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ABSTRACT

Phase change materials (PCMs) are ansimg medium to store thermal energy in latent
heat energy storage systems. While thes¢erials offer a large storage density, their
thermal conductivities are low and offer challenges for practical applications. It has been
reported by researchersatmatural convection plays a dominant role in the melting of the
PCMs, the energgtoring phase. However, natural convection does not exist at the
beginning of the heating process but rather comes into existence after some PCM melts by
conduction first. This study was undertaken to explore the conditions for the onset of

natural convection.

Melting of n-octadecane and dodecanoic acid in horizontal cylindrical enclosures with
centertube diameters of 18, 27, and 36 mm were studied. The PCMs wereyinitiall
subcooled by 2.5, 7.5, 15, and 226. The melting temperature differentials (the
difference between the melting temperature of the PCMs and the heating temperature) were
8.44, 16.9, 25.3, 33.8, and 42¢ for n-octadecane and 8.44, 25.3, and 42Z2for

dodecanoic acid.

The results indicate that the melt volume at the onset of naturatciion increases with

the diameter of the centaube. Also, a lesser amount of liquid PCM is required for the
onset of convection when the melting temperaturieintial is high. It was found that

the convection onset occurred faster at higher Stefanbers. Subcooling of the PCMs
delayed the occurrence of convection onset. No such clear trend was observed for the

centertube diameters.

Correlations to predidthe moment of onset of convection and the volume of liquid PCM
required for the onset of convection were developed. The correlations developed
separately for each PCiMerecomparable. A generic correlation was developed from the
combined results of théwo PCMs that can be used to predict the convection onset

occurrence for different geometric and thermal conditions.
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CHAPTER 1 INTRODUCTION

Thermal energy storage systems can lessen the problem arising framptieelictable
availability of clean sources of energy for water and space heating purposes. Thermal
enery can be stored asensible and lateriteat, andhermochenical energy a detailed
discussion follows in sectioh.1 In latent heat energy storage systems (LHESS), phase
change materials (PCMs) are used as the storage medium. Phase change materials melt
during the storing phase and soldivhen the stored ergy is released. During the
melting of PCMs, heat transfer takes place by conduction in the beginning, and soon natural
convection becomes the dominant heat transfer mode. The current work aixpfote

the influences of different pameters of a LHES8n the onset of natural convection. The
objective is to develop a correlation to identify the onset of natural convection during the
melting of PCMs. The PCMs used in this experimental studynaretadecane and
dodecanoic acid. ThePCMs fromn-alkare and fatty acid groups are suitable for {ow
temperature applications such as heating/cooling of residential or commercial spaces, solar
thermal energy storageand storing offpeak energy and temperature management
(Agyenimet al, 2010.

1.1 Methods of storing thermal energy

Thermal energy can be stored as sensible heat, latent heat, or thermochemical energy
(Mehling and Calma, 2008 Sharmaet al, 2009. In sensible energy storage systems,
energy is stored in a material by increasirgytémperature without changing the phase
(Aneke and Wang, 20)6 The storage materials are usually solid or liquid, such as rock,
metal, brick, weer, or oil (Mahlia et al, 2014 Kousksouet al, 2014. The amount of

energy that can be stored depends on how large the temperature iotréesstorage
matrial can be(Fernandezet al., 2010Q. Storing energy at high temperature is
disadvantageous because it @aiseat loss fronhé system and requires increased amount

and cost in insulation. Another disadvantage of sensible energy storage systems is the

requirement of a large mass/volumeltd storage material.

In latent heat energy storage systems, on ther diand, the chaegf phase of the storage

materials, the phase change materials, is utilized to exploit its latent heat céjaoiay



et al, 2011 Faridet al, 2009. The phase change can be sslidid, solid-liquid, or liquid-
gas(Kousksouet al, 2014 Sharmeet al, 2009.

Solid-solid phase chaye materials storleeat between two solid phases, one in crystalline
or semicrystalline phase arttle other in amorphous, crystalline semtcrystalline phase
(Fallahi et al, 2017 Sharmaet al, 2009. The transition from one lattice sttuce to
another takes place at a fixed temperaf8reetal., 2015. Since the solidolid PCMs do
not transition to the liquid phase, their container does not need tostmagent design
requirementgSharmaet al, 2009. The solidsolid PQVis, however, exhibit unstable
thermal properties and Yalower latent heat capaé#sthan solidliquid PCMs(S a et &,
2012.

The liquidgas phase change materials offer high latent heat capacity but also come with a
large change in volume/pressure. The large change in volume/pressure of thgadguid

PCMsmakes them impractical for engiering applicationAbhat, 1983.

Solid-liquid PCMs offer high density, high latent heat of fusion, and high values of specific
heat capacitfSu et al, 2015. Moreover, solidiquid PCMs exhibit a small change in
density upon transition from one phase to anoffseret al, 2015. Because of the
transition to tke liquid phase, extra care must be exercised in designing their containers.
The solidliquid PCMs are broadly classified into inorganic and organic categories.
Organic PCMs have higlatent heat of fusion and extit thermal stability; they are
inexpersive, noncorrosive, and notoxic (Sharmaet al, 2016 Baetenset al., 201Q.
Nonetheless, organic PCMs have very low thermal conductivity, which is disadvantageous

for practical application@Baetenst al, 201Q.

