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Abstract

Abstract

Worldwide energy demand in buildings represents about 40-50% of the total energy
consumption. In hot climates, such as Middle East and North Africa (MENA) countries, about
30% of the national power demand is used for HVAC applications in buildings. This has led to
escalation in power demand in buildings for indoor air-cooling and high energy bills. This is
exacerbated further by the widespread adoption of energy intensive and commercially

dominant vapour compression air conditioning systems as the technology of choice.

This research aims to address the potential of novel designs of evaporative cooling systems for
space cooling and thermal comfort in buildings with reduced water and energy consumption,
and low environmental impact as an alternative to vapour compression where climatically is
suitable. High water consumption rates and low cooling effectiveness are some of the issues
affecting the performance of existing Indirect Evaporative Coolers (IEC). A new configuration of

IEC combining heat pipe heat exchanger and porous ceramic tubes is investigated in this work.

The proposed cooler configuration is based on the concept of regenerative IEC system, this
system incorporates heat pipes as passive heat transfer elements and porous ceramic tubes as
wet medium mounted on the condenser side of the exchanger. The design of the cooler was
carried out with consideration for size of the airflows channels, heat pipes for heat transfer, and
porous ceramic tubes properties for water evaporation. A mathematical formulation of heat and
mass transfer equations was used to develop a computer model to design and optimise the
cooling system. Furthermore, a test rig was built to test a laboratory scale cooling unit,

evaluate the performance and validate the simulation.

The simulation results reveal that the Wet-bulb (WB) effectiveness of the cooler ranged from
0.524 to 1.053, the COP ranged from 6.33 to 17.01, and water consumption rates of the cooler

were around 0.875-1.55 (I/kWh) of cooling capacity. Whereas, the experimental performance
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parameters of the cooler show the WB effectiveness was in the range of 0.422-0.908 for all test
conditions, the COP was 4.62-13.16, and water consumption rates varied 0.841-2.82 (I/kWh) of
cooling capacity. A good agreement was obtained between the experiments data and numerical
results, the maximum errors between measured and computed results was around 3.94% and
4.51% of supply air temperature and humidity, respectively, while the discrepancy was in the

range of 8.67-12.90% of the WB effectiveness.

The impact of operational and design parameters on the cooler performance was evaluated in a
parametric study using the developed numerical model. It was found that increasing the inlet
air temperature, decreasing the inlet air flow rate, and/or increasing the working-to-inlet air
flow ratio, results in improving the effectiveness and supply air temperature. Whereas,
increasing the inlet air wet-bulb temperature depression, increasing the inlet air flow rate,
and/or minimising the working-to-inlet air flow ratio leads to enhancing the cooling output and
COP of the cooler. Additionally, increasing the thickness and/or the radius of ceramic tube
causes a decline of cooler thermal performance. Therefore, it is recommended to operate the
cooler at inlet air velocity of 2-2.5 m/s, 50% flow ratio of working-to-inlet air, and inlet air
relative humidity below 35% for best results of supply air temperature, WB effectiveness, and
COP. Whereas, for desert climate conditions, it is recommended to increase the nhumber of heat
pipe rows to 20 to insure sufficient cooling effectivity and performance that meet comfort

levels.

Finally, a brief economic assessment of the cooler annual operational performance for a case
study was carried out, this IEC system provide sufficient cooling effectiveness to the
conditioned space with significantly low power consumption compared to traditional air
conditioner with annual saving of 77.60% of operational costs, and also substantially contribute

to minimise CO2 emissions by saving about 86% of electricity consumption.
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Nomenclature

Nomenclature

Abbreviations

COoP Coefficient of performance

DEC Direct evaporative cooler

DP Dew point

DPT Dew point temperature

HMX Heat and mass exchanger

HPC Heat pipe condenser

HPE Heat pipe evaporator

HPHX Heat pipe heat exchanger

IEC Indirect evaporative cooler

IDEC Combined indirect and direct evaporative cooler
M-IEC M-cycle based indirect evaporative cooler
R-IEC Regenerative indirect evaporative cooler
WBT Wet-bulb temperature

WBT-IEC  Wet-bulb temperature indirect evaporative cooler

Nomenclature

A Surface area, m?

Ay Total area of a finned heat pipe, m?

Ay Exposed area of the fined heat pipe evaporator, m?

Afin circ Surface area of circular fan of uniform rectangular cross section, m?
A, Area of vapour space of the heat pipe, m?
Ak Cross-section area of heat pipe wick m?
C =mc, Heat capacity rate; J/sK

Cp Specific heat capacity, J/kgK

ds Outer diameter of heat pipe, m
dwk Wire diameter of the mesh, inch

Dy Hydraulic diameter

F, Fin thickness, m

Fp Fin pitch, m

F, Fin length, m

g Gravity acceleration, m/s?;

h Convective heat transfer coefficient, W/m? K

R Mass transfer coefficient, kg/s m?

[ Specific enthalpy, J/kg

ig Latent heat of water evaporation, J/kg

iﬁ’g Latent heat of vaporization heat at zero °C, J/kg
K Wick permeability, m?

I, Condenser length of heat pipe, m

IX



Nomenclature

lers
lfin

Le

Nein
ka
Nu

P aux

Pr
Apair

Evaporator length of heat pipe, m

Effective length of heat pipe m,

Fin length, m

Total length of the heat pipe m

Lewis number

Mass flow rate, kg/s

Number of differential elements

Number of fins

Number of mesh wires per 1 in of mesh length

Nusselt number

Pressure, Pa

Auxiliary power consumption, W

Vapour pressure, Pa

Prandtl number

Air pressure difference at the inlet and exist of the fan, Pa
Maximum capillary pressure of heat pipe, Pa

Heat transport due to entrainment limit of heat pipe, W
Maximum heat transport due to capillary limit, W

Maximum heat transfer rate due to boiling limitations, W

Heat transport due to the viscous limit, W

Sonic heat transport limit, W

Heat transfer rate, W

Maximum heat transferred by the heat pipe, W

Convective resistance between evaporator surface and air, m?K/W
Conductive resistance of heat pipe wall, m?K/W

Conductive resistance of the evaporator wick structure, m?K /W
Liguid-vapour interface resistance at the evaporator, m?K /W
Vapour space resistance, m?K/W

Liquid-vapour interface resistance at the condenser, m?K /W
Conductive resistance of heat pipe wick structure of the condenser,m?K /W
Conductive resistance of heat pipe wall of the condenser, m2K /W
Axial conduction resistance of the adiabatic section wall, m?K /W
Axial resistance of saturated wick at the adiabatic section, m?K /W
Water conductive resistance, m?K /W

Ceramic tube conductive resistance, m?K /W

Convective resistance between ceramic tube and moist air, m?K /W
Equivalent radius of the radial fin, m

Vapour space radius of heat pipe, m

Inner radius of heat pipe evaporator, m

Outer radius of heat pipe, m

Inner radius of the circular fin, m

Outer Radius of the circular fin, m

Inner radius of the porous ceramic tube, m

Outer radius of the porous tube, m

Reynolds number, -

Gas constant of vapour, J/kg K

X



Nomenclature

7 Nucleation radius, m

T Capillary radius of the wick surface pores of heat pipe, m
T Temperature, °C

t Time, sec
trin Fin thickness, m

U Overall heat transfer coefficient, W/K

Vy Air velocity in the dry channel side, m/s

|74 Air velocity in the wet-air channel, m/s

14 Air volumetric flow rate, m3/s

v, Water volumetric flow rate, m®/s

Wein Fin width, m

Greek symbols:

01 Surface tension of heat pipe working liquid, N/m
p Air density, kg/m3
P Surface wettability factor
u Dynamic viscosity of air, kg/m s
v Kinematic viscosity of air, m?/s
A Thermal conductivity, W/mK
w Vapour content, kgyapour/Kgary air
Q Inclination angle of the heat pipe
0 Angle of wettability of the liquid on the heat pipe wick
3 Effectiveness
€ Wick porosity of heat pipe
Nfan Fan efficiency
Npump Pump efficiency
Subscripts
1 On dry-air side or inlet air
2 Supply air
a On wet-air side or Moist air (the working air)
C Cold or condenser
ce Ceramic
d Dry air or on dry-air side
e Evaporator, or evaporator side of the heat pipe
fin Fin
h Hot
i Inlet of the cooler
L liquid water
o] Outlet of the cooler
S On the air-water interface or water surface
\% Water vapour
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Nomenclature

wf Water film or water
wb Wet bulb temperature
wk Wick of heat pipe

Superscripts

l4

Saturated condition at water film temperature

Xl
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Chapter 1: Introduction

1.1 Background

Improving thermal comfort in buildings has evolved considerably over time, contributing to the
wellbeing and enhanced living conditions of occupants. In hot climates, ancient Greeks and
Babylonians used wet mats overhanging doors and windows and water filled clay jars on
balconies to capture a cool breeze into the living spaces. Similarly, the Arabs and Persians
developed building integrated wind catchers and wet towers to channel cool air flows into
buildings. Presently, fully controlled and mechanised air conditioning systems are the ultimate
standard for thermal comfort in modern buildings, albeit at a huge cost to the environment and
occupants’ budget [1]. The market of mechanical cooling systems has expanded significantly in
the last few decades causing a surge in demand for electrical power in many countries and
putting huge pressure on power grids infrastructures. This has contributed to a steady increase
of energy consumption worldwide, leading to strains on the depleted energy sources. Fig 1-1
illustrates the total energy consumption trends for the world and its regions. For instance,
between 2000 and 2014 the world energy consumption grew by 36.42%, supported by
increased demand from fast developing economies such as China, India and Middle East. The
slowdown of energy consumption in Europe over the same period was more than offset by a
huge increase in China 173.11% and Middle East region 102.29%, representing 20.48% and

6.43% of the total world energy in 2014 respectively [2].
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Fig 1-1 Total energy consumption for the world, EU, Africa, China and Middle East [2]

One of the main contributing factors to the surge in demand for power in buildings is increased
air-conditioning loads in residential and commercial sectors. This is due to several factors
including heat waves and climate change affecting some regions (e.g. southern Europe),
improved living standards, growing population where 75% of largest metropolitan cities are in
developing countries mostly located in warm climates (e.g., China, India , Australia, and MENA
countries), advances in cooling technologies assured high level of comfort and longer time
spent indoors [3]. Consequently, the building sector shares 40 to 50% of total primary energy
consumption of the world, which is higher than power consumption in other public sectors such
as transportation and power generation. The power consumption for heating, ventilation and
air-conditioning in buildings accounts almost for as much as 10%-20% of total energy demand
[4]. Table 1-1 presents the share of HVAC systems total energy consumption in buildings of
selected countries worldwide. It is shown that the energy use for air conditioning can vary from
20% to 70% depending on geographical location, climate conditions, and type of air-

conditioning load [4].
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Table 1-1 HVAC systems share of total buildings energy consumption [5].

Country Share of total buildings energy demand
Middle East 70 %
Australia 70 %
us 50 %
India 32 %
China 20.7 %

Environmental concerns associated with global warming and increased public awareness about

energy consumption for air conditioning have started to sway the public opinion to seek more

energy efficient alternatives to reduce over exploitation of energy resources and the adverse

impact on the ecosystems that results from. For example, the total carbon-related emissions

increased by about 45.449% for the period from 2000 to 2014 globally, and the main source of

these emissions come from conventional energy resources, as shown in Fig 1-2. where 99.5%

of world emissions in 2014 were from fossil fuel sources [5]. Furthermore, about 80% of

environmental impact of buildings HVAC comes from electricity generation that runs these

systems, and the remaining 20% is from the direct effect of refrigerants charges. Refrigerants

such as Chlorofluorocarbons (CFCs) and its replacement hydro-chlorofluorocarbons (HCFCs)

e.g. R-22 deplete the ozone-layer [5].
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As a result hydro-fluorocarbons which are chlorine-free refrigerant (HFCs), e.g. R-134a, R-
410A, were used as replacement alternatives, however still they contribute to global warming
[6]. Thus, these factors have led many organisers and researchers to renew their interest in
the development of evaporative cooling technology as an environmentally friendly alternative

technology for space cooling in buildings where the conditions are favourable [7].

Evaporative coolers offer higher overall energy efficiency than Vapour Mechanical Compression
(VMC) and desiccant cooling systems, particularly in hot and dry climates. Table 1-2 shows a
comparison between VMC cooling, desiccant cooling and evaporative cooling systems. The VMC
systems are well-known for their high cooling effectiveness and stable operation, but their low
COP and massive adverse environmental impact are main disadvantages. In contrast, the
evaporative cooling systems have low environmental impact and high COP values. Though
their performance is strongly dependent on prevailing climatic conditions particularly the
temperature difference between the dry-bulb and wet-bulb of the ambient air. For hot and dry

climates this temperature difference is large, resulting high cooling effectiveness [7].

Table 1-2 comparison between the some air-conditioning systems [8]

System type VMC cooling Desiccant cooling Evaporative cooling
Ccop 2to 3 0.6to 1.2 5to 20
Power consumption High Medium Medium
Refrigerants CFCs, HFCs Solid/liquid desiccants Water
Environmental Extreme Extreme Low
Impact
Operating range Any climate Hot and humid climate Hot and dry climate

The importance of this research work addresses the energy consumption and comfort dilemma
in buildings, as both are strongly interrelated. Air-conditioning cooling energy loads are
increasing steadily which impacts on global warming and buildings occupants who are reliant
more than ever on air conditioned enclosed spaces, as they spend a large proportion of their
time indoors. Therefore, it is important that more efficient and cost-effective cooling means are

explored and developed to cope with the increasing demand of air conditioning loads.
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1.2 Research aims and objectives

° Research aims

The aim of this study is to develop a new configuration of heat pipe based indirect evaporative
cooling system. The basic mechanical design is centred on the regenerative configuration of
indirect evaporative cooling system which integrates porous ceramic tubes as wetting media
material and tubular heat pipes as heat transfer devices. This novel heat pipe and porous
ceramic IEC system is intended to overcome some of the disadvantages associated with
indirect evaporative coolers; (i.e. large water consumption, and low cooling effectiveness). It is
also anticipated that this integrated heat pipe and ceramic IEC would enhance current

evaporative cooling technologies i.e. low electricity consumption and low environmental impact.

o Research objectives

The main objectives of this thesis are as follows:

A thorough literature review of evaporative cooling technologies and application in

buildings with the focus on sub-wet bulb temperature systems.

o Design and computer modelling of an IEC system to investigate performance
parameters.
o Fabrication and testing of a small-scale prototype with integrated heat pipe and

ceramic tube under various climate conditions and operating parameters.
o Assessment of the annual economic and the environmental impact of the proposed

cooler.
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1.3 Research methodology

The research methodology employed to achieve the project objectives is as follows:

e Literature review

An overview of the evaporative cooling technologies is provided with particular focus on the
indirect evaporative coolers (IEC) for a comprehensive understanding of major evaporative
cooling methods employed for building cooling. Additionally, a detailed review of the sub wet-
bulb temperature IEC systems is considered for the latest designs and configurations of
different types of the IEC systems including the working principle, materials, performance, and

efficiency of each system.

This approach would review the literature of the indirect evaporative coolers for building cooling
applications, providing a classification of the main of the IEC systems and shedding the light on
the latest innovations of the ICE systems and state-of-the-art designs in this domain.
Therefore, the research gab and the innovation of this study would be highlighted and
distinguished against other similar systems. Consequently, the core idea of the proposed
system is defined, and the conceptual design of the cooler is clarified such as system

construction, flow scheme, and heat pipes arrangement.

e Thermal design and computer modelling to investigate performance parameters

of the cooler.

This objective was broken down into two main parts: i) Mathematical formulation of heat and
mass transfer conservation laws were applied to model the evaporative cooling system. ii) The
performance of the cooling system was then investigated by developing a computer model

using MATLAB software.
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e Fabrication and testing of a small-scale unit of the heat pipe and ceramic tube
based indirect evaporative cooler under various climate conditions and operating

parameters.

This objective involves construction and assembly of a laboratory-scale cooler and testing

under controlled climatic and operational conditions. This allowed:

e Generate experimental database of the cooler (Cooling capacity, air flow temperature
profiles, effectiveness, etc.)
e Validate the mathematical formulation which underpins the computer model.

e Improve the accuracy of the computer model.

e Assessment of the annual economic and the environmental impact of the cooler

for an actual case study.

A simple economic and environmental impact of the proposed evaporative cooler design was
analysed to determine its feasibility. This includes determining the operation cost as well as

carbon emission savings.

1.4 Novelty of the research

The proposed design of a sub-wet bulb temperature evaporative cooling system include the

following;

e Integration of cylindrical ceramic materials, a stable construction material, as wet media
for water evaporation with specific structure that allows water evaporation at controlled
rate.

e Integrated heat pipe-ceramic tubes design for stand-alone indirect evaporative cooling

e Modular configuration.
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This research work encompasses knowledge in materials science, heat and mass transfer as
well skills in using laboratory testing instruments, data acquisition and analysis. It is a timely
project that will contribute to advancing further development and understanding of efficient
evaporative cooling systems and benefiting the wellbeing of building occupants and the

environment.

1.5 Thesis Contents

The thesis is structured into 8 chapters:

Chapter 1 covers general background of the global energy consumption with focus on the
energy demand of the households, particularly, power consumption of the cooling systems.
This chapter also includes the research aims and objectives, the research methodology, and the

novelty of the research.

Chapter 2 provides an overview of the most common evaporative cooling methods includes the
theory, working principles, and the performance of each cooling system. Furthermore, indirect
evaporative cooling system is considered for wider review as being the main domain of interest

in this study.

Chapter 3 includes a review of the indirect evaporative coolers with a classification of the IEC
systems is provided. Additionally, in-depth review of sub wet-bulb temperature IEC system is
conducted, covering theoretical and experimental work conducted, and analysing the

performance parameters of current cooling systems in the field.

Chapter 4 is about the numerical modelling process of the proposed design, describes the
governing heat and mass transfer equations and heat transfer limitations of the heat pipe. In
this chapter, a computer model is developed to simulate the operation and the thermal

performance of the proposed cooler.
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Chapter 5 concerns the experimental work conducted on a laboratory-scale unit of the
proposed cooling system. This chapter describes the cooler’'s components, fabrication process,
experiment set-up, and test procedure that is supported by schematic diagrams or/and photos.
Additionally, all the steps of conducting the tests and any special experimental requirements or
modifications are presented in this section. Furthermore, preliminary experimental results are

highlighted as well.

Chapter 6 analyses and discusses the results of the experiments and the predicted data. This
chapter compares the numerical and experimental results and, thus, validation process is
considered. Furthermore, a parametric study of the cooler thermal performance is conducted
based on the developed computer model for further evaluation and optimisation of the system

performance.

Chapter 7 presents a basic economic and environmental analysis of the proposed cooler. The
operational costs are covered in the economic assessment, while the environmental evaluation
covers the savings of electricity and carbon emissions of this cooler compared with a

conventional vapour compression cooler for a real case study of Libyan house.

Chapter 8 concludes the research findings and highlights the main features of this new cooling
system. In addition, it will provide recommendations and suggestions for any further work to

be conducted. Besides, any limitations of the cooling systems would be stated.
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Chapter 2: Overview of evaporative cooling technologies

2.1 Evaporative cooling cycle (EC)

Evaporating cooling (EC) is a process that utilises water evaporation for air cooling, in which
heat and mass is exchanged between water and surrounding air. This causes the air
temperature to decrease as it transfers sensible heat to water while water vapour is transferred

in the opposite direction, increasing the air moisture content [9].

2.1.1. Classification of evaporative cooling systems

Based on the type of heat and mass transfer process between the water and the air,
evaporative coolers can be divided into three main types, as shown in Fig 2-1. Accordingly, this
overview of evaporative cooler is based on this classification. It includes the theory, working
principles, and the effectiveness of each cooling system. After that, chapter three provides a

detailed review of the indirect evaporative coolers as being the main area of interest [8].

Evaporative
Cooling Technology
(EC)

Combined
1EC/DEC
coolers

Two-stage
ICE/DEC

Direct
Evaporative
coolers (DEC)

Indirect
Evaporative
coolers (IEC)

Wet-bulb
temperature IEC

—[ Active DEC ] -[ Passive DEC ]

B ) | . Multi-stage IEC/
Random media DEC The Mashrabiya Sub wet-bulb IEC ] _[ DEC/other systems ]
— Rigid media DEC — Wind towers/ catchers
Three-stage IEC/
— Slinger packaged DEC |— Roof pond IEC DEC/cooling system

— Packaged rotary DEC '~ Passive downdraught tower

— Remote pad DEC

Fig 2-1 Classification of evaporative cooling systems
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2.1.2. Applications

Evaporative coolers are existed primarily in several domestic, commercial and industrial cooling
applications either as individual coolers or supplementary units of other cooling systems. It is
used for air-conditioning for buildings, factories, cold stores, and agricultural greenhouses air-
is used industrially in cooling towers,

cooling. Furthermore, it evaporative condensers,

humidification, and humidity control applications [10].

2.1.3. Advantages and disadvantages

Table 2-1 lists the main features and limitations of the evaporative cooling system, in general,

by comparing with mechanical vapour compression cooling systems (MVC).

Table 2-1 Advantages and disadvantages of the evaporative coolers [11], [12], [13], and [14]

Advantages:

Disadvantages

High COP in the range of 5-20. Its COP increases
as the ambient temperature rises, which is
opposite of MVC cycle.

Environmentally friendly system uses water as
refrigerant.

Less initial and operation costs.

Much less electricity demand, only for fan and
pump. SO, reduce energy usage by around 70%.

Easy maintenance and repair comparing to MVC
system.

Water consumption is partially offset by the
reduction of electricity usage. EC systems
consume as much water as conventional
electricity-based air conditioners do

Accumulated indoor humidity issues (only for
DECs) which cause corrosion and condensation
risks inside buildings.

Discomfort and health issues associated with
highly humid environment

High humidity decrease the system efficiency.
Poor water quality could reduce the performance
because of related deposits and scales problems
(only for DECs).

Constant supply of water is needed.

Cooling capacity is limited by the ambient wet-
bulb temperature.

11
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2.2 Direct evaporative cooling coolers (DEC)

The DEC systems are one of the oldest and simplest configuration used in buildings air-cooling
applications. Ingenious techniques were used thousands of years ago by ancient civilisations
with variety of configurations and ideas for indoor thermal comfort such as using earthenware
porous jar water-contained, wind towers, wetted pads/canvas located in the passages of supply

air [1].

In the process of the direct evaporative cooling, as the water comes in contact with the air heat
and mass transfer occurs directly between the two working fluids. The water absorbs heat from
air and evaporates, and simultaneously water vapour is carried away by the moving air to
conditioned space. Consequently, the dry-bulb temperature (DBT) of the supply air decreases

while its humidity increases, as shown in Fig 2-2.
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Fig 2-2 Working principle and psychrometric chart of a direct evaporative cooler [15]
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During the operation, the hot inlet air (state 1) with high temperature T, and moisture content
w, is naturally flown or mechanically drawn through wet medium, as seen Fig 2-2 -a and -b. As
the air contacts with water, its sensible heat continuously is absorbed by the water and then
returned into the air in the form of latent heat of vaporisation. The supply air leaves the system
(state 2) with lower temperature T, and higher moisture content w, as illustrated on the
psychrometric chart in Fig 2-2-c. Thus, the direct evaporative cooling is a constant enthalpy
process (isenthalpic process) as shown by a displacement of line 1-2 along the constant wet

bulb temperature line on the psychrometric chart.

Theoretically, the process can cool the supply air to 100% saturation i.e. reach (state 3) on the
psychrometric chart. But, only 70%-80% of the wet-bulb temperature (WBT) of inlet air is
reached due to several limitations. One of which is the WBT of inlet air barrier, that is, the DEC
eventually would not be able to cool the inlet air lower than its WBT due to the air and
circulated water will reach an equilibrium point equal to the WBT of the inlet air [10]. The other
factors are shortness of contact time between the two fluids, and insufficient wettability of the
evaporative pad [11]. Nevertheless, the DEC systems are able to provide a reasonable
reduction of air dry-bulb temperature, but the high moisture content of the supply air is one of
the disadvantages. Furthermore, the microbiological growth and other health hazards are

other drawbacks of DEC systems in buildings air-cooling [12] and [16].

Regarding the energy consumption, it is in favour of the DEC system comparing with other
conventional cooling cycles. In general, the evaporative coolers require low electricity
consumption for operation as they employ fan and water pump only. Also, the direct
evaporative coolers vary in terms of operational power consumption from zero power to low
power-consuming systems. Accordingly, they can be classified into: Active DECs which are
electrically-powered systems, and Passive DECs that are naturally operated systems with
almost zero power input [17]. The classification and sub-grouping of the direct evaporative

cooling systems is shown in Fig 2-1.

13
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2.2.1. Active direct evaporative coolers (Active DECs)

Active direct evaporative coolers are electricity-driven DEC systems which require power for air
and water circulation devices. Nevertheless, these cooling systems are considered to be much
less power intensive than other traditional cooling systems such as mechanical vapour

compression coolers, with energy saving up to 70% [1].

A typical configuration of an active DEC unit, as shown in Fig 2-3. It comprises of a metal or
plastic box enclosure, evaporative media made from wettable materials, blower to circulate
ambient air through the evaporative pads to the conditioned space, water tank to collect the
falling water, a pump and water distribution system. Alternatively, tiny nozzles can be used,
instead of using wetted pads, to create fine sprays of water inside the air streams as presented
in Fig 2-2-b [39]. The wet-bulb effectiveness is also called “saturation efficiency” can reach
ranges of 0.70-0.95 in the current commercial DEC. It is mainly function of the type and

thickness of the evaporative pad, ambient conditions, and inlet air flow rate [11].

Water distribution —)
system {

Electric Motor

Blower >

Evaporative >

. )

"% Water pump j

\ Water tank

\ﬁ|— Water distribution
system

Electric Motor 1(©>%‘

L Evaporative pads

Blower Cool Air

Water pump

Duct to
Home

Fig 2-3 Basic structure and main components of drip-type DEC unit (Reproduced from [18] and [19]).
14
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Active direct evaporative coolers are available in variety of configurations for the purpose of
increasing the efficiencies and reducing the costs. Based on the type of water distribution
system used, the main types of active DEC can be classified into: spray (also called air
washer), slinger (a rotating wheel), and drip (Misting) system [15]. Nevertheless, According to
ASHRAE Handbook-HVAC Systems and Equipment, active DEC are divided based on the wet
medium type into: Random media DEC, Rigid media DEC, and Remote media DEC [10]. Details
and characteristics of each type of the DEC systems are beyond the scope of this research.

However, Table 2-2 summarises the main features of each type of active DEC systems. Also,

Fig 2-4 illustrates schematics of different types of pads and configurations of the DEC systems.

Table 2-2 Typical types of active direct evaporative coolers [10], [20]

system type

Configuration

Medium material

Wet-bulb
effectiveness

Water is pumped from water tank to

Aspen; Plastic fibre; Foam

Randqm water distribution system over pads, that is fitted and supported by
media - ! . . - ~0.80
Fig 2-4-a while fan draws outside air throughout plastic or metallic frame
pads into the conditioned space. Usually thickness of 50mm
Similar in configuration and operation Sheets of corrugated
Rigid media to Random pad DECs, but it uses stack materials; Cellulose, plastic
Fig 2-4- of cross-corrugated pad which last for (Cardboard box/Kraft paper); 0.75-0.95
ig 2-4-b .
longer than Random pads but more Fibreglass
expensive. Pad thickness of 300mm
Pads mounted on wall or roof of a
building, Water distribution lines sprays
Remote pad water to wet the pads, fan blows the Standard random media or 0.70-0.95
Fig 2-4-c air through the pads to conditioned Rigid media ) '
space. Applied in greenhouses and
animals corrals.
Motor-driven water slinger sprays
Slinger water on the pads. A fan draws outside Latex coated fibre;
packaged air through the wetted pads to Fibreglass; Coated nonferrous < 0.80
Fig 2-4-d conditioned space. Additional power metal
consumption
Motor-driven rotary pad through a Wheel shaped medium made
Rotary water trough. A fan draws outside air from latex coated fibre;
packaged through the rotary pad to conditioned Fibreglass; Rough polyester 0.50
Fig 2-4-e space. Additional power consumption.  material; Coated nonferrous
No water recirculating system. metal
Water is pumped from water tank to
water distribution lines over the pads, Stacks of corrugated
Drip type water droplets fall down by gravity materials; Cellulose, plastic; 0.70-0.95
Fig 2-4-f effect on the pads, while a blower Fibreglass ) )

draws the air throughout the pads to
the conditioned space.

Pad thickness of 300mm

15



Chapter Two: Overview of evaporative cooling technologies
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Fig 2-4 Types of DEC systems [21], [10]

2.2.2. Passive direct evaporative coolers (Passive DECs)

Passive DEC systems are one of passive air-cooling techniques which exploit one of natural
phenomena, energies, heat sinks, and/or climatic characteristics for air-cooling purposes
without the need of electricity to operate the system. Having said that, fan and pump might be
used in some designs. Namely, hybrid coolers can be classified under passive cooling systems.
Passive architecture cooling systems employ several methods for buildings cooling by solar and
heat protection techniques, heat amortization techniques, and heat dissipation techniques.
Accordingly, passive cooling systems can be classified in to ventilation cooling, evaporative
cooling, radiative cooling, and earth cooling [1], [22]. In this overview, the focus would be on
passive evaporative cooling systems rather than other cooling techniques. The passive direct
evaporative cooling is divided into direct passive DEC and indirect passive DEC, as shown in

Fig 2-5. Main types of building-integrated passive evaporative cooling systems are as follows:

16
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Passive evaporative cooling
(building-integrated systems)

Direct passive Indirect passive
evaporative cooling evaporative cooling
~ Wind Towers /catchers I— Roof-pound

— Passive downdraught tower

— The mashrabiya

Fig 2-5 Main types of passive cooling systems [1], [22]

(i) Wind Towers

Wind towers, also called wind catchers are a traditional, building-integrated passive air-
conditioning system for cooling and ventilation dwellings. This zero power-consuming cooling
system built hundreds of years ago in Arabian countries and Iran, some traditional wind tower
are still existed till now from the old architectural buildings in MENA region known as ‘Burj al
Hawaa’' i.e. the air tower, as shown in Fig 2-6-a. It exploits the advantage of building
geometry, features of local winds, and natural means of water evaporation to provide natural
ventilation and/or evaporative cooling of the house. Basic shape of a wind tower and working
principles is illustrated Figure Fig 2-6-b, that is, a capped tower with one- or multi-face
openings at the top of the tower which is placed on the roof of a dwelling with an average
height of 15 m to be away from sand storms and for harvesting greater wind velocities. Wind
towers/catchers are divided according to air flow patterns inside the tower into two main types:

downward airflow towers and upward airflow towers [1].

(ii) Passive down draught tower (PDEC)

It is also called downward airflow wind catcher which is driven by pressure difference between
windward side and leeward sides of the tower. In this configuration, the tower opening faces
wind direction, so the ambient air enter at top of the tower and flow down through it into the

17
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building space providing fresh cold air, as shown in Fig 2-6-b. Water distribution system can be
integrated into the tower geometry by several means i.e. water pool at bottom of the tower,
porous jars filled with water located in the tower airstream (Fig 2-6-c), wetted pads located at
the top of the tower (Fig 2-6-b). Thereby, the outside air is cooled and humidified before

entering into the indoors.

