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ABSTRACT

COMBINING HEAT-PIPES HEAT EXCHANGER AND
SOLAR ENERGY FOR COMFORT COOLING

By
Zulkarnaini Abdullah

There are concerns over energy difficulties, resource exhaustion and environmental impacts.
Among the substantial reasons for these concerns is the increase in the energy demand, to maintain
the comfort levels and the time spent in buildings which contribute to the rise in energy
consumption. The energy consumed for heating, ventilation and air conditioning is so significant
that energy-saving and efficiency have become the main objective in every energy policy. As a
result of the growing demand, there is always a great need for energy reduction in the heating and
cooling processes. Thus, this research aimed to evaluate the potential of solar energy in energy-
saving applications. The first task involved modelling a room using an acrylic test-box with
different opening configurations for temperature distribution collection. The second task was
designing a ‘heat-pipes heat-exchanger’ to be attached to the test box to lower the air intake to the
box. The third task involved operating a refrigerator that runs on plate photovoltaic solar panels
without the need for grid electricity. It is an understandable fact that solar energy is no match
against the grid electrical energy; however, a room's cooling system could benefit from the abilities
of the heat pipes in transferring heat, thus resulting in a reduction of energy consumption. A
refrigerator that runs on solar energy reduces energy consumption by cutting the dependency on

non-renewable energy resources.

The methods used were both experimental and computational. Regarding the experiments, the
capabilities of the heat-pipes heat-exchanger in reducing temperature were tested with the test-box
in five opening configurations. Three of the configurations were tested in Sydney's medium

ambient temperature while the other two configurations and the solar energy refrigerator were



tested in Kuala Lumpur's high ambient temperature. The aim was to verify the solar energy's
capability in operating a cooling system with optimal converted solar energy. Regarding
computation, the commercial software CFD-ACE and ANSYS-Fluent were used. Various room
air intake openings, locations, side edges and boundaries were replicated rigorously and verified.
Additionally, the natural and forced ventilation that influences the airflow to the room has been
considered. SOLARGIS software was applied to verify the annual energy consumption of the solar

panels.

The Computational Fluid Dynamics satisfactorily converge all the properties and the conditions
using the RANS method to solve the velocity components, pressure and k-e (epsilon) scheme.
Numerical and graphical presentations with different plots, streamline data and curves were
compared to predict the best room-airflow configurations. Based on the governing equations of
fluid dynamics, namely the conservation of mass, momentum, and energy, the computational fluid
dynamic solved the mathematical modelling. By the simulation, the heat-pipes heat-exchanger of
R134a as a refrigeration medium recorded a 5 K of differences from the inlet evaporator end to

the outlet condenser end, while with the experimental studies the difference is between 5 to 9 K.

The main achievement obtained from the experiments is that the heat-pipes heat-exchanger was
found capable of pre-cooling a room by up to 9 K. The best opening configuration showed that the
cooling energy saving was in the range of 93 W/m> to 140 W/m? or about 25% to 33% of the
room's required energy. The experiment using the solar energy refrigerator found that the
application could achieve the desired temperature of 5°C with 31% savings of annual power
consumption. An additional experiment was also performed for a refrigerator driven by solar and
wind energy. The objective was to verify the energy-saving capability of wind turbines combined
with solar energy. It was thus demonstrated that the installed wind turbine was capable of operating

the refrigerator for 7 hours.

The significance of the research is that the heat-pipes heat-exchanger reduces room temperature
while solar energy reduces the dependence on grid electricity. Thus, the combined solar energy

and passive cooling have a huge potential in reducing energy while maintaining comfort cooling.

Thesis directed by Dr Ba Phuoc Huynh

School of Mechanical and Mechatronic Engineering



Vi

ACKNOWLEDGMENTS

I would like to express my sincerest gratitude to my supervisor, Dr Phuoc Huynh and my co-
supervisor, Dr Thanh Nguyen for their guidance and assistance throughout every stage of the
experimental work and the writing of the thesis. Their guidance did not only cover the scope of

my research work but also helped to develop the necessary skills in my academic and professional

life.

I would also like to thank the technical staff of the Faculty of Engineering and IT, particularly Mr
Vahik who assisted in the construction of the heat pipes and the acrylic test-box model. I would
like to thank the staff of the School of Mechanical Engineering, especially Mrs Tamsin, Mr David

Brennan, and Mrs Razia for their contributions to the documentation work.

I am indebted to my friends and colleagues, especially Awang Idris, Amir Rezza, Kashif, Peter

Abdou and Miraz for their comments and suggestions towards the making of this thesis.

Finally, I am highly indebted to my mother, my wife, my sons and my friends for their
encouragement and support throughout this research endeavour. Without their moral and financial

support, this work may not have been realised.

This research would not have been possible without the financial support of the Faculty of
Engineering and IT, University of Technology Sydney, Majlis Amanah Rakyat (MARA,

Malaysia) and Universiti Kuala Lumpur, Malaysia.

Zulkarnaini Abdullah
Sydney, Australia, 2021.



vii

CONTRIBUTION BY THE AUTHOR

Articles Peer-reviewed and Presented in Conferences

Author

A total of ten conferences and journal papers have been produced throughout the study. Five

of the papers are Scopus-Elsevier Excellence in Research for Australia (ERA) Ranked-A category,

including one international conference of the Scopus h - index. Two papers related to passive

cooling options.

1.

Abdullah Z., Huynh B.P., Idris A. (2014). Numerical Study of Heat-pipes heat-exchanger to
a 3-Dimensional Room with Natural Driven Ventilation. ASME IMECE2014 Montreal,
Canada.

ERA ID: 42383, American Society of Mechanical Engineering Rank-A, FoR1: 0913,
FoRIName: Mechanical Engineering, FoR2: 0905, FoR2 Name: Civil Engineering.
Abdullah Z., Huynh B.P., Idris A. (2014). Numerical Study of Heat-pipes Effects to a 3-
Dimensional Room with Driven Ventilation. /9th AFMC Melbourne, Australia.

ERA ID: 42494, Australasian Fluid Mechanics Conference Rank-A, FoR1: 0913,
FoRIName: Mechanical Engineering.

Z. Abdullah, B.P. Huynh, and A. Idris. (2016). CFD-Simulation of the Effect of Heat-pipes
Attached to an Evaporator and Condenser of an Air-Cooled-Air-Conditioner. 20th
Australasian Fluid Mechanics Conference, Perth, Australia.

ERA ID: 42494, Australasian Fluid Mechanics Conference Rank-A, FoRI1: 0913,
FoRIName: Mechanical Engineering.

Abdullah Z., Huynh B.P., Idris A. (2015). Numerical Simulation of the Flow and Heat
Behaviour for a Heat-pipes heat-exchanger in an Outdoor Power Supply Cabinet. ASME
IMECE2015 Houston, Texas, USA.

ERA ID: 42383, American Society of Mechanical Engineering Rank-A, FoR1: 0913,
FoRIName: Mechanical Engineering, FoR2: 0905, FoR2 Name: Civil Engineering.
Abdullah Z., Huynh B.P., Idris A. (2016). CFD-Simulation of a Heat-pipes -Heat-Exchanger
Effect on a Tubular Air-Cooled Condenser. ASME IMECE2016 Phoenix, Arizona, USA.



viii

ERA ID: 42383, American Society of Mechanical Engineering Rank-A, FoR1: 0913,
FoRIName: Mechanical Engineering, FoR2: 0905, FoR2 Name: Civil Engineering,
Scopus h-index.

Abdullah Z., Huynh B.P. (2018). Experimental Study on Cooling Energy Reduction Using
Passive Cooling Heat-pipes heat-exchanger. 21st AFMC Adelaide, Australia.

ERA ID: 42494, Australasian Fluid Mechanics Conference Rank-A, FoRI: 0913,
FoRIName: Mechanical Engineering.

Z. Abdullah, M. S. Shaadan, Z. Jusoh, Z. Engsa. (2019). Study of Wind-Assisted Energy for
Cooling System in Bangi, Malaysia. Journal of Advanced Manufacturing Technology,
International Conference on Advanced Processes and System in Manufacturing (APSIM
2019), Malaysia.

Co-author

8.

10.

Z. Jusoh, N. Ibrahim, Z. Abdullah and Z. Engsa. (2019). Simulation Study of Cooling a
Small Domestic Refrigeration System Using Solar-Assisted Energy in Bangi, Malaysia.
Journal of Advanced Manufacturing Technology, International Conference on Advanced
Processes and System in Manufacturing (APSIM 2019), Malaysia.

Possibility of Using Silica Gel-Water Adsorption Chiller in the Cold Chain. M. A. Ahamat,
M. J. Tierney, Zulkarnaini Abdullah, Zakaria Jusoh, 2nd IIR International Conference on
Sustainability and Cold Chain, Paris.