Lastly, thermochemicathemal energy storageTES) systems utilize the chemical
properties of the working materials instead of their physical properties. These systems
utilize reversible chemical reactions, exemplified by @dL), to chage or discharge the
system(Abedin and Rosen, 20}1

C + heat z A + B (1.2)



The thermochemical material C absorbs energy and converts chemically to two other
components. The reverse reaction occurs when A and B combine to form C and release

heat.

Thermochemical TES systems have highagie dasity, and they are suitable fossfree
long term storagéPrietoet al, 2019§. However, hermochemical storage isome complex
and costlier than thother two method®Niedermeieeet al, 2016, and it is mostly used in
high-temperature applicains (Wu et al, 2018 Catrrillo et al, 2014.

1.2 Latent heat energy storage systems

While thermochemical energy storage technologgtiikin its infancy, latent hat thermal
energy storage systems are preferrednisibieheatstorage systems because more energy
can be stored in latent form, especially when operating over small ranges of temperature
(Murrayet al, 2011). This high storage capacity translates to a substantial reduction in the
amount of the storage material vegd. While the high density @&nergy storage is the

most beneag€ial factor of latent heat storage systems, they also offer the benefit of storing
energy almost isothermallahliaet al, 2014. Solid-liquid phase change is favorable
oversolid-gas or liquidgas phase changeonsidering the amount of latent heat, the change

in pressure andhe working temperature range of the PCMsowdver, in addition to
checking te suitability of solidliquid PQMs for an application in terms of their melting
temperature, latent heat, safety, and economic feasibility, it is also imperative to check their
thermal stability the thermophysical propess of the PCMs should not deteate after a
number of thermalycles(Rathod and Banerjee, 2013The most disadvantageous aspect

of PCMs, especially the organic ones, is their low thermal ativities (Kousksouet al,

2014 Kenisarin, 2014. This results in @anic PCMbased TES systems hag low heat
transfer rates in and out of the systgidedranoet al, 2009 Farid et al, 2007. This
prodemistermed h e O r a t(@roupxet al.[2018.nk6r LHESS to become a viable
alternative to sensible energtprage systems, the problem of low heat transfer rates needs
to be overcome. Different approaches have been adopted by researchers to improve the
heat trangdr rates into and out of PGhbhsed systems, as introduced in Bect.3.



1.3 Improvements in laent heat storage systems

Di fferent methods have been investigated
of LHESS. Some methods aimed at increasingtimeluctive heat transfer rates through

the addition of metallicnatrix/foam(Li et al, 2012 Esapoutet al, 2018 Zhou and Zhao,

2011; Chenget al, 201Q Allen et al, 2019 and fins(Liu et d., 2012 Murray and Groulx,

2014 Shatikianet al,, 2005 Shatikianet al, 2008 Stritih, 2004 to the heat exchangers.
Other methods of enhancing conductive heat transfer rate ewble addition of
conductive nanoparticles to PCMahdi and Nsofor, 201 Mettawee and Assassa, 2007
Motaharet al, 2017 k a het a, 2015. Addition of fins increases the heat transfer rates

in LHESS,however, use ofianeenhancement of PCMs not perhaps worth {Groulx,

2015. Also, any improvement in hetransfer rates btheaddition of nanoparticles to the
PCMs or addition of fins to the heat exchangers comes with a reduction in the system
storage densitin addition to the initial cost involved in modifying the heat exaer or

enhancing the PCMs.

While the heat transfer rates can be improved through modification of heat exchangers, the
beneficial aspect of natural convection is that it increases théraesfer rates both in the

basic and modified heat exchangerdowever, the contribution of natal convection

slows down in the later stage of the melting process. The contribution period of natural
convection can be extended by changing the desigimedfeat exchangers, for example,

by using eccentric annular easlres in place of concent(Darziet al, 2012, Pahamliet

al., 2016 or tilted vertical annular encloss instead of purely vertical dosuregSharifi

et al, 2013. Fast onset and presence of strong natumaVection heat transfer could
increase the overall heat transfer matdhout any reduction in the storage density and any
extra cost involved in modifying the heat exchangers or in enhancing the PCMs.

1.4 The motivation for the present work

During the chgging phase (melting of the PCM}he heat transfer rate increases
significantly once natural convection in the melted portion of the PCM becomes dominant
(Faridetal., 2007 Sunet al, 2019. As has been discussed, natural convection does not

exist as soon as the heaurce is applied; a certain amount of PCM first needs to be melted

b



by conduction. Faster itiation of natural convection atd directlyresultin afaster heat
transfer rate during melting of PCMs. Yet, there exists no guideline as to when the natural
convection starts, or in other words, what influences the onset of natural convection during
PCM melting.

It is not rare to sethat in numerical simulations of PCM melting, natural convection is
ignored on the assumption that the volume of the PCM $sr&dl that natural convection

can be neglecte@hkhileshet al, 2005 Seeniraj and Brasimhan, 2008 In many other
simulations, natural convection is accounted for through effective thermal conductivity
(Adine andEl Qarnia, 2009 Pointneret al, 2016 Tao and He, 20)1 There exists,
whatsoever, no guidelines as to when the natural convectite phase cange melting

process can be negited.

This work was undertaken to fill in this knowledge gap on treebaf natural convection

during melting of PCMs.

Furthermore, there is no evidence of any parametric study for global melting in horizontal
annular sygims where both the geometry ahé temperature are varied. Most studies
focused on the effects of extided surface area, the orientation of the enclqSivaifi et

al., 2013, or the heating temperatuf@vci and Yazici, 2013 A benchmark data of the
melting behavior in horizontal annuli in different geometaied thermal operating
conditiors would be useful for validation of numerical models. Therefore, ayiric

study was done to understand the effects of geometric and thermal conditions, as well as
of PCM on global melting in horizontal annull’he sameexperimental setup was used
andthe experiments for the onset of convection were run for a perioti@fii® to obtain

the global melting data.