(iii) Passive upward wind tower

Upward airflow wind tower is driven by temperature difference between building interior and
the outside environment. In this system, the tower ports faces away from the wind direction,
thus the air is drawn upwards via wind tower. Owing to positive pressure on one sides of the
building the hot air is drawn through underground channels, or via courtyard or water fountains
before entering into the building as cold air, whereas the hot and stagnant indoor air rises
upward via the openings of the wind catcher. Fig 2-6-d illustrates schematically upward wind

tower in conjunction with underground cooling passages [23], and [24].

r _—l—l—a_

Water spray onto mats

Ve

4~ (i\-—/\ Warm air

«—

-

(a) Traditional wind tower  (b) Basic wind tower () Wind tower with water-jars  (4) Wind tower with
ground channel

Fig 2-6 Basic structure of wind tower integrated with evaporative systems [1], [25]

(iv) The Mashrabiya

It is considered as one of forms of passive wind-catching techniques. The Mashrabiya is a
traditional Islamic architecture element used for natural ventilation and cooling of dwellings

without any electricity usage. It is wooden screens/windows provide shad and protection from
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the sun, as shown in Fig 2-7-a, which allows breezes to flow through into the house for cooling
purpose. Fig 2-7-b shows a Mashrabiya coupled with water-filled porous jars to provide cooling

effect of the indoor spaces and cools the drinking water inside the jugs [23].
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(a) The mashrabiya of a dwelling  (b) Mashrabiyva with porous water-jugs for cooling

Fig 2-7 The Mashrabiya [23]

(v) Roof-pond

Roof pond is a building-integrated passive indirect evaporative cooling system i.e. there is no
contact between the indoor air and water. This system can highly contribute to mitigate heat
by cooling the roof passively. Therefore, the indoor air is cooled without increasing its moisture
content, and buildings heat gain is reduced during daytime. Though, circulation fans and pump
might be required depending on the design of the system. A typical roof pond consists of water
pool in plastic or fibre-glass container stored on top of the roof of the building and water
circulation system. A basic configuration of a shaded roof-pond cooling system is shown in
Fig 2-8-a. In operation, during summer the ambient air flows over the pond causing the water
to evaporate, thus cooling the pond and the roof structure which act as a heat sink of the
interior of the building and indoor air. During winter, the pond is emptied and the shad

openings are closed. Additionally the pond can be covered by a removable cover, a fixed cover,
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or a fixed floating insulation (Fig 2-8-b). Also, roof-pond cooling systems might be incorporated

with water spraying system to enhance the evaporative cooling process [1].
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Fig 2-8 Roof-pond cooling systems [1]

2.3 Indirect evaporative coolers (IECs)

This is the second type of the evaporative cooling systems, their primary idea is to decrease air
temperature without changing its vapour content by employing heat exchanger. A basic IEC
unit comprises of metallic case contains other components, heat exchanger, fan, pump, water

tank, and water distribution system, as illustrated schematically in Fig 2-9 [8].

IEC system incorporates heat and mass exchanger (HMX) in which the working fluids are
separated by highly conductive plate/wall. Several types and configurations of HMX are used
for IECs, such as plate-fin HMX, plate-type HMX, tube-fin HMX, tubular-type HMX, and HPHX.
The indirect evaporative coolers can be classified based on their cooling range of the supply air,
whether above or below the WBT of the inlet air. Thus, IEC systems are divided into; Wet-bulb

temperature IEC systems (WBT-IEC), and Sub wet-bulb temperature ICE systems (Sub WBT-

IEC) [13], [26].
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Fig 2-9 Basic IEC system structure [13]

2.3.1. Wet-bulb temperature IEC systems (WBT-IEC systems)

In the WBT indirect evaporative coolers, the main element is a wet surface, air-to-air heat
exchanger in which two individual air streams flow throughout two adjacent channels i.e. the
wet- and dry-air passages, as shown in Fig 2-10-a. The inlet air, also called the outdoor/ intake
air, is cooled via sensible heat transfer to the working air with the aid of water evaporation in
the wet-air passages, in where the moisture (latent heat of the vaporised water) is carried
away by the working air stream. The cooled air leaves the IEC unit with a temperature close to
WBT of the inlet air but not below it [10]. Fig 2-10-b illustrate schematics of the most common

HMX employed of a cross-flow flat-plate-stack exchanger based WBT-IEC.

The heat and mass transfer process of wet-bulb IEC is illustrated on the psychrometric chart in
Fig 2-10-c. The wet-air channel absorbs heat from the dry-air channel and cools the inlet air by
sensible heat transfer in the dry-air passage (process 1-2), while the wet-air stream involves
water vaporisation and latent heat transfer between the working air and water film (process 1-
3). As a result, the inlet air (state 1) is cooled at constant moisture content toward the WBT of
the inlet air (state 2), whereas the working air is gradually saturated and its temperature is
decreased (state 2’), and, then, heated again along the 100% saturation line till it is discharged

to the atmosphere (state 3) [27].
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Fig 2-10 Working principle and psychrometric chart of wet-bulb IEC [8]

Despite the fact that the WBT-IEC systems cool the air without any additional moisture to the
supply air, the WB effectiveness of the systems is lower than that of the DEC systems, it
ranges from 0.40 to 0.80 .The efficiency of these systems is limited by WBT of the inlet air;
there has been a considerable amount of research of new designs of WBT indirect exchangers
to enhance their efficiency and cool down the supply air temperature below the wet-bulb

temperature of the inlet air. Therefore, different types of WBT IEC are developed [8]:

i Plate-type HMX based wet-bulb IEC (Plate-type WBT-IEC systems).
This is the most used heat exchanger in the WBT-IEC systems i.e. the flat-plate-stack HMX

with cross- or counter-flow arrangement. The WB effectiveness is usually in the range of 0.60-

0.80. Fig 2-11-a illustrates basic structure of the plate-type wet-bulb temperature IEC system.
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Fig 2-11 Schematic of plate-type IEC system [8], [28]
Several research works conducted on this type of WBT-IEC exchangers. Pescod [29] introduced
a simple mathematical design of a plastic, cross-flow, plate-type heat exchanger of wet-bulb
IEC for performance evaluation. It was found that the cooler performs effectively in temperate
and dry climate and offers good energy savings. However, the cooler’'s output was not
completely satisfactory for hot and humid climate. Martinez et al. [28] fabricated a cross-flow
flat-plate-stack HMX of WBT-IEC, as shown in Fig 2-11-b. It consists of 25 aluminium flat
sheets, packed and welded together to form pairs of wet and dry adjacent channels. The
effectiveness ranged 0.50-0.60. Additionally, a theoretical and experimental investigation of
the performance of flat-plate based WBT-IEC unit using a one-dimensional mathematical
simulation carried out by [30]. The experimental results were lower than that of the predicted
data, possibly, due to poor wettability of the wick material. Equally, Stoitchkov and Dimitrov
[31] developed a short-cut and improved method for evaluating the effectiveness based on the
numerical model of Maclaine-cross and Banks [30]. Theoretical and experimental findings were
found to be satisfactory due to fewer assumptions were made. Also, it found that the
effectiveness only was in the range of 0.50-0.60. Furthermore, a simplified heat and mass
transfer mathematical model for performance investigation was developed by Alonso et al.

[32]. The model can be applied for cross-flow plate-type HMX with different operating
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conditions and flow patterns. Further advanced and accurate model was developed by Guo and
Zhao [33] for theoretical analysis of the cross-flow plate-type HMX of an indirect evaporative
cooler, the investigation covered the effects of channels dimensions, humidity ratio of the inlet
working air, inlet and working air velocities, and wettability effect on the thermal performance
of the IEC system. It was found that higher effectiveness is at a smaller channel width, lower
inlet humidity ratio of the working air, and higher plate wettability. Additionally, Kettleborough

and Hsieh [34] conducted similar theoretical analysis but on a counter-flow plate-type HMX.

ii. Tubular-type HMX based wet-bulb IEC (Tubular-type WBT-IEC systems).
This heat exchanger is usually constructed from circular tubes, however, other tubular shapes
have been used such as elliptical and rectangular tubes [35]. The common configuration is
shell-and-tube heat exchanger which consists of a bundle of round tubes mounted in a
cylindrical or rectangular shell. Fig 2-12 illustrates a WBT-IEC system based on tubular HMX in
which the inlet air flows inside the tubes and the working air flows across or along the external
surface of tubes in the perpendicular direction to the inlet air, while the water is sprayed over
the outer surface of the tubes. This configuration of WBT-IEC offers more uniform water film
over the tubes and less pressure losses comparing with the plate-type HMX. Additionally, the
tubular-type HMX based IEC system can be made from variety of material depending on the
required heat transfer rates, thermal conductivity, and costs involved, the tubes are made of

either polymer, metal, porous ceramic, PVC, or aluminium [8].

Another common type of tubular HMX is finned-tube HMX [36], [37] in which circular tubes are
fitted with external fins to form bundle of tubes hosted in tubular or rectangular metal casing .
For example, Velasco Gomez et al. [36] introduced tube-fin HMX based WBT-IEC is shown in
Fig 2-13. In this configuration, porous ceramic tubes fitted with metal fins forming two
independent air streams separated by ceramic material. The inlet air is cooled as it flows over
the external surface of the ceramic tubes which retain sprayed water to aid heat transfer
process between the inlet and working air streams that is the return air from the conditioned

24



Chapter Two: Overview of evaporative cooling technologies

space passing inside the porous tubes in the opposite direction of water flow. The experimental

results showed that the effectiveness reached 0.60 [38].
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Fig 2-12 Tubular heat exchanger based IEC [8]
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Fig 2-13 Finned ceramic tube indirect evaporative cooler [38].

ii. Heat pipe HMX based WBT-IEC (HPHX WBT-IEC systems)
Heat pipe is a light, simple, reliable, and highly conductive heat transfer element available in
different types, configurations, and sizes. Also, they can be applied effectively to transport heat

between two passages. In the literature, various researches conducted on heat pipes
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applications for building air-conditioning including HVAC systems [39], [40], [41], and [42];
heat recovery systems [43], [44], [45], [46] and [47];, and dehumidification enhancement in
air-conditioning systems [48], [49]. But, a few studies have been found on the heat pipe heat
exchangers (HPHXs) in the indirect evaporative coolers for buildings air-cooling. for example,
Riffat and Zhu [50] developed a mathematical model for building-integrated HPHX based IEC
system. The cooling system consists of heat pipes located horizontally cross two individual air
streams channels, the evaporator of the heat pipe is placed in the indoor air passage. While,
the condenser of the heat pipes are embedded in ceramic containers where the ambient air
stream flows over it, the porous water-filled container is to guarantee even water distribution
around the condenser. Also, the evaporator is finned to increase convective heat transfer
between the heat pipe fins and surrounding indoor air. Fig 2-14-a shows a schematic drawing
of one unit of this system. The findings showed that higher cooling capacities can be achieved
under dry and windy weather conditions, but for high effectiveness the inlet air velocity must
be kept around 0.60 m/s. In another study, Riffat and Zhu [51] experimentally investigated the
effects of various parameters of the ceramic container on the performance of a HPHX based
IEC such as porosity, wall thickness, and outside diameter. The cooler comprises of a bundle of
heat pipes located horizontally across two adjacent air passages, the condensers are embedded
in ceramic containers acting as heat sink of the exchanger, while the evaporators are finned in
the hot air side. The experimental results revealed that the performance decreases as the
container wall thickness increases and when the porosity of the ceramic is reduced. Similarly,
Huang et al. [52] and Wang et al. [53] used the same configuration proposed by [50] except of
the condenser surface is wrapped with a thin layer of water-absorbent material, and water
sprayers are used on the condenser, as shown in Fig 2-14-b. It was found the WB effectiveness

was 0.70 [52].
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Fig 2-14 Schematic of two configurations of Heat pipe based IEC system [50], [52]

Also, Wang [54] carried out theoretical and experimental investigation of two different heat
removal mechanisms from the heat pipe condenser of a HPHX based IEC. One method employs
water spraying system directly on the condensers and the ambient air flow through it, while the
other technique uses DEC unit before the IEC to pre-cool the ambient air before passing over
the condensers. It was found that the cooling efficiency improve by 5% compared with that of
conventional heat pipe exchanger. Equally, under the same operational conditions the supply

air temperature supplied by the latter method was slightly lower than that of the former.

In another review study [11] reported work by Zheng et al. [55] (available in Chinese only)
used four different heat removal techniques for two-stage IDEC system which comprises of
HPHX based WBT-IEC as first stage followed by DEC system. The experimentally investigated
configurations of the IEC system principally consisted of two air adjacent channels with
unmixed air streams, and heat pipes are horizontally positioned across both passages, with
four different heat dissipation methods of the condenser side as follows; i) the outdoor air is
used for cooling the condenser; ii) an air washer is employed to pre-cool the outdoor air before
passing over the condenser; iii) a DEC unit is used to pre-cool the ambient air before entering
the HPHX and flowing over the condenser; iv) water spring system is employed to provide fine

water droplets over the condenser surface while the outdoor air flows over the condenser;
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According to the experimental results, the last heat removal mechanism was the best with

higher effectiveness than other configurations of 7-16 %.

2.3.2. Sub wet-bulb temperature IEC systems (Sub WBT-IEC)

This type of IEC systems are known for their ability to cool down the air below the wet-bulb
temperature of the inlet air. Valeriy Maisotsenko [56] introduced a new flow configuration of
the IEC to overcome some of the disadvantages of DECs and enhance the low effectiveness of
the WBT-IEC systems. The Maisotsenko-cycle based IEC, or simply the M-IEC, is a combined
design of plate-type heat exchange and evaporative cooling in which the working air is
precooled before passing through the wet-air channel, resulting in the supply air temperature
to be lower than wet-bulb temperature and approaches dew point temperature of the inlet air.
Thus, this type of IEC is also called dew point IEC or sub WBT-IEC [57]. In addition, as the sub
wet-bulb indirect evaporative cooling systems are the main area of interest of this research,
thereby, it would be broadly reviewed in details in chapter 3. Nonetheless, the following is a

brief description of the working principles and concept of this type of IEC system.
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Fig 2-15 Structure and working principle of M-cycle HMX based IEC
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A basic configuration of the M-IEC system, is mainly comprises of a plate-type heat exchanger,
as shown in Fig 2-15-a, in which flat-sheets are stacked together and separated by channel
guides to form alternating wet- and dry-air channels with cross-flow arrangement. The dry side
of the sheets have numerous holes distributed regularly to allow some of the working air to
pass through into the wet channel, the dry side of each sheet is sealed to avoid water

penetration.

The working principle of this IEC system is presented in Fig 2-15-b. The inlet air is brought into
dry channels (state 1) and is cooled down along the dry-air passage due to temperature
difference between wet- and dry-air channels. At some point, part of the cooled inlet air is
branched into the wet-air passage when passing across the perforated holes (state 3’) to
become the working air (the secondary air). In the wet channels, the pre-cooled working air
flows in perpendicular direction to the inlet air absorbing sensible heat from dry side air and
carrying away water vapour from the wet-air channels. As a result, the inlet air is cooled down
along its flow paths to a (state 2) below its wet bulb temperature (WBT). Meanwhile, the
working air is gradually warming and saturated up (state 3’, 3") on the psychrometric chart in
Fig 2-15-c along its flow paths till to be rejected to the surroundings (state 3). It was found the
WB effectiveness is in the range of 1.10-1.22 and dew point effectiveness is between 0.55 and

0.85 depending on the inlet air conditions and the system channels dimensions [27].

2.4 Combined indirect-direct evaporative coolers (IDEC)

Since the DEC systems have higher effectiveness but humidity increases indoors, while the IEC
systems have lower effectiveness and humidity is almost unchanged, therefore, a combination
of both systems together or one of them (IEC or DEC) in conjunction with other cooling cycle
might be a favourable choice to achieve the best characteristics from both systems, such as
cooling supply air at a constant moisture content, higher system effectiveness. However, the

high initial cost and system complexity are obvious drawbacks of the IDEC systems.
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The basic structure of the IDEC system is schematically shown in Fig 2-16-a; the main
components are heat exchanger of IEC unit, evaporative pads of DEC unit, water recirculation
system, water reservoir, and blowers. In operation, as illustrated on psychrometric chart in
Fig 2-16-b, the first stage is the IEC unit cools the inlet air without adding moisture (state 1-2),
and, then, the DEC stage in which the air flow through the wetted pads for further cooling of
the air with moisture being added to the supply air (state 2-3). The effectiveness of these
systems is in the range of 1-1.15. Commercially, the IDEC systems are usually coupled with
conventional direct-expansion cooling unit to meet variable cooling loads especially in hot and

humid climate [58].
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Primary air: 1-2-3

Supply
air

Humidity Ratio, g/kg

T T2 T4
Dry-bulb Temperature, °C

Heat exchanger

Pump
(a) Basic structure (b) Psychometric process

Fig 2-16 Schematic of Two-stage IDEC system [13]

The IDEC systems are divided into three main groups as shown in Fig 2-1. The following is a

brief explanation of the system configuration, the operational mode, and the main

characteristics of each type of the IDEC systems.

Two-stage IDEC: the IDEC comprises of IEC unit followed by DEC system, as illustrated in

Fig 2-16-a. The first stage of the IEC (statel) cools the outdoor air, then flows through the DEC

(state 2) for further cooling to below the inlet air wet-bulb temperature, but with additional
moisture added (state 3). The air cooling process is illustrated on the psychrometric chart

Fig 2-16-b. The effectiveness is in the range of 0.90-1.20, the coefficient of performance (COP)
30



Chapter Two: Overview of evaporative cooling technologies

is about 14, and the power saving up to 60% in comparison with MVC systems. But, water
consumption increases by 55% [58], [59]. Other configuration of the two-stage IDEC reported

by [60], [61] achieved WB effectiveness of 1.09-1.16.

Three-stage IDEC: these systems, generally, consist of the two-stage IDEC integrated with
another cooling system. For example, a solid desiccant dehumidification with an IEC and/or
DEC unit is common with COP up to 20 [62], [63] and [64]. In operation, as illustrated in

Fig 2-18-a, the ambient air is dried and slightly heated up (state 1-2) as it is brought over the

desiccant wheel, then flow through heat exchanger transferring heat to the regeneration air
(state3), after that the supply air flow through the IEC stage where it is cooled by sensible heat
transfer with the working air stream. Depending on required indoor conditions, the inlet air
might be further cooled through a DEC unit (Fig 2-18-b) before it is supplied into the
conditioned space. Moreover, several configurations have been reported; An IDEC system
coupled with cooling coil [65], [66]. For example, the IDEC integrated with a desiccant system

for dehumidification, as shown Fig 2-18-b, can offer energy saving of 54%-82% over the

conventional cooler [63].

Multi-stage IDEC: hybrid systems of the two-stage IDEC with more than one cooling cycle. For
instance, combined system of the two-stage IDEC coupled nocturnal radiative cooler and
cooling coil is presented in Fig 2-19. In operation, during the night time in summer, the
temperature of water from the panels decrease because of radiative heat transfer between
panels and night sky, this water is stored in a storage tank. In the next day, the stored cold
water is used as coolant fluid for the coil unit. The hot outdoor air passes through the cooling
coil unit to be cooled down and, then, is cooled further through the two stage IDEC unit. This
system has higher effectiveness than the two-stage IDEC, and the energy saving is between 75

and 79% compared to MVC systems [67].
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2.5 Summary

This chapter provided an overview of evaporative cooling systems, covering the classification,
the working principles, and the concept of each system. In addition, a review was carried out of
the indirect evaporative coolers (IEC) for buildings air-cooling with particular focus on the WBT-

IEC, whereas the sub WBT-IEC would be subject of profound review in the next chapter.

Direct evaporative coolers have high effectiveness, but the uncontrolled indoor humidity levels
limit their applications for indoor air-conditioning. In contrast, indirect evaporative coolers
showed acceptable and improving values of cooling effectiveness without any additional
moisture added to the supply air streams, particularly after the breakthrough brought by the
M-cycle configuration of the IEC system. Whereas, the combined IDEC systems have higher
values of performance but their system complexity and high initial costs are the major

restrictions for wide acceptance.

Indirect evaporative coolers can be divided into WBT-IEC and sub WBT-IEC systems based on
their performance i.e. breaking of the WB temperature limit. The WBT coolers are featured with
two individual and unmixed airstreams with WB effectiveness ranging from 0.40 to 0.80 i.e.
below the unity. These systems are available in different configurations such as plate-type,
tubular-type and heat pipe type HMX based IEC systems. Whereas, the sub WBT-IEC systems
use part of the cooled inlet air as working air in the wet-air channels, therefore, it possible to
cool down the inlet air below its WBT. Yet, several studies carried out to improve the design of
the M-IEC system and investigate the possible methods of enhancing the performance and
reduce power and water consumption. The following chapter will be dedicated for a detailed

review of the sub WBT-IEC systems.
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Chapter 3: Review of sub wet-bulb temperature indirect

evaporative coolers

3.1 Sub wet-bulb temperature coolers (sub WBT-IEC systems)

To overcome low effectiveness and other disadvantages of wet-bulb temperature IEC systems,
a breakthrough in the indirect evaporative cooling technology known as the M-cycle
(Maisotsenko cycle) was introduced as early as 1977 by Maisotsenko [68]. Maisotsenko et al.
[56] developed the M-cycle based indirect evaporative cooling system. The configuration
consists of a cross-flow, multi-perforated flat-plate HMX in which a fraction of supply air, i.e.
the cooled inlet air, is used as the working air. Thus, this cooling cycle is able to cool the inlet
air below WBT of the inlet air and close to its dew point temperature. Therefore, this
configuration would be able to achieve higher effectiveness and COP than WBT-IEC systems.
From modelling results, it was reported that the wet-bulb effectiveness for M-cycle systems
range from 1.10-1.22, and a dew-point effectiveness of 0.55-0.85. Nevertheless, Elberling
(2006) [57] experimentally tested and assessed the performance of Coolerado Cooler which is

a cross-flow, M-cycle based IEC, as shown schematically in Fig 3-1, and found that the WB

effectiveness ranged 0.81-0.91 during all tests conditions which were less than the
theoretically anticipated effectiveness. However, these values of efficiencies were 10%-20%
higher than that of the WBT-IEC. The COP of the tested unit was over 8.8 with cooling capacity
in the range of 9-12 kW. However, main drawbacks of the cooler were the high initial costs;
low air flow rates that is 40-60% less than that of the DEC due to heat exchanger design and

pressure losses which probably the main cause of high power consumption of 40-80%.
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Fig 3-1 Coolerado Cooler™ [57]

Since then, intensive research activities related to sub WBT-IEC carried out aiming to overcome
some of the limitations in the M-cycle design such as the unfavourable cross-flow arrangement
of heat exchanger, and partly cooled working air due to early diversion from the inlet air flow
streams. Zhao et al [69] introduced a novel counter-flow sub WBT-IEC, its concept is based on
the M-cycle, but differs in the positions of the perforations and the flow pattern. In some
references, this new configuration of the sub WBT-IEC system is also called the regenerative
indirect evaporative cooler, or simply the R-IEC [58] and [70]. In this configuration, a
polygonal plate-fin HMX was structured from sheets and corrugated triangular cross-section
fins stacked together to form the adjacent wet- and dry-air channels, as shown in Fig 3-2.
Water-proof material is used to avoid water penetration on the dry side of sheets. Unlike the
cross-flow Maisotsenko-cycle HMX, holes are located at end of flow channels. The inlet air flows
through and along the dry channels transferring sensible heat to the wet channels, and at the
end of dry channels part of the cooled inlet air is delivered to conditioned space, while the
remaining is diverted to the wet channel as cold working air flows in counter-flow direction. In
another study, Zhao et al. [69] performed numerical investigation of this system by developing
computer model to optimise the geometry of the system, and investigate the favourable
operating conditions for improved performance. The theoretical results showed that the

effectiveness is significantly affected by the dimensions of the air passages, inlet air flow rate,
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and working-to-inlet air flow ratio. Also, the supply air temperature was cooled lower that the
WBT of the inlet air, and the wet-bulb effectiveness reached 1.30 and dew-point effectiveness
of up to 0.90 when the inlet air velocity are below 0.5 m/s, height of air channel is below 6

mm, and the length of the channel is 200 time of the height.
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Fig 3-2 Configuration and working principle of a regenerative ICE [69], [20]

Also, Zhan et al [71] carried out a comparative study between cross- and counter-flow M-IEC
system. Theoretical and experimental investigation conducted to assess the performance of
both systems under the same conditions. It was found that the counter-flow HMX offer
distinctive performance over the cross-flow HMX. The counter-flow HMX achieved around 20%
higher cooling capacity and 23% higher wet-bulb effectiveness. Contradictory, the cross-flow
exchanger has 10% higher COP than that of the counter-flow system due to the increase in
power consumption of the counter-flow HMX. The Model results were compared with other

studies and showed sufficient agreement with errors ranging 2-10%.
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Zhao et al. [72] conducted a feasibility study of a new dew point evaporative cooling system
for buildings air-conditioning in China by investigating weather conditions and water
availability, as well as evaluating the cooling capacity under various regions of China. They
used the IEC system indicated in [69]. The study concluded that the cooling system is suitable
for most areas of China apart from hot and humid regions. Tap water can be used for the dew-
point IEC and water consumption is in the range 2.6-3 I/kWh cooling output. The cooling
output of the unit ranged from 1.1 to 4.3 W/(1m3/h) of the supply air flow rate. Similarly, Zhao
et al. [73] carried out another feasibility study for buildings air-conditioning under the UK
climate conditions, using the same sub WBT-IEC mentioned in [69] and [72]. It was found that
the dew-point IEC system is applicable for most of the UK areas, particularly where the climate
is drier in summer. Tap water is suitable as feed water with an adequate temperature for
cooling ranging 23-18 °C, the water consumption rate varied from 2.1 to 2.4 [/kWh cooling

output. The system cooling capacity is in the range of 3.1-4.2 W/(1m3/h) supply air flow rate.

Riangvilaikul and Kumar [26] experimentally examined the efficiency of a counter-flow, plate-
type sub WBT-IEC based on the regenerative flow scheme under several inlet air conditions of
various climatic regions. The R-IEC consists of flat-sheets-stacked structure separated by
channel guides located on one side of the sheet to form alternating dry and wet channels as
illustrated in Fig 3-3. Polyurethane is used as water-proof material on dry channel side, while
the wet channel is coated with a thin-film of cotton sheet as wick material. Feed water is
sprayed on the top of the rig. Holes are distributed regularly at the end of dry channels to
convert part of cooled inlet air into the wet channel as the working air. The constructed unit
involves 4 dry channels and 5 wet channels with wall dimension of 1200mm*80mm and 5 mm
of channels height, the working-to-inlet air ratio is 0.44, and water consumption rate of 60 g/h.
From the experimental results, it was found that WB effectiveness spanned from 0.92-1.14 and
the DP effectiveness ranged between 0.58-0.84 for various inlet air conditions. In another

study, they [27] conducted theoretical investigation of the performance of the above cooling
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system, a numerical computer model developed to optimise system parameters, and evaluate
the effectiveness under various inlet conditions. By comparison, the theoretical results and
experimental data showed good agreement with only £5-10% error. It was found that in order
to maintain the WB effectiveness greater than 1 for all inlet air conditions, it is recommended
that the inlet air velocity is below 2.5 m/s, channel height is less than 5 mm, channel height is
larger than 1 m and the ratio of working-to-intake air is around 35-60%.

(a) Oullﬂ,nod'\ing air (b)
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Control valve

Intake air [ 5T -
- Cotton Coated
side  side
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Supply to the
cooling space

Inlet working air X
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Fig 3-3 Flat-plate based dew point indirect evaporative cooling system [26]

Hasan [74] theoretically conducted a computational model of several configurations and flow
arrangements of plate-type HX based indirect evaporative coolers. The thermal performance
was investigated of four different flow-configuration of HMX, as illustrated in Fig 3-4, which
include: a single-stage counter-flow HMX based R-IEC, and the other three were two-stage
cooling system with a parallel flow, a counter flow and a combined parallel-regenerative flow.
The results showed that the wet-bulb effectiveness for the systems was 1.16 for the single-
stage counter-flow R-IEC, while, 1.26, 1.09 and 1.31 for the two-stage counter-flow, parallel-
flow and combined parallel-regenerative cooler, respectively. Although the model results
compared with available experimental data from literature, the theoretical findings have not yet

been experimentally validated. In another study, Hasan [75] developed mathematical model of
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a R-IEC by using a modified effectiveness-NTU method (e-NTU). The analytical model was used

to determine the performance parameters of a counter-flow plate-type HMX of R-IEC system.

Despite several assumptions were made, the findings revealed a good matching with results

from numerical

model

using fine-difference-method,

experimental data from the literature was satisfactory.
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Fig 3-4 Four exchanger configurations of IEC system studied by Hasan [74]

Bruno [76] experimentally investigated the thermal performance a sub wet-bulb evaporative

cooler, a module product, for a residential and commercial air-conditioning applications for a

wide range of operation conditions. This sub WBT-IEC system equipped with a plate-type HMX

based on the R-IEC. The results indicated that for the residential application, an average wet-

bulb effectiveness of 1.24 and 0.75 of dew-point effectiveness was achieved. While, for the

commercial application the average wet-bulb and dew-point effectiveness was 1.06 and 0.65

respectively. Equally, the cooling capacity ranged from 15-22 kW throughout the day.
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Also, Zhan et al. [77] numerically analysed the performance of a cross-flow, flat-plate-stack
heat exchanger based R-IEC system. Finite element method and EES software (Engineering
Equation Solver) were used to solve the governing equations of heat and mass transfer. From
numerical results, higher effectiveness is achieved when the average air velocity in the dry and
wet channels are kept below 1.77 m/s and 0.7 m/s respectively, and the working-to-inlet air
flow ratio is 50%. The optimum ratio of the channel length to the height must be in the range
100 to 300. The model results showed that this configuration can achieve about 17% higher

cooling effectiveness compared with the conventional cross-flow exchanger of WBT-IEC.

Boukhanouf et al. [78] developed a porous ceramic indirect evaporative cooler based on the R-
IEC system. The exchanger consists of two adjacent channels with a common porous ceramic
wall as wet medium which is water-sealed on one side. The wall is constructed from hollowed
rectangular porous panels and filled with water, the porous ceramic panels are sealed by non-
permeable layer from dry channel side to prevent water penetration. Experimental and
numerical investigation was conducted to evaluate the effectiveness, the cooling capacities and
other characteristics of this cooling system. It was found that for hot and dry climate (ambient
temperature 30-45 °C and humidity <65%) the system is able to cool the supply air below the
wet-bulb temperature of inlet air. In additions, the wet-bulb effectiveness reaches 1.17, and

cooling capacity of 280 W/m? of the wet-ceramic area.

Lee and Lee [70] conducted experimental and theoretical evaluation of the performance of a
regenerative indirect evaporative cooler (R-IEC) at various operation conditions. The fabricated
core part of the R-IEC is a plate-fin type HMX with counter-flow arrangement, comprises of
multiple pairs of Aluminium finned channels brazed with a thin flat plate to form adjacent dry
and wet channels. The internal surface of the wet channel is coated with a thin porous layer to
increase surface wettability. A guide duct is attached below the wet channel to direct working
air to the surroundings. The dimensions of the fin is 100x9.8x0.15 mm (length x height x
thickness), and length of the channel is 200 mm with thickness of 0.3 mm. Total of 23 module
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pairs are stacked up to form the heat exchanger core of the R-IEC unit. The results showed
that the WB effectiveness ranged from 1.18-1.22, and the dew-point effectiveness varied from

0.75 to 0.90.

Cui et al. [79] theoretically evaluated the thermal performance of a counter-flow, closed-loop,
flat-plate-stacked HMX of a sub-WBT IEC system under various operating conditions. The
study, also, investigated the effect of the channels’ surface roughness and effect of using the
return air from conditioned space as working air on the overall performance of the system.
Fig 3-5 illustrates a schematic of the HMX that comprises of a dry channel and two adjacent
wet channels with a closed-loop configuration. The working principle is based on concept of the
R-IEC, but the working air is completely separated from the inlet (product) air, i.e. the working
air is not fractioned of the product air, as presented in Fig 3-5-b. Therefore, the working air
(w;) passes through the dry channel of the working air then through the wet channel of the
working air before it is rejected to the atmosphere (w;). The product air (P1) is cooled along the
product channel by heat transfer to adjacent wet channels of working air and is finally passed

to the conditioned space (P2).
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Fig 3-5 Schematic of sub WBT cooler, a) one-unit module, b) working principle [79]

The model was validated by comparing its theoretical results against experimental data from
other study of [80]. A sufficient agreement between the model results and experimental data

was found within £7.5-10% discrepancy. The wet bulb effectiveness spanned from 1.22 to 1.32
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and dew-point effectiveness ranged from 0.81-0.93. Additionally, it was found that the cooler
effectiveness is effectively increased if the room return air was used as working air. Also the
roughness of channel surfaces enhances the wet bulb effectiveness by 10-20% when the inlet
air velocity was above 1.5 m/s. It is recommended that the length of the channel should be at
least 200 times of the height of the working channel. In a similar study, Cui et al. [81]
numerically investigated the performance of the previous system using CFD software. The
developed computer model was used to examine the effect of ambient conditions and cooler
geometry and air flow rates on the thermal performance. Similar results were found, the best
performance is associated with low inlet air velocity of 1.5 m/s, 10 mm or less for the dry-air
channel height, and the length of the dry-air channel is at least 200 times of the wet-air
channel height. By comparison between computed data and experimental results from [69], a

good agreement is demonstrated and the discrepancy is within 10%.