Theoretical and Experimental Analysis of Desiccant Wheel Performance of Solar Hybrid
Desiccant Air-Conditioning System. Zuraini Hashim, Tri Suyono, Arifidian Rachman,

Zulkarnaini, Sohif Mat. Solar Energy Research Institute, National University of Malaysia.



Chapter I

Tables 1.1

Table 1.2.

Chapter 11

Table 2.1:

Table 2.2:

Table 2.3:

Table 2.4:
Table 2.5:
Table 2.6:
Table 2.7:

Table 2.8:

Chapter IV
Table 4.1:
Table 4.2:
Table 4.3:

Table 4.4:

LIST OF TABLES

INTRODUCTION

A 20-year comparison of the required fresh air intake, between ASHRAE 1981 and

The average temperature recorded in NSW in 2017........coooiiiiiiiiiiiiiiiiinn, 4
LITERATURE REVIEW

The average temperature in Sydney, New South Wales from January to December

The global irradiance and diffuse fraction, depending on the cloud condition....18

The comparisons between absorption using water-lithium bromide (H20-LiBr) and

ammonia-water (NH3-H2O).........cooiiii e 29
COP comparison between an absorption system to other systems................ ... 31
Working fluids for heat-pipes.........ooeiiiiiiiiii e 43
The latest experimental works and results from several researchers................ 45

Refrigerant data comparison between R134a and other potential refrigerants. ....53

Summary of experimental studies on applications of heat-pipes in HVAC.........53

RESEARCH METHODOLOGY

The specification of the heat-pipes heat-exchanger used............................. 78
Air velocity requirement for comfort cooling. ... 88
Table of working parameters for desired temperature ranges and the airflow....100

Temperature monitoring locations of the acrylic box with the heat-pipes

AEACHEA. ..o 109



Table 4.5:

Table 4.6:

Table 4.7:

Table 4.8:

Table 4.9:

Chapter V

Table 5.1:

Table 5.2:

Table 5.3:
Table 5.4:

Table 5.5:

Table 5.6:

Table 5.7:

Table 5.8:

The specification of models for all domains....................cooiiiiiiiiii. 111

The specification of models and boundaries of computational fluid dynamic

QOMIAINS . o ettt e 112

The properties of the heat-pipes, cooling medium and the temperature of the outlet
achieved when running with ANSYS Fluent computational fluid dynamics

3100101 F: 1510 ) ¢ PRI 116

Cases and configurations for the study of the effects of the heat-pipes heat-

exchanger to a room with natural ventilation.......................coocoiiiiiinnn.. 121

Total cells and nodes used for modelling from CFD ACE-GEOM and GUI. The
grids used are structured grids and the number of cells and nodes are different for
all cases as there are only slight differences in air flow rate result at about 1 % when

using bigger cells and nodes range...............oooiiiiiiiiiii i 121

RESULT AND DISCUSSION

The nodes and elements of the fluid-solid meshes when running with ANSYS

FLUCIIL. oo e e 131

Temperature, relative humidity and the enthalpy when the air circulated in the

OULdOOT CADINEL. .. ..ttt e 133
The specification of models for all domains....................ccooiiiiiin., 136
The specification of nodes and elements for all domains........................... 137

Comparison of the temperature difference between cases. Case 3 shows the
highest temperature difference compared to other cases............................ 139
Comparison of the refrigeration cycle parameters when the condensing temperature

changed from 319 K (46°C) t0 305 K (32°C). c.vininiiiiiiiiiiieieieeeee 140
Problem description in all cases. ...........ooiiiiiiiiiiiiiii 143

The specification of nodes and elements for the condenser. ........................ 143



Table 5.9:

Table 5.10:

Table 5.11:

Table 5.12:

Table 5.13:

Table 5.14:

Table 5.15:

Table 5.16:

Table 5.17:

Table 5.18:

Table 5.19:

Table 5.20:

Table 5.21:

Table 5.22:

Table 5.23:

Xi

Comparison of the temperature difference K at the condenser coil for all the cases.

Case 3 Shows the Dest 1eSULL. . ..o ovnn ettt e 145

Comparison of temperature difference K at the evaporator coils for all the cases.
Case 3 shows the best result......... ... 146

Comparison of the normal refrigeration cycle compared to coils with a heat

AOMAIN. ..o 148
The specifications of the heat-pipes heat-exchanger used.......................... 152
Comparison of temperature difference K in Case 1..........ccccovveveiienienriennnne. 162
Rate of energy-saving for Case L...........ooeiiiiiiiiiiiiiiiiiiiii e, 162

Comparison of the temperature difference, K in Case 2. The supplied air is from

the top 0f the DOX... ... 170
Rate of energy-saving for Case 2.........cooviiiiiiiiiiiiiii e 170

The table shows the comparison of temperature difference K in Case 3. The

supplied air is from the top of the box and the exit opening is on the sidewall of the

Rate of energy-saving for Case 3..........ooiiiiiiiiiiiiii e 179

Comparison of the temperature difference across the heat-pipes inlet and outlet for
supplied air of between 303 K and 318 K. The higher temperature of the supplied
air shows a bigger differential temperature of the heat-pipes concerning its

capability to transfer heat from the evaporator section to the condenser

YL o1 (o) s VP 179
The thermal resistance calculations. .......ooveeeeiee e, 185
Point of measurements where the thermocouples were located........ ............ 186

The measured average temperature at every point in Case 1, in °C................ 187



Table 5.24:

Table 5.25:
Table 5.26:
Table 5.27:

Table 5.28:

Table 5.29:

Table 5.30:

Table 5.31:

Table 5.32:

Table 5.33:

Table 5.34:

Table 5.35:

Table 5.36:

Xii

The measured average temperature at every pointin Case 1, inK........ .......... 187
The measured average temperature at every point in Case 2, in °C................ 189
The measured average temperature at every point in Case 2, in K..........c.......... 189
The measured average temperature at every point in Case 3,in °C................ 190
The measured average temperature at every pointin Case 3, inK .................. 191
The parameters of R134a when simulated using ANSYS Fluent.................. 193
The energy-saving with the application of heat-pipes heat-exchanger............ 198

The estimated sensible cooling load for all cases with the air supply temperature of
303 K and 318 K. The rate of the energy-saving capability of the heat-pipes heat-
exchanger in the table is compared to standard air of 297 K...... ................ 199

The result of the simulation for the heat-pipes heat-exchanger in assisting the pre-

cooling of the intake air to a room with driven ventilation......................... 205

The comparisons of the result between the simulation and the experimental work
for the heat-pipes heat-exchanger in assisting the pre-cooling of intake air to an
outdoor power cabinet. The high temperature of 328K in the cabinet is reduced to

TAK different. .. oottt e e e e 206

The results of the simulation work for the heat-pipes heat-exchanger in assisting
the pre-cooling of supplied air that passed through an air conditioning

(1) 18 [0 L= SR 206

The results of the simulation work for the heat-pipes heat-exchanger in assisting
the pre-cooling of supplied air that passed through an air conditioning

LAY 010 ) 110 ) 207

Comparison of the temperature difference across the heat-pipes inlet and outlet for
supplied air of between 303 K and 318 K. The higher temperature of the supplied
air shows a bigger differential temperature of the heat-pipes concerning its

capability to transfer heat from the evaporator section to the condenser section..207



Table 5.37:

Table 5.38:

Table 5.39:

Table 5.40:

Table 5.41:

Table 5.42:
Table 5.43:
Table 5.44:

Table 5.45:

Chapter I

Figure 1.1:

Figure 1.2a, b:

Figure 1.3:

xiii
The outlet air temperature and the average temperature of the acrylic box presented
ina. K and b. °C for all cases. The temperature of 273K is taken as equal to 0°C.208

The air temperature properties taken for plotting the psychrometric charts. The wet-
bulb result will correspond to the dry-bulb result of the room air temperature at 297

(24%C). ..o 210

The air temperature properties taken for plotting the psychrometric charts. The wet-

bulb result will correspond to the dry-bulb result of the room air temperature.