1.5 Objectives

As has been discussed, natural convection plays an important role during melting of PCMs.
Despte its significant importanceniincreasing heat transfer rates in LHESS during the
heat storage phaseo attempt has been put forward in understanding what influences the
onset of natural convection. The objective of this study is to develop a geaidelinow



different parametersfiluence the onset of natural convection. The overall objective would

be achieved by fulfilling several stdbjectives. These are:

1. toinvestigate the influence of centeibe diameter in horizontal annular enclosures on
theonset of natural convection

2. tostudy the effects of centémbe temperature on the onset of convection

3. to examine if the initial temperature of the PCM (degree oftabing) influences the
onset of natural convection

4. to identify any dependence of natiuranvection onset on the propes of the PCMs,
especially the viscosity

5. to obtain a correlation fahe onset of natural convection.

The secondary objective tifis study is t@rovide abenchmark datasér global melting
of the PCMdghat could be uskto validate numerical models.

1.6 Scope of the thesis

Chapter 2 of this thesis presenthterature review that covers works involving different
heat exchangers, where natural convection plays a significant role. This chapter also
explores the work deted to studying natural convemt onset regardless of the shape of

the heat exchanger. 24, this chapter presents numerical works that have accounted for
natural convection during melting of PCM and the ones that did not. It will be seen in this
chaper that the importance of natu@nvection during melting of PCM is evident from
numerousamounts of work. Yet, no efforts have been devoted to understanding what
influences the onset of natural convection. Moreover, it can be seen that naturaiieonvect
has been neglected in nunoadi simulations, although there exists a lack of undersigndi

as to when tanatural convection can be neglected.

Two PCMs,n-octadecane and dodecanoic acid, have been used in this work to investigate
the influences of PCKlon the onset of natural conveat The properties of these PCMs

are given in Chapter 3The experimental setup and procedures used for this thesis work
are also presented in Chapter 3. This chapter explains how the PCM enclosures were
fabricated, theexperimental setup was built, caatnow different instruments were used

during the experiments. All the results in this work were obtained through imagesnalys
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The details of this image analysis techniques and uncertainty calculation methods are

preseted in Chapter 4 of this thesis.

Chapter 5 summarizes the results obtained from experiments invobaogdecane and
Chapter 6 summarizes the results aidifrom experiments with dodecanoic acid. These
results include the melt profiles of the PCMs different time intervals, volum
requirement of liquid PCM for the onset of natural convection against the diameter of the

centertube and the Stefan numisefor four different initial temperatures of the PCMs.

Dimensional analsis was carried outto identify different dimensionless gups that are
involved in the melting process and play a role in the onset of natural convectien. Th
analyss is presentedn Chapter 7. Itanbe seen in this chapter that one of diaired
dimensionless groups the Grashof number. Defining ther&hof number poses a
challenge in the context of PCM melting. The challenge is discussed in this chapter, and a
definition in the context of PCM melting is proposed. Correlations for the onset of natural
convection basedn the dimensional analysise developed in this chapter and presented
sequentially fordifferent subcooling temperats used in thepresentstudy and finally
combined to obtain a sirglcorrelation that is functional regardless of théial

temperature of thECM.

Chapter 8 of thishesis presents the dpal melting results for both PCMén Chapter9 of
this thesis, different numerical models used to analyze the PCM melting peoreess
reviewed. The modifiedheat capacitporosity method was adopted in this study to
analyze the oset of natural convean. The results from these numerical simulatiares
compared with those from experiments in this chapBdrapter 10 concludes the findings

of this study ad recommends future works.



CHAPTER 2 LITERATURE REVIEW

The generic melting proces§ PCMs is first bridiy discussed in this chapter. Later in the
chapter, the melting of PCM in different geometries, in their different orientation and under
different thermal coditions is thoroughly reviewed. The research workl@onset of
naturalconvection irasinglephase fluid and in liquid PC8tluring melting of solid PCIsl

is also reviewed. Finally, the numerical models that involved natural convection during

melting of PCMs and that did not are reviewed.

2.1Melting phenomenon of phase chage materials

At the begiming of the charging process inside latent heat thermal energy storage systems,
the PCM exists in the solid phase, either at the melting tempecdttine PCM or at a
subcooled temperature. As the charging process starts, treheze remains in corta
with the solid PCM, andhe PCM is preheatedvhen it is initially subcooled. Once the
PCM reaches the melting temperature, melting of the P(stalaceby conduction
(Hosseinizadekt al, 2013 Hamdan and AHinti, 2004 Liu andGroulx, 2014 Agyenim
et al, 2019. When enough liquid PCM is there, natural convection initiaied shortly
after that dominates the melting proc@ssl and Groulx, 2014Agyenimet al, 2010.
The whole melting process is often divided into four stages gmif@conduction, (ii)
mixed conduction andonvection, (iii) convedan dominant and (iv)shrinking solidJany
and Bejan, 1988onest al, 2009. This division gives a general overview of the meltin
process. The exact ntielg process depends on the shape of the geometry and orientation
of the heat source. For example, a cubical heat exchanger thatieid frem the topvould
not exhibit any natural convection. Similar to this phenomenon iashetase of melting
in an annular heat exchanger where the annular spditied with the PCM and the heat
source is placed at the center. Once at ledsbhthe PCM is melted, when the salid
liquid interface remains below the heat source, theimgelrocess is dominateoly
conduction(Azad et al, 2019. Unlike this,during constrained meltingn a spherical
enclosuravhere the heat source is appliede outer surfagehe last phasef conduction
dominatel melting is nonexistenfTan, 2008. Regardless athe geometry of the heat
exchanger or the position of the heat source, it is evident from numeudiessghat heat

transfer takes place much more rapidly when there is convection in the liquid phase
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compared to when there is n@trchibold et al, 2014 Tao and He, 2013amkari and
Amlashi, 2017. Although the presence of convection causes faster heat transfer,
convection does not start immediately, as has already been discussed; natural convection
begins only after a certain amount of PCM melts by conduction.

