86 23.8587 23.76 24.01 18.4
33.09 25.9935 25.92 25.49 21.69
33.73 27.1004 27.03 27.1 23.08
34.06 25.6127 25.52 25.73 20.49
34.46 27.4445 27.37 27.31 23.19
35.01 25.8904 25.8 25.9 20.36
35.81 28.2965 28.22 27.84 23.74
36.8 30.3572 30.29 30.4 26.45
37.06 28.5691 28.48 28.01 23.42

The continuous repetition of the water misting process on the pad produces a heat exchange
between the water and the hot air, directly leading to a high temperature of the water. As a result,
the amount of residual water has decreased. In other words, which involved an increase in water
temperature as a cause of an increase in water consumption as experimentally proven in the
literature by [119, 120].
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V.5.2 SWS zone

In order to evaluate the accuracy of the present model, calculations were performed using
the same experimental conditions as in the previous study. The outlet water temperatures obtained

from the calculations were then compared with the experimental data [126].

To further assess the performance of the present model, a comparison was made with the
model presented in Ref. [121]. The calculation results of the two models were presented side by

side in Table 5, which also included the experimental conditions and results for reference.

The validation revealed that the present model produced more precise results than the
reference model, with a maximum relative error of approximately 2.44% in the water temperature
leaving the tower. This suggests that the present model is more reliable and accurate in describing

the operation of the spray and rain zones in the tower.

Overall, the findings of this study suggest that the present model is a suitable tool for
accurately predicting the performance of cooling towers. The model can be used to optimize the
operation and design of cooling towers, which can help reduce energy consumption and costs
associated with cooling systems. Furthermore, the present study can serve as a reference for future

research in this field.

Table V-5 Experimental and calculation results for SWS zone.

Input Experimental Numerical Present study
value [126]. value of Ref
[121].

Inlet water Inlet air Outlet water Outlet water Outlet water
temperature temperature temperature temperature temperature
Tw (°C) Ta (°C) Tw (°C) Tw (°C) Tw (°C)
44 33 37.80 39.04 37.82
50 34 43.70 42.69 42.63
42 33 36.20 37.97 36.47
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V.6 Results and discussions
V.6.1 Climatically conditions of this study

Since the objective of this study is the adaptation of an adsorption cooling system to hot and
arid climates especially Biskra city in the summer, it's necessary to choose the hottest day in the

year when the air temperature reaches 48°C.

From the Biskra’s infoclimat website [76], it’s found that the hottest typical day is July 1%
2021. The evolution of the hourly air ambient temperature and relative humidity of the chosen day

are presented in figure V-5.
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Figure V-5 The temperature and relative humidity variations of the hottest day in Biskra city in
2021.

V.6.2 GWHE thermal design

Table V-3 shows the different parameters of the GWHE. Using Eq. (VV-44), the ground water
heat exchanger dimensions required to cool the water for re-injection within the pad and SWS are

calculated based on the temperature of the inlet water and the mass flow of the water.

The present application was conducted in Biskra region. To simplify our analysis, we

assumed that the temperature of the water in the HCT-GWHE tank was equal to the temperature
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of the surrounding ground. As the leaving temperature of the pad and SWS rose by a few degrees
at the outlet, we observed that the submerged WHE in the tank maintained a constant water

temperature, and the temperature of the water reintroduced into the pad and SWS matched that of

the ground.

The temperature of the water leaving the pad and SWS has been estimated as the critical
temperature of the system for four different water temperatures. In addition, it should be noted that
the temperature of the ground beyond 3 m was almost constant, varying between 22 and 24 °C.
From the results of figure V-6, a decrease in the water outlet temperature is observed with the
increase in the PVC tube length, which reaches its minimum length at 60 m with a small mass flow
rate circulating in the PVC tube, such as in a closed loop.

The increase in water velocity causes an increase in the outlet water temperature due to the
decrease in the residence time of the water in the GWHE tubes. By the way, if there is a need to
increase the water flow within GWHE to a higher value, it is simple. It is possible to pick an
acceptable low flow rate and increase the number of GWHEs to achieve the desired low
temperature and high-water flow.