The air temperature difference recorded between the inlet and out air............. 212

The air temperature properties taken for plotting the psychrometric charts for a. 303

Kand b. 318 Ko 216
L0 1 L P 219
a8 2ttt 219
L 1 G T P 219
Energy-saving rate for all cases...........cooiiiiiiiiiiiiiii 220

LIST OF FIGURES

INTRODUCTION

Annual mean temperature anomalies for Australia (red) with a 10-year mean (light

grey). Departures are from 1960—-1990 average............oceoeveiviiiiiiiininiiinnn. 2

The average temperature of New South Wales recorded in 2017 compared to the
data from 1859. The temperature of Sydney had increased by about 4K during the
160 years (1859 10 2017) weeuveiniiiiii s e D

Global capacity in operation (GWel), (GWw) 2017 and annual energy yields
(TWHhet), (TWHth). o v e e D



Chapter 11
Figure 2.1:
Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:
Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 2.10:

Figure 2.11:
Figure 2.12:

Figure 2.13:

Xiv

LITERATURE REVIEW
ASHRAE comfort chart............oooiiiiiiiiii e, 13
Acceptable range of operating temperature and airspeed. .................ooeinnl. 14

Psychrometric chart showing the thermal comfort zone. The levels of comfort are
within the range of 20°C, 70%; 23 °C, 30%; to 26°C, 70%; 29°C, 30%. Feeling
comfortable and un-comfort always refers to the difference between outdoor and

INdOOr at the time Of ENLIANCE. . ... .. e e e 15

The mean maximum temperature gradient for Sydney, New South Wales from

January to December 2018..... ..ot 15
COOlING STFALEZICS ... nve ettt et e 17
Method of passive cooling Strategies. ........ovvriiiiiiiiiieitiiieieeiieareeeennnn. 17

Global solar thermal capacity in operation and annual energy yield 2000-2016.
International Energy Agency (IEA)... ..o 18

Global solar thermal capacity in operation and annual energy yields for

Graph of global solar thermal energy usage and electricity generated from solar

23T P 19

Australia market growth of new installed capacity (glazed and unglazed water

collectors) 2014/2015 compared to other regions.............c.ccevviviiiiiiniann.... 20
Typical single-stage vapour compression refrigeration cycle......................... 21
Pressure-enthalpy for a single-stage vapour compression refrigeration............. 21

Overview of physical ways to convert solar radiation into cooling or air-
conditioning system. Processes marked in dark grey are market available
technologies that are used for solar-assisted air-conditioning. Processes marked in
light blue are technologies that are of pilot project or system testing

17110 1 22



Figure 2.14:
Figure 2.15:
Figure 2.16:

Figure 2.17:

Figure 2.18:
Figure 2.19:

Figure 2.20:

Figure 2.21:

Figure 2.22:

Figure 2.23:

Figure 2.24:
Figure 2.25:
Figure 2.26:
Figure 2.27:

Figure 2.28:

XV

Basic structure of a solar air-conditioning system..............ccoevvveiniiineannn.n. 23
The main parts of a solar-assisted air-conditioning system............................ 24
The solar-assisted air-conditioning system using low electrical energy............ 24

The natural ventilation triangle for buoyancy-driven displacement flows that are
assisted by the wind. The base and vertical sides of the triangle are set by the
magnitudes of the wind and buoyancy produced velocities, Uw and Ub,

respectively. The length of the hypotenuse determines the total fluid velocity, U

produced by buoyancy forces reinforced by the wind. ........................ol. 26
The process of refrigeration CYCle.........oviiiii i e, 28
Schematic drawing an absorption cycle..........c.ocooiiiiiiiiiiiiiiiiiiii 39

Heat transfer configuration of an ideal absorption system. I. Adsorption process. 1.

DS OTPION PIOCESS. ..ttt etentt et et et et et et et e e et et et e ete et enaeeeeeennas 30

The heat-pipes heat-exchanger. The refrigerant liquid in the heat-pipes heat-
exchanger at the bottom of the tube absorbs heat at the evaporator section and
releases it at the condenser area in the upper section. The liquid evaporates into a
vapour phase in the evaporator and moves towards the condenser section, which in
turn changes the vapour back to the liquid phase by releasing the heat to the

SUITOUNAINE. . ...t 33
Schematic of conventional heat-pipes operation...............ccoceviiiiiiiiiinn.n.. 35

Axial variation of the liquid-vapour interface along the heat-pipes at a. Low b.

Moderate and c. High vapour flow rates...............coooiiiiiiiiiiiiiiiiienene, 36
Thermal resistance model for heat-pipes...........c.oovviiiiiiiiiiiiiiiiiiiiieenens 37
Thermodynamic cycle of heat-pipes components. ............oeeeevveiiiieiiinnennnnnn. 37
Thermodynamic cycle of heat-pipes, temperature-entropy diagram..................38
Gravity-assisted wickless heat-pipes..........cooevviiiiiiiiiiiiii e 39
Conventional capillary-driven heat-pipes..........cc.ovveiiiiiiiiiiii i, 39



Figure 2.29:

Figure 2.30:

Figure 2.31:
Figure 2.32:
Figure 2.33:
Figure 2.34:

Figure 2.35:

Figure 2.36:
Figure 2.37:
Figure 2.38:
Figure 2.39:

Figure 2.40:

Figure 2.41:

Figure 2.42:

Chapter 111
Figure 3.1:

Figure 3.2:

XVi

a. Conventional b. Concentric annular heat-pipes..............cooeviiiiiiiiiininin., 40

Operation of a gas-loaded variable conductance heat pipe. a. Condenser partially

active. b. The condenser is fully active.............ocooiiiiiiiiiiiii e, 41
L00D Meat-PIPES. ..ttt ittt et 41
Rotating heat-pipes. .. .ooeiiei i e 42
Pulsating heat-pipes. a. Un-looped. b. Looped.........cccoevieviieiienciieniicieeeeeeeneen 42
Logarithmic temperature scale for some of working fluids for heat-pipes .......... 44

Vapour pressure of different refrigerants versus temperature. The R134a works at

a lower evaporating temMpPerature. ... .....oueiuivntett ettt eeenaes 47
Computational fluid dynamics work on the solar chimney and air to earth......... 48
Computational fluid dynamics work on ventilation flow in a room................. 49
Computational fluid dynamics works on solar chimney.............................. 49
Coupled solar chimney and earth to air heat exchange................................. 50
Meshes wused to simulate the heat-pipes heat-exchanger by ANSYS
FIUCIE. ..o 50

Simulation of a heat-pipes heat-exchanger by ANSYS Fluent using water as a

COOlINEG MEAIUML. . ...t e 50

Vapour pressure of different refrigerants versus temperature. The R134a works at

a lower evaporating temMpPerature.........o.ovvueeinteeieeente ittt eaieeneeeneeanans 54
MATHEMATICAL MODEL
Schematic drawing of solar air conditioning...............cooeoeiiiiiiiiiiiiinnnn... 58

The schematic drawing of the research methodology flow chart for the air
conditioning system with the assistance of solar energy and heat-pipes heat-

exchanger as passive COOIING. .........oiuiiiiiii e, 58



Figure 3.3:

Figure 3.4:
Figure 3.5:
Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:
Figure 3.11:

Figure 3.12:

Chapter 1V

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Xvii

Heat-pipes heat-exchanger application in a room to assist in lowering the air supply

for cOmMIOTt COOIINE. .. netet e 59
Thermodynamic scheme of a heat-driven heat pump or chiller...................... 60
Schematic process of solar air conditioning...............cooevvviiiiiiiiiiniennnn... 61

Schematic diagrams of solar flat plate type collectors for thermal refrigeration...62

Schematic diagrams of solar evacuated tube type collectors for thermal

LS 4] #1010 o FO 62
Log (p)-hdiagrams of R134a............cooiiiiiiii e, 64
Refrigerating effect. ... .. ..o 64
Compressor WOrK-dOne. ... ...oouiiiii it e 65
Condensing effect. ... ..ooueiniii e e 65
Heat transfer in @ heat-pipes ........oovviriiiiiiiiii e, 67

RESEARCH METHODOLOGY

Schematic drawing of a standard refrigeration cycle equipment for air conditioning

APPLICATION. ...ttt e 73
Pressure-enthalpy diagrams of the work done by each equipment.................. 74

A schematic drawing of a solar air conditioning system with heat-pipes heat-
exchanger that assists in the pre-cooling of the evaporator and condenser

AILSTAC . . oottt 74

Heat-pipes heat-exchanger application in a room to assist in lowering the air supply

for cOMIOTt COOLING. .. vt 75

Schematic drawing of the research methodology for air conditioning system with

the assistance of solar energy and heat-pipes heat-exchanger as passive cooling...75

The workflow of the experimental project. .............cccoiviiiiiiiiiiiiiiin.. 77



Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4. 13:

Figure 4.14:
Figure 4.15:
Figure 4.16:
Figure 4.17:
Figure 4.18:

Figure 4.19:

Figure 4.20:

XViii

The layout of the fresh air intake and the exhaust air outlet locations with the heat-

pipes heat-exchanger installed on the wall side and at the top of the

The acrylic box is used to collect the temperature and air distributions............ 79

The acrylic box and the test measuring components installed. The measurement

shown is taken from the top opening..............ccooiiiiiiiiiiii e 80

The acrylic box and the test measuring components installed. The measurement

shown is taken from the wall side opening.................oooviiiiiiiiiiiiianinn.n. 80
Flow chart of heat-pipes simulations and interactions...................ccooeeeenn ooes 83

Solar air conditioning booster using heat-pipes as temperature reduction, based on

Francis Meunier's proposal..........ccoouiiiiiiiiiiiiiii e 86

Human is sensitive to the blowing of air and the temperature difference of the room.