Rogdakis et al [82] evaluated theoretically and experimentally a Maisotsenko cycle based
indirect evaporative cooler i.e. the M-IEC. An experimental unit was constructed and operated
to evaluate the performance of the system under Greek climate conditions. The results showed
that the effectiveness was between 0.97 and 1.15, while water consumption ranged from 2.5-

3.0 L per kW /h. Moreover, it was found the M-IEC system is applicable for most Greek cities.

Lin et al. [83] introduced mathematical model for a counter-flow plate-type R-IEC. The
numerical study concerned the evaluation of the performance parameters under various
climatic conditions. Also, the longitudinal heat conduction, water evaporation rate, heat
transfer coefficients, and convective heat-mass transfer in the air passages and water film
temperature were considered in the simulation. The computer model was validated against
experimental data from [80], and against their own experimental work, a discrepancy of 4%
was found of the supply air temperature. Furthermore, a parametric study was conducted
under various working conditions and for different geometric conditions of the HMX. According

to the simulation results, the WB effectiveness ranged 0.42-1.47. Also, it was recommended
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that the working-to-supply-air flow ratio is not less than 50%, and the channels height and

length are kept at 0.005 m and 1.8 m, respectively to maintain WB effectiveness above 1.

In similar study, the design of plate-type based R-IEC system was optimised. The thermal
performance, the cooling capacity, and the effect of design parameters were theoretically and
experimentally evaluated [84]. The results revealed that the channel height should be around
0.005 m and the channels length should be between 0.4 and 0.6 m, also, the working-to-inlet

air flow rate ratio should be about 40%.

A comparative numerical study carried out by Moshari and Heidarinejad [85] for three different
configurations of plate-type IEC systems which involves cross- and counter-flow arrangements.
The developed computer model, using MATLAB software, was used to evaluate the performance
and investigate of the effect of the longitudinal heat conduction through the coolers walls. The
model results compared with experimental data from [86] for verification, and showed a good
agreement. Furthermore, it was found that the pre-cooling of the working air led to decrease
the inlet air temperature below its WB temperature. Additionally, the counter-flow arrangement

of the R-IEC showed higher effectiveness than that of the cross-flow WBT-IEC by 30%.

A numerical investigation carried out by Pandelidis et al. [87] to investigate the performance of
three designs of IEC systems employed in a desiccant wheel air-conditioning system. The
investigated IEC systems are; (i) cross-flow M-cycle HMX based IEC, (ii) counter-flow R-IEC
and (iii) cross-flow WBT-IEC. An analytical simulation model developed based on the modified
£ — NTU method to compare the performance of the different systems under wide range of
operational parameters. The numerical results revealed that the desiccant system equipped
with the cross-flow M-cycle HMX based IEC provided the lowest supply air temperature, but the

HMX configuration is the most complicated and costly among the other two heat exchangers.

Also, counter-flow plate-type HMX was experimentally tested by Duan et al. [88] to evaluate
the performance of a regenerative IEC system and, also, to investigate the impact of operating
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parameters. From tests results, the WB effectiveness varied from 0.55-1.06, and the COP
ranged from 3-15.5. By compared with the WBT-IEC, the WB effectiveness and COP increased
by 31% and 40%, respectively. Additionally, it was found that the cooler effectiveness
improves by either increasing the inlet air wet-bulb temperature depression, decreasing the
inlet air flow rate, or minimising the supply-to-inlet air flow ratio. Whereas, the cooling capacity
and COP can be enhanced by either increasing the inlet air wet-bulb temperature depression,
or increasing the inlet air flow rate and/or maximising the supply-to-inlet air flow ratio. While,
the water temperature has minimal effect on the cooler effectiveness by 5% when the water
temperature rises from 19 to 23°C. A good agreement was obtained between the experiments

and numerical results.

An experimental and numerical study carried out by Jradi and Riffat [89] on a cross-flow, M-
cycle based indirect evaporative cooler. Two-dimensional numerical model was developed to
optimise the dimensions of the cooler’s channels, evaluate the performance, and investigate
the operating parameters impact. The experimental data were compared against simulation
results for model validation purposes and showed a good agreement. It was found that the

cooler WB effectiveness reached 1.12.

A review study by Porumb et al. [90] of evaporative coolers covering the theory, the working
principles, and the type of heat exchanger employed of various systems i.e. DEC, WBT-IEC, M-
IEC, and R-IEC systems. It was found that about 80% of the reviewed IEC were constructed
from plate-type HMX. In another review study [91], they also presented an up-to-date review
of IEC systems concerning the working parameters of both the inlet and working air streams,
the geometrical parameters and the thermal performance parameters. Overall, the IEC systems
are promising cooling technology with lowest power consumption amongst the other cooling

methods. Though high water consumption rates is a key disadvantage.
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3.2 Porous ceramic as wetting media of IEC systems

Unlike the DEC system, heat and mass transfer occur indirectly through a common wall for the
IEC systems. Therefore, Materials with high thermal conductivity, and wetting material (wick)
has uniform water distribution, large contact area and good coating compatibility are always
desirable to enable sufficient water evaporation on the wet-side channel which, consequently,
enhance the sensible heat transport from the dry-air side channel to the wet-air channel and,
also, improve the latent heat transfer in the wet-air passage between the working air and the

water film [92].

Several research studies investigated various types of materials and their compatibility as
wicking materials of IEC systems. For example, Zhao et al. [92] investigated several types of
water wicking materials for IEC system. It was found that aluminium and then cooper were the
most suitable material over the others (fibres, ceramics, zeolite and carbon) in terms of their
physical and thermal properties and structure for IEC walls. While the sintered, mesh, and
grooved wicks type were the best wick structure for IECs. Furthermore, the study found that
the shape formation, durability, compatibility with coating material, contamination risk and cost
of materials are the most important characteristics in selecting materials. While, material’s
thermal conductivity and porosity have less impact on selection process [92]. However, these
findings are still restricted to a particular configuration of IEC system, and limited to the
experiments conditions. In contrast, porous ceramic is considered to be a promising material in
heat transport augmentation [93], it was employed hundreds of years ago for several cooling
purposes, e.g. for building cooling, drinking water cooling and food preservation [1]. Owing to
their durability, accessibility, good thermal conductivity, availability in different porosities,
sufficient water-retaining capacity and high contact surface area between solid and fluid
phases, porous ceramic materials, recently, have gained intensive attention in the research
area for buildings cooling applications. Nevertheless, relatively high prices and possibility of

bacteria and mould growth are the main limitations of wider usage of the porous ceramic in
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evaporative coolers [92], [36]. However, recently there have been considerable improvements
in the conflicting of health issues by developing anti-microbiological growth wick materials, and
using chemical treatments, anti-rotting, and filters to eliminate threats of bacteria, mould

existence in the wet air channel side [12].

On one hand, ceramic materials have been used in the form of flat plates and panels combined
within building walls for solar heat-gain reduction of buildings and indoor air-cooling. Like,
Ibrahim et al. [94] performed an experimental investigation of a porous ceramic wall integrated
with building external wall. The ceramic wall is made by staking up several hollow, rectangular
porous ceramic panels (315 x165 x 35 mm each panel) filled with water, as illustrated in
Fig 3-6-a. Performance evaluation carried out under different climate conditions. Three different
levels of porosities were tested of 1 m height wall. It was found that the best performance was
achieved with high porosity which is associated with highest water consumption. Equally, the

supply air temperature dropped by 6-8 °C, but the indoor air humidity rose by 30%.

Water supply
(b)

Qutside surface

Copper pipe

Porous plate

Inside surface

Fig 3-6 Shapes of porous ceramic integrated with building walls; (a) porous ceramic panels [94], (b)

structure of porous plate [95]

Similarly, Chen [95] mathematically analysed the performance of a wet porous ceramic plate

integrated into building external walls for indoor air-cooling. Additionally, the impacts of
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ambient air conditions and the thickness of the porous ceramic plate on the thermal
performance were investigated. The wall is constructed from the porous ceramic wall with the
outer side of it facing the ambient air, while the inner surface of the wall is coated with thin
copper sheets. Water is supplied from the top of the wall via copper pipes that are implanted
near the inside surface of the porous plate for water evaporation in the porous wall, as

schematically shown in Fig 3-6-b. The results showed that 5-8 °C indoor air temperature drop

was achieved. In other studies, porous ceramic material with water spraying mechanism was
utilised within building facades to minimise building’s heat gains through the outer walls [96],
[97]. Furthermore, direct evaporative cooling walls comprises of porous ceramic pipes with
high capillary force was introduced for thermal comfort of outdoor and semi-outdoor spaces

[98].

On the other hand, limited research studies have found on employing porous ceramic material
as wetting media for IEC systems, particularly the M-IEC and R-IEC systems. In the literature,
Riffat and Zhu [50] used porous ceramic container as wetting medium of heat pipe based
indirect evaporative cooler. The ceramic container hosted the heat pipe condenser, filled with
water, to work as heat sink of the heat pipe, this system was explained in section 2.3.1. Also,
Boukhanouf et al. [78] employed hollow, rectangular porous ceramic panels as a common wall
separates between the two adjacent air channels. The model results indicated that the supply
air temperature is cooled below the wet-bulb temperature of the intake air and the wet-bulb
effectiveness reached 1.17. In another study, Alharbi [99] conducted experimental and
numerical investigation using the same porous panels as heat sink of heat pipe exchanger
based indirect evaporative cooler. The cooler is constructed of two adjacent channels with a
common, impermeable, separating plate. The heat pipe are vertically positioned across both air
passages, In the upper air passage, the condensers of the heat pipes are immersed into the
water-filled, rectangular porous ceramic panels for heat removal from the condenser. Whereas,

the working air flows over the outer surface of the water-soaked panels. While, in the bottom
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air channel, the inlet air is cooled down as it passes over the finned evaporators of the heat
pipes. The experimental results showed that WB effectiveness of 1.10 was achieved. Though
higher water demand is required to fill up the ceramic panels, and water evaporation rate

ranged 0.22-0.60 [/h.

3.3 Analysis of reviewed work of the sub WBT-IEC systems

The sub WBT-IEC systems have been an intensive area of research because of their ability to
cool down the supply air below the wet-bulb temperature of inlet air i.e. brake the limit of
BWT-IEC, and other distinctive advantages over the DEC systems such as the controlled indoor

humidity, less water consumption, and eliminations of odours.

As being the core of any IEC system, the heat-mass exchanger (HMX) principally is the main
component of the IEC system to enhance the thermal performance, either by improving the
geometry, construction, the flow arrangements, or/and the wicking materials. From the
reviewed literature, the most commonly used construction was the plate-type HMX due to
fabrication simplicity and availability of several highly conductive material in form of sheets.
Two distinctive flow configurations of the plate-type HMX based IEC systems have been found;
either the M-cycle or the regenerative flow scheme. Table 3-1 summaries main designs
features of most recent sub WBT-IEC systems, it includes the type of HMX employed, flow
pattern, research method, performance parameters, and schematics of these configurations.
Additionally, Table 3-2 provides a summary of comparative studies conducted to compare the
performance parameter between various types the sub WBT-IEC system. It covers theoretical
or/and experimental evaluations of different configurations IEC system, but mainly comparing

the performance of the M-IEC and the R-IEC systems.
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Table 3-1 Summary of reviewed work on sub WBT-IEC systems

Study Method HMX type and Flow Performance parameters Construction and flow scheme
pattern
M-cycle based IEC (The M-IEC system)
Maisotsenko et al. Sim. Horizontal plate-type, ewp=1.10-1.22
[56] Cross flow
Elberling [57] Exp. Horizontal plate-type, ewp=0.81-0.96, COP=8.8, « 2 Supply air out
Cross flow WC=2.5-3 I/ (kW/h), CC=1.33 3 Workngair ot OmP, e ﬂ@
KW * 3as Part of supply air is ® 3, 3, 83"
. . _ _ _ diverted to wet channels
Zhan et al. [77] Sim. Horizontal plate-type, ewp=0.50-0.70, CC=200 W 4 Inletairenters @-?M?W%EE
cross-flow the dry channels Flow scheme of H-IEC
Ahmed et al [100] Exp. Horizontal plate-type, ewp=0.84-0.96, COP=7-55, Structure of - IEC
cross-flow WC=16-60 I/h, CC=4-13 KW
Rogdakis et al. [82] Sim. and Horizontal Plate-type ewp=0.97-1.15
exp. HMX, cross-flow WC=2.5-3 I/ (kW /h)
Jradi and Riffat [89] Sim. and Vertical plate-type HMX, ewp=0.7-1.17, COP=6-14,
exp. cross-flow CC=1.05-1.25 KW
The regenerative IEC (R-IEC system)
Zhao et al. [69] Sim. ewp=0.6-1.3 ®
Zhao et al. [72] Sim. Horizontal, Polygonal WC~3 I/kWh, CC=1.1-4.3 I h
plate-fin type HMX, W /(m3/h) air flow rate S !
nletair into dry channels |
ZhaO et al. [73] S|m and Counter-ﬂow WC=24 l/kthoolingl CC=3- 2 Product (supply) air out :
Exp. 4.2 W/(m3/h) air flow rate 3 Workingairoutofwetchannel:
3’ Part of supply air is diverted
Duan et al. [88] Exp. Plate-type HMX, counter-  &,;=0.55-1.06, COP=3-16 to the wet channels ! [
flow CC=0.6-1.13 KW S © O 0
Structure of the R-IEC Hotv;l'lesthfeIrEng o
Riangvilaikul and Exp. ewp=0.92-1.14, WC= 60 g/h
Kumar [26] Vertical Plate-type HMX,
Riangvilaikul and Sim. counter-flow ewp=1.06-1.2
Kumar [27]
Bruno [76] Exp. ewp=1.06-1.24, COP=5-12,
CC=15-22 kW daily
BeIIemo et al. [101] Sim. SDP=O.6O'0.76, CC=15-25KW Structure and flow scheme of vertical plate-type HMX
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Study Method HMX type and Flow Performance parameters Construction and flow scheme
pattern
Hasan [75] Sim. Horizontal plate-type ewp=0.95-1.16
HMX, cross-flow
Ommp ©)
Lee and Lee [70] Sim. and Vertical plate-fin type ewp=1.18-1.22, CC=0.9- ——
exp. HMX, counter-flow 1.13KW @_
Lin et al. [83] Sim. Plate-type HMX, counter- ewp=0.42-1.47, CC=40-200 Flow scheme of the R-IEC
flow W /m?
Boukhanouf et al. Sim. and  Vertical plate-type HMX, ewp=1.17, CC=280 W/m?

) Z@ _
[78], [102] exp. counter-flow, using @ )| ﬂ-
porous ceramic material or | | % .‘"3“:75?"

.
Mon-permeabla sheat

Porous ceramic panel

Sim: simulation, Exp: experiment, &,5: WB effectiveness, spp: Dew point effectiveness, WC: water consumption rate, CC= Cooling capacity

Table 3-2 Summery of comparative studies between different types of the sub WBT-IEC systems

Study Method HMX type and flow pattern Performance Research features
parameters
Hus et al. Sim. and Plate-type HMX of ewp=0.6-0.8 the counter- and parallel-flow regenerative
[80] exp. o parallel flow IEC £5=0.8-1.0 configuration (R-IEC) has the highest WB effectiveness

e counter flow IEC

e cross flow R-IEC ewpRr-1ec=0.9-1.3

e counter flow R-IEC ewsr-1ec=0.9-1.3
Zhan et al. Sim. Cross-flow M-IEC and Counter-flow éwpm-1ec =1.14, The counter flow R-IEC system has higher performance
[71] R-IEC ewprotec =1.36 than the M-IEC system of above 15%.
Hasan [74]  Sim. Horizontal plate-type HMX of : e,n=1.16
e counter flow R-IEC W Numerically analysis heat and mass transfer process
e counter flow two-stage R-IEC e-=1.26 for four flow-configurations of IEC systems to evaluate
W their performances. It was found the combined
* parallel flow two-stage R-IEC ewp=1.09 parallel-regenerative flow two-stage R-IEC system has
« Combined parallel- regenerative eyp=1.31 the best effectiveness. See Fig 3-4 for flow schemes of

flow two-stage R-IEC the IEC systems.
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Moshari and Sim. Cross-flow and counter-flow plate- N/A Counter-flow R-IEC has higher effectiveness than that
Heidarinejad type R-IEC systems and cross-flow of cross-flow R-IEC by 30%.
[85] plate-type WBT-IEC
Pandelidis et Sim. with  Plate-type HMX of N/A The cross-flow M-IEC system is the most effective with
al. [87] exp. counter-flow R-IEC largest cooling capacities. Whereas, counter-flow R-IEC
Validation cross-flow M-IEC is more simple and cheaper than the cross-flow M-IEC,
but its performance is lower than the M-IEC. While,
cross-flow WBT-1EC The Cross-flow WBT-IEC is the simplest and cheapest
design, however, its performance is the lowest.
Anisimove Sim. with  Plate-type HMX of N/A
Pan?jr:a?idis slziloi;jation e parallel-flow WBT-IEC The counter-flow R-IEC is able to achieve the highest
e counter-flow WBT-IEC effectiveness but with lower cooling capacity
[103] e cross-flow WBT-IEC
e counter-flow R-IEC
Pandelidis  Sim. with N/A A comparative simulation study of eight flow schemes,
and exp. i.e. eight different positions of perforations along the
Anisimove  Validation plate, of an M-Cycle based IEC. The performance of all
[104] Horizontal plate-type HMX of an M- selected configurations are investigated and compared
IEC system. in order to improve the construction of the original
HMX. It was found that holes’ size and positions effect
on the cooling capacity. Even distribution of holes and
uniform flow rates were recommended.
Bolotin et al. . ewswaT-1c =0.6-0.99, The R-IEC is characterised with higher effectiveness
[105] Sim. Vertical cross-flow plate-type HMX and COP, while WBT-IEC is favourgble when greater

of WBT-IEC and of R-IEC

EwB,R-1EC =0.75-1.45

cooling capacities are required.
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From the aforementioned reviewed studies, the current numerical and experimental

research work in the field of the sub WBT-IEC systems concern the following activities:

()

(i)

Investigation studies of the thermal performance characteristics of the proposed IEC
system i.e. mostly evaluating the temperature drop of the inlet air, the effectiveness,
the COP, the cooling capacity under specific or various climate and operation
conditions. Additionally, further performance parameters might be determined that are
the water and power consumptions, pressure drop, and heat and mass transfer rates.
It can be achieved theoretically by computer simulation of the IEC system, like [69],
[75]1, [77], [79], and [106]; or experimentally via laboratory tests, like [26], [57],
[61], [36] and [90], or/and using both approaches for validation purposes. Similarly,
on-site evaluations tests of commercial and laboratorial IEC units are considered as
well [57], [61] and [76].

Optimisation studies of the geometric and structural parameters, material type used of

IEC system to enhance the performance, like [83], [92], and [107].

(iii) Parametric studies using the computer model to examine the effect of operation

parameters on the performance of the cooler [27], [58], [78] and [82] [89].

(iv) Economic assessment studies of the IEC, like [72], [73] and [82], that is usually

(v)

accompany with investigation of the annual environmental impact, energy saving, and
water and power consumption, like [65], [108], [29] and [109].

Comparative studies using computer simulation, such as [74] and [85], or both
approaches; the numerical and experimental methods, like [71], between various IEC
configurations in order to differentiate between their performance i.e. mainly in terms

of the effectiveness, COP, and the cooling output.

From both tables 3-1 and 3-2, all the studies were based on plate-type HMX of either the M-

cycle or the regenerative configuration of the IEC systems. For such designs, the research

reached saturation in terms of system optimisation and performance investigation. In other

words, several studies concluded to similar results. For examples, recent studies by [26],

[27],

[71], [81], [83], [86], [88], and [89] suggested almost the same specifications of
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plate-type HMX i.e. the channels dimensions, with relatively close performance. It was
recommended that channels height is 5 mm and channel length of around 1m, working-to-
inlet-air flow rate ratio between 33%-50%, and air velocity around 1-1.5 m/s. The plate-
type HMX based IEC achieved WB effectiveness ranging from 1.0 to 1.4. Yet, the WB
effectiveness was below one for most of the experimental work and on-site testing, this
might be related to insufficient water distribution. Moreover, the uneven and uncompleted
water-saturation of the wick media over the plate require additional water to be pumped
and circulated through the system. Thus, an increase of the water and electricity usage is
expected. For instance, the best experimental WB effectiveness of the M-IEC was 0.96 [57],

[100], though the theoretical studies showed the effectiveness reaches up to 1.22 [56].

This research introduces a new configuration of heat pipe heat exchanger (HPHX)
incorporating ceramic tubes for building air-conditioning, the proposed cooler is anticipated
to overcome some of water distribution problem and minimise water consumption by
employing heat pipes as heat transfer elements, water-saturated porous ceramic tubes as
wet medium, and using the regenerative flow scheme of the R-IEC system. This effort is
meant to contribute to the current participations to reduce water and power consumption
and improve the performance of the IEC systems for efficient and cost-effective evaporative

cooling system.

For heat pipe heat exchanger based IEC system, a proper design of the heat removal
mechanism of the heat pipe condenser (HPC) is vital to achieve high heat transfer rates,
hence reduce water consumption and cooler size are important as well, which in turn
improve the overall performance of the cooler. By analysis the heat removal methods of

HPHXs in Table 3-3, some disadvantages and limitations are identified as follows;

e Excessive use of water and the need of continues water supply by employing water
spraying system;
e uneven wetting of the HPC surface because of horizontal position of orientation of

the heat pipe;
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Table 3-3 Heat dissipation methods employed in HPHX based IEC systems

study Mechanism Research features Construction
Huang et Layer of water- Working air to conditioned
al. [52] absorbent material 0.70 of WB Water sprayers ‘ space
and Wang stuck on the effectiveness [67] Absorbent SRR T
et al. [53] condenser surface and layer [LLL] ]
constantly Wetted by Heat pipe \LCondensersectlon _ Evaporator section
water sprayers, while l | | |i‘ | | |
ambient outdoor air . )
flows over it. Inlet ambient air
Working air to conditioned
. ) Water space
Wang [54] (1) Water is sprayed Comparative study of sprayers 1
directly on the bare two heat removal Heat ~Lcond , . o |
condenser surface systems of a HPHX pipe “Condemsersecion | Hiaporsrarsection
using water sprayers, based IEC. It was l. t
while ambient outdoor  found that the supply Inlet ambient air
air flows over it. air temperature by the
second method was Working air
S|Ight|y |0W€I’ than that (OUtdOOIg'J air) to conditioned
of the first system. DEC system space
(2) DEC unit is used to ‘t
pre-cool ambient air Heat ¥
before passing over pipe \1‘ Condenser section Evaporator section |
the HPC, while outdoor l "‘
air flows over it. Inlet ambient air
Working air to conditioned
Zheng et (1) Ambient air is used (Ambient air) space
al. [55] to cool bare surface of Comparative study of Heat pipe

the HPC i.e. no water
is introduced

(2) Air washer to pre-
cool the ambient air
before passing over
the HPC

(3) DEC unit is
employed to pre-cool
the outdoor air before
flowing over the HPC

4) Fine water droplets
sprayed over the bra
surface of the HPC,
while outdoor air
passes over the HPC

four different heat
dissipation methods
used for two-stage
IDEC system, the
HPHX based IEC is the
first stage followed by
DEC unit. The result
showed that the last
heat removal
mechanism was best
with higher efficiency
than other
configurations of 7-
16%.

| Condenser section

Evaporator section |

|

Working air
{outdoor air)

Air washer
he §

Heat

L]

Inlet ambient air

to conditioned
space

pipe \r Condenser section

Evaporator section |

!

Working air
{outdoor air)

DEC system

Heat '

Inlet ambient air

to conditioned
space

1

pipe \|* Condenser section

Evaporator section |

g

L]

Inlet ambient air

Working air to conditioned
Water space
Sprayerk '
P N AN A S
Heat
pipe \|\Condenser section Evaporator section |

!

1

Inlet ambient air
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to conditioned

Working air
Riffat and Porous ceramic Building integrated Porous ~ (Ambient air) M s
Zhu [50] container filled water indirect evaporative container t /1
hosting the HPC, while cooling system, 30% Heat pip ; | |
the ambient_air flow more ef_fective that Water inle 1 Evaporator section
over it conventional HPHXs Water | ‘ | l
Inlet ambient air
Ceramic ater
Alharbi Hollow, rectangular Stand-alone system of panel _
[99] ceramic panels, filled regenerative indirect Working : -wﬁﬁteirf;egir
with water, to host the evaporative cooler. air =
HPCs, while part of the 1.05-1.3 of WB Ry hannel
cooled supply air is effectiveness is - =
diverted to be used as achieved Supply — = = = Inlet
working air air _f — —E— - ar
— f— — )] —
Dry channel E E\ EE E
Fins Heat pipe

e The usage of DEC unit upper-stream of the HPHX system requires, also, considerable

amount of water for the DEC system, therefore, higher initial and operational cost

are anticipated.

e Employing ceramic containers or ceramic panels to host the HPC improved heat

removal and attained uniform water film over the HPC surface. Though, water

consumption rates were high due to large dimensions and high porosity selected.

Also, the thick walls of ceramic might affect the size and performance of the cooler.

In this research, the proposed heat removal method from the condenser is intended to

overcome some of the above disadvantages, besides minimising water consumption and

enhancing overall heat transfer rates between condenser surface and the working air.

Overall, the proposed mechanism for heat removal is based on the design of Riffat and Zhu

[50] but differs in terms of using ceramic tubes, instead of porous container, with thinner

wall, smaller diameter and less porosity of the ceramic material, and also by employing

different flow scheme of the HPHX and heat pipe orientation. Furthermore, this research

build on the research work carried out by Boukhanouf et al. [102], [110] and [99] that is

principally concerns the applications of ceramic materials and heat pipe for building

evaporative cooling.
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3.4 Parametric performance of the IEC

The following performance parameters are employed for the evaluation and assessment of

the indirect evaporative coolers [76]:

3.5.1 Wet-bulb effectiveness

The wet-bulb effectiveness is defined as the ratio of the actual reduction in DBT of the inlet
air though the cooling system to the difference between DBT and WBT of the inlet air. This

is expressed as follows,

_ Tab,1—Tdbe2 (3-1)

Ewb =
w Tab,1—Twb,1

where, &, Wet-bulb effectiveness, Ty, ,: Inlet supply air dry-bulb temperature, Ty, ,: outlet

supply air dry-bulb temperature, and T, : Inlet supply air wet-bulb temperature.

3.5.2 Dew-point effectiveness

Similarly, dew-point effectiveness is the ratio of the actual temperature drop of the inlet air
throughout the cooler to the difference between dry-bulb and wet-bulb temperature of the

inlet air, as can be expressed by the following relation,

_ Tab,1—Tap,2 (3-2)

g =
dp Tab,1—Tdp,1

where, £4p: Dew-point effectiveness, Ty, Inlet air dry-bulb temperature, Ty,,: Supply air

dry-bulb temperature, po,1? Inlet air dew-point temperature.

3.5.3 Cooling capacity

The cooling capacity is defined as the enthalpy change of the inlet air across the IEC system
multiplied by the volumetric flow rate of the supply air. This change of enthalpy can be

expressed by temperature difference of the inlet air across the cooler as follow,
Qcc = Cp Py v, (Tdb,l - Tdb,z) (3-3)
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where, Q..: Cooling capacity of the system, W; p;: Air density, kg/m?; V,: Supply air volume
flow rate, m3/s;c,: Specific heat of air, J/(kgK); Tap,: Inlet air dry-bulb temperature, °C;

Tap2: Supply air dry-bulb temperature, °C.

3.5.4 Coefficient of performance (COP)

Coefficient of performance or Energy efficiency is the ratio between the cooling capacity of a

cooler and its power consumption. It can be written as follows [8]:

COP = 2 (3-4)

P aux

where, Qcooimg: Cooling capacity, W; Pgy: Power consumption, W.

3.5.5 Power demand

The power demand is mainly related to power required by the air circulating fan and water

pump. This is expressed as follows [8],

Vqir AD i W h
— Zair palr_l_ w Pw g (3_5)

P
aux Nfan Npump

where, P,,,: auxiliary power consumption, V., : supply air flow rate, Ap,, : air pressure
difference at the inlet and exist of the fan, n,,: fan efficiency, Vj,: water volumetric flow

rate, p,: Water density, g: Gravity acceleration, h: Pumping head, 7,,m,: Pump efficiency.

3.5.6 Water consumption rate

Water consumption of an evaporative cooler depends on several factors including the
system effectiveness, the airflow rate, the inlet air conditions, dry bulb temperature
depression of the inlet air, the water consumption rate can be calculated by the following

equation [8]:.

Yy Vs,out Ps,f
Vw - Pw (Wa,out - Wa,in) (3-6)
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where, V,, : Water evaporation rate, m3/s; V;,, : Working air flow rate, m3/s; p,, : Working
air density, kg/m?3; p,: Water density, kg/m?3; w,,..: Moisture content of the outlet working

air, kgwater/k9aryairi Wa,in: Moisture content of the inlet working air, kgwater/kgary air-

3.5 Summary

This chapter covered a detailed review of the sub wet-bulb IEC systems including the
working principle, design, construction, and thermal performance parameters. The
outcomes highlighted the current development area of the indirect evaporative coolers, and
provided insights for the research ideas to identify the research gab and highlight the

potential of the proposed cooler.

The current sub WBT coolers are typically constructed from the plate-type exchanger with
flow scheme are based on either the M-cycle or the regenerative configuration to achieved
cooling effect below the WB temperature of the inlet air. Furthermore, it was stressed that
most employed heat exchanger of the sub WBT-IEC is the plate-type HMX, while few

research work found on other HMX configurations, this motivated the present study.

In this research, a novel configuration of HPHX and porous tubes based R-IEC is considered
for building air-conditioning. The new design combines the regenerative flow scheme of the
IEC within the heat pipe exchanger configuration, and utilises water-soaked porous ceramic
material for heat removal from heat pipe condensers. So, implementing the regenerative
flow pattern is expected to improve the heat transport in the working-air passage instead of
the traditional flow arrangement. Also, effective and water-saving method is used for heat
dissipation from the condensers of the HPHX using water-saturated ceramic tubes. This
effort is meant to contribute to the current participations to reduce water and power
consumption, and improve the performance of the IEC systems for efficient and cheap

evaporative cooling systems of buildings.
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Chapter 4: Design and computer modelling

4.1 Configuration of the sub WBT evaporative cooler

The proposed evaporative cooler design is based on the principle of the regenerative
configuration of the IEC, where a portion of the indirectly cooled air is used as working air
for water evaporation. The air flow in the cooler is arranged in two separate air channels;
dry and wet channels but with one inlet opening for the supply and working air streams. In
this work, the heat transfer between the airflows in the dry and wet channels is however
accomplished through heat pipe that straddles across the two channels. The evaporator of is
finned and located in the dry channel, whereas the condenser is in the wet channel.
Additionally, the condenser of the heat pipe is placed in a water saturated porous ceramic

tube for heat rejection through water evaporation. The heat pipe-ceramic tube forms a

single module that is duplicated along the airflows ducts, as shown in Fig 4-1-a.

Feed waterinlet Ceramic tubes Water tank

Wet channel

S Humid
_ﬁ Working air
\ N i

\\\\\\\\\\\\\\\\\\\‘>J
I |

Duct damper

@
Cool

supply air

Ambient
@ air inlet

\ )
— ~\

~
Dry channel //' Heat pipes Fins

e
#

~
(a) Working principle and air flow arrangement of the cooler

Water = i = —
. = ] Heat out
Ceramlctube-—-—-._.__________ 2
Vapour :,‘
fluid flow 1= _/'stnsibls — Condenser
Heat pipe : Quatent
Fins —
\ Heatin
i | — Ewvaporator
WiCk § \ total

Adiabatic wall

(b) Cross-section of heat pipe and ceramic tube module
Fig 4-1 Configuration of the cooler; the working principle and air flow pattern
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The working principle is based on the R-IEC system in which the intake ambient air (state
1) is cooled indirectly in the finned heat pipes section (evaporator) at constant moisture
content (state 2). A portion of the dry cool air is diverted (state 3) to the wet channel to
become the working air and cause evaporate cooling effect with the exposed ceramic tube

surface, removing heat from it in the process and becoming saturated air (state 4).

The heat pipe in this arrangement acts as heat transfer enabling device to transport heat
between the two air steams. The heat pipe contains a small quantity of a refrigerant that
evaporates as it is heated up by the inlet air in the dry channel and rejects heat in the
condenser in the wet channels by virtue of refrigerant condensation. The water-soaked
porous ceramics allow water to siphon through its structure and form a thin film on its outer
surface. A direct evaporation process takes place between the wet air (working air) and the
water film causing a drop of the ceramic surface and the bulk water temperatures and
increase of the working air temperature and moisture content. This process attains constant
removal of heat which would otherwise accumulate in the water and ceramic due to heat
transport from the condenser surface to the surrounding water. This heat and mass transfer
presses in the wet channel is important as it creates temperature gradient between both

channels that is the driving force of the heat pipe.

