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ABSTRACT

In order to decrease reliance on fossil fuels, renewable energy has become an important topic of
research in recent years. Ttevelopmenin the renewable energy source will help in meeting
the requirements of limiting greenhowugas effects, and conserve the environment from
pollution, global warming, ozone layer depletion, eftere are various naturally available
renewable energy sourceOne of these sources is solar ene®plar energy is available in
abundance throughout the world and is the cleanest of all known energy sdirees.are
various devices that can be usedhernesssolar energy. One asuchdevicesis a thermo
syphon Thermasyphon converts the solar energy obtained from the Sun into thermal energy of
a working fluid. This thermal energy in the working fluid can be used for various industrial and
household activitiedn a closedoop thermasyphon systeimthe workingfluid circulateswithin

the thermasyphonloop via natural convection phenomenon addes not need any external
devices, such as a pumpherefore;t is considered to be one of the most efficidavicesfor

the heattransfer Moreover, theabsenceof a pumping deviceeducs the manufacturingand
maintenanceoss of a thermesyphon system

The heat exchange process in thermasyphonis a complicated process, which considers the
heat convectionphenomenonTherefore, to understand the natural convecpoocessin the
thermoasyphon and their effecn thethermalperformanceof the system a Computatiorfauid
Dynamics (CFD) based techniques have been uNedherical results obtaineave been
verified agaist the experimental resultsand they match closely with each othdmhe
comparison betweethe CFDand experimental resulsuggestthat CFD can be used as an
effective tool to analyse the performance of a thesymhon with reasonable accuraby order

to investigate the flow structure within thBermaesyphon system, detailedjualitative and
guantitative analyses have been carried out in the present study. The qualitative analysis of the
flow field includes descriptions of the velocity magnieuahd the static temperature distributions
contours within the closed loop thermgphon system. Furthermore, the variation in the
temperature of water within the storage tank, temperature of the working fluid, heat transfer
coefficient, wall shear stressnd local velocity and temperature distribution of the working fluid
within thermaesyphon loop have been quantified as a function of timeaddition, numerical
studies have been conducted to identify the effects of various geomptareaheters, which
include the number of the riser pipes, lengHdiameter ratio of the riser pipe on the thermal
performance of a closed loop thersyphon system. Moreover, a further investigation has been
carried out to analyse the effect of various heat flux condi@masdifferent transient thermal
loadings on the thermal performance of a closed loop thegploon systemBased orthese
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analysessome novel serempirical relations have been developed to predict the thermal
performance of the thernyphon, which is om of the focal points of this research.

Another goal of the current study is to improve the thermal performance characteristic of thermo
syphon solar water heating system using an enhancement device to improve the heat transfer
This aspect of thevork focuses on théncreasng energy conversiofrom theriser pipe to the
working fluid within thethermasyphonloop. This is accomplished by increasing the surface
area of riser pipes by employing several design modifications, such as straight, wavy and helical
pipes, within the riser pipes, while maintaining the amount of the working fluid constant within
theclosed lop thermasyphon systemin this study, a comparative analysis has been carried out
for these new design modifications to identify the best in terms of heat transfer coefficient, heat
gain in collector et¢.as an indication of thermal performanéecording to the findings athis
analysis, the modelomprising ofpipe inside the riser pipgepictbetter thermaperformanceas
compared toother models.After defining the best design modification, a further detailed
investigation has been carried dudgtween the traditional and modified design (straight pipe
inside the riser pipe) using experimental and numerical method.

Established methods regarding the design process of treyphomrs are verylimited, andthey
areseverelylimited in estimaing importantdesignparameterssuch as useful heat gaamdheat
transfer coefficient, whichhave a significant impact on the thermal performancéhefmo

syphonsystem/loopA design methodology has begevelopedo enrichthe design process af
closed bop thermasyphonsolar water heaig system The developedmethodology ismore
efficient and reliable since it is capable of estimating varioggometricaland thermal
parametes, suchascollector area, diameter and lengthtloé riser pipes, distancebetweenthe
centes of the risemipes, heat transfer coefficientemperature ofhe working fluid andthe mass
flow rate.This designmethodology isuser friendlyand obust
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INTRODUCTION

CHAPTER 1
INTRODUCTION

Solar energy is one of the most important sources of renewable energy that is available in
abundance throughout theorld. One of the systentbat utilises the solar energy to heat
wateris solar water heating systeifhe presenthapter brieflyintroducesthe solar water
heatingsystems, specificallpassive solar water heating systems. In addition, this chapter
provides an introductory discussion regardingttiermalanalysis of a closed lodperme

syphon system (passiveltnhancement techniques of heat transferwell have been
presented in the present chapter. Furthermore, this chiaptedesthe main researcher

aims of this study.
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INTRODUCTION

1.1. Solar Energy

The depletion of fossil fuels is escalating the global fuel prices. Furthermore, the drive to
preserve the environment, by reducing the amount of greenhouse gases and other pollutants from
the fossil fuels, is demandirthe development and research on the alternative energy sources.
One of the alternative sources of energy is solar endrgig type of energys available in
abundance throughout the wordahd is the cleanest of all known energy souréégure 1-1
depicts the meadayto-day global solar energy (irradiation) in the wintelafiuary and the
summer (July) seasons respectivelylJii. It can be clearly seen that teelarradiation varies
significantly overthe seasonslhe maximum solar radiations observed in July and January are
21MJ/nf and 3.5MJ/my, whereasthe observed minimum solar radiations are 12MJamd
1MJ/n? respectively. Fuhermore, it can alsbe notedthat the south region has more solar
radiationcompare to the north regimeln recent decades, the world hagnessed substantial
developments in the field of solar energy as it has been proven to be more efficiensiofterm
energy extraction. Solar energy plays a vital role in various aspects. & ljfest one second, the

sun provides aboufl3 million timesmore energythanthat is generated by all the electricity
consumed in one yedl]. It has more advantages in comparison with fossil fuels in terms of
environmental effect. It is morenvironmentfriendly. Furthermore, one of the greatbsnefits

of solar energy is itsonversiorcapability, which means that it can be transforiméd any other

types of energy, such as heat, electric etc., veldtively simple installatiofi2]. Whereas other
formsof renewable=nergy sourcedike windturbine,requiremorecomplex initialinstallation
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Figurel-1 Solar radiation across the UR]
The energy within the solar rays is capable of starting natural convection within closed

mechanical systems containing a suitable working fluid. One such systemnmeobnknown as
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solar water heater system, whiobnvertssolar energy into internal ergy ofafluid, commonly
water.

1.2. Solar Based Water Heating Systems

Over the past few decades, a prolific incrdaase been witnesséd research and development in
the field of solar water heating systems and the associated technoldgesiemandf hot
water, due to population explosion, for dayday usage and other industrial applications is
urging for effective development and harness of solar energy.

Based on th operational principles, a solar water heater can be divided into twd #ypes

X Active solar water heating system
x Passive solar water heating systems

In an active system, the working fluid is circulated using an external device (power source), such
as a pump, whereas a passiystam is based on naturadnvedion within the working fluid.
Figure1-2 shows a passive solar water heating system. This study focuses on passive system as
it does not require any external device such as pump and hence making the legstem
complicated and less expensive to maintain.

Storage Tank

Air Vent <« :
(— f ” Collector

| |

Drain

Figurel-2 Passive solar water heaf8t

The amount of hot water generated by a solar water through system releeswonber of
parameters, for example size and type of the sysaéswujability of solar energyat the site,
insulation and orientation of the collector 4.
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1.3. History of Solar Water Heating Systens

In the pastpeople had been using different fossil fuels, such as wood, coal etc. to heat water for
their daily usage. The development of technology encouraged people to use natural gas for the
same purpose. Althoughpplication of gasses a$eat source has been skho to be more
efficient, but itis expensivgd 7]. The coal and natural gaaveto go throughvariousrefinements

to make them useable, and hence it makes them expensive. Alternatively, the demand for other
available energy sources has increased, which are cativedy less expensive and safer to use.

One of the most important alternative sources is solar enefggh is usedto heat wate by

solar water heating systermhepreliminarydesign of solawater heating systemonsisted of a

metal tank, which has been painted blatke tank was placeth a location toabsorb most
intensity of the solar energyfter a certairperiodof time, the hot water inside the tank can be

used for domestic applications. The primary dragkb of this systems the amount of time
required to heat the water, often a whole day. Moreover, there were no proper insulations in the
system to maintain the temperature of water ftorey time Due to the lack oisulation,the
absorbed heat dissigat rapidly[7].

Over the years, the design of these hot water metal tanks has improved. In 1981, Clarence Kemp
patented a tank design, in which metal panel was added on the tank to increasetthedfieat
surface area and hence increls@amount of heat tresfer to the working fluidas shown in

Figure 1-3 [7]. At the beginning of the JDcentury various designs were proposed and
constructed, having similar heating and storage units, which were exposed to external weather
conditions.

In 1909, William Bailey proposed a solar water heater design, which could work through day

and night. The design had a solar collector unit and water storage tank placed separately. Since
the water storage tank was separate, it could be placed indoor, reducing theoirgdetnal
environmental conditions. It helped to maintain fhed temperature in the tank for a longer

time, whereas, the solar collector was kept outside facing south. The solar collector consisted of

a coiled pipe inside a glassvered box. The clgctor was mounted below the storage tank to

allow natural convection taking place in the sys{@&m Other desigs emerged in the following

years, for instance in Japan, a solar water heater with a tdwsah wascovered bya glass. By

W K H TV PRUH WKDQ FROOHFWRUV RI WKLV W\SH KDG
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Figurel-3 Prototype solar water collectpi]

Prior to 1990s,n Australia, salesf the solarwaterheatingsystens increaseddue to the rising

oil prices. However, i the late 1990s, the Australian solar water heater mahkahkbecause of
the discovery of Naturdbas in previously fueshort regions, such as the Northern Territory and
Wesern Australia. Despite & exportslevel of SolHart, which was one of thdustralian
leading manufactursrof solar water heatersemaineds0% of the sale$9]. At the same time
Large scale promotion of this equipmenthas begunThe implication of solar energy to heat
water was widelyusedin Greece and small uni of 2nf? were installed in majority of the
households. In 200Greecewasthe first place in Europeaind 2°in the World for keepingthe
highest rate of fper capita of solar collectors installed sh®wn in Figure1-4[9].
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Figure1-4 Solar collectors in finstalled per capitgd)]
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1.4. Thermo-syphon

A closed loop thermasyphon system is complicated system witbmplicated fluid flow
characteristicsTo understandhie fluid flow behaviour in the therrmyphon, it is necessary to
understand the geometrical feature of slystem, which has significant impact on the system
performance Thermasyphon can belenotedas a system that is used to heat water by using
solar errgy andtransferthis heat by working fluid from the solar collector (hot side) to the
condenser (cooler side) based on the thesgpion principle. The working principle of thermo
syphon stateshat the working fluid is driven by naturationvectiondue b the temperature
difference in the collector. After the collector, the fluid passes through a condenser, where the
temperature of the fluid decreases. Subsequently, the fluid flows downwards by the gravity
through the return loop.

The temperature of theorking fluid increases in the collector, which is exposed to the solar
rays. The rise in the temperature of working fluid affects the flow within the theypizon

loop. Temperaturedifferences within working fluid cause a density variation, whiedéd to
natural circulation of the working fluid within the closed loop thesgphon system.

1.4.1. Thermo-syphonLoop

Thermasyphon loop solar watdreatingsystem commonly consists of three sectjamamely
solar collector, condenseand connectingpipes (uprise& and downcomer)which forms the
thermoasyphon loop The solar collector isne of themain component®f thermasyphonsolar
hot water systesthatis exposed to the solar radiationcétn be considered as a heat exchanger
that absorbs thermal energy frahe Sunandtransfesit to theworking fluid within the therme
syphon There are severalfes of solar collectorsike flat-plate, unglazed]at plateair heating,
evacuated and reverse flalate collectord?2]. This study will be focused on the first type.
flat-plate solar collectardueto its various advantages/er other typessuch ashe capability to
collect both beam andiffused radiation[10], ability to work on awide rangeof climates [11],
low manufacturing costand easeof installation Furthermore,accordingto Figure 1-5 that
depicts the efficiency dlifferenttypes of solarpanes with respetto the temperature difference
between the collector and ambiemdicates thatthe flatplate solar panel provides better
efficiencyovera wider temperature difference.
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Flatplate solar collectar mainly consistof riser pipes, absorber plate, glazing cover and
insulation. These cmponents are assembled in a proframe as shown inFigure 1-6. The
condensecan be considered asheatexchanger, that igositionedinside the water storage tank
and it collects energy from the collector. Finally, ttennecting pipesre the pipesthrough
which theworking fluid propagatesit is normally assumed thahere isno heat transfetaking
placethroughthe connecting pipesndhencethey are considereatiabatic

Glazing

Extruded
section

Fixing channel

Uptiser

Figurel-6 A flat platesolar collectof13]
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1.4.2. Working Fluid

The working fluid is an essential elementloé thermaesyphonsystem. The main purpose of the
fluid is to collect heat energy from the collector and transfer it to the water within the storage
tank. It is crucial tcselecta suitable working fluidor an efficient solar water heag system.

The working fluid shald be chosen such that it hagyh specific heat capacity, high thermal
conductivity, low viscosity, low thermal expansion coefficient, -aotirosive properesand low
cost[14]. Furthermore, the selection of the working fluid dependthergplication as well. For
example fluid with a low boiling pointshould be chosefor a heating systenwhereasfor a
cooling systemthe boiling point of the fluid should be high.

1.4.3. StorageTank

This part ofthermasyphonsolar water heatingystemcan be defined as a component for storing

hot water, which is then used fdomesticpurposes. Since the solar energy can only be captured
during the daytime, and the amount of energy collected depends on the climate as well, it is
important to store thikot water in an welinsultedandisolated place (like storage tank) to meet

the demand of hot water. Furthermore, the place of storage tank should be above the collector
and it should includ¢he exchanger coil to transfer the heat from working fluidhe water

within it.

1.5. Types of Thermosyphors

Based orthe working fluid, the thermaesyphonsolar watetheatingsystems can be categorised
into two groupsi.e. single phase and two phase solar whtsatingsystens, as shown irFigure
1-7 and Figure 1-8 respectively.Single phase systemican befurther divided into two types,
namelyopenloop and closedoop thermasyphonsolar wateheatingsystens. Almost all of the
singlephase solar water heater systemswater aghe working fluid. The drawback o$ingle
phasesolarwater heating system withiater as the working fluid aretigversed cycle during the
nightii) frostformation inextremdy cold weathes andiii) low heatcapacityand corrosion.
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Figure1l-7 Components ahsingle phaséhermasyphonsolar hot water system
1) Solar collecto2) CondenseB) Storage tank) Cold water inleb) Expansion tank15]

A few decades agdp solve the drawbackof the single phase solar water heater systemd
improve the efficiency of the system, a new system waggsed, which is known as tvphase

solar watetheatingsystem[16]. The two phasesolar waterheatng systemconsists of working

fluid that can change its phases with incorporated environment conditions (temperature,
pressureg) within thermasyphon loop. This working fluid undergoes a phase change or
evaporation upon exposure to solar radiat@ne of the most important consideratiortherme
syphonsystens is the heat transfer performance, which is a function of several $astmh as
working fluidV S U R, §édbétryakt\vorientation othe thermaesyphon,gravitational effects

and operating temperaturé’].

Figure1-8 Components o twophaseghermoasyphonsolar hot water system
1) Solar collecto) CondenseB) Storage tank) Working fluid inlet valve[15]
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1.6. Advantages of Thermesyphon

The important advantages$ thermaesyphonare as followsf15]:

1. Due to natural circulation of the working fluid within ttieermasyphonloop, it avoids
using a conventional pump, which keeps the complexity and costs of a tkgoiman
system low

2. It has higher efficiency as compared to the conventional heat pipe systems

3. ltis quite reliable and hence it is often used in parts of nuclear power plants

4. It has high compactness and high heat recovery effectiveness

Due to various advantages, tiermosyphonsolar water heating system is popular throughout

the world. There are two primary engineering applicationghefmesyphon systems, i.e.

heating and cooling of water. Thermgphon can be used for heating water for domestic and
industrial use as shown Figure 1-9 and ingeothermakystems. The primary reason for using
passive solar water heating systems is that, this system is simple and does not need pump or
controller. However, in this type of system, the storage water tank should be situated above or
beside the colleot [18].

A closed loop thermsyphon systencan also be implemented cooling applications as well

such amergencyooling systerafor electric machines or equipment of a nuclear redejr

as shown inFigure 1-10. Thermasyphon systemsiare widely usedto cool electronic devices
because it doasot need any external device to recirculate working fluid and has a deggmn
Thermasyphon systens used to cool electronic devices consist of three sections namely
evaporator, adiabatisectionand condenseiWhen heat is applied to the evaporator, working
fluid will evaporate Thereafter, the fluid moves towards the condenser. In the condenser, the
fluid is cooled The working fluid returns to the evaporatyr gravity[21].
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Figure1-10 Thermasyphon for cooling electronic devicapplicationg22]

1.7. Heat Transfer Modes

Heat is a form of mergy thatreflectsthe motion of atoms within an objeavhich is invisible but

can be feltHeat transfer occurs when there is a difference in temperature between two bodies.
The heat transfer will navigate from the higher temperature to lower temgeusatilrthe system
achieves a thermal equilibrium. In the mechanical science, the heat transfer process can be
classified into three main sectors namely conducttemyectionand radiation. However, it is

not mandatory to have a system with all thesestprecesses. Depending on the application, it is
possible to have only one or two type of heat transfer presess

1.7.1. Heat Conduction

It is oneof few ways ofthermal energy transmission. It is due to heat transfer through which the
exchange of thermal energy takes plaetveen atoms of theamematerial without thee atoms
beingtrangnitted. Figure1-11 illustrates the process of thermal conductidR X U ILaWJcHMd

be used to calculate conductimte which staes that the thermal flow rate withspect to time
aaoss the surface of a substameproportional to the thermal gradient and the s@taea.Eq.

(1.1 below shows this relationshjg3].

X ?2X
| v

amibl (1.2)

where denoteshethermal conductivity, surface area of wall, s temperature of hot side g
temperature of cold side andsthe thickness of wall.
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. > =)

Figurel-11 Thermal conduction procefa4]

1.7.2. Heat Convection

This is alsoone offew ways ofthermal energyransmission in thenedium especially influids
(liquids and gasesBecauseof the high temperatures in the fluid decrease ints densityis
noticed causinga riseup or spreadn the fluid particles which would then beaeplaced by
anothermoredensdfluid. Liquid from thisbottomup movement works such a way thairings
about thermal transmission. Thiprocess iscalled asconvection.This type of heat transfer
consists of two mechanisms: diffusion and energy transferred by masscmscopic motion of
the fluid. Figure 1-12 depicts theconvectionprocesseshat occuron aplate. The rate of heat
transfer by convection is calculatedisingEqg. (1.2)[23].

amitL Sk, F o (1.2)

where denotessurface area of wallSthe heat transfer coefficignt , plate temperature and
air temperature

Ts

Ti

| |

Figurel-12 Thermal convection procef24]
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There are two forms of thermabnvection namely

x Natural convection or free: the fluid movement caused by temperature difference and
the difference in densityunder natural conditions, where there are no external
influences to force the fluicthovement, sth as thermeyphon

x Forced convection: the fluid movemens a result atheforce or catalyst molecules
such as pumps

1.7.3. Radiation

Radiationis one of the ways of transmission of thermal energy in the material, occurring in all
kinds of material. This process descri@esissiongrom the material ira vacuumor any other

heat transfer mediadlid or fluid) in the form of photons and electrogmeetic waves. There are

many practical applications of heat transfer by radiation, and one of these applications is the
solar energyFigure1-13 depids the distributiorof radiation energy on a translucent coviere

heat flux from the radiation can loalculatedfrom the StefarBoltzmann law, whiclstates that

the heat radiated from a black body per unit time is proportional to the prodthe fofurth

power of the absolute temperature and the surface area. The mathematical representation of the
StefanBoltzmann lawis presented ikq. (1.3) [23].

o bL P °F 8 (1.3)

where Pdenotes theéstefanBoltzmann constant, surfacearea, , plate temperature and is
theair temperature

Ineldent /

energy flux s
o Riflected

5 absorbed RN {

Transmitted

Figurel-13 Thermal radiation proce$23]
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1.8. Thermal Analysis of a Closed Loop Thermesyphon

In order to analyse the performammaputof a thermasyphonloop, several parametessiould
be considered These parameters are the solar radiation intertsagsmittanceof the glass
cover, the overallheat loss coefficientheat transfer coefficienheatremoval factor collector
efficiency factor useful gam, total gainandthe loss of energylhedetailsof these parameters is
discussedn the following subsections.

1.8.1. Solar Radiation Intensity

The solar radiation intensitfy y) compisesof three componentsiamely beam radiation §),
diffused radiatior( ) and reflected radiatiof), which can be represented[25§]:

L ¢ EnE (14
where,
FL Fr - 5] (15
L grU éMTm:qC (1.6)
and,
vL cr00*<=E ? >a6m'qc (L17)

Here, ky is the normal beamadiation 1 is the incident anglbeetween the solar beam and the
normal to the inclined surface LV WKH DQJOH RI @GKWH WRHK O/EKRWI R X QOE(
reflectivity. gy and GEan be further represented as:

i->i.

OL6

(1.8)

and,

E

—c>VV = (1.9)

FrL
7KH Fkterwh in equation 1.5 can be extended to:
o, L e<ceO F>jecetE L TOF > 20X (1.10)

where 0 is the latitude angle of the geographic locateod . LV WKH VRODISIXOWLWXG
term in equation 1.7 can be extendd@&

ece= | eceQecetE .. '@ ... >.. X (1.11)

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFEOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

14



INTRODUCTION

where ssthe GHFOLQDWLRQ DQJOH DQG & LWW@KH KRXU DQJOH
XLG:‘ZfefFst;,Usw
and,
.. 7:4
tLtua/Wo<->7—_9:tsz ;? (1.12)

where is the day humbeof the year.

Thesolar time can be calculated[26]:

‘ZfetL —fetfPptEV: oF < .E (1.13)
where,
L{&yecet/)Fyavu...d; Fsavece/; (1.14)
and,
7:4
/ L7—9 Fzs (1.15)

e —and Lioc in equation 1.13 atandard meridian for time zone (#) and meridian of
location (in°) respectively

The coefficients AB and C represent the vakief the apparent solar radiation intensity, the
atmospheric air extinction and diffused radiation respectively.sdltieree coefficientsare
calculatedusingthe following relatioms for any day of the year

L sswaErdaxx... kuxruxwl ;g (1.16)
LraywsFrd.. ¢fduU ?FrdarvwsF ... s&x0 ;? (1.17)
Lra{xwsFrvt..kuxruxwO ;gFrarywsF ...“sgwU ;? (1.18)

The three coefficients above are functiorihref day numbeof the year

1.8.2. Transmittance-Absorptance Product

The transmittancabsorptance is a product of the glass cover transmittance and the absorber
plateabsorptance. e absorber plate absorption depends on the absorber plate coating and it can

be considered constant. Hence, the variation in the transmiddnsoeption is caused by the
variation in the glass cover transmittance only. Moreover, the gass tansmittancds a
function of several other variablesuch as the inclination angle of the solar radiation on the
glass cover, glass type, glass thickness and the purity of iron oxides.
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The transmittance of the glass cover is the average of twparmnts resulting from a process
called Polarizatio26]:

o >o

R L= (119

In the above equation, the terRrepresents the transmittance of the perpendicular component,
whereas, the termR; defines the transmittance of the parallel component. Each term can be
represented by the Stokes equations, which are as fplpws

a:5?i.

Bl (120
RL G e @2

where Rs the glass transmittance for one interface, which can bela®dby Bouguer's Law
as:

RL P (122

where ¢ is the glass extinction coefficierdnd is the distance travelleoly the light through the
glass,calculatel as:

XLe
amgqg ;

(1.23)

%ds the glass cover thickness aiig is the refraction angle, which is the angle between the
refracted light inside the glass material and the line perpendicular to the glass surface. It is
computed afl3]:

E L -<25>0‘9;L‘;? (1.24)

where «is the refractive index of the transparent matermlL(1.526 for glass) and3 is the
reflectivity of the perpendicular components, whichiieg as:

qgl:".?"
@ L—qg_lf_y‘; (125
while Qis the reflectivity of the parallel componentghich is gven as:

QLI=—-" (1.26)

r F:7o>7
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1.8.3. Overall Collector Heat Loss Coefficient

The overall heat loss frorthe collector take place from thedp and bottom surfaces of the
collector, along with the edges. The heat loss through the edgetats/ely small and can be
neglected. The overall heat loss coefficient through thedojacehas a significant effect on the
performance othe collector, which is evaluated by considering both convection and radiation
from the absorber plate timospher¢hrough the glass cover. The overall heat loss is a function
of several parameters, such the absorber plate temperature (Talmospheric temperature
(Ta), number of glass covers (Ng), emissivity of glass ci\&r, absorber plate emissivityg),

tilt angle of the collector ¥) and the convective heat transfer coefficieé;é;Typical values of

the overall heat loss coefficient range from 2 t&\VI®%°C [28]. The value of the overall heat
losses from theollector can be estimated [&3:

L ,E -E . (127)

where .is the heat loss through the edgesjs the heat loss through the bottsonrface and ,
is the overall heat loss through the wmpface of the collector.

As theheat loss through the edges is iggly small, Eq. (1.27)can be rewritten as
L ,E - (1.28

The heatoss througtihe bottonsurface of the collectaran be calculateds:

% (1.29)
|
Theheatloss througtihe topsurfacecan beestimatedy:
?5
R 5 C:Xec 6 XWiiXee ~>Xw .
L N E=~0 Ee i 1.3
TP Pw Ty o >A8A9F g el o (1.2)

Pfc J]6\ ]

where ¢ 4is the tlermal conductivity of the insulatorZis the thickness of the insulator,is the
wind velocity, B, is the emissivity of the absorbing plat®, is the emissivity of the glass coyer

nk is the mean plate temperatusnd P <e—S3i 3" Fe ‘Z—0eef.o.eee— fuicyH
2< [ .
S ==
) 6
L WtrsFrarrrw) (1.3

"LksEraz{S Frasx»Xy, ,OksErdyzxx.0 (1.22)
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544
(1.33)
S, is the convective heat transfer coefficieneafironmentwhich is gven as:
S LtaZEu (1.34)

From Eq. (1.34), it can be noticed that tiesat transfer coefficient @nvironment depends on
the velocity of air.

1.8.4. Mean Temperatures

The mean temperatwwef the absorber plate ) and the working fluid ) arecomputed as
[29]:

Loy E@%A:slr Vi (1.35)

(1.36)

where is the leat removal factor for the flujind can calculated as:

k6 q EyYJO

k6G

SF 1S ph (1.37)

where ¢ Gs the mass flow rateand ,is the collector area, which can be calculated as:

oL UM™0 (1.39)

where ¢’ is the umber of riser pipg is the dstance betweethe centres of tweiser pipes
and is the bngth of the riser pigeindividually.

Collectorefficiency factor ( : can be computed as:

r‘LeA —Q (1.39)
U@ 6 m7@ B7 " @",  ax@e
where,
S B - BLAC Ry
(1.40)

T m7 @

where s the autletdiameterand «- is thermal conductivity otheplate

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFEOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

18



INTRODUCTION

L §|Z (1.4)
J

where As pipe thicknesand ¢, is thermal conductivity ofhe pipe

For laminar flow, théNusselt numbefNu)can be computeas[28]:
f\H .
SLTL U w X (1.42)

where Sjés the reat transfer coefficient dhe working fluid, ¢s the hnerdiameterand e jis
the hermal conductivity otheworking fluid.

1.8.5. The Useful Energy
The useful energy gainday theworking fluid, can be calculateds [25]:
vyL xF »p (1.43)

where  representghe total gain of energyvhich can bealculated as:

xL avxR (1.44)
While, p representhe loss of energyvhich can be calculated as:
pL av @ af (1.45)
UsingEq. (1.44) and (.45), the usefukenergy gained can be represented as
vyL avCiR=:F " 4fF 0 (1.46)

where Ris the tansmittance absorptance, is the absorber platgabsorptance s the nitial
temperature otheworking fluidand _is ar temperature

1.9. Heat Transfer Enhancement Techniques

To utilise the solar energy captured by the collector more efficiently, it is crucial to improve the

heat transfer in the systetmprovement of heat transfer and heimo@rovement of thehermal

performance othermasyphonsolar water heatg system depends on several key parameters.

The amount of heat transfer through any material dependseweral parametersuch as
temperature variations, overall ha&@nsfer coefficient andurface areaas shown in Eq(1.47).

L é (1.47)
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where is represent the overall heat transfer coeffictbat depend on the type of working
fluid, thickness ofthe materialand thermal propertiesA fsignifies the geometrical featgrof
the systemand the term ¢ depicts the temperature differenckccording to Eq. (1.47)
geometrical features and the temperature has significgacton the amount of heat transfer.
Further explanations of these parameters have been includedfoildiaéng section named as
GeometricalParameterand temperatureof the working Fluid in section (1.9.1) and 1.9.2)
respectively

1.9.1. Geometrical Parameters

Geometrical parameters play a vital ratethe heattransferprocess Increasan surface area
enhanceshe performance of a therasyphon. The surface area of the collector can be increased
by increasing the number of riser pipes/anthcreasing the lengtto-diameter ratiol(/d) of the

riser pipes. Howevelincreasingthe number of riser pipes alod their L/d ratio increaseghe
amount of working fluid within théhermasyphonloop. Increasinghe amount of working fluid

will require more heat flux to raisthe temperatureof the working fluid by the same amount,
which inturn will require longer timeperiodto achievea desiredemperature othe working

fluid.

1.9.2. Temperature of the Working Fluid

According to theEq. (1.47), the useful heat flux is a function tife change in theemperature of
the working fluid, which is representes ¢, . This tempeature difference can bepresented as:

¢ L u_ij pcd (1.48)

where Tallis thecollectiveaverage static temperature of the rigigesand Tefis the reference
temperature afheworking fluid, which can beomputed as:

X > Xekj
ped —5 (149
where 4and ,sare the temperatusef theworking fluid at the inlet and outlet section of the
thermosyphon respectively

By studying the flow characteristicé the working fluid the thermal perforiarce of closed loop
thermoasyphon can be derivedOnce this benchmark performance is establisaddrtherheat
transfer enhancemers carried out For example, increasing themperature decreasdhe
viscosityof fluid and hencelecreasesvall shear stress as shownkx. (1.50). Thereforejt is
importantto know temperature distribution and velocity profile to understandbfeaviour of
fluid.
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bs
R LI (150

where R, is the wall shear stressJis the dynamic viscosity of the flujdt s the velocity of
fluid and 1 »is the height above the boundary

1.9.3. EnhancementDevices

In case of a theno-syphon, the fluid flow within the pipes iaminar hence the effective heat
transfer isquite low. Several techniques have been used to enhance the heat taa@s36r34].

In general, there are three techniqf@sthis i.e.passive, active and compound technigue.
passive techniqyeas noexternal powers consumed, the enhancement in the heat transfer rate
depend on the geometrical parametesuch as extended surfaces gfitouvered strip and
winglets), rough surface (corrugated tub® and swirl flow devices (twisted tapand helical
twisted tape) [35]. Active technique depesdn an external power t@nhancehe heat transfer
rate, whereag;ompound technique is a combination of both passive and active techfdgues

As the currentstudyis regarding closedbop thermesyphons, passive techniques have been
looked at in detail formproving the heat transfeate

1.10. Motivation

Solar energy is considerea$ a vital source oenergy, whichcan be harnessdd meetever
increasingenergy requirements in the modern world. Extensive research is l@nmegdwmutto
make solar energyaffordableso that present reliance on fossil fuels can be minimised. This
would also help in meeting the requirements of limiting greesk gas effectgonserving the
environment from pollutionThe energy contained within the solar rays is capable of starting
natural convection within closddop mechanical systems containing a suitable working fl&id.
solar energyextractionsystem casists of various components. Ooiesuch componestis the
thermoasyphon, which captures the solar energy emavertsit to thethermal energyf afluid.
Various attempts have been made to analyse the functional characteristics of such systems.
However, full flowfield analysis and optimisation of such systems inat been attemptedA
better understanding of thaeterdependence of the geometrical feasum the flow structure
within the thermesyphonis essential to develop an efficient clodedp thermasyphonsolar
waterheatingsystem Therefore an extensivestudyis required illustrating theffects of various
geometric parametersuch asiumberof riser pipes and the éngthto-diameterratio of theriser
pipes, on thethermal performance dhe systemunder various operating conditiofiseat flux

and thermal loading).

Therequirements formproving the thermal performance athermasyphonsolar wateheating
systemare increasing rapidly with théncreasing energy needshe thermal performance of
thermosyphonsolar wateheatingsystens can be improved by increasing therfacearea of the
riser pipes, which will increasethe heat transfe rate in the collector There are various
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configurations of themoesyphons in the published literatuthat have improvedthermal
performance of the systerhlowever, thessystems have not been systematically investigated
and hence need further investigations.

The traditional methodology to design of the thersgphon relies on many of the assumptions.
In this process, thealues of mass flow rate, collector plateemperature and most of the
geometrical parametersuch as diametedength of pipes etc., areassumed The design
specification depends on the experience of the desagniethe current methodology appears too
restrictive Therefore, a new methodology required to enhance the design process by
controlling various parameters.

1.11. Research Aims

The primary goalof this study isto improvethe performance of a closddop thermasyphon
solar waterheatingsystem. Based on this, the research aims have been broken down into the
following:

1. Parametric investigation ahe effect ofvarious geometrical and flovelatedvariables of a
thermasyphonon thermal performance

2. Investigatethe effect of the riser pie V §onfigurationgdesign modifications) on the thermal
performance oé closed loophermo-syphonsystem

3. Developinga methodology to desiga closedoop thermasyphonsolar water heatg system

1.12. Organisation of Thesis

This thesigs presented in eight main chapters to illustrate the findings of the research conducted
on the aforementioned topic. In addition to that, appendicemelaled to present the detailed
explanation oftheunderlyingprocesss

Chapter Iprovides aconci® introduction to the subject matter, as it provides an overview of the
solar energy, which is one of the most important sowtesnewable energy. Furthermore, this
chapter focusesn providing detailsof a solar water heating system, which is commdatpwn

as closedloop thermasyphon From this overview, the motivatidor carrying out this research
has been definedvhich identifies key areas to be reviewed in Chapter 2.

Chapter 2 presentscritical review of the research that has been conductédeirield ofsolar
heaterthermasyphon.It includes the review of published literature regarding-phase flow
and singlephase flonsystemsFurthermore, a review @ivailable literature fothe enhancement
of heat transfer in thermsyphon has also beencluded. Italso comprises of the literature
review being carried out on the optimisation techniques for a clospdhermasyphon Details
of the scope of research have been provided in thedbapecific research aims and objectives.
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Chapter 3 preides thefundamentalsof Computational Fluid Dynamics. It includes the CFD
modelling forthe traditional model of therrgyphon.Thenimplementedneshingtechniquefor
the flow domain has been discussedietail Subsequentlysuitable boundarconditions and
solver settings have bespecified

Chapter 4describes the experimental facility that has been developed to verify numerical
thermaesyphon model by comparing the results obtained from experimentawidsthe CFD
resultsand evaluate the effect of enhanced heat transfer for the optimummuelel onthe
thermal performance of thermsyphon This chapter provides a detailed description of each
component that has been used in the experimental setup totheridesyphonsolar waer
heatng system. Moreover, uncertainty for experimental results has been estimated.

Chapter 5 showsletailed descriptiorof the flow structure and temperature distribution of
working fluid within thethermasyphonsolar water heatg system. In this chaer, an extensive
study has been carried ouin the effects of various geometric parameters under various heat
fluxes and thermal loadisgon the performance a closed loopthermasyphonsolar water
heatng systemwith a view to develop parametric relationship

Chapter 6showsdetaileddescription of the flow structure and temperature distributiothef
working fluid within the closed loopthermasyphonsolar water heaig system for various
design modificationsln this chapter, an extensive study has been conducted for all new models
of thermasyphon numerically. Furthermore, the comparison between the traditional and new
model (straight pipe) has been carried out numerically and experimentally.

Chapter 7 illustatesthe developmenbf athermasyphondesignmethodology The inpus to this

model arenumberof persongo be servedthe initial temperature of working fluid withithe

thermoasyphonloop and the water temperature within the storage, tdrgkfinal temperature
generatedy the thermesyphon and location of therrgyphon (altitude). Whereas, tbatpus

of the modelarethermal andlow parameters of working fluid withithermasyphonloop and
geometrical parameters thfermasyphonloop, suchasthe diameter otheriser pipe, number of
riser pipesetc. Furthermore, a cost analysis has beaiudedfor the thermesyphonsystem
including thecomparsonof the traditional ananodified modek to evaluate theffectiveness of
themodificatiors.

Chapter8 contains the conclusions and recommendationiturestudy mentioning thedesign

evaluation, manufacturing, aridst procedure The results obtained from chapt&rs, and 7

have shown that the new modelncle utilised to enhance the thermpkrformance of the
system Furthermore, severatcommendationBave beelncluded regarding future work
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CHAPTER 2
LITERATURE REVIEW

The previous chapter identifies parameters that have significant influence on the thermal
performance of a thermsyphon. Based on the findings, a detailed literature review is
conducted in this chapter in order to define the knowledge gaps. The litesatien® has

been divided into three main research areas i.e. the effects of geometrical parameters on the
thermal performance of a closed loop thersgphon systemdesign modification to
enhancehe thermesyphon performance and finally the design of ith@syphons. Based

on the reviewed literaturghe knowledge gaps have been identified, based on which, the
research objectives have been formulated.
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2.1. Geometrical Parameters

Over the past couple of decades, many researchers have tried to have antletstanding of

the hydrodynamics of therrrgyphons in order to improve their performance outllajority of

these works focus on examining the effects of geometrical parameters on the performance of
thermasyphons.

2.1.1. Geometrical Parameters Correspondingto the system

Varol et al.[36] have conducted a comparative numerical investigation between two types of
FROOHFWRUV ,Q WK H hatl avalydbs&rber, WhireasARteGetd@pide Rt had

D ADW DEVRUEHU 7KH DXWKRUV KDYH VWXGLHG WKH HIIHF\
ranges, such as tilt angle, wavelength and aspect ratio having a range of 20° to 60°, 1.33 to 4 and

0 to 4 respectivelyon the thermal performance of solar water heating system. The results have
shown that both the shape and the tilt angle of the collector have a significant effect on natural
convection heat transfer inside the solar collecteigure 21 depicts the variations in the mean
I1XVVHOW QXPEHU IRU YDULRXV DYV SigLiFed 1 Debdtek R/ leRgito’V KH FR O
heightratio of the wavy pipe, which is nedimensional. It can be seen that mean Nu is higher

for wavy collector at all the aspect ratios. The study has been conducted under no loading
condition and with steady state heat input.

Figure2-1 Variations of averagBusseltnumber with respect to aspect ratios (A) of the
FROOHFWRU IRU ZzDY\ DQG IODW FEBOOHFWRUV DW

Sivakumar et al[37] experimentallystudied the impact of changing the geometrical parameters,
which include the number of riser pipes and their arrangementigrzag pattern. Experiments
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have been conducted using copper tubes for header and riser, with different dimensions. The
results lmve shown that increasing the number of riser pipes from 9 to 12 gives efficiency of
59.09%. Moreover, zigag configuration of the riser pipes gives an efficiency of 62.90%. Figure
2-2 illustrates the variation in the collector efficiency with respedinbe at different dates. In

figure, 22, case 1 and case 2 denotes 9 and 12 riser pipe respectively, while case 3 denotes zig
zag arrangement. The authors have found that the maximum collector efficiency during the
experiments was obtained using-zag arangement of riser pipes at all times, as shown in
Furthermore, it can be seen clearly from the figure that the maximum collector
efficiency was recorded 43.00 hour for all the experiments. The minimum collector efficiency,

at a particular time, has been recorded when 9 riser pipes were used. This study lacks detailed
analysis the behaviour of the fluid flow within the riser pipes, such as velocity euperature
distributions.

() (b)
Figure2-2 Collector efficiencyvariationson (a)11" March, 2011and (b)18" March 2011

Subramanian et a@ conducted both numerical and experimental investigationtioa solar

water heating system in identical caimmhs for both uniform header and variable header
systems. The solar water heater is being designed with different header diameters. The results
haveindicatedthat the overall thermal performandecreasesor variable header due to non
uniform flow in rser tubes. Furthermore, the resultsealthat the overall thermal performance

and efficiencyare comparativelyhigher in theuniform header systenbecause ofuniform

velocity. The study has been conducted under no loading condition and steady statpubeat
Furthermore, this study has not considered various important parameterassezt transfer
coefficient, shear stress and pressure drop of the working fluid within the tsgphon.

Amori et al. conducted a comparative study between traditional absorber design and new
design of solar collectors, which is known as accelerated design, as s in order

to analyse the performance of these two systems. The performance tests have been carried out in
identical conditions for both the systems, while maintaining a tilt angle of 33hesout
Furthermore, the authors have also conducted tests on two different types of storage tanks. The
results have shown a significant increase in thermal performance for the accelerated design
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compared to the traditional design, due to the higher cironlsate of the working fluid with the
accelerated absorber. The temperature of the storage tank for both the new and conventional

GHVLIJQV KDV EHHQ UHFRUGHG WR EH z& DQG 2z& UHVSHF\

areas are different for bothd designs, the amount of working fluid within the system would be
different, the effect of which has not been analysed in detail. Flow field analysis within the
closed loop thermgyphon system would be beneficical to understand the hydrodynamics within
it.

Figure2-3 Configuration of flat plate collectd89Y

El-Din et al. conducted experimental investigations to evaluate the heat transfer properties
of a single phase flow within a toroidal type thersyphon. Thenvestigationparametersare
heatedcooled length ratio, heated length tube diameter rdteodiameter ratio of thimrustube

and the angle of inclination. The resudtsowedthatanincrease in heatecboled length ratio and
heated length tube diameter ratio leads to a decrease in the heat transfer rate, whereas, an increase
in thetorustubediameter ratio increases the heat transfer rate by 11%. The reason behind this is
the increased exposed surface area to heat flux. Furthermore, it has been obsererl that
maximum heat transfer rate has been achievethé&tilt anglesrange of 30%o 45°. This study

did notconsiderthe variations in the amount of working fluid in the system, and hence, a further
investigation is required in this area.

Balaram has carried out a comparative numerical study on the performance of closed loop
thermasyphon system. An optimization study has also been conducted for several absorber plate
shapes. These absorber plates had RPSLT (rectanguiles with a step change in local
thickness), trapezoidal amdctangulams shown ifFigure 2-4| The results have shown that the
RPSLT profile of the absorber plate is superior to other profiles in terms of performance and
difficulties in fabrication. This study has not analysed several parameters that indicate the
performance of these systems, likeat gain and heat transfer coefficient in the collector.
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Furthermore, a comparative study of performance with respect to traditional model has not been
conducted.

Figure2-4 Symmetric heat transfer element schemati&k@jtangular profile (b) RPSLT and (c)
Trapezoidal profilg41]

Vishal and Pati conducted a numerical study to investigate the performance of a thermo
syphon system using an elliptical tube instead of a circular pipe. In this study, nisehaase

been analysed and compared with the traditional case (circular pipe) depending on the
relationship between values of A and B. The values of A and B represent dimensions of the
elliptical tube, where A denotes the major axis and B denotes the misafahe ellipsoid. The
results have shown that B=0.5A gives the maximum outlet and inlet temperatures of water for the
same heat flux, in comparison with circular and other elliptical geometries. This is shown in
[Figure 2-5|where, the variation in temperature at outlet of the collector for different riser pipe
configurations. The maximum temperature difference at the outlet of the collector is 4.17°C
between theconfigurations (elliptical and circular pipes in the riser pipes). However, this study
severely lacks kepth analysis of several important parameters that indicate the performance of
solar water heater system, such as heat transfer coefficient arghimeiatthe collector.

Figure2-5 Variations of water temperature at the inlet and outlet for elliptical and circular tubes

at B=0.5A
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A numericalexamination of the transientdimal energy behaviour of a wickless heat pipe solar
collector was carried out by Hussein et. The authors have studied the effects of various
parameters, which include the global solar radiation intensity, inlet cooling water temperature,
absorber plate material and thickness, the ratiatoh glistance to wickless heat pipe diameter,

and the ratio of condenser section length to total wickless heat pipe length on the thermal
performance of solar collector. The results have shown that all these parameters have a
significant effect on the effiency of the solar collectors. According to the findings, the
efficiency is inversely proportional to the inlet temperature. The efficiency of the system increase
from 45% to 70% when the inlet temperature decreases from 363K to 290K. Both these
measurem@ WV ZHUH WDNHQ DW PLGGD\ DSSUR[LPDWHO\ 29F
efficiency of the system increases from 45% to 50% with an increase in solar radiation intensity
from 1023W/nf to 1123W/nf. This study did not investigate several important pararsethich

are indicators of system performance, like heat gain and heat transfer coefficient in collector.
Furthermore, this study did not analyse the flow field of the working fluid such as velocity and
temperature distribution.

The effect of water stage tank volume and configuration on the performance of a thermo
syphon solar water heating system was investigated numerically by @aAccording to the

which illustrate thesffect of storage tank configuration on the efficiency of a thermo
syphon solar water heating system, indicatestlteae is no difference between the performances

of vertical and horizontal storage tank systems. The results obtained have demonstrated that
XVLQJ D ODUJHU KRW ZDWHU VWRUDJH WDQN RU VPDOOHU
Hl¢ FLHQF\ RwWater hé®RiDsystem. The study has been conducted under no loading
condition which severely limits its practicability.

Figure2-6 Variation of efficiency of thermsyphon solar water heating system\arying
storage tank configurationgt4]
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Sato et aI. have conducted numerical investigations on a modified solarctmildy
changing the configuration of the nispipes. This study implementedomputational Fluid
Dynamics tools in order to analyse the effects of riser pipe tilt angles, and the location of the
downcomer pipe (conventional, lateral and inferior) tteeworking fluid temperature within the
condenser. The study observed that tilt angle of 45° is optforalthe thermasyphon
performance. The study has beemducted under no loading condition and steady heat input.

Alshamaileh conducted a comparative study experimentally between two models one
painted with a nickelaluminium (NiAl) alloy coating and the other with traditional black paint,

in order toinvestigatethe performance of these two systems. The pedaoo®a tests have been
conductedn identical conditions for both the models. The tests were carried out in May, July
and September of 2008, and March of 2009 as well. The results show that the thermal energy for
the new coating (NiAl) was higher as compared to the traditional blackepacollector.
Furthermore, the average temperature within the collector for new coating (NiAl) increased by
5°C as compared to the collector with traditional black paint. This is shofigune 2-7, which
indicates the temperature variation in the colecat different time. The study has been
conducted under no loading condition and steady heat input. Moreover, details regarding the
behaviour of fluid flow within the riser pipes have not been provided, such as velocity and
temperature distributions.

Figure2-7 Temperature measured in both systems the commercial paint and thexddAied
in selected days in (A) July, 2008 and (B) March, 2009

Zerrouki et al conducted an analytical study on natural circulation in thesypton
GRPHVWLF ADW SODWH VRODU ZDWHU KHDWLQJ V\WVWHP 7KF
been used in this study. An equation to calculate the mass flow rate of the workingitthind w
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the closed loop thermsyphon system has been developed. The effect of height between the
water storage tank and the collector has been investigated. Based on the results obtained, it has
been shown that the mass flow rate increases with an inérelasght between the storage tank

and the collector. However, the height between the storage tank and the collector was found to
have no considerable effects on the efficiency of the system. Analysis of flow field within
thermasyphon loop, such as velbgiand temperature distribution of the working fluid, has not

been discussed.

A new design of the solar water heating system has been developed by Abdel@hfﬁhe

new design has a pyramid shaped frustum in order to integrate the collettbe avater storage

tank into one unit, as shown[iigure2-8] In this study, a 150L storage tank and a collector with
surface area of 1.68nhave been usedhe results have shown that the new design gives an
increased level of performance as compared to the conventional solaheattr. Furthermore,

it has been noticed that the water temperature within the storage tank varies with weather
conditions; havig a range of 40°C to 60°Crhis performance improvement is due to the
increased surface area exposed to Sun rays. Comparisons have been carried out using various
levels of working fluid within the system.

Figure2-8 A new design of solar water heater with a pyramid shaped frg@m

Koff et al. @ conducted both analytical and experimental studies on theypiwon flatplate

solar water heating with a mantle heat exchanger. The effect of using a heat exchanger between
the collector and the tank, on the performance of the collector, has beerl\ycatiedysed. The

results depict that the mean daily efficiency of the thesyphon, with a mantle heat exchanger,

can be up to 50%. This improvement in the performance of the theyphmn is due to
increased heat energy received by the working fluidickviimproves the heat transfer rate
between the working fluid and the water within the storage tank. This study did not analyse the
working fluid flow behaviour, such as velocity and temperature distribution. Furthermore, the
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study did not consider the ldmg conditions and hence, analysis from this investigation does not
represent real world scenarios.

Hussein et al[50] conducted an analytical study oataral circulation in a closed loop thermo
VISKRQ ADW SODWH VRODU ZDWHU KHDWLQJ V\VWHP $FWXD(
used with an aim to determine the impact of (i) ratio of storage tank volume to the collector area
and (ii) height biveen the heater storage tank anddbiéector, on the thermal performancehe

results have shown that the ratio of collector area to storage tank volume and the storage tank
dimension (height to diameter ratio) ratio have important effects on the theemi@armance.

The height between the heater tank and the collector has been shown to have limited effects on
the heater performance. Nevertheless, the optimum height between the collector and the tank was
found to be 0.2m, and the optimum tank dimenslwight to diameter ratio) ratio was found to

be 1.8. Analyses of the flow field within the closed loop thesyishon system, such as velocity

and temperature distributions of the working fluid, have not been carried out.