Use of Rayleigh nundy to characterize conviaee heat transfer during melting of PCMs
and he heat transfer phenomenon in common shapes of heat exchangers, namely
rectangular, spherical, vertical cylindrical, horizontal cylindrical, vertical annular,

horizontal annulaarereviewed in the followingubsections.

2.1.1 Characterization of convective heat transfer using Rayleigh number
TheRayleigh number is commonly used to characterize the significance of convection in
a heat transfer processlThe Rayleigh number is therodwt of Grashof andPrandtl

numberswhich is defined as:

QU

2 A =

&

whergl ,’, and are the thermal expansion coeiint, kinematic viscosity, and thermal
diffusivity of the fluid, respectively!Qis the gravitational forcez"Yis the temperature

difference between the hot and cold surfaces or fluid layerd) aisdhe lengtrscale.

For heat transfer in a silegphase fluid confined in a small enclosuree temperature
difference in the definition of Rayleigh number is taken as the difference between the hot
and cold walls. For a sermfinite system, the temperature diffaceis considereds the
differencebetween the temperature of theakedwall and the fluid far from the thermal
boundary layer. The thermophysical properties of the fluid are taken at the average of the
abovementioned two temperatures. All the aboveasires are possibl® be takerin a
singlephasdluid because the thickness of the fluid layer always remains the same. That
is not, however, the case during meltingaédfCM. The wse of all those parameters psse

a challenge in using Rayleigh numberthe context of melting of PCMBecausethe
thickness of the liquid PCM layer changes with tifi@erefore, the Rayleigh number has
been defined differently by researchers in the context of PCM meltitnge RRyleid



number, although not appropriatelefohed in some cases, has been usgdmany
researchersn the context of natural convection during melting of PC&ong and
Mujumdar, 1998HIimi etal., 2016 Reginet al, 2009.

2.12 Melting of PCMs in rectangular enclosures

The most commoRCM enclosurethat have been studied are the rectangular oneewhe
heat is applied to one of thertieal sides, and the opposite vertical side is cooled
simultaneously or kept insulated. It is seen fexperimentaktudies that a thin layer of
PCM parallel to the ¢t source melts first (see Fyla). Once there is enough liquid
PCM, more PCM melts at the top of the enclosure than at the bottom (se2.BH@nd
2.1c), driven by natural convetion (Pal and Joshi, 20QIShokouhmand and Kamkari,
2013. Afterward, natural convection becemstronger urtthe last phase dhemelting

processvhen natural convection fades away.

-
n
|

-
n

AT TR AT

1

dul

10

o
A

st bbbl
] [ -~
uliy

-

uily bt Y FAT0 YPPL (P YT TOTI (Y TP ooy
wiluyly |]||||]

[A]

w
wnlnbitinly

n

I'_ plunluuls m

n

-

LU AL LU L T UL mn oL L ||||':r'?‘i'||’|"‘ T

0 1 2 3 4 5 6 1L 2 3 4 5 ulalg:iz.'s!
Figure 2.1 Melting of dodecanoic acid in a rectangular enclosure &)t = 10 min,b) t
= 30 min, andc) t = 50 min (Shokouhmand and Kamkari, 2013).

Another configuration of a rectangulanclosuras the one where heat is appliexdthe

bottom side while the other sides are kept insulated. Unlike the case where heat is applied
to the vertical side, duringditom heting, the melt height changes witime. If the melt

height is used as the length scale in the definition of Rayleigh nuthbarthe Rayleigh
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number becomes a transient quantity in such systémthe numericalstudy of melting

of n-octadecae in a rectangular enclosure heated frome thottom side, Gong and
Mujumdar (1998)defined the Rayleigh numbess givenin Eq. ¢®). In their definition,

qol was the difference between the wall temperature andngédmperature of the PCM.

They adopted the height tdie enclosure, instead of the melt hejgtg the length scale.
However, it has been noted by the authors that the choice of the lengthvssahot
appropriate. During melting from the bottom sidas the liquid layer grows, convective
rotating cells form and augment heat transfer rate. These rotating cells develop faster as
the applied temperature on the bottom side grows higher. Theemwhcells and their
interaction depend on the Rayleigimmber. As has been reported®yng and Mujumdar

(1998) two convective ratting cells form when the Rayleigh number is in the order of
magnitude of 18 The number of cells doubles for every order of magnitude increase in
the Rayleigh number. Once the Rayleigh numbén the order of magnitude of 41@he

cells interact andherge as they form. The effects of inclination of rectangular enclosures
on the melting of PCM have been studegberimentallyby Kamkariet al. (2014) The

heat was applied to one of the longer sides, and the opposite side was thermally insulated.
Similar to the vertical enclosures, a thin layer of PCMtfmelts by conductive heat
transfer along the heated surface, and natural convection takes over once there is enough
liquid PCM. A comparative study of the melting from the bottom surface, dinedc
bottom surface (at 4% and from the vertical side shows that PCM melts much faster when

it is heated from the bottom surface due to the presence of chaoticatiular structures
(Kamkariet al, 2019.