4.2 Design consideration

The design of the cooler was carried out with consideration of materials and components
selection, sizing, and heat and mass transfer processes in the ducts. The design involves
sizing the airflows channels, heat pipes for heat transfer and porous ceramic tubes

properties for water evaporation.

4.2.1 Heat pipe

The selection and sizing of the heat pipe is important to achieving the correct heat transfer

rate between the air streams of the cooler, heat pipe is readily available technology and is
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off-the-shelf products from many manufacturers. The main design parameters of the heat

pipe in this work are related to operating, heat transfer capacity and size constraints.

Principally, based on the literature [111], [112], suggestions of the manufacture [113], and
the cost, a gravity assisted and capillary-driven conventional tubular heat pipe was
selected. The type of heat pipe was selected based on availability, cost and material
compatibility. Tubular heat pipes are widely available in many standard sizes and are the
cheapest as they are manufactured for many applications [114]. In this design, heat is
transferred from the dry to the wet channel and the heat pipe is place up right between the
two channels with the evaporator below the condenser. This orientation provides additional
flexibility to the section of type of heat pipe. The simplest heat pipe configuration is the
thermosiphon type where the heat pipe is made of a simple sealed tube containing a fluid
and the liquid circulation is mainly accomplished by gravity. For this type of heat pipe to
function, the condenser is always above the evaporator, as shown in Fig 4-2-a. In
applications, where orientation or high heat transfer densities are required, it is common to
select heat pipes with a wick. The wick provides the capillary force required to circulate the
working fluid inside the heat pipe more effectively. A wicked heat pipe configuration in

shown in Fig 4-2-b.

Cooling -
2N (|- g N ) ~Heating
— -
- Vapour B N2 p
Wick-..H__T T
1 y Liguid T 1 I__—-‘fapcur
condensate T T
L r
Liguid T ! T
condenzate T
o FioN T
s -*— [ -
Heating | Tiquid ¥ Tu:u:rling
—_— | — .| -— -~ —
(2) Thermosyphon (b) Heat pipe

Fig 4-2 Cross-section view of the thermosiphon and the heat pipe [115]
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(i) Operation conditions of the heat pipes

The working conditions of the proposed IEC system would be for hot and dry climates,
and hot and semi-humid climate in which the maximum and minimum operational
temperatures would range from 50-20°C and relative humidity varying from 10 to 50%.
The cooling medium of the condenser of the heat pipe is water at average temperature

of 23°C at standard ambient pressure.

This allows selecting different charging liquids for the heat pipe. For moderate
temperature range of operation Water, methanol and ammonia are the most suitable
choices [116]. Water was used in this case as working liquid, as it is a natural fluid, has

higher latent heat, and safe if leaked into the air streams.

(ii) Heat pipe tube materials

The heat pipe container is made of various materials including copper, Aluminium,
Stainless steel, etc. Copper was the chosen material for the heat pipe container and wick
structure because of its compatibility with liquid water, high thermal conductivity, and

corrosion resistant [114].

4.2.2 Determination of the required number of heat pipes

Specifying the required number of heat pipe rows for a particular heat pipe heat exchanger
(HPHX) is related to heat transfer capacity of heat pipe. Heat pipe heat transfer rate is
function of design specifications and orientation of the heat pipe [10]. According to ASHRAE,
the effectiveness of the HPHX increases as the number of heat pipe rows increases, as
presented in Fig 4-3. Based on average inlet air velocity of IEC system ranging from 1-3
m/s i.e. (200-600 fpm) [8]. Initial number of 14-heat-pipe rows for this cooler is selected to
achieve effectiveness ranging from 75-82% (i.e. 0.75-0.82), as it seen from Fig 4-3.
However, the exact number of the heat pipes rows would be determined by the
mathematical model, since the effectiveness of HPHX, also, related to operation

temperatures and velocities of the air streams [10].
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Fig 4-3 Heat pipe heat exchanger effectiveness [10]

4.2.3 Selection of porous ceramic tube dimensions

One of the disadvantages of common evaporative coolers is high water consumption
through water being dragged out the wet media material without evaporation and hence a
loss in cooling capacity. Hence defining the correct wet media porosity is very important to

addressing the problem while minimise surface dry-out spots.

The principle idea of the porous ceramic tube of this cooler is similar to that used in cooling
water through evaporation in earthenware water jars. Therefore, the porous ceramic tube is
selected to have low porosity to maintain the water inside the tube and allow just enough
amount of water syphoning out to form a thin water-film on the ceramic outer surface, and
also to have small wall thickness of the tube to reduce the thermal resistance. In a study,
Riffat and Zhu experimentally investigated the effect of the dimensions of ceramic container
on the performance of HPHX, it showed that the cooling capacity and effectiveness
decreases as the ceramic container diameter and wall thickness increases because of the
increase of the thermal resistances [51]. Thus, the wall thickness of the porous cylinder is
kept small as possible, but within the constraints of ceramic material mechanical

requirement from the manufacturer.
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4.2.4 Preliminary design configuration

The cooler casing is designed to form two air channels and to accommodate the heat pipes
and the ceramic tubes. The casing geometry is sized according to the dimensions of the
heat pipe. The heat pipes arrangement inside the casing can be aligned, staggered or in-
line. An in-line arrangement is selected for this design and, therefore, the process air would
flow over each heat pipe in series that assure sufficient contact time and area between the
air and heat pipes with minimum number of heat pipes. Therefore, the cooler ducts
dimensions are based on the heat pipe geometry and orientation, this means also the heat
sink would be in the upper channel, while the lower channel is the heat source. Additionally,
the cooler casing is designed accordingly with particular attention to minimise the gaps
between the heat pipe fins and casing wall to reduce the possibility of any air escaping
without treatment. Fig 4-4 shows the preliminary configuration arrangement of the cooling
system with finned heat pipe evaporator in the dry channel and the ceramic tube fitted heat

pipe condenser in the wet channel.

Fig 4-4 3D drawing of the HPHX and ceramic tube based IEC system
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4.3 The Mathematical formulation

Theoretical models of IEC rely on the principles of heat and mass transfer processes i.e.
energy and mass conservation laws which form a set of ordinary/partial differential
equations based on the HMX configuration of a particular IEC system. A mathematical
model is developed to simulate the thermal performance and investigate the design

parameters of this heat pipe and porous ceramic based R-IEC system.

After understanding the physical of the system, and drawing a schematic sketch of the
system, the next step would be making a "“list of assumptions” of the physical phenomena
under investigation. These assumptions simplify the complex nature of simultaneous heat
and mass transfer processes and appropriately alter it to be mathematically modelled to
formulate a set governing equations. At this stage, the model development depends on this
list as the accuracy of the model and its results may be significantly affected by some of
these assumptions. Principally, most simulation models of evaporative coolers share

common analysis assumptions which are [117], [74]:

() Steady state condition is applied in the process, then (Z—Z:O) in the energy
equation, and for the continuity equation (’;—‘; = 0).

(i) No wall, air and fluid thermal and moisture diffusivity in the flow directions;
thus, vapour transport is occurring due to convection only.

(iii) Negligible longitudinal heat transfer in the walls and inside the fluids along flow

vg—i + wg—: = 0). Therefore, heat transfer is only

direction, then (ZZTZJFZZTZ: 0) and (
in the direction normal to the parallel wall, i.e. one-dimension heat transfer.

(iv) Heat transfer from the device to the surrounding environment is neglected as
the system is well insulated i.e. an adiabatic outer surfaces. Additionally, no
work or heat source within the control volume of the system, then (¢ = 0).

(v) Constant values of properties, velocities and heat transfer coefficients of the

water, air and vapour along the flow direction at each step of the numerical

calculation with uniform fluid distribution;
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(vi) Water-air interface temperature is equal to the water film temperature;
(vii)  Specific heat of moist air cp, = cpga + WaCpy;
(viii)  Enthalpy of water vapour i, = cp, T, + igg;
(ix) Enthalpy of moist air is expressed as: i, = (Cpga + WaCpy) Ta + W,itg
In the model, the domain of interest is divided into "n” elements a cross both the dry- and

wet-air channel as shown in Fig 4-5. By considering the “n*"” element, as seen in Fig 4-6-a,

and applying energy and mass conservation lows, a set of differential governing equations

are formulated as explained in the following sections.
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(a) “The nt"" heat pipe and ceramic tube module (b) Cross-section A-A

Fig 4-6 Schematic of the heat pipe and ceramic tube module
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4.3.1 Energy and mass balance

i. Energy balance of the inlet air in dry channel side

The hot ambient air comes in contact with the finned evaporates of heat pipes as it drawn
from outside, the air loses sensible heat to the heat pipes as it flows along the dry-air

channel, this can be expressed by the following equation [117].
My Cpq dTq = — Ugq dA (Tg — Tyr) (4.1)
and,
mq cpgdly = Q4 (4.2)
where, @, is maximum heat transferred by the heat pipe (W), m4 is air flow rate in the dry-

air channel (kg/s), Ty is air temperature in the dry channel (°C), T, is water film

temperature (°C).

The dry side involved sensible heat transfer between the inlet ambient air and the finned
heat pipe, therefore, the heat transfer rate is restricted by limitations of heat transfer of the
heat pipe. So, the maximum heat transported by the heat pipe (Q,) would be the minimum

value of heat transfer limitations, it is given as follows [118];

Q1 =min (Q., ¢, Op,Qs,Qy) (4.3)
where,
Entrainment limit: Q, = nri, [2-* (4.5)

Capillary limit:Q, = M(ﬂ— pglesing — p,g 1, cos <p) (4.6)
Ui lesr Tc
.- T _ 4'7Tleff2'effTle i_i
Boiling limit: @, = e nZ ln:—i (rn rc) (4.7)
H ST _ . Yv Ry Ty
Sonic limit:Q; = 4, p, irg 27 (4.8)
.
Viscous limit: @, = 2. Pvira P (4.9)

16 uy lesy
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where, r; is vapour space radius of the heat pipe (m), i, is latent heat vaporisation of the
working liquid (J/kg), o; is working liquid surface tension (N/m), r. is capillary radius of wick
surface pores (m), p, is liquid density (kg/m3), K is wick permeability (m?), A,is cross-
section area of wick (m?), g is gravity acceleration (m/s?), I, is total length of heat pipe (m),
¢ is inclination angle of the heat pipe, y; is viscosity of the working fluid (N.s/m?), I is
effective length of heat pipe (m), € is wick porosity, A.¢ris thermal conductivity of liquid-
saturated wick (W/mK), T, is saturated vapour temperature (K), r;is the inner radius of heat
pipe (m), r, is nucleation radius (m), A4, is the area of vapour space of the heat pipe, (m?);

R, is gas constant of vapour (J/kg K); B, is vapour pressure (Pa).

The overall heat transfer coefficient (Uy) between both airstreams equals the inverse of the
sum of the total thermal resistances (R.;) between the inlet air and water film on the
ceramic surface which include convection thermal resistance in the dry-air channel (R;),
heat pip thermal resistances (R,p), and the thermal resistances of wet-air channel side
(Ry1, Ry2) as shown in Fig 4-6-a. Section 4.3.2 defines and explains the terms involved in the

overall heat transfer coefficient equation which is expressed as;

1 1

U = =
“" YRy Ry +Ruyp+Ry+Ry,

(4.10)

ii. Mass balance in the wet-air channel side

Thin water film is formed on the porous tubes surfaces in the wet-air channel, water
evaporates as the working air passes over water-saturated porous ceramic tubes. As a
result, the working air temperature and moisture content increase along the wet-air
channel. The driving force of the vapour mass transfer is expressed by the humidity ratio

difference, and the change of vapour mass flow rate is written as follows;
Mmydw, = hy, dA(Wys — Wg) (4.11)
and

Madw, = —dtity (4.12)
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Also, it is assumed the vapour mass flow rate in the wet-air passage is negligible, as its
value does have notable effect on the working air flow rate in the wet passage due to very
small value of (w;,;— w,) in the order 0.01-0.02 [117]; where w, is moisture content of the
moist working air (kgy:/kgair), w., iS moisture content of saturated moist air at water film
temperature (kgy:/kgaqr), ™M, is mass flowrate of moist air (kg/s), h,, is mass transfer

coefficient (kg/m? s).

iii. Energy balance in the wet-air channel side

In the wet-air channel, the working air exchanges sensible heat with latent heat of

vaporisation from water-soaked ceramic surfaces, this is expressed by the following

equation;

mydiy = hy dA(Tys — Ty) + hyy dA(Wlys — Wa) Ty we (4.13)
also,

hy = hg/Le cpq (4.14)
and,

diy = Cpa AT, + (Cpy To + ify)dw, (4.15)

where, m, is moist air mass flow rate in the wet-air channel, i, is enthalpy of moist air, h, is
convective heat transfer coefficient in the wet-air channel, T, is water film temperature, T,
is the moist air temperature, h,, is mass transfer coefficient, w,, is saturation air moisture
content at water film temperature, w, is moist air moisture content, i, is enthalpy of water
vapour at temperature of ceramic surface. cp, is moist air specific heat, cp, is water vapour

specific heat, L'?g is latent heat of vaporisation of water.

Neglecting the change of the moisture content of the moist working air (wy;— w, = 0) in Eq.
(4.13) [117], assuming Lewis Number is equal to unity (Le ~ 1 like [75] and [119]) of Eq.
(4.14), and, then, substituting Eq. (4.14) and (4.15) into Eq. (4.13). Thus, Eq. (4.13) can
be rewritten shortly as

Tty CpadTy = hy dA (T — T,) (4.16)
69



Chapter Four: Design and computer modelling

iv. Energy balance of the water film

The energy balance of water film on the ceramic wet surface includes enthalpy change of
water film, heat transfer rate from the dry-air passage, energy transported by convection

and evaporation from water film. This is expressed as follows,
mwf diwf = Ud dA (Td - Tw) - hm dA (w\,/vf - wa)(iv,wt - il,wt) - ha dA(wa - Ta) (4‘-17)

mwf Cp,wf dwa = Ud A(Td - Tw) - hm dA(a)x,/vf - wa) ifg,wf - haA(wa - Ta) (4-18)

where, m,, is feed water mass flow rate, c,,r is the specific heat of water film, iy is

enthalpy of water film, T, is ceramic surface temperature, T, is water temperature.

As the water film over the ceramic surface is a very thin layer, therefore, the temperature

difference between the porous ceramic and water film is negligible i.e. T, = T,y [102].

4.3.2 Thermal resistances

To solve energy equation in the dry-air channel, the thermal resistances of the heat pipe
should be determined in order to estimate the overall heat transfer coefficient (Uy) and
analysis heat transfer capacity of the heat pipe. Fig 4-6 illustrates the thermal resistance
network of the heat pipe and ceramic tube module. The overall heat transfer coefficient
between the inlet air stream in the dry-air passage and the water water-saturated ceramic
surface in the wet-air passage is expressed as follows,

1 1
" R,+Ryp+Ry1+Ry; R, +R,+R;+R,+Rg+Ry; +Ry,

Uy (4.19)

1 I/ | m/n) | nGy/r) | nG/r) |G/ ® \

U, =
d hanoA; 2l A, 2l Ay 2wl Ay 2ml A, 21l Ayt 21 Lo Ay ce

(4.20)

where, hyis the convective heat transfer coefficient in the dry-air passage, A, is the total
area of heat transfer of the finned heat pipe includes the area of exposed surface of the

heat pipe plus the area of fins; n,is the overall surface efficiency of the fin.
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It worth explaining that the thermal resistance of the heat pipe adopted in this design is
based on simplified resistance network suggested by [118]. The original form of heat pipe

thermal resistance ( Ryporiginai ) IS inferred from Fig 4-7-a, and given by the following

equation;

Ryp original = Rz + R3 + I ! T T +R; + Ry (4.21)
(R4+R5+Rg)  Rg9 Ry
where, R, is conductive resistance of the evaporator wall (m?K/W), R; is conductive
resistance of the evaporator wick structure (m?K/W), R, is liquid-vapour interface resistance
at the evaporator (m?K/W); R: is vapour space resistance (m?K/W); R, is liquid-vapour
interface resistance at the condenser (m?K/W); R, is the conductive resistance of the
condenser wick (m?K/W), Ry is the conductive resistance of condenser wall (m2K/W); Ry is
axial conduction resistance of the adiabatic section wall (m?K/W), R,, is axial resistance of

the saturated wick structure at the adiabatic section(m?K/W).

(b)
o ; R:
L ReoTetes :
Condenser S : T
Rt gtesstesette L
T SREREC pesstesetate
i Seatetatetet SRR
N Seatetatetet toTtostes
Adia pa tic gg&g&g ﬁﬁﬁ
section 1 §>y?§>y?§>< ﬁﬁﬁ
Rt toTtostes
; s | SR Ry
E Heat gggé g :
Evaporator Biioe g@gﬁgﬁ’;&%ﬁﬁ
1 M ittt

Fig 4-7 Heat pipe thermal resistances; (a) original circuit, (b) simplified circuit [118]

Since some the thermal resistance of heat pipe internal components can be omitted, these
resistance are Ry, and R,, because of their large values and being connected in parallel in the

thermal circuit. Also, the resistances R,, Rsand R, have very small values and are in series.
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Therefore the value of the term(ﬁ) becomes trivial, in the order of 0.0001 and

——
(R4+Rs+Re) Rg R1p

can be neglected. Accordingly, Eq. (4.21) is reduced to Eq. (4.22),

RHP = RZ + R3 + R7 + R8 (4‘.22)

The thermal resistances involved overall heat transfer coefficient, Eq. (4.19), are defined as

follows;

e R;: Convective heat transfer resistance in the dry-air channel of Heat pipe evaporator

external surface

R — 1
! hdnoAl

(4.23)

where, A,is the total area of heat transfer of the finned heat pipe includes the area of

exposed surface of the evaporative plus the area of fins which can be expressed as follows;

A]_ = Ab + Nfin Afm (424)

and,

Ab = 27TT3le - Nfin(tfin * d3) (425)

Afin,rectan = 2(lfin Wrin — 7'[7'32) + 2(l}‘in + Wfin)tfin (4.26)

where, 4, is the base area of heat pipe evaporator, Ay, is the surface area of fin, Ny, is

number of fins on evaporator of heat pipe,

In this study, rectangular fin is used due to the compatibility with the ducts cross section.
Yet, finding the fin efficiency of square fins is not straightforward because there is no chart
available for such fin geometry. Therefore, an equivalent circular fin with equivalent radius
is used to replace the actual square fin, using Eq. (4.27). Then, the calculation can be

completed using graphs of the circular fin to determine fin efficiency, as shown in Fig 4-8.
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(4.27)

Sl

Teq

Nevertheless, this approximation might be one of the sources of discrepancy between
calculated and measured results, but, this method of finding the efficiency of a square fin is

approved by [118].

Circular fin of uniform rectangular cross section, the surface area is
Afincirc = 2”(7’fin2—7”32) + 2nrstsin (4.28)
Thus, the total area of a finned heat pipe is;
Ay = Ap + Af cire = 2113l — Ny (tfin * ds) + 2Npin (21 (1g? — 132) + 2713ty (4.29)

where, 3 is outer radius of heat pipe (m), L, is evaporator length of heat pipe (m), Ny, is
number of fins, t;;, is thickness of fin (m), d; is outer diameter of heat pipe (m), Ly, is
length of fin (m), wy, is width of fin (m), n, is overall surface efficiency which is the ratio of

the total heat transfer to the maximum heat transfer by the finned surface. It can be

expressed as follows;

fin

A
No =1— Ny A (1 = 716in) (4.30)
1

Note that the thermal contact resistance is neglected in the Eq. (4.31), it might present in
the thermal resistance network when the fins are mechanically fitted to the heat pipe vessel

[35]. And 54, is the fin efficiency which is determined from Fig 4-8, based on the type and

geometry of the fin.
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Fig 4-8 Efficiencies of circular and straight fins [118]

e R, : Conductive thermal resistance of the evaporator external wall.

(4.31)

where, r,is the inner radius of heat pipe evaporator (m), [, is the evaporator length (m), 2,

is the thermal conductivity of the evaporator external wall (W /mK).

e R;:Conductive resistance of the evaporator wick structure.

n (:—j)

= 4.32
anelwk ( 3 )

Rs

where, ris the vapour space radius of heat pipe (m), 1, is the thermal conductivity of the
wick structure of the heat pipe (W/mK). In this research, the wick type is wire mesh. The
thermal conductivity of the mesh can be calculated from equations based on mesh type,
provided by [120]. For wire mesh type, the thermal conductivity of the water-saturated
wick of the evaporator (4,,) can be determined by the equation below,

_ Awt[/lwt + /1m - (1 - E)(Am - Am)]

A = 4.33
W e A — A+ O — ) (4.33)
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and,

(4.34)

where, A,,; is the heat pipe working fluid (water) thermal conductivity, 4, is the thermal
conductivity of wick material, € is the wick porosity which also calculated based on the wick
type and specification, N,, is the number of mesh wires per 1 inch of mesh, d,,is the wire

diameter of the mesh (in).

e R, : Conductive resistance of heat pipe wick structure of the condenser

n (:—i)

R, =——F— 4.35
7 2ml Ay (4:35)
e Ry : Conductive resistance of heat pipe wall of the condenser
m(2)
Rg = 2 4.36
87 2ml A, (4.36)
e R, : Water conductive resistance
i )

where, [, is the length of the condenser (m), r, is the inner radius of the porous ceramic

tube (m), A, is the water thermal conductivity (W /mK).

e R, : Ceramic tube conductive resistance

Ryy=——12 (4.38)

_ Awt[lwt + Ace B (1 B ece)(/lwt B Ace)]
wee Awt + Ace - (1 + ece)(/lwt - Ace)

(4.39)
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Where, 1, is the thermal conductivity of the water-soaked ceramic tube (W /mK), r, is the
outer radius of the ceramic tube (m), 1. is the thermal conductivity of the ceramic material

(W/mK), €. is the porosity of the ceramic material.
e R,; :Convective resistance in the wet channel between ceramic tube and moist air

1

Ryy = ——
13 ha Ace

(4.40)

where, h, is the convective heat transfer coefficient in the wet-air channel (W/m? K), A_.is

the surface are of the ceramic tube (m?).

4.3.3 Heat transfer coefficients

¢ Heat-transfer coefficient in the dry-air channel

The flow in the dry-air side is turbulent and heat transfers by forced convection over the
finned heat pipe evaporators. For such configuration, the average Nusselt number of fully

developed flow over finned tube can be correlated using the following equation [50].
Nu, = ¢, Re, Pr,'/? (4.41)
and

pPVaDy _ VaDy Vg * 213
Rel = u = =

(4.42)
v v

Where ¢; and ¢, are constant and their values related to the fin geometry, V, is inlet air
velocity, p is air density, Dy is hydraulic diameter, u is the dynamic viscosity, Re and Pr are

Reynolds and Prandtl numbers, respectively.

Another correlation can be used, based on the outer diameter of the heat pipe and fin

geometry. The equation is restricted for 0.125 < (Fp/Fy) < 0.610 and 4.5 < (Fp/t;,) < 8.0 [121]

76



Chapter Four: Design and computer modelling

F 0.2 F 0.113
Nug = 0.134 Re, %81 pr!/3 <—P> (—P) (4.43)
FH tfin

Thus, the average local heat transfer coefficient can be defined as

Nu
hd - d

(4.44)

273
Ad

where, (5—:) is ratio of the fin pitch to the fin height, (;—P> is ratio of the fin pitch to the fin

in

thickness, 1, is thermal conductivity of air in the dry-air channel.

¢ Heat transfer coefficient in the wet-air channel

The moist air in the wet-air channel flow over the short cylindrical water-saturated tubes.

The average local heat transfer coefficient can be determined as follows [122];

Nu
hy = 5

(4.45)

27,
Aa

The average local Nusselt humber can be defined as function of Reynolds number and

cylinder dimensions.

—-0.85

Nu, = 0.123 Re,*°* + 0.00416 (f) Re®792 (4.46)
7
7.0 X 103 < Re < 2.3 x 10° (4.46 @)
lce
1.0<=<7.0 (4.46 b)

7

and,

Re, = = = (4.46 ¢)

where, Re, is Reynolds number in the wet-air channel, % is length-to-diameter ratio of the
7

porous tube, V, is air velocity in the wet-air channel, r, is outer radius of the porous tube.
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4.4 Computer model

The numerical solution of the governing equations involves derivation of a discrete set of
equations and a technique for their solution. Numerical methods provide values of the
variables at a discrete humber of points in the system domain by employing discretisation
process, and, then, determining values of the required variables at each assigned grid
points. Accordingly, the physical system is divided into (n) number of differential elements
across both the dry- and wet-air channel, as schematically shown in Fig 4-5. Then, the
governing differential equations (4.1), (4.11), (4.16), and (4.18) are converted into a set of
discrete algebraic equations. The finite difference method with Newton iterative process are
used for solution, a computer code using MATLAB programming language was developed for
this purpose, as presented in Appendix A. Furthermore, a group of initial and boundary

conditions are required for solution, which are given as follows;
- at the inlet of the dry-air channel of the cooler, x=0andi=1
Tglx=0 = Tin and Wglx=0 = Win

- at the inlet of the wet-air channel which have the same conditions of dry-air channel

exit (x = L and i = n) of the temperature and moisture content of the supply air,
Talx= =Ts ; waly= = w5 = Win
Talx=L =Ts ; Walx=L = ®alx=1 = Win
and m, = my — my

where subscripts “d” refers to inlet air and dry air channel, “a” refers to working air and wet

air channel, and “s” refers to supply air.

The overall solution loop for the simulation is illustrated by the computer algorithm

presented in Fig 4-9. This algorithm and the iteration process are explained as follows:

1. Given system specifications, air constants, heat pipe specifications, inlet air

velocity, and ambient air conditions;
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2. Calculate heat pipe heat transfer limitations, thermal resistances, heat transfer
and mass transfer coefficients;

3. Initialising values at inlet of the dry-air channel of inlet air temperature T, ,
working air temperature T,, and water temperatureT,,, to be equal the prevailing
ambient inlet air conditions.

- Set-up a counter for the differential elements (i =i + 1) to the “nt"” element,
- For the first iterative loop J=1, repeat the initial values of (T,;, T,, T,,) for all
control volumes from i = 1 to n;

4. Initialising values at exit of the dry-air channel i.e. the inlet of wet-air channel (i =
n) of air temperature T,;, and vapour content w, to be equal to the aforementioned
boundary conditions;

Use a counter for the iteration process (J=J+1) to *m” iterations,

6. Calculate parameters (T,, T,, T,,, w,, M, ) starting from differential element i = 1 till
“n-1" element, this for iteration process number (J=J+1),

7. Check for convergence between two consecutive iterations (|Tyw, -1 — Tav | <=
0.01). If converged, continue. Else go to 5, and assume water temperature of the
next iteration process equals water temperature of previous iteration one for the
“nth” differential element.

8. Calculate WB and DP effectiveness, cooling capacity, COP, and plot air
temperatures profiles along the cooler channels;

9. End programme.
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Read given values of constants, inlet
conditions, channels dimensions, etc

v

Calculate heat transport limits of the heat pipe, heat
transfer coelTicients and thermal resistances

v
“Initialisation”
i=1

next control volume

i=i+1
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T wiil)
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Fig 4-9 Computer model flowchart
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4.5 Computer model results

Multiple computer model runs were carried out to investigate the performance of the cooling
system and evaluate the effect of geometrical parameters such as channels dimensions,
heat pipes numbers, ceramic tube diameter and wall thickness, and wettability factor.
Though the computer model was run for selected operating conditions, the parameter under
investigation is varied for specific range, while other parameters are set to the pre-set

conditions presented in Table 4-1.

Table 4-1 Pre-set conditions of the computer model

Parameter value unit
Inlet air temperature 40 °C
Inlet air Relative humidity 35 %
Inlet air wet bulb temperature 26.51 °C
Inlet air velocity 2 m/s
Working-to-inlet air ratio 50 %
Feed water temperature 23 °C
Number of heat pipe rows 14 -
Inner diameter of ceramic tube 0.024 m
Outer diameter of ceramic tube 0.028 m

4.5.1 Effect of channels dimensions

The general configuration of the cooling unit is controlled by and subject to the geometry of
the heat pipe, the system casing was built around and according to the dimensions of the
heat pipe. The dimensions of the dry-air passage (the bottom channel) is constrained by the
dimensions of the finned evaporator i.e. the fin dimensions (width*length). The gap
between the external wall and the fins designed to be small to reduce the amount of air
escaping without contacting with the fins, and, therefore, eliminate any unfavourable
thermal heat conduction issues between the fins and unit outer walls. Similarly, the upper
channel (wet-air channel) should be with the same width as the lower channel for the
easiness of the fabrication and assembly process of the cooler casing. As a result there is no
direct effect of the channel dimensions on the performance of the cooler since the channel
dimensions and cross-section area are not related to the heat transfer area of this cooler, as
seen from the governing heat and mass transfer equations. The net heat transfer area is
represented by the total area of heat transfer of the finned heat pipe includes the area of

exposed surface of the heat pipe plus the area of fins. The indirect impact of the channel
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dimensions might be limited to the heat transfer coefficient inside the air passages, their

values may vary as the channels and the diameter of ceramic tubes change.

4.5.2 Effect of ceramic tube inner and outer diameter

In the numerical model, the tube thickness was kept constant while the inner radius of the
ceramic tube was varied from 11 to 16 mm, and other parameters were fixed to their pre-
set values presented in Table 4-1. The influence of varying the inner diameter on the supply
air temperature and the WB effectiveness is presented in Fig 4-10, it is found that the best
results are related to small values of inner radius, such trend can justified by the increase of
the thermal resistance (R,;), Eq. (4.38), as the inner radius (r;) increases which results in a
decline of the heat transfer rates of the heat pipe. Furthermore, large outer dimensions of
the cylinder would effect on the flow pattern as well as convective heat transfer coefficient,

this research point can be considered for future study.
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Fig 4-10 Effect of increasing inner radius of ceramic tube on supply temperature and WB effectiveness
at inlet conditions of 40 °C, 35% RH, 2 m/s, and 50% flow rate ratio

These findings comply well with experimental results from [51] who demonstrated that the
cooler’'s effectiveness decrease with increasing the internal and external radius of the

ceramic tube. As a result, 12 mm of the inner radius was selected for ceramic tubes. So, a 3
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mm gab between the heat pipe condenser and ceramic tube is considered to provide

sufficient amount of water to evenly cover the condenser entirely.

4.5.3 Effect of thickness of ceramic tube wall

The direct effect of the wall thickness of the porous cylinders was on the value of the
conductive thermal resistance of the wall. As it be seen from Eq. (4.38) and Fig 4-11, both
parameters are directly proportional. Consequently high thermal resistance of the tube wall
limits the heat transport rate from the condenser side to the air side. Accordingly, the
thickness is kept to the minimal value that is consent with materials strength requirements,

and maintain sufficient water-retaining characteristic of the ceramic materials.
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Fig 4-11 Thermal resistance of ceramic tube versus tube wall thickness

4.5.4 Effect of wettability and contact factors

The use of water-filled ceramic tubes as heat dissipation mechanism of this cooler assured
sufficient water distribution and complete wettability for the condenser, therefore, a 3mm
water jacket is formed evenly around the outer surface of the condenser. So, this design
guaranteed 100% wettability i.e. the wettability factor equals to unity. However, the outer

surface of the ceramic tube might suffer from insufficient contact between the water film
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and working air due to existence of the eddy currents. In other words, the air flow type and
pattern might influence the evaporation process by affecting on the total area of water film
on the water-saturated ceramic tube. As a result, part of the wetted-ceramic tube area is
not in-contact with the working air for evaporation process. To avoid this, a distance of 4d,,
is considered between cylindrical tubes to minimise the effects of eddy currents and
improve heat transfer rate from each porous tube which have been found to be adversely
influenced by small distance between cylinders [123]. In addition, the wettability factor of
this design is expected to equal 1. In contrast, for plate-type HMX based IEC system, a
study showed that the wettability factor should be considered for such configuration, and

value of 0.7-0.9 was recommended of the wettability factor [33].

4.5.5 Effect of water film and feed-water rates

Theoretically, water film is anticipated to be thin and evenly covering the porous ceramic
tube, based on the physical properties of the ceramic materials and their sufficient water
wettability characteristics [102]. Nevertheless, excessive water flow rates might occur which
have an effect on heat and mass transfer process due to increase of water film thickness. A
proper selection of ceramic porosity tackles this problem, where low porosity ceramic
maintains water within the ceramic tube with sufficient water-film formation over the
ceramic outer surface. Furthermore, insufficient formation of water film is unlikely to
happen because of the good absorption properties and water-retaining abilities of the
ceramic material, unless inadequate feed-water rates were supplied which cause dry-out
spots on the ceramic tube surface, this would directly effect on the performance of the heat
pipe as well as the whole cooling system. Therefore, the water tank was designed to be

located on the top of the cooler and to directly feed the ceramic tubes with water.