Mathioulakis and Belessioti numerically and experimentally studied the heat transfer
behaviour of a new type of solar water heating system, which consists of a wicklepgpheat

and a tank behind the collector. Ethamas used as the working fluid, and the study was
conducted under the actual operating conditions. The results have shown that the heat transfer
behaviour of a new solar water heating system was characterized by high instantaneous
HI¢FLHQFLHV oZapprdkiniatelyDbQ%K IHurthermore, the results demonstrate that there

IS no significant difference betweéhe experimental and the numerical results.

2.1.2. Summary of the literature on improving the Thermal Performance of Therme
syphons based on theigeometrical parameters

Literature review regarding the effects of the geometrical parameters on the performance of the
thermasyphon has clearly highlighted some gaps in the knowledge. Based on the discussions, it
can be summarised that the published ditere has severely limited range of investigation
parameters. Furthermore, the previous works lack certain aspects, such as:

1. Most of these studies were conducted at constant heat flux and/or under no loading
conditions, and hence these studies dessimtlate the real world scenarios

2. Most of these studies lack local flow field analysis, such as temperature and velocity
distribution of the working fluid

3. Interdependence of global performance indicators with the local flow field under a variety
of flow conditions has not been reported in detail
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2.2. Heat Transfer Enhancement

Recently, many researchers have been trying to improve the performance of thesynom
solar collectors. Majority of them have tried to insert devices within the riser pipesngr a
refrigerant fluid instead of water to improvement the performance of a closed loop thermo
syphon system.

2.2.1. Using External Devices in order to enhance the Heat Transfer

lordanou et aI have conducted a numerical study by using the analysis of the CFD model
for investigaing the effects of placing a metallic mesh inside a riser pipe of a passive solar
collector, and the results obtained have been compared with a traditional solar collector. The
results haveevealedthat the use of a metal grid inside the heat pipe leadscteased solar
collector temperature. The authors have developed equations to caMusdattnumber for a
certain heat flux, which is a function &ayleighnumber only, as depicted in Egs. (2.1) and
(2.2). However, these derived equations have limgigplications, since they are true only for a
certain heat flux value. Moreover, these equations do not consider the geometrical parameters
and loading conditions on the system.

—L rasu ;48<9 when q=1070W/rh (2.1)

—L rdry: ;48<9 when q=610W/rh (2.2)

Sandhu et aI conducted experimental studies to investigate the effects of inclination angle
and insert devices, which include twistizghe inserts, wire coil inserts and wire mesh inserts on
the thermal performance of a fialate solar collector. The experimental studies were carried out

to compare the performance of conventional and novel insert configurations. Water has been
used as the working fluid in this study. The results show that the Nusselt number is higher for all
the novel insert devices as compared to the conventional system. Hence, the thermal performance
for novel insert configurations is found to be better than the conventional system. The reason
behind improvement of the thermal performance for insert corafiiguns is the increased Nusselt
number (because of higher heat transfer coefficient). The insert devices within the pipe may
transform the flow from laminar to turbulent by increasing the Reynolds number, and hence
increasing the Nusselt number. Moreovthas been observed that the tilt angle does not have a
significant impact on the Nusselt number, as shofRigure 2-9 which showsNusselt number
variations against Reynolds number for various collexbofigurations. However, the amount of
working fluid was different in every case and hence, comparison with traditional modelis non
conclusive. Furthermore, the effect of insert desion the temperature of water within the
storage tank has not been investigated.
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Figure2-9 Nusselt number variations against Reynolds number for various collector inclinations

R KRUL]JRQWRG °[53

An experimental study on theteaof heat transfer in polypropylene tubes in solar water heaters
was conducted by Razavi et . The performance was studied under ambient temperatures,
within the range of 34°Go 37°C. Polypropylene tube was used in solar water heaters in a
Reynolds number range of 8880Q The results show that Eqg. (2.3) could be used to predict
heat transfer rates in a polypropylene solar heater, in Tehran, where the experiments were
performel. However, this equation includes only a limited number of important parameters, and
the parameters, which have an effect on the heat transfer coefficient, and hence on the values of
Nusselt number, such as thermal loading, number of riser pipes, lentitb nser pipes etc.,

were omitted

—L rarsw ;%9 ;37 (2.3)

Ramasamy and Balashanmug@ studied the effect of different shapes of fins on the
performance of the solar water heating system. Rectangular and circular fins have been used
within the pipe, as shown The results have indicated that the temperature
difference at the outlet of the models with and without fins-8G. However, the effect of

change in the volume of the working fluid withiitne system has not been considered.
JXUWKHUPRUH WKH HIIHFW RI WKH ILQVY VKDSH RQ WKH W]
has not been taken into account.
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Figure2-10 Two dimensional sketch ofié rectangular and circular fif55]

Kumar and Prasa@ have carried out experimental investigations on solar water heating
system, having twisted tapes inserted in the tubes. The results have shown that twisted tapes
induce swirling flow, which acts as twlence promoter, leading to increase in the heat transfer.
The percentage increase in heat transfer has been recorded t@@.18ressure drop has also
increased between &32%, as compared to conventional collectors. Thermal loading
conditions, whicthave significant effects on the performance of a thesgphon, have not been
investigated in this study.

Hobbi and Siddiqu conducted experimental studies to determine the effects of inserting
twisted tape, coil spring wire and conical ridges inside the collector tubes, on the heat transfer
enhancement of flat plate solar collectors, as shio The results have shown that

the heat transfer rate has not been affected by using the enhancement devices, which have been
used in this study. Howevethe effects of varying amounts of working fluid within the system

have not been considered, which is one of the crucial parameters of the thermal performance of a
thermasyphon.
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Figure2-11 Solar collector models (a) base model, (b)-spiiing wir, (c) twised strip and (d)

conical ridged57]

Herrero et aI. carried out theoretical investigations on improving lieat transfer of flat

plate solar collectors by using wioeil inserts within the pipe of the collector. This study has
been conducted under identical conditions for all the different models. Water and propylene
glycol/water mixtures have been used as kivay fluids. The results have shown that the
enhanced collector (with wireoil inserts within the pipe of the collector) increases the thermal
efficiency by 4.5%, as shown [Rigure 2-12] which indicates emparison of thermal efficiency
between the standard and the enhanced collectbes comparison between the traditional and
the enhanced collector has been conducted under different amounts of working fllieneed

this comparison is neoonclusive. Furthermore, this study has been carried out under no load
conditions, severely restricting its practicability.
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Figure2-12 Comparison of efficiency between the standard and the enhanced coors

Jaisakar et aI. have conducted experimental study to analyse the performance of a-thermo
syphon with respect to heat transfer and friction factor of the solar water heating system using
helical and twisted risers, as show It has been found out that the heat transfer
and pressure drop increase as the model changes froaRigtft riser to the helical riser. The
experimental data were compared with the data obtained) @sm empirical equation. Both
results match with each other closely . The results have shown that the heat transfer coefficient
for traditional model is 2.71 and 3.75 times less as compared with helical and left right twisted
pipes respectively. The stydhowever, has been conducted under no loading, and the effect of
varying amounts of the working fluid within the system has not been considered.

Figure2-13 Twisted tape geometry with twist ratio 3 (&ft Right and (b) helicH59]

Viyaykumar et al.@ conducted experimental studies to investigate the effects of ok

wire in juxtaposition with twisted tapes within the riser pipe, on the rate of heat transfer, as
shown i The wire coil is 5mm in thickness andnide of circular steel, while the

steel strip width and thickness are 35mm and 2mm respectively. The effects of spring pitch ratios
of 4, 6 and 8 on heat transfer rate have been studied. According to the results found in this
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investigation indicates th#te heat transfer rate in the collector has increased from 18% to 70%,
and hence the thermal performance has increased about 30% as compared to the traditional
model, for the same operating conditions. However, the amount of working fluid was different in
both the cases, hence; comparison with the traditional model isamatusive. Furthermore, the
effects of insert devices on the temperature of water within the storage tank, has not been
investigated in this study.

Figure2-14 Riser tube with wire coil and twisted ta@

2.2.2. Enhancemern of Heat Transfer by changing the Working Fluid

Esen et al[61] conducted experimental investigations on a two phase closed loop thgpiman

solar collector with heat pipes. The authors useeketinefrigerants, namely-R34a, R407¢c and
R-410A, in similar smalkcale two phase thersmsyphon solar heaters. The three systems were
tested under the same working conditions in an attempt to find out the most effective refrigerant
amongst them, as shawin|Figure 2-15 and|Figure 2-16 illustrating the daily variations of
ambient temperature, average water temperatgly radiation and collector efficiency for
different loadoing conditionslhe results show that-BRLOA as a working fluid is more efficient

than other refrigerants for both nwading and loading operations. However, this study does not
present the effgs of geometrical parameters on the performance of the thsypinmn.
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Figure2-15 Variations of solar radiation, mean tempertaure of water, ambient temperature and
efficiency of the collector for every ommur, with different refrigerants under a clesky no

loading conditions on foMay, 2003

Figure2-16 Variations of, mean tempertaure of water, temperature of ambient and solar radiation
for every one hour, with different refrigerants under a eségrno loading conditions on 11
May, 2003[63]

Lin et al. @ have studied the thermal performance of a two phase th&yptmn energy

storage system, which can be integrated with building structures. The authors have considered
three models, namelyeat charge, heat discharge and simultaneous charge and discharge. The
performance was studied for all the three models by applying indoor tests with constant intensity

of light for several hours, for different fill ratios and loading conditions. Watéradcohol have

been used as working fluids. The results have shown that the storage system containing alcohol
DV WKH ZRUNLQJ AXLG SHUIRUPV EHWWHU WKDQ ZDWHU )X
charge and discharge performance forr35 ¢ OO UDHNDRIGOHVYV RI WKH ZRUNLC
water or alcohol. The study, however, did not consider the effects of transient heat input (heat
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flux), hence, this work does not simulate real world scenarios. As the heat flux depends on
intensity of solar energi, is variableduring the day time.

Fanney et al@ have conducte@éxperimental studies on the solar domestic water heating
systems to find out the impact of irradiance levels on thermal performance of aaafricjearge
(working fluid) inside the pipes of a solaollector. The resultthdicatethat the effects of the
irradiance level on thermal performance of refrigerant were limited, and can be considered
negligible. However, no information regarding theeetf of geometrical parameters on the
performance of thermsyphon system has been provided. Moreover, this work severely lacks the
analysis of several important parameters that affect the performance of -#ygham, such as

heat transfer coefficient, hiegain in collector and heat gain in the storage tank.

Ahmet et aI. fabricated and performed comparative testssingle phase antivo phase
closedloop thermesyphon solar water heating systemsl3a has been used as the working
fluid in two phase thermayphon, while water has been used as the working fluid in single phase
thermasyphon. Tests have been peni@d under identical working conditions. The results have
shown that the final temperature of water within the storage tank, for two phase systems, is
higher (about 9°C) as compared to the single phase thgmimn system. This can be clearly
seen ifFigure2-17] The authors have not mentioned the value of tilt angle for the solar collector
that has been used for this study. Furthermore, the loading patterns haeemstudlied, along

with their impact on the performance of the system.

Figure2-17 Temperature variation within the storage tank and the outlet of the collector for
single phase and two phase syst@

Abreu and Colle@ conducted an»@erimental study to examine the effects of different
evaporation lengths, fill ratios of the working fluid, cooling temperature and tilt angle of
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collector, on the thermal performance of a two phase closed trmphon system. All the tests

were carriedut indoors, and an electrical skin heater was used to provide heat flux in place of

solar radiation. The results have shown a decrease in thermal resistance of TPCTs (two phase
closed thermeyphon system) with increasing cooling temperatures. This thersd been
REVHUYHG IRU WKH ORZHVW (00 UDWLR RI WKH ZRUNLQJ 10;
the lowest thermal resistances of TPCTs were achieved for the shortest evaporators. This study,
however, has been conducted under no loading consgjtiavhich severely limits its
practicability.

Riahi and Taheriar@ carried out experimental investigations on natural circulation of the
working fluid, on the performance @f thermesyphon solar water heating system. Data were
collected for several sunny and cloudy days. Dynamic response of the system to variations in
solar insulation was studied and analysHte results have showhat the collector temperature
reached 90°Cand the time at which this temperature was achieved was about one hour after the
time for maximum solar irradiaticitux. The temperature of the tdgyer of water was 72°C on a
sunnyday. It has been shown that these systems work well both in sunny and cloudy weather
conditions. However, in this study, the heat gain in the storage tank and collector has not been
investigated.

2.2.3. Summary of the literature on improving the Thermo- V\ S K Rp@rt6fmance based
on Heat Transfer enhancementmethods

This section of the thesis comprise of a summary of the conducted literature reyadingthe

effects of the geometrical parameters on the performance ofhé&mmaesyphon It can be
summarised tat the publishediteratureshave a limited range of investigations on various
parameters such as heat flux and thermal loading conditions. Furthermore, the previous works
lack certain aspects, such as:

1- Majority of these studies have not considered the volume change of the working fluid for
a modified design of a closed loop thersyphon, when comparing with a baseline
model. Therefore, the comparisoririsonclusive

2- Most of these studies ladgk invesigationof parametersuch as heat gain in storage tank,
heat transfer coefficient and heat gain in tlo#lector. These parametefsave ability to
provide predition regarding thermal performance of a closed loop thesypdon,

3- Majority of equations, with were developed have limited applications and have not
included important parametersuch as thermal loading, number of riser pipes and length
of the riser pipeswhich have an effect on thermal performanta closed loop thermo
syphon.
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2.3.Design of Thermo-syphonSolar Water Heating System

Belessiotis and Mathioulak developed simple and efficient methodoldgy the design of
thermosyphon salr hotwater system$Table 2-Ikhows specifications of the systefrat has
beenpresentd in thiswork. This methodology can be used to estimate energy optimization of
the system. However, this methodologglies on severahypotheses and constant geometrical
parametes of thermasyphon. Furthermoren this study the costs of therrsgphon system
design have not been included.

Table2-1 Specifications of the syste

Rikoto et al.@ conducted the design of the solar water heater system fand@&tlL of water

from 25°C to 70C. In this study, daily global solaadiation of approximately 730/m? has

been assumed iApril. Furthermore, all assumptions and design conditions, which have been
used in this studyare showrin[Table2-2| Theresults have reported that to prod@&éL of hot
waterfor 7 hoursthe system will require a collector with an are®of. However,in this study

the costs of thermeyphon system d&g have not beerconsidered Furthermore, other

important specifications regarding geometrical parameter such as dialeredén, and number
of riserpipes have not been reported.

Table2-2 Assumptions andesign conditions of the syst
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Agbo et al.@ cariied out numerical and experimenttudy to desigra thermasyphon solar

water hating system, which will beutilized to heat 150 of water up to 80°C. In this study,

value of averagelaily global solar radiation MJ/n? per day has beemssumedand the
efficiency of collector is 60%. The results have shown that to produce this amount of hot water
per day, collector will need an area of3.4n?. However, this studydid not mentionother
importantspecifications regarding geometrical parameter ascdiameterlength,and number

of riserpipes. Furthermore, in this study the costs of thersgphon system design have not been
investigated.

2.3.1.Summary of Literature regarding Designof the Thermo-syphon Solar Water Heating
System

Literature reviewis presentechbove abouthe design of the therryphon solar water heag)
system It can be summarised that th@ethodologies included in thaublished literatureare
severelylimited in scope andpplication.Furthermorethe previous workthathavebeen carried
out in order to desigthethermasyphon lack certain aspects such as:

1- Majority of these studies depend on several hypotheses and constant geometrical
parameter of thermsyphon such as diameténgth,and number of risquipes,

2- Most of these analyses conducted on the aforementioned literature assumed a constant or
no loading on the system. However, the loading of the system will vary based on the
number ofuses of the system and their availability to use the facility. Hencefddh
design an efficient solar water heating system, various parameters need to be considered,
that capturehe real lifesituation

3- Majority of thesestudies regarding therrgyphon solar water heag) systemdesignlack
the costptimisation

2.4.Scope ofResearch

It has been noticed from the review of the published literature that the current knowleelge bas
regarding the flow diagnostwithin a thermesyphonis fairly limited and major gaps exist in
linking local flow features with global perfoance indicatorsThis information is of utmost
importance to the thermsyphon designers. Furthermore, the practical use of thsywioon
involves a broad range of operating conditions in which the heat flux input and the thermal
loading conditions constdy vary. Based on the research and studies that have been reviewed in
this chapter, thecope of theesearch regarding closed loop thermsyphon habeendecided

The first research area in this study is to identify the effect of geometrical paraoretdrs
thermal performance of the thermsgphon under different heat fluand variety of thermal
loading conditions The practical use of thermsyphon involves a broad range of operating
conditionswith varying heat flues In the pesent study, detailedumericalinvestigationsare
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proposed to beonductedon the velocity magnitude and static temperature profiles of the
working fluid within the riser pipes of a therrsgphon.

The second research area presented, in this study, is an investigation otrahsfar
enhancemenflo achieve thatdifferent modelsare proposed to be systematicatlysted in this
study.The aim of this research area is to increase the surface area of riselopippsove the

heat transfer and hence improve thermal performance of the thermeyphon solar water

heaing system.A comparative analysis has been carried out to identify the model that provides
better thermal performance. Subsequently, the thermal performance of the best model has been
further analysed tanvestigate the effect of amount of working fluid. Furthermotiee
comparison between baseline modad the besnew modehas been carried out.i# proposed

to develop a modified system with bettezattransfercharacteristicslt is also proposed ttest

the best model experimentally.

The third research area of this studydasievelopdesignmethodologyof a closedoop thermo
syphon solar water heat) system Relation between various parameteas beerestablishedy
analysing the numerical resuf the thermesyphon modal These parameters (number of riser
pipe, length to diameter ratio of the riser pipe, heat flux, thetomling, and time) hae
significant impact on the performance characteristics of the thsyptwon. The deriverklations
between the parametelmve beerembedded irthe thermasyphondesigning processThis
methodologywill alsohelpto develop a more efficient system, since it considers most of the real
life situatiors. In addition, an optimisation model has been propdasednodel an efficient
thermasyphon

2.5. SpecificResearch Objectives

In this work, an attemptill be madeto achievea better understanding of the flow structure
within a thermesyphon by analysing the natu@nvectionphenomenorand its impact on the
thermal performance dhermasyphon After a careful review of the aforementioned literature,
following objectives are defined telaieve the aims of this project:

1. To determine the effeadf the number of riser pipeon the performace of therme
syphon

2. To establish the effect of length to diametatio (L/d) of the riser pipes on the
performance of thermsyphon

3. To determine the effect of a closed wavy tube inside the riser pipe on the performance of
thermasyphon

4. To determine theftect of aclosed helical tube inside thiser pipe on the performance of
thermasyphon

5. To determine the effect of a closed straight tube inside the riser pipe on the performance
of thermasyphon with same amount of working fluid
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6. To formulate the effect of a closed straight tube inside the riser pipe on the
performance of thermsyphon with larger amount of working fluid

7. To formulate the effect of a closed straight tube inside the riser pipe on the
performance ofttermasyphon with smaller amount of working fluid

8. To analyse the effect of transient heat fluxes on the performance of tegptmon

9. To establish the effect of transient thermal loading conditions on the performance of
thermasyphon

10. Development of serrempirical relations for théusselthumber,Reynoldsnumber, plate
temperature and temperature of working fluid at inlet and outlet of the collector

11.Developmentof a design methodologyor a thermasyphon systeniased on optimum
thermal performance and cost consideration

For successful complein of the projectand achieving all the abovementioned aims and
objectives,a combinationof experimentaland numericalnvestigations havéeen carried out

The following chapter will provide a detailed explanation of the numerical method that has been
adopted in this study.
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CHAPTER 3
NUMERICAL MODELLING

According to research objectives that have been identified in the previous chapter and
have abetter understanding of the structure within a thermsyphon this studyuses
Computation Fluid Dynamics (CFyasediechnique. By using CFD, drtual damain of
working fluid has been developeditvestigatehe natural convection phemenonwithin

the thermesyphon.This techniquehas been usedo predict thetemperature and velocity
distribution of working fluid within the thermeyphon. This chpterillustrates a brief

introduction to the numerical modelling and the justification for the solver selection and
the boundary conditions.
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3.1. Introduction to CFD

Computational fluid dynamics (CFD$ atechnique, whictcan be usedo analysefluid flow
behaviour of systemsfor different applications. In this study, the CFD has been used to
understand the flow characteristics in a solar water heating sy&t&mn.CFD analysis of the
system considers the complexity of the system and provides clos# lifereesults based on the
inputs. However, for a complegystemthe computational time increases significanigver the
less, for understanding the flow behaviour, CFD is more benlefasacomparedto the
experimentalvork since through the CFD a detailed investigation can be conducted on the flow
structure andother phenomenoin the systemin a cost effective manneihere are several
software packages available for this type of analysis, wistea widerange ofapplications for

both academic and industrigsearch problems.or example, since more than five decades, the
CFD has been utiliseid analyse the flow phenomenon in the @ftand jet engines industries.
Recently, CFD has been appliedtive designof IC ergines Moreover, in recent yearshere
have beenapplications of this method in variousother sectors which include internal
combustion engines, gasrbines,and furnaces combustion chambers. Furthernaareymotive
manufacturersegularly usingCFD, to enhance the design of their produciogdicing thedrag
forces caused by the airflow over the vehicléFD is rapidly becoming a dynamic tool in
industrial processes and products designing

The CFDhelps to analyse a system with various paramegerd configurationswhereas for,
experimental investigation the level of cost increase with the number of configaratidrthe
number of measurand$ecomes prohibitiveln addition, there are additional costs in the
experimental investigatian such asdbour cost, manufacturing cost, energy consumption and
experimentation timeOn the other handCFD codes can be used to produce exceedingly large
volumesof result almostat no extra expensdn addition, CFDmakesthe parametric studies

more economicatio optimige the equipment performancdowever, as it is mentioned before, a
complex system will increase the computation time of the anal@sisiparing with the other

costs and variables, the CFD technique is more effective to analyse system with various
configurations.

In the present study, ANSYS fluent package has been used because it is tudfiomst
computational fluid dynamics software among the other tools that exist. Fluent can give more
capability in terms of analysing and time consumption tfmse who are interested in the
optimisation of systems performance. Furthermore, this package is equipped with different
physicalmodels, whichare well validated. That means fluent can provide accurate results in
reasonable time for a very wide range of CFD applications
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3.2. Working of CFD Code

The CFD codes amevelopedased onmplementing the numerical algorithms, which can solve
the fluid flow problemnumerically All the CFD commercial packages provide a simple use of
their interface to do the analysigost of the packages follow similateps such as the inputting
of paraneters, obtainingand analysingthe resultsMost ofthe CFD packages can be divided
into three mairtomponentsthrough which the fluid flow problem is analysed.

1. Pre xProcessor
2. Solver

3. Post +Processor

In the first stage (i.e precprocessing), a user mkgrepare the object faolution This can be
done by defining the geometry tie model Then, the geometry is divided into a number of
nonoverlapping smaller suitable regions of a suitable. slfes process is called meshing.
Selecting either the cheoal or physical phenomena modelling, defining the properties of the
fluid and also specifying the appropriate boundary cell conditions which coincide with or touch
the boundary of the domaiateincluded in the pretprocessing sta.

There are threelistinctive numerical solution techniques. They include finite element, finite
difference,and finally, the spectral methods. There is also the finite volume method, which is a
special finite difference formulation, is very much essential to the most well recognized CFD
codes.

Due to the fact that there is quite an increase in tiggneering workstations popularity, with
many havingoutstandinggraphic capabilities, recent packages of CFD are now well equipped
with versatile data tools of visualisation. Such visualization tools include grid display, domain
geometry, shaded and lirmntour plots, vector plot3D and 2D surface plots, tracking of
particle view manipulations, etc. Irecentversion, some of these facilities have included also
dynamic result display through animatsorin additionto introducing graphics, athe codes
produce alphanumeric output therereliable and have facilities for data export to manipulate
further externally to the CFD codes. As with most other CAE branches, CFD codes graphics
output capabilities have sort of transformed how its ideas are bemgunicated to theon +
specialists.

3.3. Governing Equations of Fluid Flow

The mathematical equations governing the transport are based on the three fundamental physics
principles.They include
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1- The fluid mass is conserved
2- The time rate of momentum changeequal to the sum of the fluid particle forces.
1HZWRQTV VHFRQG ODZ

3- The rate okenergychangeanside the fluid particle equal sumof the né flux of heat and
rate of workdone on the fluid particlérhermodynamics first law)

Theflow fluid is assumedto becontinuum In analysing the flow of fluid at macroscopic length
scales, the moleculanotion and molecular structure may be ignored. The fluid behaviour is
described in terms of the pressure, temperature, velocity, degtsityyhich are the naoscopic
properties of the fluid. The smallest possible fluid elements are thespoiat fluid or fluid
particleswhose individual molecules dwt influence its macroscopic properties.

3.3.1. Law of Conservation of Mass

The mass conservation foflaid elementcan be denoted as folloWa0]
[=4% ... Sfe%efeeceZ—Fhtetl—Ft2fE Z ™Mefoece_SH7 FAtet (31)

For liquids, as the density remains constant, the equation of mass conservation can be expressed
as:

Divu=0 (3.2)

Eq. (3-2) describes tha@et mass flow across lie boundaries, out of the systeffihe equation
above can also be expanded fully as can be sdeq. (8.3).

SE—E=Lr (33)
\" w X

Eq. (3.3) represents the mass conservation law forirmompressible unsteady,and Three
dimensional fluid flow.

3.3.2. Law of Conservation ofMomentum

7KH VHFRQG ODZ RI 1HZWRQYYV VWDWHYV WKDW WKH WLPH UI
equal the total fores on the particlf71]:

f-teeto——e SfetwZ SAtetl——o "=SF" fo. = %SY—$At*t (34)

Forces exerted on a fluid particle av€two types, the bodyorcesand the surface forces.
Viscousforce andpressure are amongst the surface forces while that of the body forces include
electromagnetic, centrifugagravity and coriolis forces. It is qite a common practice ifiuid
dynamics to highlight b contributionof each type of forces.
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According to the momentum conservation law, the rate of momentum change of a pattiele in
x-directionis equal to the sum difierateof shear stresshangeand the component of ogh body
forces acting in the -girection The momentum conservation law for x direction can be
presented as follows

4Cnn *%n “%n o _ii "E TMa_S
OpE— E" E—2" L 0@ E— E"— E™ A (35)

aV a

The momentum equation comporsfar y and zdirectionscan be written as:

4Cho %90 400 at at ~at at

OE e pTeg'be | 0@ ELE-LENIA @
ag,, a0, g, ay ay _ay a

e S gTr "r ) 0@l ELETLEMYA @37

The sign that is associated with the normal viscous stresses is opposite to the sign associated with
that of pressure. This isecausehe normal sign convention allows the tensile stress to be a
positive normal stress, thereby allowing the pressure, byadalefinition a normal force that is
compressive, having a minus sign alongside it.

3.3.3. Law of Conservation ofEnergy

The first law of thermodynamics can be used to derive the equation of energy. It states that the
rate ofenergy chang@n fluid particle is equal teum ofthe rateof heatadditionto the fluid
particleandtherate ofwork done on the particle:

SEf—F1et"%oSfothof —FSEffAT—Eef-F™ "sdet (38

The energy in theldid particleis conserved by calculatirg the total heat gain by the fluid
element and the work done on the element or by the element. The mathematical representation of
the energy conservation law is as follofizg]:
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A i A—y ATy A™

A- E AS E A E Ace
LEAT A e AT S N A A
AS A Ace ta” AS A Aoe (3.9)
s A A
E_i d;ék_RfvE "RwE TNR/XOEK> kR wE "RiwE ™Ry0

A
- ~ T
E— kR (E "R,,E ™R, 0n

where yrepresent total energy

3.3.4. Equations of State

Threedimensionalluid motionscan be described by a five partial differential equation system.
This five partial differential equation include momentum equation in X, yzaticection energy
eguation and mass conservation equation. Density, Temperature, ieteengy,and pressure

are four thermodynamic variables that are also unknown. Before we can obtain any relationships
among any of the thermodynamic variables, thermodynamitditgqum assumption has to be
made.

Fluid particle properties rapidly change from one place to anatitem a flow field andthe

fluid can adjust itself thermodynamically to the new condgiso fast that these alterations are
taking place instantly. Hee, making the fluidalwaysto be in a state of thermodynamic
equilibrium. However, there is only one exception. They are some specific flow, having resilient
shockwaves, and can be often approximated well enough by making equilibrium assurAptions.
thermodynamic equilibrium system can be described by using omyo state variables
Equations of state can be used to relate two staiables, which are temperature and density,
the other state variables. K8.10) and(3.11) are given as the equationssmz&t:

S S 17 (3.10)
and
L L ! 7 (3.11)

At low-speedflow, gases and liquidactas fluids that are incompressibWithout variations in
density, mass conservation equation, energy equation, and momentum edumgaotslinkage
between them. Therefore, momentum and mass conservation equatiofteranesed to solve
the fluid flow field along with the ideal gas laviHowever,the energy equation is implemented
only for a situation where the heat transfer is considered.
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3.3.5. Navier +Stokes Equations

In a typical Newtonian fluid, theiscous stresses are proportional to ftoel deformationrate.
Since we knowthat liquids in generalare incompressible, the viscoasessestherefore,are
twice the size of the linear deformation local rate, and then multiplied by the dynamic viscosity.

These equationsaregiven belo:

an a&s —%s _?%s 2s &s — ~?s &s
OpF EJ@ E—EALOGE—E " E™ A (312
O4F—EJ@- E— E—ALO@ E— E"— E™ A (313
Wy v adw o ax r ay aw ax '
an au & u a-u au au ~2u au
OF EJ@- E- E--ALO@ E— E"~E™ A (319

3.4. Pre-Processing

The CFD analysis contains two main stages and they afpr@ressing and post processing.
Preprocessing is divideoh to two further stages aseating the geometrical model amgeshing
the geometricmodel. The thermesyphon gemetry can thereforebe created and then
meshed suitably in order to proceed with analysing the model further.

3.4.1. Thermo-syphonGeometry

In order to analyse the thermal performance of a closed loop theyqohon system, geometrical
features of thermsypha system has been modelsishown ifFigure3-1| The model consists

of several inclined riser pipes connected at the top toufiteser and at the bottom to the
downcomer. An internal diameter of 13.6mm has been used for riser pipes, with a thickness of
0.7mm. These dimensions are considered based on standard dimensions of the UK copper pipe.
In this work, theupriserand downcomer diames and thickness were kept as same as the riser
pipe. The reason behind that is to avoid losses, due to increaseuprigerand downcomer
diameters with respect to the diameter of the riser pipe that leads to increase in the amount of
losses in the fiw suchasincrease in heabss and friction loss (betweenner surface and
working fluid). The contributionof these losses will reduce the thermal performance of a closed
loop thermasyphon system. The inner diameter of the condenser is kept at 20.2vitm,
thicknessof 0.9mm. The model has been investigated under various lengths to diameter ratios of
riser pipes L/d = 50, 75 and 100 for different heat flux values being applied to the riser pipes,
simulating the effect of the solar rays on these pipég whole model is made with a 53°
inclination, which is the latitude of the site of the Huddersfield city. Recently, several researchers
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have studied the effect ofumberof riser pipes on the thermal performance of a closed loop
thermosyphon system. Hosver these studies were very Iimit. In order to analyse the

effect of the number of riser pipes the thermal performance output of a closed loop thermo
syphon extensively, five, seven, and nine riser pipes have been modelled separately in the
thermaesyphon model.

Figure3-1 The geometry of ththermasyphon

3.4.2. Meshing of the Flow Domain

The next step after completing the geometric modelling is createghof the flow domain.
Meshng is important for generating the flow field solution aheshpoint. The hybrid
meshing is used for 3D simulations for fteev domain, which consists of two different meshes
namelyhexagonal and tetrahedras shown ifFigure 3-2|[81]. Hexagonal mesh elements give
more accurate refts due to lower diffusiof82]. In order to capture the fluid flow phenomena
accurately in the boundary layer region, mesh elements sheuwldncentrated in this region. For
this purposeinflation layes have beenimplemented on the wall$or the mesh independence
test, three and ten layers of inflation have been implementedivsititayer thickens of 0.7mm
and growth rate of 1.. The mesh independence test indicates that three layers dbmfla
are sufficient for this study.
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Figure3-2 Mesh of thermesyphon numerical model

3.4.3. Details of Calculation Method for y+

y+ can be defined as a ndimensional distance from the wali.indicates the size of the first
cell height from the wall. A lowey+ value helps to predict the flow characteristics close to the
wall more accurately and hence provide better results in comparison with yrgh&lue Since,

the currentstudy dals with the heat transfer, first the dimensionless temperature should be
calculated using following equati§84]:

> L Xr;( X (315
where |, the wall temperature at a certain point and T is the fluid temperature
T* canbedetermine as follow i

V ::i‘ ;;LAlJJsofj; (3.16)

where q, 5 k and —Udenotesthe wall heat flux, thermal diffusivity, thermal conductivity and
dimensionless velocity respectiveljhe dimensionless velocitian be estimateas follow

iy §E|m (3.17)
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where Qdenotes the density, whilg, denotes the wall shear stress. The wall shear stress can be
calculaed using the following

R L %5 (3.18)

where Jdenotes the dynamic viscositygenotes the velocity of fluid anddenotes the distance
from the wall

To calculatey+ following equation can be us¢85|:
XG
>7 L= (3.19)
Th
where ,denotes the Prandtl number

¥ SampleCalculation of y+

They+ value of the model can be calculated by following the steps mentioned below.

1- Calculate reference temperaturg, §q

548 ;<5a<5
6

X .
pco‘—xmfs> L L szayfC

2- Values of the properties dfuid are given g at a referencetemperature. These
values are( L0.00102 % & OL {{z*%s ‘4 L r&rt =« & & L1.48E07¢« 6 o

p L xdy

Calculated wall shear stress, based uporvébecity (u) retrieved from a solution of the flow
field, which is usazHsr’8« < In this simulation, the first layer thickness(y) was defined as
0.0007m. Hence,

J— rarsrtUrédrrurz

RL—L ATy L rarrvvz o8

3- Calculate-Y

O g §222495F0 00067
|

==L

4- Calculate Y
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9 3 Qo; 58<1?4;:05=47:;

0
L ;i UsY, 434604444 L0.072854

5- Calculate ~

L10.94933

> L Xy 2 X L 5<8:<?5:4<5
xU 44 :6<98

Calculate> E

E s
SEL— L2dviuy g 578
" xdv
It is commonly accepted in CFD that the lamisab layerto be in the region, whengt < 10
. By using the similar steps as showrexampleabove, the value of+ for other cases was
estimatedTable3-1{summarises the value gt for all cases, which is considered in this study.

Table3-1 Thevalue of y+

Numberof riser pipe L/d Heat flux Thermal loading y+
5 75 15" of March Weekday 1.5
7 75 15" of March Weekday 1.419
9 75 15" of March Weekday 1.293
5 50 15" of March Weekday 1.368
5 100 15" of March Weekday 2.058
5 100 15" of June Weekday 2.2
5 100 | 15" of September Weekday 1.81
5 100 15" March weekend 1.967

3.5. Solver Execution

The solver used in the present study is called Fluent, which is an integral part of CFD package
Ansys 14. The detalof the solversettings used in the present stuywebeen preented in the
following section.

3.6. Selection of thePhysical M odels
The workingof aclosed loop thermgyphon system was modelladfollows:

1. Three dimensional Naviestokes equationsglong withthe energy andhe continuity
equations have beersolved numerically In the CFD,an iterativeapproach has been
adoptedo simulate the transient floof water in the thermsyphon

2. Radiation In fluent there are five models regarding radiation naf@fly

xP1 Model
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xDiscrete Ordinate Model
xSurface to surface model
xDiscrete transfer Radiation Model
XRosselandodel

All models mentionedabove haveertainadvantageand limitations TheDiscrete Ordinate
Model hastechni@l CPU limitation . However, it considers Scattering Coefficientioe
species. The Scattering Coefficient for radiation captures a cloudy day environment
condition. Therefore, for this study the Discrete Ordinate Model has been used.

3. Boussinesq approximation has baeedto modelthe generatecbuoyant forces being
more accurately This approximationignoresthe density differencesexcept where they
appear in terms multiplied by g i.e. the acceleration due to graiitge it issufficiently
small to be neglectedhe essence of the Boussinesq approximation is thaliffieeence in
inertia is negligible, but gravity is sufficiently strong to make the specific weight appreciably
different. In the Present study, the Boussinesq approximation approach has been used for
several reasons as follow:

XThe Boussinesq approximatti is valid when the density variation is very small

xThe Boussinesq approximation leads to reduce complexity oatweus in

densityof fluids

4. Thermal expansion coefficient of water daacalculatel by usingEq.(3.20) @
>Lira @7 F sfssyUsr® (3.20)
where <o—fe' " f oMo (ST,

5. The wall of the pipe can be considered smooth when the thickness of the lamiar sub
layer is higher than the roughng8-101]. In this study, the effeatf the roughness has
been ignored due to tllew within the pipe being laminar

3.6.1. Material Properties and Operating Conditions

In the present study, the investigations have been carried out in a Mopetiermasyphon
system The fluid medium within the thermsyphon has been defined laguid-water with an
initial density of 998.Rg/m®, dynamic viscosity ofL.00310kg/m.s, thermal conductivity of
0.6W/m°C and pecific heat 0f4.18kJkg.°C. The materiafor the thermesyphonpipethat has
been used in the current study is copper.
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The operating conditions beirgpecified into the solver are the operating pressure of 3dPa
(i.e. atmospheric pressure) and turning the gravitational acceleration of &.8&imfbr the
investigations carried out in a closémbp thermasyphonsystem

3.6.2. Boundary Conditions

In this study, the performance of a clodedp thermasyphonsolar water heatingsystemhas

been analysed under various thermal loading conditions for three weather conditions (March,
June,and September) in Huddersfielhe results presented here corresptmseven hours of
continuous operation of the therrsgphon. Because a closkmbp thermasyphonsolar water
heatingsystem relies on the solar energy. Therefdrés necessary to calculate the solar heat

flux received by the system. The solar radiation intensity, on an inclined surface of the solar
collector can be defined afunction of solar angle, tilt angle of system and location (local
latitude). In this current study, the transient effects of the heat fluxtlednal loading on the

system have been investigated by altering the boundary condition of the system through a User
Defined Function (UDF)APPENDIX Alillustrates theused UDF implemented in this transient
study.Heat flux exposed to the riser pipes bagn calculated usirigg. (3.21). The uprisers and
downcomers are assumed to be well insulated and the thermal losses from these components are
ignored{102-104 for all the cases under the present study. The reasons behind tinptiss

are, firstly the o thermal losses are small as the surface area of these parts are small, secondly, it
is expected that this loss will be same for all the configurations tested and hence will not affect
final optimized outcomeThermal loading dathas beenbtained fromAung et al|105.

“L yBRcsAs e EFR; E ... A... “EFR; ... 'X? (3.21)

where y is solar radiation intensityAis the inclination angleEis tilt angle of thermesyphon,

Ris local latitude andXis the hour anglef the sunand Blenotes the correction factor of the
H D UMbKdndcan be calculateldy equation(3.22) [104.

BL B;Erauu...‘é;f—“}m (322

pdenotes the day number, armtlenotes the atmospheric transmittanBevalue varies with
location and elevation and igpically between 0 and 1, according to . At very high
elevations with clear aithe value of Rcan be considered as high as WBereador a clear sky
with high turbdity, it canbe as low as 0.4.

[Figure 3-3|depicts the variations in heat flux inputs on different days offaein Huddersfield

from 9am to 4pm. The three days shown coveilidewariety of seasons encountered isokar

year It can be seen that during the morning period, the heat flux increases until midday, then
decreases throughout the afternoon. This trend is the same for all the three days.
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Figure 3-4|depictsthe findings of a research conductedAung et aI., which demonstrate

thevariations in thermal loadings, from 9am to 4pm, over weekdays (WD) and weekends (WE).
It can be clearly seen that the thermal loading is higher during the morning period as compared
to the afternoon.

Figure3-3 Heat fluxes, as a function of time, for various days of the year

Figure3-4 Thermal loading during a weekday and Week@

Furthermore, a program has been created by using MATLAB code as sh@RPENDIX B|
This program can be used to calculate the solar radiation intensity for any day of the year and at
any houron the day anany location of the worlavith reasonable accuracy.
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Using multiple regressioanalysis on thelata generated from theg. (3.21) for heat flux, three
equations have been developed fwasurincheat flux (corresponding to T8viarch 15" June

and 18' September)Thermal loading data hauseen obtained fror@ and two equations to
measure the transient thermal loading (representing weekday and weekend loading conditions)
have been developedll these equations above are listefiTmble 3-2] Those expressions have

been usedo define the transient boundary conditiorheft flux and thermal loadinga a user

defined function (UDFas includedn appendix A

Table3-2 Set of equations for heat flux and thermal loading

Type Equations Data
L diyrt@w VAstaruzs@/yR VA\?Eréi/yt@/yk vAeEséiv{@Nk AE & W 15" March
Heat T s I " e ) th
Flux L «vdazva@wy AFvazs@y AFraru@y AEsxxy@w AEravwh 15" Jun
(W/mz) L i3 A F xi AEraq AEsq AE rax sh 15"
v XY U Xalu ra/{v sqsu ro X
v dixy V@, @, o, R September
Thermal Ly Fvayuaw, A E zdx @W, A Fvit @w, AF r&{t@y, AErd{w Working Day
Loadin = = = =
(W) g Loy dé'xzy@wkivAs F ré{vv@/ykivﬁz F sé&t@/ykivAe Erg{y@w, AErg{yh Week End

where, t is instantaneous time apgkts maximum time of operation

In the present work, a number of statistical analysis beste been used to ensure the validity of
the regression models. These statistical analysis tests are naraalyeF DurbinWatson
statistic, standard errorTest value, Lilliefors test, Ckiquare and falue. A brief description

is provided for eachest. Appendix C shows the important features of the considered tests and
their significance.

Several statistical tests have been undertédgunstify theusefulness of the developed equations
using multiple regressioanalysis[Table 3-3showsthat the derived equations have achieved the
acceptable criterign all the tests. That means the equations carused with confidencéor
further applications
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Type of| Acceptance iateria H.F H.F H.F TL (WD) | TL (WE)
test (15" (15" (15"
March) | March) | March)

F-value [If (F < F|F 1.0020 | 1.0017 | 1.0025 | 1.0364 1.1186
critical)  is| F critical | 4.2838 | 4.5108 | 4.3641 | 4.2838 4.2031
accepted
(108

Durbin- | Less than 2 is acceptq 1.8085 | 1.3457 | 1.7017 | 0.2742 0.3798

Watson

statistic

Standard| Regression 57.1552| 51.339 | 52.508 | 8.03E05 | 7.90E05

error Numerical data 57.0963| 51.376 | 52.441 | 8.15E05 | 7.41E05
Percentage error (%) 0.103 |0.072 |0.127 |1.472 6.612

t-Test Closed to zer¢11( 0.00065| 0.00078| 0.00218| 0.02124 | 0.0525

Lilliefors | If 0= accepted 0 0 0 0 0

test 1= rejected111]

Chi- Lessthan 0.05 is accepte 0.012 | 0.009 | 0.009 | 0.03 0.02

square | [113

P-value | More than Chi-squareis | 1 1 1 1 1
accepted114

3.6.3. Solver Setting

Working by natural convection has been chosersdbrersetting in FLUENT. In this study, the
following solversettings have been used:

1. Double Precision Transient solver because it provides more precise @s
PressuréBased solver has been used as the flow is subsonic and incompressible flow
114). This work was carried out under transieimulation conditions hence, PISO
algorithm with a neighbour correction for pressufeelocity coupling was usejd 15 for
this transient simulations with large time step size.

2. To construct the vaks of gradients, as in secondary diffasiierms and velocity
gradients,at the cell faceGreenGauss node based methodology has been used in the
present study. GreenGauss Node Based has been selected because this option is
more suitable than the cddased gradient option for unstructd meshes, as it provides
more accurate resul

3. The solver stores the calculated values at the centre of cell. However, for convective
terms in momentum equation, face values are also required. These values are taken by
using Upwind spatial discretisation scheme which interpolates the cell centre .vahees
Second Order Upwind discretization method has been chosen as it predicts results with a
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better accuracy. In this process, Tylor series expansion has been implemented for the cell
centred solution at the cell centroid and therefore improves theang. The Body

Force Weighted metlibhas been selected, because, present study has been conducted
with natural convectiofil17

3.6.4. Convergence Criteria

The convergenceriteria indicate the convergence fothe solution.lt is, therefore,essentiako
consider this factorThe default convergence criterion for the continuity and temperatures in
three dimensions and the laminar paranseiteAnsys 14 is 0.001.

This chapter provided a detailed explanation of the CFD models used in this study, such as
geometry, meshgenerationand solver setup. In order to verify the numerical model, an
experimental setup was built with the same geometrical features used the CFD models. In the
nextchapteythe experimental setup and procedure used to collect thesdisscribed in detail.
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CHAPTER 4
EXPERIMENTAL SETUP

The previous chapter presedthe methodology of the CFD modelling implemented in this
study, which includes thgoverning equations, geometryeation meshadoption, and
justification of appliedboundary conditionsThe numerical resudt are proposed tbe
verified against the experimental findings. This chapter prevaleletailed description of
the experimental setup ldescribingthe equipment used and thestification of the setup
and the test procedure. Furthems it also includes the instrumentation calibration
procedure ad the method of estimating the uncertainties in the experiment.

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFEOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

63



EXPERIMENTAL SETUP

4.1. Introduction

The experimental setup of a closkwp thermoesyphonsolar waterheding system has been
developedin the fluids lab at University of Hudcdersfield. There are two main aims dhe
experimental work, the first aim ie verify numericalthermesyphon mode predictionsby
comparingthe results obtained from experimental tegth the CFD results. The send aim is to
evaluateenhancd heat transfer fothe optimumnew modelon the thermal performance of
thermoesyphon as compared teoaditional modelthat has been mentioned jmeviouschapter
This work is conducted tachieveobjectivefive, which is b determine the effect of a closed
straight tube inside the riser pipe on the performance of thsymimon withsameamount of
working fluid. A prototype model of this configuration kdeendeveloped for the experimental
work. The characteristgof thebaséine model hae been mentioned in sectiod.4.1)

4.2. Thermo-syphonComponents

Like anytest rig, a closedoop thermasyphon solar water heag system consists of several
componentsThe following sections providean extensive desgstion of the compoents used
during this experimental work.

4.2.1. CasingCollector

Figure4-1|shows the casing of the therrsgphon set up. Casing was carefully desigreetold

the collector and other componeitisthe required locationVood was chosen as the preferred
material to lild the casing after carefudonsideration,as it isinexpensive strong, easy to
manufacturerequireslow maintenance andaslow heatconducivity. The casindoldsthe riser
pipes and theipriser, which is placedt 53 with the ground The dimensions of the casiage
defined based on literaturegardingthe experimental wor@]. In this study,the dimensios of
the casing are 1100m x 1200mm x 180mm in lengttneightand depth respectively, while a
wooden sheet with a thickness of 18mm was used for the rear of the casing.
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Figure4-1 The casing of thermeyphon

4.2.2. Insulation

Celotex PIRGA4075 insulation board was used to insulate the back and the sides of the wooden
thermasyphon casing mentioned in section.4.ih order to reduce the heat loss of thermo
syphon. The Celotex PIR boards are specially made fetodiitapplications andaveexcellent

lower overall heat transfer coefficienblues with having just a single layer of insulation while

having a core comprising @olyisocyanurate (PIRhence providing lower heat losBhickness
of insulation useds 50mm|118 as shown ifFigure4-2

Figure4-2 Insulation
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4.2.3. Collector

The collector consists of several inclined riser pipes connected at the upper engjptistiyeand

at the lowerend to thedowncomer as shown ifFigure4-3| An external diameter of 15mm has
been selected for the riser pipegriserand the down comer, with a wall thickness of 0.7mm
based on standard dimensions of the UK copper. pipthis experimental work, the lengtt-
diameter ratio of the riser pipes is ®Bopper has been selected as the pipe material for its
material characteristics, whiclsuits the current purpose suds low cost, high thermal
conductivity and well machirudlity.

Figure4-3 Collector of thermesyphon

Black paint has been used for painting collector in order to incrib@seeat absorption and
redue theheat emissioyas shown ifFigure4-4

Figure4-4 Black painting of collector of thermsyphon
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4.2.4. Halogen Floodlight

Four 500W Linear Halogen R7s Bulbs with 118mm lertgtlie been used in an array formation
andevenly spaced ovemarea of 1rfy as shown ifFigure4-5] Each halogen floodligttas been
placed insida 18cmx 16cm casingThe Halogen lights were made from die cast aluminium with
a toughened glass diffustw ensure the safety during the experimdiite light has a handle,
which was used to hang it from a support on the top of the collector. Moreovenatiiie bar
also helps to improve the handling feature.