Fins are often added to the vertical sidewalls of rectangular enclosures to increase the heat
transfer surface ase Usually, these fins aegranged horizontally with the vertical walls.

As the heat transfer area increases through the additions of fins, heat transfer rates in the
finned rectangular enclosures increaské.has been observed in an experimental and
numerical comparative studydt \ortex cells form in the liquid PCM above the fins
chaotic motion of the liquid PCM ialsoobservedKamkari and Shobuhmand, 2014

Heat trasfer rate does not increase proportionally to the number of fihnsreappears to

be an optimum number of fins that can be added to maximize the heat transfer rate

however, the optimum number has not yet been establishkdhas been seen

11



experimentalf, when an excessive number of fins is added to the heat exchanger, it reduces
the volume of liquid PCM between two adjacent fins and thus inhibits natural convection
(Kamkari and Shokouhmand, 2Q3tritih, 2004.

Fins ae also used imertical orientatioewhere they are attached to the heated base surface
of the rectangular enclosures. The melting dynamics, in thisasasel|l depends on the

fin density. Numerical studies show that thecases Were the thickness of sollICM
between two fins is large, the initial phase of meltsx\dominated by conduction. In this
phase, the melt interface remains parallel to the hot surface. However, as the thickness of
solid PCM between two fins getarrower, PCMin the top portion bthe fin remains in
solid-state while at the bottom of the fiRCM melts. Therefore, the conductive melting

all along the heat source is not observed when the solid PCM thickness is too small
(Shatikianet al, 2009. Experimental studies show, in vertically oriented finned systems
as well, thatheaddition of too many fins limits the onset of natural convection and reduces
the reat transfer rattHuanget al, 2011).

2.13 Melting of PCMs in spherical enclosures

In spheical systems, wherthe sphere s filled with PCM and heat is applieth the outer
surfacethe PCM first melts in the regions that are in contact with the surface. A thin layer
of liquid PCM forms surrounding the hot surfadéxperimental studies shothat when

the solid PCM s constained,natural convection starts dominating the melting process
once there is enough liquid PCMhodadadi and Zhang, 2001The melt fractions of-
octadecane after 20 and 40 minutes of constrained melting in a spherical container studied
experimentallyby Tanet al. (2009)are presented in Fi@.2 The thicknesbetwea the

PCM surface and the enclosure wallalmost the same surrounding #eclosurewall

after 10 minutes of melting, andeaf 20 minutes, more PCM melts in the upper portion of
the enclosure. In constrained melting, the solid PCM cannot nootles tbdtom of the
enclosure. As the liquid PCM at the bottom of the container gets hotter, it moves up along
the hot surface of theontainer, and the colder liquid at the top of the container moves
down along the edge of the solid PCM. This movemethehotand cold fluid leads to

more melting at the top than at the bottom. When the natural convection is strong, multiple

cells ofrotating vortices are observé¢hodadadi and Zhang, 2001The conveabn exists
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until the end of the melting process, although it becomes weak, as in other geometries, in

the last phase of ghmeltirg process.

a) b)

Figure 2.2 Constrained melting of n-octadecane in aspherical container of 102 mm
diameter and a melting temperature differential of 12 °C ata) t = 20 min andb) t =
40 min (Tanet al, 2009).

During melting of PCM in an unconstrained spherical container, PCM first melts in close
contact with the outer sfaice, just as it does in the case of constrained meliggthe
melting progresseshe solid PCM keeps sinking to the bottom of spkere. The liquid

PCM layer between the solid PCM and the bottom surface of the sphere gets pushed by the
solid PCM ast sinks to the bottom. This pressure of the solid PCM on the liquid layer at
the bottom causes upward movement of the hot fluid aod augrents the natural
convection as has been seen experimentallyTan (2008)and Hosseinizadelet al.

(2013). Thus, thesinkingof the solid PCMacilitates melting due to natural convectian
addition to close contact meltingsshown by different experimental studi{@izanet al,

2012 Assiset al, 2007. Unlike most other PCMs, the density of ice increases as it melts
to water. Accordingly, experimental studies shdwatinstead of sinking to thieottom,ice

floats on water and remains in contact with the top surface during melting in a spherical
container heated from the outer surféadref and Eames, 200Eames and Adref, 2002
Based on the presencetbé spherical shape of the ice almost until the end of the melting
processAdref and Eames (2002pncluded that conductive heat transfer dominated the

entiremelting process.
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2.14 Melting of PCMsn cylindrical enclosures

Two configurations of cylindrical enclosures have been widely studied. In one
configuration, the cylinder is filled with PChndis heated at the outer surface. Most
studieson this configuration were conducted for verticalimglers. In this configuration,
since the PCM is not held in place by an inner tibe,melting is often referred to as
unconstrained melting. In theher coffiguration, which is commonly referred to as
annular heat exchangers, the annular spacead filith the PCM and heat is applied either
at the inner surfacar outer surfae. Since the PCM is held in place by the inner tube when
heate from theouter tube and vice versayé melting in this configuration is often referred

to as constrained melgn Both horizontal and vertical systems have been studied

extensively for these configurations.