4.5.6 Effect of number of heat pipes

As the heat pipe being the heat transfer element for the HPHX, it is important to specify
how many rows of heat pipes are required for a particular cooling application under certain

climate and operational conditions. Using the developed computer simulation, the heat pipe
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number of rows was varied from 5-20, while other inlet operation parameter were fixed at
their pre-set values shown in Table 4-1. The effect of humber heat pipe rows on the WB
effectiveness and the supply air temperature of the cooling unit is presented in Fig 4-12.
The WB effectiveness steadily increased with the increase of the numbers of heat pips till
14-heat-pipe, after that it slowly rises as the heat pipe number increases above 16-heat-
pipe. Similarly, the supply air temperature remarkably drops from 34.72 to 27.08 °C as the
rows of heat pipes increases from 5 to 15-heat-pipes, whereas the supply air temperature
drops by only 1 °C as the heat pipe rows rises from 16 to 20. It can be noted that after heat
pipe number 15, there was little improvement of the cooler effectiveness comparing to the
added numbers of rows, and their associated costs. Therefore, it was decided to keep the
number heat pipe rows of the cooling system at 15 units only based on the effectiveness

profile, and from economic point of view.
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Fig 4-12 Effect of number of heat pipes on the effectiveness and temperature at inlet conditions of 40
°C, 35% RH, 2 m/s, 23 °C water temperature and 50% flow rate ratio

4.5.7 Preliminary computer model results of the cooler performance

The developed simulation was used to predict the performance of the cooling system at for
varying inlet ambient conditions of 30, 35, 40, and 45°C with relative humidity of 20, 25,

30, 32% respectively, but at fixed operational conditions of 18 °C water temperature, 50%
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flow ratio, and 15 heat pipes used. Table 4-2 shows the thermal performance parameters of

the proposed sub WBT cooling system at four different inlet flow rates of 60-125 m3/h.

Table 4-2 Thermal performance parameters of the cooling system

inlet air flow rate (m3/n) 125 100 75 60
Temperature of inlet air (°C) 30 35 40 45
Wet bulb temperature of inlet air (°C) 15.7 20.23 25.09 29.34
Relative humidity of the inlet air (%) 20% 25% 30% 32%
Supply air flow rate (m3/s) 0.01716 0.01364 0.00966 0.0079
Supply air temperature (°C) 19.82 23.06 25.59 27.61
Supply air relative humidity (%) 40% 52% 67% 83%
Inlet air temperature reduction (°C) 10.17 11.94 14.4 17.39
Wet-bulb effectiveness 0.712 0.808 0.966 1.11
Cooling capacity (W) 202.56 188.80 161.44 159.35
Coefficient of performance (COP) 6.33 9.14 13.80 17.02
Water consumption rate (i/h) 0.1973 0.2127 0.2260 0.2482

For ambient air conditions of 30-45 °C and 20-32% relative humidity, the cooler dropped the
inlet air temperature by 10-17.5°C. Additionally, of the cooler WB effectiveness was about
0.71 at flow rate of 125 m3/h, and 1.11 at 60 m3/h with a respective cooling output of 202
and 160 W. Whereas, the COP ranged from 6 to 17. In regard with water consumption

rates, it was in the range of 0.785-1.557 [ per 1 kW /h cooling output of the system.

For further evaluation of the performance of this cooling system in terms of meeting the
recommended indoor comfort requirements, Typical summer indoor comfort is around 25 °C
and 50-60% relative humidity, according to ASHRAE 55 [124]. Fig 4-13 presents the supply
air temperature and relative humidity profiles versus wide range of inlet air conditions.
From the graph, the supply air temperatures ranged from 19.82-27.61 °C with humidity of
40-83%, respectively. Also, it is found the cooling system was able to supply air within the
recommended levels of comfort as long as the ambient air is below 40 °C with relative
humidity less than 30%. As the climate condition become hotter i.e. 45 °C and 32 % relative
humidity, the cooler was considerably able to cool the air by 17.4 °C, yet the supply air
temperature was above the summer comfort standards of 25 °C by 2.61 °C. However,
reducing the inlet air flow rate or/and increasing the working-to-inlet air flow ratio can

improve the cooling effectiveness of the cooler for extreme hot ambient air conditions.
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Therefore, the effect of these operational parameters and others are subject to a parametric

study in chapter 6, for further investigation of their impact on the cooler performance.
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Fig 4-13 Supply air temperature and relative humidity profiles as function of inlet air temperature at
inlet conditions of 20-35%RH, 60-125 m3/h rates, 18 °C water temperature, and 50% flow ratio

4.6 Summary

In this chapter, the thermal design and fundamental requirement of the proposed system
were discussed. Additionally, a mathematical model was developed to simulate the
simultaneous heat and mass transfer process of the cooler. This implies explanation and
justification of system components such as the choice of heat pipes type, material, wick
structure; and heat pipe numbers; and selection of ceramic tube dimensions. Furthermore,
the formulation of computer model is presented which include identification of main energy
and mass balance equations, determination of the thermal resistance and heat transfer

coefficient, and calculation of heat pipe heat transfer limitations.

Preliminary simulation results of the performance parameters were presented for wide
range of working conditions. In addition, the effects of the ceramic tube dimensions, heat
pipes numbers, and wettability factor on the cooler performance were discussed. The

numerical results show that the cooling system can cool the inlet air up to 17.5°C, with
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cooling capacity ranging 160-203W. Equally, the wet bulb effectiveness of the cooler
reached 1.11. Additionally, it was found that thermal performance of the cooler decreases

as the inner diameter and the thickness of the porous cylinder increase.
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Chapter 5: Construction and experimental investigations

5.1 Prototype construction

The construction of a small-scale prototype sub WBT evaporative cooler was completed to
demonstrate the working concept and evaluate the thermal performance. The prototype is
made of an outer shell that delimits the air flow channels, cylindrical heat pipes with finned
evaporator, ceramic tubes hosting the heat pipe condenser, and a water tank feeding
directly the porous ceramic tubes. To make the unit compact, the heat pipes-ceramic tubes
modules were arranged in series along three-row. Figure 5-1 shows a 3-D sketch of the
prototype where the system is comprised of two adjacent channels; the bottom channel,
dry-air passage, in which the ambient air flow through to be cooled along it, and the upper
channel, wet-air passage, where the working air, branched from the cooled inlet air stream,

passes through for heat removal process from the condenser and wetted ceramic tubes.

Wet-air channel

Ceramic tubes

Fins
Dry-air
channel

Heat pipes
Working air exit
Supply air inlet

(a) Isometric view (b) Isometric view without top and side plates

Working
air outlet

Working Supply
air inlet (¢ air inlet

Supply
air outlet

air outlet . .
(C) Perspective view (C) Perspective view without side and top plates

Fig 5-1 Isometric and perspective views of the HPHX and ceramic tube based R-IEC system
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For further illustration of the air flow paths of the system, Fig 5-2-a presents counter-flow
arrangement of the flow direction inside the cooler channels, while Fig 5-2-b and -c show top

views of the flow pattern in the wet-and dry-air passages, respectively.

(a) Front view (without the side plate)

(b) Top view of the upper channel (without the top plate)

<4ms) o] [o] [o]
ol fol Lol

(c) Top view of the lower channel (without the top plate)

Fig 5-2 flow scheme inside the cooler, (a) dry and wet channels, (b) wet channel, (c) dry channel

The front and side views of the prototype unit with physical dimensions of the different
components are presented in Fig 5-3. It can be noted the compact size of the system with
overall dimensions of (700mm * 227mm * 300mm). While other dimensions of the cooling
unit are illustrated in Table 5-1. Also, supply air centrifugal fan, fan speed controller, and
other auxiliary instruments are required for measurements such as thermocouples, data-
logger, humidity meters and flow meters. The main specifications and properties of the

system components and parts are introduced in the following sections.
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Fig 5-3 Front, sides, and plan views of the cooling unit

5.2 Components assembly

5.2.1 Outer casing

The outer casing of the prototype was made of transparent Perspex sheets for rigidity and
facilitating visualisation of airflow in the ducts. The specification of each component of the
system is recapitulated in Table 5-1 and Fig 5-3. The outer shell of the unit was formed in
the shape of a box where the Perspex sheets were bolted and glued together to form the air
channels. Circular holes were drilled in the sheets to accommodate the heat pipes and
ceramic tubes. Fig 5-4 shows the assembly of the box with example of heat pipes inserted

in place.
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Table 5-1 Outer casing specification

Parameter Value
Wall thickness 5 mm
Length 700 mm
Width 227 mm
Height 300 mm
Diameter of the inlet air opening 13 mm
Diameter of the supply air exit opening 10 mm
Diameter of the working air exit opening 10 mm
The wet surface area of one ceramic cylinder 0.0123 m?
Total wet-ceramic surface area of the system 0.1845 m?
Spacing between heat pipes 120 mm

Fig 5-4 The casing of the prototype unit

5.2.2 Heat pipes

The heat pipes were purchased as standard components, they are made from copper with
two layers copper wire mesh wick structure and water as working fluid. Table 5-2 shows
main specification of heat pipe. In addition, other design parameters and thermodynamic
properties of the heat pipe such as vapour space area, capillary radius, porosity for the wick
structure, and wick permeability are presented in Appendix B, and Excel spread sheet was
created to calculate some of heat pipe design parameters that were not provided by the

suppler [113].
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Table 5-2 Heat pipe parameters and specifications

parameters Symbol Value Unit
Outer diameter ds 0.0180 m
Inner diameter d, 0.0158 m
vapour space diameter d, 0.01547 m
Length of evaporator le 0.1300 m
Length of condenser I 0.1550 m
Length of adiabatic section I, 0.0100 m
Total length of heat pipe l; 0.2950 m
Wick structure - 2 layers screen mesh
Number of wires per 1lin of mesh Nk 250 wire/in
Mesh wire thickness d, 0.0016 in
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Fig 5-5 Heat pipe element

5.2.3 Porous ceramic pipe

Porous ceramic tubes were specified from specialist ceramic manufacturer who produced
the tubes. The main specification parameters of ceramic are given in Table 5-3. Also,
Fig 5-6 shows a picture of the produced porous ceramic tube. To control its porosity, the

raw ceramic powder is heated in mould in high temperature oven to about 1200 °C until the

different constituents were sintered into a solid structure.
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Table 5-3 Porous ceramic tubes specification [125]

Porous Ceramic

properties Specifications

25.68% ALLO;, 66.85%Si0,, 4.03% Albite, 2.07% MAD-10

Materials compositions Feldspar, 0.45% F,, 0.42% Wollastonite, 0.29% M,0, 0.11% KCI

Length 150 mm

Inside diameter 24 mm

Outside diameter 28 mm
Porosity 17%
Density 2300 kg/m3
Thermal conductivity 1.5 W/mK

Fig 5-6 Porous ceramic tubes

5.2.4 Air circulating fan and controller

Centrifugal fan is attached to the dry channel inlet and draws air from an environmental
chamber using a flexible duct. The fan speed and hence air flow rate is controlled using a

speed controller. The specification of the fan and controller are given in Appendix C [126].

5.3 Fully assembled laboratory prototype

The assembly process of all the components is presented by photos in Fig 5-7. Initial
assembly of the unit casing to check the accuracy of cut Perspex sheets before the final
assembly is shown in Fig 5-7-a. The casing is constructed to form two adjacent channels,

starting the assembly from the bottom plate i.e. the base of the cooling unit, and then, heat
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pipes, vertical guide walls, and horizontal common plate. After that, the ceramic tubes were
inserted to envelop the condensers. The next step was installing the front and the back
plates, and the side plates. The fan and its casing were attached to the right side plate i.e.
inlet air side, as seen from Fig 5-7-d. Finally, the water tank is constructed and fitted

directly on the top plate of the unit, as it is seen in Fig 5-7-f.

(b) The casing with heat pipes installed

(c) Right side view (the inlet side without (d) Fan attached to right-side plate,
the side plate ) and fan casing

(e) Bottom view (f) Top view of the device

Fig 5-7 Construction and assembly process of the cooling system

The complete assembled prototype unit is shown in Fig 5-8. In air flow process of the
system, air from the environmental chamber at controlled temperature and humidity is

sucked in through the fan and circulated in the dry channel. At the outlet of the dry channel
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a portion of the cooled air is supplied for space cooling using a duct damper, and the
remaining part is channelled through the wet channel to evaporate the water held in the
ceramic tubes and cool the heat pipes condenser, the water tank for wetting the ceramic

pipes is located on top of the rig.

Water tank

Fig 5-8 Heat pipe and porous ceramic tube based R-IEC system

5.4 Measuring instruments

The system has the following electrical auxiliary devices which help to run the system,

measure variables, and save data during testing.

e Thermocouples: K-type thermocouples are located in several points on the middle of

air flow passages to measure temperatures simultaneously, as presented in Fig 5-9.

o Data logger: a data-taker, model DT500 series 2, is used. All the thermocouples are
connected to this data acquisition device to store readings and save it temporarily.
The data taker is connected to a computer which ran a program, DelLogger 4, which
read all sent data from the data taker and display it on the monitor. Then, this data

is saved on the computer for later analysis.

e Humidity & temperature meters: RS-232 humidity and temperature meter is used to

at exist of the wet air channel measuring the humidity and temperature of the
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working air, while RS-1365 thermometer is located at inlet of dry air channel

measuring the humidity and temperature of the inlet air as shown in Fig 5-9.

e Hotwire anemometer: a portable hotwire anemometer (Testo 405-V1) to measure

flow velocity at the inlet and exit of the dry channel and the wet channel exit.

These instruments are located in several points around the test rig in order to measure and
record the data required to evaluate the performance of the IEC system. Fig 5-9 shows
locations of these measuring devices on the test-rig. Table 5-4 provides a summary of the
measured parameters/variables and their corresponding instruments with their measuring

ranges and accuracies, and Fig 5-10 shows photos of these instruments.

No. Instrument Y,
1 Hot wire anemometer r
2 Type K thermocouple @
3 Humidity meter ) (12 @
4 Type K thermocouple |
2 gs: i:::::gigﬂg:: B B EE § § "Rejected | Environmental
umid Air
7 Hot wire anemometer —/—’h Chamber
8 Type K thermocouple Q - -
9 | Type Kthermocouple  cqq - gl EE‘M
Iy ai / s el N
10 | Type Kthermocouple supply alir ¢_/‘i" l“
11 | Humidity meter
- © ® .
12 | Hot wire anemometer The rig 7
13 | Type K thermocouple @

14 | Scale measuring jug

Fig 5-9 Measurement instruments’ locations on the rig

(a)

Fig 5-10 Photographs of the measurement instruments: (a) Type K thermocouple; (b) hotwire
anemometer; (c) RS-232 humidity and temperature meter; (d) RS-1365 thermometer
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Table 5-4 Rig instruments and their corresponding measured parameters

Accuracy of

No. Instrument Variable range reading
1 Hotwire anemometer Inlet air velocity 0 to 10 m/s +5 %
2 Type K thermocouple Inlet air temperature -50 to +250°C +0.4%

Temperature/Humidity Inlet air humidity and -20 to 60 °C, + 1% RH
meter temperature 10% - 95% RH + 0.5°C
i (o)
4 Type K thermocouple Supply air tempgrature after 5 50 to +250°C +£0.4%
heat pipes
. £0.49
5 Type K thermocouple Supply air tempe_rature after 10 50 to +250°C 0.4%
heat pipes
. £0.49
Type K thermocouple Supply air temperat_ure at dry 50 to +250°C 0.4%
channel exit
Hotwire anemometer Supply air exit velocity 0 to 10 m/s £+ 5%
Type K thermocouple Working air ten_wperature after 5 -50 to +250°C +£0.4%
ceramic tubes
9 Type K thermocouple Working air tem_perature after -50 to +250°C +£0.4%
10 ceramic tubes

10 Type K thermocouple Workmg_alr temperature at the -50 to +250°C +£0.4%

exit of wet channel

11 Temperature/Humidity Working air humidity at the exit -20 to 60 °C, + 1% RH

meter of wet channel 10% - 95% RH + 0.5°C

12 Hotwire anemometer Working air velocity at the exit 0to 10 m/s + 5%

of wet channel
+ o,
13 Type K thermocouple Feed water temperature -50 to +250°C 0.4%
490,
14 Scale measuring jug Feed water consumption 10 to 500 ml 2%

5.2 Experiment set-up

The performance parameters of the laboratory prototype were experimentally investigated
under controlled temperature and humidity conditions. Fig 5-11 shows the associated rig
instruments used in the testing schedule. The cooler is connected to an environmental
chamber via a flexible duct, the chamber is used to simulate the required climatic condition
by setting and controlling air temperature and humidity via the chamber’s control panel.
During the testing, hot inlet supply air is drawing from the environmental chamber (point 1)
through the duct (point 2) by a variable-speed centrifugal fan (point 3) which draw it
throughout the cooling unit (state 4). The inlet air continues to be cooled down as it flows
across heat pipes till the exit of the dry-air channel where part of this cool supply air leaves
the device and flows toward the conditioned room (point 5), while the other part is diverted
and flows through the upper channel (point 6), as working air, for heat removal process
form the wetted porous ceramic tubes, and then is reject to the surrounding as hot humid

working air (point 7). Meantime, the tap water is supplied to the system via overhead tank,

98



Appendices

the water flows down by the gravity effect and fill out the cavity between the outer surface

of the heat pipe and ceramic tubes providing even and complete covering of the condenser.

Data logger & o
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Environmental
Chamber

Computer Thermocouples Cooling unit

Fan speed Fan
controller

Fig 5-11 Experiment set-up

5.3 Test conditions

Several test conditions were selected in order to investigate of the thermal performance of
the laboratory prototype. This was conducted over a range temperature, humidity and air
flow rates conditions to represent the climate of hot and dry areas such as the MENA region.
Two different test conditions were conducted of experimental tests. The full schedule of

experimental work for both cases is summarised in Fig 5-12, and explained as follows:

5.3.1 Constant inlet air temperature and humidity

This experiment was extensive and evaluated the performance of the prototype unit by

measuring the effect of one or more of the following variables:

i Temperature and relative humidity of inlet air,

ii. Inlet supply air velocity,
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iii. Working-to-inlet air flow rate ratios,

iv. Water consumption rates.

For this set of tests, three different temperatures (30, 35 and 40 °C) were selected of the
inlet air. Each temperature e.g. 30°C was tested at three different relative humidity values
i.e. 25%, 35%, 45% RH. Then, for each temperature and humidity e.g. 30°C and 45%, the
fan operated at three different speeds (5, 3.5 and 2.5 m/s) with three different flow ratios

of the working-to-inlet air of 20, 50, and 70%, as illustrated in Fig 5-12.
5.3.2 Variable inlet air temperature and humidity

The main objective of this test is to evaluate the behaviour of the cooling system under
continuous variation of inlet supply air temperature and humidity to replicate real life
weather conditions in mid-summer day of the southern Libyan city of Sabha (Latitude: 27
01N, and Longitude: 14 27E). The cooler was operated under variable inlet ambient air
conditions but at a constant flow rate and flow ratio, as presented in the Fig 5-12. Initially,
it was intended to simulate the operation of the cooler for a day-long operation but due to

time limitation in the laboratory, the tests were shorten to 6-hour operation only.

Tests conditions

Variable temperature from
30 to 45 then back to 30

Temperature 40, 35 and 30°C

Relative Humidity | RH 50-55%
[

| RH 25-30%
Fan speed Flow:atel | Flow:ate2 ‘ F\owrlatﬂ | Flow:atel | Flow:atez | Flowrlate3 | | Flowrate 2 ‘ | Flowrate 2 |
Working-to-inlet 70% | 70% | 70% | 70% | 70% | 70% |
air flow ratio 50% | 50% | 50% 50% | 50% | 50% |
20% | 20% | 20% 20% | 20% | 20% |

RH 35%

|
[ | 1
Flowrate 1 ‘ Flowrate 3 |

Fig 5-12 Tests plan
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5.4 Test procedure

The experiments proceeded as follows:

1.

Check the electrical connections of computer, data logger and fan, and also the
connections of thermocouples, and duct connections between environmental
chamber and cooler.

Start the experiment by:

i Setting-up the environmental chamber to required temperature and humidity
by the control panel, and switch it on. After that, switch the computer and
data logger on, and make sure the thermocouples are working properly,

ii. Switching the fan on as the temperature and humidity inside the chamber
reaches the chosen values, and set-up fan speed to the required flow rate of
the inlet air by using fan speed controller.

Once the system reached steady state condition, open new file on the computer to
start recording and monitoring reading of temperatures taken by the thermocouples
every 20 second. While, readings of the relative humidity are recorded manually
every 2-3 minutes. Meanwhile, tap water is manually added to the overhead tank by
using a scale measuring jug.

In the first set of tests, the fan speed controller is used to change fan speed to
required flow rate, the air flow rates are measured at the inlet and exit of dry-air
channel and exit of wet-air channel by using hot wire anemometer for each flow rate
ratio setting. Also, velocity and flow rates readings are recorded, while a dumper is
used at the exit of the dry-air channel to control the working-to-inlet air flow rate
ratio. After running the system for sufficient time i.e. the air temperature curves are
stabilised, save the data file on the computer.

Once the readings of three fan speeds and three flow rate ratios were recorded and
data files saved. Thus, the experiment is finished, but only for one temperature point

and one relative humidity value.
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6. For other values of relative humidity at the same inlet temperature, change the
humidity via the environmental chamber’s control panel, and, then, repeat test steps
3to5.

7. After recording data for the required periods, save all data files. Therefore, the
experiments of only one temperature setting with 3 different humidity values are
completed. For other test temperatures, increase the inlet air temperature via the

chamber control panel and repeat the previous steps 3-6 of test procedure.

For the second set of experimental tests, a dynamic testing of the cooler operation is
carried out under continuously variable inlet air conditions. The experiment procedure,
here, is almost similar to that of the first set of experiments apart from that the inlet air
temperature and inlet relative humidity are changing with the time while other
parameters i.e. inlet flow rate and flow rate ratio are fixed at constant values of 105
m3/h and 50%, respectively.

All tests recorded data (inlet and supply air temperatures and relative humidity, working air

exit temperature and humidity, and water and power consumption) were converted to a

spread excel sheet created for the ease of the analysis and interpretation of the

experimental results, as presented in

102



Chapter Five: Construction and experimental investigations

Appendix D.

5.5 Experiment observations and limitations

e Water droplets formation and porosity issue

During the first attempts to added water to the overhead water tank, the water smoothly
flown from the tank directly to fill out the cavities between the heat pipe and porous tube.
So, the porous ceramic material became water-saturated within few minutes which is ideally
was anticipated. But as the water tank was is filled up, extra water came out (siphon off) of
the ceramic and formed water tears. Hence the water film became thick and developed
water droplets over the external surface of the ceramic cylinders, as shown in Fig 5-13.
Consequently, water puddles are formed at the base of the ceramic tubes which eventually
accumulate and flood the entire channel i.e. the upper passage of the cooler. This possibly
because of water static pressure in the tank on the micro pores of ceramic materials and,
also, the uncontrolled porosity of the ceramic might be responsible as well. Yet, the

manufacturer stated that the porosity of the ceramic is 17%, see Table 5-3.

Fig 5-13 Water droplets formation over ceramic tubes
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In order to solve this issue with minimum costs and without affecting the core of the design
which is using ceramic tubes to provide a uniform and complete water-cover of the
condenser. Initially, fine sand was added to fill out the whole volume of the overhead tank,
after that water was poured to the sand-filled tank, therefore, water is anticipated to slowly
flow towards the ceramic tubes. This technique helped to reduce the amount of water
siphoning off, but still some water escaping and accumulating at the base of the porous

ceramic cylinders, as shown in Fig 5-14.

Alternately, the fine sand was added into the ceramic tubes to fill out the cavity between
the heat pipe and the ceramic cylinder to reduce the amount of water penetrating from the
pores of ceramic material and solve issue of the high porosity, consequently, water siphons
properly and form a thin water film over the ceramic surface without causing any water
puddles on the upper channel. In addition, the effect of adding fine sand would also improve
the heat removal rates from the condenser, owing to the higher thermal conductivity of the

water-sand mixture than that of water.

Water puddles

Fig 5-14 Water puddles formation at the base of ceramic tubes
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5.6 Preliminary results of experimental work

Table 5-5 provides a quick hint of some of the performance parameters based on the

experimental investigation at inlet conditions of 40°C, 45% and 25% RH, 50% working-to-

inlet air flow rate ratio and water temperature of 23°C.

Table 5-5 Experimental results of the cooler performance at inlet air conditions of 40 °C, 25% and
45% RH, and 50% working-to-inlet air flow rate ratio

Parameter Value Value
Temperature of inlet air (°C) 40 40
Relative humidity of inlet air (%) 25% 45%
Supply-to-inlet air flowrate ratio 50% 50%
Wet bulb temperature of inlet air (°C) 23.60 29.1
Dew-point temperature of inlet air (°C) 16.20 25.8
Inlet air speed (m/s) 5 3.50 2.50 5 3.50 2.50
Volumetric flowrate of the inlet air (m3/h) 150.00 105.00 75.00 150.00 105.00 75.00
Supply air temperature (°C) 30.25 28.81 28.30 32.31 31.15 30.64
Supply air relative humidity (%) 43.00 46.00 48.00 68.00 73.00 75.00
Inlet air temperature reduction (°C) 9.75 11.19 11.7 7.7 8.85 9.35
Wet-bulb effectiveness 0.595 0.683 0.713 0.706 0.812 0.858
Dew-point effectiveness 0.410 0.471 0.492 0.542 0.623 0.658
Cooling capacity (W) 233.21 187.86 140.45 186.40 150.37 112.74
Coefficient of performance (COP) 5.45 8.96 13.16 4.29 6.93 9.64
Water consumption rate (I/h) 0.311 0.285 0.280 0.246 0.232 0.233

Under ambient conditions of 40 °C of inlet air temperature and 25% relative humidity (RH),
the temperature drop of the inlet air was about 11.7 °C , achieved at inlet air flow rate of 75
(m3/h) with WB and DP effectiveness of 0.713 and 0.492, respectively. The cooling capacity
was only 140 (W) which considerably can be improved, by 33.5 %, by increasing the inlet
air flow rate to 105 (m3/h), to become 188 (W), with relatively small effect on effectiveness.
But, any further increase of the inlet air flow rate would affect the temperature drop of the
inlet air as well as the cooler effectiveness. In contrast, at same inlet conditions but higher
inlet air humidity of 45%, the WB and DP effectiveness were 0.858 and 0.658, respectively.
In regard with the COP of the cooler, it ranged from 5.45 to 13.16, these values of COP
corresponds well with COP values of other recently developed R-IEC systems, like [89] and
[76], because of low power consumption. Furthermore, the cooler water consumption

ranged 0.148-0.318 (I/h) for all conducted tests i.e. 0.841-2.8 (I/kWh).of cooling output.
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This considerably represents savings of 30-55% of water consumption comparing with that

of the R-IEC system of [88], and the M-IEC system of [89].

5.7 Summary

An experimental investigation was conducted in order to evaluate the performance, and
determine the effect of various operation parameters on the prototype. In total 83
laboratory tests were carried out for inlet air temperature varied from 30 to 40°C, relative
humidity from 25 to 45%, inlet air flow rate from 75 to 150 (m3/h) and working-to-inlet air
flow rate ratios from 20% to 70%. The experimental results showed that this indirect
evaporative cooler has the potential to provide sufficient cooling effectiveness without
increasing the supplied air moisture content. For all performed tests, the WB effectiveness

value was close to unity, it varied from 0.425 to 0.91. Equally, the COP ranged 4.62-13.16.

Further result analysis the experimental data, and validation of computer model are
presented in the next chapter for broad investigation of the effects ambient and operational

parameters on the cooler performance.
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Chapter 6: Results analysis and discussion

In this chapter, analysis of the experimental and theoretical results was carried out. In
addition, a comparison between the mathematical results and experimental data was
presented, this was shown in terms of analysing the effects of various operational

parameters on the cooler thermal performance.
6.1. Air flows temperature variation

6.1.1 Constant inlet air temperature and humidity

Fig 6-1 presents temperatures distribution over time of the inlet air, the supply air and the
exhaust working air under inlet conditions of 40 °C, 25% RH, and water temperature of 23°C,
the figure illustrates experimental results of three tests at different inlet air flow rates of
150, 105 and 75 (m3/h) i.e. 5, 3.5, and 2.5 (m/s) respectively. For each inlet flow rate
setting, three different ratios of the working-to-inlet air flow rate (20%, 50% and 70%)
were tested. During the experiment, the system was operated for couple of minutes without
adding water till the inlet air flow rate become steady. After that, the water is gradually
supplied to the cooling unit, so, the temperatures curves undergoes transient period before
it becomes steadily constant. Meanwhile, it is usually takes from 5-10 minutes

approximately for ceramic material to become fully water-saturated.

For temperatures profiles of the inlet air, supply air, and working air in Fig 6-1. Firstly,
consider the case of 20% working-to-inlet air flow ratio and 150 (m3/h) inlet air flow rate,
the cooling unit cooled the inlet air from 40 to 34 °C, while the working air leave the system
at lower temperature of 31.6 °C, this limited temperature drop of the inlet air because of
high flow rate passing through the channels of the cooling unit with limited time for
sufficient heat transfer. Additionally, by comparison with other flow rates (105 and 75 m3/h
) at 20% flow ratio, the cooler seems to be unable to effectively remove the heat from the
wet-air channel, since low rates of air flowing through it i.e. only 20% of the cooled inlet air

flow rate. For instance, at inlet condition of 105 (m3/h) intake air flow rate and 20% flow
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ratio, the working air temperature profile (the green curve) was gradually increasing
because of low flow rates of the working air which consequently led to poor heat removal
from the ceramic tubes and the wet channel as well, as it can be seen from Fig 6-1.
Furthermore, for operating condition of 75 (m3/h) inlet flow rate and 20% flow ratio, both
inlet and working air temperature profiles (the blue and the green curves) rose gradually
over the time, this might be due to only 20% of 75 (m3/h) cooled inlet air flow rate was
pumped to the wet-air channel for heat removal process. As a result, the cooling system
under such operational conditions was not able to cope with the heat load and high ambient
temperature which cause heat accumulation in the wet passage. This eventually effects on
the performance of heat pipes. Moreover, at higher inlet air mass flow rates and 20% of
working-to-inlet air flow ratio, higher cooling capacities are expected to be achieved due to
being 80% of the cooled inlet air flow rate is supplied to the conditioned space. But, low
temperature drop of inlet air was achieved at these inlet conditions, therefore, high cooling
output with small temperature reduction would not be practically desirable. For example,
the cooler only dropped the ambient air temperature, under inlet conditions of 40 °C, 25%
RH and 20% working-to-inlet air flow rate ratio, by 6.10, 7.00 and 7.55 °C which

corresponds with inlet air flow rates of 150, 105 and 75 (m3/h), respectively.
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Fig 6-1 Inlet air, supply air and working air temperature profiles over time at inlet conditions of 40 °C,
25% RH, 150, 105 and 75 m3/h inlet flow rates, and of 20, 50 and 70% flow ratios
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Secondly, for the case of 50% flow rate ratio, the cooling unit shows improved performance
for the three values of the volumetric flow rates used. As it can be seen from Fig 6-1, the
inlet air temperature reduction reached about 11.63 °C corresponds to the lowest inlet air
flow rate of 75 (m3/h). Also, the cooling outputs would be sufficient since the inlet air
volumetric flow rate is equally divided between the condition space and the upper passage.
For example, the tendency of supply air and working air temperature curves indicates

sufficient heat transfer is undertaken in both channels for all tested inlet air flow rates.

Lastly, under inlet condition of 70% of the working-to-inlet air flow rate ratio, best
temperature reductions of the inlet air were harvested at each inlet air flow rates, since
large fraction of the cooled inlet air flow is passed to the upper passage, consequently,
improving the heat dissipation process from the ceramic cylinders via latent heat of
evaporation to the working air. Nevertheless, the cooling output would be considerably
small, as only 30% of the cooled inlet air is supplied to the conditioned space. Hence, under
such operational conditions, highest inlet air temperature reductions are achieved, but with

low cooling outputs of the cooler.