Figure4-5 Halogen Floodlight

4.2.5. Storage Tank

To store the required amount of hot water, a plastic drum has been used and this is shown in
This plastic open top drum has a height of 635mm and a diameter of 398mm and can
hold 6QL of water. In order to reduce the heat loss from the witek properinsulation has been

used. A cadenser has been fixed within the water tank so that the heat energy from the working
fluid flowing within the condenser will be transferred to the water in the water tank. The
condenser was designed and manufactured with an external diameter of [BBgimpf 600mm

and a wall thickness of 0.9mas shown ifFigure4-7| Silicon was used to seal the connections
where the pipeare connected with the tank
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Figure4-6 Storage tank

Figure4-7 Condenser

4.2.6. Thermocouple

Thermocoupls havebeen used to measure ttempeature of working fluid in inlet to the
collector, outletof the collector,and water in the storage tank, as showfFigure 4-8| The
specifications of thermocouple are:

X Sensor tpe: Type Wickel Chromium/Nickel Aluminium)
x Cable: 4mm OXD1 metre long
X Operating range: -75°C to +250°C
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(b)
(@)

Figure4-8 Thermocouple

While the specifications ahermocouple, whiclare used to measure temperature of the plate as
follow below:

Sensr type: Type WNickel Chromium/Nickel Aluminium) to IEC 584
Construction: Magnetic stffp0 x 25 x Jmm

Hot junction: Positioned/seatedhie magnetic strip for surface measurement
Cable: 1/0.3mm Teflon® insulated twisted pair

Temperature range: -50°C to +150C

4.2.7. Temperature Measurement

Temperatures have been measwattheinlet andoutlet ofthe collecta, plate,and water storage
tank using &ico deviceas shown ifFigure4-9

Figure4-9 Data logyer
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The implementationof TC-08 is comparatively easy. Therhperaturecan bemeasurd and
recorced simply by connectinghe TG08 with the thermocouple anal USB port on computer.
The signal output from this device is temperatdirectly as shown ifFigure 4-10| |Table 4-1|
summariseshe specifications dhe Data Loger.

Table4-1 Specifications othedata loger

Number of channels (single unit) 8

Maximum number of channel@sing up to 20 160

TC-08s)

Conversion compensation 100ms per thermocouple channel + 10C
for cold junction compensation

Temperature accuracy sum of +0.2% of reading antl0.5°C

Voltage accuracy sum of +0.2% of reading and10uv

Overvoltage protection

Maximum commormode voltage 7.5V

Input impedance 0

Input range (voltage) +70 mV

Resolution 20 bits

Noisefree resolution 16.25 bits

Thermocouple types supported B,E,JJK,NNR, S, T

Input connectors Miniature thermocouple

Operating temperature 0 to 50°C

Operating temperature for stated accuracy 20 to 30°C

Operating humidity 5 to 80 %RH norcondensing

Storage humidity 5 to 95 %RH norcondensing

Water resistance Not waterresistant

PC interface USB 1.1

Power requirements Powered from USB port

Compliance European EMC and LVD standar
FCC Rules Part 16lass
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Figure4-10 The signal output

4.3. Thermocouple Calibration

In this studythermocouplénhas been calibrated against glass thermo. The equipment
used tocalibrate the thermocoupés thermometer powersupply and kettle The Procedureof
calibraing the thermocouple dsllow:

1- Connect thermocouples with data logger

2- Connect the data logger with computer

3- Fill the kettle with wateand heat it upo the boiling point

4- Put both thermometer and thermocouples insidéittle as shown ifFigure4-11
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Figure4-11 Thermocouple calibration

5
6
7
8

Recordthe data from both thermometer ahdrmocoupldor severakeading
Repeat step deveral time

Take the average value of data for both thermometer and thermocouple
Finally, take the different between them

All the data regarding calibiah of thermocouples can founmdappendix D.
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4.4. Experimental Procedure

Figure4-12|depictsthe adoptedexperimentatestrig setupsor bothmodels,in the presenstudy.

Figure4-12 Schematic of the experimental setup

Figure 412 shows the schematics of the test rig setup with the location efjtipmenused. For
example,l, 2, 3, 4 and18 represent the location of tlvalves, 5 ishalogenlamp, 6 iscollector, 7

is thestorageank and 8is the condenseMoreover, 9 and 2 arethermocoupleshat measure the
temperature of working fluict the inlet and outlet of collector respectivelQ, 11,13,14 are
thermocouples that measure the penatures at the platéb isthermocouplehat measure the
water temperatures at the storage tank, 16 is dagarlofj7 is computesind 19 is expansion tank
All the thermocouples have been connected to a dagerdagnd a computer has been used to
recod and save the temperature data.
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The experimentaliork was conducted according to fvecedurebelow.

4.5.

0N OR®

Fill the storage tank with water by valve number 18

Fill the thermoasyphonloop with working fluid. In order to ensure thahere is no air
within the thermoesyphon loop and it is completelyfill ed, the following steps were
adopted:

X Open valve numberl, 2 and 3andkeep valve number 4 closed

X When the working fluid cmes out from valve 3, valves numbem&sclosed

x  Wait till the working fluid canes outfrom valve 3again then open valves number
2 and 4

X  When the working fluid ames out from valve 4, closealves number,13and 4

Prepae computer or laptop to recattte data

Connectthermocouplesvith data logger and connetie data logger with computer
Connect halogen lamgmug to electricity socke(220 £240V)

Prepare thalata logger software

Turn on halogen lamps

Start the test

Calculation of Useful Heat Flux

In order to calculate the amount of heat flux that theectdr is exposed to, a Martindale LM92
Lux Meterdevice has been usethe device is chosen due to its ukerndly interface and wide
range applications. The specifications of thesiceare as below:

X A measurement range ranging from 200 Lux to 200,lQ80
X Low costlight meter with a resolution of 0.1 Lux

The heat flux in (W/rf) is equal to the illuminandgvin lux (Ix) times 0.007912Q. In this

study, average hefiix has been usqd2]].

HF (W/nf) = Ev(Ix) x 0.0079 (4.1)

The formula below can be useasldalculate useful heat flux:

“s L F % mqq 4.2

The energy loss from the flat plate collectmppens from three sides nam#byp, back and

sides:
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“jqu— “rm'h “‘_ai+ “q_gbq 4.3

The loss of energy through the top for flat plate collectors without glazing is as [d€ijw

“rmnl— “amItE“p (4.9

where “, is heat reflected from plate to ambient by radiation, can calculate by

“wLPk,°F %o (4.5

where Pis the StefarBoltzmann constant = 5.76*TqW/m’K?).

“am114S the heat energy reflected from pleat to ambient by convectiorstamtedy |127:

. 5;4%qqil5&';?2 5:4< wam'g > 7
s L SEsavB F2Tl00 T B P2 CF d@éﬁA F sh 4.6
OyedIP
s L Xy ? X S
where

s IS Nusseltnumber
>is tilt angle of collector
_is Rayleigh number
“._,ils heat energy loss from back, can calculated by

Mook 7 ¢6 (4.8

where

U is overall heat transfer coefficiefw/m?.°C), which iscalculatel by Eq. (4.9)

I d
©_ail—" (4.9
- J_di

where

*414s the thermal conductivity of insulation
Zlq is thethickness of insulation
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Figure4-13 Processes of heat balance

Table4-2 Characteristics parameters

Symbol Value Unites
Length of collector L 1 m
Lux Ev 25250 Ix
The StefarBoltzmann constant é 5.76x10° W/m°K*
The tilt angle of collector U 53
Temperature of plate 6y 70 °C
Ambient temperature 6 25 °C
Thickness of insulation X 0.05 m
Thermal conductivity of insulation Kk 0.02 W/m.K

According to values ifTable4-2|and using equations above in this chapter, can calculate useful
heat flux as below

To calculate average heat flux that obtained fraiogeniamp, Eq. (41) can be used
HF (W/m?) = 25250% 0.0079 = 199.47 =« ©

Using Eg. (45), it can be estimadethe energy loss per meter sgurom the plate to ambient by
radiation
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“oLwyxUsr’<U:yrf Ftw;
“oLsaux o°

The energy loss peneter sgare from the plate to ambient by convectican be evaluated by
using Eq. (4.6) and (4).

=& qH4756;4269F ~
- ——— 3 =3.12Us -
- 54; 71(pg <1

) 15 5 P . e Ta 57
L SEsiyyR FRANelsa®r?f p p  54<  p (ZBa6ABmary oo o g
78565 £ ame7 75655 ame7 9<74

6a780;4?69 a6
amit L . =237 6

To establish the heat loss frdyackside Eq. (4.8) and Eq. (8) can be used

| A46_ o 6
*_ail =04 K

“« aiLraUyrFtw=18 «°

Finally, the useful heat flux can be calculated by using ER),(#.3) and (44).

“mpL tAlyE sax 373 6
“imqd- UYUSESsZ=2173
“=199.4721.731=177.74 6

4.6. Develogment an Equation to Predict Mass Flow Ratewithin Thermo -
Syphon Loop

The flow rate within the thermsyphon is very slow and therefore it is ratheridifit to measure

the velocity of the flow. However, it is important to measure the velocity of the flow in order to
controlthe mass flow rate through the pipes. There are many devices to measure the flow velocity
through a thermayphon. These devices can be put into two categories as internal and external.
Internal devices are cheaper than external devices, but using #mebawe anegative impact on

the flow field, which will develop arobstructionin the flow and addingresistance to the flow
within a thermesyphon and hence severely affecting the performance. On the other hand, the
external devices do not affect the flowside athermasyphon,but are considerably more
expensive than internal devices. 8aringthis particular study, the velocity of the flow within
thermasyphonloop has been controlled using the procedure explained below:
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1. Open the valv¢valvenumber4 as shown in
2. Figure4-12 Schematic of the experimental setup
3. ) and close it after one hour. Record the opening time and the closing time of the
valve. Using this data, calculate the volume of water released from the valve using
the Eq (4.10)
L N6 4 (4.10
where |, 4is high of working fluid in expansion tank and rradiusof expansion
tank
4. Next convert the volume of water released from the valve into nk@gsuéing the
following Eq.(4.11)
P 9 I 4.1)
5. Then divide the mas&kd) by time (s) to obtain the mass flow rakg/§) using Eq
(4.12
k
6L — 4.12
m\
where —, 4is the time duratiometween opening and closing the valve number 4
6. Repeathe procedure abo\adter every hour ancecordedhe findings
7. The table summarises the experimengallts for three experiment

Table4-3 The amount ofmass flow rate against different values of the working fluid properties

minotes)| 90 ndO) | pdI0)| LCC) | ~Gas) wlams) O E
30 35.98 | 47.75 | 41.865| 66.31 | 0.003450, 0.000614| 13.6 | 1.97
60 38.16 | 49.68 | 43.92 | 68.01 | 0.003408 0.000591| 13.6 | 1.99
90 39.19 | 50.65 | 44.92 | 68.365| 0.003331] 0.000581| 13.6 | 1.95
120 | 40.08 | 51.38 | 45.73 | 68.68 | 0.003272 0.000572| 13.6 | 1.93
150 | 40.73 | 51.93 | 46.33 | 69.15 | 0.003256 0.000566| 13.6 | 1.94
180 41.48 | 5256 | 47.02 | 69.475| 0.003213 0.00056 | 13.6 | 1.92
210 | 41.99 | 53.2 | 47595| 69.6 |0.003159 0.000554| 13.6 | 1.89
240 | 4255 | 53.47 | 48.01 | 69.38 | 0.003083 0.00055 | 13.6 | 1.84
270 | 43.07 | 53.98 | 48.525| 69.845 | 0.003077| 0.000545| 13.6 | 1.85
300 4352 | 54.43 | 48.975| 69.98 | 0.003039| 0.000541| 13.6 | 1.83

8. Basedon the datapresentedn [Table 4-3] and using multiple variable regression

analysis,semiempirical correlation for the prediction of the mass flow rate of

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFEOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

78



EXPERIMENTAL SETUP

working fluid within thethermesyphonloop, has been developed. Thasrrelation
is a function of theRayleigh numberinner diameter othe upriser pipe ( § and
dynamicviscosity (J of working fluid

6L tavUsr’=0 ,0J0 >24° (4.13)
A o ar ! 5846
6L tav0sr?=0 ;00 0&" “Xm‘?g‘““’”* A (4.14)

For more details regardingpw Eq. (4.13has beerevelopedseeappendixE

In the present work, a number of statistical analysis tests have been used to ensure the validity of
the regression models. These statistical analysis tests are naaadlye FDurbinWatson statistic,
standard error-Test value, Lilliefors test, Ckaquare and pralue. A brief description is provided

for each test.Appendix C shows the important features of the considered tests and their
significance.

Several statistical tests have been undertaken to justify the usefulness of the developed equations
using multiple regression analysf§able 4-4]shows that the derived equation for the mass flow

rate has achieved the acceptable criteriall the testsThat means the equation dag used with
confidence for further applications

Table4-4 The proposed statistical tests and thier acceptance criteria for mass flow rate

Type of test Acceptance criteria Massflow rate(kg/s)
F-value If (F < F critical) is accepte( F 1.0014
F critical | 2.9782
Durbin-Watson Less than 2 is accept§tiog 1.7528
statistic
Standard error Regression 0.01776
Experimental 0.01778
Percentage error (%) 0.11
t-Test Closed to zer¢11d 0.00037
Lilliefors test If 0= accepted 0
If 1= rejected117]
Chi-square Lessthan 0.05 is acceptdd12 0.0324
P-value More than Chisquare is acceptdd12 1

[Figure 4-14] depicts the comparison between experimental data and predicated data from Eq.
(4.14) for mass flow rate of working fluid within the thersygphon loop. It can be clearly seen

that the data &m experimental test and predicted data from equation have the same trend and
there is a good agreement between them. These values refer that the developed equations here
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depict no significant difference to the available data and they have the sameHeend, the
prediction equation developed here represent mass flow rate of working fluid within thermo
syphon loop with reasonable accuracy.
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Figure4-14 Comparison between experimental gmedicteddata for mass flow rate of working
fluid

4.7. Estimating Uncertainty

Uncertainty of measurementan be defined as the amount of errors or fluctuations in the
measuremennainly due to human errofFor the experiment performed above, such human errors
can bereflected in measuring themperatureand mass flow of working fluid within the thermo
syphonsystem. Theseneasuringerrors are brought in bgifferent instruments, which does not
necessarily operate under ideal measuring conditions.

In order to estim& uncertainty first, the sample mean should be compiiteslsample mean$

is obtained by taking the average of the sampled values. The average value is computed by

summing up the values sampled and dividing them by the saizglen as shown i&q. (4.14)
123.

L Al & (419
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where,

$ L Mean value
§y L Sample value
* L Number ofsample

After that, we compute the sample standard deviation. The sample standard deviation provides an
estimate of the population standard deviation. The sample standard deBatisrgomputed by

taking the square root of the sum of the squareswipled deviations from the mean divided by

the sample size minus one as be@ :

N 5 Al . X -6
The value Al is the degrees of freedom for the estimate, which signifies the number of
independent pieces of information that go into computing the estiinatecase of Absence of

any systematic influences during sample collection, the sample standard deviation will approach
its population counterpart as the sample size or degrees dbineacreases. The degrees of

freedom for an uncertainty estimate are useful for establishing confidence limits and other
decision variables.

Finally, fromEq. (4.16 the estimated standamticertainty can be calculated.

— > (4.16

Y

Based on the results, whichhave been obtained from experimentasts, are included in
[APPENDIX F|and the abovementioned equation&q. (4.14), (4.15) and (4.16) are used to
calculatethe value otuncertaintyin this experiment work.

A sample calculation of the uncertainty in the measwent is shown below. Based on this
calculation procedure the uncertainty of othe#asuremestare calculated which are shown the
[Table4-5]In this study, for test number 1 depictefNRPENDIXF| the mean outlet temperature
can be calculateby:.

Mean value:
744
€CC¢ S T S - -
wHLl—1 gL — swtwiss L wiz V"
urr urr

Sample standard deviation
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5 ~
o L 82 ATAL F Uige=
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Furthermore, estimatestandard uncertaintfpr all testscan be calculated usirgame procedure

above.

Themeanestimatedstandard uncertaintg e, A'@

where ¢, is number of tes

_A® >4 4248764895

8

Table4-5 The estimated standawthcertainty

L réduss¢

Thermocouple Thermocouple, Thermocouple Thermocouple
) at the Mass flow
at inlet at outlet at the storage wall°C) rate(kg/9
collecto(°C) | collecto(°C) tank(°C) 9
Mean 0.239 0.315 0.162 0.482 0.000042
standard
uncertainty
Percentage Gr& {x Gr&tx Grgvt Gratw Grgxs
error %

This chapter providia detailed overview of the experimental work conducted in this study by
explaining the equipment and the test rig followed by the experiment procedure and the data
acquisition system. After explaining the experimental work, next chapter will illustrate the
extensive details of the baseline model. The numerical model of the traditional baseline was
verified against the experimental findings by following the procedure and setupnael in this

chapter.
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CHAPTER 5
BASELINE MODEL

This chapter presents the results obtained from Experimental and CFD simulations for
different cases that have been discussed in chapter three. In order to understand the natural
convection and the complex flow structure happening withermesyphonsysem, a

detailed qualitative and quantitative analysas been conducted. The effeadf various
geometric parameters and heat flux on the thesypton system performanceviesbeen
examined under different thermal loading condition. Furthermore, -sepiical
relationships have been developed to estimate the th&yptmn system performance as a
function ofthe geometricalparameter, operating condition (heat flux, thermal loading) and
time.
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5.1. Spatial Discretisation

The accuracy of the numericalstdts depends on the discretization of th@main, whichis
known as meshingprocess summarise numerical results of water temperature of
storage tank with various mesh configurations for five cases which conaliifezentL/d ratio of

riser pipe with the number of riser pipdis analysis has been conducted to ensure the numerical
resuts independence on the mesh quality. According to the resultsishpiable5-1f for case 1

the percentage difference between the results fom#lbn and 5.2million is very small and
negligible (0.19%)Henceforthit can be consideredhatthe mesh with 2.%nillion elements can
capture the flow behaviounsidethe thermesyphon with similar accuracy as the mesh with 5.2
million. Thereforeto reduce the computation time and ¢dste meshwith lower elemerd has
been used for further investigation. Using the similar methodology, the mesh for other cases has
been determined as well.

Table5-1 Spatialdiscretisatiorresults

N. Element| Temperature of water a| Difference in
L/d ratio | N. pipe | (million) thecenterof the storage  Temperature
tank (°C) (%)
Case 1 2.5 15.0725
50 5 0.188
5.2 15.0441
Case 2 3.2 15.0948
° 6.5 15.0803 0.0958
Case 3 3.8 15.0678
s ! 7.8 15.0852 01157
Case 4 4.4 15.0525
9 9.1 15.0778 01677
Case 5 3.8 15.0873
100 S 7.8 15.1046 01145

5.2. Temporal Discretisation

Since the case under study is TransiState, the time step independence test should be
conducted. Otherwise, it can lead to inaccurate results of Tiéefore time-step independence
test has been conducted wiltree different timesteps (3s6s and 12). This test has been
conducted on case 2 as mentiongdable5-1under the heat flux condition of £8varch with
weekday thermal loading conditiummarises the result of time steps independence,
which shows thathe difference in temperature of water within the storage tank is las® 6%
between thehreetime steps under consideratiofhe temperature of water in the storage tank is
an important parameter, which indicates the performance of the syskence, it can be
concluded that the timstep with 12sis capable of predictinghe flow featuresaccurately;
thereforel2stime step has been chosen for further analysis of thexypbon.
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Table5-2 Temporaldiscretisatiorresults

Time Step (sec.) Temperature of water at tleenterof the storage Difference in
tank (°C) Temperature (%)
3 31.58 0.08
6 31.61 0.58
12 31.79

5.3. Benchmark Tests

It is essentialto verify thenumeical model of the system prior tine analyss of the dataThe
benchmark test is one of tapprored methodologesto verify the numerical model of the system.
Benchmarking refers to comparing the numerical resultagainst experimental findings.
Benchmarking the numerical data wekperimentaknsure the mod& capallity to capture the
actual physicaphenomenoifTable 5-3|contains thephysicalparametersf a traditionalthermo
syphon model that has been used for experimental work.

Table5-3 Test rig specificatins oftraditional model othermesyphon

Height of casing 1.2 m
Width of casing 1.1 m
Depth of casing 0.18 m
Tilt angleof collector 53

Number of risepipes 5

Length oftheriserpipes 1 m
Insidetheriser pipe diameter 0.0136 m
Outsidetheriser pipe diameter 0.015 m
Riser pipematerial Copper

Absorber platéength 1 m
Absorber platevidth 1 m
Absorber plate thickness 0.0007 m
Absorber plate material Copper
Diameterof tank 0.398 m
High of tank 0.635 m
Material of tank Plastic

Inside diameteof condenser 0.0202 m
outside diametenf thecondenser | 0.022 m
Lengthof condenser 0.6 m
Condenser material Copper

In this study, the numerical model has been verified against the experimental findings for the
WHPSHUDWXUH RI ZDWHU ZLWKLQ WKH VWRUDJH WDQN ZRUN
collector and mass flow rate of working fluid within tthermo-syphonloop under constant heat

flux.
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depicts the variationsn the experiments and CFDesults with respect to the
temperatureof wate within the storage tanktemperature of working fluidor five hours of
operaion with constantheat flux of 17.74V/m? and under no loading from the storage tank. It

can be clearly seethat during the first hour of the operation the difference between the
experimental and numerical results are very small. However, as the operation time extends the
difference between the resufitars to increase. fie maximum difference betwedine CFD and
experimental result is observed for water temperature in the storage tank with a value of 8.28%.
After five hours operatiothe difference in working fluid temperature at the inlet and outlet of the
collector is recorded as 10.17% and 9.86% respectivelyedwer,according to the experimental
resuls, during the first 40minutesperationfluid temperaturevaluesboth at the inlet and outlet of
collector increaseapidly and after that, the increment rdtecoms linear with a gradient of
0.10PC/min (working fluid atoutle) and 0.064C/min (working fluid at inlet)respectively On

the other hand, the storage water temperature increases linearly from the beginning, with a
gradient of 0.03%C/min. similar trend has been observed for the numericafestigation.
According to the numerical findings, the temperatimeement rateafter 40minuitesbecoms

linear with a gradient of 0.22/min (working fluid atoutle) and 0.08%C/min (working fluid at

inlet) accordingly. On the other hand, the storagg¢er temperature increases linearly from the
beginning, with a gradient of 0.04%/min. It is expected to have small discrepancies between the
experimental and numerical results becathsenumericaltechniques dmot capture all form of

losses in the sgem.The amount of the lossependson the temperature difference between the
ambient and thermsyphon system, which increases with time. In addition, in the numerical
modelling the ambient temperature is kept constant whereas in real life the anaomarature

will vary with respect to time. Thus, the vdramn in the ambient temperature during the
experiment will alsaffect the outcome. In CFD the riser pipe has full contact with the collector
plate,whereasmall gap has been found at some sectors between the riser pipe and collector plate
in the experimental setufhis has reduced the contact surface and therefore the amount of heat
transfer by conductionin addition in CFD both the downcomer angbriserwere considered
adiabatic, while in experimental there are some lod3espitethe abovementionedreasons, a

good agreement has been observed between the CFD results and the experimental results. The
maximum variation between them is recorded as tes®than 11%. Hence, this numerical model

can be considered a reliable model for representing a clospdthermasyphon solar water
heatng system.
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Figure5-1 Validation of the CFD resultsith respect tadhe experimental seiltsfor the
temperature of water within the storage tank and temperature of working fluid at inlet and outlet
of collector

[Figure 5-2]depicts the mass flow rate working fluid within the thermoesyphonloop for both
numerical and experimental resuits five hours ofoperationtime with a constant heat flux of
177.74W/m? (calculated insectio under no loading from the storage tank. It can be clearly
seen that the value of mass flow rate of working fluid wittiethermasyphonloop is higher

for CFD, as compared texperimental The reason behind thidifferenceis the presence of
connectors such as fittings, elbows and teashave been uséad the experimentadetup which

leads to increase in thesistance of flow fluid and hence decrease in the mass flow rate of
working fluid. The difference between the CFD and the experimental results for mass flow rate
of working fluid within thermesyphon loop is recorded as 13.658arthermore,tican be seen
from[Figure5-2]that, at the beginningthe mass flow rate increasespidly and after awhile, it
stabilises to a constantaluebecause a constant heat flux has been applied on the system.
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Figure5-2 Validation of the CFD resultwith respect tdhe experimental resulter the mass
flow rate within the thermayphon loop

5.4. Flow Field Analysis

The numerical analysis carried out on the cldseg therno-syphonsolar water heatg system
depicts the natural convection phenomeha distribution of temperature and velocity of working
fluid within the model. The natural convectiphenomenon happemgen the working fluid gets
heatedand the temperature of the working fluid increagemsecutivelydecreasing itslensity
Hence,the volume of the working fluid increas@he lower density fluid moves towards the top
wall of the riser pipeFor example,ncreasing thevater temperature b§°C cause the density to
decrease by2.12%g/m’ Due to the inclination of the riser pipes, the workifigid
accelerateslong the top wall of the riser pipe and entersupgserand subsequently into the
condenser which isased irthe water storage tank.

[Figure 5-3|depicts the velocity distribution of the working fluid within ttteermoesyphonloop
and hot watemwithin the water storage tankt a heat flux corresponding &&" March under

thermal loading condition offeekday In order tounderstandhe working fluid behaviour within
thermoasyphonloop at various heat flugonditions differenttimes havebeen chosen on that day
According to the findings, the average velocity W KH IOXLG LQFUHDVHV XQWLO F
achieving a value of 0.0077m/s, since the maximum heat flux is emndtetiat time.
SubsequentyWKH DYHUDJH YHORFLW\ VWDUWYV WR TedWeldirpDVH WR
fluid attainsthe highestvelocity at theupriserand downcome and the average velagiof the
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working fluid is measured to be 0.0233mWhich is equal tothe sum of velocities for all riser
pipes. Thereis no significant differencen the average velocityof working fluid, and the
approximated value of working fluid in each riser pipe is 0.00466hhs total average velocity
of the working fluid in the thermesyphon is measuredloreover, since the diameter of the
condenser is bigger than the diameter of the upriser and dowencdt can be seen that the
velocity in the condenser is lowascompare to the upriser and downcom@&imilar analogy can

be applied for bends in the upriser and downcomer where cross sectional area increases thus
decreasing the velocity.

(a) (b)

(€) (d)
Figure5-3 Flow velocity variations of the working fluid within therrsyphon loop and water
within the storage tank on ©84arch under thermateekdayloadingfor (a) 29 F QR EN
2TFORFN F 2TfFORFN DQG G 2TFORFN
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Figure 5-4| further depicts the natural convection phenomena occurring in the th&ypimn
model considereth the present stugywhich is represented in a form of temperature distribution

in the thermesyphon systemAs mentioned earlier, the working fluid heatsinghe riser pipe

and moves upward in the pipe to theriser Along the riserpipe, morethermal energy of the

solar rays is transferred to the working fluid increasing the internal erardyemperature
further. It can be seen that the highest temperature of the working fluid is observed at the riser
pipes andupriser junction while the lowest temperature of the working fluid is observed at
downcomer.In this casethe maximum and minimum averat@nmperatures ammeasured to be
80.20C and 54.7%4C respectivelyl R U 29FORFN KHD.WNhIIS XdgaFdR@ ke L R Q
within the storage tankt can be clearlgeenthat the maximum temperature whteris 29.85C

at uppersection of the storage tank and the minimum temperatunaiaris 13C atthe bottom
sectionof the storage tankwhere thenlet is located Furthermoreheat ofthe working fluidis
accumulated along the top wall of the condenser and the witibém the storage tank.

It would be prudent at this point to present the mass balancetimetmeosyphonloop in order to

analyse its performancérom the current setugndconfiguration it is expected not to have any
recirculation in the riser pipe. The only way to recirculate the flow is through the recirculating
pipe. Which refers that the velocity direction within the riser pipe and the recirculation pipe will

be opposite and the tdtmass flow through all the riser pipes should equate to the mass flow
through the recirculating as it is showr|Rigure 5-5||Figure 5-5|represents the mass balance in

the riser pipes and the recirculating pipe. It can be seen that the sum of the mass flow rates of the
working fluid passing at anyrasssection of theaiser pipes is equal to the mass flow rate of the
working fluid through the cross section of the recirculating pipe. Hence, the mass is balanced in
thethermasyphonloop considered in the present study.

() (b)
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() (d)

Figure5-4 Static temperature distributions of the working fluid within thesgphon loop and
water within the storage tank on"ilarch at midday under thermakekday loadingfor (a) 10
2TFOREFN RO®RFN F 2TFORFN DQG G 2TFORFN

Figure5-5 Mass balance of the working fluid within tileermaesyphonloop
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5.5. Effect of Geometrical Parameters

The thermesyphon model considered in the presented study has been analifsatifferent
numberof the rise pipes and L/d ratie. The following sectionshow extensivelyhe effects ofilt
angleof collector numberof the riser pipes and L/d ratiosn the performance of thberme
syphoncharacteristic.

5.5.1. Effect of Tilt Angle

There are severdhctors, whichhave significant effects on the amount of the scodaliation
reachingthe collector One of the most important factorstietilt angle ofthe solarcollector. In
order to estimate the optimum tilt angletlé collector, many studies have been condu
. The majority of these studies have been shown that the optimum tilt angle obltbetoris
equal to the latitude of the locati@site) with angle variatiorof 10° to 1%, dependingon the

application In the present study, simple MATLAB code has been created to investigate and
determine the optimum tilt angle for the thersyphon The MATL AB code has been attached in

the appendix B|Figure 5-6| depicts that the optimum tilt angle is equal to thttude of the
location

Figure5-6 Heat flux variations for different tilt angles on"iBlarch

Based on observatioabovethe tilt angle for the collector has been chosen t&¥¢e as the
research has been conducted in Huddersfield and the altitude of Hudder&g8ld is
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5.5.2. Effect of Number of Riser Pipes

The following section of this chapter will illustrate the effectnoimber ofriser pipe on the
thermal performance of theermaesyphon This has been conductedsedon numerical results
obtained from a&onfiguration, which has been designed with a collector tilt angle®t&8ratio
of 75, and heat flux that represents th8" March Based on theonclusion from therevious
section |Effect of Tilt Angle), to obtain optimum heat fluthe tilt angle 6 collector has been
chosento be53°. For L/d ratig an averagef 50, 75,and 100 has been chosen whichequal to
75. Additionally, heat fluxobtainedon 18" March was chosen sindeapproximatelyrepresents
the average valuef heat flux obtained in the yeaiMoreover, thethermal loading used in this
particular case repsents a weekdayas this provides a generaxample for hot water
consumptionFive, seven,and nine pipes have been used in this analysis to investigate the effect
of the number of pipes on the thersyphon performance.

Figure5-7|depicts the static temperature distributadthe crosssection of thestorage water tank

and the condenser, for (a) five riser @p@) seven riser pigaand (c) nine riser pigethathave

been considered in the present study. The thermal loading condition that has been specified
represents theveekdaywith a heat flux ofL5" March, and the correspondingd ratio has been
selected ag5. It can be clearly seen that the hot watetupies the upper section of the tank
while the cold water settles #te bottom of the tankDue to its lower densityhot water rises

within the storage tank and accumusasdong the top wall of the storage tank. The same thing
happens for working fid within thermaesyphonloop. As the working fluid flove along the
condenser pipe, heakchangdakesplace between the working fluid and #teragewater. In this
process, workindluid transfersthe heatto thestorage watertHencethe temperature of water in

the storage tank increases and moves towards the top. Whereas the temperature of the working
fluid decreases and moves toward the bottom of the condenser pipe. Subsequently, the working
fluid recirculates via recirculation pip&ue to the gravity.

(@) (b)
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()

Figure5-7 Statictemperaturelistributions within the storage water tank and the conddosé)
5 pipes (b) 7 pipes and (c) 9 pipemn 18" Marchunder thermalveekdayloading

GHSLFWV WKH YDULDW L RaQthe Qenfr® bthid Stfirageviianie fri-aU D W X L
variable number of the riser pipes a heat flux coesponding tol5" March under thermal
loading condition of the weekday. It can be seen that the temperature within the tank is higher for
nine riser pipes as compared to five and seven riser gipedemperature rise of water within the
storage tanlkfter operation time of seven hours were 3%081.53C and 33.0%C for 5, 7 and 9

riser pipegespectivelySince,the surface area which is exposed the heat input is a function of the
number and length of riser pipe an increase in the number of ipgewjl lead to increase in the
surface area and henaerease in theamountof heat transfer to the working fluidt.is obvious

from the fact that more riser pipedl transfermore hot fluid to the condenser thus increase water
temperature withinhe storage tank. itan thereforde concluded thahcreasng the number of

riser pipesincreassthe temperature of the water within the storage tank.

[Figure5-9]depicts the variation itemperaturef working fluid at the centre othe condenser for

a variable numbeof the riser pipesit a heat flux corresponding 5" March under thermal
loading condition of the weekday. It can be seen that the tempechtwaking fluid within the
condenser is higher for nine riser pipes as comparedttersfor same reasons as above.
Increasing the numberof the riser pipes from %o 7 and from 5 to 9 lead tan increasein
temperaturef working fluid within the condenser by 5.3% and 10.5% respectiteisthermore,

it can be noted thahe working fluid temperaturalecreases at the erak the heat flux starts to
decreasegwhichis exposed tehecollector.
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Figure5-8 Temperature variatiorest the centre othe storage water tank for various numbers of
riser pipes on 1BMarch under thermabeekdayloading
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Figure5-9 Temperature variations of the working fluid within the condenser for various numbers
of riser pipes on 1%March under thermateekdayloading
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[Figure5-10|depicts the variation in mass flow rat# working fluid within thermesyphonloop

for variable numbers of riser pipes a heat flux corresponding 5" March under thermal

loading condition of the weekdayrhis mass flow rate measured at a cross section of upriser
before the condenser.dan be seen clearly that the average mass flow rate changes along with the
FKDQJH LQ VRODU KHDW IOX[ ,W FDQ EH VHHQ IURPth&/ KLV IL.
closed loopthermasyphonfollows the changes of irradiance pattern, increasing in the morning

and decreasingg WKH DIWHUQRRQ 7KLV LV GXH WR WKH IDFW WKDW
the rate of evaporation and condensation. Furthermmoess flow ratewithin the closed loop
thermoasyphonis higher for nine riser pipes as compared to five and seven riser. fipes
maximum mass flow rate was recorded to be 0.00g/540.0042kg/s,and 0.0043Rg/s for five,

seven and nine riser pipeespectively.
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Figure5-10 Circulating mass flow rate withithermasyphonloop for various numbers of riser
pipes on 15 March under thermateekdayloading

[Figure5-11]depictswall shear stress variations witHine closed loophermosyphorfor variable
numbers of riser pipest a heat flux corresponding 18" Marchunder thermal loading condition
of theweekday It can be clearly seen that the wall shear stisessgher fornineriser pipes as
compared tdfive and seven riser pipe§he maximum wall shear stressms recorded to be
0.0109%4a,0.00902Pand 0.00801Pa farine sevenandfive riserpipes respectively.
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Figure5-11Wall shear stress variations withtmermasyphonloop forvarious numbers of riser
pipes on 18 March under thermateekdayloading

Figure 5-12 depicts the variations of global heat transfer coefficient of working fluid within
thermasyphonloop for the same conditions as abovéis heat transfer coefficient has been
calculated using the following expression

= )
SL X (5.1)
where q is the heat flux input (in W/m D Q Gcafi be calculated from Eq.(1.48)hich isgiven
by ¢ L u jjF ped
whereTwall is the areaaverage static temperature of the riser tubes collectiaely, Ter is the

X >Xe;
6

reference temperature can be calculated from Eq.(M480h isgiven by .4

whereTiand Tare the areaverage static temperatures in the cisessions othe inlet and outlet
of thecollector.

It can be clearly seefiom that the heat transfer coefficient within the collector is
highestfor nine-riserpipe, as compared to five and seven riser pipe.increase in the number of
riser pipes increases the swudaarea of the riser pipexposed to heat flux with constant collector
area and hence, increases the amount heat transfer to workingrHisdncreased heat transfer
increases the working fluid temperature dethcereduce the temperature differerfmetween the
surface and working fluid, leading to an increment of heat transfer coeffieiathermore, it can
be seen that the heat transfer coefficient increaséee beginning with the rising heat flux until
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midday. Subsequently as the heat fluxgrdases the heat transfer coefficient starts to decrease. It
has been noticed that at midday representing the maximunfilreahe heat transfer coefficient

was highest The highest heat transfepefficiens wererecaded to be 44.73N/m%°C, 58.69
W/m?.°C and 71.73N/m?.°C for five, seven and nine riser pipes respectivéhereforejt canbe
concluded that the number of riser @geseffect on the heat transfer coefficient of working

fluid within the thermoesyphonloop. Similarly, as it was prenentoned, the amount of heat
transfer is proportional to the heat flux and the above discussion represents that the heat transfer
coefficient is proportional to the total heat transfer.
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Figure5-12 Heattransfer coefficient variations within the collector for various numbers of riser
pipes on 15 March under thermateekdayloading

[Figure5-13/depicts the flowelocity variations within the crossectiontaken along the length of
the middle riser pipe the yz planeof the thermesyphon configurations havingriousnumbes

of riserpipesat a heat flux corresponding 16" Marchunderweekday thermal loadingpndition.

In this study, the middle riser pipe has been chqdmecause the distance between the middle riser
pipe and the downcomer is same for all the configuramushenceto achieve a more accurate
and reliable comparisoamong theconfigurations The scale of the contours has been kept
constant for effective comparison purpodesan be seen that the velocity of the working flisid
higher as it climbs up the riser pipe due to its lower denBitis is because the hot water rises up
intherisHU SLSHYVY FURVV VHFWLRQV DuupEGei\FUrth€msrel R 8ab b® WHV \
clearly seerthatthe velocityof working fluid within the riser pipe is highest for the configuration
with five riser pipes as compared to the same of seven and nine riser pipegst be noted that
increse in number of pipes are for same collector area whitdegeaently inputs same amount of
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heatfor these different configuation§hereforejt canbe concluded that increfmg the number of
riser pipe hasnimpact on the velocity of working fluid within theser pipe

(@) (b)

(©)

Figure5-13 Flow velocity variations within the middle riser pig2 W 2 f(AodapMEr (a) 5
pipes (b) 7 pipes and (c) 9 pipes 18" Marchunder thermalveekdayloading

[Figure5-14]depicts the velocity profiles of the working fluieken at aadial crosssectionwithin

the middle riser pipeon the xy planefor heat fluxobtained onl5" March has been appliefbr

the three different number of the riser pipgangements, that has bemmsidered in the current
study, under working day thermal loading conditions. It can be clearly seen that the velocity of the
working fluid is higher at the centre of riser pipe for @ises. Furthermoren increasen the
numberof riser pipe decreaséle velocity of working fluid within the riser pip&he recorded
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maximum velocity of working fluid withirthe mddle riserpipe for five, seven,and nine iser

pipes arrangements were 0.5#7/min, 0.206m/min and 0289m/min respectivelylt can be further
concluded that increased number of the riser pipes desitbaseelocity of working fluid within
the riser pipeandincreassethemass flow ratef working fluid within thethermaesyphonloop.
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Figure5-14 Velocity profiles within the middle riser pipe for various number of risergupe

midday on 18 March under thermateekdayloadingfor (a)
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[Figure5-15]depicts static temperature distribution within the crssstiontaken along the length

of the middle riser pipén the yz planeat a heat flux corresponding 15" March for the three

numker of the riser pipéa) 5 riser pipes (b) 7 riser pipes (c) 9 riser pip@ssidered in the present

study. The corresponding thermal loading condition that has been specified is the weekday. It can
be clearly seen that the hot water occupiep#rgheryof riser pipewall, whereas the cold water

is in the centre of piperhis is because the density of the hot water reduces after absorbing solar
energy, which causes it to rise above tlemse cold water.It can be further noticed that the
temperature within the riser pipe is highest witheriser pipe as compared to five and seven the
ULVHU SLSH 7KLV PHDQV WKDW WKH ZRUNLQJ IOXLGYV WHPS
riser pipe.

(@) (b)

(€)
Figure5-15 Static temperature distribution within thedale riser pipeD W 2Y9FORFfMr PLGGD

(a) 5 pips (b) 7pipes and (c) 9 pipes on"1#arch under thermabeekdayloading
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[Figure 5-16| depicts the static temperature profilesthe working fluidtaken at aradial cross
sectionwithin the middle riser pipeon the xy planeat a heat flux corresponding 16" March for

the three number of the riser pgpeonsidered in the present study. The corresponding thermal
loading condition that has beepesified is that of the weekdailt can be clearly seen that the
temperature of wrking fluid is higher in the near wall regions where the solar heat flux is directly
in contact with the riser pipe walkurthermore, the temperature of working fluid is higher for
nineriser pipe as compared to five and seven riser pipe. The averagerauore value for 5, 7
and 9 riser pipeis 80.02C, 82.87C and 85.4%&C respectively. It can be further concluded that an
increase in numbeheriser pipe increases the temperature of working fluid within the rises.pipe

64 o 87 o
* 5 riser pipes 1 . ? riser pipes
<63 - ® 7 riser pipes & 85 - ® 7 riser pipes
% [ 9 riser pipes ° D 9 riser pipes
—_ 5 ° o
2627, . 83, .
® e Q ° °
Le1¢ ¢ . Qg1 -
2_61 ° ) . c 81 ° [ ] ® 60606 06 0 © o .
(€] 60 - * ® o ® o o © e 40—-" 79 - L 4 *
t; . . 2 . . .
T 59 - g ¢ S 77 Y o e e e e
n MR SEPEPEPR @
58 T T T 1 75 T 1
-1 -0.5 0.5 1 -1 1
rPR rPR
() (b)
87 * 5 riser pipes :? 222; pipes
: : pipes
o © 7riser pipes @81 1 9 riser pipes
85 - 9 riser pipes D
_§ ® ® 3 79 _.. 0'
© L4 © ° °
gt ¢ T | e .
= ¢ ° ° — ® ¢ 0060 0 °
. -
%81 + ® ¢ 0600 0 ° . 5 &
8) . . o . N
8 i°) .
579 ] e * E 75 1 ¢
N %o o w %o o
* o o o o s ® e e e e o ®
77 T 1 T T T 1
1 /OR 1 -1 -0.5 rPR 0.5 1
r
(© (d)

Figure5-16 Static temperature variations within the middle riser pipe for various number of riser
pipes at middayon 15" March under thermabeekdayloadingfor (a) 29FQEFN 2TfFORFN
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Since the amount of working fluid for 9 riser pipedargercompared to 5 riser pipes, it needs
more energy per unit mass of working fluid to get moving. This effect can also be deduced from
fig 5.14 where velocity prde obtained for 9 riser pipes is lower compared to 5 riser pipes.

Based ortheaforementioned analysis effectof riser pipe number on varioysarametergan be
denotedin|Table 5-4] It must be noted thahe mass flow ratées measuredat a cross section of
upriser before the condemse

Table5-4 The effect of the riser pgonumber on various parameters

Number of pipes (np) 5 7 9

Water Temperature within the | Value 30.33 | 31.17 31.82

storage tank°C) Percentage difference (% 2.7 2.1

Mass flow rate withirtherme Value 0.00414| 0.00427 | 0.00433

syphon loop Kg/s) Percentage difference (% 3.1 1.4

Wall shear stress (Pa) Value _ 0.00801| 0.00902 | 0.01099
Percentage difference (% 210 12.0

Heat transfer coefficient of Value 4475 |58.69 |71.75

working fluid (W/nf.°C) Percentage difference (% 310 22.0

By studying th§Table5-4]it can be concluded that tistorage tankemperatureof the therme
syphonhas insignificantmprovanentwith an increase in the number of pipAs2.7% increase in

water temperature was recorded as the number of pipes was increased from 5 to 7. However,
when the number of pipes were increased from 7 to 9 the water temperature increased only by
2.1%. This trend s similar for the other parameters such as mass flow rate and the heat transfer
coefficient. Based on above resultsicreasing the number of pipes more tfadoes not have
significant improvement othe storage tank temperatur€herefore, to reduce trmmplexity of

the geometry and theomputatioml cost 5riser pipeswill be chosen for next investigations.

5.5.3. Effect of L/d Ratio

In order to, study the effect of L/d ratio on the performance of thagypbon, five riser pipeset

has been chosen. Thisiumber of the riser pigeis chosen based upon the conclusion of the
previous sectionn the previous section, it was concluded that the number of the riseraipe

a small effect orthe storage tank temperatur8ince the scope of the study considanyy three
number of the riser pipe (five, seven and nine), henceforth to reduce the computation time and
complexity of the geometry, five riser pipes have been considered for further investigation, in the
following sections.

depicts the temperature distribution within the condenser and storage water tank for
three different L/dratios of riser pipes of the thermrgyphon models considered in the present
study at a heat flux corresponding 16" March under thermal loading of working day. It can be
clearly seen that the hot water occupies the upper section of storage tank while the cold water is
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accumulated at the lower sections. Furthermore, it can be seen that the average temperature of
water is higher for L/dratio =100, as compared to the Lvdtio of 75 and 50. The average
temperature of water within the storage tank was®€,630.30°C and26.10<C for L/d=100, 75

and 50 respectively. Whilst the average temperature of working fluid within the condenser was
76.48C, 64.43C and 52.08C for L/d=100, 75 and 50 respectively. This indisdbat an increase

in the L/d ratio of riser pipes leads @ao increase in the average temperature of water within the
condenser and hence ttemperaturef storage water tank. As mentioned in grevioussection

that the surface area which is exposed the heat input is a function of the number and length of the
riserpipe, so, increasing the L/d ratio of riser pipe leads to increase the surface area and hence the
heat energy transmitted to working fluid within the thersgphon.It is obvious; from thdact

that increasé./d ratio of riser pipes transfer more hot fluid to the condenser thus increase water
temperature within the storage taifkusit canbe concluded that ancreasen L/d ratio of riser

pipes increases the temperature of the water within the storage tank.

GHSLFWV WKH YDULDW L RaD the Qerifr® Wife StfirsageWarle fsrH U D W X
variable length to diameter ratio of the riser pipe at a heat flux correspandiByMarch under

thermal loading of working day. It can be seen that the temperature of the working fluid within the
condenser and temperature of water within the storage tank are higher for L/d = 100 as compared
to L/d = 75 and L/d=50 of the riser prgét is obvious from the fact that longer riser pipéer

PRUH VXUIDFH DUHD IRU WKH VRODU HQHUJ\ WR EH FRQYHU
hence increasing its temperature. At the end of the period of operation, thetenaperature

within the storage tank is 53Z, 45.8°C and 37.5%TC for L/d=100, L/d=75 and L/d=50
respectively. Hence, increase in the length of the riser pipes increases the temperature of water
within the storage tank.

(a) (b)
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(€)
Figure5-17 Temperature variations within the condenser and storage water tank for (a) L/d=50,
(b) L/d=75 and (c) L/d=100 at midday on"1&larch under thermabeekdayloading
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Figure5-18 Temperature variations within the storage water tank for various L/d ratios of riser
pipes on 18 March under thermateekdayloading

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

105



BASELINE MODEL

[Figure5-199 GHSLFWV WKH YDULDWLRQ LQ ZRUNLQJ IOXLGTV WHPS
lengths of the riser pipes at a heat flux of March under thermal loading of working day. It can

beseen that the temperature within the condenser is higher for L/d = 100 as compared to L/d = 75
and L/d=50 of the riser pipeBicrease L/d ratio of the riser pipes from 50 to 75 and from 50 to

100 lead to increasiie temperatureof working fluid within the condenser by 22.9% and 42.8%
respectivelylt is obvious from the fact that longer riser piéter more surface area for the solar
HQHUJ\ WR EH FRQYHUWHG LQWR WKH ZRUNLQJ IOXLGYV LQV
the riser pipes increas the temperature of the working fluid within the condenser. Furthermore,
WKH ZRUNLQJ IOXLGTV WHPSHUDW XU HsidilanWénd 83 thie Keat iR Q G H Q \
varies with respect to time. During the first three hours freh2 @'clock, theheat flux increases

and hence théempergure of working fluid. Later on after 12 O'clock, the heat flux start to

decrease and hence the temperature of working fluid within the condenser was decreased.
Therefore, even after the heat transfer in ¢badenserthe working fluid temperaure in the

condenser increases at thegnning at a rate with aighergradient. After a certain period of

time, it reaches a certain valwehen the increment rate nearlyconstant and at the laadternoon

it stars to decrease
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Figure5-19 Variationsin temperature of the working fluid within the condenser for various L/d
ratios of riser pipes on f8viarch under thermateekdayloading

Figure 5-20 depicts the variation in mass flow rate of working fluid within thermesyphon
loop for variable lengtho diameter ratio of riser pipeat a heat flux corresponding 15" March
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under thermal loading condition of the weekdalis mass flow rate measured at a cross section
of upriser before the condenséircan be seen clearly that the average mass flow rate increase
with an increase in both riser pipes length and dodat flux. The maximum average mass flow
rate are 0.003¢y/s, 0.0041kg/s and 0.0048k for L/d=50, L/d=75 and L/d=100 respectively

[Figure5-21] depictswall shear sess variations withithermosyphorioop for variable lengttto
diameter ratio of riser pipes at a heat flux corresponding foMa#rch under thermal loading
condition of the weekdayt can be clearly seen that the wall shear strebgyher forL/d=100as
compared tather ratioof theriser pipes The maximum average wall shear stress are 0.00873Pa,
0.01019Pa and 0.01147Pa for L/d=50, L/d=75 and L/d=100 respectively.
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Figure5-20 Circulating mass flowate for various L/d ratio of riser pipes on™March under

thermalweekdayloading

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

107



BASELINE MODEL

0.012 -
T .
o L~ ———.
§0.0095- Y ~.
7 7 I S N
3 ST T - N,
QO / e Ssa N
S N
. 7 T l, SN °
= 0.00 S L/d=50
= ‘ — . -L/d=T5
L/d=100 ’
0-0045 T T T T T T 1
9 10 11 12 13 14 15 16
Time (hour)

Figure5-21 Wall shear stress variations witlttrermasyphonloop for various L/d ratio of riser
pipes on 18 Marchunder thermaiveekdayloading

[Figure 5-22] depicts variations ofhe heat transfer coefficient within the therrapphon for the

same conditions as above. It can be clearly seen that the heat transfer coefficient within the
collector B highesfor L/d ratio of 100, as compared to L/d ratio of 50 and 75. The increase in L/d
ratio of riser pipes increases the surface area, which exposed to heat flux and hence increases the
amount heat transfer to working fluid. This increased heat #amstreases the working fluid
temperature and hence reduce the temperature difference between the surface and working fluid,
leading to an increment of heat transfer coefficient. Furthermore, it can be seen that the heat
transfer coefficient increasesgeth decreases, depending on ¥aeation in the heat flux input to

the thermesyphon. ltcan thereforebe concluded that increasing the length of riser pipe has a
significant impact on the heat transfer coefficient of the working fluid withirthbemaesyphon

loop. Similarly, as it was mentionedbove the amount of heat transfer is proportional to the heat

flux and the above discussion represents that the heat transfer coefficient is proportional to the
total heat transfer. Hence, combining thése arguments it can be suggested tifathere is a
temperature gradiertye heat transfer coefficiergproportional to théeat flux

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

108



BASELINE MODEL

50 -
45 - o
P ~.
a7 Tl
40 - /'f/” BT
. //.’/ \\\.
S 35 Z N
i= N
=30 - .
p= AN
AN
- - - - — \ .
25 L/d=50 \\\‘
- — - -L/d=75 ARV
i vy
L/d=100 \
15 T T T T T T 1
9 10 11 12 13 14 15 16

Time (hour)
Figure5-22 Heat transfer coefficient variations within the cotte on different days of the year
L/d ratio of riser pipe on ¥5March undethermalweekdayloading

[Figure5-23 depicts the flow velocity variations withie crosssectiontaken along the lengtbf

the middle riser pipat a heat flux corresponding 18" March, forthe threeratios of L/d of riser

pipe considered in the present studye corresponding thermal loading condition that has been
specified is the weekdajt can see be clearly that threlocity of working fluid within the riser

pipe is highestor L/d of 100as comparetb L/d of 75and50. It can be concluded that increasing

the length of risepipe has a significant impact dhe velocity of working fluid within theiser

pipe This is due to the fact that L/d of 100 requires more surface area of collector as compared t
L/d of 50.
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(a) (b)

(c)
Figure5-23 Flow velocity variations within the middle riser pif# (a) L/d=50 (b) L/d=75 and

(c) L/d=1000n 15" March undethermalweekdayloading

Figure 524 depicts the velocity profilesf the working fluid taken at a cross sectwithin the

middle riser pipe for the various L/d ratio of riser pipe considered in the present study. It can be
clearly seen thatelocity of theworking fluid within riser pipe isffected bya lengthto diameter

ratio of theriserpipe Findings show that the velocity is increasing with @ageof the L/d ratio.