33
32 4 m, = 0,1 kg/s
T°C 32 30 28 26

—_— —— —— —fe—

31-
30 -
29
28 1
27 1
26
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24
23 1 , T , T l T T T T T
0O 10 20 30 40 50 60 70 80 90 100
PVC tube length, m

Water temperature °C
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Figure V-6 Variation of water temperature along the geothermal heat exchanger with different
inlet water temperature, mw=0.1 kg/s.

V.6.3 WHE thermal design

The horizontal tube in the WHE zone emerges from a water tank and is connected to the
outlet of GWHE at its inlet, forming a closed loop. The objective of this system is to cool the water
in the tank. As water flows around the tube, it creates a boundary layer of stagnant water that
affects the heat transfer process. Due to the temperature difference between the cold water inside
the tube and the hot water in the bulk of the tank, a buoyancy-driven flow pattern known as a
buoyant plume is created. This flow pattern enhances the heat transfer between the tube and the
water by facilitating the exchange of heat between the stagnant boundary layer and the bulk water.
The stagnant boundary layer is cooled by the cold water inside the tube, making it denser and
causing it to sink, while the hot water from the bulk of the tank flows in to replace it. This process

of fluid displacement creates a continuous flow that can efficiently cool the water in the tank.

To determine the optimal tube length for efficient heat transfer, a mathematical model (Egs.
V-28 and V-33) can be used to simulate the heat transfer and fluid flow behaviour in the system
for different tube lengths. The simulations enable the calculation of the heat transfer rate and
pressure drop for each tube length, which can then be used to identify the optimal tube length. By
varying the tube length while keeping other parameters such as diameter, flow rate and temperature
differential constant, a parametric study can be conducted to identify the tube length that provides
the maximum heat transfer rate with minimal pressure drop or cost. It is important to consider the
physical properties of the fluid, such as density, viscosity, and thermal conductivity, as well as the
tube geometry and flow conditions in order to determine the optimal tube length.

Table V-6 The different parameters of WHE.

Tubes material, - Copper
Water temperature tank, °C 26 -24
Width of tank, m 1
Length of tank, m 2
Inlet water temperature of tube, °C <24
Outlet water temperature from tube, °C 25,7
Water mass flow rate inside tube, kg/s 0.1
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Tube length, m 32
Tube diameter, m 0.02

Figure V-7 shows the calculated outlet air temperature from the DEC system compared with
the ambient inlet temperature. As seen, the outlet air temperature is always lower than the inlet
temperature and the difference between the two increases with the increasing of the ambient
temperature. This can be explained by that the high ambient air temperature leads to more water
evaporation and then high performance. From the results obtained from figure V-7, it’s clear that
the proposed system (GWHE coupled to DEC system) can maintain the temperature of the air

below the functioning limits of DCT in hot and dry climates.

—=— Ta °C (ambient)
——— Ta °C (outlet of DEC)
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Figure V-7 The effect of the DEC zone at ambient air temperature for 24 hours of a hot day in
Biskra city, Tw = 24 °C.

Figure V-8 depicts the temperature profile of the air as it travels through the DEC and SWS
zones. In the DEC zone, the air enters at a high temperature of 48°C and exits at a lower
temperature of 31°C. This temperature reduction is attributed to convective and mass transfer

mechanisms, including heat transfer to the cooling water and evaporative cooling, where water
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droplets evaporate into the air stream. The air then moves to the SWS zone, where its temperature
further decreases to a final value of 26°C. This temperature reduction is primarily due to
evaporative cooling, as water droplets are sprayed into the air stream, and heat is absorbed as the
water droplets evaporate. As water evaporates, it also increases the moisture content of the air,
which may cause supersaturation if the air is sufficiently cooled. In this application, Tw=24°C,
which is the same temperature as the ground. Understanding the temperature and moisture changes
that occur in these zones is crucial for numerous industrial and environmental applications,

particularly for hybrid cooling tower (HCT) systems.
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Figure V-8 Depicts the ambient air temperature as it varies within the DEC and SWS
zones, Tw =24 °C.

Figure V-9 presents the temperature changes of finned tube zone by two modes.
Immediately, we note an increase in the temperature of the process fluid. On the other hand, the
air temperature drops from 48°C to 46°C, which means poor functioning of the cooling tower

system.
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Figure V-9 The comparison between wet and dry modes on a finned tube heat exchanger zone.