To sum up, the cooler supplies limited inlet air temperature drop but high cooling capacities
at condition of 20% of working-to-inlet air ratio, since most of the cooled inlet air is
delivered toward the conditioned room. On the contrary, the best values of inlet air
temperature drop are achieved at lower inlet air mass flow rates and high working-to-inlet
air ratio. In fact, the system is able to achieve temperature reduction of 12.41 °C under inlet
condition of 40°C, 25% RH, inlet flowrates of 75 (m3/h) and 70% working-to-inlet air flow
rate ratio. Nevertheless, at such conditions of low flow rates of the inlet and supply air, the
cooling capacity would deteriorate as only 30% of 75 m3/h of inlet air is supplied to
conditioned space, and due to the direct relation between the supply air mass flow rate and
the cooling capacity. Thus, as the temperature drop of inlet air and cooling capacity are the
main parameters of interest; the 50% working-to-inlet air flow ratio appears to be the most
convenient flow ratio which could provide the balance between the desire to achieve high

temperature drop of the inlet air and the common need of high cooling capacities.
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6.1.2 Variable inlet air temperature and humidity

These tests covered two experiments of dynamic testing of the cooler to investigate the
thermal performance under real operating conditions for a-day-long test i.e. 6 hours. For
the first test, the cooling unit operated under variable inlet temperature from 30 to 45 °C
gradually and then falling back 30 °C, with inlet relative humidity varying from 25 to 30%, at
fixed inlet flow rate of 105 m3/h , 50% flow rate ratio, and 20°C water temperature.
Similarly, the second test conducted at the same operating condition, but at higher relative
humidity of the inlet air fluctuating between 50% and 55%. The temperature profiles of

inlet air, supply air and working air for both cases is presented in Fig 6-2.

In comparison, the performance, the inlet air temperature drop, of the cooler at dryer
ambient conditions were better than that of humid operation condition. To illustrate,
temperature drop of inlet air was 13.55 °C at inlet air temperature of 45°C, while, at the
same inlet temperature but relative humidity of 50-55%, the temperature decrease of the

inlet air was 9°C. Therefore, the cooler is preferably to operate in hot and dry climates.
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Fig 6-2 Temperature distribution over the time of dynamic testing under conditions of variable inlet air
from 30-45-30 °C , at fixed inlet flow rate of 105 m3/h and flow rate ratio of 50%; (a) at inlet relative
humidity varying 25-30%, (b) at inlet relative humidity 50-55%,
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6.2. Temperatures distribution in the air channels

The validation is carried out by comparing between the experimental and numerical results
on the bases of identical operational conditions and the same geometrical properties of the
cooler. The selected ambient conditions and the cooler specifications for the model

verification process are presented in the Table 6-1

Table 6-1 Pre-set operation conditions and cooler specification

Parameter value unit
Inlet air temperature 40 °C
Relative humidity 35 %
Wet bulb temperature of inlet air 26.51 °C
Dew point temperature of inlet air 21.60 °C
Inlet air velocity 2.5 m/s
Supply-to-inlet air ratio 50 %
Feed water temperature 23 °C
Number of heat pipes rows 15 -
Inner diameter of ceramic tube 0.024 m
Outer diameter of ceramic tube 0.028 m

The air flows temperature profiles along the dry and wet channels are shown in the Fig 6-3
for operating conditions shown in Table 6-1. It can be seen that the temperature profiles
that the experimental data and modelling results are in good agreement. The maximum
deviation between simulation and experimental results of the air temperature and humidity
is 3.94% and 4.5%, respectively. Furthermore, the figure shows supply air temperature
along the dry-air channel decreasing from 40°C to 28°C. Another important parameter is the
moisture content of the working air which, with the working air temperature, reflect heat
removal process from the wet-air channel through water evaporation by the increase
temperature and vapour content of the working air flow profiles along the passage. The
working air enters into the wet-air passage at the same properties of the supply air i.e. 28
°C and 0.0162 kgyqater/kgqi- and flows through the water-soaked ceramic cylinders removing
heat and, eventually, rejected to the surrounding as hot and humid air at 31.08°C and

002 16 kgwater/kgair .
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Fig 6-3 comparision between experimental and numerical temperature curves of the inlet supply air
and working air, and moisture content of working air along the cooler channels at inlet conditions of
40°C, 35%, 75 m3/h air flow rate, 50% flowrate ratio

6.3. Psychrometric chart plotting and comfort zone

For further evaluation of the performance of the cooling system in terms of meeting the
recommended indoor comfort requirements, several simulation runs performed for wide
range of inlet air conditions of 30-45°C, 15-50% RH, 70-150 m®/h, and 18°C water
temperature, while other parameters were fixed at their pre-set values shown in Table 6-1.
Fig 6-4 presents the temperature reduction of the supply air of various hot and dry ambient
air conditions plotted on the psychrometric chart, the cooler performed adequately in such
climatic conditions supplying air within the comfort zone for wide inlet conditions of 30-42 °C
and 15-30% RH. But, once the ambient conditions become hotter and moister, higher than
42°C and 35% RH, the cooling effectivity of the system would not fall within the comfort
zone as shown in Fig 6-4. However, some operational parameters are to be optimised such
as heat pipe numbers, working-to-inlet air flow ratio, and inlet air flow rate to enhance the

overall cooling effectiveness for extreme hot weather conditions. The effects of these
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parameters and others on the thermal performance of the cooler are discussed in the next

section.
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Fig 6-4 Mapping inlet and supply air temperatures on psychrometric chart

6.4. Parametric study

A parametric study was conducted using the developed computer model for further
investigation of the effects of ambient and design parameters on the cooling unit
performance, and, also, comparison between experimental data and numerical results for

validation purposes.

6.4.1 Effect of inlet air temperature

Fig 6-5 presents the WB effectiveness and inlet temperature drop profiles against various
inlet air temperatures and under inlet conditions presented in Table 6-1. It was found that
the effectiveness of the cooling system increased gradually as the inlet ambient air became
hotter, the best WB effectiveness was achieved at a higher inlet air temperature, and the

WB effectiveness reached 1.04 at inlet temperature of 45 °C and 35% RH.
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Fig 6-5 WB effectiveness and inlet air temperature drop versus inlet air temperature at operation

conditions of 50% flowrate ratio, 75 m3/h air flow rate, and 35% RH

Furthermore, the inlet air temperature drop is also influenced by the variation ambient air
temperature, and its profile undergoes similar trend as for the effectiveness, as it can be
seen from Fig 6-5. The highest temperature reduction of the intake air of 15.1 °C was at the
inlet air condition of 45 °C, whereas the lowest value of temperature drop of 8 °C was at the
inlet air condition of 28 °C. Therefore, the temperature drop of the inlet air through the
cooler is improved as the ambient air conditions become hotter. This is obviously one of the
advantages of the evaporative coolers over other vapour-compressed cooling systems which
their performance decreases as the ambient temperature increases. A good agreement
between measured and calculated data of the WB effectiveness and inlet air temperature
drop is demonstrated in Fig 6-5 with discrepancy in the range of 8.67-12.9%. Moreover,
Fig 6-5 illustrated that the WB effectiveness and inlet air temperature drop are directly

proportional to the inlet ambient air temperature.

The effect of the ambient air temperature on the cooling capacity and the COP is presented
in Fig 6-6. Under the abovementioned operation conditions, the results clearly reveal that

any increase of the inlet air temperature would positively influence on the cooling capacity
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and COP of the cooler. For example, the cooling capacity improved about 30%, from 143.17
to 185.66 (W), as the ambient air temperature increased from 40°C to 45°C. This is possibly
because of the direct correlation between the cooling capacity (Q..) and temperature
reduction of the inlet air (Tyq —Tg42), see Eq. (3.3). Since the inlet air temperature drop is

also directly proportional to the inlet air temperature. The cooling capacity and the COP,

therefore, are directly proportional to inlet air temperature.
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Fig 6-6 Cooling capacity and COP versus inlet air temperature at flow rate ratio of 50%, 75 m3/h flow
rate ratio and 35% inlet relative humidity

6.4.2 Effect of inlet air relative humidity

Another important parameter that influence the thermal performance of IEC system is the
inlet air relative humidity i.e. air moisture content. Fig 6-7 shows the effect of the inlet air
relative humidity variation (25-60% RH) on the WB effectiveness and the temperature
reduction of the inlet air, at inlet conditions of 40 °C intake air temperature, 50% flow rate
ratio, and 75 m3 / h inlet air flow rate. The results show that increasing the ambient air
humidity resulted in the increase in the coolers effectiveness. In contrast, the temperature

drop of inlet air decreased as the inlet air humidity increased. This ambiguous contradiction
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can be explained by examining the psychrometric chart, at constant DB temperature, the
value of the WB temperature depression become smaller at higher values of moisture
content and vice versa. Thus, the effectiveness value become smaller at low inlet air
humidity ratios because of the numerator of Eq. (3.1) would have a bigger value than that
value at higher relative humidity, while the value of the denominator changes but slowly
due to limited cooling effect of the cooler. Overall, attention should be given when using the
effectiveness as an indicator of system performance. Other performance parameters are
recommended to be used along with it for clearer illustration of cooler operation such as

inlet air temperature drop, COP and cooling capacity.
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Fig 6-7 WB effectiveness and temperature reduction profiles versus various inlet air relative humidity
under inlet air conditions of 40°C temperature, 50% flow ratio, and 75 m3/h inlet air flow rate

By considering the profile of inlet air temperature drop in Fig 6-7, the temperature drop of
the inlet air decreased as the air humidity rose. For example, at 40°C and 30% RH ambient
air conditions, temperature drop of 11.7°C was harvested, whereas at the same conditions
but 45% RH, the inlet air temperature reduction was only 9.35°C. Additionally, a sufficient
consistency found between the predicted results and experimental findings of the WB

effectiveness and temperature drop with error ranges 9-14.7% as shown in Fig 6-7.
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The effect of ambient air relative humidity on the cooling capacity and COP is presented in
Fig 6-8, the values of the cooling capacity and COP gradually decreased as the ambient air
moisture content increased. This declining of system performance can be interpreted by
linking between the cooling capacity and the temperature drop of the inlet air (Eq. (3.3))
which inversely proportional to the inlet air humidity. Therefore, the cooling output is
adversely influenced by the increase of inlet relative humidity, so happen to the COP. As it
is seen from the figure below, higher values of the COP and the cooling capacities of the
cooler were obtained at lower values of the inlet air relative humidity. For example, both
values of COP and cooling capacity declined by about 15.50%, as the inlet air relative
humidity rose from 25 to 45°C. It is clear that there an inverse proportionality between the

inlet air relative humidity and the COP, cooling capacity, and supply air temperature.
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Fig 6-8 Cooling capacity and coefficient of performance profiles over various inlet air relative humidity
values at inlet conditions of 40 and 30°C, 75 m3/h air flow rate and 50% flow rate ratio

6.4.3 Effect of inlet air velocity (inlet air flow rate)

Further evaluation of the cooler performance was conducted at wide range of inlet air flow
rates as shown in Fig 6-9, the increase of the inlet air velocity (inlet air flow rate) resulted

in a decline of the cooler’s effectiveness, while the cooling output considerably improved.
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Thus, the inlet air flow rate is directly proportional to the cooling capacity, while it is

inversely proportional to the cooler effectiveness.
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Fig 6-9 WB effectiveness and cooling capacity versus inlet air flow rates at inlet conditions of 40°C,
35% RH and 50% flow rate ratio

From the slope of the effectiveness and the cooling capacity profiles, the impact of the inlet
flow rate is relatively small on the effectiveness comparing to that on the cooling capacity.
For example, at inlet air velocity of 2 m/s (60 m3/h), the WB effectiveness was 0.936 and
the cooling capacity was 122 (W), as the air velocity is doubled the effectiveness declined
by 15.10%, while the cooling capacity increased considerably by almost 70% due to the
direct proportional relation between the cooling capacity and inlet air flow rate.
Nevertheless, high values of inlet air velocities contribute to the declining of the cooler
effectiveness i.e. it minimise the inlet air temperature reduction. Therefore, it is important
to notice that not all high values of cooling capacity would necessarily be accompanied with
a sufficient temperature drop of the inlet supply air. In some scenarios, high cooling
capacity at high inlet flow rates might have limited temperature drop of the inlet air because
of the limited contact time of the inlet air and working air with the HPEs and ceramic tubes,
respectively. As a result, it is recommended that the inlet air velocity should be controlled

between 2-2.5 m/s to compromise between the need of high cooling capacity for cooling
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loads and thermal comfort requirements of low temperature of supply air. Also, the Fig 6-9
shows that the theoretical effectiveness and cooling capacity were slightly higher than that

of the experimental results, with maximum error of 10.7 and 11.4%, respectively.

6.4.4 Effect of the working-to-inlet air flow rate ratio

Fig 6-10 shows the WB effectiveness and cooling capacity profiles against the change of the
working-to-inlet air flow rate ratio from 20% to 80%, at inlet air conditions of 40, 35, and
30 °C, with constant inlet 35%RH, 3.5 (m /s) inlet air velocity, and 23°C water temperature.
As can be seen in Fig 6-10, the best values of the WB effectiveness were harvested at flow
rate ratios higher than 50%. This is a result of having high portion of volumetric flow rate of
cooled air is diverted into the wet channel. It can also be seen that for flow rate ratios

above 60%, the WB effectiveness remains almost constant and reaches peak of 0.86 at

40°C.
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Fig 6-10 WB effectiveness and cooling capacity variation against flow rate ratio of working-to-inlet air
at inlet air speed of 3.5m/s, 35% RH and 40, 35, 30°C inlet air temperatures

In contrast, the cooling capacity profile tends to have opposite tendency of the effectiveness
profile. The highest cooling outputs were associated with low flow rate ratios, it reached a

peak of 206 (W) at 20% working-to-inlet air flow rate ratio and inlet air temperature of
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40°C, then, its value slightly fallen down by 4% as the flow rate ratio increased to 45%. For
higher flow rate ratios, >50%, the cooling capacity sharply declined as the flow rate ratio
increased. The reason behind low values of cooling capacities at low flow ratios is that a
small amount of cooled inlet supply air is pumped to the conditioned space, while most of it
is diverted to the wet-air channel as working air, yet the best values of the WB effectiveness

were achieved at high flow rate ratio of 80%, as see in Fig 6-10.

As the best values of cooling capacity are related to small flow rate ratios of <45%, whereas
high values of effectiveness are associated with high flow rate ratios of =60%. This yields
optimum WB effectiveness and cooling capacity for air flow ratio of 50%. This is consistent
with published literature in which IEC systems were designed and recommended to perform

at flow rate ratio of the working-to-inlet air of 50%, like [69] and [71].

6.5. Water consumption rate of the cooler

Fig 6-11 presents experimental and theoretical water consumption rates of the cooler as
function of the various ambient air temperatures. The simulation results show that the
water evaporation rate is directly proportional to the inlet air temperature for a constant
inlet air moisture content. Hence, the water consumption at various inlet air temperatures
can be estimated roughly from the water evaporation rate of 0.01 I/h/°C. The experimental
results are in good agreement with simulation results both in trend and in quantity to within
a maximum error of 11%, as a result of measurement errors, over saturation of the ceramic
materials, and water and air leaking from the system. It is demonstrated in Fig 6-11 that
the cooler water consumption rates were in the range of 1.07-2.11 (I/kWh) of cooling
output at inlet operating conditions of 25-45°C,35% RH, 75 m3/h air flow rate, and 50% flow

rate ratio.
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Fig 6-11 Water evaporation rate at working conditions of 75 m3/h air flow rate, 35% RH, and 50%
flow rate ratio

6.6. The discrepancy between computed and measured results

Using the theoretical and experimental methods for evaluation of thermal performance of
the cooler revealed differences between measured and calculated findings as shown in the
previous sections. Several possible causes for the results’ discrepancy are explained as

follows:
e Energy loses to the surroundings

In the computer model, it was assumed that heat transfer into or out of the device is
neglected due to the insulated outer walls of the cooling unit i.e. adiabatic walls.
Nevertheless, the outer walls of the actual unit were not insulated due to the need for
transparent walls for monitoring the water distribution and air flows. Yet, the walls are
relatively thick and the ambient conditions inside the laboratory with zero air speed that

make the convective heat transfer negligible. Nevertheless, a layer of insulation of walls

would be preferable to prevent heat transfer with the surroundings, and to comply with the
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assumption of adiabatic walls, otherwise a term for “energy losses” should be introduced in

the energy balance equations of the system.

e Water distribution system and water leakage

Water distribution mechanism of this cooling system is based on two unique characteristics
of porous materials: strong capillary forces and large water holding capacity. This cooling
system was designed without water circulation system. The installed porous ceramic tubes,
with a proper porosity, works as wick media for the cooler and holds water inside the
porous tube with only small amount of water siphon from the ceramic micro-pores, to form
thin water film over the outer surface of the ceramic cylinders. In practice, several cases of
overdoes of feed water were observed during the tests, some water droplets might be
accumulated at the base of the cylinders, it could be mainly related to high porosity of the
porous ceramic materials used. For long-term system operation and without controlling feed
water flows from the overhead tank, the excessive water would flood the entire wet-air
channel with water which ultimately would leak to the lower channel. The leakage can be
related to the fabrication process and the accuracy of the machinery work in the laboratory.
It is believed that these manufacturing problems would be overcome if the system was
assembled at manufacture facility. A few cases were recorded of water droplets spillage
from the wet-air passage to the dry-air passage, in such circumstances the results of the

experiments were considered void.

e Equivalent diameter of the square fins:

The heat pipe is fitted with square fins to increase heat transfer rates. This type of fin was
selected to correspond with the duct geometry and, therefore, ensuring minimal escape of
the process air without contacting the fins. Yet, finding the fin efficiency of the square fins is
not straightforward, and there is no charts, or equations from which the efficacy could be
calculated. An equivalent diameter is used for the square fin to convert it into an equivalent
radial fin, as shown in Fig 6-12, using Eq. (4.28). Then, carry on the calculation as if circular

fins are employed by using their efficiency graphs. The original square fin is 60*60*0.9 mm
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and the equivalent radius of the radial fin would be 33.85 mm. This can be one of the

sources of the discrepancy between calculated and measured results.
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Fig 6-12 Equavalent radial fin

e Contact resistance

From the manufacturing process of the finned heat pipe and machinery method used to fit
the fins to the heat pipe evaporator, a contact resistance exist between the fin collar and
heat pipe surface that should be included in the thermal resistance equation of the heat
pipe, Eq. (4.30). Though some text books, like [118], provide typical values of this
resistance of various composite materials, it is hard to precisely predict the contact
conductance between both metals in order to determine the thermal resistance [127]. In
this study, due to the lack of some of the heat pipe technical information from the suppler,

the thermal contact resistance was not considered.

6.7. Effect of increasing humbers of heat pipe and ceramic

tube modules

Based on the investigation of the effect of ambient air temperature carried out, it can be
inferred that the cooler performance is enhanced as the inlet air temperature increased.

But, the cooling effectiveness of the cooler, i.e. the supply air temperature, is still limited
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and dependent on the ambient air conditions; temperature and humidity. The supply air
temperature rises as the ambient temperature increases, despite the considerable drop of

inlet air temperature achieved.
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Fig 6-13 Psychrometric plotting of two inlet temperatures under inlet air conditions of 40 and 45°C,
constant moisture content of 0.0120 kg,,/kgary air, flow rate ratio of 50%, 60 m?/h flow rate, 23 °C
water temperature and 15 rows of heat pipe

This is explained further by plotting cooling process through the cooler on the psychrometric
chart, as shown in Fig 6-13, for inlet air temperatures of 40°C and 45°C with constant
moisture content of 0.0120 kg /kgary «ir, While other parameters are fixed to their pre-set
values presented in Table 6-1. Although inlet air temperature reduction improved as the
ambient air temperature increased, the supply air temperature (T, ) increased to (T,) as
the inlet temperature rose from ( Ti,,) to (T;,,), as present in Fig 6-13, this possibly due to
limited the cooling effectivity of the cooler and incapability to maintain the supply air
temperature constant as the inlet condition became hotter. Furthermore, the working air
flows through the water-saturated porous tubes exchanging sensible heat and water vapour
with the water film, and then is rejected to the environment before reaching 100%

saturation condition, as seen on the psychrometric chat of the process (3-4). This means
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the working air still have the ability to hold more water vapour. But due to shortage of wet
surface area, the working air leaves the cooling system before reaching the full saturation
conditions. As a result of this insufficient heat removal from the condenser side of the heat
pipes i.e. the wet-air channel, less heat is transported from the evaporator side of the heat
pipes i.e. the dry-air channel. This ultimately affected the inlet air temperature reduction
and, consequently, the supply air temperatures do not reach the comfort zone for extreme

hot climates, particularly for inlet air temperatures above 42 °C, as presented in Fig 6-4.

Principally, two techniques can be implemented to ensure complete saturation of the
working air before it is discharged, this would ultimately improve the heat transport from
the dry-air channel. First method, using bigger diameters of the ceramic tubes which can
relatively increase the wet surface area for heat and mass transfer on the wet-air side.
However, the thermal resistance of the water and ceramic tube increase which effect the
heat transfer rates from the heat pipe, as presented in Fig 4-10. The other method is
adding extra units of heat pipe and ceramic tube modules. Adopting this solution would be
beneficial in terms of additional heat is transferred from the dry-air passage to the wet-air
passage and, also, increasing the wet surface area for hear and mass transfer without
excessively increase the thermal resistance and water usage for each heat pipe.
Theoretically, using 20 of heat pipe and ceramic tube units for the cooling system increases
the wet surface area by 30.33%. Yet, these extra units would have an effect on the initial

cost of the cooling system and higher water consumption as well.

The numerical results are plotted on the psychrometric chart in Fig 6-14, for ambient
conditions of 40°C and 45 °C inlet temperature, 0.0120 kg,,/kgary air Moisture content, 60
m3/h flow rate ratio, 23 °C feed water temperature, 50% flow rate ratio and 20 heat pipes.

As illustrated in Fig 6-14, the thermal characteristic of the air on both air passages of the

cooler improved, the working air left the cooling unit at saturation conditions, and the
temperature drop of the inlet air increased. Also, it was found that the thermal performance
of the cooler enhanced regarding the inlet air temperature drop and the effectiveness,

particularly at ambient air temperature of 45 °C. By comparison between the two cases of
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15 and 20 heat pipes, at test condition TC, the supply air temperature improved by 3.29 °C,
whereas at TC, by about 2.08 °C as a result of increasing the number of heat pipes to 20
units. Furthermore, it can be seen from Fig 6-14, the effect of increasing the ambient
conditions on the supply air temperature was less than that of the 15-heat-pipe cooler, see
Fig 6-13. The supply air temperature increased by almost 0.85 °C as the inlet air
temperature rose from 40 to 45 °C. Thus, it is clear that the selection of heat pipe numbers
is dependent on the operating temperature ranges i.e. the ambient air temperature. The
benefit of adding more heat pipes is obvious at inlet air temperature above 45 °C, and it is
due to the fact that the selection of heat pipe number, i.e. 15-heat-pipe, of this cooler was

based on the working conditions of 40°C intake air temperature.
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Fig 6-14 Psychrometric plotting of two different inlet temperatures under inlet air conditions of a
constant moisture content of 0.0120 kg,,/kgary air, flow rate ratio of 50%, 60 m?/h flow rate, 23 °C
water temperature and 20 rows of heat pipes

For further numerical evaluation of the impact of the number of heat pipe rows on the
cooler performance, Fig 6-15 illustrates the relation between the cooler effectiveness and
the number heat pipe rows, for various ambient temperatures and at operational conditions

presented in Table 6-1. In modelling, the inlet air temperature was varied from 35 to 45 °C,
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while the number of heat pipe and porous tube modules of the cooler ranged from 6 to 24
units. The numerical results showed that the effectiveness of the cooler improved gradually
as the number of heat pipe units increases till certain number of heat pipes, after that any
added units have relatively minor effect on the cooler performance. This limit clearly
depends on the ambient air conditions. For example, at the inlet air temperature of 35 °C,
16-heat-pipes would be sufficient to obtain best effectiveness as any extra heat pipes would
not contribute in any significant performance improvement. But it may added up in the
initial cost and the overall size of the cooler. While, for ambient conditions of 40 and 45 °C
of inlet air, effectiveness curve tend to remain nearly constant from 18 and 20 heat pipes,

respectively.
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Fig 6-15 Effect of heat pipe numbers on the effectiveness for verious inlet temperatures and under
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To compromise between best number of heat pipe rows number within this wide range of
working conditions, 20 heat pipe and porous ceramic units should be installed as the target
applications of this cooler intended to operate in arid and semi-arid locations, and hot and
dry climate, in which the ambient temperatures soars above 45 °C with the relative humidity

around 25% [128].
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Interestingly, from Fig 6-15, it is noted that the supply air profiles for various inlet
temperatures have a turning point at which any increase of heat pipe numbers would not
have a noticeable decrease of the supply air temperature. This occurred when supply air
temperature reaches 28 and 27°C for inlet temperatures of 45 and 40°C, respectively. While
at operating temperature of 35°C, the curve of the supply temperature is sharply declined
till approaching 25°C, after that, the supply air temperature drop barely is improved despite
the increase of the number of heat pipe rows. This, possibly, can be related to the
performance of each individual heat pipe which is influenced by the decrease of the
temperature difference at both ends of the heat pipe i.e. temperature difference between
evaporator and the condenser that is the driving force of the heat pipe operation. Further
investigation may be required to establish relationship between heat pipe sub-components
and heat transfer capacity of the heat pipe, as suggested in the literature that wick type,
vapour space diameter, and working fluid type of the heat pipe influence on the

performance of the heat pipe [115] and [118].
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Chapter 7: Simplified economic and environmental evaluation

7.1 Building cooling loads assessment

In this assessment, a typical domestic building in hot and dry climate region (Benina city,
Libya with latitude of 32.086° N and longitude of 20.26° E). A simple square shape form of
the house, from [129], with 110 m? floor area and facing North, the house floor plan is
shown in Fig 7-1. House main details are summarised in Table 7-1, while Table 7-2 presents
specification of rooms and main input data of the conditioned spaces i.e. humber of people,
cloths, lighting, equipment, etc. based on the recommended values from CIBSE Guide A
[12]. In addition, the construction of the walls, roof and floor, windows, and doors and their

U-values are presented in Table 7-3 and Fig 7-2.

_____________________________________________ Domestic Bedroom
Common circulabon areas
Bathroor v Domestic Lounge
Domestic Kitchen
Bed Room 2: —_— ' Dormestic Gathroom
3 Kitchen
Carridor
B |_|V'|ng Room 3
Living Room
BedRoomil et CLEeCTEEE L S :
Fig 7-1 House plan view and 3D sketch of the house
Table 7-1 House specifications

Descriptions QTY Dimensions/value unit
Number of floors 1 - -
Occupied floor area - 110 m?
Height of the building - 3 m
Number of people 6 - -
Density of people - 0.054 people/m?
Windows 6 1.4x1.4 m?
Internal doors 5 0.9x 2.2 m?
External door 1 1.2x2.2 m?
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Table 7-2 Input data and assumptions of the house rooms

Parameter Bedroom 1  Bedroom?2 I;g’érr'r? Bathroom Kitchen Corridor

Area, m? 4.9x4.0 4.9x4.0 5.3 x5.0 2.85x 1.8 3.7x 3.7 8.0x 1.8
6.0x 1.8

Density

(people/m?) 0.1030 0.2060 0.225 0.183 0.145 0.1194

Activity 0.9 1.0 1.1 0.9 1.0 1.8

Clothing 0.5 0.5 0.65 0.25 0.65 0.65

Min fresh air (I/s-

person) 10 10 10 12 12 10

Infiltration (ac/h) 0.05 0.05 0.05 0.05 0.05 0.05

always on 24/7

Lighting, lux 100 100 150-300 150 150-300 100

Electrical Lapto TV TV Washing Cooker _

equipment ptop PC machine Oven

Table 7-3 Specifications of walls, roof, floor, doors, and windows
Thickness L U-value
Component ) Specifications (W /m2K)

5 layers 10mm outermost mortar-cement of plaster, 150mm
External walls 0.42 hollow block, 100mm Polystyrene insulation, 150mm hollow 0.266
block, and 10mm internal mortar-cement plaster.

3 layers of 13mm outermost gypsum plastering, 115mm

Internal walls ~ 0.141 brickwork, and 13mm innermost gypsum plastering 1.959
Flat roof 0.29 3 layers of 20mm Asphalt, 250mm cast concrete, and 20 1.171
mm mortar-cement plaster.
4 layers of 20mm inner ceramic floor tiles, 20mm floor
Floor 1.24 screed, 200mm cast concrete, 1000mm soil. 0.805
3 layers of 2mm metal surface, 56mm of Glass fibre
External door  0.06 insulation, and 2mm of metal surface 2.839
Window 0.04 Double clear 6mm/13mm air gap, with internal blinds 2.708

14500, Brigkwork Invier Leaf-

1000.00merE arth,

Internal Wall layers

Floor layers External wall layers

Fig 7-2 Structure of house components
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The weather data and building construction and orientation were modified in Design Builder
software, powered by EnergyPlus simulation engine, to estimate the cooling load of the
entire house in the selected location. The Modelling calculation of the cooling load takes into
account the internal loads (people, electrical equipment, appliances, ventilation, lighting,
and insulation) and the building envelope components, as given in Table 7-2 and Table 7-3.
The daily variation of the cooling load profile of house is presented in Fig 7-3, while Annual

cooling load of the house is estimated to be 7400 kWh i.e. 67.27 kWh/m?.
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Fig 7-3 Daily sensible cooling load of the house

The outdoor design temperature is 37.5 °C with 22% RH based on software database. The
indoor temperature of 25 °C with 50-60% RH is recommended by ASHRAE [14]. Once the
design indoor air temperature of the space is known, the supply air temperature (T,) of the
cooling system can be determined by Eq. (3.1), since the WB effectiveness of the cooler and
outdoor design conditions are given as well. Also, the system cooling output (Q..) can be
calculated from Eqg. (3.3). Additionally, the COP and the total power consumption of the
cooler is determined by using Eq. (3-4) and (3-5), respectively. Water consumption rate

(m3/s) can be calculated from equation (3-6).
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7.2 The cooler capacity

The laboratory prototype module can be scaled up to meet the cooling load of considered
typical house. Using the developed numerical model, the cooler operational parameters
were selected based on number of heat pipes, inlet air velocity, and flow rate ratio.
Table 7-4 presents the technical specifications and performance parameters of the cooler
under outdoor design temperatures of (37.50°C, 22% RH) of selected location based on

99.6% coverage of the DB temperature.

Table 7-4 Thermal performance of the cooling system

Parameter unit value
Heat pipes number of rows - 20
Wet ceramic area, m? 0.2551
Feed water temperature °C 18
Supply-to-inlet air ratio % 50
Inlet air dry-bulb temperature °C 37.50
Inlet air wet-bulb temperature °C 21.10
Supply air dry-bulb temperature °C 23.61
Supply air relative humidity % 49%
Supply air flow rate m3/h 37.27
WB effectiveness - 0.8591
Cooling output w 167.175
Cooling output per m?of wet surface W /m? 655.332
Cooling output per m3/h of supply air flow rate m3L/h 4.486
Water consumption rate l/h 0.2864
Water consumption rate litre/kWh, 1.7135
CoP - 14.025

Based on a daily operation of 10 hours, a seasonal operation of 6 month a year (i.e. May to
October), as shown in Fig 7-3, corresponding to annual operational hours 1800 hours and a
cooler COP of 14.03, the annual consumption of energy and water is summarised in

Table 7-5.

Table 7-5 Daily and annual consumption of electricity and water of the IEC system

Parameter unit value
Daily cooling capacity of the cooler (KW h¢) aaity 1.6717
Daily electricity consumption (KW he)qaity 0.1192
Daily water consumption L/day 2.8647
Yearly cooling output of the cooler (KWhe)year 300.915
Yearly electricity consumption (KWhe)year 21.4560
Yearly water consumption L/year 515.6389
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7.3 Economic assessment

7.3.1 Annual electrical energy consumption

In assessing the feasibility of the current evaporative cooler, a direct comparison with
traditional A/C was carried out. The annual electricity consumption of both systems can be
determined based on their coefficient of performance. Traditional A/C units operating in hot
climates suffer from low COP, with average COP of around 2.0 [20]. Fig 7-4 compares
annual power consumption between the proposed evaporative cooler and a vapour
compression A/C. It which shows that the performance of the evaporative cooler surpasses
by a large margin that of the vapour compression A/C with annual electrical energy savings

amounting to 3.172 MWh,,.
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Fig 7-4 Comparison of annual power consumption between the heat pipe-ceramic based IEC and
vapour compression A/C.