In addition the velocity of working fluid is higher at the centre of riser pipe for all the cases
Increase L/d lead® increase surface area of collector and hence increased the amount of heat
convert to the working fluid within the riser pipe, which lead to increase the velocity of the
working fluid. It can be concluded that the velocity of working flindicates rate ofieat transfer

in working fluid. Forexample,when thevelocity within the riser pipe increases, thmount of

heat transfealso increases
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Figure5-24 Velocity profiles within the middle riser pipe on"iBlarch for different L/d ratio of

riser pipe undethermalweekdayloadingfor (2)10 2 F OB)RAN2 fF OBEN2TFORFN DQG
16 2TFORFN

[Figure 5-25| depictsthe variation in static temperature of the working fluid withiie cross
sectiontaken along the lengtbf the middle riser pipe on 3March, forthe three Ld ratios of

riser pipeconsidered in the present studihe corresponding thermal loading condition that has
been specified is that of the weekd#dycan see be clearly that themperature of working fluid
within the riser pipe is highegor L/d of 100 as compared ta/d of 75 and L/d of 50. It can
thereforebe concluded that increasing the length of riser pipe has a sagifimpact on the
temperaturef the working fluidwithin thethermasyphonloop.
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[Figure 5-26] depicts the static temperature profilafsthe working fluid taken at a crossection
within the middle riser pipat a heat flux corresponding 16" March for the threeatio of L/d of

riser pipeconsidered in the present studyhe corresponding thermal loading condition that has
been pecified is that of the weekdalt can be clearly seen that the temperature of working fluid
is higheron L/d=100, as compared tb/d=75 and L/d=50. Furthermore, the temperature of the
working fluid is lowest in the centre of riser pipe for all the caB&ploring the velocity and the
temperature profile inside riser pipe it can be concluded that the velocity distribution within the
riser pipeis opposite to the temperature profile.

(a) (b)

(©)
Figure5-25 Static temperature distributions within the middle riser pipda) L/d=50 (b) L/d=75

and (c) L/d=100 on I5Marchunderthermalweekdayloading
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Figure5-26 Static temperature variations within the middle riser pipe dhMarch for different
L/d ratio of riser pipe undehermalweekdayloadingfor (a)10 2 1 F OB)RA 2  F O(B) BN
2YfFORFN1IBDQBGFORFN

Based on aforementioned analysisetiectof L/d ratio ofriserpipe on variouparametergan be
denoted afollows:
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Table5-5 The effectof the length to diameter ratio of the riser pipe on various parameters

L/d 50 75 100

Water Temperature within the | Value 26 30.33 34.6

storage tank'C) Percentage difference (% 16.6 14.0

Mass flow rate withirthermo Value 0.00339| 0.00414 | 0.00486

syphon loop Kg/s) Percentage difference (% 22.1 17.3

Wall shear stress (Pa) Value . 0.00873| 0.01019 | 0.01133
Percentage difference (% 16.7 11.1

Heat transfer coefficient of Value 42.63 | 44.75 46.31

working fluid (W/nt.2C) Percentagéifference (%) 4.9 3.4

By studying thTable5-5] it can be concluded that the L/d ratio of the riser pipes has significant
impact on the performance of a closed loop thesymhon system. This can be clearly seen as a
16.6% increase in wat temperature was recorded as the L/d ratio of the riser pipes was increased
from 50 to 75. However, when the L/d ratio of the riser pipes were increased from 75 to 100 the
water temperature increased only by 14.0%. This trend is similar for the othergtars such as
mass flow ratethe wall shear stresnd the heat transfer coefficiefitcan be seen that the L/d

ratio of 100 provides the best performance among the other configuration. Therefore, L/d (length
to diameter ratio) of 100 will be chosen for next investigations.

5.6. Effect of Heat Flux

To study the effect of heat fluxes on tiermal performance of therrsyphon, three values of

heat fluxcorresponding td5" March, 15" June and 1B September have been used in the ptesen
study. The reason behirdhoosingthese values are¢hey represent the different seasons in the
year andhence it carsimulatethe real worldoperating conditionThe analysed therrmsyphon

model consists of five riser pipes with an L/d (length to diameter ratio) of 100 at an inclination
angle of 53°. This configuration is chosen based upon the conclusion of the previous sections. In
the previous sections, it wancludedthat the length to diameter ratio has more significant
impact on the performance of tiieermo syphonSince the scope of the study considers only
three L/d values, henceforth the highest L/d value (100) has been considered for further
investigaion, in the following chapterdVioreover, another conclusion w#sat the numbes of

riser pipes have a small effect on the storage tank temperatdemceforth, to reduce the
computation time and complexity of the geometry, five riser pipes have beeanchbe thermal
loading used in this particular case represents a weekday as this provides a more general
background for the use of hot water consumption.

Figure5-27|depicts static temperature distribution within the ciession of the storage tank and
the condenser for the three days of the year considered in the presenatstoidgle day (12
2  F O .RTh& corresponding thermal loading condition that has beetifispeis that of the
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weekday. It can be further noticed that the temperature within the storage tank and the condenser
are highest on 5June as compared to"1#arch and 15 SeptemberThe average temperature

of working fluid within the condenser fa5" March 15" June and 1% September is 76.48,

84.4PC and68.7£C respectively. While the average temperature of water within the storage tank

for 15" March, 18" June and 1% September is 34.60, 37.92C and 31.78 respectivelyThis

PHDQV WKDW WKH ZRUNLQJ IOXLGTVY WHPSHUDWXUH LQFUHD\

input to the thermayphon is higher. It is evident that more heat flux provided to the riser pipes
heats up the working fluid further.

(a) (b)

()

Figure5-27 Staticttemperaturelistributions within the storageater tank and the condenser
(a) 158" March (b) 18" June (c) 15 September under thermaeekdayloading
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[Figure5-2 GHSLFWV WKH YDULDWLRQ LQ ZRUNLQJ IOXLGV WHPS
variableamount of heat flux provided to the riser pipes. It can be seen clearly thatjperature

within the storage water tank is higtegra heat flux corresponding 16" Jun as compared teeat

flux of other days (18 March, 18" September). This observation indicatést the tank
temperature increases significantlyring the summeras comparedo the winter It is obvious

from the fact that more heat flux provided to the riser pipes heats up the working fluid further.
Furthermore,it can be noticel that the final tank temperature around.1®7C, 50.2°C and

47.60°C with the days 015" Jun, 18' March, 18" September respectively.
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Figure5-28 Temperature variations within the storage tank for various heat fluxes under thermal
weekdayloading

[Figure5-2d GHSLFWV WKH YDULDWLRQ LQ ZRUNLQJ |0 iV WHPS
amount of heatlux, which is picked up by riser pipeslt can be seen that the temperature within

the condenser is highat a heat flux corresponding 15" Jun as compared teeatflux of other

days (18" March, 18" September).The maximum temperature of working fluid within the
condenser was 89.88, 79.47°C and 70.73C for 15" of June 15" March and 15 September

respectively.Hence,an increase in the amount af heat flux increases the temperature of the
working fluid within the condenser.
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Figure5-29 Temperature variations within the conderfsevarious heat fluxeander thermal
weekdayloading

[Figure5-30]depicts the variation in mass flow rate of workiftuid within the thermesyphon for

variable heat fluxunderthe thermal loading condition of weekday that has been considered in
present studyThis mass flow rate measured at a cross section of upriser before the condenser. It
can be seen clearly thakKtH LQFUHDVLQJ LQ VRODU KHDW IOX[ OHDGYV \
within the systenbecausat increases the amount of heat, which is received by the working fluid

within the thermesyphon. The maximum mass flow rate for all cases of solar heabdlsibeen

achieved at local solar noon as follows, 0.00512kg/s, 0.00480kg/s and 0.00451kg/s for days of
15" Jun, 18' March, and 18 September respectively.

[Figure5-31]depictswall shear stress variations withinermosyphoroop for variableamount of
heat fluxunder thermal loading condition of the weekdtycan be clearly seen that the wall
shearstresss higher forJuneas compared tMarch and September. The maximum average wall
shear stress was 0147Pa, 0.01242Pand 0.01054Pa for ¥5March, 1%' June and 15
September respectively. This observation indicates that, increasing amount ffixhealt lead

to an increase in the velocity of working fluid within the thersyphon and as the velocity
increases, the wall shear stress starts to increase as well.
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Figure5-30 Circulating mass flow rate of the working fluid for various heat fluxes under thermal
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Figure5-31 Wall shear stress variations withiimermosyphonloop forvarious heat fluxeander

therma weekday loading
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[Figure5-32]depicts the variations of heat transfer coefficient withinttregmosyphonloop for

the same conditions as above. It can be clearly seen that the heat transfer coeffigagiing

fluid is highest on 18June, as compared to"LMarch and 15 SeptemberThe maximum value

of heat transfer coefficient was 43.47WWRE, 47.3MW/m%°C and 50.1%V/m*°C for 15"
September, 5Marchand 18" June respectively and happens at midday when the heatdisix
maximum. The increase in heat flux input increaske amount heat transfer to working fluid

This increased heat transfer increases the working fluid temperaturbescd reduces the
temperdaure difference between the surface and working fluid, leading to araseiaof heat
transfer coefficientFurthermore, it can be seen that the heat transfer coefficient increases, then
decreases, depending on the increase and decirathe heat flux input to therasyphon.
Similarly, as it was previouslgnentioned, the amount of heat transfer is proportional to the heat
flux and the above discussion represents that the heat transfer coefficient is proportional to the
total heat trasfer.It can thereforepe concluded that theeat inputhasa significant effect on the

heat transfer coefficient of working fluid within thigermaesyphonloop.
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Figure5-32 Global heat transfaronfecton for various heat fluxes under thernveekday
loading

[Figure5-33|depicts the flow velocity variations within the cresctiontaken along the lengtbf

the middle riser pipe, for the three days of the year considered in the present study. The
correspondig thermal loading condition that has been specified is that of the weekday. The scale
of the contours has been kept constant for effective comparison purposes. It can be clearly seen
that the flow velocity is considerably highatrthe upper section of théser pipe.This is because
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WKH KRW ZDWHU ULVHV XS LQ WKH ULVHU SLSHYWrB&tRVV VH
Furthermore, it can be clearly seen that the velocity within the riser pipe is highedt fin#g5as

compared to 1% March and 18 6HSWHPEHU 7KLV PHDQV WKDW WKH Z
increases significantly on the days when the heat flux input to the trssqohon is higher.

(@) (b)

(c)
Figure5-33 Flow velocity variations within the middle riser pipé middayfor (a) 13" March (b)
15" June (c) 18 September wuter thermaiveekdayloading

Figure 534 depicts the velocity profiles of the working fluieken at a cross sectiamithin the

middle riser pipe for the three different days of the year considered in the present study, under
working day thermal loading conditions. It can be clearly seen that the velocity of the working
fluid is higher at the centre of riser pipe for edlses. Furthermor@creasein heat flux input
increases the velocity of working fluid within the riser pipe. It can be further seen that the flow of
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the working fluid within the riser pipe is fully developed. It can be concluded that increasing heat
input has a significant impact on the velocity of working fluid withintfermoesyphonloop.
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Figure5-34 Velocity profiles within the middle riser pipe for various heat fluxeder thermal

weekdayloadingfor (a)10 2fFORFN E

RIFCRAFORFN DQG G

Figure5-35|depicts static temperature distribution within the cigsstiontaken along the length

29FC

of the middle riser pipe for the three days of the year considered in the present study. The
corresponthg thermal loading condition that has been specified is that of the weekday. It can be
clearly seen that the hot water occupiesujpperwall region of the riser pipe, whereas the cold
water settles on the bottom of the pipe. This is because the density of the hot water reduces after
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absorbing solar energy, which causes it to rise aboventinedensecold water. It can be further
noticed thatthe temperature within the riser pipe is highest ol dBne as compared to 15

March and 18 6HSWHPEHU 7KLV PHDQV WKDW WKH ZRUNLQJ
significantly on the days when the heat flux input to the thesypdon is higher. It isvident that

more heat flux provided to the riser pipes heats up the working fluid further.

(@) (b)

(c)
Figure5-35 Static temperature distributions within the middle riser fgpga) 15" March (b) 18’

Jure (c) 18" September under thermakekdayloading

Figure 5-36|depicts the static temperature profileisthe working fluidtaken at a cross section
within the middle riser pipe. It can be clearly seen that the temperature of working fluid is higher
intKkH QHDU ZzDOO UHJLRQV ZKHUH WKH VRODU KHDW IOX[ LV ¢
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Furthermorean increasein the heat flux input increases the temperature of the working fluid
within the riser pipelt can be concluded that increasing heat input has a significant impact on the
temperaturef working fluid within thethermesyphonloop.
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Figure5-36 Static temperature variations within the middle riservarious heat fluxeander

thermalweekdayloadingfor ()10 2fFORFN E

F2IFQRFORFN DQG G

[Figure 5-37]depicts the velocity profile of the working fluid within the different riser pipea
heat flux corresponding tb5" March under thermal loading of the working déycan be seen
clearly that the maximum velocity of working fluid happens in first riser pipe near from return
pipe while the minimum velocity happens in fifth riser pipe far away from the return riser pipe
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The average velocity vaduof working fluid is 0435m/min, 0.437m/min and 0502m/min for the
left, middle and right riser pigerespectively.This simply means that the average velocity of

working fluid decreasewith an increase in distance between the riser pipe and the return pipe.

The reason behind that is frictiohetween working fluid angipe$ surfacethat increases in
proportion to lengthof pipe and opposes the fluid flowherefore, fluid tries to flow the less

resistam path and escape through the right end pipe with higher velocity. Whereas in the middle

riser pipe and the far end pipe (left end pipe) the fluid velocity is comparatively low.
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[Figure 5-38|depicts the static temperatuséthe working fluid within the different riser pipet
heat flux on the 1% of March under thermal loading dhe working day It can be clearly seen
that the minimum temperature of working fluig attainedin fifth riser pipe far away from the
return riser pipeWhilst, the maximum temperature happendiist riser pipe near from return
pipe The average temperature vaue91.32C, 93.33C and 93.47C for left, middleand right
riser pipe respectivelythis simply means that themperature of working fluithcreasesvith an
increase in distance between the riser pipetl@deturn pipe
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Figure5-38 Static temperature variations within the different riser pigpemid-dayof 15" of
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[Figure 5-39| depicts thevelocity profile of working fluid within the middle riser pipe on 15
March under thermal loadinglhree locations have been chosen taiife the velocity profile
within the middle riser pipe at different time. The location of profile is denoted by Y, which is
measured from the riser pipe entranktecan be clearly seen that thelocity of working fluid
within the riser pipdas fully developedfor all lengtrs of riser pipe;this simply mearthat the
velocity of working is approximately constant throughout thiser pipe. Furthermore, the
maximumvelocityis attained athe centre of riser pipe while the minimum near the wall.
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Figure5-39 Velocity profiles within the middle riser pips different crossectioof riser pipeon
15" March under thermateekdayloadingfor (a)10 2 FOREFFN 2YFORFN F
G 2T9FORFEN

29FORF

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

126



BASELINE MODEL

[Figure5-4Q]depicts the static temperatwéthe working fluid within the middle riser pipe at heat
flux on the 18 March under thermal loading ahe working day The location of profile is
denoted by Y, which is measured from the riser pipe entrdncan be clearly seen that the
temperaturef the working fluid within the riser pipéncreaseacross thdéength of the riser pipe.
Furthermore, the maximum temperatigattainedn the regon near the wall, while the minimum
temperature happens in the centre of the riser pipe.
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[Figure5-41]depicts thevelocity profile ofworking fluid within the middle riser pipat different
hours during a day undénermal loading othe working day It can be seen thahe velocity of
working fluid increases, then decreases, depending on the increase and decrease irflthe heat
input to the thermayphon. The average velocity of working fluid within the riser pipe is
0.39m/min 044m/min, 045m/min, 0.43m/min, 042m/min, 0.37m/min and 033m/min at 10, 11,

DQG 2T9FORFN UHVSHFWLYHO\ W LV FOHDU WKD\
when the heat fluxs maximum and the minimum velocity happen at émel of the day.This
simply mens that theelocity of working fluidincreasesignificantly withanincreasen the heat
input. Furthermore, themaximum velocity is attainedin the centre of riser pipe while the
minimum near the wall.
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Figure5-41 Velocity profiles within the middle riser pipe on different ho(lveat input)f the
dayon 15" March under thermalieekdayloading

[Figure 5-42] depicts the static temperatuoé the working fluid within the middle riser pipat

different hours during a daynder thermal loading dhe working day It can be seen thdhe
temperaturef working fluid increases, then decreases, depending on the increase and decrease in
the heafflux input to the thermayphon. The average temperature of working fluid within the

riser pipe increasdrom aninitial temperature (1€) to 69.36& D W 29FO RErblaséd/ KHQ LV
slightly until it reacles themaximum temperaturef 93.59& D W 29FORFN Dsit&/ HU WKI
decreassslightly until it reaclesto 90.49C atthe end of the day.This simply means that the
tempeature of working fluid increasesignificantly withanincreasean the heat input. Increage
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the temperature due to increaseheat flux leads to increase the velocity of working fluid
within the riser pipes and it can be noticed that fromitiberrelation betweefigure 541 and

figure 5-42. Moreover, it has been observed that, at the centre of the pipe the temperature is

minimum, whereas, near the wall the temperature is maximum.
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Figure5-42 Static temperature variations within the middle riser pipe on different ijoeas
input) of the dayon 15" March under thermateekdayloading

Based on aforementioned analysitiectof heat flux on variouparametersan besummarised

asfollows:

Table5-6 The effect of heat fluxes ararious parameters

15th 15th 15th
Heat flux September | March | June
Water Temperature within| Value 31.76 34.60 37.92
the storage tanle) Percentage difference (%] 9.61 9.57
Mass flow rate within Value 0.00454 0.00481 | 0.00512
thermasyphon loopKg/s) | Percentage difference (%] 5.91 6.40
Wall shear stress (Pa) Value _ 0.01054 0.01133| 0.01215
Percentage difference (%| 7.50 7.2

Heat transfer coefficient of| Value 43.46 47.31 50.14
working fluid (W/mZ2.°C) Percentage difference (%] 8.82 6.10
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From[Table5-6] it can be concluded that the performance ofosed loopthermasyphonsystem

is a function of leat flux. This can be clearly seen as a 9.6% increase in water temperature was
recorded as heat flux increassuring thedurationfrom 15" September to f5March and, when

the heat flux increasedithin period from 15" March to 18' of June the wateremperature
increased by 9.57%. This trend is similar for the other parameters such as mass flow rate, the heat
transfercoefficient,and the wall shear stress.

5.7. Effect of Thermal Loading

[Figure5-43)depicts the variatiosin static temperature of the working fluahd watemithin the
crosssectionareaof the condenser and the storage tank respectivielythe transient thermal
loading conditions considered in the present statynid-point of day 21 F QO HIkeN
corresponding heat flux input of @3archis used herelt can be noticed that the temperature
within the storage tank and the condenséighe for no loading conditiocompared taveekday

and weekend loadingonditions The maximumworking fluid temperature within the condenser
for no loading,weekday and weekend loadiegnditions weraecorded to b®4.01°C, 86.75C

and 84.88C respectively. While the minimum temperature of water within the storage tank for no
loading, weekday and weekend loadingonditions were27.84C, 23.D°C and 21.5%C
respectively.Moreover,it has been observed thidite weekday and weekend loading coiodit
does not change mug¢the maximum difference between weekday and weekend thermal loading
is about 30W) henceforth the difference in the temperature of the working fluid in the storage
tank is insignificantFurthermore, it can be concluded that teeperature of working fluiind
waterareaffectedby thermal loading conditions

(a) (b)
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(©)

Figure5-43 Staticttemperaturalistributions within the storagank and the condenser on™5
Marchunder(a) no loadingb) weekday loading andt)l weekend loading

[Figure 5-44]depicts the variations in the temperature of water witkintreof the storagewater

tank, for the transient thermal loading conditions considered in the presentasiuugat flux of

15" March. It can be seen clearly that the temperature within the storage water tank is higher for
no loading condition as compared weekday loadingand weekend loadingonditions The
temperature of water within the storage tank at end of day for no loadeerday loading and
weekend loadingvas 60.8°C, 53°C and 50.6°C respectivelyMoreover,it has been observed

that the static temperature wfter is primarily unaffected with the change in thermal loading
patternsbetweenweekday loading and weekend loadidge to differene between thenbeing

quite low(maximum 30W)

[Figure 5-45] depicts the variations in the temperaturenofking fluid within the condenserfor

the transient thermal loading conditions considered in the present study heat flux
corresponding td5" March. It can be seen clearly that the temperature of working fluid is higher
for no loading condition as comparedweekday loading and weekend loadifitne maximum
temperaturewithin the condensefor no loading,weekday loading and weekend loadiwgs
97.01°C, 80.35°Cand 77.93°C respectivelMoreover, it has been observed that the static
temperature ofvorking fluid is primarily unaffected with the change in thermal loading patterns
betweenweekday loading and weekend loaduhge to difference leveen them being quite low
(approximately 30W)Moreover, it can be concluded that ianreasein thermal load decreases
the temperature of working fluid within the condenser.
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Figure5-44 Temperature variations within theater storage tanén 15" Marchunderdifferent
thermal loadingonditions
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Figure5-45 Temperature variations within the condenser for various thdoadingconditions
on 15" March
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[Figure 5-46|depicts the variations in mass flow rate of working fluid within thermoesyphon
loop, at a heat flux corresponding 6" March, for the various thermal loadirgpnditions
considered inhe present studyt can be seen clearly that the mass flow rate of working fluid is
higher for no loading condition as comparedweekday loading and weekend loadifighe
maximum mass flow rate for no loadingeekday loading and weekend loadimgs 0.0@95g/s,
0.0048Xkg/s and 0.0044/s respectivelylt can be seen clearly that the thermal loading has a
small negligible effect on the mass flow rate of working fléidrthermore, the mass flow rate of
working fluid within the thermasyphonloop increases and decreasegh the increase and
decrease in the heat flux input.
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Figure5-46 Mass flow rate variationsf the working fluidwithin thethermesyphonloop on 1%’
March for various thermabadingconditions

[Figure5-47]depicts the variationis heat transfer coefficiertf working fluid within thethermo
syphonloop, at a heat flux corresponding 16" March, for various thermal loading considered in

the present studyThe heat transfer coefficiedepends on the temperature difference between the

wall and mean flow. It has been observed that, although the temperature of the wall is high at no
loading condition, whereas it (static wall temperature) is comparatively low for weekend and
weekday loadil FRQGLWLRQ +RZHYHU WKH WHPSHUDWXUH GLIIHU
flow remains almost same for all the thermal loading conditions. Therefore, the heat transfer
coefficient difference among the thermal loading conditions is very small. Nexvérds,tican be

seen that thdneat transfer coefficienvf working fluid is higher for no loading condition as
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compared taveekday loading and weekend loadiMpreover,It can be clearly seen that the heat
transfer coefficient within the collectos Lnaffected by thermal loadirdpe to differene between
thermal loading pattemis quite low. Furthermore, it can be identified that the heat transfer
coefficient increases and decreases with the increase and decrease in the heat flux input.
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Figure5-47 Heat transfer coefficient variations within the collector ofi M&rch for various
thermal loadingonditions

[Figure 5-48| depicts the variation in flow velocity within the cressctionareataken along the
length of the middle riser pipe, for the transient thermal loading conditions considered in the
present stdy at middleof the day 2 1 F O Rieheat flux input corresponds to1March It

can be noticed that theslocity of working fluid ishighestfor no loading conditiosas compared

to weekday loading and weekend loadifitne average velocity of working fluid for no loading,
weekday loading and weekend loadimgs 0.00487m/s, 0.00473m/s and 0.00478m/s respectively.
Moreover,it has been observed that tocity of working fluid is primarily unaffected with the
change inthermal loading patternbetweenweekday loading and weekend loadisigpce the
difference betweeroading patternds quite low. Furthermorg it can be concluded that the
velocity of working fluidis affectedby themal loading conditions due to aforementiomedsors

mentioned fagFigure5-43
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(a) (b)

(©)

Figure5-48 Flow velocity variations within the middle riser pipe or"March undefa) no
loading(b) weekday loading ana weekend loading conditions

[Figure 5-49| depicts the variation in static temperature of the working flithin the cross
sectionareataken along the lengtbf the middle riser pipe, for the transient thermal loading
conditions considered in the present statlyniddlepoint of the G D\ 2 § FladhEat flux
input corresponds to f8viarch It can be noticed that titemperature of working fluid isighest

for no loading conditioras compared teveekday loading and weekend loadifighe average
temperature of working fluid for no loadingeekday loading and weekend loadimgs 9901°C,
92.9%8C and 90.93C respectivelyMoreover,it has been observed that tleenperature ofvorking
fluid is primarily unaffected with the change in thermal loading patteetseenveekday loading
and weekend loadindue to differene betweenloading patternss quite low.This is due to the
fact that the realworld thermal loading conditions vary only slightly, which results in
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insignificant flow variationsFurthermore, it can be concluded that the velocity of working fhiid
affectedby thermal loading conditions due to aforementioned reasonsanedtfofFigure5-43

(@) (b)

(©)
Figure5-49 Static temperature distributions within the middle riser pipe dhMa&rch, undeKa)
no loading(b) weekday loading anat weekend loading

Based on aforementioned analysiseffect of thermal loading on variougarametersit can be
denoted that thermal loading hsignificanteffecton the storage tank temperature
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5.8. Development ofNovel SemiEmpirical Prediction Model

Based on theesults, whichhave been obtained in this chapter, prediction models for the Nusselt
number, Reynolds numbarpllector SODWH [V W H ing&tiduiiNexnparatuie QfGvorking
fluid within thermoesyphon loop can be developedlhese parameters indicate the thermal
performance of the therrmeyphon system. These models will be incorporated in the designing
process to ease the thersyphon designing pcess and make it more efficient.

The Nusult number [45] and Reynolds number [47] can be calculated by the following
expressions:

fH
—L—. (5.2
i ZH 8k6

o - o (5.3)

According totheliteraturereview, geometrical parameters (the length andbrrof riser pipes),
heatinputandloading conditions hae a significanimpacton the thermal performance of thermo
syphon.So, thee parameters have been selected to develop equdhti@nsave the ability to
provide indications regarding the thermal performamcerder to predict the performancetbé
system These equationbave beerdevelomd by usingthe data thatvere obtainedfrom CFD
simulatiors carriedout in this chapte These datanclude thepropertiesof working fluid, mass
flow rate of working fluid withinthermasyphonloop, heatflux, and thermal loading.

Some semiempirical correlationshave been developed using multiple variable regression
approachfor predicting Nussult number, Reynolds numbegllector SODWHYV WHPSHUDW
inlet, outlet temperature of working fluids a function of thgeometricparameter, heat input

variables and diérent thermal loadingwhich are discussed in Chapter 3. These prediction
models are shown as following.
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where

s IS Nusultnumber
<Is Reynolds number
u_jjis temperature of plate
“is the heat flux
“k_vis the maximum heat flux
' is the number of the riser pipes

—':is the length to diameter ratio of the riser pipe

is the thermal loading
_tplS the averag thermal loading
Gjs temperature of working fluid at the inlet of collector
6, is temperature of working fluid at the outlet of collector
G 4s the initial temperature of working fluid
6 E | £, oI time, which happens @ite minimumincidentheat flux

6 E | £, ,is time, which happens #ite maximumincidentheat flux

The limitations of the equations above:are

¥, These equations are applicable awha closedoop thermasyphonsolar water heatg
system

¥ These equationsredeveloped for singlphasehermoesyphonsolar water heatg system

¥ These equations are applicable aimpassive system

For more details regarding how Eq.4§K.(55), (56), (5.7) and (58) have been developed,
appendixE describes thproceduresf the deiving the above mentioned equations.

In the present work, a number of statistical analysis tests have been used to ensure the validity of
the regression models. These statistical analysis tests are nawalye FDurbinWatson stastic,
standard error-Test value, Lilliefors test, Chaquare and-palue. A brief description is provided
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for each test.Appendix C shows the important features of the considered tests and their
significance.

Several statistical tests have been undertdk justify the usefulness of the developed equations
using multiple regression analygiable 5-7] showsthat the derived equatiori$u number, Re
number, T, Ti and T, have achieved thacceptable criterian all the tests That means the
eguationscan be used with confidence for furthgphcations As Nusseltnumber, Reynolds
number, collector SODWHTTV W H PiSlét,LbDtMt XdnderatDr® Gf working fluidh the
thermoasyphon systencan be predicted by these equations with reasonable acchHiewge, the
prediction models presentea this chapter can be used for various heat fluxes, various thermal
loading conditions, and a variety of thensygphon configuration withinthe thermasyphon
system. Furthermore, the prediction models developed here can be used flireddgigring
closzd loopthermoesyphonsystem

Table5-7 The proposed statistical tests and thier acceptance criteria

Type of| Acceptance criteria Nu Re Twa(°C) | Ti(°C) To(°C)

test

F-value |If (F < F|F 1.0734 |1.1095 | 1.0295 | 1.0131 |1.1832
critical)  is| F critical | 1.5708 | 1.5643 | 1.5643 | 1.5642 | 1.5643
accepted
[108

Durbin- | Less than 2 is acceptq 1.0849 | 0.9618 | 1.5601 | 1.0271 |1.2774

Watson

statistic

Standard | Regression 0.0377 | 7.6850 | 0.0053 |0.0231 |0.0133

error CFD 0.0364 | 7.2957 | 0.0052 | 0.0229 | 0.0145
Percentage error (%) 3.571 |5.336 |1.923 0.871 8.275

t-Test Closed to zer¢11d 0.0150 | 0.0332 | 0.0021 |0.0263 | 0.0292

Lilliefors | If 0= accepted 0 0 0 0 0

test 1= rejected111]

Chi- Less than 0.05 i 0.0253 | 0.0631 | 0.0564 |0.0325 | 0.0436

square | accepted113

P-value | More than Chisquare is 1 1 1 1 1
accepted119

From the prediction models, it can be seen clearly that the heahéflmber of the riser pipé&/d
ratio and thermal loadinghave a considerable effect on tidusseltnumber,Reynoldsnumber
and , ;jEq.(54) demonstratéNusseltnumber as a function gfeometric paramete(s/d, np)
varying heat flux andhermal loadingAccording to the findingsNusseltnumber is proportional
to thegeometric parametéL/d, np), varying heat fluxandis inversely proportional to thénérmal
loading Similarly, according tcEq. (5.5), Reynoldsnumber is proportonal to the geometric
parametergL/d, np), varying heat flux and thermal loading. Moreoverkqg. (5.6), propo®s a
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proportiond relation between the plate temgire with heatflux and inversely proportional to
thethermal loadingandgeometric paramete(s/d, np).

The following section illustrates the accuracy of the developed equations for calciataglt
number Reynoldsnumberof the working fluid andrl',/T.ef ratio. To identify the accuracy level of

the equations, thealculated data from thequations are ploted against the numerical data from
CFD.|Figure 5-50| [Figure 5-51 and|Figure 5-52| depicts the vari#ons in theNusseltnumber
Reynoldsnumberof the working fluid andr,,/Tes ratio calculated by the developed equation and
that predicted by the CFD. According to the figures, the maximum difference between them is
11% for Reynolds number calculation and most of the points are well below that error margin. In
addition, the error margifor Nusselthnumberof the working fluidand T,/T.f ratio are 10% and

3% respectively. Therefore, based on this observation it can be concluded that, the developed
equations are well capable of predicting Nussalnber Reynoldsnumberof the working flud
andT,/Ts ratiowith reasonable accuracy.

Figure5-50 Nusseltnumber variations

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFCOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

140



BASELINE MODEL

Figure5-51 Reynoldshumber variations

Figure5-52 Wall temperaure to refrence temperaure raéinations
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5.9. Summary of the Analysis conducted on theBaselinemodel

Detailed flow behaviour of working fluid within the thermsgphon system has been revealed in the
following results:

X

There is a good agreement between experimental results and CFD results. Due to physical
models, such as working fluid, model of radiation and Boussinesq approximation approach
were not changed and hence the numerical model can be usedtHer favestigation with
different configurations

The mass conservation lamasbeen fulfilled sincehe sum of the mass flow rates of the
working fluid passinghrough theriser pipes is equal to the mass flow rate of the working
fluid through therecirculating pipe This indicates thathereis no recirculationzone in the

riser pipe areaMoreover the assumption ofamina flow has been confirmed, as the
calculatedReynoldsnumber is in théaminar zone

An increase in the number of the risergsfeads to increasehe averageelocity of working

fluid within the thermesyphonloop and decreasehe wall shear stressithin the therme
syphonloop.

Moreover, the average velocity of working fluid within the thersyphon and wall shear
stresgncrease with incta@se L/d ratio of the riser pipe

The thermal loading condition haffect on the thermal pedrmance of thermsyphon
system

This chapter provides information about the natural convection phenomenehadourof

working fluid within the thermesyphonloop. In addition, the prediction models have been

developed for theNusseltnumber,Reynoldsnumber,collector SODWH{V WHPEdiUDW XU I
outlet temperature of working fluidvhich dictate the design proces$ the thermesyphon.

Further details regarding the design of the thesyhon are presented in Chapter 7. To enhance

this performance several models have been used, next chapter provides more details regarding
that. The next chapter will provide moretaiés on the results obtained from CFD regarding an
enhancement heat transfer within thermaesyphonloop.
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CHAPTER 6
DESIGN MODIFICATIO NS

Verification of the numerical modelndervarious operating conditions of the traditional
model was carried ouin the previouschapter. To obtain the largest amount of solar energy
and hence improve the thermal performance of thesypbion various models have been
developed. This chapteromprises of comparison between various configurations of the
riser pipe (traditional, straight, wavy and helical). In addition, an investigation has been
conducted, to identify how the amount of working fluid wittiermasyphonloop affects

the thermal perfanance of the system. Moreover, tth@mparisonbetween new proposed
model and baseline model has been conducted based omexgeEimentalresuls.
Furthermorethe manufacturing procedure of this optimum new mb@aslbesn explained

in this chapter.
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6.1. Specifications of New Mode§ Geometry

As it has beemmentioned inthe previous chapters, one of the fogaints of this study is to
increase the thermal performancelugrmasyphonsolar water system. There are several ways to
enhance themountof heat transfer and hence improve the thermal performance of thermo
syphon. In this study, a technique (modified riser pipe configuration) has been adopted to improve
the thermal performance of the system by increasing the surface area to enhanceuttteobmo

heat transfer. One of the crucial focal point of this investigation is the amount of working fluid
and collector area should remain same for both traditional and proposed model. Therefore, the
heat transfer in the system has been improved by inogetiee surface area. The increase in the
surface area has been achieved by changing the surface of the riser pipe. With this approach,
surface area of the riser pipe has been increased by 7.17% with respect to traditional model. In the
present study, theethermesyphon configurations have been developed: comprising of a closed
tube within the riser pipesvavy tube within the riser pipes, and helical tube within the riser pipes

as shown ifFigure 6-1] Thesemodelshave been developed to increase the surface area of the
riser pipe. The model consists of several inclined riser pipes connected at the topippdsine

and at the bottom to the downcomer. The performat@acteristics of the new suggested
modelsarequantified and compared with the traditional baseline model.

The specifications of thetraightmodel are

1- Diameter of a closed pipe is 15m#a,Length of a closed pipe is 1170mm
The specifications of theavy model are

1- Diameter of a closed pipe is 15mm,Thewavy pipe anglewith the horizontal planis 10
The specifications of thieelicalmodel are

1- Diameter of coil is 15mm,-2Number of turns is 55, -Fitch is 22.5mm and- Diameter

pipe is 5mm

Dimensions of the riser pipe for all models are

1- Length is 1.3m2- Diameter is (inner 20.2mm) and (outer.@am)
The inner diameter of the condenser is 20.2mm, with thickness of 0.9mm, which is also kept
constant for all the models. The whole model is maille a 53° inclination which is the latitude
of Huddersfield city.

As mentioned in chapter three these dimensions are considered based on standard dimensions of
UK copper pipe. Furthermore, the diameter and thicknesspieserand downcomer were kept
constant for all the models. Varying thiriserand downcomer diameter from the riser pipe will
increase the amount of losses in the flow such as reducer loss and friction loss (between inner
surface and working fluid). The contribution of these lossesreduce the thermal performance

of the thermesyphon loop. In this work, to avoid these losses and for better comparison between
the models, upriser and downcomer diameters and thicswsse kept as same as riser pipe.
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(@) (b)

(c)
Figure6-1The geometry of the therrgyplon (a) new design (closed tul{e) new design (wavy
tube) and (c) new design (helical tube)
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6.2. Performance Analysis

In order to depict the natural convection phenomena, the temperature and velocity profile of
working fluid within thermaesyphonloop and water within the storage tank for all models, a
numerical analysis has been conducted on thesypbon. The analysed élmosyphon model
consists of five riser pipes with an L/d (length to diameter ratio) of 100 at an inclination angle of
53°. This configuration is chosen based upon the conclusion of the previous chapter. In the
previous chapter, it was concludiditthelength to diameter ratio has more significant impact on

the thermalperformance of théhermo syphonSince the scope of the study considers only three
L/d values, henceforth the highest L/d value (100) has been considered for further investigation, in
the following chapters.Moreover, another conclusion from the previous chapter was that the
numbers of riser pipdsave a small effect on the storage tank temperatigeceforth, to reduce

the computation time and complexity of the geometry, five riser piyge® been chosern
addition the inclination angle of 53° has been chosevhich represerd the latitude of
Huddersfield (53.6458°N, 1.7850°Wjurthermore, in order to make themparisonconclusive

the amount of the working fluidbas keptconstanfor all models

Figure 6-2|depicts the velocity distribution of the working fluid withihermasyphonloop and
water within the storage water tank {ay) traditionalmode| (b) straight model,d) helical model
and ¢l) wavy modelat aheat fluxcorresponding tb5" March under thermal loading condition of
weekday It can be seen clearly that the working fluid attainshiggestvelocity at theupriser
anddowncomerfor all models.Furthermore, the velocity of working fluid within therrsgphon
loop is higher for traditional model as compared to all meedels. The average velocity of
working fluid within thermasyphonloop for traditional straight, helical and wavy ndels was
0.0151m/s,0.0074m/s, 0.0066/s and0.0072n/s respectively.This velocity drop in the new
model is the result of increment of the inner surface area, which increases the friction between
working fluid and inner surface of the riser pige.can be evidenced form of
measured wall shear stress within thersgphon loop.

[Figure6-3]depicts wall shear stress variations wittiiermosyphorioop for (a) traditional model

(b) straight model, d) helical model andd) wavy modelat a heat flux corresponding 5"

March urder thermal loading condition afeekday It can be clearly seen that the wall shear
stress fortraditional models less as compared to other models. The average wall shear stress for
traditional, straight, helical and wavy model wa®.0102Pa, 0.01182Pa,0.01257Pa and
0.01216Pa respectively.
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(a) (b)

(€) (d)
Figure6-2 Flow velocity variations of the working fluid within therasyphon loop and water
within the storage tankdior (a) traditionalmodel(b) straight mode(c) helical model andd)
wavy model on 18 March under thermal weekday loading
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Figure6-3 Wall shear stress variations within thersyphon loogfor all modelson 15" March
under thermal weekday loading

[Figure6-4|further depicts the temperature distribution of the working fluid withiermosyphon

loop and water within # storage water tank fofa) traditional model(b) straight model, )

helical model andd) wavy model at a heat flux corresponding i6" ODUFK DW 2YFOR
(midday) under weekday thermal loading condition. It can be seen clearly that the temperature of
working fluid within thermasyphonloop is higher forstraight model as compared to other
models.This increase in the temperature is the result of surface area increment, which is exposed
to solar radiation leading to more heat transfer to the working fvithin the thermesyphon

loop. The average temperature of working fluid wititimermaesyphonloop with traditional,
straight, helicaland wavy models was52.01°C 58.48C, 57.02C and 57.4Z respectively.
Furthermore, the highest temperature of working fluid is observed at the junction of the riser pipes
and theupriserfor all models.

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFEOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

148



DESIGN MODIFICATIONS

(@) (b)

(€) (d)
Figure6-4 Static temperature distributiaf the working fluid within thermeyphon loop and
water within the storage tari@r (a) traditionalmodel(b) straight mode(c) helical model andd)
wavy model on 18 March under thermal weekday loading

To evaluate the thermal performancetbérmasyphon and hence to determine the optimum
model heat gain in the storage tank, useful heat gain in the collector, water temperature within the

storage tank and heat transfer coefficient of working fluid have been considedeteanining
parameters
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Amourt of useful heat gain in the storage tank can be determined for both a new and tradition
model by the equation below

.. KmGmiXme?Xm i . R ' . .
ar L = |07::4 _+AF%'6 u- mrk gr (6.1)
where a, 5 *w "uw um ug & 26 mand denoteghe heat gain in the storage tank,
amount of water within the tank, specific heat of water, final temperature of water, initial
temperature of water, number of hours, timgss flow rate of working fluidtemperature of
water at outlet of the tank, tenmpéure of water at inlet of the tank, respectively.

Figure 6-5| depicts the variation in heat gain in the storage fank(a) traditional model{b)

straight model,d) helical model andd) wavy modelat a heat flux corresponding 15" March
under thermal loading condition @feekday.lt can be seen clearly that the amount of heat gain
within the storage tank is higher fstraightmodel ascompared to other modelBurthermore, it

is noted that the maximum heat gain @gkce at maximum heat flusondition, whichis at 12
2Y9FORFN .Find@rgPshow that maximum heat gain taaditional, straight, helical and
wavy model wa$25.38W,625.01W, 621.2W and 61614W respectively.
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Figure6-5 Heat gairvariations within the storage tank fait models on 18 March under thermal
weekday loading
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[Figure 6-6] depicts total heat gain in the storage tanktfaditional model and three proposed
models (straight, wavy and helical) with different riser pipe configuratiod5" March under
thermal lading condition of the weekdayt can be seen clearly that the amount of heat gain
within the storage tank is less for ttraditional model ascompared to the other models. The
difference in the heat gain between the traditional model and the proposkst with straight

helical and wavy pipes in the riser pipes are 12.27%, 10.92% and 9.41% respeddtivelyver,

it can be seen clearly that the amount of heat gain within the storage tank is higher for a straight
model ascompared to wavy and helicadodel byl1.22% and 2.61% respectivelyurthermore, it

can be concluded that all models can be used to improve the thermal performance as compared to
traditional model. However, the model with straight pipe in the riser pipetieras compared

with othes models although there are no big differences between them regarding the heat gain.
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Figure6-6 Total heat gains within the storage tank for various models of theypteon on 18
March under thermal wedhy loading

In order to calculate the useful heat gain in the collector, the following expressidie used

A amjjcartmg6’' [ a- mF g (6.2)

where @ gmjjcarmp [ @ *P mand jdenotes the heat gain in the collector, specific heat of
working fluid, mass flow rate of working fluidhe inlet and outlet temperature of working fluid at
collector respectively.
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[Figure 6-7]depicts the variation in heat gain in the colledtor(a) traditional model(b) straight
model, €) helical model andd) wavy modelat a heat flux corresponding 16" March under
therma loading condition ofweekday.lt can be seen that the amount of useful heat within the
collector is higher for a new model asmpared to thé&aditionalmodel This increase is due to
an increase in the exposed surface &welar radiation, which enhances the rate of heat transfer
to the working fluid within thehermasyphonloop. It can be seen that the amount of useful heat
within the collector is approximately same for new modeétswvever,the useful heat is higher for
straight model ascompared to other model¥he maximum heat gain for traditional, straight,
KHOLFDO DQG ZDY\ PRGHO KDSSHQ DW 2TFORFN DQG WKH
615.9W respectively. Therefore It can be concluded that an increasdaafesarea of the riser
pipe has a significant effect on the heat gain and hence on the performamcgostd loop
thermoasyphonsolar water heatg system.
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Figure6-7 Heat gains variations within collecttor all models on 18 March under thermal
weekday loading

[Figure6-8|depicts the variation in mass flow rate of working fluid within thermesyphonloop
for (a) traditional model, (b) straight modet) helical model andd) wavy modelat a heat flux
corresponding tal5" March under thermal loading condition of the weekdAjt models show a
similar trend on the mass flow variation under transient heat flux. The reasttatiesthat the
mass flow rate islependentor heat flux. The heat flux changesdhghout the day. For the first
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three hours, the heat flux increases and hence, the mass flow rate increases along with it. On the
other hand, aftemid-day,the heat flux starts to decrease leading to a reduction in the mass flow
rate as well. However, itan be seen clearly that the average mass flow rate is higher for a
traditional model as compared to all new model although the amount of heat absorbed by the
working fluid is higher for a new modgethan the traditional model. The reason behind that is
increasing the pressure difference between inlet and outlet of collector increases friction between
the working fluid and surface area of riser pipes. It can be illustrated from t{é.Bgand Eq.

(6.4) . It can, thereforebe concluded that increasing the inner surface area of the riser pipe
without change amount of working fluid will decrease the mass figvwithin thermesyphon.

EQ n_HUn
R, L—q 8] (6.3
, 6 dijs’
L—H (6.9

whereR, & U ', ,; Z , ( and —denoteswall shear stressurface aregpressure drogLross
section aregfriction factor, length of pipe pipe diameterdensity of fluidandthe flow velocity
respectively
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Figure6-8 Circulating mass flow rate for all models on™March under thermal wedky
loading
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[Figure6-9]depicts thepressure difference between inlet and outlet of a collectdajaraditional
model, (b) straight modelc) helical model andd) wavy modelat a heat flux corresponding to
15" March under thermal loading condition of the weekdiycan be observed that tipeessure
differencein the collector is highest fall newmodek, as compared to theaditionalmodel. The
average pressure difference faditional model, straight model, helical model aval’y modelis
55.3Fa, 56.647PaH8.51Pa and8.74Parespectively. Thids because increasa surface area
leads to increasa wall shear stress and hence increase the friction between working ftliidean
innersurface othermasyphonloop. This consequentlincreass the pressuralifferencebetween
inlet and outlet of a collector.
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Figure6-9 Pressure difference between inlet and outlet of a collémt@il models on 18 March
under thermal weekday loading

[Figure 6-10] depicts the variations of heat transfer coefficient of working fluid withierme
syphonloop for (a) traditional model, (b) straight modeat) felical model andd) wavy modelat

a heat flux corresponding 5" March under thermal loading conditionwéekday It is evident
from the figure that the heat transfer coefficient of working fluidtfaditionalmodel is less as
compared toproposedmodels. In addition the heat transfer coefficient of working fluid for
straightmodel is higher, as comparedwavy and helical modelAn increase in the surface area
of riser pipe increases the amowfitheat transfer to working fluid. This increased heat transfer
increases the working fluid temperature amdiucesthe temperature difference between the
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surface and woikg fluid, leading to an incremenh heat transfer coefficient. Furthermore,
increasing the surface area by 7.17% respect to traditional model increases the heat transfer
coefficient by 19.6%.