_ :
o] o]
Figure 2.3 Melting of RT27 in a vertical cylinder of 3 cm diameter and a melting

temperature differential of 10 °C at a) t = 4 min and b) t = 28 min (Shmueliet al,
2010).

When a vertical cylindsddilled with PCM is heated from the outer surface, a thin layer o
PQM first melts by conduction adjacent to the outer surface, as can be seerRiBdjig.
As this liquid layer grows larger, natural convectioniatés in the liquid PCM, which
causegaster melting othe PCMin the top portion of the container, presented in Eigp).
These experimentaksults also show thah ismall aspeetatio (the ratio of diameter to
height) vertical cylinders, the solid PCM takesoaical fiape(Shmueliet al, 201Q. In
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large aspeetatio vertical cylinderghe experimental results show thia solid PCM takes

the form of a doméJoneset al, 2009.

During unconstrained melting in a horizontal cylinder heated from the outer surface, PCM
first meltsby conduction as indicated by the sdliguid interfaces that are concentric to

the cylinder. The experimental work dflo and Viskanta (1984hows thathe solid PCM

floats concentrically to the cylinder. sAthe Iguid layer grows, natural convection
dominates the melting procesand the solid PCM sinks to the bottom portion of the
cylinder. However, as the solid PCM sinks, therexigerimentakvidence that it may or

may not come to close contact withethottomsurface(Regin et al, 200§ Ho and
Viskanta, 1981 Whether the solid PCM completely sinks and meets the bottom surface
or not perhaps depends on the changkensity of the PCM as it melts. For example, solid
PCM sinks completely in thexperimentabktudyof Reginet al. (2006) the PCMin their
studywas paraffin waxwith a melting temperature of 59°€), which is 15% heavier
when it is solid compared to the liquid phase. The PCM usétbland Viskanta (1984)

in their studywasn-octadecane, which is approximately 8% heavier in the solid phase and
does not come in close contact with the container. Rather, circulating vortices, three
dimensional in nature, were observedha botom layer of the liquid PCM. As the liquid
layer of the PCM grows thicker, these vortices merge with the larger vortices in the upper
region of the cylinde(Ho and Viskanta, 1994 The shape of the solidjuid interface in
thistype of melting depends on the thermal condition at the boundary [ByeRayleigh
number for a horizontal cylindrical system where the PCM was heated from the outer

surface was defined yhunget al.(1997)in their numerical studgs:

Y Y'Y
A o y

2 &

In Eq. ¢&),T isthe thermal expansion coefferit * and| are thekinematic viscosity
andthermal diffusivity of the liquid PCMY is the radius of the cylindefry and™Y are

the wall temperature and melting temperature of the PCM, respectively.

At low Rayleigh number (in the order @f*), the flow of liquid PCM in the symmetric
half is dominated by a single cell of rotating vortex, and the iglidd interface remains
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almost concentric to the cylindéChunget al, 1997). It is also observenh a numerical
study thain the later stage of the melting process, this sindleragy kreak into multiple
cells andanonconcentric shape of the soliduid interface emergg$ilimi et d., 2016.

At large Rayleigh numbers (in the order of 48d higher), the flow in the liquid layer
between the solid PCM and the bottoanface is dominated by muitell vorices buta
single large vortex encompasses most of the liquid PCM volunteding the upper
portion of the cylinde{Chunget al, 1997 HIlimi et al, 201§. Numerical studies also
show that thenumber of cells at the bottoportion depends on the Rayleigh number; as
the Rayleigh number imeasesthe number of cells increas@Shunget al, 1997 Rieger

et al, 1983 Ng et al, 1998. The existence of multiellsin the bottom portion causes

non-concentric shape of the soliduid interface.

In vertical annular systenvgheretheannular space is filled with PCMnd the heat source

is applied athe catertube or the outer surface, PCM first melts in the vicinity of the heat
source. As the volume of the liquid PCM increases, more PCM melts at the upper portion
of the heat exchanger compared to the bottom ppras seen irthe numerical and
experimenal study ofLongeonet al.(2013) Experimental study of eiting of dalecanoic

acid in a vertical annuk, whee longitudinal fins are attached to the ceittdre, shows

that the melting is significantly affected by natural convedtuarray and Groulx, 2014
Melting and solidification of paraffin wagwith a melting temperature of 5Z) in a
vertical annuls were studie@xperimentallyby Ettouneyet al. (2004) It was found that
natural convection dominated the maeitiproces and conduction dominated the

solidification process.

During melting of PCM in horizontal annulaystems~yherethe annular spacs filled

with PCM and heated from the center, the PCM first melts concentrically to thecenter
tube. Once enough PI@ is meted by conduction, natural convection comes into existence,
and more PCM melts at the top of that®ource than at the bottpas seen experimentally

by Avci and Yazici (2013) Naturdconvedion dominates the melting process until all the
PCM above the heat source is melted. Once aP@ above the heat source is melted,

and the solidiquid interface of the PCM remains below the heat source, natural convection
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fades away, and cdoction dominates the rest of the melting processseen in the

numerical study oAzadet al.(2016)

Since most of the PCNh the bottom half of a horizontal concentric annulus remains
unaffected by natural convectionetimeltirg rate is not fast once the upper half of the
PCM is melted. Therefore, the benefit of naturalvemtion in this stage of the melting
process cannot bealizzd. However, this problem is overcome to some exXtgnising

an eccentric enclosurdn eccefric enclosures, the inner tube is located below the center
of the outer tube. The eccentricitylees more space above the heat source than below it.
As the PCM keeps melting, natural convection gets more space compared to the concentric
enclosue, and thus a faster heat transfer rate over a longer period is achieved in the
eccentricconfiguration as has been reported in their numerical studydoyi et al.(2012)

An experimental study shows thataneccentric configuratigrthe total melting time can

be reduced as much as 67%rbgvingthe inner tubelown from the center of the outer
tubeby 30 mm when the diameters of the inhidreand oute shell are 28.5 and 110 mm,
respectivel(Y a z &t al,£20149.