V.7 Conclusion

e The use of supersaturated air can result in higher cooling performance due to the increased
heat transfer coefficient, which is related to the increased mass transfer rate between the
air and the cooling fluid.

e Wet mode cooling can be particularly effective in applications where the ambient air
temperature and humidity are high, as the production of supersaturated air can result in
significant cooling of the fluid being circulated through the finned tubes.

e The effectiveness of wet mode cooling can be improved by optimizing the design and
operation of the cooling tower, such as by increasing the airflow rate over the tubes, using
counterflow or crossflow configurations, or installing drift eliminators to minimize water
loss.
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GENERAL CONCLUSION

According to research on the optimization of solar cooling performance, the major categories
of adsorption cooling systems are silica gel-water, zeolite-water, and activated carbon-ammonia
systems. These systems operate within limited conditions, with ambient air temperatures typically
ranging from less than 34°C to exceeding 45°C on hot days.

To adapt an adsorption cooling machine, specifically the Sortech ACS 08, to the Biskra
region, researchers have made improvements to the cooling tower. By modifying the cooling tower
configurations from dry cooling mode to wet mode and from dry mode to evaporative mode, in
addition to combining with a ground heat exchanger, the use of these improved cooling tower
configurations has allowed for more efficient and effective cooling in the Biskra region. This has

the potential to further improve the efficiency and sustainability of the cooling system in the region.

The results of the present research make the improvement applicable, as shown in the

following:

e The use of supersaturated air can result in higher cooling performance due to the increased
heat transfer coefficient, which is related to the increased mass transfer rate between the
air and the cooling fluid.

e Wet mode cooling can be particularly effective in applications where the ambient air
temperature and humidity are high, as the production of supersaturated air can result in
significant cooling of the fluid being circulated through the finned tubes.

e The effectiveness of wet mode cooling can be improved by optimizing the design and
operation of the cooling tower, such as by increasing the airflow rate over the tubes, using
counterflow or crossflow configurations, or installing drift eliminators to minimize water

loss.
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ABSTRACT

The current study focused on the adaptation of adsorption cooling systems
to hot and arid climates. A new combination is proposed to improve the
performance of the direct evaporative cooler (DEC). This combined system
consists in coupling Ground-Water Heat Exchanger (GWHE) with a DEC of
a hybrid cooling tower. A mathematical model has been developed and
validated to depict the heat and mass transfer that occurs in the DEC
between the air and water, as well as between the ground and water in
the geothermal heat exchanger. The key variables taken into consideration
are the outdoor air temperature and the mass flow rate and the temperature
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of water. The effect of the inlet hot air velocity and temperature, and water ~ climate

mass flow rate, on the evaporated water is investigated. The findings indicate
that the mathematical model of a DEC coupled to GWHE predicts optimal
characteristics, leading to a reduction in the air temperature from 48°C to
32°C at the heat exchanger inlet of the cooling tower.

Introduction

Commercial solar adsorption machines often operate at maximum outdoor air temperatures of
around 35°C (Bouzeffour, Khelidj, and Tahar Abbes 2016; Sarbu and Sebarchievici 2013). The Dry
Cooling Towers (DCT), used as the air cooling system of these machines, are responsible for the
deterioration of the performance of these refrigeration systems in hot climates (Kheireddine et al.
2020; Khodakaram-Tafti and Golneshan 2020; Rouag et al. 2016). This is due to DCT sensitivity to
external factors, especially outdoor air temperature. However, hot air temperatures in sub-Saharan
regions such as in the Biskra region can exceed 48°C, especially in summer. Hence, it is essential to
appeal to technical solutions to adapt solar refrigeration systems to these hot and dry regions by
lowering the inlet air temperature of the cooling tower (CT). Previous studies have been carried out in
the LGEM laboratory to locate technical solutions to the malfunction of adsorption devices, particu-

larly when temperatures are at their maximum limits (Rouag et al. 2016, 2020). The proposed solutions are
based on the coupling of CTs to (i) Ground-Air Heat Exchanger (GAHE) (Belloufi et al. 2022), (ii) Ground -

Water Heat Exchanger (GWHE) (Rouag et al. 2016), or (iii) a direct or indirect evaporative cooler
(Kheireddine et al. 2020; Sellam et al. 2022).
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