60 - S
55 - Lol
- & . N
7 /' \ N\
50 - Rl s
/// -'/ — T~ \- R
45 - v -7 —~ T~
o P o Ny
©. 40 - _ - S AN
9V ~ W
< N \
S 35 \\ -‘.\\
- \Y
30 - NN
\ \
25 - — — Traditional model \
- - = Straight model \
20 - Wavy model \
— - - Helical model
15 T T T T T T 1
9 10 11 12 13 14 15 16
Time (hour)

Figure6-10 Heat transfer coefficient variations within thersygphon loop for all models on 15
March under thermal weekday loading

[Figure 6-11]depicts the variation in watd 1V W H P & lthe Bevitr biie storage tank fofa)
traditional model,(b) straight model, (b) helical model and (agavy model at a heat flux
corresponding td5" March under thermal loading condition of the weekdiyan be seen that,

due toanincrease of exposed surface area to the heat flux, in the new models the temperature of
the water in storage tank has been increased compare to the traditionalfuddelmoreijt can

be seen that the temperatwk water within the storage tank is higy for straightmodel as
compared to othanew moded havinghelical and wavynserts Moreover,it canbe noticel that

the final tank temperature at the ersdaround53.01°C, 57.1°C, 55.68C and 55.58C for
traditional, straight, helical and wavy modetespectively.The exposed surface area has been
increased by 7.17% with respect to the traditional model. This has caused the temperature of water
in the storage tank to increase by 13.33% compare to the traditional model respect to straight
model. Basean these aforementioned observations it can be concluded that, an increment in the
surface area of the riser pipe will increase the temperature of working fluid within #sgphon
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loop. This leads to more heat transfer between working fluid and watenwhe storage tank by

the heatcoil, whichis inside the tank and therefore improve the thermal performance of thermo
syphon.
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Figure6-11 Temperature variations within the storage tank for all models8march under
thermal weekday loading

Furthermore, in order to understand the behaviour of working fluid within the riser pipes, velocity
and temperature distributishave been analysédr all models

depicts the crossectional view of flow velocity variationsken along the lengtim

the middle riser pipat a heat flux corresponding 6" March, for (a) traditional model(b)
straiglt model, (b) helical model and (ajavy model The corresponding thermal loading
condition that has been specified is that of the weekday. The scaleadntoeirs has been kept
constant for effective comparison purposes. It can be clearly seen thdbwheelocity is
considerably higher on the upper section of the riser foipthe traditional model whereas, high
velocity profile has been observed at the mean path for the new mohislss because, with the
addition of heat, the temperature of thed increases and hence decreases the deifibigyefore,
fluid moves upwardat the upper section of the pipe and then propagates towardgriber It
can be clearly seen that the velocity of working fluid within the riser pipe is hightatbtional
model as compared ttew models.Furthermore, it can be seen that the velocity of working fluid
within the riser pipe is higher fatraightmodel as compared to other new models. The percentage
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decrease of average working fluid velocity forlited and wavy models with respect to the
straight model was approximately.3% and 10.5% respectivelWhilst the percentage decrease

of average working fluid velocity between traditional and straight model was approximately
25.0%. It can thereforde cancludedthat, increasingsurfacearea of the riser pipe haggative
effect on the velocity of working fluid within the riser pipe.

(@) (b)

(c) (d)
Figure6-12 Flow velocity variations in the middle riser pifar (a) traditional mode(lb) straight
model(c) helical model andd) wavy modelon 158" March under thermal weekday loading
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Figure 613 depicts the velocity profiles of the working fluidken at a cressectionwithin the

middle riser pipeat a heat flux corresponding " March, for all models considered in the
present studyThe corresponding thermal loading condition that has been specified is that of the
weekday.This analysis has been conducted a crossectional plane located at a length of
y/Y=0.9 of the riser pipgo capture the maximum valueBhe scale othe profile has been kept
constant for effective comparison purposkésan be clearly seen that the velocity of working
fluid within the riser pipe is higher for traditional model compared to the new models.
Furthermorejt can be seen that the velocity of working fluid within the riser pipe is higher for
straight model asompared to othemewmodels. The maximum velocity of working fluid within

the riser pipe for all models takelace at 2 1 F O(Rvidddy). The maximum velocity of
working fluid within the riser pipe for traditional model, straight model, helical maaiveavy

model was 0.65m/min, 0.36m/mid,34m/min and 0.28m/min respectiveRhere are two reasons

that cause the reduction in the flow velocity within the riser pipe. The first one is the presence of
pipeinside the riser pipe that increases the resistam fluid flow. The seconbeing anincreased

inner surface area of riser pipe. In the new propasedes, the inner surface area\ebeen

nearly doubled compared to the traditional model. This increment of the inner surface area has

raised the wall skar stress as shown in figuré8@ndhence decreaddlow velocity of working
fluid.
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[Figure 6-14] depicts variation in static temperature of the working fluid within the esestion

taken along the lengtbf the middle riser pipat a heat flux corresponding 16" March, for (a)
traditional model,(b) straight model, (b) helical model and (@avy model The corresponding
thermal loading condition that has been specified is that of the weekday. The scale of the contours
has been kept constant for effective comparison purptisesn be clearly seen that the working

fluid temperature is considerably higher on the upper section of the riser pipe. The reason behind
that is an increment in working fluid temperatuvehich leads to decrease the density and

hence the hot working fld concentrates on upper section of tieer pipe. It can be further
noticedthatthe temperature of working fluid within the riser pipe is higherstoaightmodel as
compared to other model$he percentage decrease of average working fluid temperature
helical and wavy modeWith respect to straight model was approximately 1.3% affo1

respectively.The percentage increase of average temperature of working fluid between traditional
and straight model was approximatel{%.
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(a) (b)

(©) (d)
Figure6-14 Static temperature distributions within the middle rieer(a) traditional mode(b)
straight mode{c) helical model andd) wavy modelon 158" March under thermal weekday
loading

Figure 615 depicts the static temperature profiles of the working ftakkn at a cross section
within the middle riser pipat a heat flux corresponding 16" March, for (a) traditional model,

(b) straight model, (b) helical model and (@avy model The corresponding thermal loading
condition that has been specified is that of the week@llaig analysis has been conducted on a
crosssectional plane located at a length of 0.9 of the riser pipe length to capture the maximum
values.It can be seen thahe temperature of working fluid within the riser pipe is higher for
straight model as compared to othewmodels. The maximum temperaturetiog¢ working fluid
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within the riser pipe fortraditional, straight, helical and wavy models $1.60°C, 101.56C,

98.60°C and 99.29C respectivelyThe increased surface area exposed to heat flux, increases the

amount of heat transfer to working fluid within the riser pipe and thus raise the working fluid
temperature. From this, it can be established that onlydsgasing the inner surface area of riser
pipe the temperature of working fluid can be increased and hence the performancesdd

loop thermasyphon solar water haeag system, while the amount of working fluid remains
constant. Findings show that dasexin the surface area of 7.17% can increase the working fluid
temperature by 7.98% for same amount of working fluid.
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Based on aforementioned analysisetfect of all modelson variousparameterguantifying heat
transfer effectivenessan berepresentedsfollows:

Table6-1 The effect of different models on various parameters

Types of models | Heat gain within| Heat gain within| Wall shear | Heat transfer
the storage tank| the collector stress (Pa) | coefficient of working
(W) (W) fluid (W/m?.°C)
Traditional model | 658.4 558.3 0.01133 47.31
Straight model 739.2 617.9 0.013D 58.84
Helical model 730.3 593.7 0.0139 54.81
Wavy model 720.4 591.3 0.0130 55.32

From the[Table 6-1]it can be cooluded that the performance of theermesyphonwith new
configuration of riser pipe have been improved. Although, the perforntdnicese models do not

vary muchthe model with straight pipe has better thermal performance characteristics compare to
other models. Moreover, the straight model has simple geometry and it is cost effective.
Henceforth, this model (straight tube) has been chosen for further investigaiimprove the
thermal performance of therrgyphon.Henceforth, this new model (straight model) has ability to
improve the thermal performance of thersyphon by 12.3%s compared to traditional model

After the previousconclusion, next step is to study the effectofountof working fluid within
thethermasyphonloop for the better thermal performance of the system. In the present study, the
performance of chosen model (straight tube) has been investigated undecotihdéens by
varying the amount of working fluid as compared with the traditional model. The volume of
working fluid has been varied agairtbiat in the traditional model, by having working fluid as
similar, larger, and smaller in volume. The percentaaygation in the amount of working fluid

was 30%. These variations have been achieved by changing the dimensions of inside tube.

depicts total heat gaim ithe storage tank for various amount of working fluid within
thermasyphon loop (same amount, larger amount and smaller amowamt)a heat flux
corresponding td5" March under thermal loading condition of the weekday. It can be clearly
seen that the amount of heat gained within the storage tank is highbe fsimilar volumen
comparison with the larger and smaller volume by 2.8% and 2.3% respectively. It can be
concluded that the same amount of working fluid is better as compared with Etméinermore,

it can be concluded that the amount of working fluid &fisct on the heat transfer along with
other parameters su@ssurface areadenceforth, based on theefindings the straight model with
sameamount of working fluid will be considered for further investigation to improve the thermal
performance of thermsyphon.
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Figure6-16 Total heat gains within thetorage tank for various amount of working fluid off'15
March under thermal weekday loading

To investigate the effect of the new model (straight model satheamount of working fluid) on

the thermal performance of therragphon, a comparison between the traditional model and the
chosen model has been conducted both experimentally and numerically which is explained in the
next sections.

6.3. Benchmark Tests

Based o results from previous sections, it can be concluded that the straight model is better
model among other models. A new model has been manuwddciurthe ldoratory with

dimensions as shown ‘ﬂ?igureG-l?

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFEOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

163



DESIGN MODIFICATIONS

Figure6-17 Schematic of the new model
The new model can be manufactured by following the procedure mentioned below:

1. To increase the surface area of riser pip&obow copper pipe with external diametef
22mmhas been chosen, which has a wall thickness of 0.9mm. (Standard dimension)

2. Another hollow copper pipe with external diameter of 15mm and 925mm length has been
chosen for the inside pipe. However, the dinams of the condenser, upriser and downcomer
remained the same as in traditional model, to keep the same amount of working fluid within
the thermesyphon loop. These dimensions above have been calculated to maintain the same
amount working fluid as the wi#&ional model in the new proposed model

3. The both end of the inside pipe is @dsby plastic stopper
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4. To align the inside pipe with the centre of the riser, create a hole at the centre of the plastic
stopper closing thimside pipe and the Equal Tee

5. Link these two holes by a screw which location on the pipe is fixed by bolts. The dimensions
of the bolts used in this study are 75mm length and 3.5mm diameter

6. |Figure6-18{(a) shows the exploded view of the riser pipe connection wherg&sine6-18

(b) depicts the fulhssembled riser pipe configuration

(@)

(b)
Figure6-18 New model

To check the thermal performance of the chosen madetrimentally the temperature of water
within the storage tank, the inlet and outlet temperature of working fluid withinhégrenc
syphonloop has been measured and compared with the traditional model. In this study, two types
of investigations have been carried out based on heat flux condition. The first condition was
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constant heat flux. However, to simulate real life condition, the [eterof this investigation has
been carried out on transient heat flux conditiphable 6-2| contains the dimensions and
characteristics of chosen model, which iscuseexperimental work.

Table6-2 Test rig specifications of new model of thersyphon

Height of casing 1.2 m
Width of casing 1.1 m
Depth of casing 0.18 m
Tilt angle of collector 53 °
Number of risepipe 5

Length of the riser pipe 0.95 m
Inside riser pipe diameter 0.02 m
Outside riser pipe diameter 0.022 m
Riser pipe material Copper

Length of inside tube 0.9 m
Diameter of inside tube 0.015 m
inside tube material Copper

Absorber platéength 1 m
Absorber plate width 1 m
Absorber plate thickness 0.0007 m
Absorber plate material Copper

Diameter of tank 0.398 m
Height of tank 0.635 m
Material of tank Plastic

Inside diameter of condenser 0.0202 m
outside diameter of condenser 0.022 m
Length of condenser 0.6 m
Condenser material Copper

6.3.1. Constant Heat Flux

In this section, the new proposed model has been compared against the traditional model
experimentally,and the parameters used for the comparisorwater temperature within the
storage tanktemperaturef working fluid at the inlet and outlet of collector, as well as the mass
flow rate of working fluid within thehermasyphonloop under constant heat flux.

[Figure6-19 depicts the comparison between the temperature of water within the storage tank and
temperature of working fluid at outlet and inlet of collector for both models for five hours of
operationwith constanted flux of 177.7Wi/nf under no loading from the storage tank. It can be
clearly seen that thesrea good improvement with both temperature of water and working fluid,
which indicates anincreasen the performance of therrrgyphon. Furthenore, increasen heat

gain within the storage tank was (16+1.9@)while the increasen heat gain witin the collector
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was (12+1.32p. It can be further concluded that increasing the surface area of the riser pipe
without changing amount of working fluid leads to improvemierihe thermal performance af
closed loopthermasyphonsolar water heatg system. Therefore, this proposed dabcan be

used to enhance heat transfeaiolosed looghermaesyphonsolar water heatg system.
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Figure6-19 Variation in temperature of water within the storage tank and working fluid at the
inlet and aitlet of collector for different models

6.3.2. Various Heat Flux

For further investigation, the temperature has been measured at the aforementioned focation
both traditional and proposed model at various heat flux conditidre heat flux was varied by
controlling the heat flux source. In this case, the heat flux was appliedsystem ofhalogen

lamps. When the halogen lamp was turned arconstant amount of heat flwasapplied onto

the collector. The varteon in theheat flux was controlled by turning on/off the lamp. This type of
heat input arrangement has been chosen to analyse the behaviour of working fluid and to confirm
the relation between the mass flow rate of working fluid and heat [fipble6-3]summarises the

range of heat fluxes parametgsedduring the experimental period, whichere considered in
experimental work.
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Table6-3 Range of heat fluxes

Time
, 0-90 | 90-105 | 105195| 195210 210300 | 300-315| 315405 | 405420
(minutes)
Heat flux
" on off on off on off on off
(W/m°)
where

on s the heat flwat (177.7W/nf)
off is heat fluxat (OW/m?)

[Figure 6-20]depicts a comparison of water temperature variation within the storage tank between
the new proposed model and traditional model for seven hajupperation with various heat
fluxes, whch is shown in table 8. The temperature has been measurtetha centre of tank.
According to thit can be seen that wheollectorwas exposed to eonstantheat

flux of 177.7W/nf for 90 minutes the temperatureof water in the new proposed model has
increased from 22.40 to 28.258C with a gradient of 0.068&/min. While in the traditional model,

the temperature ofaterhasincreasedrom 22.86C to 27.06C, with a gradient of 0.04Z/min.

After 90minutes of constant heat flux, the lamp was turned off for 15 minutes. The storage tank
was insulated properly hender a short period of time (15minutes) the water temperature did not
decrease, instead has increasedAfter 15 minutes the measurédmperatureof water was
28.48C and 27.2%C having a gradient of 0.01%3/min and 0.012C/min for both new and
traditional models respectivelyhis is due to the fact that, the temperature of the workind fl

after 105 minutes remained higher than the storage water temperature, which means that the
storage water is still gaining heat from the working fluid. Moreover, the temperature difference
between the storage tank water and the ambient was compar&tiwelin addition, since the
temperature was measured at the centre of the storage tank, the temperature variation at the centre
is expected to be low, which is revealedRigure 6-20] Furthermore, the final temperature of
water within the storage tank after seven haifrsperationfor new and traditional models was
37.8%C and 35.1%C respectively. The total temperatunecrease for the new model and
traditional model was 15.86 and 12.29C, illustrating a(20£1.53% increment in storage water
temperature by new proposed model.
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Figure6-20 Experimental result falemperature of water within the storage tank for a constant
heat flux with oroff fluctuatiors under no loading for different models

[Figure 6-21|and Figure 6-22|depict working fluid temperature at inlet and outlet of collector for
seven hoursf operation with various heat fluxes, which is showmT &ble6-3| According to the
[Figure 6-21] during first 90 minutes ofconstant heat flux of 177.7Wfmnthe temperature of
working fluid at theinlet of the collector has increased from 22%20to 41.37C and from 22.2°C

to 38.45C for new proposed model and traditional model respectiilelgtrating an(18+1.53%
increasein working fluid temperature ¥ new proposed model. Subsequently during the 15
minutes of removed heat flux, themperature of working fluid at inlet has decreased from
41.3PC to 33.92C and from 38.4% to 31.74C for new and traditional models respectively.

Figure 6-22|illustrates that during the first 9®inutes of constant heat flux the working fluid
temperature at theutletof collectorof new and traditional models has increased from7Z22.30

55.2%C and from 22.4%C to 49.48C correspondinglyijllustrating a(21+1.53% increment in
working fluid temperature by new proposed modeladdition, during the latter 15 minutes {90
105minutes) with no heat flux, the temperature of workingl at the outlet has decreased from
55.2%C to 39.03C and from 49.4%C to 35.23C for new and traditional models respectivdljie

new proposed model has increased the working fluid temperature at the inlet and outlet of the
collector by(17+1.33% and(13.8+1.32% correspondingly with respect to the traditional model.
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[Figure 6-23 depicts the variation in mass flow rate of the working fluid within ¢tused loop
thermoasyphonsolar water heatg for both traditional and new proposed model. It can be seen
that the mass flow rate incredsastantaneously as the heat flux is applied. Within a short period
after the heat flux is added the mass flow rate reaches the maximum, after which it stplidise

a limit. Subsequently, when the heat flux is removed, the mass flow rate starts to decrease. The
rate of mass flow rate change during the heat flux addition is hagimeparedto the heat flux
removal.Furthermorethe average mass flow rate for tineditionalmodel is higher as compared

to thenewmodel by 171%.

It can be concludethatthe heat flux has a significant effect on temperature and mass flow rate of
theworking fluid within thermasyphonloop. Hence, it hasffecton temperaturef water within

the storage tank and thermal performance of the system. Moreover, based on the analysis
conducted before, it can be notifht the methodology implemented in the new proposed model

has improved the thermal performance of thesyphon for both aasstant and transient heat flux
condition.
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Figure6-23 Compares the experimental results between traditional model and new model for
mass flow rate afheworking fluid within thermesyphon loogdor aconstant heat flux with en
off fluctuatiors under no loading fodifferent models
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6.4. Summary of the Design Modification of the Thermesyphon

Throughout this chapter a novel geometric configuration for thesyphon has been presented. This
novel geometc configurationwasarrived at by careful numerical analysis of a variety of models with
different heat transfer enhancement methods. The analysis revealegpdtatppe model has best
heat transfer characteristics. To further strengthen the nuingegign an experimental programme of
work was designed and it has been conclusively proven thatirpgipe model is better than
conventional thermgyphon model. The manufacturing details of such model have also been
presented. Some important observasithat havebeen made during the numerical and experimental
investigations are listed below.

x The model with the straight inner pipe model avith sameamount of working fluid as the
traditionalmodelshowsbetter thermal performance compared to the other models theat ha
been considered at the beginning of this study. Hence, the model with the straight inner
pipe model anavith same amount of working fluid cdoe considereds the optimum one

X The averageelocity of working fluid within the thermgyphon is lower for new modshs
compared to traditional model. This is the resultant of higher wall shear stress in new
modek caused by the increase of friction between the fluid andthtiexsurface wall

x Pressure difference between the inlet and outlet of collector is less for the traditional model
as compared to the new mosldue to the incraseof friction between working fluid and
innersurface area of the riser pipe

x The quantity of heat gain in collectand the storage tank has been improved in the new
modebk as compared to traditional model

X The thermal performance of system is higher for new m@dilightmodel)as compared
to traditional modeby 12.3%

This chapter has provided information abdue éffectiveness of the heanhhancement device
used withinthethermasyphonloop. The flow behaviour in the new models has been analysed for
various characteristic parameters. Based on this analgsigext chapter auser friendlyand
reliable methodolgy for designing a thermsyphonhas been proposed detailed description of
this methodology has been documented in following chapeS{GN MODELLING).
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CHAPTER 7
DESIGN MODELLING

In this chapter, a new methodology to desartlosed loophermasyphonsolar water
heaing system has been presented. This methodology provides a detailed investigation
regarding geometrical parameterstioérmosyphonloop, thermal andlow parameters of
working fluid within thermasyphonloop. Furthermore, a new design approach based on the
developed correlations has been described.
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7.1. Description of the main equations to be used in the design methodology

According to the results, which have been obtained in chapter five from numerical invessjgation
a new methodology has been createdawy outdesignanalysisof a closed loogghermasyphon
solar waterheaing system. This methodology dependn semiempirical correlations for the
prediction of Nusselt number, Reynolds number, temperature of plate and working fluid
temperature at the lgt and outlet otollector, and these relations have been developed by using
multiple variable regression analysis.

7.1.1. Heat Load Required

In order to determine the required amount of heat to meet the demand, several parameters should
be consideredugh asnumberof persons using hot water, the inlet, amatlet temperature of
water. The load on the water heating system can be represefii@das

L n non: mrF gr; (7-1)

where |, denotes the number of persongthe volume of hot water used by each persgn.the
required hot water temperature ang the initial water temperature.

As the amount of water usage varies enormously person to person, it is difficult to quantify the
precise amount of waterse. Therefore, based on reviewed literature an averageibﬁl]
waterusageper day for each person has been considered in this present study.

7.1.2. Area ofthe Collector

The required collectaireacan be estimated as in Eq.A)

Uk
D, L M (7.2)
In this case ¢ denotes the useful heat, which is similar to the heat Ipad; as in previous
equation. D, is the efficiency of the coll#or, the solar intensity, and ,the collector area.
According to [7], the valueD, lies between (40% and 60%). In addition, the collector area
depends on the number of riser pipes)( length of riser pipes (; and the distance between
centre to cetne of pipes (™, which can be represented as

~

LLe 0 Om (7.3)
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7.1.3. The Mean and Collector Wall Temperature
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where | .is the mean temperature of working fluid and can be computed as:

pod o= (7.5)

To estimate the inlet (;; and outlet ( ,temperature of working fluid, Eq. &) and (77) which
have been obtained from multiple variable regression analysis in chapter five can be used.
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VW26 VWX g
g L 162 V2 W, (7.8)
and
ZV\/?V;X_d
m 16?2V W, (7.9)

While designing a thermsyphon system the following parameters should be considered
carefully.

Omax= Maximum heat flux during theay
g=minimum heat flux during day
TL=maximum thermal loading during day
TLave=average thermal loading during day
<*f g, 7 time of minimum heat flux occurrence
<* 4§ g, = time of maximum heat flux occurrence

7.1.4. Specifications othe Collector

In order to estimatéNusseltnumber, Eq. (A0) can be useavhich has beernobtained from
multiple variable regression analysiscordinghe results, which have been obtained from chapter
five by CFD technique

,a153
P C[D£C dG

»25 a.l
: a9 \ & -
457 @A iny @A ToTe—

p 37 (7.10)
>

s L

F’HNH’]A

Nu is Nussk number anctan be calculated by the following expression

—L— (7.11)

whereh is the heat transfer coefficient, calculated using the following expression:

S LW (7.12)

The riser pipe diameter can be equated by combining the -abewvgonedeq. (7.11), (7.12), and
(7.10)
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, I P_cha, »d4153
457:@—9 AY In B gat m=ob& dg
L :Xka?lCXh[\;O{: cWn @ P C[DchWn . 713
5 ' TR J (7.13)
& PHyvIh

According to the ratio of length to diameter, the length of riser pipe can be calculated by the
following form:

(7.14)

—
olyg
(e

7.1.5. Mass Flow Rate

Themass flow ratef theworking fluid within thethermaesyphonloop can be estimated by using
the followingexpression:

6L Hiévﬁ (7.15)

where . is Reynolds number that can calculate Bxy. (7.16) which, has been developed in
chapter five.

4877 4&35: AB75 v oKkes 4879

co AE9< B: ¢
Lt{myv@—A @ E- %Wn o7 449 0QA T (7.16)

7.1.6. Collector Heat Removal Factor

The heat removal factor can balculatecas

Uy
v L — -
Evadn ‘¢ ?2Y:X 2 Xwig

(7.17)

The value of the solar radiation intensity (and the overall heat losses of collector (U) can be
estimated by equations (Chapter one).

Eq. (7.18) can be used to predict the collector efficiency factor

L W

u\ > >__"
Q@ m7@B7 2y " @,

(7.18)

where
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ST N (7.19)

The efficiency of fin (F) is calculated:as

r 1B @
e (7.20)
L §% 7.21)

The net energy (useful heatkchieved by theworking fluid from the solar energy, can be
calculaed as

sLe*6,: nF 4 (7.22)

7.2. Design Procedure

The design process in the present work endeavours to track the thermal performance of a closed
loop thermesyphon solar water heating system. This proeasbles the designer itovetigateall
possibleconfigurations of the system numericallyhich reduces the experimental work, saves
money and time.

7.2.1. Assumptionsusedin the DesignMethodology

1. Frictional pressure losses in the pipes are negldmedusehe loop pipe lengths are short,
the mass flow rate is low, and the dominated pressure gradient is gravitation which is several
orders of magnitude greater than the friction pressure drop

2. The upriser and downcomer are assumed to be well insulated and the thermal losses from
these components are ignored

3. Throughoutthethermasyphonloop, the saturation temperature is constant

7.2.2. Design Steps

In order to calculate the theoretical valueuskful energy (), various parameters should be
calculated. The following section describes the steps and the sequence of this calculation
procedure. The required parameters that need to be considered to obtain the useful energy, are the
overall heat trasfer coefficient (U), the heat transfer coefficient (h), the mass flow rate of
working fluid within thethermesyphonloop ( § diameter of riser pipe (D), inlet §, and outlet

( w temperatures dheworking fluid, mean temperature of the working flid, o)y temperature

of the plate (, j), area of the collector (3 and the distance between two riser pipes (w).
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The design procedure is explaghia the following steps:

1. The number of persons who will be using the facility is an input.
2. The initial emperature of water within the storage tank is an input, which will depend on

the weather, andeterminesWKH ILQDO WHPSHUDWXUH RI ZDWHU UHT
3. Calculatethe total heat load by using Eq. (7.1)

4. The number of days in the year (Ijographiccharacteristics of location (&2 &£ < 4, tilt
angle of collector §, and standard time () are defined

5. The given operating conditions air temperature),( velocity of air (), the initial

temperature of working fluid (;) are also known.

System properties B, é&é-qéZén.é-dé:n & ,A are defined

Calculated solar radiation intensity( by using set of equations presented in secti8ril

Calculate the heat fluxes at each hour by using Eq. (3.21)

Assume the value of the efficignof thermesyphon (0.4+0.6) and then keep ¢onstant

10 Calculate area of collect¢r ) by using Eq. (7.2)

11.Calculate the useful heat; @ (W) based on minimum the heat flux (step 8) and collector
area (step 10)

12.Assume the riser pipe number and tatio

13.Calculate the inlet (5 and outlet (., temperatures by using Eq. (7.8) and (7.9)
respectively and hence calculate the mean temperature of working: flgid by using
Eq. (7.5).After that, calculate the mean temperature of the absorber platg Py using
(7.4). Then calculate the diameter of riser pipe (D) and Reynolds number (Re) by using
Eq. (7.13) and (7.16) respectively. Hence, calculate the mass flow rate of working fluid
(» Bwithin the thermesyphon loop usingq. (7.15)

14.Calculate the ha transfer coefficient by using E¢7.11) and (7.12)

15. Calculated the heat loss coefficient;(usingset of equations presented in sectidh3

16.Calculate thdength of the riser pipe and the distance between any two riser pipe (W)
using Eq. (7.2), (7.14) and (7.3) respectively

17.Calculate width of collector based on collector area and length of th@ipser

18. Calculatethe useful heat gain at collectop Qased on dierent combination of riser pipe
numberand L/d ratio by using Eq. (7.22)

19.Compare between the useful heat gair{sgep 18) and the useful heat (&ep 11)

20. Record and save all cases cover the useful heat gain at the collector

© 0N

Figure7-1|showsa flow chart regarding the design methodolaggpptedn this study.
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Figure7-1 Flow chart of the design methodology

7.3. The Costmodel for the thermo-syphon

The total cost ofsystem)a closed looghermasyphonsolar water heatg system consists of
three main partsnanufacturing cost, operation cost and maintenance cost.

er_l-j- Q_Isd_arspgl%ncp_rglﬁl Q_glrcl_lac (7.23)

Beinga closed loopghermasyphonsolar water heatg system does not have external devices like
pumpand it depends on solar energy, which is completely free, therefore the operationdcost an
maintenance cost can kessumed to baegligible. Hence, the total cost will be equal to
manufacturing cosas shown in below:

er_l-j- Q_Isd_arspgle (7.24)
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Generally, manufactimg cost consistof two parts:the cost of parts of thermeyphon and
personal cost as shown in Kg.25).

Q_Isd_arspd—|e T_pr(|4E Tcpgml_j (7-25)

As mentioned in sectithermesyphonsolar water heatg system consists @f storageank,
working fluid, andthermasyphonloop. The common working fluid withimhermaesyphonloop is
water and it is inexpensive. Therefore, the cost of the working fluid can be ignoredcasificy
the component can be written as

T_prd— rfcpkr‘hqwnfrr]'mmrE rli (7.26)

Thermasyphon loop commonly consssbf three sections namedplar collector, condenser, and
connecting pipeypriserand downcomer). Solar collector mainly consists of; riser pipes, absorber
plate, glazing cover and insulatiohll these components are assembled in a proper encasement.

amjjcar‘ﬁp ngnC(|4E _‘qmp‘np_rcE glqu_rgﬁl a_qgle (7.27)

7.3.1. Cost otthe Pipe

The pipe cost can be estimated, by £@.28 which is given by{135. This equation uses the
dimension of theipeto calculate the cost.

ngnd OONU: F50-0 O (7.28)

where , is the ouer diameter of pipe (mm);-is thickness of pipe (mm), is the total length of
pipes km), Qs density of material andsis costof pipe material (£/ton)

7.3.2. Cost of Absorber Plate

Absorber plate cost depended on volume and material. Most of the absorber plate comprises of
copper duet's higher conductivity. The absorber plate cost bartalculated by using the formula
below.

gqmpop rd OUZO™U-U ¢ (7.29)

where AZ™a-f « T 5 denotes the length of plate, width of plateickness of plateQs densityof
mateial and the unit of cost is £/ton.
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7.3.3. Cosbf Insulation

The insulation cost can be calculated from the equation formulated below, which is a function of
insulationvolume

qusj_rgLﬂIZUTMU_U 7 (7.30)
where -;denotes the insulation cost per one cubic meter.

7.3.4. Cost ofthe Casing

The aluminium is used dke casingnaterial fora closed loogghermasyphonsolar water heatg

system for several reasons swadinexpensive, light, higher resistance and easy manufacturing.
Eq. (7.31) denotes an equation that can be implemented to estimate the cost for aluminium per
volume.

where gdenotes the aluminium cost per one cubic meter.

7.3.5. Cost othe Tank

Based on the capdly and materialthe cost for the storage tank can be determined. To estimate
the cost otank the formula below can be used, which depended on capacity and material of tank.

r_li L n U 9 (7.32)

where ,and gdenotes the capacity of tank and the cost of tank per 60L capacity.

7.4. The Optimisation Model

Design optimisationof thermesyphon is very important in order to make it an efficient and
commercially available device. The following sectiontbis chapterincludesthe procesgo
define the optimised model. The thernsyphon will be designed based on the useful heat that
coves the minimum heat flux in the collector and the lowest manufacturing costs as well. In order
to obtain the optimised cagertain steps need to be followed, which are mentioned below:

Input all cases that cover the useful heat gain at the collector
Calculate the total length of pipes

Calculate the cost of pipes by using Eq. (7.28)

Estimate the capacity of the storage tank basetiorberof persons
Calculate the storage tachkstby using Eq. (7.32)

Gk whpE
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6. Calculate width of collector based on collector area and length of theipser

7. Calculate the cost of plate, insulation, casing using Eq.(7.29), (7.30) and (7.31)
respectively

8. Calculate the total cost for all cases that cower useful heat gain

9. Choose case which has minimum total cost as optimal case

Figure7-2[showsa flow chart regarding the optimisation model displayed in this study.

Figure7-2 Flow chart of the optimisation model

7.5. Design Example for a Closetdoop Thermo-Syphon System

This section will illustrate the procedure and the steps of designing a tsgphon system for a
small family with five persons living in Huddersfield. Two calculations will be shown for both
traditional and new model. In additiofet cost for each model witle estimatedor comparison
purpose. Following parameters have been assumed for this sample calculation.
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the total solar radiation intensityy)(value is 5600W/mday, the initial water
re is 2C, required weer temperature is 8G, the collector efficiency is 50% and the

initial temperature of working fluid is 6. Moreover, the total solar radiation intensity can also
be calculated by the equation and MATLAB code provided ifAlRBENDIX B| Heat fluxes and
thermal loading are presented in the table below for different time.

Time (hour) 9-10 1011 [11-12 [12-13 |[1314 [1415 1516
Heat flux(w/m?) 196 |313 |401 433 401 313 196
Thermal loadindW) | 4.25 |[3.75 |3.4 2.5 2.5 3.25 3.25

Solution:

7.5.1. Traditional Model

1. From Eq. (71) can be calculated the amount of heat to heat the water within the

storage tank
L :wUswOva zwWJ:xrF sw; u&
L u{tu /day
From Eq. (72) can becalculated collector area

S

D, x

7=67_
al 480044 1.403n

al

2. Calculate the useful heat; @ (W) based on minimum heat flux and collector area as
below

s L s{xUs& r u=274.98W
3. Assume number of riser pipes =6, and the L/d ratio of riser pipes =100

4. From Eq. (7.8) and (7.9)he temperaturef theworking fluid at inlet and outlet dhe
collectorcan be calculated
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455:.@2A " @ a T @ A
SL 17 Lag ~ =0.4217

115:8.45:54 4,840

y 56;<:; %/ 1544811 45
L 5o .4a/-2 oa1 & /1 _ -&,0
€A G A @A

54 :9648657261865t67 ;96059
L : : : = 47.04°
g 167486525796 04°C

;58 ;9@ 4B65;X 4_ o
mL 674865?59:96 70.4°C

By using Eq. (7.5tan be evaluateithatthe reference temperature of working fluid

pod T =58.72C

5. From Eg. (7.4ran be estimated that the plate temperature of collector will be

. i, 52873
5& 7 =9 <46; @/—/A
L 041 ya-4

@>—A

/a0

u_jj — ————=64.68C
- 113430544 83/2@ A

6. From Eq. (7.13) can be estimated that the inner diameter of the riser pipe will be

ny 4B T @A B sggdl @At S
- 84<?9<a6; Ba @7 o ® 5443 @ ,
L — e 1 7 : i=0.0162m
. G>50A

7. From Eq.(7.14ran be calculatethat thelength of riser pipés:

L- U
.l.

L srrUrdsxtL skte

8. From Eqg. (7.13) can be estimattht thedistance from centre to centre of riser pipe
is:

sarulL xUsxt(Um™

™10.144m
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9. From Eg. (7.16Fan be estimateithat the Reynoldaumberis:
. ABT7 0 485 4879
: = 8869 A8 9<6 .4@75@4 —
cLt{ay@-A  @E—_A  x%%<srr ‘A =352.48
10.By using Eq. (7.15) can be calculatidwhtthe mass flow rate of working fluid within

thethermasyphonloop as:

e6L 4@'5:@&4854m5&j79@20.0046Kg/3

11.From Eq. (7.12) can be calculatiwht theheat transfer coefficiens:

~ 5=:

_ 5= . )
Tsacroag, [ utadawimiec

12.Calculate the useful heat gain in collector by using Eq. (7.22)

s LrarvxOvszW:yrd F vyidv;=449.703W

13.Repeat althe steps above for all options of the number of the riser pipes and L/d ratio
14.Take just the cases which are covered the useful heat Q
15.1n order to estimate the cost of thensyphon system, the following steps can be used

According to the current marketpmponents prices of therasyphon listed ifTable7-1

Table7-1 Various costs of thermsyphon components

Components Price
Copper 630CE/ton
Sheet aluminium 13654&/m®
Insulation 347 /m’

To estimate the cost of pipmtal length ofthermasyphonloop shold be calculated first. In this
casethe totallength ofpipescan be calculated as below:

The total pipes length= (1.62*6) + (1.36*2) +0.5+2.12+0.866=15.92m

Figure 7-3|depicts the dimensions dhermasyphonloop and byusing Eg. (7.28), the cost of
pipes can be calculategsuming that the pipe has a thickned3.@fnm.

ngnd :zdwOusvU:szF rg; Ord Urasw{UOxurr srrr£43.37
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Figure7-3 The dimensions of therr®yphon loop(traditional model)
By using Eq. (7.29)absorber plate cost can be calculated
gqmpop rd (zZdwUs&tOraxxOrarryUxurr srrr
=£55.372
To estimatecostof insulation, Eq. (7.30) can hesed.
glgsj rgkiiis&tOraxxE it UraxxE:s&tUOt;; Urdz Urdaw Ouvy
=£39.869
By using Eq. (7.31)he casing cost can lewaluated
a_qgik iiis&tUraxxE::it UraxxE:s&tUt;; Urdz Ordaru; Usuxwyv
=£94.13
While, to calculate the storage tank cost, Eq. (7.32) can be used
e i Lywlrgw
=£56.25
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Assume that thpersonal cost of £50
Finally, the total cost for theystemis £338.991 which can produce 449.703W. Therefore the
cost forper unit heat is 0. Z&E/W.

Repeat the above steps to calculate the total cost for all cases. The optimtmasbase chosen
with two prior conditions The first condition is the useful heat gain should be close to the heat
achieved fromthe Sun rays tattainbest thermal performanc&he second condition is the cost
for the system should bess[Table 7-2] summariss the total cost of thermsyphon per watt
thermal outpufor various combinationof riser pipesnumberand length to diameteatio of the

riser pipe. It can be clearly seen that the case with 6 riser pipes and L/d ratio f th@0
optimumcase.

Table7-2 The cost per watt for different number of pipes and L/d ratio

np
L/d 5 6 7 8 9 10
50 0.8709 0.8281 0.8032 0.7899 0.7849 0.7861
60 0.8283 0.7957 0.7790 0.7731 0.7749 0.7829
70 0.8000 0.7756 0.7660 0.7666 0.7751 0.7902
80 0.7808 0.7635 0.7604 0.7675 0.7830 0.8061
90 0.7679 0.7572 0.7603 0.7741 0.7974 0.8300
100 0.7597 0.7460 0.7646 0.7857 0.8179 0.8624
110 0.7594 0.7564 0.7726 0.8019 0.8449 0.9046
120 0.7620 0.7606 0.7841 0.8228 0.8791 0.9586
130 0.7746 0.7902 0.8229 0.8733 0.9462 1.0518
140 0.7771 0.7993 0.8408 0.9042 0.9980 1.1401
150 0.7813 0.8107 0.8622 0.9415 1.0626 0.0000
Minimum value 0.7594 0.7550 0.7603 0.7666 0.7749 0.0000
Optimum value 0.7460

7.5.2.A design example for the noveModel

A new designproposedto increase surface area of the riser pipe without changmguntof
working fluid within thethermosyphonloop is presented her@he diameter of riser pipe is very
importantin this casehenceequality of the volume of working fluid withirthe thermasyphon
loop, canbe used taalculate the diameter for new modlem the constraint as shown betow

rp_d‘i)l— lcu (7.21)

1. Assume the length of riser pipe foewmodel is equal to 0.95 déngthof riser pipe for
traditionalmodel. While lengthof a closed tube is equal to 0.9lehgthof riser pipe for
traditional and the diameter is equal to the diameter of riser pipetbtionalmodel
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N 6 e
rp_:]’nl—_v- rp_a& Uz

NP
rp_@L—V.rasxt Usax t
rp_al rarruuufes’
N. 6 My = 1 N. 61 N1
IcuaL_V' lcu UrEEWUZF—\/- g’ Urgq UZ

lcu L rp_&

< 1cu P UrdwOzZF— 1 ® Org UZ rarruuu s’

5t rcu:® UrdwOsat; F o irasxt® Org Usad=rarruuufs’
lcu L réttt{-

2. To calculatethe inner diameter of the riser pipe for new modiest step is calculated
hydraulic diameter, as bellow

L L jeu F g=ratt{-0.0162=0.0067m

3. Calculate Reynolds number by using Eq. (7.16) based on hydraulic diameter, then
calculatemassflow rate of working fluid by using Eq. (7.15)

_ ,a,2 |
. 7;2'3;@5/—/2A 6744l

oL g T 1548.48
«6L 4@4:;U4@454U75&,98@<:O.0029_kg/8

8

4. Calculate temperature of working fluid at inlet and outletafectorby using Eq. (7.8)
and (7.9) based on hydrautiameter

. 52,841  0z1 ,d4.-
11805367480,/

& =0.4217
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5854 ::;3210:674 4.0

> L oT———=37— — L3752
=52 041 y
@A GTnA
BVWV?W 59
oL —rvom = 47.04C
V?wW59_
m L orvow 70.4C

5. By using Eq. (/) can be evaluateithatthe reference temperature of working flisd

pod 2 =63.29C

6. Calculate temperature of collector plate by using Eq. (7.4) baskegdoaulicdiameter

= .. .52 ,8/-3 031 »a-3
5a;6:9=a:;@/—/A @WA
U_jj ::;,3430:6741330_ —6468)(:

7. From Eq. (7.12kan be calculatetthat theheat transfer coefficiens:

x, 5

SL . L76.26W/meC

N9 2:T7H S

8. In order to estimate the cost of thersyphon system, the stepe showrbelow.

As mention inprevioussection that to estimate the costpgdes,first total length of pipes for
the thermasyphon loop should be calculated. Since, theme two pipes with different
diameter; length of each type of diameter should be calculated separately

St —PEe%Sxiee T<fet—t"te

L :s&wOx; E :sauxUt; Er&wEt&tEraxxL s
St —FZe%o Bt fee Tcfot—%"FeL :savulx; L{&z
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Figure7-4 The dimensions of thermgyphon loop (new model)

From Eq. (728), the cost of pipes can be calculated
ngnd 1Zd&wOusvU:szF rg; Urd OUrasv{Uxurrg srre£40.59
ngnd 1zZdwOus vU:twF s; Us Urar{szUxurr srrr=£39
rmronignck 1y {8V {
By using Eq. (729), absorber plate cost can be calculated
Cgmpop rd 1zZdwUsatUr&zxOrarryUOxurg srrr
=£55.372
To estimatecostof insulation, Eqg. (B0) can be used
glgsj rghiiis&tUraxxE it UraxxE s&tUt;; Urdz Urdaw Uuvy

=£39.869
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By using Eq. (731), the casing cost can bealuated
a_qgik iiis&tUraxxE::it UraxxE:s&tUt;; Urdz Ordaru; Usuxwyv
=£94.13
While, to calculate the storage tank cost, Ee3ZY can be used
e i Lywlrgw
=£56.25

Assume that thpersmal cost of £50

Finally, the total cost is £375.211

Based on aforementioned analysis of cost and the heat gain in the storage tank for both a new
model and the traditional model candoglainedasbelow.

1- The total cost of traditional model i3%3.991while the total cost of the new model is
£375.211. That the total cosfor new model has increased by 10.6% in comparison to
traditional model

2- Based on resultBom previous chapter theeat gain in the storage tafir new model is
higher as compared teaditional model by 12.3%lhat means that ththermal performance
of the new model is higher than as gared to the traditional model

3- It can be concluded that although the cost of new misdegher than traditional model but
the output from the new rdelis higher tharoutput of traditional model

7.6.Design Charts for Designing Thermesyphons

In order to make the design of thersygphon more easer, designing charts of thesyphon
configuration have been generatétie following sections show the evaluatbekign parameters
and the performance parametersacflosed looghermasyphonsolar water heatig systemfor
various combinations of geometrical and operational paramdtieese results represent the case
of Huddersfieldlocation with 15" of MarchV K H Damd therkpl loadingf a weekday All
charts have been created based on the assumptions below

Omax= Maximum heat flux duringay
g=minimum heat flux during day
TL=maximum thermal loading during day
TLave=average thermal loading during day
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Figure 7-5

According

= time of maximum heat flux occurrence

metrical Parameters

depicts the variation in collector area with respect to the nuwibleot water users.
to the figure, the required collector aigareases as the number of water sser

increasd. Moreover, it can be seen that if the number of users and efficiency of collector remains
constant, higher output temperature can be gained by increasing the collector area. Moreover, the

collector a
when the

reaequirementis a function ofnumberof users. Itincreasesrom 1.24nf to 3.32n%
number of users increas&rom three to eight. Furthermore, the demand output

temperature has a significant effect on the collector area. At demand output temperé@e: of
for 8 personswith the efficiency of 50%, the collector area was 2.4hmhile it was 3.02rhat
demand output temperature of °Z0 It can further be concluded that the demand output
temperature has more effect on the collector area as compam@ahive@rof users.
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Figure7-5 Collector area variations against numbepedplefor various efficiency of collector

and different required temperature
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After determining the colleot area from figure -b based othe numbeiof persons and required
water temperature, the next sisfgo calculatehe useful heat gain in collector based on minimum
heat flux.

aamjjcarlrm‘)‘kglu a (7.22)

From|Figure7-6|and based on the value of useful heat gain in collector which is calculated from
Eq. (7.22), the number of riser pipes and tdto can be defined. The number of riser pipes and
L/d ratio determine geometrical parameters of thesyghon suctasthe diameter, length of the
riser pipes etc. Furthermore, the number of the riser pipes and L/dcaati@also be used to
determine the thermal parameters sasReynolds number and heat transfer coefficient.

Figure 7-6|depicts the variation in heatigps within collector for various/d ratiosof the riser
pipesat aheat fluxcorresponding td5" March under thermal loading condition of weekday. It
can be seen that the both of L/d andnberof riser pipe have a significant effect on useful heat.
However, the effect of L/d ratio of riser pipe on useful heat is higher as companedberof

riser pipes. For example, increasel/d ratio from 50 to 100 atumberof riser pipe of 5 the
useful heawill increase by 41%, whilscresingnumber of riser pipe from 5 to 9 at L/d=50 the
useful heat will increase by 23%rom this investigation, it can be concluded thatlémgth to
diameter ratio of riser pipbas more significant impact on the increase of collet¥drea in
comparison wit the number of pipes. Therefore, increasing the length to diameter ratio of the
riser pipes will help to increase the surface area of the collector and improve the useful heat gain
of the systemFrom this chart, useful heat within collecttan be obtaied based omumberof

riser pipe and length to diameter ratiaigerpipe.

[Figure7-7|depicts the variation in diameter of riser pipe for a varidasratiosof the riser pipes

at aheat fluxcorresponding td5" March under thermal loading condition of the weekday. It can
be seen that the diameter of the riser pipe increases with an increase in the number of the riser
pipes for L/d less than 7@vhich is the average value of L/d values-ED) However, for L/d

more than 70the diameter of riser pipe starts to increase with an increase of riser pipe humber
and after a certain riser pipe number it (diameter) starts to decrease. Furthermasgimdvel

leads to decrease the diameter of riser piger any number of riser pipes. THigppensn order

to keep the same collector area, dsamplewith anincreasan L/d from 50 to 100 a& constant
numberof the riser pipes %he diameter wildecrease from 0.016m to 0.012m. This leads to
decreasean distance between pipe to pipe and increiaséength of the riser pipe. It can be
concluded that the L/d ratio has a significant effect on diameter value of the riser pipe as
compared to the numbef riser pipe. From this chart, the diameter of riser pipa be obtained
based omumberof riser pipe and length to diameter ratio.
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Figure7-6 Heat gains variations within collector against numbeisalr pipe for various L/d
ratios on 18 March
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Figure7-7 Diameter of riser pipe against number of riser pipe for variousdtids at minimum
heat flux on 18 March
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Eq. (7.3) depicts thathe collector area is fanction of riser pipef ¥ngth,numbes of riser pipes
and distances between two riser pipBserefore, it is important to estimate the riser pipe length
to define the collector lengt[Figure 7-8] depicts the variation irthe length of riser pipe for
various L/d ratios of the riser pipest aheat fluxcorresponding td5" March under thermal
loading condition of the weekdap meet the useful heat requiremetitcan be seen that the
length of riser pipe increase&iith increasen L/d value From this chart, the length of riser pipe
can be obtained based mamberof riser pipe and length to diameter ratio.
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Figure7-8 Lengthof riser pipe against number of riser pipe for various L/d ratios 8mviBBch

According to the Eq(7.3), the distance between two neighbouring riser pipes is another important
parameter to defe the collector area, which indicates the performance of theyptwmon. The
effect of number of riser pipes and L/d of the riser pipes on the distance between pipes for a fixed
collector area has been investigated in this sector isnshown in thegFigure 7-9| This
investigation has been conductéar various L/d ratios of the riser pipesat a heat flux
corresponding tal5" March under thermal loading condition of the weekd&lge distance
betweenthe centres oftwo adjacent risepipes have beenrepresenteds fins.According to the
findings, the number of riser pigehas a significant effect on the distance betwéen adpcent

riser pipes While, the length to diameter ratio of riser pipleave very small impact on the
distance betweethe centresof two adjacent pipesThe distancéetween two neighbouring riser
pipesdecreases from 0.177m to 0.109m when the numberesfpipes increasefrom 5 to 9for

L/d of 100 and collector area of 1.40FmAt the same timean increasein L/d from 50 to 100
leads toan increasen the distancéetween the riser pipgsom 0.175m to 0.177m. From this

chart, the distance between centres of {gpeipe can be obtained based namberof riser pipe
and length to diameter ratio.
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Figure7-9 Distance between pige-pipe aginst number of riser pipe for various L/d ratios on
15" March

7.6.2.Thermal and Flow Parameters ofthe Working Fluid

Figure 7-10|depicts the Reynolds number variatiomhin thermaesyphonloop for various L/d
ratios of riser pipest a heat flux corresponding 16" March under thermal loading condition of
the weekdg It can be seen that tHeeynoldsnumber of working fluidwithin upriser pipe
increasesvith anincreasesn L/d and the number of riser pipes. However, the effect of L/d on the
Reynoldsnumber of the working fluid in the upriser is more significastcompared tathe
number of riser pipes. From tre following chart, Reynoldsnumber of working fluid can be
obtained based amumberof riser pips and length to diameter ratio n$er pipes.