7.3.2 Annual water consumption

Electricity and desalinated water prices vary widely depending on location, climate, type of
power plants and fuel used, and the national demand of each country. Using the current

available prices in Libya does not provide realistic results as energy and water are heavily
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subsidised by the state. Therefore, an average electricity price of 0.063 €/kWh is considered
based on prices from the wider region of Middle East and North Africa (MENA) countries, as
presented in Appendix E [130]. Similarly, the prices of desalinated water ranges from 0.4-3
€/m? depending on desalination method used, size of plant, and type of water [131]. Thus,
the water cost would be estimated at a price of 1.50 €/m3. Accordingly, Fig 7-5 presents a
comparison between annual operating costs of the EC system and vapour compression A/C,
the total running costs of the A/C unit is about 233.09 €/year , which is four times higher

than that of the EC system.
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Fig 7-5 Comparison between annual operation cost of vapour compression A/C and the proposed
system of 110 m2 House

It is noted, from the above graph, that the A/C system does not require any water for air
cooling process. Nonetheless, it consumes water indirectly via its electricity consumption,
which require water at power generation stage. Namely, the A/C unit use large amount of
electricity, which would be met by relatively high water demand at power production site,
(i.e. so called off-site water consumption). Interestingly, if the water amount required to
produce 1 kWh electricity is considered (an average of 3.8 [ to generate 1 kWh, form

thermal power plant [132]), thus a comparison between on-site and off-site water

134



Chapter Seven: Simplified economic and environmental evaluation

consumption of both cooling systems can be made. By considering the cooling load of 7400
kWh/yr, the A/C system requires an equivalent of 14.059 m3/yr off-sit water demand for
electricity production to meet this cooling load, while water demand of this IEC system for
the same cooling load is 14.684 m3/yr (i.e. 12.679 m3/yr on-site water demand and 2.005
m?3/yr off-site water usage). It is obvious that total water-usage of the IEC is almost equal
to that of the traditional A/C system. So, this demonstrates strong evidence that IEC
systems being environmentally friendly and cost-effective technology. Furthermore, this
finding is consistent with results from [13] who performed a comparative study of water-use
efficiency between wide ranges of cooling systems including DEC system, IEC system, MVC
A/C, MVC A/C with evaporative pre-cooling of condenser inlet air, and combined cooler of
IEC and MVC A/C system. It is concluded that the evaporative coolers have considerably
reduced annual power demand and their water-use are not higher than that required by the

conventional A/C systems.

7.4 Environmental impact

One of the most significant advantages of the IEC is their limited electricity demand, which
ultimately leads to low Carbon-related emissions, comparing with conventional A/C
systems. Once the emission factor of electricity generation and power consumption saving
are known, the annual reduction of CO, emissions can be calculated. The total amount of CO,
emissions saved in this case study is 0.238 tonnes CO:z per year (i.e. about 85.74% savings
of carbon emissions for one household). Besides, another environmental benefit is that this
IEC system does not use any dangerous or toxic refrigerants which unfortunately are used
by conventional A/C such as CFCs, HCFCs, and HFCs which contribute to the increase of

greenhouse gases emissions and the ozone-layer depletion.

Hence, high COP, low power and water consumption, and low environmental impact are the
most required characteristics of this IEC system, the heat pipe and porous tube based R-IEC
system can play a major role towards green and sustainable air cooling systems and less-

carbonised environment for best of people’s health and comfort.
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7.5 Summary

This chapter outlined a brief economic and environmental assessment of the developed
cooler by analysing the performance of the cooling system under real weather data and
operational conditions for 110 m? house. In this chapter, the annual operational costs and

environmental impact were evaluated and compared against conventional air conditioner.

The weather data were based on the Design Builder software database, this programme was
used for cooling load estimation of small house in Libya situated in a hot and dry climate,
with consideration of building material, people, equipment, ventilation, lighting, and

insulation. The Annual cooling load of 110 m? house was 7400 kWh.

By comparison with conventional A/C system, the annual electricity consumption of the IEC
was less than that of the A/C system by almost 86% that is around 3.172 MW h,/yr saved
from the national power demand, and total money saving in the operational costs of the IEC
system was around 180.80 €. While, the reduction of carbon-related emissions was about
0.238 tonnes CO2 per year which represent 85.7% savings of CO2 emissions for one

household when the IEC system used.
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Chapter 8: Conclusion and future work

8.1 Conclusion

In this thesis, the aim was to experimentally and theoretically investigate the thermal
performance of new design of regenerative indirect evaporative cooler configured from heat
pipe heat exchanger and employing porous ceramic tubes as wet medium of the heat pipe
condenser. This heat pipe and porous ceramic tube based IEC system is to be used in the
MENA region where the desert climate is prevailing. The cooler is anticipated to overcome
some of the disadvantages associated with indirect evaporated coolers such as high water

consumption and low performance.
The main key findings to emerge from this research are;

From experimental work, the manufactured prototype unit was tested under various inlet
operating conditions that covers wide range of inlet air temperatures of 30-40 °C, relative
humidity values of 25-45%, inlet air flow rates of 75-150 m3/h, working-to-inlet air flow
rates of 20-70%, and 23°C water temperature. The cooler performance parameters from all

conducted experiments as follows;

- WB effectiveness ranged from 0.422 to 0.91,

- Inlet air temperature drop was from 4.50 to 12.41 °C,
- Cooling capacity spanned from 72.35 to 233.14 W,

- COP was 4.62-13.16, and

- Water consumption rates varied from around 0.841to 2.8 (I/kWh) of cooling capacity.

Theoretical results were obtained from the developed computer simulation for performance
evaluation of the cooler. Several computer simulation runs performed at inlet operation
conditions of 30-45 °C, 25-60% relative humidity, 20-80% working-to-inlet air flow ratio,

30-210 m3/h, and 23°C water temperature, the thermal performance indexes are as follows;

- WB effectiveness widely varied from 0.52 to 1.053,
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Inlet air temperature reduction ranged from 8.05 to 17.1°C,

- Cooling outputs varied from 68.76 to 314.9 W,

- COP spanned from 6.33 to 17.02,

- water consumption rates per 1 kWh of cooling output ranged from 1.08-2.11 (I/kWh),

this is about 30-55% saving of water consumption comparing with [99] and [88].

Regarding with meeting comfort levels recommended by ASHRAE, the cooler is able to
supply air at temperatures and humidity within the comfort zone for wide range of ambient
air conditions of <42 °C and <30% RH. While for ambient air temperatures above 42 °C, the
range of supply temperatures was above of comfort levels by 0.5-2 °C. Therefore, it is
recommend for such extreme ambient conditions to increase heat pipe numbers to 20 and

keep inlet air velocities around 2 (m/s) and working-to-inlet air flow ratio fixed at 50%.

Computer model verification was conducted by comparing between the experimental data
and numerical results. A good agreement were found between the experimental and the
predicted results from the numerical model. Though, a small discrepancy between the
simulation and the experimental findings results was noted, The computed supply air
temperatures were lower than that of the measured data, the maximum error ranged 3.13-
4.93%, the theoretical WB was, also, slightly higher than the experimental WB
effectiveness, the discrepancy ranged from 8.67 to 12.92%. Moreover, the cooling capacity

maximum error was within 11.41%.

Parametric study:

The effect of the ambient inlet conditions i.e. the temperature and moisture content of the

inlet air.

- It was found that the inlet air temperature is directly proportional to the WB and DP
effectiveness, temperature reduction of the inlet air, COP, and cooling capacity. This
means the higher the inlet air temperature the grater the inlet air temperature

reduction, thus the higher the cooler performance is.
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The effect of inlet air humidity was relatively small comparing with inlet air temperature
influence on the cooler effectiveness. But, at a constant inlet air temperature, humidity
variation had a notable effect on the cooler efficiency. The relationship was directly
proportional between the inlet air humidity and the effectiveness i.e. as the inlet
humidity increases as the effectiveness rises. In the contrast, the inlet air temperature
reduction, COP, and cooling capacity was inversely proportional to the inlet humidity.
For a constant inlet temperature, the best values of the performance parameters were
harvested at lower inlet air relative humidity values. In other words, the thermal

performance of the cooler is better at hot and dry inlet conditions.

The impact of operational parameters was considerable on the thermal performance of the

system such as the inlet air velocity, the working-to-inlet air flow ratio, ceramic tube radius,

ceramic tube wall thickness, and the number heat pipe rows.

The thermal performance parameters i.e. the effectiveness, inlet air temperature drop,
COP, and cooling capacity are influenced by the inlet air velocity i.e. inlet air flow rate.
The best values of the effectiveness and temperature drop of inlet air were achieved at
low inlet air velocity i.e. an inverse relationship between inlet air velocity and the
effectiveness exist. In contrast, the COP and cooling capacity were adversely affected
by reducing inlet air flow rate. Therefore, low inlet air velocities may contribute to
larger size of the system at higher initial costs to compensate the low cooling outputs of
the cooler as a result of using low inlet air velocities. While, high inlet air velocities
improve the COP and the cooling capacities, but this might limit the cooling
effectiveness of the unit i.e. temperature drop of inlet air. For optimum design, a
compromising between the effectiveness and cooling capacity must be considered.
From both experimental and theoretical results, it is recommended to operate the
cooler at 2 to 2.5 m/s.

The effectiveness and temperature drop of inlet air of the system improved as the
working-to-inlet air flow ratio increased, whereas the cooling capacity and the COP
sharply declined when this flow ratio go above 50%, due to limited supply air flow rate
forward to the conditioned space despite the benefit of improved temperature reduction
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of inlet air and high effectiveness achieved at high flow rate ratio. In contrast, low
values of the working-to-inlet air flow ratio, the cooling outputs and the COP improved
considerably as result of large amount of air flow rate was supplied to conditioned
room. Nonetheless, the effectiveness of the cooler is negatively affected by this setting
because of limited temperature drop achieved at low flow ratio of the working-to-inlet
air. Therefore, it is recommended to use 50% flow ratio to compromise between cooling
effectiveness and cooling capacity.

- Also, the effect of ceramic tube wall thickness and increasing the radius of ceramic tube
was assessed. It was shown that the increase of ceramic tube diameter and wall
thickness are inversely proportional to the cooling system effectiveness.

- As being the only heat transfer mechanism of the cooling system, heat pipes numbers
installed in the unit effect on the thermal performance, the increase of the number heat
pipe rows led to improvements of the performance but till certain number of heat pipes.
So, any added heat pipes would not cause any significant enhancements of the
performance, but it may increase costs. It was found that for extreme hot ambient
conditions of 45°C, it is recommended to have 20 rows of heat pipes for the cooler.

Whereas, for operational conditions below 40°C, 15-heat-pipes are sufficient.

Operating limits:

The proposed cooler provided significant cooling effectiveness and temperature reduction of
the intake air with ability to work under various high inlet air temperatures, but the
operation of the cooler might be restricted by two elements; the ambient humidity of the
inlet air and the heat transfer capacity of heat pipes. It was found that the system
performance considerably deteriorated as the relative humidity of inlet air reach above 35%
and/or when the ambient inlet temperature drop below 27°C due to limited temperature
difference between both ends of the heat pipe (condenser and evaporator) which is the
driving force of heat pipe operation. It is, therefore, recommended to operate the cooler for
hot and dry climate, and, also, investigate the effect of using another heat pipe working

fluid on the performance of the system.
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A small size Libyan house of 110 m? was considered as a base line of a case study for
economic and environmental investigation of the annual operation performance of the
developed cooler. The house required annual sensible cooling load of 7400 kWh/yr,
estimated using Design builder software. The annual operational costs of the heat pipe and
porous tube based R-IEC was 52.26 €/yr which mainly paid for 572.61 kW h,/yr electricity
and 12.67 m3/yr water consumed by the cooler to meet the cooling loads. By comparing
with vapor compression A/C unit used for the same space at the same operational
conditions, the annual electricity saving was around 3.172 MW h./yr, and the annual saving
of operational costs was around 77.6% when the IEC system is used. Furthermore, the
annual carbon emission of the IEC was in the range 0.04 tonne that is remarkably 85.74%

less carbon emissions than that of A/C system.

8.2 Further work

Although this research has shown the remarkable potential of using heat pipe and porous
ceramic for indirect evaporative cooling, further research might explore a few opportunities

to improve the cooler performance, as follows;

¢ Improving heat pipe heat transfer capacities (Heat pipe optimization)

Although the heat pipe was selected as standard component of the cooling system, it
was found the heat pipe specifications plays vital role in effecting the overall efficiency of
the system. Modelling the heat pipe for optimum design is recommended, the internal
specifications of het pipe such as working fluid, wick structure, and inner and outer
diameters should be analysed as they can considerably contribute toward improving the

heat pipe heat transfer capacity.

¢ Using extended surfaces on the condenser

One of techniques to enhance overall performance of the system is using fins on the

condenser. Employing axial fins on the outer surface of the condenser allows smooth
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water flow and increases area of heat transfer between the condenser and the
surrounding water, as presented in Fig 8-1. Consequently, increasing the effectiveness

of the cooler.
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Fig 8-1Schematics of axial fin and cross section of finned condenser and ceramic tube

Testing under real weather data for a day-long

Although the cooling unit was tested under real weather data but it was limited to desert
climate with short operating hours of only 6 hrs due to limited opening hours of the
laboratory. So, further experimental work might be conducted to determine daily

thermal performance of the cooler for typical summer day.

Energy recovery of rejected working air

One of the drawbacks of the sub wet bulb temperature evaporative cooling system is
that a portion of the humid and cool air is discharged to the surroundings. Fig 8-2
presents the profiles of temperature and relative humidity of the working air as function
of the inlet air temperature, the rejected working air temperature was in the range of
23-34°C, with the relative humidity ranged from 73-82%. Thus, there is 7-11 °C

temperature difference of between the inlet air and the rejected working air, this
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considerable amount of cold working air is discharged to the environment which

represent a loss of cooling capacity.
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Fig 8-2 Working air temperature and humidity profiles versus inlet air temperature at inlet air
conditions 75 m3/h of flow rate, 35%RH, and 50% flow rate ratio of working-to-inlet air

This energy loss can be recovered in two ways; the first method is to employ a desiccant
system to dehumidify the working air to the required levels of humidity and resupply it to
the conditioned space. Whereas, the other method is to use a dry-air heat exchanger to
pre-cool inlet air using the rejected working air. Each technology has its advantages and

limitations in terms of efficiency of the energy recovery and cost of each system.

The use of a desiccant system in conjunction with this R-IEC system is currently the subject
of further work research project by another PhD student. Two possible setting of this
combined cooling system can be adopted. The first configuration comprises of a desiccant
unit followed by the IEC unit. The inlet air, firstly, is dehumidified (process 1-2) and, then,
to be cooled by the IEC unit (process 2-3), as presented in Fig 8-3. This configuration has
the potential of increasing thermal performance of the current evaporative cooling cooler as

well as extend the scope of application to regions of the world with high relative humidity.
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Fig 8-3 First configuration of the combined system

In the second design, a desiccant unit is attached to the exit of the working air stream of
the IEC to modify the moisture content of the working air to the thermal comfort levels. In
operation, the inlet air is sensibly cooled by the IEC unit (process 1-2) and, then, partly is
supplied to the conditioned room, whereas the remaining part is diverted as working air
(process 2-3) which eventually leaves the system at worm and humid air (point 3), the
rejected working air, then, is drawn through the desiccant unit (process 3-4) to control it
moisture content, and leaves the desiccant system drier but at warmer conditions (point 4).
After that, the working air is cooled further through the HPHX based IEC system to required
levels, as illustrated in Fig 8-4. Using this configuration allows full recovery of cooled inlet

air flow rate with zero energy wasted of the cold working air.
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Fig 8-4 Second configuration of the combined system
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Employing a dry-air heat exchanger to recover part of the wasted energy via using the cold
and humid rejected working air for decreasing the temperature of the inlet air which
ultimately improve the overall performance of the cooling system. A dry air-to-air heat
exchanger can be used to pre-cool the inlet air of the IEC system using the rejected working
air of the IEC system as cold working fluid, and ambient air as hot fluid of the exchanger.
Fig 8-5 presents schematic of this configuration. This cooling process involves pre-cooling
the ambient air in the dry-air HX (process 1-2) using the rejected working air, and, then,
the inlet air is cooled through the IEC system (process 2-3), whereas the working air is
fractioned from the supply air stream into the wet-air channel for water evaporation process
(process 3-4), and, after that, to be forwarded into the dry-air HX (process 4-5) as cold
working fluid. Adopting this configuration offers pre-cooling the inlet air at constant vapour

content, and without demanding external heat source.
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Fig 8-5 Combined configuration of HPHX and ceramic based R-IEC and dry air HX
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Appendices

Appendices

Appendix A

For inlet operational conditions of 40°C , 20%RH, 2.5 m/s, and 50% flow rate ratio

Computer code

$** Heatpipe porous ceramic cooler

$Subscripts are used to refer as follows:

clear

clc

Q

L=0.
W=0.
Y=0.
% Heat

r1=0.
r2=0.

r3=0

r6=0.

r7=0

11=0.
12=0.
13=0.
14=0.

t f=
1 f=

% "d" refers to
% "a" refers to
% "w" refers to

% "f" refers to

% Channels dimentions

700; %Channel length, (m)
069; %Channel width, (m)

13; %Channel height, (m)
pipe & ceramic tube dimentions

007; S%Vapour space radius of heat pipe

modelling **%

dry channel

wet channel

water

fin

(m)

008; %Inner radius of heat pipe container (m)

.009; %Outer radius of heat pipe container (m)

012; %Inner radius of ceramic container (m)

.014; %Outer radius of ceramic container (m)

130; S%SEvaporator length of heat pipe

160; %length of ceramic tube (m)
0.0009; %Thickness of the fin (m)
0.060; %length of the fin (m)

(m)
155; S%Scondenser length of heat pipe (m)
010; %adiabatic length of heat pipe (m)

w _f=0.060; 3%wedith of the fin (m)
N £=29; %Number of fins
d 3=0.018; %Outer diameter of heat pipe container (m)
r eq=0.0344; S%$equivalent fin diameter
$Coefficients,
k1=0.0271; %$Air thermal conductivity in drt-air passage
Lambda e=401; %Conductivity of heat pipe evaporator (W/m K)
Lambda c=401; %Conductivity of heat pipe condenser (W/m K)

Lambda ws=0.9; %Water-sand mix conductivity
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Lambda ce=1.50; %Ceramic tube conductivity (W/m K), given by manufacturer

Lambda wk=1.70; %Conductivity of evaporator wick strecture (W/m K)

%$Inlet conditions
T1=40; % Inlet temperature of dry air channel, (C) & 20%RH
RH 1=0.20; % Inlet air relative hmodity in the dry air channel
Tl wb=22.05; %Inlet wet bulb temperature of dry air channel, (C) & 25%RH
Tl dp=12.85; % dew point temperature of dry air channel, (C) & 25%RH
Patm=101325; $%$Atmospheric pressure, (Pa)
P1 s=610.7*10"((7.5*T1)/(237.3+T1)); %Saturated Vapour Pressure, (Pa)
Pl p=RH 1*P1l s; %Partial vapour pressure of inlet air, (Pa)
gl=0.622* (Pl _p/(Patm-P1l p)); % moisture content of Inlet air in dry air
passage , (kg vapour/kg dryair)

Tw=23; SWater temperature, (C)

%$Thermal resistances
V1=2.50; %Air velocity of dry air passage (m/s)
viscl= 0.00001697; %$Air kinematic viscosity of dry-air channel @ 40c
(m2/s)
D h=2*r3; %Hydrolic diameter (m)
A b=(2*pi()*r3*11)-N f*(t f*d 3); %The exposed base surface area of the
evaporator (m)
A f rectan=2* (1 f*w f-(pi()*r372))+(2*(1 _f+w f)*t f); %The area of square
fin(m2), 2 faces of the fin
A f=2*pi()*(r_eg"2-r372)+2*pi () *r3*t_f; %The area of circular fin(m2
At=A b+ (N _f*A f); %The net surface area of the evaporator with fins (m)
Rel=(V1*D h)/viscl; %Reynolds number in the dry-airpassage
Nud=0.94* (Re1l70.538); %Nusselt number of dry-air passage
h1l=Nud/ (2*r3/k1); %heat transfer coefficient of dry-air passage (W/m2 K)
etha f=0.82; % fin effectivness
etha o=1-((N_f*A f/At)*(1l- etha f)); % the fin efficiency
%$R1: Heat pipe evaporator external surface resistance
R1=1/(hl1*At); %Heat pipe evaporator external surface resistance
%$R2: Evaporator wall radial conductance resistance, R2
R2=(log(r3/r2))/(2*pi()*1l*Lambda _e);
$R3:Evaporator wick resistance, R3
R3=log(r2/rl)/(2*pi()*11*Lambda wk);
%$R7:Condenser wick resistance, R7
R7=log ((r2/rl))/(2*pi()*12*Lambda wk);
$R8: Condenser wall resistance, RS

R8=log (r3/r2)/(2*pi()*12*Lambda c);
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%R10: Water-sand mix thermal conductive resistance, R10

Rll=log(r6/r3)/ (2*pi()*12*Lambda ws) ;

$R11: Ceramic tube conductive resistance, R11

R12=log(r7/r6)/ (2*pi()*1l4*Lambda_ce);

Rt1=R1+R2+R3+R7+R8; %$The sum of thermal resistances between Tl and Tc (C/W)
Rho d=1.12; %Air density in the dry channel (kg/m3) @ 40C&25%
VFR1=0.0208; % flow rate of air in passagel (m3/s)@ 2.5m/s inlet speed
m_d=VFR1*Rho d; %Air massflow rate in in dry channel (kg/s)
Cp_1=1007.00; %Air specific heat, (J/kg.K)

VFR s=0.011; % flow rate of supply air(m3/s)@ 2.5 m/s inlet speed
Rho 2=1.14 ; %Air density (kg/m3) @ 33C&37%

m_s=VFR s*Rho_ 2; %$flow rate of supply air (kg/s)@ inlet speed of 5 m/s
m a=m d-m_s; $Air massflow rate in in moist air channel (kg/s)
Cp_w=4180; $Water specific heat, (J/kg.K)

hfg Tce=2260000; % Water lathent heat of vaporzation , (J/kg)

visc a=0.000016; $Air kinematic viscosity of moist air channel @ 30c
(m2/s)
V_a=3.86; $Air velocity of passage 2 (m/s)/ FOR THE CASE OF 50%

OF FLOWRATE RATIO//
k a=0.0250; $Air thermal conductivity of passage 2 (W/m K)
Re a=V a*2*r7/visc_a; %Reynolds number 1in the the wet channel (passage 2)
Pr=0.72; %Prendtal number @30C
Nu a=0.193* (Re_a”0.618)* (Pr~(-1/3));
%$R12: Convection resistance btwn the air and ceramic tube in the wet
channel, R12
ha=Nu_a/(2*r7/k_a); % Convective heat transfer cofficient (W/m2.C)
R13=1/ (ha*2*pi () *r7*14) ;
Ace=2*pi () *r7*14; %Ceramic tube surface area (m2)
N=30; $number of sections
m=100; S%number of iteration;

K=1;

$First loop

for I=1:1:N; % from diffren. element 1 to N
T w(I,1)=Tw; % water temperature
T d(I,1)=T1; % temperature of dry air

T w(I,1)=T d(I,1)-(Q(I)*Rtl); % water temperature

T a(I,1)=T1; % temperature of mist working air
g(I,1)=0(I); % Capillary limit of heat transport,W

end

154



Appendices

— for J=1:1:m; % from iteration loop 1 to m loops
T d(1,J)=T1; % water temperature

a(N,J)=0(30);
g_a(N,J)=gl; % moisture content of moist working air

Cp_da(N,J)=(1.005+(1.35*10"(-8))*(T_a(N,1)+30)"2)*1000; % Specific

oe

Capillary limit of heat transport,W

heat of dry air as function of T
Cp v(N,J)=(1.8684+0.009*(T_a(N,1)/100)+0.00373*(T_a(N,1)/100)"2)*1000;
% Specific heat of vapour as function of T
Cp_a(N,J)=Cp da(N,J)+g_a(N,J)*Cp v(N,J); % Moist air specific heat
hm (N, J)=ha/ (Cp_a(N,J)); % mass heat transfer coffient (kg/m2.s)

m w(N,J)=hm(N, J) *Ace* (g_swn-g_a(N,J)); % vapour mass flowrate (kg/s)

L end

% Second stage of loops

[}

r--- for J=2:1:m; % from iteration loop 2 to m loops

K=K+11; % a counter
for I=1:2:N-1; %I=1,3,5,7,...29
g(I+1l,J)=Q(I+1);
T_d(I+l,J)=T_d(I,J)—(q(I+l,J)/(m_d*Cp_l)); % alir temperature at
dry-air passage as function of Q1
T w(N+1-I,J)=T d(N+1-I,J-1)-(g(N+1-I,J-1)*Rtl);
T a(N,J)=T d(N,J-1);

o

Cp_da(N+1-I,J)=(1.005+(1.35*10"(-8))*(T_a(N+1-I,J)+30)"2)*1000;
Specific heat of dry air as function of T
Cp_v(N+1-I,J)=(1.8684+0.009*(T _a(N+1-I,J)/100)+0.00373*(T_a (N+1-
I,J)/100)72)*1000; % Specific heat of vapour as function of T
Cp_a(N+1-I,J)=Cp da(N+1-I,J)+g a(N+1-I,J)*Cp v(N+1-I,J); % Moist
air specific heat
hm(N+1-I,J)=ha/(Cp_a(N+1-I,J)); % Mass transfer cofficent(kg/m2.s)
m w(N+1-I,J)=hm(N+1-I,J)*Ace* (g swn-g a(N+1-I,J)); % mass flowrate
for each ceramic tube (kg/s)
T a(N+1-I-1,J)=T a(N+1-I,J)+((ha*Ace/(m _a*Cp a (N+1-
I,J3)))*(T_w(N+1-1,J)-T a(N+1-1,J)));
g a(N+1-I-1,J)=g a(N+1-I,J)+(m w(N+1-I,J)/m a);
T w(N+1-I-1,J)=T w(N+1-I,J);
—— 1f I<29
T d(I+2,J)=T d(I+1,J);
T a(N-I-1,J)=T a(N-I,J);
g a(N-I-1,J)=g a(N-I,J);

end

end
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if abs((T_d(N,J)-T a(N,J)))<=0.01; % Checking the convergence
fprintf ('Converged, K=%d, ABSLUTE (T d-T a)=%d\n',K,

abs ((T| d(N,J)-T _a(N,J))))

Q cc=m _s*Cp_ 1*(T _d(1,J)-T d(N,J)) %Cooling Capacity

Eff wb=(T d(1,J)-T d(N,J))/(T_d(1,J)-Tl wb) %WB effectiveness

Eff dp=(T d(1,J)-T d(N,J))/(T_d(1,J)-Tl dp) %DP effectiveness

mw=m_w(:,J);

[}

mm=sum (mw) % total water consumption (kg/s)

break

end

--- end

$Plotting

hold on;

j=J;

x0=1:30;

Td=T d(:,3);

Ta=T a(:,3)7

Tw=T w(:,3)7
%ga=g_a(:,3)7
$Twp=polyfit (xo,Tw,2);
plot (xo0,Td, 'g-',x0,Ta, 'r-',x0,Tw, "+b', 'LineWidth',2) %
legend('T 4','T a','T w')
xlabel ('N/L")

ylabel ('Temperature, (C) ")

title ('Temperature change alonge the ICE', 'Fontsize',12)

grid
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Appendix B

Heat transfer limitations of heat pipe

Heat pipe specifications and properties

parameters Symbol Value Reference [118]
Outer diameter of heat pipe, m d, 0.0180 Supplied by manufacturer
Inner diameter of heat pipe, m d; 0.0158 Supplied by manufacturer
vapour space diameter, m d, 0.01547 measurement
Length of heat pipe evaporator, m le 0.1300 measurement
Length of heat pipe condenser, m I 0.1550 measurement
Adiabatic length of heat pipe, m la 0.0100 measurement
Total length of heat pipe, m l; 0.2950 Supplied by manufacturer
Effective length of heat pipe, m legr 0.1525 legp = lg+1c/2+1./2
Heat pipe inclination angle, ° 17 -90 Condenser above evaporator
2 layers of #250 wire/in Nk 250 measurement
Mesh wire thickness, in or mm d, 0.0016 or 0.041 measurement
Capillary radius, m Te 5.080E-05 1, = 2.54%/(1000 * 2 N,,;.)
Wick thickness for two layers, m twk 1.626E-04 twx =2%2% dy,
Vapour space area, m? A, 0.00019 A, =n(d,/2)?
gtr&s(:ius;cltlrglz'\al flow area of wick A ~.986E-06 A = n(d? — d2)/4
Wetted perimeter, m Pk 0.0983 P =n(d; +d,)
u?lcdkr?:tllecrf:;acd;fnof wick at vapour Ts 1.626E-04 Tns = 2 Awi/ Pu
Porosity for the wick structure, - € 0.6858 e=1—-((m N, d,)/4)
Wick permeability, m? K 4.43E-11 K =(d,?e?)/(122(1 - &)%)
ol SaTHSd OIS Ay 130 See cquation (4.40)
Water thermal conductivity, W/mK Awe 0.68
Copper thermal conductivity, W/mK Acopp 401.0
Nucleation radius, m T 2.54E-6 Constant

Thermdynamic properties of the heat pipe working fluid * water”

temperature, °C

Properties
2 10 20 30 40 50 80 100

Latent heat, 2476000 2454000 2431000 2407000 2384000 2310000 2254000
tg/‘;‘ﬂ density, 1002.2 998.6 994.8 990.4 985.8 969.7 961
X;;’nﬂ‘;r density, 0.009426 0.017364 0.03046 0.05134 0.083217 0.29303  0.58
Liquid thermal
conductivity, 0.5815  0.5997  0.6157  0.6298 0.642  0.6685  0.6795
W/mC
h'q;'rﬂz‘”scos'ty' 0.001313 0.001013 0.000806 0.000657 0.000548 0.00040 0.00028
xasp/?]‘jzr viscosity, g 46E-06 9.75E-06 1.01E-05 1.04E-05 1.07E-05 1.1E-05 1.3E-05
\faprour pressure, 0.0122 0.02 0.0423 0.07 0.1231 0.470 1.022

Liquid surface

. 0.07423 0.07275 0.07121 0.06961 0.06796 0.06269 0.0584
tension ,N/m
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Excel spread sheet was created to calculate heat transfer limitation of the heat pipe;

Capillary limit of the heat pipe heat transport (Q,.) is determined by

— — pglesing — pg lycosg w

_ P ly K Ay (20'1 )
T ’

Hy leff

The maximum heat transport due to entrainment limit is given by

Py 01

-, w
27Ty

— 2;
Qe =TTyl

The maximum heat transfer rate due to boiling limitations can be determined by equation

_ 4 leff Aeff Ty 0'[(1 1) w

b . l ri I
ifg py In

™ T

The sonic heat transport limit is expressed by the following equation

Qs = A, py = w

The overall heat transport due to the viscous limit is expressed as follow [120]