The location of the air vents must take into account the geometry of the room, the

obstacles and the position of the occupants..............ccevviiiiiiiiiiinineenn... 88
a. Diffusion of air by induction or mixed air, b. By displacement ............ ...... 89
Return air placement............oooiiiiiiii i 89
Distributions of air at low VeloCIty..........ooviiiiiiiii 89
Distributions of air at high velocity............coooiiiiii 90
The schematic drawing of the experimental setup.................cooiiiiiiii.n. 90

Method 1 for Case 1 showing the arrangement of the heat-pipes, the acrylic box
and the inlet and outlet of air. Thermocouple sensors are located at a proposed point

in the box to find the average box temperature.............coooeviiiiiiiiiiiiinennnnn.. 92

Method 2 for Case 2 showing the arrangement of the heat-pipes, the acrylic box
and the inlet and outlet of air. Thermocouple sensors are located at a proposed point

in the box to find the average box temperature.............coooevieiiiiiiiniininnnnn.. 94



Figure 4.21:

Figure 4.22:

Figure 4.23:

Figure 4.24:

Figure 4.25:

Figure 4.26:

Figure 4.27:

Figure 4.28:

Figure 4.29:

Figure 4.30:

Figure 4.31:

Figure 4.32:

Figure 4.33:

XiX

Method 3 showing the arrangement of heat-pipes, acrylic box and the inlet and
outlet of air. Thermocouple sensors are located at the proposed point in the box to

find the average boX temMpPerature. ..........oouvueiuiiii i 96

The workflow of the experimental project. The pre-cooling of the air section is the
main interest as the ambient hot air is lowered before entering the test-box....... 97
Case 4. The configuration of the opening for a. The incoming and leaving of the air
in the test box. b. 10° horizontal inclination. ¢. The thermocouple position is seen

from behind the teSt DOX . ..o vvnne et e, 98

Case 5. The configuration of the opening for a. The incoming and leaving of the air
in the test box. b. 90° angle positions. ¢. The thermocouple position is seen from

behind the teSt DOX.......iiiii e 99
An acrylic box showing the top opening for Method2 and 3........................ 101

An acrylic box and a heat-pipes heat-exchanger attached to the sidewall. The
opening is created to let the air pass through the inlet and outlet.................. 102

A heater blower and the location of installation. The blower is attached to the inlet

of the opening to create a warm air supply to the heat-pipes heat-exchanger. ....103

The basic method of data collection. The outside ambient air properties are

compared to the processes data recorded in the acrylic box......................... 103

The 10 terminal point data logger for data collections. The main purpose is to
measure the outside ambient air temperature and compared to the processed data

recorded inthe acrylic boX.........oooiiii i 104

A Sensirion SHT31 hygrometer record a digital temperature and humidity of the

OULSIAE AMDIENT 1T, ...ttt 104

A Lutron LM-8000A Type K anemometer collects the velocity and the

1000 0153 211 (PP 105
A Testo Hot-wire Anemometer record the velocity and temperature............... 106

A Testo Thermal-Image 875 for digital imaging of temperature distribution....107



Figure 4.34:

Figure 4.35:

Figure 4.36:

Figure 4.37:

Figure 4.38:

Figure 4.39:

Figure 4.40:

Figure 4.41:

Figure 4.42:

Figure 4.43:

Figure 4.44:

Figure 4.45:

Figure 4.46:

XX
A Monogram Omega data logger with a 10-point terminal to record the
1S 001 01C) 1110 107
A Type Kk thermocouple........c.ooiuiiiiii e e, 108

The basic concept of the data collections. The outside ambient air properties are

compared to the processed data recorded in the acrylic boX.......................... 108

Models of the acrylic box specification where fresh air intake locations and

openings that best suits the domain..................oooiiiiiiiiiiiiii . 110
Heat-pipes heat-exchanger technology................ooooiiiiiiii i, 113

Straight heat-pipes model using R134a as a refrigerant medium. An optional
ventilation fan is shown to discharge warm air from the condenser side to the

[0 1011s [o10) SUUNUUEE 114

Meshes used to run the simulation of the heat-pipes heat-exchanger by ANSYS

Simulation of a heat-pipes heat-exchanger by ANSYS Fluent using water as a

cooling medium. The temperature difference is about 2 K......................... 115

Simulation of a heat-pipes heat-exchanger by ANSYS Fluent using acetone as a

cooling medium. The temperature difference is about 3 K......................... 116

Simulation of a heat-pipes heat-exchanger by ANSYS Fluent using R134a as a

cooling medium. The temperature difference is about SK........................ 116

Simulation of ANSY'S Fluent on a row of a heat-pipes heat-exchanger with airflow
at a temperature of 293 K passing the evaporator section of the heat-pipes. The

average leaving temperature is about 294 K. 118

Simulation of ANSY'S Fluent on a row of a heat-pipes heat-exchanger with airflow
at a temperature of 303 K passing the evaporator section of the heat-pipes. The

average leaving temperature is about 301 K. 118

Simulation of ANSY'S Fluent on a row of a heat-pipes heat-exchanger with airflow

at a temperature of 318 K. The lowest leaving temperature is 310 K............. 119



Figure 4.47:

Figure 4.48:

Figure 4.49:

Figure 4.50:

Figure 4.51:

Figure 4.52:

Figure 4.53:
Figure 4.54:

Figure 4.55:

Chapter V

Figure 5.1:

Figure 5.2:

Figure 5.3:

XXi
Case 1 which is single-sided ventilation with sharp edges at the inlet and outlet
0] 01531101 F SRR 120

Case 2 which is single-sided ventilation with round edges at the inlet and outlet

0] 015311017 PP PPRUPR 120
Case 3 with an outlet located on the sidewall of the building...................... 120

Case 1 showing the graphic distributions of a. Velocity magnitude, b. Temperature,

and c. Flow path. ... ..o 122

Case 2 showing the graphic distributions of a. Velocity magnitude, b. Temperature,

and c. Flow path.... ... 123

Case 3, show graphic distributions of a. Velocity magnitude, b. Temperature, and

C.Flow path. ... e 124
Case 1 a. Velocityand b. Magnitude.............ooeiiiiiiiiiiiiiiiiiiieeenens 125
Case 2 a. Velocity and b. Magnitude...........c..oooiiiiiiiiiiiiiiiii e, 125
Case 3 a. Velocityand b. Magnitude..............oooiiiiiiiiiiiiiiiiiiieeene 126
RESULT AND DISCUSSION

Schematic of an outdoor cabinet with the application of straight heat-pipes showing
the inlet and outlet air paths. The source of heat is from the operation of the electro-

mechanical equipment inside the cabinet and the solar heat........................ 130

The contour of a. Air temperature and b. The airflow which is simulated to a heat-

pipes heat-exchanger by ANSYS Fluent..............ooooiiiiiiiiii, 132

Airflow traces inside the outdoor cabinet after passing through the heat-pipes heat-
exchanger inlet based on the simulation model run on CFD-ACE. The air velocity
shows that the warmer air moves to the upper side of the cabinet before exiting to

the outlet. a. Temperature. b. VeloCity............cooiiiiiiiiiiiiiiiiiiiieas 132



Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

Figure 5.10:

Figure 5.11:

Figure 5.12:

Figure 5.13:

XXii

a. Temperature b. Velocity distribution along the inside length of the outdoor

The condenser is a heat exchanger used to reject the heat of the refrigerant to
another medium. The high-pressure refrigerant vapour flows in the tube of the

condenser and rejects heat, condenses from vapour to liquid state in the process.136

Schematic of a condenser with the application of straight horizontal heat-pipes
showing the inlet and outlet of air paths. The source of heat is from the condenser
refrigerant inlet with a temperature of 319 K and it then exits through the liquid line

with a reduced temperature of 315 K......ooiiiiiiiiiii 136

The model and meshes used to run the simulations on air-cooled condenser by

ANSY S FIUCHL. . o oottt e, 137

Simulation of ANSYS Fluent on an air-cooled condenser. The lowest temperature
recorded for a condenser is about 304 K to 307 K heat rejection to the

AMDIENL. .. oottt 138

Case 2 with a heat-pipes heat-exchanger attached closely together. The lowest
temperature recorded is about 303 Kto 304 K........cooviiiiiiiiiiiiin, 138

Simulation of ANSYS Fluent on an air-cooled condenser with a heat-pipes heat-
exchanger separately attached 100mm at the air inlet. The lowest temperature

TECOTAEd 18 302K . oottt 138

Graph from CFD-ACE for Case 3. The air flowing over the condenser coil was
recorded at about 30T K. 139

Solar air conditioning bOOSLET.........oueiuiiiit i 142

The Refrigeration Cycle. The condenser coil is a heat exchanger used to reject the
heat of the refrigerant to the surrounding. The evaporator coil absorbs room heat

and lowers the room teMPErature. .........o.vvuiiieiiiiitiii i eaeennns 143



Figure 5.14:

Figure 5.15:
Figure 5.16:
Figure 5.17:

Figure 5.18:

Figure 5.19:

Figure 5.20:

Figure 5.21:

Figure 5.22:

Figure 5.23:

Figure 5.24:
Figure 5.25:

Figure 5.26:

XXiii

Schematic of a refrigeration coil with the application of straight horizontal heat pipe

showing the inlet and outlet of air paths. An evaporation temperature of 295K is

used for the simulation of the heat pipe heat-exchanger ........................... 143
Case 1a for the condenser and 1b for the evaporator. .....................ceeeet. 144
Case 2 and 3. ... 144
The simulation for all cases. ...........cooiiiiiiiiii 145

The layout of the fresh air intake locations with the heat-pipes heat-exchanger

installed at the side and the top of the box..............coooiiiiiiiii i, 149
The workflow of the experimental project.............ccooviviiiiiiiiiiiieiieinen oas 149

Finned type cross-flow in-line heat-pipes heat-exchanger with R134a as the cooling

MEATUML. ..ottt 150

Finned type cross-flow in-line heat-pipes heat-exchanger with R134a as the cooling
medium. a. Temperature profile of the experimental test. b. Grooves structured tube
of the heat-pipes heat-exchanger used for the experiment compared to, c. Smooth

Structured COPPET tUDE. ...ttt e e e 150

The temperature distributions recorded by Testo Imaging on the evaporator side of

the heat-pipes heat-exchanger set up...........ccovviiiiiiiiiiiii e, 151

The temperature distributions recorded by Testo Imaging on the condenser side of

the heat-pipes heat-exchanger set up. ...........ccooviiiiiiiiiiiiiiiiii e 151
The temperature profile of the air-to-heat-pipes heat-exchanger ................... 152
The temperature distribution inside the box captured by Testo Imaging........... 153

Case la and b: The path of air temperature blown from the supplied air (SA) to the
heat-pipes evaporator side (1) moves to the inlet of the test-box (3), mixes with the
box air temperature (5-9), is forced to the outlet (2) and the condenser side of the
heat-pipes (10), and then exits to the ambient outlet (4). The average temperature

difference 1S 8K 10 TOK .. ... 154



Figure 5.27:

Figure 5.28:

Figure 5.29:

Figure 5.30:

Figure 5.31:

Figure 5.32:

Figure 5.33:

Figure 5.34:

Figure 5.35:

Figure 5.36:

Figure 5.37:

XXiv

Case 1. The average temperature inside the box with supplied air of 303 K (30°C)
18 @abOUt 293 K (20°C) . nviiiiiiieiie e 155

Case 1. The average temperature inside the box with supplied air of 318 K (45°C)
18 abOUL 302 K (29°%C). . it 155

Case 1. The maximum temperature of the heat-pipes heat-exchanger at evaporator

end 1, compared to the condenserend 2..............coooiiiiiiiiiiiiii i 156

Case 1. The inlet air temperature at the box opening compared to the outlet

Case 1. The comparison of different temperatures between the heat-pipes inlet and

the pipe outlet for both 303 Kand 318 K.......oooiiiiiiiiiiiiiie 157

Case 1. The average temperature inside the box compared to the heat-pipes heat-

exchanger, condenser section where the outlet airflows. The supply air is 303 K.157

Case 1. The average temperature inside the box compared to the heat-pipes heat-

exchangers condenser section where the outlet air flows. The supplied air is 318

The comparison of the temperature at the evaporator and the condenser side of the

M AL-PIPES. ettt e e 159

The graph shows the temperature recorded inside the acrylic test box, 5 & 6 where
the thermocouple is placed in the middle-lower and upper level, 7 on the left, 8 on
the right side, and 9 at the air return side near the exit of the box. Thermocouple 9
shows the lowest temperature (294K) before the air is being blown away to the exit
0] 0153 1188 F .30 PRt 159
The graph shows the average temperature recorded inside the acrylic test box. The
average box temperature is about 301K (28°C), agreed with the return air

11001 01C) 1111 160



Figure 5.38:

Figure 5.39:

Figure 5.40:
Figure 5.41:

Figure 5.42:

Figure 5.43:

Figure 5.44:

Figure 5.45:

Figure 5.46:

XXV

When the average temperature of 303K is supplied to the heat-pipes and the acrylic
box, the average temperature is reduced to about 293K, a differential of 10 K. This
is compared to the difference between the average temperature and the condenser
section of the heat pipe at 295K which is 8 K. For the energy-saving calculation,
the differential temperature of the average box temperature and the condenser
section of the heat pipe (8 K) is used as the minimum value. The rate of energy-

saving is calculated to be at 25% of the installation....................................160

The average temperature when the air temperature of 318K is supplied to the heat-
pipes and the acrylic box. At 318K, the average temperature reduced is about 302K,
a differential of 16 K. This is compared to the difference between the average
temperature and the temperature of the condenser section of the heat pipe at 311K,
which is 7 K. The rate of energy-saving is calculated to be at 14% of the

INStAllation.. .. ..o 161
Case 1: The comparison of air temperature at supply and exit...................... 161
Case 1: The comparison of air temperature at evaporator and condenser side....161

Case 2a and b: The path of air temperature that is blown from the supplied air (SA)
to the heat-pipes evaporator side (1) moves to the inlet of the test-box (3), mixes
with the box air temperature (5-9), is forced to the outlet (2) and the condenser side
of the heat-pipes (10), and then exits to the ambient outlet (4). The average

temperature difference is 8K........ ... 164

Case 2. The average temperature inside the box with supplied air of 303 K (30°C)
1S @DOUL 294 K (2100 et 164

Case 2. The average temperature inside the box with supplied air of 318 K (45°C)
18 abOUL 301 K (28%C). .t e 165

Case 2. The temperature of the heat-pipes heat-exchanger at evaporator ends 1,

compare to the condenser ends 2..........c.oviiiiiiiiiiiiii e 165

Case 2. The inlet air temperature at the box opening as compared to the outlet



Figure 5.47:

Figure 5.48:

Figure 5.49:

Figure 5.50:

Figure 5.51:

Figure 5.52:

XXVi

Case 2. The average temperature inside the box compared to the heat-pipes heat-

exchangers condenser section where the outlet air flows. The supplied air is 303

Case 2. The average temperature inside the box compared to the heat-pipes heat-

exchangers condenser section where the outlet air flows. The supplied air is 318

Comparison of the supplied air inlet and the return air outlet of the acrylic box. The
high heat from the temperature of 303K to 333K (30°C to 60°C) is being cooled by
the heat-pipes at the inlet supplied-air opening of the acrylic box. The cooled air
travels within the box and is blown out to the outlet. The temperature difference
between the inlet and the outlet is about 16 K. Any increase or additional heat to
the heat-pipes will not increase the reduction capability of the

INSTALIALION. .« . e ettt e e e 167

Comparison of the temperature at the evaporator and the condenser side of the heat-
pipes. The high heat from the temperature of 303K to 333K (30°C to 60°C) is being
transferred by the heat-pipes from the evaporator to the condenser. The air passing
through the evaporator will be cooled down before entering the box and will travel
within the box before being blown out to the outlet. The temperature difference

from the evaporator to the condenseris about 20 K......................ooiiil. 167

The comparison of the temperature at the acrylic box inlet 3, and the box outlet 4.
The average inlet temperature is about 52°C compared to 28°C at the outlet. About
13 K heat had been reduced by the heat-pipes transfer process in lowering the box
temperature. The hypothesis is that the bigger the heat-pipes is or the more
refrigerant inside the heat-pipes is, the bigger the temperature difference could be

ACHIEVEA. ... 168

The graph shows the temperature recorded inside the acrylic test box, 5 & 6 where
the thermocouple is placed in the middle-lower and upper level, 7 at the left, 8 on

the right side and 9 at the air return side near the exit of the box. Thermocouples 9



Figure 5.53:

Figure 5.54:

Figure 5.55:

Figure 5.56:

Figure 5.57:

Figure 5.58:

XXVii

shows the lowest temperature (294) before the air is blown away to the exit

0] 0153 108V .08 168

The graph shows the average temperature recorded inside the acrylic test box. The
average box temperature is about 301K (28°C), agreed with the return air

1000 0153 211 4P 169

When the average temperature of 303K is supplied to the heat-pipes and the acrylic
box, the average temperature is reduced to about 296K, a differential of 7 K. This
is compared to the difference between the average temperature and the temperature
of the condenser section of the heat pipes at 310K, which is 8 K. For the energy-
saving calculation, the differential temperature of the average box temperature and
the condenser section of the heat pipe (7 K) is used as the minimum value. The rate

of energy-saving is calculated to be at 17% of the installation..................... 169