[Figure7-11]depicts the variation in plate temperature of collector for vaiiddisatiosof the riser
pipesat a heat flux corresponding 18" March under thermal loading condition of the weekday.
It can be seen that the length to diameter ratio of riser pipe has a significant etfsopenature

of plate whilst the number of riser pipéas a small effect on plate temperature. It is obvious
from the fact that more riser pip&sadto increasd amaunt of working fluid within thethermo
syphonloop with same collector area. From this cheatmperatureof the absorber plate can be
obtained based amumberof riser pipes and length to diameter ratigisérpipe.
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Figure7-11 Static temperature of plate of collector against number of rises fupvarious L/d
ratios on 18 March
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[Figure 7-12]depicts the variatiomf overall heat transfer coefficienf collector for varioud./d

ratiosof riser pipesat a heat flux corresponding 16" March under thermal loading condition of

the weekday. It can be seen that the length to diameter ratio of riser pipe has a significant effect on
overall heat transfer, whilst the number of riser pipeshagmall effect on plate temperature. One

of the most important parameters to predict the heat lossdodectoris the overall heat transfer.

It is obvious from the fact that increasethelength of riser pipe leads to increasfeoverall heat

transer coefficient. From this chart, overall heat transfer coefficient oabs®rber plate can be
obtained based on number of riser pipe and length to diameter rasergipe.
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Figure7-12 Overall heatoss cofficient of collector against number of riser pipe for various L/d
ratios on 18 March

[Figure 7-13|depicts the variation in heat transfer dim#ént of working fluid within collector for
various L/d ratios of riser pipeat a heat flux corresponding 16" March under thermal loading
condition of the weekday. It can be seen that the heat transfer coefficient of working fluid
increass with an increasein both L/d and number of riser pipeOne of the most important
parameters to predithe thermal performance of collector and hence predict the performance of
the thermesyphon system is heat transfer coefficient. From this chart, heat transfer coefficient
within collectorcan be obtained based on number of riser pipe and length to eiaatei ofriser

pipe.
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Figure7-13 Variation inheat transfer coefficient within collector agaitist number of riser pipe
for various L/d ratios on I5March

[Figure 7-14] depicts the variation in outlet temperature of working fluid within collector for
various L/d ratios of the riser pipes a heat flux corresponding 6" March under thermal
loading condion of the weekdayt can be seen that the temperature of working fluid at outlet of
collectorincrease with increases L/d is highercasnpared to increaseumber of riser pipe. The
temperature of working fluid providenindicationaboutthe thermal pdormance of collector and
hence the performance of system. Furthermore, to determine the properties of workimge fluid
should knowthe referencetemperature which is equal tothe average temperature between
temperature at inlet and outlet thfe collecta. From this chart, outlet temperature of working
fluid can be obtained based on number of risergape length to diameter ratio n§erpipe.

[Figure 7-15| depicts the variation in inlet temperature of working fluid within collector for a
various L/d ratios of the riser piped a heat flux correspondirtg 15th March under thermal
loading condion of the weekdaylt can be seen that théd has more significant impact on the
temperature of working fluid at inlet of collector as compared tmthmeber of riser pipe. From
this chart, inlet temperature of working fluedn be obtained based nomber of riser pipe and
length to diameter ratio afserpipe.
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Figure7-15 Variation ininlet temperaturaithin collectorwith number of riser pipe for various

L/d ratiosas obtainean 18" March
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7.6.3. The Design Steps

The following section shows the design stépsa closed looghermasyphon solar water heag)
system using charts.

1- Based on number of persons and required temperature, coflesitea can be calculated
from figure (7-5)

2- Basedon thearea of collector and minimum heat flux, the useful heat gaireatdatector
can be calculated from Eq. (7.22)

3- Number of riser pipes and L/d can be estimated based on the useful heat gain at the
collector andigure (7-6)

4- Based on number of the riser pipes and L/d, the diameter of the riser pipe can be
determined fronfigure (7-7)

5- Based on number of the riser pipes and L/d ffagnreg(7-8), the length of the riser pipe
can be estimated

6- The distance between the two neighbouring pipes can be estimatefiginoen(7-9) based
on number of riser pipes and L/d

7- Fromfigure (7-10) and with defined number of the riser pipes and R&lynolds number
of working fluid can be estimeted. Hence, the mass flow rate of working damdbe
calculated using the estimted Reynold number

8- Based on number of the riser pipes, L/d digdire (7-11), thetemperature of plate of
collectorcan be evaluated

9- The overall heat loss cofficient of collectoan be evaluated frofiigure (7-12), and the
number of riser pipes and L/d

10-For certain number of the riser pipes, Lide heat transfer coefficielmtin be estimated
from figure (7-13)

11-The inlet and outlet temperature of working fluid can be defined frorfighee (7-15) and
figure (7-14) for a predefined number of the riser pipes and L/d

7.7. Summary of Desigmprocess developmentor the Thermo-syphon

A novel design methodology has been presented that can be used to designskphoos for
practical use. Design charts have also been presented that can be used to design-syihleomos
system for a given set of requirements. Based on parametgstigations the following
outcomesarepresented

X The demand output temperature has more effect on the collector area as compared to
numberof users

X The riser pipe number has more significant effect orpipeto pipedistance asompared
to L/d ratio
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x A collector area of 1.403fmwas required to heat 75L of water from°C5to 60C on a
clear dayin Huddersfieldon 15" March
X The heat transfer coefficient of working fluid withimermasyphonloop for a new model
was approximately doubkscompare tothetraditional model
X The cost for new model was more than the cost for traditional model due to bigger

diameter of the riser pipe and secondary straight pipe inside #repif®e in the new
model

Furthermore, based on the numerical analysis adedunChapter 5a design methodologyas
been proposed to ease the thesyphon desigmig processin addition, thisdesignmethodology
can be used by a closed lodipermesyphon system designers with reasonaddeurcy as
illustrated dovein thedesgn exampldzurthermorein this chapter, an optimisation approach has
been suggested to reduce the cost and improve the thermal performance of system.
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CHAPTER 8
CONCLUSIONS

This chapter concludes the thesisdoynmarising the achievemesrf this research. In this
thesis, experimental and numerical investigatioave been conducted on a therragphon
system to analyse the flow of working fluid within ttheermaesyphonloop andstorage tank
Moreover, a design methodology for a clodedp thermoesyphon solar water heatg
system has been developed. Furthermore, requirements for future work in the field of a
closedloop thermasyphonsolar water heatg systemhave been defined.
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8.1.Researd Problem Synopsis

In recent decades, these of solar energy to produce hot water has become more significant
globally due toreasons, such amlimited resource of solar energynddepletion of fossil fuels.
Several studies have reported thate usf sola technology has increased. Since 1980,
implementation of this technology has increased dramatifE®§ with about 70 million houses

are now using solar energy in order to heat water for their dail@. Although, there are
many research studies conducitedhe area of thermeyphon,most of these studies lackéte
detailed analysis on several important parameters (heat traosféicient, heat gain in collector

and heat gain in the storage tank), whickehsignificant impact on the thermal performance of
thermoasyphon. Furthermore, majority of these studies did not consider the flow behaviour of
working fluid like temperaturdistribution and velocity profile within therrgyphon loop.

According to literature review in chapter two, number of objectives have been formulated, which
determins the scopédhe present research study. The objectives and scope of this research are to
predict the flow behaviour within the therrsgphon more accurately. The main aims of this study
and the major achievements and contributions that have been achieved during thisagtudy
been presented a summary form in the following sections of thigpter.

8.2.Research Aims and Major Achievements

Based on extensive literature review regarding thesygpihon solar water heag), the main aims
of the thesis argiven below with a summary of twathese aims have been achieved

Research Aim # 1:Parametric investigation on various geometrical and flow variables of a
thermo-syphon

Achievement # 1:A commercial CFD package has been used to create a virtual domain of the
working fluid within the thermesyphon. The model makes use of the control m@uumerical
technique for solving the governing equations of mass and heat transfer. The numerical model has
been verified against the experimental result, which shows a good agreement. Subsequently,
similar approach has been taken to analyse other casiés various geometrical and
characteristics parameters. The model has been tiEste@rious length to diameter ratios of
connecting pipes (L/d =50, 75 and 100) for different heat dlbtained onl5" March, 1% Jun

and 1%' Septemberespectivelybeing applied to the riser pipes, simulating the effect of the solar
rays on these pipes. The whole model is madk an inclination of53° to capture the natural
convection phenomena occurring in the thesyphon. In order to analyse the effect of the
number of riser pipes on the performance output of the theypioon, five, seven and nine riser
pipes have been modelled separately in the theypbon model. It has been assumed that the
thermasyphon is in operation under transient load condition aking day and weekend.
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The temperature and velocity distributsoof working fluid within thethermasyphonloop and

water within the storage tank have been analysed qualitatively and quantitatively. Qualitative
analysis has been used to show the velamity temperature profile of water and working fluid
within the storage tank anthermosyphonloop respectively. While, the quantitative analyses
have been conducted to illustrate the temperature, mass flow rate and heat transfer coefficient
distributions & working fluid within the thermasyphon loop. In addition, the temperature
distributions of water within the storage tank have been presented to depict the heat transfer
phenomenanside the storage tanlSince, the main parameters for designing a thesypdion

system are geometrical parameters, heat flux and thermal loddlisgeltnumber,Reynoldsnumber,

plate and working fluid temperature, various cases have been studied by changing these parameters.
Based on the findings from these numerical stud@sie semempirical correlations have been
developed, tamprovethe designing process thifermasyphonsystem. The major achievementfio$t

aim of the present study is ttdevelopmentof the correlations folNusseltnumber, Reynolds
QXPEHU S Ocatrkl, fand @hipBr&ture of working fluid at inlet and outlet of the collector.
Theseprediction models arthe function of geometric parameters tifermasyphonloop, heat fluxes,

and thermal loading. Furthermore, it can be shown that prediction models generated in this study have
a good accuracy with respect to the numerical results.

Research Aim # 2: Parametric investigation on various design modifications dnflow
variables of a thermosyphon

Achievement # 2:The main purpose of design modification is to enhance the heat transfer. The
main objective to use heat transfer enhancemmathodsis to improve the thermal performance

of a closed looghermasyphonsolar water heatg system. In this present study, heat transfer
enhancement has been achieved by increasing the surface area of the riser pipe. In this work, three
new geometrical configurations of the riser pipe have been investigated to improve tnalther
performance of thermsyphon. These three models consist of straight pipe inside the riser pipe,
wavy pipe inside the riser pipe and helical pipe inside the riser pipe. In addition, to investigate the
effect of the working fluid amount, three conditsohave been chosen by varying the amount of
working fluid. The amount of working fluid has been varied against the amount of working fluid

in a traditioral model. The results depicted in chapter sixdshown that the straight pipe inside

the riser pipe wh sameamount of working fluid has better performancearacteristicsas
compared to other models that have been considered in this Btudder to demonstrate the

effect of new modslon the performance output of the thersyphon, a comparison betere new

modek and traditional model have been conducted. A commercial CFD package has been used to
create a virtual domain of the working fluid within the thersyphon. The models make use of

the control volume using numerical technique for solving theegong equations of mass
conservationmomentum conservatiand heat transfer. These models have been taseetieat

flux corresponding td5" March being applied to the riser pipes, simulating the effect of the solar
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rays on these pipes. It has besssumed that the therrsgphon is in operation under transient
load condition of working dafiot water useThe models are made inclined by 53° to capture the
natural convection phenomena occurring in the thesypdon.

The temperature and velocidystributiors of working fluid within thermesyphon loop and water
within the storage tank for new and traditional med&hve been analysed qualitatively and
guantitatively. Qualitative analysis has been used to show the effeeabfransfer enhancenten
methodson the velocity and temperature distributions of water and working fluid within the
storage tank and therrsyphon loop respectively. While, the quantitative analysssblean used

to show temperature, mass flow rate, heat transfer coefficieedr stress, pressure drop, heat
gain in the collector and water storage tank distributions within the thgyptwmn system. The
major achievement of the present studgeselopment of a novel therasyphon which provides
better performance as comparedraalitional thermosyphon.

Research Aim # 3: Development of a model for design of therrgyphon

Achievement # 3: In the present study, an optimal design methodology of a clospdherma

syphon solar hemg system has been developed, which isyeto use and reliable. In this
methodology, the ser@mpirical correlations have been developed for predidlingselthumber,
Reynoldsnumber, temperature of working fluid at the inlet and outlet of collector and plate's
temperature within thermsyphon.The parameters thatfect the performance of therrgyphon

and hence the design of a clodedp thermesyphon solar water heay system have been
included into the developed model, which is one of the most important achievements of this study.
Moreover the inputs to a model thhas beerdeveloped for optimal design in this study require
only altitude and tilt angle of collector. The optimisation methodology provides the geometrical
parameters such as diameter, length and number of the riserapgheencethe collector area.
Furthermore, the optimisation model provides relevant parameters such as the flow rate of
working fluid within the thermesyphon loop, useful heat, and heat transfer coefficient etc. The
design methodology iquite robust and cabe used with confidence to design thermsgghon
system for a variety of operating conditions.

8.3.Thesis Conclusions

An inclusive study has been carried out to support the egisterature regarding a singpase
closedloop thermasyphon and to provide novel additions to improve the current understanding of
the design process, operational characteristics, geometry related effects and optimization
methodology The major conclusions from each facet of this research studyamarized as
follows:
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1. To determine the effect of number of riser pipes on the performance of thermsyphon

From theinvestigationgegarding the effect of the geometrical parameters on the performance of
thermoasyphon, carried out in this study, it can be concluded that an increase in the number of
riser pipes increases the temperature of the working fluid within the condensereace h
increase thetemperature within storage water tank by absorbing more solar energy. Furthermore,
increase in number of riser pipe decreases the velocity of working fluid within riserThige.
results provided in this study regarding the effect ofrtlmaber of riser pipgeon the performance

of a closed loopgthermasyphon solar water haag system can be used to desaptimalthermo

syphon systems optimally.

2. To establish the effect of length to diameter ratio (L/d) of the riser pipes on the
performance of thermosyphon

From theinvestigationgegarding the effect of the geometrical parameters on the performance of
thermoasyphon, carried out in this study, it can be concluded that an increase in the L/d of riser
pipe increases the temperature of viagkfluid within the condenser and hence increabe
temperature within storage water tank by absorbing more solar energy. énnrkakratio of the

riser pipe increasethe velocity of working fluid within riser pige Furthermore, length to
diameterratio of riser pipes has more significant effect on working fluid's temperature and hence
on the performance of the therragphon as compared to the effect of number of riser pipes. For
example, an increase in the number of riser pipes from five tg inoreases the temperature of
water within the storage tank by 11.75%, while an increase in L/d ratio of the riser pipe from 50
to 100 increase water temperature by 6%2 The results provided in this study regarding the
effect of L/d of riser pipgon the performance a closed looghermasyphon solar water heag)
system can be used to desaptimalthermasyphon systems.

3. To analyse the effect of transient heat fluxes on the performance of therrgyphon

From theinvestigationgegarding the effect cfolar irradiation on anglay ofthatyear @nd hence

heat flux) on the performance of a clodedp thermasyphonsystem carried out in this study, it

can be concluded that day of the year and heooespondindneat flux has sigjficant effect on

the performance of thermgyphon. The temperature within the condenser hence within the
storage water tank increases significant in the hot months as compared with cold months. It is
obvious from the fact that more heat flux providedhe riser pipes heats up the working fluid
more Furthermore, an increa# solar heat flux leads to increagethe mass flow rate within
thermoesyphon. The maximum average mass flow rate for all cases of solar heat flux has been
achieved at local solamoontime. The results provided in this study regarding the effect of the day

of thatyear (heat flux) on the performance of a clokegp thermasyphonsystemcan be used to
design the thermeyphon systems optimalfgr a given heating requirement
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4. To establish the effect of transient thermal loading conditions on the performance of
thermo-syphon

From the investigations regarding the effect of thermal loading on the performance of a closed
loop thermasyphonsystem carried out in this study, it can bencluded that an increase in the
thermal loading decreases the temperature of working fluid within theypioon becausaf loss

of more heat energy in the condenser. The results provided in this study regarding the effect of the
thermal loading on the permance of a closeldop thermasyphoncan be used to desigptimal
thermasyphon systems.

5. To determine the effect of a closed wavy tube inside the riser pipe on the performance of
thermo-syphon

The numerical investigation has been conducted to dég@atffect of wavy pipgwithin the riser

pipe on the performance of a clodedp thermasyphonsystem The investigatiosreveaéd that

the heat gain in the storage tank is lower for the wavy pipe as compared to the straight pipe. The
results providedn this study regarding the effect of new model on the performanaeciofsed

loop thermesyphon solar water heag system can be used to improve the performance of
thermosyphon systems.

6. To determine the effect of a helical tube inside the riser pipe othe performance of
thermo-syphon

The numerical investigation has been conducted to depict the effect of helical pipe inside the riser
pipe on the performance of a clodedp thermasyphonsystem The investigation depicts that the

heat gain in thetorage tank is lower for the helical pip@delas compared to the straight pipe
model The results provided in this study regarding the effect of new model on the performance of
a closed looghermasyphon solar water heag) system can be used to impeothe performance

of thermasyphon system.

7. To determine the effect of a closed straight tube inside the riser pipe on the performance
of thermo-syphon with same amount of working fluid (model 1)

A detailed numerical investigation has been carried oatrdagg the effect of closed straight tube
within the riser pipe on the performance of a closmsap thermaesyphonsystem with same
amount of working fluid as traditional model. The investigatiomdicatethat the temperature of
water within the tank, heéaain in the collector and heat gain in the storage tank are higher for
new model as compared to the traditional model. Hence, the performance of-fiyptma is
higher forthe new model as compared tive traditional model. Howeverhe average mass o

rate is less for the new model as compared to the traditional nidaekesults provided in this
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study regarding the effect of new model on the performaneectifsed loogghermasyphon solar
water hedhg system can be used to improve the performance of theyptmon systems.

8. To formulate the effect of a closed straight tube inside the riser pipe on the performance
of thermo-syphon with larger amount of working fluid (model 2)

A numerical investigationds been conducted to depict the effect of an increase in the working
fluid amount on the thermal performance of thersgphon with respect to the model 1, for a
configuration, which has a straight closed tube within the riser pipe. The investigationtshws
heat gain in the storage tank is lower for this model in comparison with the previous model.
Hence, the performance of therragphon is lower for the new model (model 2) as compared to
the previous model (model 1). The results provided in this stedgrding the effect of new
model on the performance afclosed looghermasyphon solar water heag system can be used

to improve the performance of therragphon systems.

9. To formulate the effect of a closed straight tube inside the riser pipe on the
performance of thermo-syphon with smaller amount of working fluid (model 3)

A numerical investigation has been conducted to depict the efferhalleramount of working

fluid on the thermal performance of themsgphon with respect to the modél for a
configuration, which has a straight closed tube within the riser pipe. The investigation shows that,
heat gain in the storage tank is lower for this model in comparison with the model 1. Hence, the
performance of thermsyphon is lower for the nemodel (model 3) as compared to the model 1.
The results provided in this study regarding the effect of new model on the performaamce of
closed looghermasyphon solar water haat) system can be used to improve the performance of
thermoasyphon systems.

10.Development of semempirical correlations for the Nusseltnumber, Reynolds number,
plate temperature and temperature of working fluid at inlet and outlet of the collector

Based on the numerical resutibtained in the present study and after analysing the effects of
various parameters, which are considered in this study-esmmirical relationships have been
developed foNusselthnumber,Reynoldsnumber, temperature plate of collector, inlet, and butle
temperature of working fluid within thernmyphon loop. Multiple regression analysias been
used for the evaluation of effects of various parameters on the performaacela¥ed loop
thermasyphon solar water heag system.
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11.Development of a designethodology for a thermsyphon systerbased on optimum thermal
performance and cost consideration

Based on semempirical relationships, which have been developed in the present work,
methodology of design o closed loopthermaesyphon solar water daing system has been
developed. This methodology provides a detailed investigation regarding geometrical parameters
of thermesyphon loop, thermal and flow parameters of working fluid within thesgpdon loop.
Furthermore, this methodology of design che widely usedto estimate the geometrical
parameters of thermsyphon loop solar water heater systebesign charts have also been
provided which can be easily used to design a closedtt@ymoesyphonsystem.

12.To analyse the experimental results on thperformance of thermo-syphon

The experimental investigations have been conductethdasurethe temperature of water,
temperature of working fluid and mass flow rate within the thesypmhon loop The mesured
parameters shows similar trefat bothtraditional and newnodels. In additionaccording to the
experiment resultthe performance of the new model has been improeeedpared to traditional
model. Furthermore, the experimentabults have been used to verify the numerical results
which showa good agreememith the CFD resultswith a considerable amount of accuracy
Hence,Computational Fluid Dynamics can be usedma®ffective tool to analygbe performance

of a thermesyphon with reasonable accuracy.

8.4.Thesis Contributions

The majorcontributions of this research study are sumsedribelow in which noveltiesf this
research are described.

Contribution # 1:

The first contribution of the present study is a comprehensive investigation on local and global
flow characteristics for workindjuid within a closedoop thermasyphonsystem The available
literature regarding the velocity and temperature distribatadnworking fluid within the riser

pipes of thermesyphon are severely limited. Hence, a Computational Fluid Dynamics code has
been used to carry out extensive investigations on velocity and temperature distsibation

the thermesyphon system. Effects of various parameters such as, number of riser pipe and length
to diameter ratio of riser pipe, transient heat flux, and thieloaaings have been enumerated.
Furthermore, based on these parameters, new mathematical prediction models have been
suggested foNusseltnumber,Reynoldsnumber, plate temperature, and temperature of working
fluid at inlet and outleof collector. The mathematical models have been developed based on the
data generated from the extensive numerical investigatiorhich were validated through
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experimental measurementslence, these equations can be used to estimate the thermal
performancef thermasyphon for wide range of geometrical parameters and operating conditions
such as various heat fluxes, different thermal loadings, and time. Furthermore, these prediction
models are a novel contribution to the knowledge that can be used to @esigedoop thermo

syphon solar water heag system.

Contribution # 2:

The significant contribution of this study is the enhancement of the thermal performance of a
thermoasyphon by increasing surface area of riser pioe attempt has been made to ifysthe
improvement in thermal characteristics of the new geometries by keeping working fluid volume to
be same so that only geometric effects are considered in the andlydisis study,an extensive

study has been conducted on the velocity and teatyrer distributios within the thermesyphon

for various riser pipe configuratisnand volume of working fluid, using CFD code.
Investigatiors on various riser pipe configuratisnand amourd of working fluid have been
conducted by comparing the perfornsanof the proposed modelith the traditional model to
develop armoptimisal thermasyphon model. The experimental resubtained orthe proposed
model confirm the numerical findings. Findings of this investigation on design modifications are
novel contibution to the knowledge that can be used to enhance the amount of heat transfer and
hence improve the thermal performanceaotlosed loopthermasyphon solar water heag
system.

Contribution # 3:

A closed loop hermasyphon solar water heat) system $ becoming more popular to supply hot

water. According to studies available in literature review, design methodology of tsgphon

relies on many of the assumptions. In this study, a design methodologylfwsed looghermo

syphon solar water heaty system has been developed in order to reduce the number of
assumptions and ease the designing process. This methodology is reliable for providing various
geometrical parameters based on the input of the user such as, collector area, the diameter and the
length of riser pipe and the distarlmetween the centre to centre of riser pigaurthermore, this
methodology is user friendlyobustand reliable to provide an optimal solution, for designing a
closed loopthermasyphon solar water heafj system. Futiermore, this methodologgan be
adaptedfor boththetraditional andhenew model, which ha been considered in this study.

8.5. Thesis Novelties

The main novielites of theurrentstudy are preserddelow.

1. Semiempirical relationships have been deped for Nu number, Re number, Tp, Tin,
and Tout
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2. Enhancementin the thermal performance of therrsyphon has been achievetly
increagng the surfacearea of riser pipes maintaining the saameount of working fluid
and collector area as thetraditionalmodel

3. Development of amoveldesign methodologiias been accomplishéor athermasyphon
based on optimum thermal performance and optimum cost of system

8.6. Recommendations for Future Work

In order to bridgehe knowledgeyaps, which have beedentifiedin theliteraturereview section
operation and design of a closkap thermaesyphon has been conductedtire current study.
From the current investigations it has become obvithad thereis a huge potential for further
research and studias the field of thermesyphon. For further analysis in the design and
improvement of the performance of thersyphon, following future works have been suggested.

Recommendation # 1 A detailed investigation on the effect of using a closed pipe within the
riser pipe on the performance of an active theayjghon system. Hence, a comparison between
the passive and active systeoas be carried outo develop a new optimum system.

Recommendation # 2:To improve the performance of the thmersyphon systema study on the
effect of different pipe materials and pipe locatsonithin the riser pipe on the performance of
thermasyphoncan be carried out.

Recommendation # 3 A studyof the effect @ performance of thermsyphon byimplementing

PCM within a closedpipe of riser pipecan potentially help to develop a new range of thermo
syphons The main aim of utilizing PCM is to store the heat during peak heat flux, which can be
used latewhen there ishortage of heat flux.

Recommendation # 4 A detailed inveggation on the effects of using different working flsimh
thethermalperformance of thermsyphon witln a closed pipe within the riser pipe outgan be
carried out
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APPENDIX A

APPENDIX A

1- Heat flux of 18 of March and thermal loading ofieekday

2- Heat flux of 18" of June and thermal loading wkekday
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3- Heat flux of 18' of September and thermal loadingveekday

4- Heat flux of 18' of March and thermal loading ofveekend
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N=input(input the number of day N
M=input(input the sitdatitudeM=");
AN=input(input the tiltangle AN=);
ST=input(inputstandad time ST=);

T=input(inputatmospheric transmittande= );

y=(360/365)*(N-81);
E=9.87*sin(2*y*pi/180}7.53*cos(y*pi/180)1.5*sin(y*pi/180)
W=abs((ST12)*15)

H=23.45*sin(((360/365)*(284+N))*pi/180)
cosg2=sin((MAN)*pi/180)*sin(H*pi/180)+cos((MAN)*pi/180)*cos(H*pi/180)*cos(W*pi/180);
gl=acosd(cosq?)
sina=cos(M*pi/180)*cos(H*pi/180)*cos(W*pi/180)+sin(M*pi/180)*sin(H*pi/180);
al=asind(sina);

A=1158*(1+ 0.066*cos((360/370)*N*pi/180));
B=0.175%*(2-0.2*c0og0.9*N*pi/180))-0.0045*(:cos(1.86*N*pi/180));
C=0.0965*(20.42*c0os((360/370)*N*pi/180}P.0075*(cos(1.95*N*pi/180));
IBN=A/exp(B/sin(al*pi/180));

IB=IBN*cos(q1*pi/180);

ID=IBN*C*(((1+cos(AN*pi/180))/2));

g2=asind(sin(q1*pi/180)/1.52);
R1=(sin((q2*pi/180-g1*pi/180))"2/(sin((ql*pi/180)+q2*pi/180)"2);
R2=(tan((q2*pi/180)q1*pi/180)"2)/(tan((ql*pi/180)+q2*pi/180)"2);
R=(R1+R2)/2;

IR=R*IBN*(sin(al*pi/180)+C)*((1-cos(AN*pi/180))/2);

IT=I1B+ID+IR

s=(1+0.033*cos((pi/180)*(360*N/365)))
g=IT*s*T*((sin(H*pi/180)*sin((M-AN)*pi/180))+((cos(H*pi/180)*cos((M
AN)*pi/180))*cos(W*pi/180)))
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APPENDIX C

1- F-value

In this thesis the #value test is used to check whetliee analytical data, experimental data

and CFD againsegression model results comes frpapulations with equal varian¢#3g.

2- Durbin -Watson statistic,

It is used to check if the residual has an autocorrelation or not. For a precise mode, residuals

should be a white noise which has a normal distriby

3- Standard error,

@.

The standard error of thestimate is a measure of the accuracy of predictions. Recall that the
regression line is the line that minimizes the sum of squared deviations of prediction (also

called the sum of squares errfit3g.

4- T-Test value

The ttest assesses whether the means of two groupsagistically different from each other

117).

5- Lilliefors test

Test the normality of the residual (t.e the difference betweemnalytical data, experimental

data and CFD againstgression model resulf]

917).

DESIGN, DEVELOPMENTAND OPTIMISATION OF A NOVEL THERMO-SYPHON SYSTEMFORDOMEISTIC APPLICATIONS
BY BASIM FREEGAH, SCHOOL OFEOMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2016)

226



APPENDIX D

APPENDIX D

Thermocouple

Thermometer Inlet Outlet Tank
Inlet Outlet collector | collector
Tank
collector | collector
97.5 97.72 97.75 97.78
97 97.21 97.24 97.28
96.5 96.38 96.33 96.32
95.7 95.41 95.39 95.35
95 94.88 94.81 94.84
94.5 94.41 94.47 94.43
94.3 94.28 94.25 94.22
93.6 93.41 93.51 93.46
93.1 92.91 92.87 92.85
92.4 92.31 92.28 92.25
Average value 94.96 94.892 94.89 94.87 | 0.0716 | 0.0737 | 0.0863
91 91.12 91.15 91.11
90.6 90.81 90.85 90.87
90 90.11 90.18 90.21
89.7 89.77 89.81 89.73
88.6 88.55 88.4 88.45
87.8 87.87 87.93 87.91
87.2 87.16 87.18 87.12
86.8 86.61 86.63 86.64
85.8 85.57 85.59 85.57
85.3 84.53 84.43 84.63
Average value 88.28 88.21 88.215 | 88.224| 0.0792 | 0.0736 | 0.0634
Percentagerror 0.0754 | 0.0736 | 0.0748
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APPENDIX E

1- After conducting parameters effect investigation by using the proposed CFD model, the
acquired results have been classified according to the level of their effectives as shown in
AppendixG.

2- The above classification has been employed to obtain dimensiomdgmtions through
using several forms for the depended and independent variables, such as Nuxdie, qg/q
L/d ...etc.

3- In order to calculate the indices and factors for each term in the equation, different
mathematical approaches that are adopted imetpession have been used such ag log
power, line ...etc. However it was found that Jgis the most accurate way a$ $ored
the highest value in this case among the others.

4- Microsoft excelwas used as a tool to conduct the regression. The steps dgitain how
it can be used.

x On the Data tab, click Data Analysis as shown in figure below

x Select Regression and click OK as shown below
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Select ther Range, which is the dependent variable or predictor variable
Select theX Ranges which are independent variables

Check Labels

Chose an Output Range

Click OK

X X X X X
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Test No.1 traditional model with constant heat f{fixe hours)

Time Outlet Inlet Tank Average wall
(minutes) °C °C °C °C

0 24.16 24.01 23.99 25.055
1 24.17 24 23.99 26.565
2 24.45 23.98 23.95 31.01
3 25.71 23.98 23.94 36.365
4 28.29 24.04 23.91 41.36
5 31.02 24.08 23.9 45.605
6 33.73 24.09 23.87 49.06
7 35.84 24.29 23.87 51.88
8 37.63 25.01 23.89 54.205
9 39.12 26.22 23.9 56.065
10 40.09 27.35 23.89 57.59
11 40.44 28.27 23.91 58.945
12 40.61 29.09 23.95 59.97
13 41.15 29.92 24 60.905
14 42 30.61 24.02 61.73
15 42.89 31.15 24.06 62.415
16 43.62 31.69 24.09 63.045
17 44.2 32.21 24.13 63.545
18 44.68 32.74 24.15 63.95
19 45.1 33.2 24.18 64.32
20 45.45 33.6 24.23 64.635
21 45.8 33.94 24.24 64.895
22 46.13 34.21 24.24 65.135
23 46.44 34.48 24.29 65.265
24 46.71 34.79 24.35 65.515
25 46.96 35.09 24.42 65.68
26 47.19 35.35 24.49 65.925
27 47.39 35.59 24.57 66.02
28 47.59 35.81 24.58 66.2

29 47.75 35.98 24.65 66.31
30 47.9 36.15 24.71 66.43
31 48.04 36.31 24.74 66.54
32 48.17 36.45 24.78 66.615
33 48.26 36.58 24.82 66.75
34 48.37 36.7 24.88 66.835
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35 48.45 36.79 24.93 67
36 48.5 36.86 24.94 67.01
37 48.58 36.95 24.99 66.955
38 48.68 37.03 25.03 67.005
39 48.76 37.11 25.09 67.06
40 48.81 37.18 25.15 67.17
41 48.88 37.24 25.2 67.14
42 48.97 37.33 25.26 67.24
43 49.05 37.41 25.28 67.23
44 49.07 37.46 25.33 67.325
45 49.1 37.51 25.37 67.315
46 49.15 37.56 25.39 67.36
47 49.21 37.61 25.45 67.455
48 49.28 37.68 25.49 67.495
49 49.32 37.73 25.58 67.575
50 49.37 37.78 25.66 67.585
51 49.4 37.84 25.7 67.62
52 49.45 37.89 25.74 67.635
53 49.5 37.93 25.79 67.73
54 49.53 37.99 25.82 67.805
55 49.56 38.04 25.87 67.825
56 49.58 38.07 25.89 67.85
57 49.61 38.12 25.92 67.98
58 49.65 38.13 25.97 68.075
59 49.68 38.16 26.02 68.01
60 49.72 38.19 26.09 68.035
61 49.76 38.24 26.13 67.945
62 49.79 38.27 26.19 67.91
63 49.81 38.31 26.23 67.835
64 49.84 38.34 26.29 67.9
65 49.88 38.39 26.38 67.9
66 49.92 38.44 26.48 67.91
67 49.98 38.51 26.57 68
68 50.02 38.56 26.62 68.025
69 50.05 38.6 26.68 68.095
70 50.06 38.63 26.7 68.07
71 50.1 38.66 26.73 68.17
72 50.16 38.72 26.79 68.26
73 50.19 38.76 26.83 68.31
74 50.24 38.8 26.9 68.28
75 50.28 38.82 26.97 68.165
76 50.3 38.86 27.05 68.115
77 50.34 38.87 27.12 68.16
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78 50.37 38.87 27.13 68.21

79 50.38 38.91 27.16 68.235
80 50.42 38.96 27.22 68.26
81 50.44 39 27.27 68.29

82 50.47 39.03 27.32 68.31

83 50.49 39.06 27.37 68.32

84 50.53 39.1 27.43 68.32

85 50.58 39.11 27.47 68.295
86 50.62 39.13 27.55 68.335
87 50.63 39.16 27.59 68.295
88 50.62 39.17 27.57 68.31

89 50.65 39.19 27.55 68.365
90 50.66 39.2 27.57 68.405
91 50.67 39.25 27.6 68.36
92 50.67 39.28 27.66 68.255
93 50.7 39.28 27.74 68.155
94 50.7 39.29 27.75 68.225
95 50.72 39.32 27.76 68.33
96 50.75 39.37 27.8 68.385
97 50.78 39.41 27.83 68.45
98 50.83 39.45 27.9 68.475
99 50.84 39.49 27.96 68.535
100 50.88 39.54 28.02 68.655
101 50.92 39.57 28.08 68.725
102 51 39.6 28.12 68.71
103 51.02 39.62 28.13 68.57
104 51.02 39.65 28.14 68.395
105 51 39.65 28.16 68.345
106 51.01 39.68 28.19 68.46
107 51.03 39.7 28.24 68.5

108 51.05 39.71 28.3 68.585
109 51.12 39.72 28.4 68.455
110 51.16 39.73 28.48 68.475
111 51.18 39.77 28.53 68.605
112 51.19 39.84 28.56 68.695
113 51.2 39.89 28.58 68.735
114 51.24 39.94 28.62 68.79
115 51.29 39.98 28.7 68.815
116 51.34 40.01 28.77 68.71
117 51.39 40.05 28.85 68.745
118 51.39 40.07 28.84 68.67
119 51.38 40.08 28.87 68.68
120 51.39 40.1 28.92 68.765
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121 51.43 40.12 28.96 68.87
122 51.46 40.12 29 68.86
123 51.5 40.16 29.03 68.845
124 51.53 40.22 29.11 68.845
125 51.56 40.25 29.15 68.89
126 51.59 40.27 29.19 68.965
127 51.65 40.32 29.25 68.99
128 51.67 40.35 29.3 69.01
129 51.73 40.38 29.36 68.98
130 51.77 40.36 29.38 68.94
131 51.78 40.39 29.42 68.94
132 51.79 40.46 29.45 68.975
133 51.82 40.51 29.52 69.035
134 51.85 40.54 29.57 69.09
135 51.89 40.51 29.58 69.08
136 51.91 40.51 29.6 69.105
137 51.9 40.48 29.61 68.98
138 51.9 40.49 29.65 68.995
139 51.89 40.51 29.72 68.86
140 51.91 40.58 29.77 68.98
141 51.94 40.64 29.81 69.09
142 51.99 40.66 29.86 69.145
143 52.03 40.66 29.85 69.09
144 52.05 40.73 29.86 68.94
145 52.03 40.76 29.86 68.94
146 51.99 40.76 29.85 68.89
147 51.94 40.73 29.83 68.86
148 51.91 40.72 29.83 68.925
149 51.93 40.73 29.87 69.15
150 51.95 40.73 29.93 69.245
151 52 40.72 30.02 69.115
152 52.06 40.74 30.07 68.985
153 52.08 40.75 30.06 69.005
154 52.08 40.8 30.08 69.045
155 52.06 40.82 30.1 69.02
156 52.07 40.81 30.13 69.025
157 52.11 40.87 30.14 69.13
158 52.12 40.93 30.18 69.14
159 52.13 40.97 30.21 69.2

160 52.17 40.99 30.26 69.225
161 52.14 40.98 30.23 69.225
162 52.15 40.99 30.25 69.195
163 52.17 41 30.29 69.255
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164 52.21 41.04 30.32 69.375
165 52.23 41.08 30.39 69.415
166 52.26 41.12 30.42 69.42
167 52.31 41.14 30.48 69.49
168 52.31 41.15 30.52 69.48
169 52.31 41.15 30.54 69.57
170 52.32 41.17 30.52 69.515
171 52.36 41.21 30.56 69.445
172 52.37 41.23 30.61 69.52
173 52.41 41.28 30.68 69.535
174 52.47 41.3 30.79 69.585
175 52.52 41.36 30.86 69.57
176 52.54 41.41 30.89 69.56
177 52.56 41.43 30.89 69.505
178 52.56 41.45 30.89 69.435
179 52.56 41.48 30.9 69.475
180 52.58 41.49 30.92 69.565
181 52.59 41.51 30.99 69.525
182 52.62 41.54 31 69.535
183 52.65 41.58 31.05 69.62
184 52.66 41.59 31.08 69.56
185 52.68 41.57 31.13 69.59
186 52.69 41.56 31.21 69.325
187 52.71 41.56 31.29 69.06
188 52.75 41.6 31.35 69.07
189 52.82 41.62 31.44 69.23
190 52.85 41.6 31.48 69.275
191 52.9 41.64 31.51 69.405
192 52.93 41.72 31.55 69.49
193 52.96 41.77 31.6 69.57
194 52.99 41.78 31.65 69.52
195 53 41.77 31.67 69.485
196 52.99 41.82 31.72 69.48
197 52.98 41.85 31.74 69.46
198 53 41.85 31.74 69.395
199 52.97 41.86 31.72 69.455
200 52.95 41.87 31.7 69.58
201 52.97 41.89 31.73 69.65
202 53.01 41.96 31.78 69.715
203 53.05 41.95 31.78 69.76
204 53.08 41.99 31.81 69.77
205 53.12 42 31.88 69.78
206 53.17 41.99 31.95 69.685
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207 53.21 41.97 32.02 69.555
208 53.19 41.95 32.07 69.6

209 53.2 41.99 32.13 69.6

210 53.21 42.04 32.17 69.675
211 53.24 42.09 32.21 69.575
212 53.25 42.14 32.24 69.545
213 53.24 42.12 32.3 69.58
214 53.26 42.1 32.33 69.455
215 53.27 42.12 32.34 69.475
216 53.27 42.15 32.37 69.555
217 53.29 42.18 32.43 69.555
218 53.34 42.2 32.44 69.45
219 53.37 42.23 32.46 69.54
220 53.38 42.28 32.47 69.585
221 53.37 42.3 32.49 69.525
222 53.36 42.33 32.52 69.525
223 53.38 42.33 32.53 69.575
224 53.41 42.33 32.57 69.635
225 53.44 42.33 32.63 69.655
226 53.44 42.34 32.65 69.51
227 53.44 42.38 32.66 69.46
228 53.45 42.44 32.71 69.49
229 53.48 42.44 32.73 69.505
230 53.46 42.4 32.7 69.395
231 53.46 42.44 32.68 69.38
232 53.4 42.41 32.66 69.395
233 53.39 42.38 32.73 69.45
234 53.4 42.37 32.76 69.44
235 53.43 42.41 32.75 69.375
236 53.46 42.46 32.8 69.425
237 53.46 42.52 32.81 69.41
238 53.45 42.55 32.8 69.395
239 53.47 42.55 32.85 69.38
240 53.52 42.55 32.89 69.485
241 53.53 42.58 32.94 69.535
242 53.54 42.6 32.99 69.57
243 53.56 42.65 33.02 69.615
244 53.57 42.67 33.03 69.64
245 53.56 42.68 33.05 69.725
246 53.58 42.71 33.08 69.735
247 53.6 42.74 33.11 69.725
248 53.62 42.78 33.14 69.675
249 53.65 42.77 33.2 69.675
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250 53.67 42.77 33.23 69.63
251 53.65 42.77 33.21 69.67
252 53.67 42.82 33.22 69.6
253 53.67 42.82 33.25 69.65
254 53.66 42.82 33.3 69.58
255 53.7 42.82 33.33 69.655
256 53.77 42.81 33.38 69.745
257 53.77 42.84 33.43 69.77
258 53.77 42.89 33.44 69.745
259 53.78 42.93 33.43 69.8
260 53.81 42.93 33.47 69.855
261 53.82 42.89 33.49 69.725
262 53.81 42.89 33.51 69.685
263 53.83 42.9 33.54 69.77
264 53.86 42.97 33.62 69.875
265 53.89 43.01 33.66 69.88
266 53.94 43.01 33.71 69.865
267 53.96 43.04 33.72 69.86
268 53.98 43.07 33.75 69.9
269 53.98 43.07 33.78 69.845
270 53.97 43.02 33.82 69.825
271 53.99 42.99 33.84 69.82
272 54.03 43.01 33.86 69.8
273 54.05 43.01 33.93 69.765
274 54.03 43.06 33.94 69.855
275 54.05 43.14 33.94 69.795
276 54.08 43.2 33.97 69.81
277 54.08 43.13 33.99 69.905
278 54.12 43.12 34.02 70.02
279 54.19 43.17 34.07 70.02
280 54.2 43.22 34.09 69.965
281 54.21 43.26 34.11 70
282 54.21 43.29 34.13 69.935
283 54.23 43.32 34.15 69.905
284 54.26 43.32 34.17 69.97
285 54.27 43.35 34.2 69.95
286 54.29 43.37 34.24 69.98
287 54.3 43.39 34.28 69.92
288 54.33 43.4 34.3 70.02
289 54.36 43.37 34.32 69.88
290 54.4 43.37 34.37 69.825
291 54.43 43.36 34.41 69.755
292 54.4 43.4 34.45 69.545
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293 54.38 43.4 34.48 69.665
294 54.36 43.37 34.47 69.725
295 54.37 43.43 34.48 69.765
296 54.39 43.49 34.47 69.855
297 54.43 43.52 34.48 69.865
298 54.43 43.5 34.49 69.81
299 54.43 43.52 34.49 69.98
Test No2 traditionalmodel with constant heat flufour hours)
Time Outlet Inlet Tank Average wall
(minutes) °C °C °C °C
0 25.81 23.72 25.16 25.55
1 25.81 23.78 25.16 26.515
2 26.02 23.91 25.18 30.23
3 27.05 24.06 25.2 35.195
4 29.19 24.28 25.21 40.065
5 31.47 24.5 25.22 44.36
6 33.84 24.72 25.27 47.885
7 35.85 25.03 25.29 50.735
8 37.5 25.73 25.34 53.065
9 38.82 26.87 25.39 54.87
10 39.83 27.91 25.41 56.395
11 40.46 28.75 25.44 57.695
12 40.84 29.54 25.46 58.78
13 41.32 30.43 25.49 59.73
14 42.09 31.15 25.53 60.535
15 42.91 31.67 25.57 61.28
16 43.64 32.22 25.59 61.845
17 44.26 32.76 25.64 62.36
18 44.77 33.27 25.7 62.825
19 45.2 33.74 25.75 63.21
20 45.59 34.19 25.78 63.595
21 45.96 34.58 25.84 63.89
22 46.3 34.91 25.88 64.205
23 46.62 35.18 25.92 64.455
24 46.96 35.46 25.98 64.67
25 47.21 35.71 26.04 64.86
26 47.42 35.97 26.07 65.065
27 47.64 36.2 26.09 65.27
28 47.84 36.42 26.14 65.435
29 48.03 36.63 26.23 65.665
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30 48.2 36.81 26.3 65.76
31 48.35 36.96 26.35 65.9

32 48.47 37.09 26.37 66.005
33 48.58 37.2 26.39 66.08
34 48.69 37.32 26.45 66.16
35 48.8 37.42 26.49 66.23
36 48.9 37.51 26.54 66.455
37 48.98 37.59 26.58 66.47
38 49.06 37.69 26.63 66.605
39 49.12 37.74 26.68 66.715
40 49.2 37.82 26.69 66.75
41 49.32 37.93 26.79 66.785
42 49.37 37.99 26.81 66.77
43 49.43 38.06 26.89 66.84
44 49.5 38.14 26.92 66.925
45 49.52 38.18 26.94 66.985
46 49.55 38.22 26.97 66.97
47 49.62 38.28 27.02 66.95
48 49.67 38.35 27.08 66.995
49 49.7 38.38 27.12 67.04
50 49.76 38.42 27.17 67.16
51 49.8 38.46 27.19 67.065
52 49.86 38.52 27.27 67.09
53 49.87 38.53 27.27 67.13
54 49.88 38.56 27.29 67.185
55 49.91 38.63 27.36 67.33
56 49.95 38.66 27.4 67.28
57 50.01 38.68 27.44 67.26
58 50.06 38.72 27.48 67.37
59 50.07 38.74 27.5 67.355
60 50.07 38.77 27.52 67.32
61 50.09 38.81 27.56 67.35
62 50.13 38.86 27.63 67.395
63 50.16 38.91 27.66 67.43
64 50.18 38.93 27.67 67.39
65 50.19 38.97 27.72 67.37
66 50.19 38.94 27.77 67.465
67 50.29 38.99 27.83 67.57
68 50.36 39.06 27.89 67.65
69 50.41 39.11 27.91 67.565
70 50.39 39.12 27.94 67.535
71 50.4 39.14 27.98 67.525
72 50.36 39.14 28 67.475
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73 50.4 39.18 28.05 67.475
74 50.42 39.21 28.11 67.595
75 50.46 39.27 28.17 67.645
76 50.48 39.28 28.22 67.76
77 50.48 39.28 28.22 67.72
78 50.5 39.31 28.28 67.735
79 50.51 39.32 28.3 67.755
80 50.51 39.34 28.37 67.855
81 50.55 39.37 28.39 67.825
82 50.61 39.42 28.48 67.735
83 50.64 39.44 28.48 67.685
84 50.69 39.48 28.53 67.73
85 50.67 39.47 28.56 67.825
86 50.65 39.47 28.57 67.86
87 50.7 39.51 28.63 67.96
88 50.7 39.53 28.62 67.93
89 50.73 39.58 28.67 67.94
90 50.8 39.64 28.71 67.835
91 50.82 39.67 28.77 67.825
92 50.86 39.73 28.82 67.86
93 50.9 39.78 28.85 67.94
94 50.92 39.81 28.89 68.06
95 50.97 39.83 28.97 68.035
96 51.01 39.83 28.99 67.99
97 51.06 39.87 29.03 68

98 51.08 39.9 29.07 67.99
99 51.13 39.96 29.14 67.94
100 51.17 39.99 29.19 67.95
101 51.18 40 29.22 67.945
102 51.15 39.96 29.22 67.915
103 51.13 39.96 29.21 68.08
104 51.14 39.98 29.23 68.015
105 51.11 39.99 29.22 67.95
106 51.11 39.97 29.26 68.04
107 51.12 39.98 29.27 68.135
108 51.15 40.02 29.31 68.225
109 51.17 40.03 29.3 68.095
110 51.17 40.04 29.35 68.03
111 51.23 40.09 29.41 68.105
112 51.28 40.12 29.49 68.125
113 51.34 40.17 29.57 67.975
114 51.41 40.25 29.61 68.015
115 51.43 40.27 29.67 68.145
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116 51.44 40.29 29.73 68.1

117 51.5 40.37 29.79 68.175
118 51.53 40.42 29.81 68.19
119 51.55 40.47 29.84 68.41
120 51.59 40.49 29.87 68.46
121 51.61 40.52 29.88 68.265
122 51.68 40.54 29.94 68.38
123 51.7 40.56 29.98 68.44
124 51.71 40.59 30.05 68.32
125 51.71 40.6 30.05 68.17
126 51.69 40.61 30.07 68.265
127 51.69 40.62 30.11 68.255
128 51.71 40.65 30.15 68.365
129 51.76 40.68 30.19 68.43
130 51.78 40.72 30.22 68.41
131 51.84 40.76 30.25 68.54
132 51.89 40.81 30.3 68.615
133 51.88 40.81 30.33 68.64
134 51.91 40.84 30.42 68.64
135 51.98 40.88 30.47 68.565
136 52.03 40.93 30.51 68.525
137 52.03 40.95 30.53 68.61
138 52.04 40.96 30.56 68.75
139 52.07 41 30.59 68.675
140 52.11 41.02 30.67 68.635
141 52.14 41.02 30.71 68.64
142 52.17 41.03 30.75 68.72
143 52.18 41.05 30.77 68.86
144 52.2 41.12 30.79 68.89
145 52.18 41.14 30.79 68.885
146 52.19 41.17 30.8 68.685
147 52.2 41.18 30.82 68.5