In longitudinallyfinned horizontal annular heat exchangers, the presence of natural
convection has also been obsensgerimentallyby Liu and Groulx (2014) Four
longitudinal fins were welded to the inner tube af @Part from each other; in one
configuration, the first fin is horizontand in the other, the first fin being at°4&ith the
horizontal. Natural convection plagt a significant role in meltingn both the heat

exchangers.

A photographic investigation of melting in a horizontal annulus was doR®bgnfeldet

al. (2015) They added three |l ongitudinal fins
carried the heat transfer fluid. It is interesting to note that the fins served not only as
extended surfaces for heat transfer purpdsg also as the source of close aohinelting.

The closecontact melting was facilitated by submerging the PCM enclosure in a
transparent hot water tank. The contribution of the hot water tattile toelting of the

PCM was smajlbut it allowed the EM to slide as it meltedAs soon asolid PCM in

cont act with the hot surfaces melted, t he ¢
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rested in contact with the two inclined si
sides moved to the bottoaf the enclosure and remained in @wttwith the vertical fin.

As reported by the authors, close contact melting reduced the melting time by 2.5 times
compared to the case where fins are absent. Nonetheless, it can be observed that the PCM
confined inthe upper portion of the equally spdce 6 Y6 s hape fin becon
liquid while the PCM in contact with the vertical fin is solid. The faster melting of PCM

in the upper portion of the enclosure indicates the presence of natural convection. It can

be easily attributed that vortex celtam in the liquid PCM on both sides of the vertical

fin, which drives the hot fluid to the upper portion and thus heats the two inclined fins,
eventually transferring the heat to the inclined fins. This additieatlih the inclined fins

would causetsr onger natural convection in the uprg

Heat transfer is also enhanced in differently oriented finned enclosures. A comparative
study of melting in three horizontal annular enclosures wa® éaperimentallyby
Agyenim et al. (2009) One enclosure had no fins, one had eight radial fins along the
length, and the other had eight longitudinal fins. The study suggest®ittibe same
duration ofmelting, the highest amount of energyas charged in thenclosure with the
longitudinal finsfollowed by the one with radial fins and the one without fins, respectively
The total heated surface area in contact with the PCM Qw28 0.36, and 07 m?,
respectivelyfor the longitudinally inned, radiallyfinned,and unfinned enclosuresThis

study shows that PCM melts faster at the upper portion of the enclosure, regardless of the

configuration of the enclosure, suggesting the influence of naturaécton.

A numerical study shows that horizontal annular heat exchangers, thermal stratification

of the liquid PCM occurs in the top portion of the heat exchangers. However, the thermal
stratification can be minimized by heating the PCM from bothrtheriand outer surfaces
(Khillarkar et al., 200Q. Anothemumerical study that comparetklting in horizontal and
vertical annular heat exchangeshows that for the first half of the melt volume, the
horizontal heat exchanger has a faster melting rate than the vertical heat exchanger
(Seddegtet al, 2016, signifying that natural convection affects the melting differently in

horizontal and vertical systems.
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Irrespective of the shape oféhheat exchangers and their orientation, it is seen that PCM
first melts by conduction, and once there is enough liquid PCM, natural convection starts

to play adominantrole in the melting process.

2.2 Onset of natural convection

It is evident from the above discussion that natural convection significantly dominates the
melting process of PCMs, regardless of the shape of the geometry. It also should be noted
that heat exchangers are often modified to achieve increased heat natesfthrough the
addition of extra heat transfer surfaces, facilitatioal@$econtact melting, and having the

heat exchanger in different orientations. Regardless of the modification, natural convection
plays a vital role in every configuration.efdre discussing the onset of convection during
melting of PCMs, it would be beneficial to review the onset of natural convection in-single
phase fluids. In subsectioB2.1 and 2.2.2he onset of natural convection in singlease

fluids and PCM is reewed respectively

2.2.1 Natural convection onset in singlbase fluids
When an initially stagnant fluid layer is heated at the critical Rayleigh number, bueyancy
driven natural convection occurs in the liquid as long as there exist unstable theemsal lay
under the gravitational forcgncroperaet al, 2007. The Rayleigh number for a heat
exchanger with a specific geometry and working fla@ely depends on the heating
temperature or the heat flux at the heating surface. Since the height of the fluid layer in a
specific geometry does not change, the Rayleigh number can be increased only by
increasing the heat flux or temperature at theshidiace. A significant amount of effort

has been put forward in studying the onset of natural convection in a-ghrage fluid.

Most work has focused on the onset of convection during heating of a horizontal fluid layer
from the bottom. In the theortical study ofa horizontal layer of fluid heated from the
bottom surface, the onset of convection occurs at a Rayleigh number ofKigd&nd

Kim, 2001, wherethe Rayleigh number is defined based on the heatdkigiven in Eq.