The average temperature when the air temperature of 318K is supplied to the heat-
pipes and the acrylic box. At 318K, the average temperature reduced is about 310K,
a differential of 8 K. Compared to the difference between the average temperature
and the condenser section of the heat pipe 310K which is 8 K. The rate of energy-
saving is calculated to be 33% of the installation. Even though the energy-saving is
higher than Case 1, the temperature 318K of the supply air at the time will be

reduced and the savings return t0 17%0......cccuveeeciieeiiieeeiieecee e 170

Case 3. a and b: The path of air temperature blown from the top of the supplied air
(SA) to the heat-pipes evaporator side (1) moves to the inlet of the test-box (3),
mixes with the box air temperature (5-9), is forced to the outlet (2) and the
condenser side of the heat-pipes (10), and exits to the ambient outlet (4). The

average temperature difference is 7K. 172

Case 3. The average temperature inside the box with supplied air of 303 K (30°C)
18 @DOUL 294 K (21°%C) .. 172

Case 3. The average temperature inside the box with supplied air of 318 K (45°C)
18 abOUt 30T K (28%C). .ttt 173



Figure 5.59:

Figure 5.60:

Figure 5.61:

Figure 5.62:

Figure 5.63:

Figure 5.64:

Figure 5.65:

XXViii

Case 3. The temperature of the heat-pipes heat-exchanger at the evaporator ends 1

compared to the condenser ends 2..........coviiiiiiiiiiiiiiii e 173

Case 3. The inlet air temperature at the box opening compared to the outlet

Case 3. The average temperature inside the box compared to the heat-pipes heat-

exchanger, condenser section where the outlet airflows. The supplied air is 303

Case 3. The average temperature inside the box compared to the heat-pipes -heat-

exchanger, condenser section where the outlet airflows. The supplied air is 318

Comparison of the temperature of the supplied air inlet and the return air outlet of
the acrylic box. The high heat from the temperature of 303K to 333K (30°C to
50°C) is being cooled by the heat-pipes at the inlet supplied-air opening of the
acrylic box. The cooled air travels within the box and is blown out to the outlet.
The temperature difference between the inlet and the outlet is about 20 K. Any
increase or additional heat to the heat-pipes will not increase the temperature

reduction capability of the installation..................c.ooi 175

Comparison of the temperature at the evaporator and the condenser section of the
heat-pipes. The high heat from the temperature of 303K to 333K (30°C to 60°C) is
being transferred by the heat-pipes from the evaporator to the condenser. The air
passing through the evaporator will be cooled down before entering the box and
will travel within the box before being blown out to the outlet. The temperature

difference from the evaporator to the condenser is about 22 K....................... 175

Comparison of the temperature at the acrylic box inlet and outlet. The average inlet
temperature is about 321K compared to 300K (48°C to 27°C) at the outlet. About
21 K of heat is reduced by the heat-pipes transfer process in lowering the
temperature of the box. The hypothesis is that the bigger the heat-pipes or the more
refrigerant inside the heat-pipes, the bigger the temperature difference that could
beachieved..... ... 176



Figure 5.66:

Figure 5.67:

Figure 5.68:

Figure 5.69:

Figure 5.70:

Figure 5.71:

Figure 5.72:

Figure 5.73:

Figure 5.74:

XXiX

The graph shows the temperature recorded inside the acrylic test boxes 5 & 6 where
the thermocouple is placed in the middle-lower and upper level, 7 on the left, 8 on
the right side, and 9 at the air return side near the exit of the box. Thermocouple 9
shows the lowest temperature (294K) before the air is being blown away to the exit

0] 0153 1188V .35 Pt 176

The graph shows the average temperature recorded inside the acrylic test box
compared to the inlet’s supplied air temperature. The average box temperature is

about 301K (28°C), agreeing with the return air temperature............................ 177

When the average temperature of 303K is supplied to the heat-pipes and the acrylic
box, the average temperature is reduced to about 294K, a differential of 9 K. For
the energy-saving calculation, the differential temperature of the average box
temperature and the condenser section of the heat pipe (9 K) is used as the minimum

value. The rate of energy-saving is calculated to be 33% of the installation...... 177

The average temperature when the air temperature of 318K is supplied to the heat-
pipes and the acrylic box. At 318K, the average temperature reduced is about 302K,
a differential of 16 K. Compared to the difference between the average temperature
and the condenser section of the heat pipe 311K which is 7 K. The rate of energy-

saving is calculated to be 14% of the installation.....................cocit. 178

Comparison of the temperature difference between supplied-air inlet temperature

at 303K (30°C) and the average temperature of the box for all the cases.......... 180

Comparison of the temperature difference between supplied-air inlet temperature

at 318 K (45°C) and the average temperature of the box for all the cases.......... 180

The maximum temperature recorded in Kuala Lumpur for the year 2018. The

average maximum condition is about 305 K (32°C) ......ccoevviiiiiiiiiiinnnnnn.. 183

The relative humidity recorded in Kuala Lumpur for the year 2018. The average

maximum cONdition 1S ADOUL 80Y0. ... e eeeeeeeeee et 183

Thermosiphon operation of a heat-pipe heat-exchanger and the associated thermal

TESISTANCE NEEWOTK . . . oo ettt ettt e e 184



Figure 5.75:

Figure 5.76:

Figure 5.77:

Figure 5.78:

Figure 5.79:

Figure 5.80:

Figure 5.81:

Figure 5.82:

Figure 5.83:

Figure 5.84:

XXX

The experimental unit of a. Aluminium fins. b. Staged type 3x3 heat-pipes heat-

exchanger excluding the fins.............oooiiiii i 185
Case 1: The air path and temperature points............ooeevveeeinieiiieiineenneennnn. 186

Case 1: The path of air temperature blown from the supplied air (SA) to the heat-
pipes evaporator side (1) moves to the inlet of the test-box (3), is mixed with the
box air temperature (5-9) and is forced to the outlet (2) and the condenser side of
the heat-pipes (10), and then exits to the ambient outlet (4). The average
temperature difference is between 8K to 10K.................cooiiiiiiin.. 188

Case 2: The air path and temperature points.............cevveeeireeinieeineenneeennnn 188

Case 2: The path of air temperature blown from the supplied air (SA) to the heat-
pipes evaporator side (1) moves to the inlet of the test-box (3), is mixed with the
box air temperature (5-9), forced to the outlet (2) and the condenser side of the heat-
pipes (10), and then exits to the ambient outlet (4). The average differential
temperature 18 8K ... ... e 189

Case 3: The air path and temperature points.............covvevviiieiiinineenneennnn 190

Case 3: The path of air temperature blown from the top of the supplied air (SA) to
the heat-pipes evaporator side (1) moves to the inlet of the test-box (3), is mixed
with the box air temperature (5-9), forced to the outlet (2) and the condenser side
of the heat-pipes (10), and then exits to the ambient outlet (4). The average
differential temperature 1s 7K........oooiiiiiii e 191

The heat-pipes with R134a as refrigerant show that the lowest temperature is 296.5
K. The inlet and outlet difference 1s 3.5K..........c..oiiiiiii 192

The heat transfers from the R134a heat-pipes heat-exchanger could achieve a
temperature difference of 7 K (300K — 307K) as shown by ANSYS Fluent

3000101 F: 1510 ) ¢ DR 192

The temperature recorded by the thermocouple inside the test box has a difference

O ADOUL B . 193



Figure 5.85:

Figure 5.86:

Figure 5.87:

Figure 5.88:

Figure 5.89:

Figure 5.90:

Figure 5.91:

Figure 5.92:

Figure 5.93:

Figure 5.94:

Figure 5.95:

Figure 5.96:

XXXi

The heat-pipes heat-exchanger is capable of transferring heat of about 2.3K to 3.3K

from the evaporator end towards the condenserend..............................l. 194

In Case 4, the polynomial curve predicts that the outlet temperature stays at about

300.7 K (27.7%C) et e 194

The temperature recorded by the thermocouple inside the test box has a difference

O ADOUL 2K o 195

The heat-pipes heat-exchanger is capable of transferring heat of about 1.3K to 1.6K

from the evaporator end towards the condenserend..........................oel 195

In Case 5 the polynomial curve predicts that the outlet temperature stays at about
301.5 K (28.5°C). With added heat to the heat-pipes, the heat-pipes will not be
capable of converting any more heat and the temperature will be linear for both the

INlet and OULLET. ..ot e e 196

The energy-saving recorded in the experiment compared to the temperature
difference of the heat-pipes heat-exchanger Q, and Q,’. The graph shows that the

heat-pipes heat-exchanger could save an average of 20% of the installation....197

The graph shows the energy-saving using a heat-pipes heat-exchanger for Case 1

(303K e, 200

The graph shows the sensible cooling load of Case 1 with a supplied inlet
temperature 0f 303 K. ... e 200

The graph shows the energy-saving using a heat-pipes heat-exchanger for Case 1

The graph shows the sensible cooling load of Case 1 with a supplied inlet
temperature of 318 K. 201

The graph shows the energy-saving using a heat-pipes heat-exchanger for Case 2

(B03K) e, 201

The graph shows the sensible cooling load of Case 2 with the supply inlet
temperature 0f 303 K. ... e e 201