148 52.23 41.2 30.87 68.525
149 52.28 41.22 30.94 68.61
150 52.26 41.2 30.97 68.63
151 52.26 41.23 30.99 68.705
152 52.28 41.26 31.04 68.625
153 52.31 41.3 31.03 68.655
154 52.3 41.32 31.06 68.815
155 52.28 41.31 31.06 68.96
156 52.27 41.29 31.08 68.925
157 52.34 41.36 31.16 68.96
158 52.41 41.4 31.19 69.045
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159 52.43 41.43 31.19 69.01
160 52.39 41.46 31.2 68.92
161 52.4 41.47 31.25 68.725
162 52.39 41.48 31.31 68.595
163 52.39 41.51 31.35 68.6

164 52.38 41.52 31.38 68.58
165 52.42 41.5 31.39 68.62
166 52.44 41.52 31.45 68.805
167 52.48 41.51 31.51 68.84
168 52.47 41.51 31.53 68.715
169 52.51 41.53 31.56 68.72
170 52.51 41.53 31.58 68.855
171 52.56 41.59 31.61 68.845
172 52.56 41.63 31.61 68.915
173 52.6 41.67 31.65 68.945
174 52.63 41.7 31.69 69.055
175 52.64 41.69 31.72 68.94
176 52.68 41.73 31.77 68.96
177 52.7 41.75 31.8 69.025
178 52.69 41.78 31.82 69.02
179 52.68 41.78 31.83 69.05
180 52.69 41.8 31.86 69.035
181 52.7 41.83 31.87 69.135
182 52.73 41.83 31.93 69.135
183 52.74 41.84 31.98 69.255
184 52.79 41.87 32 69.185
185 52.8 41.9 32.01 69.04
186 52.84 41.93 32.04 69.025
187 52.88 41.96 32.1 69.125
188 52.91 41.98 32.16 69.145
189 52.95 42 32.2 68.96
190 52.99 42.06 32.24 69.005
191 52.98 42.06 32.27 69.03
192 52.95 42.05 32.26 68.995
193 52.94 42.05 32.26 68.925
194 52.97 42.1 32.31 68.915
195 53 42.15 32.35 68.93
196 52.96 42.14 32.32 68.915
197 52.96 42.13 32.33 68.915
198 52.99 42.16 32.36 69.05
199 53.01 42.19 32.39 69.005
200 53.04 42.2 32.4 68.935
201 53.06 42.18 32.44 68.81
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202 53.08 42.2 32.49 68.705
203 53.11 42.22 32.55 68.74
204 53.11 42.29 32.6 68.84
205 53.1 42.32 32.64 69.135
206 53.1 42.29 32.65 69.28
207 53.1 42.25 32.62 69.325
208 53.15 42.28 32.68 69.095
209 53.16 42.28 32.73 68.91
210 53.19 42.32 32.76 68.94
211 53.25 42.36 32.82 68.92
212 53.23 42.37 32.83 68.945
213 53.19 42.38 32.82 69.04
214 53.19 42.41 32.8 69.185
215 53.22 42.43 32.85 69.34
216 53.25 42.45 32.9 69.295
217 53.29 42.5 32.9 69.205
218 53.3 42.51 32.93 69.31
219 53.31 42.5 33.01 69.275
220 53.3 42.51 32.98 69.32
221 53.28 42.5 32.98 69.46
222 53.3 42.51 32.99 69.34
223 53.34 42.53 33.03 69.305
224 53.37 42.57 33.1 69.38
225 53.36 42.58 33.13 69.35
226 53.39 42.63 33.16 69.28
227 53.41 42.69 33.18 69.33
228 53.42 42.71 33.21 69.25
229 53.43 42.72 33.23 69.29
230 53.48 42.74 33.28 69.3

231 53.49 42.74 33.3 69.255
232 53.5 42.72 33.35 69.41
233 53.54 42.72 33.36 69.375
234 53.55 42.76 33.38 69.25
235 53.54 42.8 33.38 69.36
236 53.52 42.81 33.39 69.355
237 53.55 42.82 33.45 69.445
238 53.62 42.81 33.5 69.445
239 53.64 42.82 33.5 69.49
240 53.59 42.82 33.46 69.58
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Test No3 traditional model with various heat fluxéseven hours)

APPENDIX F

Time Inlet °C Outlet Tank Averagewall
(minutes) °C °C °C
0 22.21 22.44 22.86 26
1 22.23 22.61 22.88 27.29
2 22.28 23.3 22.9 31.225
3 22.37 24.95 22.93 36.095
4 22.47 27.55 22.95 40.665
5 22.64 30.19 22.98 44.56
6 22.8 32.71 23 47.675
7 23.1 34.5 23.02 50.135
8 24.03 36.16 23.02 52.085
9 25.32 37.53 23.06 53.68
10 26.39 38.48 23.11 55.015
11 27.21 38.92 23.15 56.105
12 27.96 39.13 23.18 57.11
13 28.78 39.6 23.24 57.915
14 29.64 40.38 23.31 58.66
15 30.13 41.25 23.36 59.295
16 30.55 42 23.42 59.835
17 31.07 42.61 23.46 60.37
18 31.6 43.12 23.52 60.825
19 32.06 43.54 23.56 61.175
20 32.46 43.91 23.6 61.475
21 32.83 44.26 23.65 61.795
22 33.19 44.62 23.71 62.095
23 33.49 44.96 23.79 62.3
24 33.79 45.25 23.83 62.43
25 34.06 45.51 23.88 62.655
26 34.29 45.74 23.94 62.955
27 34.49 45.95 24 62.99
28 34.68 46.14 24.06 63.07
29 34.85 46.29 24.08 63.235
30 35.01 46.43 24.15 63.44
31 35.13 46.56 24.21 63.555
32 35.27 46.7 24.28 63.475
33 35.39 46.82 24.34 63.535
34 35.5 46.94 24.39 63.43
35 35.64 47.06 24.5 63.57
36 35.78 47.17 24.58 63.885
37 35.87 47.24 24.61 63.87
38 35.95 47.3 24.63 64.015
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39 36.05 47.39 24.68 64.02
40 36.14 47.48 24.72 63.98
41 36.21 47.55 24.77 64.17
42 36.27 47.61 24.82 64.385
43 36.32 47.63 24.86 64.38
44 36.38 47.69 24.9 64.495
45 36.46 47.76 24.97 64.52
46 36.53 47.8 25.01 64.6

47 36.6 47.84 25.07 64.68
48 36.64 47.87 25.09 64.64
49 36.7 47.93 25.12 64.7

50 36.78 48 25.2 64.78
51 36.84 48.04 25.25 64.84
52 36.88 48.09 25.28 65.055
53 36.93 48.15 25.33 65.175
54 36.99 48.22 25.36 65.3

55 37.06 48.3 25.44 65.4

56 37.13 48.34 25.49 65.355
57 37.2 48.4 25.55 65.415
58 37.25 48.44 25.59 65.455
59 37.31 48.5 25.64 65.45
60 37.38 48.54 25.68 65.435
61 37.43 48.6 25.72 65.445
62 37.49 48.64 25.78 65.575
63 37.51 48.67 25.8 65.635
64 37.56 48.7 25.83 65.7

65 37.59 48.72 25.88 65.725
66 37.6 48.75 25.94 65.76
67 37.64 48.82 25.99 65.855
68 37.71 48.87 26.04 65.87
69 37.74 48.9 26.12 65.975
70 37.77 48.91 26.14 65.99
71 37.82 48.94 26.19 66.05
72 37.88 48.98 26.22 66.16
73 37.93 49.03 26.26 66.045
74 37.97 49.06 26.33 65.975
75 38 49.08 26.36 65.995
76 38.05 49.13 26.41 66.115
77 38.08 49.18 26.5 66.26
78 38.11 49.21 26.52 66.22
79 38.16 49.22 26.56 66.145
80 38.18 49.25 26.6 66.135
81 38.22 49.25 26.66 66.125
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82 38.25 49.27 26.68 66.175
83 38.28 49.29 26.73 66.11
84 38.31 49.29 26.75 66.13
85 38.33 49.33 26.79 66.2

86 38.36 49.35 26.82 66.19
87 38.39 49.38 26.86 66.29
88 38.42 49.42 26.96 66.475
89 38.46 49.51 27.04 66.445
90 38.45 49.44 27.06 65.54
91 38.45 48.9 27.11 61.95
92 38.36 47.75 27.15 57.53
93 38.06 46.25 27.18 53.455
94 37.6 44.73 27.18 49.98
95 37.04 43.31 27.2 47.11
96 36.41 42.06 27.21 44.745
97 35.75 41.01 27.22 42.775
98 35.1 40.1 27.2 41.11
99 34.47 39.28 27.19 39.71
100 33.93 38.51 27.2 38.515
101 33.4 37.77 27.23 37.445
102 32.93 37.1 27.24 36.52
103 32.49 36.42 27.23 35.645
104 32.1 35.79 27.22 34.875
105 31.74 35.23 27.23 34.87
106 31.37 34.91 27.25 37.585
107 30.99 35.27 27.26 41.83
108 30.66 36.43 27.26 46.045
109 30.52 38.03 27.26 49.69
110 30.7 39.79 27.31 52.675
111 31.1 41.18 27.3 55.04
112 31.67 42.18 27.29 56.985
113 32.31 42.92 27.31 58.6

114 32.84 43.41 27.35 59.8

115 33.43 43.84 27.38 60.795
116 33.96 44.38 27.39 61.585
117 34.39 44.96 27.42 62.245
118 34.81 45.54 27.48 62.875
119 35.23 46.06 27.53 63.43
120 35.64 46.52 27.54 64.02
121 36.04 46.92 27.57 64.44
122 36.37 47.28 27.66 64.875
123 36.68 47.63 27.73 65.195
124 37 47.97 27.8 65.52
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125 37.29 48.25 27.86 65.77
126 37.53 48.51 27.88 65.985
127 37.76 48.74 27.96 66.235
128 37.94 48.95 28.01 66.37
129 38.13 49.16 28.03 66.65
130 38.31 49.36 28.09 66.795
131 38.49 49.52 28.13 66.79
132 38.67 49.65 28.17 66.9

133 38.81 49.77 28.21 67.08
134 38.95 49.9 28.27 67.24
135 39.04 50.01 28.33 67.33
136 39.13 50.12 28.38 67.36
137 39.27 50.2 28.4 67.355
138 39.37 50.27 28.42 67.355
139 39.43 50.33 28.46 67.415
140 39.47 50.37 28.52 67.44
141 39.51 50.43 28.57 67.44
142 39.57 50.51 28.63 67.525
143 39.61 50.55 28.65 67.61
144 39.64 50.61 28.69 67.65
145 39.7 50.69 28.76 67.725
146 39.75 50.76 28.8 67.765
147 39.81 50.79 28.82 67.8

148 39.84 50.83 28.85 67.85
149 39.87 50.88 28.9 67.875
150 39.95 50.95 28.98 67.865
151 40.02 50.99 29.03 67.865
152 40.09 51 29.05 67.87
153 40.13 51.02 29.06 67.99
154 40.15 51.05 29.08 67.985
155 40.2 51.08 29.14 68.02
156 40.26 51.12 29.17 68.045
157 40.29 51.14 29.2 68.05
158 40.35 51.18 29.25 68.065
159 40.39 51.2 29.26 68.08
160 40.41 51.23 29.27 68.115
161 40.42 51.25 29.34 68.185
162 40.45 51.31 29.46 68.245
163 40.48 51.37 29.5 68.305
164 40.51 51.43 29.57 68.355
165 40.5 51.44 29.57 68.38
166 40.54 51.48 29.6 68.36
167 40.6 51.5 29.64 68.41
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168 40.64 51.5 29.65 68.415
169 40.65 51.53 29.69 68.365
170 40.66 51.57 29.74 68.5
171 40.71 51.63 29.81 68.51
172 40.76 51.66 29.86 68.53
173 40.79 51.68 29.88 68.495
174 40.81 51.7 29.89 68.45
175 40.86 51.75 29.96 68.435
176 40.91 51.77 29.98 68.47
177 40.93 51.78 30.02 68.48
178 40.95 51.81 30.08 68.455
179 40.98 51.82 30.13 68.34
180 41 51.82 30.15 68.32
181 41 51.83 30.18 68.18
182 41.03 51.81 30.21 68.125
183 41.06 51.79 30.23 68.015
184 41.06 51.78 30.28 67.905
185 41.06 51.76 30.34 67.905
186 41.04 51.77 30.4 67.925
187 41.03 51.78 30.4 67.985
188 41.05 51.81 30.45 68
189 41.06 51.85 30.52 67.955
190 41.07 51.83 30.56 68
191 41.08 51.84 30.57 68.015
192 41.1 51.87 30.59 67.89
193 41.14 51.86 30.63 67.855
194 41.14 51.86 30.68 67.95
195 41.12 51.79 30.73 67.2
196 41.1 51.21 30.71 63.475
197 40.98 50.03 30.7 59.025
198 40.69 48.56 30.74 54.905
199 40.19 47.01 30.72 51.395
200 39.59 45.54 30.7 48.49
201 38.9 44.22 30.66 46.065
202 38.21 43.11 30.67 44.09
203 37.54 42.15 30.65 42.425
204 36.92 41.28 30.63 41
205 36.33 40.47 30.62 39.755
206 35.79 39.7 30.6 38.685
207 35.28 38.96 30.59 37.78
208 34.84 38.28 30.57 36.955
209 34.42 37.63 30.56 36.23
210 34.05 37.07 30.57 36.2
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211 33.71 36.75 30.58 38.835
212 33.37 37.11 30.6 42.98
213 33.06 38.3 30.62 47.235
214 32.94 39.83 30.63 50.865
215 33.04 41.59 30.66 53.79
216 33.34 43.01 30.68 56.075
217 33.85 44.07 30.72 57.96
218 34.53 44.84 30.73 59.43
219 35.13 45.29 30.72 60.545
220 35.66 45.61 30.7 61.415
221 36.17 46.09 30.73 62.34
222 36.62 46.67 30.76 63.135
223 37.01 47.23 30.78 63.72
224 37.43 47.75 30.8 64.295
225 37.81 48.24 30.85 64.765
226 38.17 48.65 30.92 65.15
227 38.51 49 30.99 65.49
228 38.79 49.31 31.04 65.795
229 39.07 49.62 31.09 66.055
230 39.35 49.89 31.13 66.23
231 39.59 50.11 31.12 66.37
232 39.79 50.33 31.14 66.525
233 39.98 50.52 31.19 66.675
234 40.16 50.67 31.22 66.765
235 40.32 50.82 31.26 66.985
236 40.45 50.99 31.3 67.07
237 40.57 51.13 31.35 67.13
238 40.68 51.27 31.4 67.14
239 40.8 51.35 31.41 67.12
240 40.92 51.41 31.42 67.18
241 40.99 51.46 31.42 67.255
242 41.07 51.53 31.48 67.36
243 41.11 51.57 31.48 67.43
244 41.2 51.64 31.49 67.515
245 41.25 51.69 31.52 67.585
246 41.31 51.73 31.53 67.615
247 41.34 51.81 31.54 67.7

248 41.42 51.88 31.59 67.765
249 41.48 51.91 31.62 67.79
250 41.51 51.95 31.68 67.825
251 41.52 51.99 31.7 67.79
252 41.57 52.04 31.69 67.755
253 41.59 52.06 31.72 67.885
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254 41.6 52.07 31.76 67.95
255 41.66 52.11 31.8 68.005
256 41.7 52.17 31.85 67.985
257 41.74 52.19 31.86 67.995
258 41.78 52.21 31.88 68.045
259 41.8 52.24 31.91 68.02
260 41.83 52.28 31.98 68.12
261 41.86 52.39 32.06 68.09
262 41.88 52.46 32.12 68.025
263 41.91 52.47 32.16 68
264 41.96 52.48 32.17 67.995
265 41.97 52.49 32.18 68.085
266 42.01 52.51 32.19 68.075
267 42.04 52.54 32.23 68.12
268 42.08 52.55 32.26 68.14
269 42.11 52.55 32.25 68.135
270 42.14 52.56 32.26 68.13
271 42.17 52.54 32.27 68.17
272 42.19 52.57 32.26 68.15
273 42.21 52.58 32.29 68.165
274 42.24 52.6 32.33 68.15
275 42.27 52.62 32.36 68.13
276 42.29 52.65 32.4 68.195
277 42.31 52.66 32.42 68.24
278 42.34 52.7 32.47 68.355
279 42.35 52.75 32.53 68.44
280 42.37 52.81 32.61 68.445
281 42.42 52.85 32.67 68.38
282 42.44 52.88 32.72 68.415
283 42.46 52.9 32.73 68.395
284 42.51 52.92 32.76 68.48
285 42.53 52.93 32.78 68.5
286 42.54 52.95 32.78 68.505
287 42.56 52.95 32.8 68.53
288 42.56 52.97 32.83 68.535
289 42.58 52.98 32.86 68.6
290 42.58 52.98 32.88 68.57
291 42.61 52.99 32.91 68.58
292 42.63 53.01 32.92 68.59
293 42.64 53.01 32.96 68.605
294 42.65 53.03 33.02 68.615
295 42.64 53.05 33.06 68.555
296 42.66 53.11 33.1 68.39
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297 42.69 53.12 33.12 68.495
298 42.72 53.12 33.13 68.57
299 42.77 53.12 33.15 68.525
300 42.77 53.04 33.16 67.745
301 42.74 52.48 33.15 64.155
302 42.63 51.32 33.15 59.78
303 42.32 49.85 33.13 55.755
304 41.84 48.32 33.12 52.32
305 41.27 46.88 33.12 49.445
306 40.66 45.61 33.14 47.045
307 40.03 44.51 33.16 45.06
308 39.39 43.55 33.15 43.395
309 38.77 42.67 33.12 41.99
310 38.18 41.87 33.13 40.79
311 37.66 41.15 33.13 39.745
312 37.19 40.48 33.15 38.805
313 36.76 39.83 33.17 37.975
314 36.37 39.21 33.16 37.245
315 35.99 38.63 33.14 37.225
316 35.63 38.28 33.16 39.885
317 35.29 38.58 33.18 44.05
318 34.95 39.86 33.18 48.26
319 34.8 41.33 33.18 51.875
320 34.86 43.07 33.2 54.9

321 35.15 44.53 33.23 57.28
322 35.7 45.62 33.25 59.135
323 36.33 46.4 33.26 60.665
324 36.97 46.91 33.3 61.91
325 37.51 47.29 33.31 62.88
326 38.02 47.78 33.33 63.74
327 38.5 48.36 33.34 64.425
328 38.91 48.92 33.34 64.925
329 39.31 49.43 33.37 65.355
330 39.71 49.88 33.41 65.815
331 40.06 50.25 33.45 66.225
332 40.39 50.59 33.47 66.52
333 40.71 50.89 33.49 66.82
334 40.98 51.19 33.52 67.06
335 41.21 51.44 33.53 67.195
336 41.42 51.7 33.56 67.45
337 41.64 51.93 33.59 67.67
338 41.81 52.1 33.6 67.825
339 41.95 52.25 33.6 67.885
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340 42.11 52.41 33.61 67.915
341 42.25 52.56 33.66 67.985
342 42.39 52.68 33.71 68.095
343 42.5 52.8 33.74 68.21
344 42.61 52.9 33.76 68.26
345 42.68 52.98 33.79 68.255
346 42.75 53.07 33.82 68.33
347 42.83 53.16 33.84 68.295
348 42.89 53.22 33.87 68.285
349 42.96 53.27 33.91 68.39
350 43.01 53.32 33.96 68.44
351 43.06 53.36 34.01 68.405
352 43.09 53.4 34.02 68.515
353 43.13 53.45 34.03 68.545
354 43.17 53.49 34.05 68.62
355 43.21 53.53 34.07 68.665
356 43.21 53.54 34.1 68.765
357 43.25 53.58 34.13 68.815
358 43.3 53.63 34.12 68.8

359 43.31 53.66 34.14 68.83
360 43.33 53.68 34.15 68.735
361 43.35 53.67 34.17 68.7

362 43.4 53.68 34.2 68.645
363 43.43 53.71 34.23 68.715
364 43.41 53.73 34.28 68.715
365 43.41 53.75 34.32 68.8

366 43.42 53.79 34.39 68.795
367 43.45 53.8 34.44 68.72
368 43.49 53.82 34.46 68.615
369 43.52 53.83 34.48 68.65
370 43.56 53.83 34.48 68.66
371 43.57 53.83 34.5 68.635
372 43.58 53.85 34.53 68.69
373 43.6 53.87 34.54 68.725
374 43.61 53.87 34.55 68.65
375 43.63 53.86 34.57 68.68
376 43.64 53.85 34.58 68.645
377 43.66 53.89 34.62 68.68
378 43.69 53.92 34.67 68.745
379 43.69 53.95 34.7 68.855
380 43.66 53.98 34.71 68.895
381 43.67 53.99 34.76 68.82
382 43.72 54.01 34.79 68.795
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383 43.74 54.01 34.8 68.805
384 43.78 54.02 34.83 68.86
385 43.82 54.04 34.85 68.84
386 43.8 54.04 34.85 68.855
387 43.78 54.07 34.88 68.82
388 43.8 54.07 34.89 68.825
389 43.77 54.09 34.9 68.95
390 43.77 54.11 34.95 68.87
391 43.81 54.12 34.99 68.855
392 43.83 54.13 35.01 68.92
393 43.83 54.15 35.05 68.91
394 43.84 54.17 35.08 68.93
395 43.85 54.19 35.12 68.935
396 43.89 54.19 35.18 68.935
397 43.93 54.18 35.17 68.835
398 43.95 54.16 35.17 68.69
399 43.95 54.16 35.19 68.7

400 43.94 54.16 35.21 68.825
401 43.92 54.16 35.21 68.81
402 43.93 54.19 35.25 68.825
403 43.93 54.2 35.23 68.66
404 43.89 54.17 35.22 68.74
405 43.88 54.1 35.24 68.045
406 43.85 53.5 35.24 64.465
407 43.73 52.34 35.23 60.045
408 43.43 50.87 35.22 56.005
409 42.96 49.38 35.21 52.57
410 42.41 47.96 35.23 49.705
411 41.78 46.66 35.24 47.365
412 41.17 45.55 35.24 45.43
413 40.55 44.58 35.23 43.75
414 39.97 43.71 35.19 42.335
415 39.42 42.89 35.16 41.135
416 38.88 42.13 35.15 40.1

417 38.38 41.41 35.14 39.205
418 37.91 40.76 35.14 38.405
419 37.52 40.13 35.13 37.67
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Test No4 traditionalmodel with various heat fluxg¢five hours)
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Time Outlet Inlet Tank Average wall
(minutes) °C °C °C °C

0 22.22 22.06 22.89 22.425
1 22.25 22.09 22.92 23.46
2 22.36 22.14 22.96 27.21
3 23.18 22.19 23 32.5
4 25.21 22.26 23.04 37.825
5 28.1 22.38 23.08 42.455
6 30.88 22.6 23.12 46.26
7 33.41 22.78 23.14 49.315
8 35.41 23.18 23.15 51.77
9 37.13 24.27 23.18 53.7
10 38.42 25.58 23.22 55.285
11 39.22 26.66 23.23 56.675
12 39.54 27.52 23.28 57.805
13 39.87 28.36 23.32 58.755
14 40.53 29.22 23.4 59.6
15 41.43 29.9 23.48 60.415
16 42.32 30.46 23.52 61.105
17 43.03 31.02 23.54 61.64
18 43.63 31.6 23.6 62.17
19 44.15 32.15 23.71 62.63
20 44.57 32.63 23.8 62.96
21 44.94 33.07 23.87 63.355
22 45.33 33.48 23.93 63.7
23 45.69 33.82 23.99 64
24 46.02 34.14 24.05 64.295
25 46.35 34.46 24.09 64.405
26 46.6 34.71 24.16 64.525
27 46.84 34.94 24.23 64.7
28 47.05 35.17 24.31 64.885
29 47.25 35.37 24.4 64.985
30 47.41 35.54 24.45 65.21
31 47.6 35.71 24.52 65.395
32 47.73 35.87 24.6 65.57
33 47.87 36.03 24.62 65.625
34 47.99 36.18 24.66 65.715
35 48.11 36.3 24.73 65.815
36 48.22 36.4 24.79 65.895
37 48.33 36.51 24.88 65.855
38 48.48 36.63 25 65.79
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39 48.59 36.71 25.06 65.755
40 48.67 36.8 25.12 65.815
41 48.71 36.89 25.16 66.055
42 48.74 36.93 25.19 66.16
43 48.76 36.97 25.2 66.195
44 48.8 37.03 25.2 66.24
45 48.86 37.09 25.29 66.465
46 48.94 37.13 25.32 66.46
47 49 37.19 25.34 66.35
48 49.05 37.25 25.38 66.215
49 49.09 37.31 25.44 66.185
50 49.11 37.37 25.52 66.3

51 49.11 37.37 25.57 66.32
52 49.17 37.44 25.61 66.41
53 49.26 37.52 25.67 66.505
54 49.28 37.55 25.7 66.635
55 49.31 37.56 25.75 66.73
56 49.38 37.61 25.82 66.73
57 49.38 37.63 25.84 66.695
58 49.41 37.67 25.9 66.635
59 49.45 37.73 25.95 66.49
60 49.47 37.79 26.01 66.48
61 49.49 37.82 26.03 66.575
62 49.47 37.81 26.05 66.73
63 49.47 37.82 26.09 66.8

64 49.54 37.9 26.14 66.93
65 49.59 37.95 26.23 66.845
66 49.6 37.99 26.29 66.74
67 49.66 38.05 26.35 66.725
68 49.66 38.08 26.37 66.865
69 49.7 38.11 26.43 67.095
70 49.72 38.11 26.49 67.04
71 49.79 38.13 26.53 67.005
72 49.86 38.18 26.58 67.08
73 49.9 38.2 26.63 67.175
74 49.92 38.23 26.67 67.165
75 49.95 38.28 26.73 67.13
76 50.02 38.35 26.79 67.33
77 50.08 38.4 26.85 67.445
78 50.13 38.43 26.9 67.355
79 50.16 38.51 26.92 67.19
80 50.2 38.58 26.97 67.14
81 50.24 38.63 27.03 67.12
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82 50.24 38.64 27.07 67.125
83 50.27 38.67 27.12 67.12
84 50.28 38.69 27.16 67.285
85 50.31 38.73 27.22 67.26
86 50.3 38.77 27.28 67.225
87 50.32 38.75 27.32 67.355
88 50.38 38.73 27.36 67.465
89 50.45 38.78 27.45 67.39
90 50.49 38.83 27.49 67.435
91 50.48 38.85 27.51 67.435
92 50.48 38.9 27.51 67.32
93 50.54 39 27.6 67.375
94 50.58 39.06 27.66 67.355
95 50.6 39.07 27.65 67.305
96 50.61 39.1 27.68 67.345
97 50.63 39.1 27.69 67.44
98 50.67 39.12 27.74 67.595
99 50.7 39.11 27.77 67.56
100 50.71 39.15 27.81 67.495
101 50.73 39.19 27.84 67.475
102 50.74 39.24 27.87 67.475
103 50.76 39.28 27.93 67.515
104 50.78 39.32 28.02 67.565
105 50.83 39.33 28.11 67.73
106 50.86 39.33 28.15 67.845
107 50.86 39.33 28.17 67.97
108 50.9 39.35 28.23 68.01
109 50.91 39.37 28.25 67.95
110 50.94 39.43 28.27 68.065
111 50.97 39.44 28.33 68.205
112 51 39.44 28.38 68.215
113 51.04 39.46 28.42 68.075
114 51.07 39.52 28.47 67.89
115 51.08 39.56 28.46 67.915
116 51.13 39.62 28.51 67.96
117 51.15 39.65 28.56 67.955
118 51.17 39.67 28.58 67.88
119 51.18 39.69 28.59 67.835
120 51.22 39.74 28.61 67.885
121 51.23 39.76 28.65 68.04
122 51.25 39.78 28.74 67.985
123 51.27 39.8 28.78 68.12
124 51.28 39.79 28.86 68.085
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125 51.28 39.8 28.91 68.065
126 51.3 39.83 28.92 68
127 51.32 39.85 28.96 68.065
128 51.35 39.87 29.05 68.15
129 51.4 39.91 29.07 68.32
130 51.44 39.96 29.08 68.425
131 51.47 40.02 290.1 68.49
132 51.49 40.07 29.13 68.59
133 51.54 40.11 29.2 68.59
134 51.54 40.16 29.24 68.76
135 51.58 40.19 29.27 68.835
136 51.61 40.21 29.32 68.8
137 51.65 40.23 29.37 68.69
138 51.7 40.28 29.42 68.585
139 51.75 40.31 29.44 68.57
140 51.76 40.36 29.44 68.4
141 51.78 40.38 29.47 68.375
142 51.8 40.41 29.5 68.48
143 51.78 40.4 29.53 68.53
144 51.78 40.41 29.51 68.565
145 51.8 40.43 29.57 68.795
146 51.83 40.45 29.61 68.855
147 51.84 40.46 29.66 68.925
148 51.88 40.5 29.72 68.785
149 51.91 40.52 29.76 68.88
150 51.9 40.55 29.75 68.955
151 51.91 40.61 29.8 68.995
152 51.98 40.66 29.89 69.125
153 52.02 40.67 29.94 69.015
154 52.05 40.73 29.99 69.025
155 52.1 40.79 30.02 69.13
156 52.11 40.78 30.04 69.115
157 52.11 40.76 30.07 69.22
158 52.1 40.76 30.09 69.165
159 52.12 40.82 30.12 69.115
160 52.14 40.88 30.16 69.105
161 52.18 40.93 30.22 69.19
162 52.23 40.95 30.26 69.145
163 52.28 40.98 30.32 69.07
164 52.31 41.03 30.35 69.23
165 52.35 41.07 30.38 69.335
166 52.39 41.12 30.41 69.305
167 52.41 41.13 30.42 69.34
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168 52.41 41.17 30.47 69.415
169 52.44 41.19 30.5 69.39
170 52.45 41.21 30.55 69.335
171 52.49 41.25 30.63 69.445
172 52.53 41.27 30.67 69.465
173 52.57 41.3 30.74 69.465
174 52.56 41.32 30.75 69.5

175 52.58 41.31 30.79 69.525
176 52.59 41.29 30.79 69.54
177 52.62 41.34 30.85 69.54
178 52.68 41.4 30.89 69.47
179 52.7 41.47 30.92 69.49
180 52.73 41.47 30.92 69.535
181 52.74 41.49 30.93 69.53
182 52.75 41.54 30.98 69.57
183 52.77 41.54 31.04 69.565
184 52.8 41.55 31.1 69.5

185 52.81 41.59 31.16 69.525
186 52.83 41.63 31.16 69.53
187 52.82 41.67 31.18 69.465
188 52.85 41.69 31.24 69.49
189 52.87 41.69 31.28 69.57
190 52.88 41.71 31.27 69.5

191 52.89 41.72 31.26 69.63
192 52.91 41.75 31.28 69.65
193 52.89 41.75 31.3 69.72
194 52.91 41.78 31.36 69.715
195 52.96 41.8 31.44 69.78
196 52.99 41.81 31.5 69.795
197 53.04 41.85 31.57 69.795
198 53.08 41.89 31.59 69.815
199 53.12 41.92 31.6 69.745
200 53.15 41.95 31.64 69.79
201 53.16 41.99 31.66 69.825
202 53.11 41.93 31.66 69.695
203 53.1 41.91 31.64 69.715
204 53.13 41.94 31.65 69.73
205 53.12 41.97 31.68 69.665
206 53.11 41.99 31.73 69.56
207 53.12 41.99 31.77 69.6

208 53.11 42 31.81 69.695
209 53.17 42.07 31.87 69.66
210 53.23 42.12 31.93 69.78
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211 53.27 42.14 31.98 69.9

212 53.28 42.15 32.01 69.98
213 53.29 42.19 32.04 69.845
214 53.32 42.19 32.09 69.82
215 53.34 42.22 32.09 69.8

216 53.34 42.22 32.1 69.715
217 53.39 42.22 32.11 69.79
218 53.39 42.25 32.14 69.845
219 53.42 42.29 32.22 70.04
220 53.43 42.33 32.24 69.97
221 53.47 42.37 32.28 69.85
222 53.47 42.38 32.3 69.865
223 53.48 42.36 32.33 69.88
224 53.47 42.38 32.34 69.985
225 53.45 42.4 32.31 69.935
226 53.47 42.43 32.33 69.905
227 53.49 42.46 32.36 69.945
228 53.51 42.47 32.38 69.96
229 53.51 42.48 32.42 69.88
230 53.51 42.49 32.45 69.865
231 53.52 42.54 32.47 69.96
232 53.54 42.56 32.51 70.02
233 53.54 42.56 32.54 70.03
234 53.6 42.59 32.61 70.075
235 53.65 42.62 32.68 70.01
236 53.69 42.63 32.73 69.975
237 53.72 42.67 32.76 69.94
238 53.75 42.7 32.77 70.07
239 53.7 42.67 32.76 70.165
240 53.7 42.65 32.73 70.02
241 53.63 42.59 32.73 69.11
242 53.02 42.56 32.77 65.38
243 51.73 42.45 32.77 60.92
244 50.18 42.18 32.86 56.77
245 48.64 41.71 32.95 53.185
246 47.12 41.07 32.89 50.13
247 45.84 40.38 32.88 47.61
248 44.76 39.73 32.89 45.53
249 43.78 39.08 32.9 43.805
250 42.93 38.45 32.95 42.32
251 42.1 37.85 32.95 41.04
252 41.32 37.33 32.92 39.95
253 40.58 36.84 32.9 38.96
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254 39.93 36.39 32.92 38.105
255 39.26 35.93 32.89 37.34
256 38.59 35.47 32.83 36.655
257 38.01 35.1 32.83 36.05
258 37.47 34.75 32.83 35.495
259 36.94 34.42 32.81 34.965
260 36.45 34.11 32.77 34.49
261 36.01 33.82 32.73 34.04
262 35.59 33.54 32.7 33.645
263 35.21 33.28 32.66 33.25
264 34.88 33.04 32.64 32.91
265 34.56 32.82 32.63 32.59
266 34.25 32.61 32.6 32.265
267 34 32.43 32.59 31.995
268 33.76 32.26 32.61 31.74
269 33.53 32.1 32.62 31.51
270 33.31 31.93 32.61 31.29
271 33.07 31.74 32.57 31.06
272 32.88 31.58 32.55 30.855
273 32.72 31.41 32.54 30.66
274 32.61 31.25 32.53 30.505
275 32.5 31.1 32.52 30.345
276 32.37 30.92 32.52 30.175
277 32.24 30.73 32.5 30.01
278 32.11 30.55 32.49 29.85
279 32.03 30.39 32.51 29.72
280 31.96 30.21 32.51 29.59
281 31.89 30.03 32.5 29.48
282 31.8 29.84 32.47 29.345
283 31.7 29.64 32.44 29.205
284 31.62 29.5 32.46 29.115
285 31.53 29.33 32.46 29.01
286 3141 29.16 32.44 28.87
287 31.3 29 32.42 28.76
288 31.21 28.87 32.42 28.68
289 31.1 28.76 32.42 28.61
290 31.02 28.65 32.41 28.545
291 30.94 28.55 32.42 28.47
292 30.81 28.41 32.38 28.36
293 30.7 28.31 32.37 28.285
294 30.61 28.22 32.35 28.205
295 30.52 28.12 32.35 28.145
296 30.47 28.07 32.37 28.09
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297 30.39 27.98 32.35 28.015

298 30.31 27.9 32.35 27.955

299 30.23 27.82 32.35 27.9

Test No.5new model withconstanteat fluxegfive hours)
Time Inlet Outlet Tank Average wall
(minutes) °C °C °C °C

0 23.37 24.03 24.05 24.565
1 23.39 24.06 24.05 26.4
2 23.43 24.23 24.04 31.79
3 23.5 24.76 24.05 37.835
4 23.66 25.88 24.09 43.235
5 23.85 27.96 24.1 47.745
6 24 31.21 24.11 51.475
7 24.15 34.29 24.15 54.475
8 24.42 36.42 24.18 56.88
9 25.18 38.29 24.17 58.905
10 26.45 39.87 24.2 60.555
11 27.76 41.13 24.27 62.005
12 28.9 42.15 24.31 63.345
13 29.86 42.94 24.33 64.555
14 30.72 43.65 24.41 65.595
15 31.47 44.29 24.45 66.405
16 32.12 44,97 24.46 67.19
17 32.73 45.69 24.51 67.875
18 33.29 46.35 24.52 68.49
19 33.81 46.94 24.56 69.045
20 34.33 47.5 24.57 69.52
21 34.83 48 24.61 69.935
22 35.31 48.47 24.66 70.305
23 35.71 48.91 24.73 70.645
24 36.04 49.29 24.8 70.83
25 36.4 49.68 24.87 71.065
26 36.75 49.97 24.93 71.3
27 37.07 50.26 25 71.545
28 37.4 50.6 25.16 71.765
29 37.65 50.87 25.23 71.83
30 37.95 51.14 25.31 72.03
31 38.21 51.39 25.41 72.27
32 38.43 51.62 25.51 72.46
33 38.61 51.83 25.57 72.68
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34 38.77 52 25.69 72.965
35 38.95 52.17 25.76 73.18
36 39.08 52.32 25.79 73.25
37 39.21 52.51 25.82 73.305
38 39.36 52.65 25.92 73.335
39 39.46 52.75 26 73.42
40 39.56 52.83 26.08 73.405
41 39.65 52.91 26.12 73.39
42 39.75 52.98 26.11 73.455
43 39.81 53.04 26.09 73.52
44 39.79 53 26.09 73.495
45 39.88 53.08 26.19 73.47
46 39.91 53.1 26.24 73.54
47 39.96 53.16 26.27 73.555
48 39.97 53.21 26.32 73.415
49 40.01 53.24 26.4 73.345
50 40.05 53.25 26.46 73.455
51 40.09 53.27 26.5 73.46
52 40.12 53.3 26.53 73.405
53 40.18 53.35 26.6 73.45
54 40.21 53.37 26.68 73.54
55 40.19 53.38 26.68 73.64
56 40.23 53.41 26.68 73.65
57 40.32 53.45 26.74 73.68
58 40.4 53.52 26.8 73.765
59 40.44 53.6 26.89 73.795
60 40.5 53.63 26.95 73.825
61 40.54 53.66 27 73.815
62 40.56 53.7 27.05 73.85
63 40.56 53.7 27.02 73.795
64 40.61 53.74 27.09 73.81
65 40.65 53.79 27.18 73.79
66 40.65 53.81 27.24 73.795
67 40.64 53.81 27.3 73.745
68 40.67 53.78 27.33 73.615
69 40.74 53.82 27.39 73.655
70 40.79 53.86 27.43 73.74
71 40.78 53.91 27.46 73.73
72 40.84 53.95 27.49 73.775
73 40.9 54 27.53 73.98
74 40.92 54.04 27.59 74.125
75 41.01 54.1 27.66 74.245
76 41.11 54.17 27.76 74.255
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77 41.16 54.21 27.8 74.28
78 41.19 54.29 27.86 74.315
79 41.27 54.34 27.93 74.285
80 41.33 54.4 27.99 74.325
81 41.4 54.45 28 74.445
82 41.42 54.5 28.06 74.47
83 41.47 54.52 28.08 74.5

84 41.53 54.55 28.14 74.56
85 41.59 54.6 28.17 74.61
86 41.6 54.65 28.25 4.7

87 41.63 54.69 28.3 74.825
88 41.66 54.71 28.36 74.845
89 41.69 54.76 28.41 74.9

90 41.69 54.78 28.48 74.92
91 41.7 54.81 28.52 74.925
92 41.68 54.81 28.58 74.885
93 41.69 54.81 28.65 74.865
94 41.7 54.83 28.74 74.78
95 41.75 54.88 28.78 74.795
96 41.81 54.9 28.79 74.885
97 41.83 54.92 28.82 74.985
98 41.86 54.95 28.87 75.065
99 41.88 54.97 28.88 75.045
100 41.92 54.99 28.93 74.99
101 41.95 55.02 29.02 74.92
102 41.99 55.09 29.02 74.99
103 42.01 55.12 29.08 75.155
104 42.03 55.14 29.09 75.11
105 42.11 55.17 29.12 75.005
106 42.16 55.2 29.18 75.01
107 42.2 55.22 29.2 75.015
108 42.23 55.2 29.23 75.07
109 42.25 55.23 29.27 75.195
110 42.28 55.27 29.33 75.215
111 42.28 55.3 29.4 75.18
112 42.3 55.37 29.49 75.3

113 42.33 55.41 29.57 75.39
114 42.38 55.46 29.64 75.425
115 42.44 55.5 29.7 75.445
116 42.48 55.5 29.69 75.475
117 42.54 55.53 29.71 75.52
118 42.58 55.54 29.74 75.635
119 42.6 55.56 29.79 75.675
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120 42.62 55.58 29.84 75.59
121 42.62 55.63 29.87 75.56
122 42.65 55.67 29.98 75.48
123 42.66 55.7 30.03 75.42
124 42.7 55.73 30.06 75.535
125 42.76 55.78 30.1 75.65
126 42.83 55.82 30.13 75.715
127 42.89 55.84 30.19 75.735
128 42.92 55.88 30.26 75.695
129 42.95 55.92 30.3 75.645
130 42.96 55.94 30.32 75.585
131 42.98 55.94 30.38 75.585
132 43 55.95 30.45 75.575
133 43.02 55.97 30.5 75.55
134 43.03 56 30.52 75.57
135 43.01 55.99 30.55 75.495
136 42.97 55.98 30.6 75.405
137 42.97 56.01 30.66 75.505
138 43.03 56.02 30.7 75.55
139 43.06 56.03 30.76 75.43
140 43.04 56.02 30.79 75.355
141 43.03 56.02 30.86 75.405
142 43 56 30.86 75.435
143 43.01 55.98 30.85 75.495
144 43.04 55.98 30.89 75.5

145 43.01 55.97 30.94 75.425
146 42.94 55.98 30.94 75.315
147 42.99 56.01 31.05 75.26
148 43.03 56.05 31.12 75.25
149 43.07 56.07 31.19 75.245
150 43.06 56.08 31.23 75.28
151 43.11 56.1 31.28 75.335
152 43.16 56.12 31.3 75.395
153 43.18 56.15 31.31 75.445
154 43.25 56.22 31.37 75.46
155 43.27 56.3 31.46 75.48
156 43.3 56.35 31.52 75.525
157 43.39 56.36 31.54 75.535
158 43.44 56.33 31.57 75.455
159 43.43 56.34 31.58 75.475
160 43.39 56.35 31.6 75.495
161 43.42 56.34 31.6 75.485
162 43.45 56.38 31.64 75.545
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163 43.49 56.41 31.69 75.56
164 43.47 56.42 31.73 75.63
165 43.48 56.43 31.74 75.635
166 43.47 56.44 31.8 75.62
167 43.5 56.47 31.88 75.655
168 43.55 56.5 31.95 75.65
169 43.56 56.52 31.95 75.685
170 43.57 56.49 31.94 75.645
171 43.57 56.48 31.98 75.62
172 43.56 56.5 32.01 75.535
173 43.58 56.54 32.05 75.47
174 43.66 56.57 32.13 75.56
175 43.68 56.55 32.14 75.6

176 43.79 56.62 32.22 75.695
177 43.88 56.67 32.22 75.77
178 43.9 56.7 32.29 75.75
179 43.94 56.73 32.35 75.79
180 43.92 56.71 32.37 75.795
181 43.91 56.74 32.44 75.795
182 43.93 56.79 32.49 75.805
183 44 56.85 32.55 75.92
184 44.01 56.87 32.57 75.935
185 43.95 56.85 32.6 75.965
186 43.96 56.86 32.61 75.93
187 43.99 56.9 32.67 75.98
188 44.05 56.94 32.72 75.955
189 44.05 56.94 32.73 75.935
190 44.05 56.94 32.76 75.82
191 44.06 56.94 32.84 75.76
192 44.08 56.97 32.94 75.85
193 44.15 57.01 32.98 75.885
194 44.22 57.02 32.98 75.935
195 44.27 57.05 32.97 75.985
196 44.3 57.08 33.02 76.08
197 44.34 57.12 33.06 76.055
198 44.39 57.16 33.14 76.02
199 44.44 57.2 33.19 76.045
200 44.48 57.21 33.23 76.19
201 44.52 57.25 33.26 76.18
202 44.56 57.26 33.28 76.155
203 44.57 57.3 33.35 76.185
204 44.6 57.35 33.46 76.265
205 44.58 57.36 33.49 76.24
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206 44.6 57.41 33.58 76.145
207 44.65 57.43 33.61 76.08
208 44.69 57.49 33.65 76.07
209 44.69 57.53 33.67 76.055
210 44.7 57.58 33.71 76.105
211 44.73 57.61 33.75 76.175
212 44.72 57.59 33.8 76.2

213 44.73 57.58 33.86 76.155
214 44.78 57.61 33.87 76.085
215 44.82 57.63 33.91 76.12
216 44.79 57.63 33.93 76.215
217 44.82 57.66 33.97 76.24
218 44.83 57.65 33.99 76.18
219 44.89 57.67 34.03 76.3

220 44.9 57.64 34.08 76.26
221 44.95 57.65 34.16 76.23
222 44.97 57.67 34.15 76.28
223 45 57.68 34.15 76.31
224 45.05 57.7 34.16 76.35
225 45.12 57.72 34.22 76.405
226 45.11 57.73 34.3 76.38
227 45.16 57.78 34.34 76.39
228 45.19 57.84 34.41 76.42
229 45.24 57.88 34.41 76.385
230 45.26 57.9 34.43 76.39
231 45.27 57.91 34.46 76.425
232 45.24 57.91 34.51 76.405
233 45.21 57.92 34.54 76.38
234 45.21 57.94 34.63 76.285
235 45.23 57.97 34.69 76.32
236 45.25 57.99 34.72 76.375
237 45.28 58.03 34.74 76.455
238 45.33 58.05 34.76 76.355
239 45.35 58.04 34.79 76.235
240 45.35 58.03 34.77 76.235
241 45.36 58.01 34.77 76.28
242 45.44 58.03 34.82 76.37
243 45.45 58.04 34.91 76.405
244 45.44 58.07 34.97 76.505
245 45.42 58.1 35.02 76.545
246 45.44 58.15 35.09 76.605
247 45.48 58.19 35.14 76.63
248 45.46 58.2 35.18 76.55
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249 45.45 58.22 35.21 76.515
250 45.48 58.24 35.21 76.48
251 45.49 58.24 35.2 76.455
252 45.54 58.28 35.22 76.485
253 45.61 58.29 35.26 76.515
254 45.67 58.31 35.26 76.62
255 45.71 58.36 35.28 76.645
256 45.72 58.4 35.3 76.69
257 45.7 58.4 35.34 76.62
258 45.66 58.39 35.38 76.68
259 45.65 58.4 35.39 76.69
260 45.71 58.45 35.44 76.765
261 45.69 58.46 35.5 76.745
262 45.73 58.48 35.52 76.72
263 45.82 58.5 35.53 76.795
264 45.91 58.53 35.57 76.895
265 45.89 58.54 35.61 76.87
266 45.88 58.58 35.67 76.845
267 45.91 58.61 35.7 76.87
268 45.96 58.65 35.77 76.835
269 46.01 58.68 35.83 76.81
270 46.02 58.7 35.87 76.83
271 46.09 58.72 35.88 76.865
272 46.16 58.72 35.91 76.8

273 46.19 58.75 35.93 76.87
274 46.14 58.76 35.95 76.905
275 46.1 58.75 35.95 76.925
276 46.13 58.79 36 76.915
277 46.16 58.8 36.04 76.85
278 46.19 58.8 36.09 76.68
279 46.2 58.82 36.14 76.67
280 46.23 58.85 36.15 76.84
281 46.22 58.82 36.16 76.905
282 46.18 58.79 36.08 76.845
283 46.2 58.8 36.14 76.88
284 46.24 58.82 36.18 76.85
285 46.24 58.83 36.2 76.795
286 46.2 58.81 36.21 76.81
287 46.23 58.82 36.23 76.74
288 46.25 58.8 36.24 76.735
289 46.26 58.82 36.27 76.72
290 46.27 58.83 36.33 76.775
291 46.25 58.82 36.32 76.77
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292 46.23 58.8 36.34 76.74
293 46.28 58.81 36.35 76.8
294 46.34 58.86 36.39 76.86
295 46.33 58.86 36.43 76.825
296 46.3 58.83 36.45 76.72
297 46.34 58.85 36.49 76.73
298 46.35 58.89 36.51 76.745
299 46.39 58.89 36.55 76.745
Test No.6new model withconstanteat fluxegseven hours)
Time Inlet Outlet Tank Average wall
(minutes) °C °C °C °C
0 23.64 23.98 24.04 26.71
1 23.65 24.04 24.06 28.755
2 23.71 24.33 24.09 34.715
3 23.78 25.02 24.14 40.86
4 23.83 26.42 24.17 46.06
5 23.95 29.26 24.2 50.315
6 24.09 32.74 24.21 53.735
7 24.22 35.58 24.22 56.445
8 24.67 37.78 24.22 58.665
9 25.68 39.57 24.24 60.6
10 27.05 40.99 24.28 62.23
11 28.35 42.05 24.33 63.645
12 29.47 42.9 24.38 64.895
13 30.43 43.64 24.43 65.99
14 31.26 44.33 24.46 66.905
15 31.96 45.04 24.46 67.765
16 32.6 45.68 24.5 68.405
17 33.17 46.39 24.54 69.04
18 33.76 47.16 24.62 69.7
19 34.28 47.75 24.67 70.03
20 34.73 48.26 24.72 70.48
21 35.22 48.74 24.79 70.825
22 35.65 49.14 24.84 71.23
23 36.04 49.49 24.9 71.595
24 36.4 49.87 24.98 71.92
25 36.77 50.22 25.04 72.21
26 37.12 50.55 25.09 72.43
27 37.42 50.83 25.13 72.645
28 37.68 51.09 25.2 72.8
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29 37.9 51.33 25.25 72.94
30 38.09 51.68 25.3 73.055
31 38.25 52.03 25.36 73.07
32 38.38 52.16 25.41 73.12
33 38.56 52.31 25.47 73.23
34 38.7 52.45 25.53 73.395
35 38.83 52.58 25.62 73.58
36 38.96 52.71 25.71 73.64
37 39.1 52.79 25.75 73.7