_ Av rvz Pv ifg P,

= w
v )
16 Hy lef f
8 B ‘ o £ P G H 1 I i M N 0 o R 5 T I Y
Hear pipe vorking fluid properties (WATER) Heat pipe properties
Working fluid temperature |units 0l o El X 4 £l a 100 Outer diz of heat pipe surf| d_o | 00180 | m 2 |ayers of #250/in coppermesh | N 250 | units | 988E+03 | wire/m
Latentheat, Jkg | 2498000 | 2876000 | 2asa00n | 3in0n | 07000 | 2sssoon | om0 | 225400 Inrier dia of heatpipe surf] di | 0058 | m e thickness, dw= 00016 | inch | 00406 | mm
Liguid density, kg/m3 | 10055 | 10022 | 9986 | 9945 | 9904 | 9858 | 9637 | %6l vapour space dia dy 001547 m Capillary radius =w+d/2= 1/[2*N) | 1_ce mm | S0BE0S | m
Yapar density kg/md | 000485 [0.003426 | 0.017364 | 003046 | 0.05134 | 0083217 (020303 [ 058 Max vapor space area Ay m'2 wick thickness for two layers W mm | 163604 m
Liquid thermal conductivity  [isifmeC | 05611 | 05815 | 05897 | 06157 | 06298 | (0542 | 06685 Length of HP ewaporator | Le | 01300 | m vapour space dia dv mm
Liquid vistosity, hs/m2 | 0001761 | 0.000313 | 0.001015 | 000006 | 0.000657 | 0.000545 | 0.00040 [ 000025 Length of HP condenser | Lc | 01550 | m intzmal diameter of the heatpip] ol m
Vaporviscosity Nsfim2 9172606 | 946606 | 975606 | LOLE05 | Lowe0s | 107605 | LLe05 | L3645 wdibatic length of HP La | 00l00 | m ross-sectional flow area of the o] A e | 7990 |2
Wapor pressure, bar 00081 | 00122 | 002 | 00423 | 007 | 01231 | 0470 | lo22 Tatal [ength of HP Lt | 0250 m The wetted perimeter P mm | 983E-02[m
Liquid surace tensian W | norses [ 007423 | 007z7s [ 007z [ oeset | 006796 [o.0sz6s | noses Fffective length of P | Leff| 04525 | m hydraulic radius ofwick, r_hw | Ths mm | LesE0|m
Garmma of water vapour 133 133 133 133 133 133 133 133 water thermal conductivity| k_wt | 063 |W/m. porosity far the sereen wick 3
R wiater vapor ek | 462 [ e [ w2 [ e [ a2 | s | 42 | 2 Uopper thermal conductivif k_p | 40L0 [wyme wick permeability 3 ]
Wapour core hydraulicradifr_hv | 00077 | m \iick screen effective thermal car k_eff Wi/m.C
Heat pipe indination angle 90 The nudeation site radius may by 1_h 254E06] M
Dpesating [ [0 [ w [ = [ s [ & [ s [ & [u]| | hot oine oert
Capillary Lt | W [19a62m7%] 2550034 | 325509 | 3050917 | 4714101 [ 54990757  68.1038 | 0062 | 50 imits on het pipe perrormance
1500 " \
max. Mach number (=0.2) M= 0.2 250 =4=Capillary Limit
Soic limit 0_smax] 156 65795] 365.0901] 660:1104] 1200.562] 2036.569] 324,601 1heses] 285428 w0 ||
[ 422 80762 547 5a08] 1575 275] 2783 75| 4720, 7] o0 gmna] 2ese o] semaalw 0 — == Soriclimit
21500 —
Entrainment linit q_e,max [199.05622 [ 6630631 | 909789 | 1180977 [ 1500937 [ 1870086 [ 32654 [ 93271 | g 50 y \ E'r'v‘t‘rtamment
Boiling imit 0_bmax | 65149.67 [ 3438356 | 19108.85 | 11130.89 | 6735.07 [ 922665 [1296.44] 63650 W ¢ 12052 L = Eeling mit
0 Viscous limit
Viscaus limit 0 wman| 37083 | 1369.00 | 003329 1436254 [ 36539.25 | 105643.05 ] 1299135 [ 4g1504 ol X
i PN et
0 10 20 30 40 50 50 70 80 %0 100 110
Operating Tempersture, T

158




Appendices

Appendix C

Cuirwas:

2 Spoed stages

Curva

Fan specification

Mo
wil e rnga

EC centrifugal fans — RadiCal

backward curved, @ 220

Malerial: Housing: P plastic 8, ibreglass-reinforced
Iengezlier: P, plastic 6, fibregls-reinforced
Rortor: Thick Eyer passivated
Elecironics enchimsding: Die-cast aluminien

Number of blades: 7

Direction of rotation: Cockwiss, seen on rolor

Tijpes o protecion: P 54
Insulation class: "5

Muurillng peeition: Aoy

Condenesis discharges: None, open rolor

Mude of oparstion: Confinucus cperation (51)

Bearings: Maintenance-free Ball
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- Technical lestures: See slectical connections o 16111,
— EMC: Infererznes emission ace. i BN 61000-6-3
Imerferencs immunity sce_ to EN 61000-5-2
Harmmamics ace. o EN E1000-3-273
— Toisch current: < 3.5 mA sec. o [EC G000 fieel eircult, Tistration 4)
— b ealt: Virishle
- ProbecBon clase: | [T customer has provided coneection fur proisctive ears)
- Product cenforming 1o standarde: BN 50295-1, CE
- Apprewale: VOE, UL, 03A, COT, GOST are appled for

E g i
LB 11
n-i [ -4
H
i i
FIG ZA-R005 01 1,12 | K36 ZE-ACHE - | 203
FIG ZA-R053 00 153 | K36 ZE-AOSY - | 243
FIG Za0-R00S 03 120 | K36 ZH-RCOG - | 210
FIG ZA-BE18 -0 1,40 | K36 ZE-REIS -0 | 200
FIG ZA-R053 -0 153 | K36 ZE-ADSY - | 243
Cairves: L T 1 n Pa 1 Lk
tod .‘- £ = Tjmax 117 W ] A
\ T o0 IS e ] 0ET T
-y T 13 oz &7
\\ E € == 13 7 5
- © 0| ;W3S a5 a7 -]
“.‘ PO M5 M5 o W
= S| W& ms 1S 10 &
. { D I 1S 1,10 -]
= K ] B0 =MD 115 1,10 m
. ][ - @ 0 @ 140 Er]
!?\ H"“m W o0 :Em =] 140 73
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% 3 =M L) HT HE T TEE w
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Appendix D

Experimental results spread sheet

Experimental results of inlet conditions 40°C and relative humidity of 45,35, and 25%

o

10
11
12

13
14
15
16
17
15
19
20
21
22
23
24
25
26
27
28
29
30

31
32

33
34

35

36
37

Tempem@turs
| Humidity afinl=t air 454, | a5 00211 |35%, 0.0163 25% [0.0115]
Fanspeed [mys)
20% E0% T0% 20% E0% F0% 20% E0% F0% 200% E0% F0% 20% E0% F0% 20% E0% F0% 2008 E0% T0% 2008 E0% F0% 20% E0% F0%
T wh [Cl= 259.1 249.1 259.1 2h.b 2h.b 2h.52 236 3.6 FEN] 236 236 23.6 3.8 236 23.6
T dp (€)= 258 ] 258 21.6 21.6 21.6 16.2 16.2 16.2 16.2 16.2 16.2 16.2 16.2 16.2
Airdensity (kefm®3] 1.113 1.113 1.113 1.116 1.116 1.116 1.119 1.118 1.118
Cp (ke K 1.045 1.045 1.045 1.026 1.026 1.026 1.027 1.027 1.027
0_in(m"3/s) 0.0417 | 0.0417 | 0.0417 | 0.0292 ( 0.0252 (0.0292 | 0.0202(0.0202 | 0.0202)0.0417| 0.017 |0.0417|0.0292|0.0292(0.0292(0.0208 | 0.0203| 0.0z202| 0.0417| 0.0417 | 0.0417 |0.0292|0.0292|0.0292 |p0.020%8| 0.0202| 0.0202
Supp Airexitspead (mys) 4.22 265 1.61 2.98 188 115 21z 1.52 0.80 4,22 ZEE 161 2.98 1.85 115 (zazoo|1.3300(0.2000]4.2200]| 26500 |1.6100 |2.59800(1.8600(11.1200 |2,1200(1.2200 | 08000
O_supp (m"3,5] 0.03 0.0z 0.01 0.0z o0l 0.01 0.0z 0.01 0.01 0.0s 0.0z 0.01 0.0z 0.01 0.01 (00167 (00104 (0006200531 | 00208 | 00126 (000254 (00146 (00088 |0,.0167 [ 0.0104 | 00053
Reject Airexitspeed 1.05 2.EE 2,70 075 188 2,E5 0.54 1.24 1.85 1.05 Z2EE 270 0.7E 1.87 2,55 (0.5400(1.53300(1.8500]1.0800] 26800 | 2,7000 |0,7500]1.8600|2,5900 |0,5400(1.2200 ( 1.8500
O_ext im*3/5 0.0z | 0.0209| 0.0291 | 0.0055 ( 0.0146 |(0.0200f 0.0042(0.0105| 0.0145)0.00:32) 0.0209 |0.0291|0.0059|0.0147(0.0201(0.0042( 0.0104| 0.0145|0.0022| 0.0209 | 0.0291 |0.0059) 0.0146|0.0202 |0.0042( 0.0104| 0.0145
O_supp/0_ini% Fo.56 45,96 30.35 | 80.26 | S0.09 | 30.97 | 79.932 |49 769 30163 79.555] 49,955 |30.352|20.255 | 49823 20,971 79.922( 50146 30,163 79.555| 49.958 | 20.352 |S0.255|50.092| 20,162 |79.932( c0.146( 30.153
% 20 50 70 20 50 | eo | 20 | 51 [ 70 | 20 | S0 | 7o | 20 | 50 | sw | 20 | S0 | /o | 20 50 70| 20 | &0 | 7o | 20 | S0 70
5 UM 99,35 |100.10| 100.10 | 100.45|100.12 | 99.65 | 100.29|100.29| 99.92| 93.35 | 100.10 |100.10|100.45(100.12| 99.92 [100.29| 10029 99.92) 99.35 | 100.10 | 100.10 |100.45{100.15| 99.92 |100.29| 100.29 §959.92
T_in ol d0.00 40.00 40.00 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 40.00 | 40.00 | 40.00 | 40.00 | 40.00 | 40.00 40.00
T SHF gl 2717 ELREF] 35,63 26.897 | 3525 | 2E.02 | 265 24.9 2d.4 27 2523 | 2496 ) 2692 | 2471 | 2456 | 2651 | 3441 | 2279 | 2776 | 2541 FE.05 | 27.25 | 2505 | 2414 | 26.76 | 24.09 | 23.27
T 10HF 10| 3565 3367 | 3352 35.24 | 33.04 | 32.63 | 348 | 3245 32 35.4 3286 | 32e5 | 352 | 202 | 2leg | 2463 | 3175 | F1.02 | 3571 | 2245 32.17 35 31.71 | 30.49 | 34.17 | 30.2% 29.33
T supp out 15| S4.80 32,50 [ 3200 | 3404 | 3115 | 30.80 ) 33.80 | 3065 | 3010 | 34.04 | 31,20 (31.05) 33,55 | 30,00 | 29,70 | 3285 | 23,30 | 28,85 | 33.88 | 50.25 | 29,85 | 3310 | 2881 | 28,55 | 31,54 | 2850 | 27.53
T Gce 10| 3429 31.73 31.55 33.20 | 30.84 | 3025 224 305 | 29.44 | 3316 | 30.73 | 3045 | 3333 | 29.30 | 2557 3203 | 2544 | 2522 | 3505 2975 2553|5257 | 2701 | 2692 3205 2695 2535
T 10ce gl 2509 32.45 32.30 33.85 | 31.55 | 21.03 | 3365 | 3086 | 20.15 | 2368 | 3147 | 3113 | 33.59 | 30,17 | 2983 | 32658 | 2926 | 28.98 | 3267 2006 2835|5203 2806 | 2745 | 3182 2762 26 .65
T_15ce o] 35.98 33.E6 3386 2495 | 3316 | 3234 3463 | 3245 [ 3185 | 3465 | 3263 | 32.71| 348 | 3188 | 2164 33587 | 3046 31.2 3148 2973 291 309 287 254 5154 2925 2861
Inlet airtepe -ature reduc]  5.20 770 .00 .95 885 2,20 5,20 9,35 32,390 E.95 8,80 8,95 £AS | 1000 |1020| 7a5 | 1070 |11a5]| A% 9,75 1017 | 650 | 1113|1147 | 846 | 11.70 | 1241
E_wb 0.477F 0.706 0.724] 0.547| 0212 0.844] 0.569| 0.858| 0.908] 0.44%5 0.657| 0.6es| 0.451| 0.746 | 0.769| 0.530( 0.794( 0827 0.373 0.595| 0.620| 0.421| 0.e22| 0.699] 0.516| 0.713 0.757
E dp 0.366| 0.542 0.563] 0.420| 0.623| 0.643| 0.437| 0.658| 0.697] 0.324| 0.473| 0.486| 0.351| 0.543 0.56] 0.359| 0582| 0.e06| 0.257 0.410| 0.427] 0.290| 0.470| D0.422] 0.355| 0.492 0.521
Cooling capacity (W) 200.46 | 186.40| 11766 | 162.24 [ 150.37 | 96.65 | 120.07|112.74| F2.35 |222.39| 211.76|130.85] 1745 168| 107.6|137.64| 12923 21.00 2331 233.21| 147.79| 185.6| 1879 116)161.82( 140.45| S9.61
Cooling capacity (W/m*2]| 1047 73| 974.25 | 514.95 | 242.00| #35.94|cn5.15] A27.57[529.28 | 372.15]1133.7| 1106.5(623.90| 912.3|872.05|562.19] 719.43 | 675.43| 423.4] 1218|1215.92| F72.45| 970.0| 921.9( e06.04|246.12( 734.1| 463.37
cop 462 | 420 | 271 | 7.48 | 693 | 445 | 1026 | 964 | 6.6 | 5.26 | 488 | 301 | 604 | 774 | 496 | 1076 | 1004 | 692 | 545 | 545 | 3.45 | 885 | 8.96 | 5.53 |45.47 | 1316 | 8.40
Humidity of exhusted wor] 100.00 | 26.50 | 85.50 | 100.00 93.50( 92 20 | 100.00( 99.50( 95.00) 94.00 75.50( 72.70] 95.50] S1.00| so.oo0f 20000 9250( go.50] 9400 6400 el.00j100.00| 72.50| 7.000100.00| 79.00 TIED
Water added ml) 75.00 52.00 | 105.00 | 85.00 | 120.00 | 94.00 | 100.00{140.00| 136.00J120.00| 145.00|142.00)150.00(190.00|100.00) 154.00|172.00| 90.00]150.00| 166.00| 165.00{122.00(152.00|145.00]105.00| 140.00] 142.00
test duration|imin) 21.00 20.00 25.00 27.00 | 31.00 | 25.00) 27.00( 36.00| 20.00| 32.00 22.00| 20.00] 43.00| 4o0.00| 20.00f 200 37.00( a5.00] 2500 22.000 22.000 259.00| Z2.00| 20.000 2z.00] 20.00 24.00
totalwater cansumpt (ijh| 0214 | 0246 | 0262 | 0189 | 0252 | 0296 | 0222 | 0235 | 0272 | 0244 | 0272 | 0284 | 0251 | 0255 | 0800 | 0289 | 0279 | 0216 | 0257 | 0&11 | 0805 | 0275 | 0285 | 0200 | 0274 | 0260 | 0251
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Experimental results of inlet conditions 35°C and relative humidity of 45,35, and 25%

45 |Temp=rmaturs T_in(C )= TirF3EC T_in(C )= T_niC i=

46 |Humidity of inlet air | 0.0159 | 0.0123 | 0.0088

47 |Fanzpeed [mys]

a5 0% coms|  woos]  zow|  coss|  oo|  moo|  coms|  Foss|  =oss|  cows|  rose]  soss|  ooss|  7oss]  oss|  coos|  Foes] coes|  coss|  Foos] mows|  cows|  voss]  zoes|  Som| o
49 | T_wb (€)= 25.07 35.07 25.07 32.75 22.75 32.75 20.23 20.23 20.23

S0 (T _dp (C)= 31.3 313 31.3 173 17.2 17.2 12 13 12

51 |Airdensity (hfmt3) 1135 1.135 1135 1137 1.137 1137 1.14 1.14 1.14

52 [Cp (ke k) 1.035 1.035 1.035 1.028 1.028 1.023 1.021 1.021 1.021

53 | O_jn (m*3/s) o042 | oo4z | o042 | oosa | oo2a [oo2e| poz1| o021 ooza|oo0a2| ooa: | oosz| 0oza| ooza | oosa| poza| oo2i| oozi| oosz| ooa: | ooge | ooz | ooee | oo2s | pooza| oozi| ooz
54 |Supp Airexitspeed (mjs) | 4220 | 2540 | 1510 | 2980 | 1860 1450 2120 |1.340 | os00 | 4220 | 2E40 (1610 2980 (1850 | 1450 | zazo | 1340 | osoo | 4220 | 2640 | 1610 |2.8980 | 1880 | 1120 | 2420 | 1340 | 0.800
55 |0_supp [m*3,s) 0.022 | 0.021 | 0.012 | 0.022 | 0.025 | 0.008 | p.o17| 0011 ooos| 0.032| 0.021 (0013 0.022 | 0.0a5 | 0.009 | oo17| 0011| o.oos| 0.022 | 0021 | 0.012 | 0023 | 0015 | 0.008 | p.017| o.011| o.00s
56 |Reject Air exit speed 1100 | zg60 [ 2700 | o7s0 | 1860 | 2550 | 0540 |1.370 (1800|1400 | 2E60 | 2700 0750 | 1880 | 2550 | o.san | 4320 | 1.es0 | 1400 | zeso | 2700 |o7S0 | 1860 | 2590 | osan | 1370 | 1.8
57 |0_ent (m*3/s) ooos | 0021 | o029 | o.oo0s | 0.015 | 0020 | p.oos| o.010| o.o1s| o.ooa| o021 | oo2a| o006 | o015 | 0.020| pops| 0010| opis| o.oos | ooz | ooza |ooos | oois | 0020 | p.ope| oo10| o015
S& |0 suppfo_in: 0.e0 0.50 0.20 0.z2a 050 0.21 0.7ag| o.sos| p.3pz| 0.796 | 0492 [ 0.204| 0203 | 0.501 | 0.310 po7go| Q505| o.2g0z| 0.796 | 0492 | 0.204 | 0.203 | 0.501 | 0.302 | p.7aa| ospos| o0.202
] 0.21 50% T0%, 20°%, 50%, 69%, 20% | 50% T0%) 21% 50% J0% | 20% | S0% | 69% 20% 50%, T0%) 21% 50% Jok | 20% | 50% | T0% 20°%, 50%, 0%,
&0 sum 10027 | 0995 | 1001 | 1005 | 1002 [0.996| 1.003| 1.002| 0898|1002 0898 [ 1001 1005 1002 | 0986 | 1.003] 1003| o.9as] 1002 | og9s | 1001 | 1005 | 2002 | 0998 | 1.002] 1003 o0.99a
g1 | Tin gl 2500 | 3500 | 35.00 | 2500 | 3500 | 35.00| 2500 | 2500 | 35.00 | 3500 | 35.00 | 2500 3500 ( 2500 | 300 2500 3500 | 2500 | 2500 | 35.00 | 3500 | 2500 | 2500 | 3500 | 35.00 | 35.00 | 35.00
£2 |T_EHP g| 3271 | 2151 | 3122 | 3257 | 21.04 | 3085 | 3227 20.70| =20.3c| 3277 2115 {2052 2230 2050 2031 | 2206 | a010| 2a.7e| 2243 | 3083 | 060 | 3218 | 2029 | 2086 | 3197 2962 2002
£3 |T_1OHF 10] 2145 [ 2a64 | 2013 [ 2134 2007 (2870 3027] 28.74] 2zac| 2130 seac [2ece [ a0sase3a] ze0a| 2052 | 2780] 27.74] 2057 [ 2861 [ 2705 2050 2724 27,25 | a0.10] 2627 2604
64 | T supp out 2061 | 2e40 | Zeoo | 2020 | 2760 (2735|2978 (2700 (2e8a | 203 | 272 |27Ac|z9Ec|zeds| zez | 2oz | 26 |zo4c|zsem | zess | zedm | zes | 257 | 2515 |zeas | 2455 | 236
£5 |T 5ee 10| 2003 | zeos | zres | zees | zee0 (2es4 | zee7 [zess | zeos |zo7o | 2704 2672 | zeos|zees | 2o7a [ zeec| 2521 [ 2oac| zeus | zess | zoec |zees | casz | zace (2770 zaa7 | 2sa7
66 [T 10ce c| 2057 |ze73| 2274 | 2010 | 22.00 | 27.72 | 3964| 2760 2594|3024 2811 | 2775 | 2995 | 2685 | 2654 | 29.40| 2625 3s.27| 2088 | 27.73 | 26.45 | 2903 | 26.27 | 25.71 | 22.22| 2512 2412
67 |T 15ce ol 2122 | 3018 | 2028 | 3138 | 2340 (2935 3p5g|23.00 | 2877 | 2111 | 2941 | 2928 | 3019 | 2800 | 2775 | 2p.35| 27.95 | 2723 | 2047 | 2920 | 2840 | 3046 | 27.56 | 27.50 2900 | 2668 | 2614
£5 Inletairtepe-atureredug] 433 | 660 | 700 | am0 | 740 | 765 | 522 | 790 16| 47 748 | 78c | 53s | 52 | &80 | seo | 900 | ass 532 gp1| 85 | 640 | 930 | 985 | 66z | 1045 | 11.40
£9 |E_wb 044 | 06s | 070 | o4z | 075 | 077 | 052 | os0 | 02 | 032 | 061 | o064 | 044 | ov0 | 072 | 047 | 073 | 072 | 0365 | 054 | o5z | 041 | 063 | 067 | 045 [ 071 | 077
70 |E dp 032 | o043 | 051 | o3 | oc4 | o056 | o3z | ocs [ oeo | 026 | 042 | o044 | 030 | nas | o4s | 0323 [ o5y | ose | o023 | o3 | 037 | o027 | o0 | 043 | 0s9 | nas | oso
71 | Conling capatity (W) 17092 |160.76| 10298 [ 131.97| 126.99 | 81.17 [102.10] 9767 | s0.23 [182.08( 12195 {116.02| 146,36 145 42| az.a0 [112.88| 110,71 | 70.14 | 205.23| 19231 | 125 40 [166.15| 15513 100,85 |128 30| 128,01 | 83.37
72 Cooline capacity (W/mn2)| 893.35 |540.25| 543.45 | 685.79 | 663.75 |424.25| 533 656|510 49| 214.20]951.57| 947.51|606 42| 764.97| 760,38 | 485 52| 584 98| 578.66| 36658 a0r2 70| 1010.39| 555 43 |365.56|826.51| 527.12|670 52| GRA.07| 435 76
73 |cop 384 | 370 | 240 | eom | s@s | 374 | =72 | 835 [ sac | 420 | 418 | 267 | 674 | 670 | 425 | ass | 946 | soea | aza | asz | 203 | 7as | zca | 4s1 |azoa| 100 | 7ma
74 |Humidity ofexhustedwaor| 96.00 | 060 | 7900 |100.00| 600 | 8630 [100.00| 91.50 | e1.00 | 2730 71.00 |saco | aso0 (=000 | =100 sscso| ge00 | 2350|2750 | 6400 | 6100 (9700 eaoo | 6700 |100.00] 7500 | 74.00
75 [ Wateradded (ml) apg 77 = apg 110 apg 20 a5 ag 134 | 120 91 | 140 | 145 [ 125 | 140 | 174 | 160 | 1215 151 142 | 100 | 150 | 152 | 128 | 190 132
76 |test duratian {min] EF 37 27 27 K 5 8 EF a7 EE a1 23 44 40 33 42 a2 41 21 kL] 16 28 K a5 a0 43 I
77 totalwater cunsumpt (/h] 0169 [ 0471 [ 0196 | 0.200 [ 0.189 [ 0.216 | 0171 [0.180 | 0.159 [0.206 [ 0.232 [0.237 | 0191 | 0718 [ 0.237 [ 0.200 [ 0249 [0.234 [ 0232 | 0338 | 0.247 [ 0314 | 0357 [ 0.263 [0.256 | 0.238 [ 0227
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Experimental results of inlet conditions 30°C and relative humidity of 45,35, and 30%

Temperature Tin(C )= TirF20C Tin(C )= 0,007 Tin{C )= 0,008 00087
Hurmidity of inlat air 30% [ 30% [ sow | 30% | 30% | 30% | 30% | 30% | 30%
Farispeed (mys)
20% | oo | 7o% | 20% | cow | 70w | oo | ooos | 7o | 2o% | oo | voss | 2os | oow | zoss | mow | oons | vow | zow | oo | 7ow | 2o% | oos | vow | ozow | oo | 7os
T_wb (€)= 21.06 21.06 21.06 19.03 19.02 19.03 15 15 15 12 18 18 12 18 18
T dp (€)= 16.8 162 168 12.9 12.9 12.9 106 [ 106 | 106 | 106 | 106 | 106 | 106 | 106 | 106
Airdensity (kefm"3) 1.156 1.156 1.156 1.158 1.158 1.158 1.16 1.16 1.16
Cp (klfke k) 1.028 1.028 1.028 1.022 1.022 1.022 1.017 1.017 1.017
0_in (m"3/5) 0.043 | 0082 | 0.082 | 0.029 | 0.029 | 0.029| oo21| o.021| o0.021| 0.042 | 0.082 | 0.042] 0.029 | 0.029 | 0.023 | oo21| 0021 o.021| 0042 | oos2 | o082 | 0.029 | 0.029 | 0.028 | o.o21| 0.021 0021
Supp Airexitspeed (mfs) | 4220 | 2.640 | 1.610 | 2950 | 1560 | 1150 2130 | 1.290 | nso0 | 4220 | 2.640 | 1610 2950 | 1860 | 1150 | 2120 | 1340 | 000 | 4220 | 2640 | 1610 | 2.950 | 1860 | 1120 | 2120 | 1.340 | 0800
0 _supp [m*3s) 0.033 | 0.021 | 0.013 | 0.023 | 0.015 | 0.009| o.017| o0.011| o.00s| 0.033( 0.021 | 0.013| 0.023 | 0.015 | 0.009 | o017 0011 o.ooe] 0.033 ) 0021 | 0.013 | 0.023 | 0.015% | 0.009 | o.017| 0.011| 0.006
Reject Air exil speed 1100 | 2660 | 2.700 | 0.750 | 1860 | 2.550 | 0.540 | 1.320 | 1850 1.100 | 2.660 | 2.700| 0.750 | 1260 | 2.550 | 0540 | 1.320 | 1850 | 1.100 | 2660 | 2700 | 0.750 | 1260 | 2590 | osen | 1.220 | 1.850
0_ext {m"3/s ] 0.008 | 0021 | 0.029 | 0.006 | 0.015 | 0.020| 0.004| 0.010| 0.015| 0.004 | 0.021 | 0.029] 0.006 | 0.015 | 0.020 | 0.004| 0.010| 0.015) 0.009 | 0.021 | 0.029 | 0.006 | 0.015 | 0.020 | 0.004| 0.010| 0.015
0 supp/0_ins 0.20 0.50 0.20 0.0 0.50 0.31 | o.79q| osps| o.o2p2| 0.796 | 0.498 | 0.204) 0202 | 0.501 | 0.310 | p.79g| 0O505| o2oz| 00796 | 0.492 | 0.304 | 0.802 | 0.501 | 0.302 | p.7ag| oso5| o302
21% 0% | FO0% | 20% | 50% | 69% | 20% | S0% | 0% | 21% | S0% | FO% | 20% | S0% | 69% | 20% | S0% | FO% | 21% [ S0% | V0% | 20% | S0% | FO0% | 20% | S0% | 70%
sum 100 | 100 | 100 | 100 | 100 | 100 | 1o00f 1o00| 100 1.002| 0989 | 1001 1.005 | 1.002 | 0895 | 1.003[ 1003 098] 1002 | o988 | 1001 | 1005 | 1002 | 0998 | 1003 1002 0.999
Tin gl 20,00 | 20.00 | 30.00 | 30.00 | 2000 | 30.00] 30.00 | 30 | 3000 30 a0 e el Ell a0 Ell 30 a0 e e a0 e a0 a0 20 el 20
T SHF c| 2ea0 | 27.00 | 2650 | 2790 | 3665 | 2620|2770 | 26.2 | 2500| 279 | 266 | 265 | 279 | 263 | 2575 | 276 | 252 | 255 | 286 | 2705 | 2665 | 2775 | 2613 | 2552 | 27.47 | 26.13 | 2531
T 10HF 10| 2720 | 2580 | 2510 | 2680 | 2550 | 2450 26.50 | 245 | 2420| 269 | 251 | 249 | 267 | 245 | 239 | 264 | 243 [ 2355|2755 | 251 | 247 | 265c| 2437 2277 2632 | 2402 | 232
T supp out 2640 | 24.25 | 2390 | 26.00 | 23.60 | 23.24| 25.35 | 2350 | 32.75 | 2590 [ 232.70 | 2360 2550 | 2385 | 2243 | 2510 | 2245 [ 2275 | 2580 [ 2361 | 3342 | 2540 22.70 | 22.28 | 25.00| 22.11 | 2160
T Gee 10| 2610 | 24.00 | 2350 | 2572 | 2216 | 2275|2512 | 23 | 22a7|asc2| 235 | 2305 2484 | 2213 | 2183 )| 2481 | 2207 | 2128|2508 | 221 | 2ag | 2sac | zzos | 2182 | 2465 | 2157 | 2066
T 10ce o| 27.00 | 2490 | 2456 | 26.04 | 24.04 | 24.00| 25.50 | 24.02 | 2332 | 26.2 | 2424 | 2371|2578 | 2286 | 2275 | 255 2271 | 22 |25ee | 2363 | 2355 | 2581 23.05 | 22.55 | 25.54 | 2187 | 2115
T 15¢e o| 2805 | 2606 | 2590 | 3622 | 3584 | 2620| 26.20 | 2685 | 2500 | 27 | 2673 | 2542|2697 | 2377 | 24.22| 26.42 | 2357 | 22.35 | 268 | 2431 | 2452 | 2715 | 2415 | 23.45 | 2652 | 228 | 223
Inlet airteperature reduct] 360 | 575 | 610 | 400 | 640 | 6.76 | 465 | 650 | 225 | 410 | 630 | 640 | 450 | 715 | 257 | 440 | 755 | 925 | 420 | 639 | 653 | 460 | 730 | 772 | 500 | 7E9 | 240
E wb 0.402 | 0.643 | 0.682 | 0.447 [ 0.716 | 0.756 | 0.520 | 0727 | 0.811 | 0.374 | 0.574 | 0.583 | 0.410 | 0.652 | 0.690 | 0.447 | 0688 | O.752 | p.3cp 0.532| ocE42] 0222 0602 oe42] 0417 0.65%| 0700
E_dp 0.273| 0436 0.462| 0.303] 0.485| 0512| 0352 0492 0.549) 0.240) 0.363] 0.374) 0.263| 0.413| 0.443] 0287| 0442| 04s2| 0.216] 0329) 0.339) 0237 0.376| 0.398| 0258 0407 0433
Cooling capadity (W) 141,79 14168 | 9166 |111.25| 11111 | 7256 ] 92.01 | 81.29 | 54.12 | 1608 | 154.59 | 9572 | 124.65|123.61| 80,92 | 9656 | 9404 | 61.35 | 164.22| 156,31 | 9816 |127.01[12581| 8011 | 98.21 | 97.95 | 62.26
Cooling capasity (W/me2) | 741.12 | 740.53 | 479.10 | 581.50 | 530.72 | 379.24) 430.91 | 424.90| 232.94) 840.6 | S0%.0 | 500.5 | 651.48 | 646.10 | 422.94| 504.63 | 491 51 [ 220.65|358.25 | 816.97 | 513.04| 653.86| 657.56 | 418.72| 513.34) 512.02 | 325.44
cop 337 | 236 | 211 | 513 | 512 | 224 | 786 | 6a5 | 462 | 271 | 256 | 221 | 574 | 570 | 272 | 8ec | 04 | c2g | 224 | 265 | 229 | 606 | so0 | 322 | 920 | saz | cee
Humidity of exhusted word 83.00 | 77.00 | 77.30 | 92.00 | 82.00 | 85.00 |100.00| 26.50 | 26.00 | 85.00 | 70.00 | 62.00| 92.00 | 75.00 | 7250 | 95.00 | 78.00 | 7200 | 22.50 | 59.50 | £2.00 | 22.00 | 69.00 | 62.00 | 90.00 | 72.00 | 6600
Water added|[ml) §0.00 | 90.00 | 90.00 | 82.00 | 77.00 | 85.00 | 66.00 [120.00| &5.00 | #5.00 | 9200 |&s00| 500 | s0.00 | 7500 | s4.00 | 9200 | 7400 | &8.00 | 10000 | 11000 8500 |145.00| 155 00| 70.00 | 94.00 | 5000
test duration (min) 37.00 | 34.00 | 22.00 | 21.00 | 35.00 | 21.00) 24.00 | 37.00 | 20.00 | 27.00| 3100 | 29.00| 22.00 | 30.00 | 21.00 | 29.00 | 3000 | 20.00 | 20.00 | 35.00 | 3500 | 2700 | 33.00 | 40.00 | 1300 | 25.00 | 20.00
totalwater consumpt (mif]  129.73| 152.82| 169.75| 152.71| 122.22| 164.52] 165.00|194.58| 176.00] 195.6| 172.1| 132.1| 178.12| 120.00| 214.28] 172.79| 184.00| 222.00| 176.00| 171.43| 198 57| 195.56( 262,64 232.50| 221.05| 225.60| 240.00
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Appendices

Appendix E

Electricity price of some of MENA region countries for domestic use 2014

Country Electricity price (€/kW h)
Egypt 0.022
Iran 0.053
Iraq 0.016
Israel 0.133
Jordan 0.115
Kuwait 0.021
Lebanon 0.058
Libya 0.016
Saudi Arabia 0.042
Tunisia 0.087
Average 0.063
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