Figure 5.97:

Figure 5.98:

Figure 5.99:

Figure 5.100:

Figure 5.101:

Figure 5.102:

Figure 5.103:

Figure 5.104:

Figure 5.105:

Figure 5.106:

Figure 5.107:

Figure 5.108:

Figure 5.109:

XXXii

The graph shows the energy-saving using a heat-pipes heat-exchanger for Case 2

The graph shows the sensible cooling load of Case 2 with the supply inlet
temperature of 318 K. ..o e 202

The graph shows the energy-saving using a heat-pipes heat-exchanger for Case 3

Schematic drawing of a building that uses a solar air conditioning system. A heat-
pipes heat-exchanger is used as passive equipment to reduce the supplied air that

enters the building............ooi i 209

The proposed schematic process of air distribution from the ambient to the room.
The heat-pipes feed the cooling coil with a lower temperature of supplied air from

the outdoor ambient teMPErature........... ...ooeiieiiiiiiiii i, 209

Normal solar air conditioning operating condition for a supplied-air temperature of

303K (B0°C). e 210

Normal air conditioning operating condition for a supplied-air temperature of 318K

(A0 et 211

The schematic process of air distribution................ooviiiiiiiiiiiiiiiiinn.ns 212



Figure 5.110:

Figure 5.111:

Figure 5.112:

Figure 5.113:

Figure 5.114:

Figure5.115:

Figure 5.116:

Figure 5.117:

Figure 5.118:

Figure 5.119:

Figure 5.120:

Chapter VI

Figure 6.1:

XXXili
The air states comparison between 303K and new supplied temperature of 296.6K
(23.6°C) fOr Case L. .ooineiiii i e e e 213

The air states comparison between 303K and new supplied temperature of 300.08K
(27.08°C) fOr CaSE 2.ttt e e e e e 213

The air states comparison between 303K and new supplied temperature of 299.15K

(26.15°C) FOT CASE 3o 214

The air states comparison between 318K and new supplied temperature of 302.56K

(29.56°C) for Case 1....cooouiiniiiii i 214

The air states comparison between 318K and new supplied temperature of 303.88K
(30.88°C) fOr CaSE 2. vttt et e 215

The air states comparison between 318K and new supplied temperature of 298.77K

(25.77°C) 01 Cas@ 3. .ottt e e e 215
Comparison of the sensible heat between 303 K and 318 K for all cases.......... 216

The different air supply inlet and outlet for all cases. The parameter shows the

location of thermos-couple for temperature reading...................ccooeeeenn... 217

The different temperature comparison of cases, between supplied-air inlet at 303K

(30°C) and the box average temperature. ..........ovvveerrierneeeieeeieeenneeenennss 218

Comparison of temperature difference for all the cases between the supplied air

inlet at 318 K (45°C) and the box average temperature....................cooeeene. 218

Air distributions for all cases. The simulations were run by ANSY'S Fluent software

CONCLUSION

A proposed schematic drawing to upgrade the HVAC system embedded with a
hybrid system for Building 11 the University of Technology Sydney.............. 228



Figure 6.2:

Figure 6.3:

Figure 6.4:

XXXiV

The plant room with the Organic Rankine Cycle (ORC) in Building 11 University
of Technology Sydney.........coooiiiiii e, 228

The fluid thermal expansion system in Building 11 University of Technology

The PV panels and the wind turbine on the rooftop of Building 11, University of
Technology SYdNey........ovniiii i e 230



%

Mt
As
Cop
GWel

GWn

LIST OF SYMBOLS

Relative humidity percentage
Dissipation rate, m?/s®
Efficiency

Gravity acceleration, m/s
Temperature Celsius
Empirical constant, 0.09
Turbulence intensity

The average flow velocity, m/s

A component of the average velocity vector, m/s

Turbulent viscosity, Pa/s

Solar panel surface area
Coefficient of performance
Giga Watts of electrical

Giga Watts of thermal

Solar irradiation

Temperature Different
Temperature Kelvin

Turbulent kinetic energy, m?/s?

Von Karman’s constant, 0.41

XXXV



XXXVi

1/s litre per second

L Length scale, m

Qc Condenser work done kJ/kg
Qe Evaporator work done kJ/kg
Qe Cooling power

Qs Solar power

Te Condensing temperature °C
Te Evaporating temperature °C
TWel Total Watts of electrical
TW Total Watts of thermal

W, kW, kWh Watts, kilowatts, kilowatt hour,
W/m? Watts per square meter
W/m? Watts per cubic meter

W Compressor work done kJ/kg
X Flash gas %

ABBREVIATIONS

ABM Australian Bureau of Meteorology, Climate Statistics.

ACORN-SAT Australian Climate Observations Reference Network — Surface Air
Temperature.

AEC U.S. Atomic Energy Commission

AEL United Kingdom Atomic Energy Laboratory



AER

AFMC

ASHRAE

ASME

CFC/HCFC

CFD

CLTD

CpPU

DOS

ESDU

GWP

H20-LiBr

HPHE

HVAC

IEA

[TF/IIR

IMECE

LHP

NH3-H20

NTU

ODP

PV

Australia Energy Resource.
Australasian Fluid Mechanics Conference

American Society of Heating, Refrigeration and Air Conditioning
Engineers.

American Society of Mechanical Engineers
Chlorofluorocarbon/ Hydro-chlorofluorocarbon.
Computational Fluid Dynamics.

Cooling Load Temperature Different.

Central Processing Unit

Daily Observation of Sydney.

Engineering Sciences Data Unit, United Kingdom
Global Warming Potential.

Water- Lithium Bromide

Heat-pipes Heat-exchanger

Heating, Ventilating, and Air-Conditioning.
International Energy Agency.

International Institute of Refrigeration
International Mechanical Engineering Congress and Exposition
Loop Heat-pipes

Ammonia-Water

Number of Transfer Units

Ozone Depletion Potential.

Photovoltaic Panel



XXXViii

RANS Reynolds-Averaged Navier—Stokes Equations
UTS University of Technology Sydney.
CONTENTS

Declaration: Certificate of Authorship/Originality i
Abstract v
Acknowledgment vi
Contribution by the Author vii
List of Tables X
List of Figures Xiii
List of Symbols XXXV
Abbreviations XXX V1

CHAPTER I: INTRODUCTION

1.1

1.2

1.3

1.4

1.5

1.6

1.7

INtroOdUCTION. ... oo e 1
Research ODJECLIVES ......uinii e 5
Aims and Research SCOPE .......oviriiii i e 7
Research Benefits. ... .. ..o, 8
Problem Formulation....... ..o 9
Thesis STUCLUTE. ...t e 10

SUMMATY. .ottt et e e et et e ettt et e e e e 11



XXXiX

CHAPTER II: LITERATURE REVIEW

2.1

2.2

23

24

INtrOAUCTION. ...ne e e e 12
Thermal Comfort Conditions. ... .......ovuiiuiiiii e 13
Passive Cooling Technology for Thermal Comfort Conditions...................c..oovveinit. 16
2.3.1 Solar Cooling Technology.........cuviuiiiiiii i, 17
2.3.2  Solar Heat and Thermal Market.............coooiiiiiiiiiiiiii e 18
2.3.3 Solar Air Conditioning: Cooling and Heating..................c.oooiiiiiiiiii 20
2.3.4 The Main Parts of Solar Cooling System............ccooeiiiiiiiiiiiiiiiiiiinees e, 23
2.3.5  Thermal Mass.........ouueinii e 25
2.3.6  Natural Ventilation. .........couoeiniiiiii e 26
2.3.7 Building Shades..... ..o 27
2.3.8 Active Cooling Technology.........c.oouiiriiiiiiiii e, 27
2.3.8.1 Vapour Compression SYSteM. .....o.uvviiiinieiiteieiieeieeneeeae e 27
2.3.8.2 ADbSOIPION SYSTEM. ..o.uintitit ittt 29
2.3.8.3 AdSOrption SYStEML. ....uuiietii e e 30
Heat-pipes Heat-exchanger for Cooling Technology................coooiiiiiiiiiiin.n. 31
2.4.1 Heat-Pipes Heat-Exchanger for Passive Cooling Equipment......................... 31
2.4.2 Heat-pipes Heat-exchanger Operations.............cooevuiiiiiiiiiiniiiinenennenen. 32
2.4.3 Experimental Study on Heat-pipes. .......oovvviriiiiiiiiiiiiiiii i eenas 34
2.4.4 Historical Development of Heat-pipes .........ccooviiiiiiiiiiiiiiiiiiii e, 34
2.4.5 Principles, Operation of Heat-pipes. ........co.vveiiiiiiiiiiiiiiiiiiiiiee, 35