38 39.19 52.81 25.75 73.715
39 39.29 52.85 25.78 73.765
40 39.4 52.91 25.82 73.855
41 39.49 53.01 25.95 74.04
42 39.54 53.11 26.03 74.065
43 39.61 53.2 26.13 74.035
44 39.67 53.29 26.14 74.015
45 39.75 53.35 26.21 74.035
46 39.81 53.39 26.31 74.13
47 39.86 53.45 26.32 74.155
48 39.89 53.52 26.34 74.15
49 39.92 53.6 26.42 74.19
50 40.02 53.79 26.47 74.185
51 40.11 53.8 26.53 74.21
52 40.17 53.79 26.62 74.27
53 40.21 53.83 26.67 74.31
54 40.22 53.83 26.71 74.29
55 40.25 53.87 26.75 74.305
56 40.27 53.9 26.83 74.355
57 40.3 53.94 26.89 74.375
58 40.33 53.95 27.01 74.435
59 40.37 53.94 27.03 74.51
60 40.37 54 27.08 74.525
61 40.38 54 27.12 74.59
62 40.39 54.05 27.16 74.6

63 40.43 54.13 27.24 74.62
64 40.47 54.15 27.3 74.605
65 40.43 54.18 27.35 74.63
66 40.47 54.31 27.4 74.635
67 40.52 54.39 27.43 74.635
68 40.55 54.44 27.48 74.65
69 40.6 54.53 27.58 74.535
70 40.63 54.51 27.63 74.645
71 40.69 54.52 27.7 74.745
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72 40.73 54.58 27.7 74.825
73 40.74 54.62 27.83 74.875
74 40.75 54.68 27.89 74.885
75 40.78 54.69 27.9 74.91
76 40.85 54.75 27.95 74.935
77 40.87 54.74 28.01 74.96
78 40.86 54.78 28.05 75.075
79 40.85 54.83 28.1 75.135
80 40.88 54.88 28.15 75.155
81 40.94 54.93 28.2 75.175
82 40.97 54.99 28.24 75.125
83 40.97 55.01 28.31 75.095
84 40.97 54.98 28.35 75.025
85 40.95 54.93 28.35 74.995
86 40.96 54.96 28.38 75.02
87 40.99 55.02 28.36 75.075
88 41.07 55.09 28.47 75.155
89 41.14 55.11 28.52 75.215
90 41.19 55.18 28.62 75.19
91 41.23 55.22 28.66 75.205
92 41.27 55.23 28.72 75.285
93 41.33 55.27 28.72 75.315
94 41.37 55.33 28.74 75.37
95 41.42 55.38 28.84 75.245
96 41.44 55.39 28.92 75.25
97 41.47 55.47 28.99 75.355
98 41.49 55.49 29.06 75.43
99 41.53 55.54 29.11 75.425
100 41.58 55.54 29.13 75.33
101 41.63 55.56 29.18 75.265
102 41.68 55.63 29.24 75.345
103 41.72 55.66 29.3 75.405
104 41.7 55.67 29.32 75.475
105 41.72 55.69 29.38 75.575
106 41.76 55.76 29.47 75.61
107 41.81 55.82 29.53 75.595
108 41.83 55.88 29.58 75.62
109 41.85 55.87 29.66 75.755
110 41.87 55.89 29.69 75.805
111 41.92 55.92 29.69 75.83
112 41.96 55.94 29.74 75.915
113 41.99 55.98 29.81 75.975
114 42.05 55.95 29.8 75.95
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115 42.11 56.02 29.85 75.98
116 42.12 56.05 29.91 75.985
117 42.14 56.09 30.01 76.03
118 42.17 56.14 30.05 76.03
119 42.17 56.14 30.1 76
120 42.16 56.14 30.09 75.99
121 42.2 56.16 30.12 75.995
122 42.25 56.16 30.23 75.96
123 42.28 56.19 30.24 76.015
124 42.32 56.22 30.28 76.045
125 42.38 56.29 30.35 76.11
126 42.41 56.3 30.38 76.135
127 42.44 56.35 30.43 76.15
128 42.46 56.41 30.49 76.13
129 42.49 56.4 30.48 76.125
130 42.52 56.42 30.55 76.23
131 42.59 56.43 30.59 76.21
132 42.62 56.41 30.64 76.215
133 42.64 56.44 30.71 76.22
134 42.66 56.43 30.7 76.19
135 42.69 56.35 30.74 76.265
136 42.71 56.34 30.81 76.3
137 42.73 56.37 30.85 76.195
138 42.71 56.48 30.92 76.13
139 42.71 56.56 30.96 76.125
140 42.74 56.59 31.03 76.15
141 42.74 56.64 31.03 76.1
142 42.75 56.7 31.07 76.11
143 42.78 56.73 31.1 76.14
144 42.8 56.73 31.15 76.165
145 42.84 56.74 31.23 76.21
146 42.87 56.75 31.29 76.275
147 42.89 56.78 31.29 76.4
148 42.94 56.83 31.35 76.405
149 43.01 56.79 31.38 76.305
150 43.07 56.84 31.4 76.385
151 43.09 56.89 31.43 76.47
152 43.13 56.91 31.48 76.495
153 43.15 56.95 31.55 76.495
154 43.18 56.99 31.6 76.46
155 43.21 57.01 31.65 76.47
156 43.23 57.03 31.68 76.47
157 43.21 57.04 31.69 76.5
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158 43.2 57.05 31.69 76.5

159 43.23 57.08 31.75 76.44
160 43.29 57.09 31.81 76.39
161 43.33 57.08 31.8 76.37
162 43.36 57.08 31.83 76.425
163 43.35 57.19 31.88 76.48
164 43.35 57.24 31.97 76.38
165 43.33 57.26 32.03 76.31
166 43.35 57.28 32.06 76.39
167 43.4 57.3 32.11 76.385
168 43.43 57.32 32.14 76.335
169 43.45 57.35 32.19 76.335
170 43.49 57.36 32.18 76.41
171 43.5 57.38 32.23 76.4

172 43.52 57.38 32.33 76.42
173 43.52 57.39 324 76.465
174 43.51 57.4 32.49 76.485
175 43.49 57.34 32.49 76.395
176 43.48 57.27 32.43 76.28
177 43.51 57.27 32.43 76.245
178 43.48 57.24 32.48 76.215
179 43.46 57.24 32.5 76.285
180 43.51 57.28 32.56 76.26
181 43.54 57.3 32.61 76.295
182 43.57 57.3 32.64 76.35
183 43.57 57.3 32.65 76.335
184 43.61 57.32 32.66 76.305
185 43.66 57.37 32.71 76.345
186 43.68 57.42 32.77 76.365
187 43.68 57.46 32.83 76.42
188 43.73 57.5 32.91 76.45
189 43.75 57.52 32.92 76.43
190 43.77 57.54 32.97 76.46
191 43.75 57.54 33.04 76.5

192 43.78 57.57 33.09 76.525
193 43.8 57.58 33.09 76.45
194 43.81 57.6 33.15 76.385
195 43.81 57.61 33.18 76.405
196 43.84 57.62 33.22 76.445
197 43.91 57.62 33.23 76.495
198 43.94 57.65 33.29 76.55
199 43.91 57.65 33.32 76.52
200 43.92 57.68 33.37 76.48
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201 43.93 57.66 33.41 76.465
202 43.96 57.65 33.46 76.385
203 44.01 57.66 33.47 76.365
204 44.05 57.65 33.49 76.41
205 44.04 57.65 33.51 76.445
206 44.06 57.68 33.57 76.52
207 44.04 57.66 33.57 76.5

208 44.06 57.7 33.58 76.415
209 44.2 57.82 33.61 76.35
210 44.64 57.51 33.65 76.32
211 44.55 57.5 33.72 76.335
212 44.2 57.71 33.76 76.375
213 44.1 57.92 33.79 76.36
214 44.07 58.08 33.82 76.365
215 44.16 58.23 33.86 76.445
216 44.27 58.32 33.89 76.49
217 44.33 58.3 33.94 76.51
218 44.35 58.28 33.95 76.55
219 44.42 58.3 34.06 76.55
220 44.48 58.35 34.1 76.55
221 44.53 58.37 34.11 76.56
222 44.54 58.4 34.13 76.54
223 44.52 58.42 34.18 76.435
224 44.56 58.46 34.19 76.455
225 44.63 58.51 34.19 76.45
226 44.69 58.56 34.23 76.45
227 44.69 58.58 34.28 76.445
228 44.73 58.55 34.31 76.45
229 44.76 58.6 34.34 76.555
230 44.78 58.6 34.38 76.555
231 44.8 58.63 34.41 76.52
232 44.81 58.64 34.41 76.54
233 44.83 58.66 34.45 76.56
234 44.86 58.69 34.5 76.605
235 44.91 58.68 34.49 76.595
236 44.92 58.7 34.51 76.61
237 44.93 58.73 34.58 76.645
238 44.97 58.79 34.67 76.68
239 44.96 58.82 34.7 76.755
240 44.96 58.86 34.73 76.745
241 45.02 58.89 34.75 76.775
242 45.01 58.87 34.74 76.79
243 45.09 58.89 34.76 76.785
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244 45.15 58.9 34.78 76.72
245 45.16 58.9 34.8 76.75
246 45.15 58.97 34.86 76.845
247 45.11 58.96 34.9 76.845
248 45.09 58.94 34.92 76.78
249 45.11 58.96 34.96 76.755
250 45.13 58.97 34.97 76.705
251 45.12 58.99 35.05 76.7
252 45.15 59.08 35.11 76.715
253 45.2 59.11 35.16 76.73
254 45.21 59.12 35.19 76.795
255 45.19 59.07 35.2 76.71
256 45.17 59.05 35.18 76.645
257 45.19 59.09 35.26 76.65
258 45.22 59.11 35.32 76.565
259 45.28 59.16 35.37 76.495
260 45.33 59.15 35.34 76.57
261 45.37 59.17 35.38 76.73
262 45.41 59.19 35.45 76.765
263 45.48 59.23 35.48 76.705
264 45.5 59.24 35.51 76.685
265 45.56 59.25 35.54 76.705
266 45.53 59.2 35.54 76.7
267 45.55 59.22 35.58 76.81
268 45.54 59.27 35.64 76.885
269 45.58 59.3 35.65 76.805
270 45.61 59.31 35.64 76.725
271 45.64 59.28 35.67 76.7
272 45.61 59.28 35.7 76.8
273 45.62 59.3 35.74 76.94
274 45.62 59.34 35.75 76.935
275 45.62 59.34 35.78 77
276 45.66 59.39 35.8 77.09
277 45.74 59.43 35.83 77.065
278 45.78 59.47 35.85 77.035
279 45.81 59.5 35.91 77.14
280 45.84 59.52 35.98 77.175
281 45.85 59.55 35.97 77.22
282 45.88 59.58 36.02 77.315
283 45.89 59.63 36.04 77.28
284 45.9 59.67 36.01 77.225
285 45.92 59.69 36.02 77.24
286 45.97 59.72 36.07 77.27
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287 45.98 59.73 36.1 77.29
288 45.98 59.77 36.14 77.385
289 45.95 59.82 36.19 77.35
290 45.96 59.85 36.27 77.275
291 45.99 59.86 36.32 77.325
292 46.01 59.88 36.34 77.37
293 46.06 59.91 36.35 77.475
294 46.13 59.95 36.42 77.52
295 46.18 59.97 36.47 77.55
296 46.15 59.99 36.47 77.485
297 46.16 59.98 36.5 77.45
298 46.16 59.99 36.52 77.51
299 46.16 60.01 36.56 77.515
300 46.21 60.03 36.62 77.565
301 46.26 60.02 36.65 77.545
302 46.3 60.01 36.62 77.56
303 46.3 60.02 36.66 77.575
304 46.27 60.02 36.7 77.43
305 46.27 60.03 36.72 77.285
306 46.32 60.08 36.78 77.27
307 46.36 60.11 36.83 77.255
308 46.36 60.1 36.87 77.255
309 46.36 60.07 36.84 77.26
310 46.37 60.1 36.88 77.245
311 46.42 60.09 36.92 77.075
312 46.43 60.06 36.91 77.07
313 46.42 60.05 36.95 77.16
314 46.44 60.07 36.98 77.28
315 46.47 60.1 37 77.365
316 46.47 60.1 37 77.4

317 46.5 60.15 37.07 77.4

318 46.51 60.19 37.12 77.43
319 46.54 60.22 37.15 77.43
320 46.58 60.23 37.15 77.405
321 46.61 60.26 37.18 77.465
322 46.62 60.27 37.21 77.495
323 46.62 60.28 37.24 77.485
324 46.63 60.28 37.25 77.485
325 46.63 60.3 37.27 77.365
326 46.67 60.3 37.3 77.4

327 46.69 60.3 37.33 77.455
328 46.69 60.32 37.35 77.415
329 46.7 60.35 37.39 77.395
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330 46.71 60.37 37.42 77.45
331 46.76 60.39 37.46 77.475
332 46.78 60.42 37.5 77.53
333 46.81 60.43 37.54 77.59
334 46.84 60.45 37.57 77.585
335 46.86 60.48 37.58 77.48
336 46.9 60.52 37.62 77.405
337 46.87 60.55 37.64 77.46
338 46.89 60.58 37.69 77.46
339 46.96 60.53 37.67 77.455
340 47 60.51 37.68 77.455
341 46.99 60.55 37.71 77.46
342 46.95 60.57 37.79 77.485
343 46.96 60.58 37.83 77.52
344 46.98 60.61 37.87 77.515
345 47.05 60.6 37.91 77.49
346 47.07 60.63 37.94 77.54
347 47.09 60.67 37.97 77.575
348 47.12 60.7 37.98 77.645
349 47.12 60.68 38 77.65
350 47.14 60.7 38.04 77.67
351 47.17 60.71 38.05 77.685
352 47.16 60.72 38.06 77.65
353 47.18 60.74 38.09 77.62
354 47.2 60.75 38.12 77.655
355 47.21 60.77 38.09 77.615
356 47.22 60.77 38.1 77.6

357 47.24 60.79 38.12 77.68
358 47.22 60.79 38.15 77.7

359 47.18 60.8 38.21 77.64
360 47.15 60.79 38.29 77.565
361 47.17 60.77 38.28 77.55
362 47.21 60.84 38.26 77.615
363 47.24 60.85 38.27 77.63
364 47.25 60.85 38.3 77.59
365 47.26 60.86 38.37 77.63
366 47.25 60.84 38.39 77.655
367 47.23 60.78 38.4 77.74
368 47.22 60.72 38.38 77.76
369 47.28 60.74 38.39 77.775
370 47.31 60.77 38.41 77.87
371 47.35 60.8 38.45 77.87
372 47.38 60.81 38.47 77.835
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373 47.39 60.81 38.49 77.795
374 47.39 60.83 38.51 77.78
375 47.41 60.84 38.54 77.735
376 47.43 60.85 38.54 77.715
377 47.43 60.88 38.56 77.79
378 47.46 60.89 38.58 77.815
379 47.49 60.93 38.66 77.79
380 47.49 60.93 38.69 77.795
381 47.49 60.93 38.67 77.775
382 47.5 60.94 38.68 77.845
383 47.51 60.93 38.69 77.835
384 47.52 60.92 38.67 77.795
385 47.52 60.93 38.68 77.86
386 47.54 60.92 38.74 77.845
387 47.54 60.94 38.76 77.75
388 47.57 60.98 38.78 77.75
389 47.59 61.01 38.82 77.725
390 47.64 61.04 38.82 77.68
391 47.65 61.05 38.84 77.82
392 47.65 61.08 38.92 77.835
393 47.68 61.1 38.97 77.815
394 47.69 61.13 38.99 77.805
395 47.72 61.13 38.96 77.8
396 47.73 61.09 38.96 77.78
397 47.74 61.05 38.97 77.695
398 47.74 61.07 38.97 77.805
399 47.75 61.13 39.01 77.88
400 47.76 61.17 39.04 77.955
401 47.76 61.21 39.09 78
402 47.75 61.22 39.13 78.005
403 47.74 61.22 39.17 77.99
404 47.75 61.26 39.19 77.995
405 47.81 61.29 39.22 78.06
406 47.87 61.27 39.21 78.045
407 47.91 61.24 39.16 78.025
408 47.89 61.25 39.19 78.02
409 47.89 61.23 39.21 78.04
410 47.92 61.22 39.21 78.07
411 47.95 61.24 39.2 78.105
412 47.93 61.24 39.2 78.15
413 47.94 61.26 39.23 78.215
414 47.96 61.32 39.26 78.33
415 47.98 61.35 39.26 78.425
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416 48 61.36 39.24 78.51
417 48.02 61.43 39.29 78.525
418 48.05 61.47 39.35 78.495
419 48.09 61.5 39.39 78.39
Test No.7new model withvariousheat fluxegseven hours)
Time Inlet Outlet Tank wall-1
(minutes) °C °C °C °C
0 22.20 22.37 22.40 24.99
1 22.25 22.41 22.44 28.63
2 22.33 22.71 22.51 35.90
3 22.41 23.54 22.55 42.13
4 22.52 25.20 22.61 47.08
5 22.66 28.01 22.65 50.95
6 22.79 31.47 22.70 53.85
7 22.92 34.27 22.73 56.09
8 23.29 36.22 22.74 57.89
9 24.25 38.03 22.74 59.37
10 25.61 39.60 22.77 60.63
11 26.94 40.90 22.84 61.74
12 28.09 41.92 22.90 62.75
13 29.09 42.65 22.99 63.69
14 29.98 43.42 23.10 64.57
15 30.79 44.10 23.19 65.23
16 31.49 44.84 23.28 65.91
17 32.10 45.64 23.34 66.46
18 32.68 46.16 23.43 66.99
19 33.23 46.72 23.50 67.52
20 33.75 47.32 23.59 67.93
21 34.20 47.82 23.65 68.14
22 34.66 48.28 23.77 68.45
23 35.13 48.70 23.82 68.85
24 35.55 49.02 23.93 69.18
25 35.93 49.40 24.02 69.51
26 36.27 49.75 24.06 69.77
27 36.59 50.09 24.13 69.97
28 36.86 50.39 24.23 70.16
29 37.08 50.64 24.31 70.33
30 37.34 50.88 24.38 70.44
31 37.59 51.12 24.45 70.76
32 37.81 51.35 24.57 70.94
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33 38.03 51.54 24.63 70.97
34 38.22 51.72 24.71 71.02
35 38.42 51.90 24.83 71.14
36 38.59 52.06 24.88 71.34
37 38.71 52.18 24.96 71.44
38 38.83 52.30 25.07 71.56
39 38.94 52.46 25.14 71.74
40 39.05 52.61 25.19 71.82
41 39.18 52.74 25.27 71.88
42 39.26 52.85 25.37 72.01
43 39.36 52.97 25.41 72.06
44 39.46 53.07 25.43 72.21
45 39.51 53.13 25.48 72.19
46 39.59 53.18 25.58 72.04
47 39.71 53.27 25.67 72.00
48 39.79 53.35 25.75 72.04
49 39.84 53.41 25.78 72.14
50 39.92 53.47 25.89 72.23
51 39.99 53.48 26.00 72.27
52 40.07 53.52 25.98 72.27
53 40.14 53.60 26.05 72.52
54 40.18 53.69 26.15 72.50
55 40.21 53.76 26.23 72.41
56 40.25 53.80 26.35 72.16
57 40.31 53.92 26.50 72.29
58 40.39 53.95 26.52 72.43
59 40.46 54.01 26.53 72.55
60 40.53 54.04 26.53 72.62
61 40.58 54.05 26.55 72.70
62 40.64 54.11 26.62 72.78
63 40.71 54.12 26.66 72.75
64 40.75 54.16 26.70 72.71
65 40.80 54.20 26.75 72.83
66 40.84 54.28 26.81 72.98
67 40.86 54.29 26.88 73.02
68 40.89 54.33 26.89 73.13
69 40.96 54.42 26.98 73.19
70 41.00 54.47 27.05 73.18
71 41.05 54.54 27.11 73.09
72 41.10 54.54 27.14 73.15
73 41.11 54.60 27.20 73.07
74 41.11 54.69 27.29 73.13
75 41.14 54.72 27.34 73.30
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76 41.18 54.77 27.44 73.36
77 41.20 54.80 27.49 73.35
78 41.20 54.80 27.50 73.33
79 41.25 54.83 27.56 73.26
80 41.31 54.86 27.62 73.25
81 41.36 54.88 27.66 73.25
82 41.41 54.95 27.73 73.38
83 41.46 55.03 27.87 73.53
84 41.52 55.09 27.93 73.63
85 41.55 55.09 27.97 73.64
86 41.58 55.17 28.08 73.73
87 41.60 55.22 28.12 73.57
88 41.64 55.25 28.16 73.50
89 41.71 55.27 28.21 73.63
90 41.73 55.29 28.25 72.01
91 41.71 54.87 28.28 65.61
92 41.65 53.77 28.33 59.39
93 41.41 52.22 28.35 54.35
94 40.94 50.64 28.33 50.42
95 40.32 49.08 28.40 47.42
96 39.58 47.69 28.40 44.95
97 38.81 46.40 28.43 42.99
98 38.07 45.21 28.49 41.40
99 37.30 44.08 28.46 40.06
100 36.62 43.11 28.47 38.88
101 36.02 42.18 28.49 37.85
102 35.41 41.29 28.48 36.98
103 34.84 40.47 28.46 36.21
104 34.36 39.74 28.46 35.48
105 33.92 39.03 28.48 36.80
106 33.48 38.55 28.49 42.94
107 33.02 38.60 28.50 48.99
108 32.70 39.32 28.53 53.84
109 32.50 40.67 28.55 57.45
110 32.53 42.37 28.59 60.25
111 32.80 43.75 28.63 62.37
112 33.29 45.05 28.66 63.97
113 33.95 46.25 28.69 65.26
114 34.66 47.16 28.69 66.48
115 35.33 47.98 28.72 67.45
116 35.94 48.65 28.77 68.17
117 36.51 49.21 28.84 68.88
118 37.05 49.76 28.89 69.57
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119 37.49 50.30 28.90 70.00
120 37.89 50.78 28.93 70.42
121 38.30 51.22 28.97 70.88
122 38.67 51.62 28.99 71.21
123 39.03 52.01 29.04 71.60
124 39.31 52.34 29.09 71.84
125 39.64 52.66 29.13 72.06
126 39.95 52.96 29.19 72.22
127 40.20 53.24 29.28 72.61
128 40.39 53.50 29.31 72.62
129 40.62 53.76 29.35 72.71
130 40.87 53.94 29.45 72.84
131 41.09 54.13 29.53 73.01
132 41.26 54.30 29.56 73.08
133 41.44 54.46 29.61 73.26
134 41.59 54.59 29.65 73.43
135 41.71 54.72 29.69 73.40
136 41.79 54.84 29.72 73.38
137 41.88 54.99 29.79 73.33
138 41.94 55.10 29.83 73.22
139 42.03 55.19 29.87 73.35
140 42.12 55.25 29.91 73.52
141 42.21 55.34 29.96 73.71
142 42.35 55.44 30.03 73.80
143 42.45 55.53 30.09 73.87
144 42.56 55.61 30.16 73.89
145 42.63 55.68 30.24 74.05
146 42.70 55.76 30.26 74.21
147 42.70 55.76 30.30 74.19
148 42.71 55.75 30.28 74.12
149 42.81 55.81 30.36 74.09
150 42.90 55.88 30.43 74.19
151 42.97 55.95 30.48 74.24
152 43.03 56.00 30.52 74.39
153 43.09 56.08 30.57 74.44
154 43.18 56.16 30.64 74.51
155 43.24 56.22 30.72 74.26
156 43.27 56.24 30.72 74.26
157 43.29 56.26 30.76 74.30
158 43.33 56.30 30.81 74.36
159 43.38 56.38 30.90 74.46
160 43.40 56.44 30.92 74.39
161 43.44 56.43 31.00 74.45
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162 43.49 56.46 31.07 74.45
163 43.54 56.52 31.13 74.52
164 43.58 56.57 31.21 74.56
165 43.65 56.63 31.26 74.49
166 43.70 56.67 31.33 74.43
167 43.70 56.71 31.39 74.45
168 43.75 56.75 31.43 74.42
169 43.80 56.79 31.44 74.64
170 43.85 56.83 31.51 74.68
171 43.88 56.87 31.57 74.65
172 43.91 56.90 31.65 74.77
173 43.96 56.95 31.75 74.74
174 44.03 56.99 31.74 74.78
175 44.08 57.02 31.81 74.84
176 44.08 57.01 31.84 74.75
177 44.10 57.03 31.83 74.75
178 44.13 57.03 31.88 74.84
179 44.14 57.04 31.91 74.84
180 44.16 57.07 31.96 74.81
181 44.23 57.13 32.06 74.87
182 44.25 57.14 32.10 74.85
183 44.24 57.14 32.09 74.80
184 44.22 57.14 32.11 74.79
185 44.28 57.15 32.16 74.81
186 44.32 57.16 32.19 74.78
187 44.34 57.21 32.25 74.98
188 44.38 57.27 32.34 75.00
189 44.43 57.32 32.37 74.95
190 44.44 57.33 32.42 74.94
191 44.41 57.33 32.46 75.05
192 44.43 57.34 32.45 75.14
193 44.51 57.37 32.55 75.03
194 44.55 57.41 32.61 75.00
195 44.54 57.40 32.63 73.16
196 44.53 56.89 32.66 66.78
197 44.49 55.85 32.69 60.67
198 44.20 54.40 32.71 55.66
199 43.71 52.81 32.74 51.78
200 43.04 51.24 32.76 48.72
201 42.29 49.74 32.74 46.25
202 41.51 48.42 32.72 44.27
203 40.70 47.14 32.68 42.65
204 39.98 46.07 32.70 41.34
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205 39.30 45.04 32.69 40.19
206 38.67 44.10 32.72 39.20
207 38.10 43.22 32.72 38.30
208 37.59 42.40 32.71 37.54
209 37.13 41.65 32.73 36.84
210 36.65 40.94 32.73 37.99
211 36.23 40.47 32.74 44.08
212 35.81 40.46 32.74 50.29
213 35.41 41.12 32.72 55.24
214 35.15 42.41 32.70 58.83
215 35.18 44.12 32.75 61.46
216 35.43 45.90 32.79 63.51
217 35.94 47.23 32.83 65.11
218 36.59 48.12 32.85 66.37
219 37.28 48.98 32.86 67.44
220 37.93 49.77 32.89 68.42
221 38.52 50.42 32.92 69.23
222 39.08 51.01 32.94 69.88
223 39.54 51.53 32.92 70.51
224 39.99 52.09 32.95 71.00
225 40.41 52.59 33.01 71.40
226 40.84 53.10 33.05 71.79
227 41.20 53.52 33.03 72.14
228 41.54 53.92 33.06 72.49
229 41.85 54.28 33.10 72.77
230 42.12 54.61 33.12 72.93
231 42.39 54.91 33.16 73.13
232 42.65 55.19 33.26 73.26
233 42.88 55.42 33.30 73.46
234 43.10 55.68 33.32 73.49
235 43.29 55.86 33.34 73.58
236 43.47 56.04 33.34 73.79
237 43.64 56.23 33.37 73.88
238 43.79 56.39 33.38 74.04
239 43.90 56.49 33.40 74.06
240 44.01 56.60 33.41 74.20
241 44.09 56.71 33.43 74.33
242 44.18 56.79 33.46 74.32
243 44.25 56.89 33.52 74.40
244 44.33 56.98 33.58 74.46
245 44.38 57.04 33.62 74.44
246 44.45 57.11 33.64 74.46
247 44.55 57.19 33.71 74.38
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248 44.60 57.27 33.74 74.49
249 44.66 57.35 33.75 74.54
250 44.73 57.41 33.80 74.58
251 44.78 57.44 33.81 74.57
252 44.87 57.48 33.83 74.54
253 44.94 57.50 33.86 74.56
254 44.99 57.54 33.92 74.67
255 45.02 57.57 33.95 74.63
256 45.02 57.61 33.99 74.77
257 44.97 57.66 34.03 74.64
258 44.99 57.70 34.05 74.57
259 45.04 57.74 34.08 74.56
260 45.11 57.77 34.13 74.60
261 45.13 57.80 34.16 74.56
262 45.14 57.83 34.19 74.50
263 45.20 57.85 34.25 74.65
264 45.25 57.87 34.30 74.75
265 45.30 57.92 34.35 74.71
266 45.35 57.97 34.42 74.73
267 45.35 57.98 34.46 74.88
268 45.35 58.02 34.50 74.97
269 45.36 58.06 34.54 75.01
270 45.43 58.08 34.53 74.96
271 45.50 58.12 34.59 75.00
272 45.54 58.16 34.67 75.02
273 45.55 58.16 34.69 75.02
274 45.51 58.16 34.69 74.88
275 45.50 58.13 34.68 74.92
276 45.52 58.13 34.70 74.82
277 45.56 58.14 34.73 74.88
278 45.58 58.17 34.77 74.89
279 45.60 58.19 34.82 74.96
280 45.62 58.24 34.89 75.06
281 45.65 58.27 34.93 75.05
282 45.67 58.29 34.95 75.05
283 45.72 58.31 34.96 75.07
284 45.77 58.34 34.98 75.09
285 45.79 58.38 35.04 75.05
286 45.81 58.40 35.13 75.05
287 45.82 58.43 35.20 75.20
288 45.83 58.45 35.25 75.17
289 45.87 58.46 35.31 75.00
290 45.88 58.47 35.37 74.90
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291 45.91 58.50 35.42 74.84
292 45.97 58.51 35.42 74.93
293 46.00 58.50 35.43 74.97
294 46.02 58.48 35.44 74.92
295 46.03 58.50 35.44 74.92
296 46.05 58.53 35.47 75.04
297 46.08 58.57 35.51 75.07
298 46.11 58.60 35.54 75.24
299 46.11 58.62 35.58 75.30
300 46.11 58.59 35.58 73.35
301 46.04 58.05 35.60 66.98
302 45.93 56.93 35.60 60.68
303 45.63 55.49 35.62 55.67
304 45.13 53.91 35.61 51.84
305 44.50 52.35 35.62 48.84
306 43.78 50.88 35.62 46.47
307 43.06 49.56 35.63 44.50
308 42.33 48.31 35.63 42.95
309 41.60 47.16 35.62 41.62
310 40.90 46.13 35.62 40.44
311 40.26 45.18 35.61 39.44
312 39.69 44.30 35.60 38.56
313 39.19 43.51 35.61 37.88
314 38.70 42.72 35.59 37.21
315 38.23 41.97 35.57 38.47
316 37.80 41.50 35.58 44.55
317 37.38 41.48 35.56 50.66
318 36.98 42.04 35.53 55.40
319 36.74 43.26 35.50 58.91
320 36.67 44.95 35.51 61.59
321 36.84 46.85 35.52 63.48
322 37.29 48.26 35.57 65.08
323 37.92 49.12 35.60 66.47
324 38.59 50.10 35.58 67.56
325 39.26 50.88 35.63 68.52
326 39.88 51.55 35.66 69.42
327 40.43 52.11 35.66 70.12
328 40.94 52.63 35.68 70.77
329 41.39 53.16 35.72 71.27
330 41.79 53.67 35.75 71.75
331 42.19 54.14 35.76 72.17
332 42.57 54.58 35.80 72.48
333 42.89 55.00 35.81 12.77
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334 43.21 55.37 35.83 73.08
335 43.51 55.72 35.85 73.50
336 43.77 56.02 35.86 73.78
337 44.03 56.32 35.89 73.93
338 44.27 56.61 35.91 74.09
339 44.50 56.86 35.97 74.34
340 44.71 57.07 36.02 74.54
341 44.90 57.29 36.04 74.60
342 45.06 57.50 36.08 74.56
343 45.20 57.65 36.11 74.62
344 45.34 57.77 36.10 74.69
345 45.49 57.91 36.12 74.88
346 45.60 58.05 36.15 75.01
347 45.71 58.15 36.17 74.95
348 45.81 58.22 36.15 75.04
349 45.93 58.33 36.21 75.11
350 46.02 58.42 36.27 75.15
351 46.08 58.48 36.30 75.14
352 46.15 58.58 36.36 75.20
353 46.21 58.69 36.39 75.33
354 46.30 58.75 36.42 75.42
355 46.37 58.81 36.47 75.54
356 46.42 58.89 36.52 75.64
357 46.47 58.96 36.57 75.62
358 46.52 58.99 36.58 75.47
359 46.52 58.97 36.60 75.52
360 46.58 59.00 36.62 75.61
361 46.63 59.04 36.65 75.56
362 46.68 59.07 36.69 75.57
363 46.72 59.13 36.74 75.76
364 46.73 59.17 36.73 75.63
365 46.77 59.20 36.74 75.62
366 46.81 59.25 36.78 75.62
367 46.80 59.26 36.79 75.55
368 46.78 59.28 36.82 75.58
369 46.80 59.30 36.84 75.55
370 46.80 59.28 36.84 75.68
371 46.81 59.28 36.86 75.69
372 46.85 59.32 36.90 75.55
373 46.91 59.35 36.93 75.54
374 46.92 59.38 36.97 75.65
375 46.95 59.44 37.01 75.59
376 46.96 59.48 37.06 75.71
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377 46.98 59.50 37.10 75.72
378 47.01 59.50 37.13 75.64
379 47.02 59.50 37.17 75.45
380 47.05 59.50 37.21 75.54
381 47.06 59.49 37.24 75.51
382 47.07 59.46 37.26 75.57
383 47.11 59.47 37.30 75.69
384 47.10 59.51 37.39 75.72
385 47.13 59.56 37.42 75.66
386 47.18 59.61 37.50 75.59
387 47.19 59.62 37.53 75.71
388 47.18 59.63 37.55 75.56
389 47.21 59.63 37.57 75.56
390 47.22 59.62 37.63 75.52
391 47.23 59.65 37.64 75.58
392 47.22 59.66 37.64 75.66
393 47.20 59.67 37.65 75.52
394 47.22 59.66 37.65 75.47
395 47.21 59.67 37.68 75.30
396 47.20 59.68 37.71 75.30
397 47.23 59.71 37.73 75.43
398 47.26 59.73 37.75 75.53
399 47.24 59.68 37.79 75.62
400 47.21 59.68 37.80 75.54
401 47.25 59.73 37.83 75.48
402 47.28 59.76 37.86 75.51
403 47.35 59.77 37.87 75.50
404 47.39 59.77 37.92 75.50
405 47.38 59.70 37.92 73.66
406 47.37 59.18 37.95 67.34
407 47.23 58.10 37.98 61.24
408 46.87 56.67 37.98 56.25
409 46.36 55.12 37.96 52.31
410 45.72 53.54 37.96 49.28
411 45.03 52.07 37.96 46.93
412 44.33 50.68 37.95 45.08
413 43.59 49.40 37.96 43.55
414 42.90 48.25 37.92 42.21
415 42.25 47.19 37.92 41.05
416 41.61 46.24 37.94 40.07
417 41.03 45.34 37.92 39.19
418 40.47 44.48 37.88 38.37
419 39.96 43.69 37.85 37.68
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To calculate Nussult number, it can be used the equation below

OLD&
QG

Where D is inner diameter of the riser pipe, k is thermal conductivity of working dhaldh is
heat transfer coefficient which calculate as below

M
6SF6NAB

Whereq is heat flux 6 Sis collector temperaturand 6 N AdBreference temperature of working
fluid which calculate as below

DL

} (o E ‘——
N "
Where <eand ‘—are temperature of working fluid at the inlet and outlet of collector
respectively.
Nu (CFD) g/gmax TL/Tlavr np L/d | Time/non| Nu (Equation)
0.851845 0.72497 2.409953 5 50 | 0.833333 0.798595
0.924957 0.92619 2.244076 5 50 | 0.916667 0.900366
0.966407 1 2.127962 5 50 1 0.937298
0.925486 0.92722 1.829384 5 50 | 1.083333 0.916824
0.832319 | 0.725818 | 1.829384 5 50 | 1.166667 0.818225
0.631881 | 0.450903 | 1.779621 5 50 1.25 0.657431
0.411685 | 0.194735 | 1.779621 5 50 | 1.333333 0.445079
0.869849 0.72497 2.409953 5 75 | 0.833333 0.839562
0.944056 0.92619 2.244076 5 75 | 0.916667 0.946553
1.014452 1 2.127962 5 75 1 0.98538
0.968555 0.92722 1.829384 5 75 | 1.083333 0.963855
0.848052 | 0.725818 | 1.829384 5 75 | 1.166667 0.860199
0.662463 | 0.450903 | 1.779621 5 75 1.25 0.691156
0.437938 | 0.194735 | 1.779621 5 75 | 1.333333 0.467911
0.882682 0.72497 2.409953 5 100 | 0.833333 0.869897
0.972895 0.92619 2.244076 5 100 | 0.916667 0.980754
1.072501 1 2.127962 5 100 1 1.020983
1.025407 0.92722 1.829384 5 100 | 1.083333 0.998681
0.859406 | 0.725818 | 1.829384 5 100 | 1.166667 0.891279
0.767968 | 0.450903 | 1.779621 5 100 1.25 0.716129
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0.44208 0.194735 | 1.779621 5 100 | 1.333333 0.484817
1.102705 0.72497 2.409953 7 75 | 0.833333 1.140791
1.221681 0.92619 2.244076 7 75 | 0.916667 1.286169
1.330399 1 2.127962 7 75 1 1.338926
1.307273 0.92722 1.829384 7 75 | 1.083333 1.309679
1.112307 | 0.725818 | 1.829384 7 75 | 1.166667 1.168831
1.012009 | 0.450903 | 1.779621 7 75 1.25 0.939138
0.652101 | 0.194735 | 1.779621 7 75 | 1.333333 0.635793
1.311635 0.72497 2.409953 9 /5 | 0.833333 1.434363
1.466941 0.92619 2.244076 9 75 | 0.916667 1.617154
1.626426 1 2.127962 9 75 1 1.683487
1.611159 0.92722 1.829384 9 75 | 1.083333 1.646714
1.346156 | 0.725818 | 1.829384 9 75 | 1.166667 1.46962
1.309391 | 0.450903 | 1.779621 9 75 1.25 1.180817
1.028859 | 0.194735 | 1.779621 9 75 | 1.333333 0.799409
0.944421 | 0.747775 | 2.409953 5 100 | 0.833333 0.882506
1.047739 | 0.932345 | 2.244076 5 100 | 0.916667 0.983777
1.136692 1 2.127962 5 100 1 1.020983
1.09911 0.933576 | 1.829384 5 100 | 1.083333 1.001856
0.928777 | 0.748849 | 1.829384 5 100 | 1.166667 0.904309
0.753129 | 0.494542 | 1.779621 5 100 1.25 0.747534
0.551945 | 0.252317 | 1.779621 5 100 | 1.333333 0.546824
0.825947 | 0.729945 | 2.409953 5 100 | 0.833333 0.872666
0.909375 | 0.927646 | 2.244076 5 100 | 0.916667 0.98147
0.985312 1 2.127962 5 100 1 1.020983
0.961265 0.92838 1.829384 5 100 | 1.083333 0.999261
0.813611 | 0.730544 | 1.829384 5 100 | 1.166667 0.893971
0.677549 | 0.460631 | 1.779621 5 100 1.25 0.723266
0.469925 | 0.209161 | 1.779621 5 100 | 1.333333 0.501185
0.883527 0.72497 2.075914 5 100 | 0.833333 0.881148
0.967261 0.92619 2.154639 5 100 | 0.916667 0.984196
1.078866 1 2.154639 5 100 1 1.019888
1.030333 0.92722 2.141518 5 100 | 1.083333 0.985222
0.852524 | 0.725818 | 1.970947 5 100 | 1.166667 0.885576
0.730423 | 0.450903 | 1.806935 5 100 1.25 0.71519
0.489832 | 0.194735 | 1.695408 5 100 | 1.333333 0.486846

c L

O

J

Ve 6

NJ

To calculateReynolds numbeiit can be used the equation below
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Where ¢ s mass flow rate of working fluid within the thermgphon loopD is inner diameter of
the riser pipe,Jis dynamic viscosity of working fluid

Re g/gmax TL/Tlavr np L/d | Time/non | Re (Equation)
260.0752 0.72497 2.409953 5 50 |0.833333 270.9043
297.0083 0.92619 2.244076 5 50 |0.916667 291.6195
308.3416 1 2.127962 5 50 1 302.1865

300.893 0.92722 1.829384 5 50 |1.083333 295.1933
284.3843 | 0.725818 | 1.829384 5 50 |1.166667 285.8301
256.4761 | 0.450903 | 1.779621 5 50 1.25 260.2389
225.0523 | 0.194735 | 1.779621 5 50 |1.333333 218.6559

324.993 0.72497 2.409953 5 75 | 0.833333 335.8747
371.5053 0.92619 2.244076 5 75 |0.916667 361.5579
376.8585 1 2.127962 5 75 1 374.6592
366.4997 0.92722 1.829384 5 75 |1.083333 365.9889

347.201 0.725818 | 1.829384 5 75 |1.166667 354.3801
312.9246 | 0.450903 | 1.779621 5 75 1.25 322.6514
272.9301 | 0.194735 | 1.779621 5 75 |1.333333 271.0957
381.2591 0.72497 2.409953 5 100 | 0.833333 391.2175
440.5178 0.92619 2.244076 5 100 | 0.916667 421.1326
438.1195 1 2.127962 5 100 1 436.3926
426.3695 0.92722 1.829384 5 100 | 1.083333 426.2937
410.4011 0.725818 1.829384 5 100 | 1.166667 412.7721

368.71 0.450903 | 1.779621 5 100 1.25 375.8153
329.0882 | 0.194735 | 1.779621 5 100 | 1.333333 315.7647

330.228 0.72497 2.409953 7 75 | 0.833333 342.5192
380.2494 0.92619 2.244076 7 75 | 0.916667 368.7105
388.3415 1 2.127962 7 75 1 382.0709
372.2348 0.92722 1.829384 7 75 ]1.083333 373.2291
356.1328 | 0.725818 | 1.829384 7 75 | 1.166667 361.3907
318.5655 | 0.450903 | 1.779621 7 75 1.25 329.0343
274.4935 | 0.194735 | 1.779621 7 75 | 1.333333 276.4587
335.7087 0.72497 2.409953 9 75 | 0.833333 347.5677

388.945 0.92619 2.244076 9 75 | 0.916667 374.145

393.538 1 2.127962 9 75 1 387.7023
378.4541 0.92722 1.829384 9 75 ]1.083333 378.7302

367.904 0.725818 | 1.829384 9 75 | 1.166667 366.7173
329.7088 | 0.450903 | 1.779621 9 75 1.25 333.884
285.4956 | 0.194735 | 1.779621 9 75 | 1.333333 280.5334

417.568 0.747775 | 2.409953 5 100 | 0.833333 394.0528
471.9984 | 0.932345 | 2.244076 5 100 | 0.916667 421.7834
465.9522 1 2.127962 5 100 1 436.3926
451.8269 | 0.933576 | 1.829384 5 100 | 1.083333 426.9731
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440.2482 | 0.748849 | 1.829384 5 100 | 1.166667 415.7893
404.24 0.494542 | 1.779621 5 100 1.25 383.9973
360.1413 | 0.252317 | 1.779621 5 100 | 1.333333 335.4234
352.8815 | 0.729945 | 2.409953 5 100 | 0.833333 391.8419
407.0265 | 0.927646 | 2.244076 5 100 | 0.916667 421.2869
413.0555 1 2.127962 5 100 1 436.3926
396.6042 0.92838 1.829384 5 100 | 1.083333 426.4179
381.2558 | 0.730544 | 1.829384 5 100 | 1.166667 413.3971
347.4916 | 0.460631 | 1.779621 5 100 1.25 377.6901
307.1569 | 0.209161 | 1.779621 5 100 | 1.333333 321.0699
381.1717 0.72497 2.075914 5 100 | 0.833333 378.8125
441.0414 0.92619 2.154639 5 100 | 0.916667 417.4499
436.4257 1 2.154639 5 100 1 437.5683
424.2619 0.92722 2.141518 5 100 | 1.083333 441.0463
408.9949 | 0.725818 | 1.970947 5 100 | 1.166667 419.47
369.7997 | 0.450903 | 1.806935 5 100 1.25 377.0536
320.3036 | 0.194735 | 1.695408 5 100 | 1.333333 312.4761

gE m
t

To calculate reference temperatofavorking fluid, it can be useequation below

pcd—

Where <eand ‘— are temperature of working fluid at the inlet and outlet of collector
respectively

Tw/Tref Tw/Tref

(CFD) g/gmax TL/Tlavr np L/d Time/non| (Equation)
1.20917 0.72497 2.409953 5 50 | 0.833333 1.197976
1.19795 0.92619 2.244076 5 50 | 0.916667 1.191634
1.186707 1 2.127962 5 50 1 1.181825
1.179069 | 0.92722 1.829384 5 50 |1.083333 1.171349
1.15383 0.725818 | 1.829384 5 50 | 1.166667 1.15434
1.125536 | 0.450903 | 1.779621 5 50 1.25 1.133167
1.086768 | 0.194735 | 1.779621 5 50 |1.333333 1.103668
1.168322 | 0.72497 2.409953 5 75 | 0.833333 1.162735
1.155631 | 0.92619 2.244076 5 75 | 0.916667 1.156579
1.145727 1 2.127962 5 75 1 1.147059
1.139964 | 0.92722 1.829384 5 75 |1.083333 1.136891
1.123567 | 0.725818 | 1.829384 5 75 | 1.166667 1.120383
1.097161 | 0.450903 | 1.779621 5 75 1.25 1.099833
1.065398 | 0.194735 | 1.779621 5 75 | 1.333333 1.071201
1.142202 | 0.72497 2.409953 5 100 | 0.833333 1.138361
1.126729 | 0.92619 2.244076 5 100 | 0.916667 1.132335
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1.11726 1 2.127962 5 100 1 1.123014
1.11174 0.92722 1.829384 5 100 | 1.083333 1.11306
1.103517 | 0.725818 | 1.829384 5 100 | 1.166667 1.096897
1.070774 | 0.450903 | 1.779621 5 100 1.25 1.076778
1.053352 | 0.194735 | 1.779621 5 100 | 1.333333 1.048746
1.129393 0.72497 2.409953 7 75 | 0.833333 1.129037
1.116287 0.92619 2.244076 7 75 | 0.916667 1.12306
1.107612 1 2.127962 7 75 1 1.113815
1.100003 0.92722 1.829384 7 75 | 1.083333 1.103942
1.09129 0.725818 | 1.829384 7 75 | 1.166667 1.087912
1.061459 | 0.450903 | 1.779621 7 75 1.25 1.067958
1.042078 | 0.194735 | 1.779621 7 75 | 1.333333 1.040155
1.106402 0.72497 2.409953 9 75 | 0.833333 1.104506
1.093849 0.92619 2.244076 9 75 | 0.916667 1.098659

1.0855 1 2.127962 9 75 1 1.089615
1.07827 0.92722 1.829384 9 75 | 1.083333 1.079957
1.072988 | 0.725818 | 1.829384 9 75 | 1.166667 1.064275
1.045934 | 0.450903 | 1.779621 9 75 1.25 1.044754
1.025651 | 0.194735 | 1.779621 9 75 | 1.333333 1.017556
1.141293 | 0.747775 | 2.409953 5 100 | 0.833333 1.139129
1.126528 | 0.932345 | 2.244076 5 100 | 0.916667 1.132498
1.11818 1 2.127962 5 100 1 1.123014
1.110368 | 0.933576 | 1.829384 5 100 | 1.083333 1.113225
1.104002 | 0.748849 | 1.829384 5 100 | 1.166667 1.097643
1.083662 | 0.494542 | 1.779621 5 100 1.25 1.078946
1.057879 | 0.252317 | 1.779621 5 100 | 1.333333 1.054679
1.141632 | 0.729945 | 2.409953 5 100 | 0.833333 1.138531
1.126577 | 0.927646 | 2.244076 5 100 | 0.916667 1.132374
1.118081 1 2.127962 5 100 1 1.123014
1.110793 0.92838 1.829384 5 100 | 1.083333 1.11309
1.102242 | 0.730544 | 1.829384 5 100 | 1.166667 1.097052
1.076386 | 0.460631 | 1.779621 5 100 1.25 1.077278
1.050343 | 0.209161 | 1.779621 5 100 | 1.333333 1.050379
1.14205 0.72497 2.075914 5 100 | 0.833333 1.14149
1.127153 0.92619 2.154639 5 100 | 0.916667 1.133182
1.119399 1 2.154639 5 100 1 1.122756
1.114865 0.92722 2.141518 5 100 | 1.083333 1.109839
1.108001 | 0.725818 | 1.970947 5 100 | 1.166667 1.095394
1.076993 | 0.450903 | 1.806935 5 100 1.25 1.076476
1.050064 | 0.194735 | 1.695408 5 100 | 1.333333 1.049682
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