2.4.6  Types Of Heat-PiPes ....vvinriiieit it e eee s 38



2.5

2.6

x|

2.4.7 Gravity-Assisted Wickless Heat-pipes.........cooviiiiiiiiiiiiiiii i, 38
2.4.8 Capillary-Driven Heat-pipes........c.ouiiriiiiiiiiiiiiiiii e, 39
2.4.9  Annular Heat-pipes. .....oiniiiiiiii i e 40
2.4.10 Gas-Loaded Heat-pipes .......oueeniiiiiniitiii e, 40
2.4.11 LoOP HEat-PIPES .. onvetiiitett ettt e et et e e 41
2.4.12 Other Design of Heat-pipes. ....ooviiiiiiiiiie e e aen o 42
2.4.13 Working Fluids and Temperature Ranges of Heat-pipes Application................ 43
Simulation of Heat-Pipes Heat-Exchanger Using Computational Fluid Dynamics........ 46
2.5.1 Background...........ocooiiiiiiiiii s 48

2.5.2  Simulation Works on the Passive Cooling Using Computational Fluid Dynamics.48

Knowledge Gap: Combining Solar Air-Conditioning and Heat-Pipes Heat-Exchanger. .51

CHAPTER III: MATHEMATICAL MODEL

3.1

3.2

33

INtrOdUCHION. ... .o e 56
SOLAr COOIIMNE. .. .eeie e 59
Formula for Solar Thermal Refrigeration and Heat Exchangers......................... ... 60
3.3.1 Solar Based Cooling and Refrigeration Systems................ccovevviiiiiinnnn oo, 60
3.3.2  Solar Thermal Refrigeration.............oveiiiiiiitiiii e 61
3.3.3 Electrical Refrigeration System............ccoiiiiiiiiiiiiiiiiiiiie e, 63
3.3.3.1 Refrigerating Effect (We)........oooiiiiiiiiiiiin 64
3332 Compressor Work-done (Aw). .......coovvviiiiiiiiiiiiiiiiiiieens 64
3333 Condensing Effect (WeC)....ooviiiiiiiii e 65

3334 Coefficient of Performance (COP). ................ooiiiiiiii.. 66



3.4

xli

3.3.3.5 Compression Ratio. ..........ccooeiiiiiiiiiiii e 66

3.3.3.6 Suction Gas Density........coiviiiiiiiiiiiiiiii e, 66
3.3.4  Heat-eXChanger ........ooiiiiiii i e 66
3.3.5 Heat-pipes Heat-exchanger............cooiiiiiiiiiii e 67
3300 BlOWeT. . nititit i 69
3.3.7 Procedure for Energy-saving...........ccoviuiiiiiiiiiiii i 69
Formula for the Computational Fluid Dynamics ..............coooiiiiiiiiiiiiiiiiiiieann. 69

CHAPTER IV: RESEARCH METHODOLOGY

4.1

4.2

INtrOAUCTION. ..ot e 72
Project Arrangement for Experimental Cases...........c.ooviviiiiiiiiiiiiiiiiiiiiiaiennenns. 85
4.2.1  Solar Air-ConditionINg. ........oouiuuintitiit it e 86
4.2.2  Air-conditioning SYSTEM. .. ...uiutiiteitt ettt 87
4.2.3 Blowerand Heater...........oouiiiiiii i 87
4.2.4 Air Inlet and Outlet OPening..........cocouevuiiiiiiiiiin i 87
4.2.5 Heat-pipes Heat-exchanger ............ccoouiiiiiiiiiiii e 90
4.2.6 Design of the System: Case 1.........oouiiiiiiiiiiiii e 91
4.2.7 Design of the System: Case 2. ......oouiiiniiiiiiiie i eeeeaaaas 93
4.2.8 Design of the System: Case 3. ... ..ottt e, 95
4.2.9 Design ofthe System: Case 4.......couviiniiiiiiiiiii i eieeaaaas 97
4.2.10 Design of the System: Case S.......oouiiiniiiiiiii i 99

4.2.11 Table of Working Parameters..............cooiuiiiiiiiiiiii e 99



4.3

44

4.5

Tools and Measuring EQUIpmMent. ..........oooiiiiiiiiii e e 101
4.3.1 Heat-pipes Heat-exchanger and the Acrylic BoX...............coooiiiiiiiiiiinn. 101
4.3.2 Heater and BIOWeT........o.oiiiii i, 102
4.3.3 Digital EQUIPMENt.......ooiitiiii e 103
L B o 74 4 01111 () O 104
4.3.5  ANCIMOMETET. ...ttt ettt et e e 105
4.3.6 HOt-WIre ANCMOMETET. . ...ttt 105
4.3.7 Thermal Imaging Equipment...............cooiiiiiiiiiiiii e 106
4.3.8  Data Lo Eer. .. ittt 107
4.3.9  ThermOCOUPIE. . ..ottt e e e et e e e e e 108
Data CollECtiON. ... ..ttt 108
4.4.1 Monitoring Parameter...........ooiviiitiiiii i 108
Simulation Using Computational Fluid Dynamics...................oooiiiiiiiiiin.. 110
4.5.1 Simulation Study on Heat-pipes Heat-exchanger.........................oooeal. 112
4.5.2 Mesh, Solver and Post Processing of Heat-pipes heat-exchanger................... 114

4.5.3 Simulation of a Heat-pipes Heat-exchanger as Passive Cooling Equipment for Pre-

Cooling of Air Intake...... ..o 117

4.5.4 Simulation of a Heat-pipes Heat-exchanger with Driven Ventilation.............. 119

CHAPTER V: RESULTS AND DISCUSSIONS

5.1

5.2

It oAU IO . .o o 128

Flow Field and The Temperature Distribution in The Room Simulation Using

Computational Fluid Dynamics...............coociiiiiiiiiiiiii i ieeeeeieeieesie e, 129



53

54

5.5

5.6

5.7

xliii

5.2.1 Simulation of a Heat-pipes Heat-exchanger with High Ambient Outdoor

Temperature Condition...........o.eiiiiiiiii i eeeas 130

5.2.2 Simulation of a Heat-pipes Heat-exchanger Effect on an Air-Cooled Condenser.

............................................................................................... 134
Solar Radiation. ..........couiuii e 140
5.3.1 Experimental Study on Solar Energy Air Conditioning Booster.................... 141
Heat Transfer of Heat-pipes Heat-exchanger ...............oooiiiiiiiiiiiiiiiiiieee, 147
SAL CaSE L 153
S22 CaSC 2. 163
R T O 1 171
544 CaSE . .o 181

5.4.4.1 Experimental Study of a Heat-Pipes Heat-Exchanger as Passive Cooling

5.4.4.2 Problem Description: Thermal Modelling..................oooiiiiiiii 183
5.4.43 Summary of the Temperature Pathway Graph by Points of Measurement....186
5444 Estimated Energy-Saving by the Heat-Pipes Heat-Exchanger................... 196
5445  CONCIUSION. .. utntitit et 197

Estimated Energy-saving by the Heat-pipes Heat-exchanger by Energy Calculation
MEthOd. ... 198

The Temperature Comparisons Between the Simulation and Experimental Works...... 204

Estimated Energy savings of the Solar Air-Conditioning with Heat-pipes Heat-exchanger

in using Psychrometric Chart Calculations. ............coooieiiiiiiiiiiiiiiiiiiienea, 208

5.7.1 303K vs New Supply Air Temperature.............ccooevviiiiiiiiiiiiiiiiiennenn, 212



5.7.2 318K vs New Supply Air Temperature. ..........ovvvveirieiiiiaiiiaiieaiieenneennns 214
5.7.3 Summarise on the Comparison of New Supply Air Temperature.................. 215

5.8 Summarizes on the Temperature Profile and Estimated Energy Savings All

CHAPTER VI: CONCLUSION

6.1 Achievement of this research..............oooii 222
6.2 NI Ted (o] 3 o) 1 226
6.2.1  Drawback. ..o 227
6.2.2 Application to UTS HVAC System........c.ooviiniiiiiiiiiiiiiiieieieeaenee, 228
REFE RENCES . ..., 231
APPENDIXES
Appendix 1: Psychrometric Chart...........o.ooiiiiiii e 242
Appendix 2: Heat-pipes Heat-exchanger Calculation................cooiiiiiiiiiiiiiiiiiiiii 243
Appendix 3: Solar Energy Output Calculation..............coooiiiiiiiiiiiiiii e 244
Appendix 4: Simulations of Heat-pipes Heat-exchanger with different configuration .......... 252
Appendix 5:  Study of Wind-Assisted Energy for Cooling System in Bangi, Malaysia........ 246

Appendix 6: Simulation Study On Cooling a Small Domestic Refrigeration System Using Solar-
Assisted Energy in Bangi, Malaysia ............ccoooiiiiiiiiiiiiiiiiiiieeea 255

LIST OF REVIEWED PAPER ATTACHED..................oi, 253



	Title Page
	Certificate of Original Authorship
	Abstract
	Acknowledgments
	Publications
	List of Tables
	List of Figures
	List of Symbols
	Abbreviations
	Contents