¢®). In this equationy is the heat flux at the hot walind Qis the depth of the fluid

and Qis the thermal conductivity It should be noted here that the contribution of the
geometricscale to the Rayleigh number is an order of magnitude higher inc&q.

comparedo Eg. ¢& .
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Experimentalstudies show that the Rayleigh numbéthe onset of natural convection in
a very long and wideectangular enclosure filled witlir is given byEqg. ¢& (Hollands
et al, 1979:

] T
where%os the inclination angle with the horizontal axis. A horizontal air layer, for which
%0= 0°, has a critical Rayleigh number of 17G®hown experimentally biiollands and
Konicek (1973) It is well known that when a fluitch a horizontal rectangular enclosure
of heightH, a very large lengtfL/H >> 1)and width(w/H >> 1)is heatedrom the bottom,
natural convection onset occurs at the critical Rayleigh number of 1708floWwhef the
fluid remains lamingrand regularly spaced retkells are observed as long as the Rayleigh

number is less than’610%, after which the flow becomésrbulent(Iincroperaet al, 2007.

The Rayleigh number, however, depends on both the thermal and geometric conditions.
The Rayleigmumber can be altered by changing the height of the fluid layer while keeping
all other parameters theame. It istherefore important to establish the relationship of
critical Rayleigh number with the aspect ratio of a finite system. It is foundrfuonerical

studies in singlgphase fluid (air) in rectangular enclosures that are heated from the bottom
side and cooled from the top side, that the transition to natural convection depends on the
aspect ratigD'Orazioet al, 20094. The critical Rayleigh number for the transition to

convection varies agiven inEq. (2.5).
2A W T8 (2.5
whereA is the heighto-width aspect ratio.

2.2.2 Natural convection onset in phase change materials
Although many studies have been done on the onset of natural convection during heating
of a singlephase fluid, studies on the onset of natural convection during melting of PCM

are rare if not completely absent. Some studies are present for rectangulsueEssl
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however, these studies do not extend over all possible parameters that may influence the
onset or strength of natural convection. Before reviewing the studies ors#t@bnatural
convection during melting of PCMs, it is worthwhilertote thagcritical Rayleigh number

is being associated with the onset of natural convection in guhgiee fluidas seen in the
preceding subsectionSome researchers have assodidtee Rayleigh number with the

onset of natural convection during melting of\e<as well

2.2.2.1 Natural convection onset in PCMexperimental studies

An experimental study of melting d?olyethylene glycol (with a melting temperature of
34°C) in a retangular enclosure heated from one of the vertical sides reveals that the time
required for the onset of convection decreases as the heat flux applied to the side increases
(Wanget al, 1999. The Rayleigh number was defined WWanget al.(1999)as:

QY YO
A QO

2 7

cap

In Eq. ¢&), Ois the height of the enclosure.

They found that theritical Rayleigh number at which the onset of convection occurs varies
over about an order of magnitude {&®d 10) when the applietieat flux changes from
2307 to 9012 W/rh It should be noted that since the heat is appptieshe of the vertical
sides, the hght of the liquid layer remains the samugall times (103 mm) and thus the

Rayleigh number varies only based onhlating condition.

At the beginning of the melting process in a horizontal annular heat exchanger, concentric
melting ofn-octadecane aumd the inner cylinder was observedBgthelt and Viskanta
(1980) In their experirental study, a cylinder was installed through the center of the front,
and back faces (glass) of a rectangular enatoand a constant heat flux was applied to

the cylinder. The instantaneous shapes of the -Bqlit interfaces were obtained
photograpitally. The concentric soldiquid interfaces indicated that the heat transfer in
the early stage of melting was plyrey conduction. The deviation from concentricity of

the solidliquid interfaces started at the condition given by ).

IDKRT pg (2.7)
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In Eq. (2.7), 3 O As the Stefan number based on the constant heat flux, whichinedief
as:

on i

30A —- cay

and Fo is the Fourier number defined as:

. | 0
In Egs. ¢&) and ¢&), wand are the specific heat and thermal diffusivity of the liquid
PCM, Qandd are the thermal conductivity and the latent heat of fusion of the BCN8,

the applied constant heat flux, and the radius of the inner cylinder.

Following the condition InEq. (2.7), a deviation of the solitiquid interfaces from
concentricity indicated the onset of natural convection. This study extended to tihg mel
of subcooled PCM, whettbe degree of subcoolingas defined as:

LY Y

SOAT P m

InEqg ¢® % ®,"Y, and Yare the specific heat of the solid PCM, and melting and initial

temperatureof thePCM, respectively.

The subcooling parameter given Bg. ¢® Jthad a maximum value of 0.03. They
reported that even for this small degree of subcooling, the thickness of the melt portion of
the PCM at the onset of convection or thereafteas narrower compared to the non

subcooledtases.

While Eq.(2.7) gives the condition for the onset of natural convection for constant heat
flux boundary conditions during melting afoctadecaneBathelt and Viskanta (1980)
reported that this dimensionless number is 0.0255 for constant temperature boundary
condtions during melting of-heptadecane. The greater details of this study can be found

in the PhD thesis of one of the auth(@sthelt, 199).
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2.2.2.2 Natural convection onset in PCMsumerical studies

WhereadVanget al.(1999)identified the discrete times for the onset of convection in their
experimental study, an equation to calculate the adioreonset time during melting of
PCM in a rectangular enclosuineated from one of the vertical sides has been given by
Benardet al.(1985)in their numerical study as in E@.11).

‘ 00 . .
) R (?,_‘T&ZA CPhp

The Prandtl number in E¢2.11) was defined with the thermal diffusivity of the liquid
PCM. The Rayleigh number ikq.(2.11) was defined as:
G Y Y O

2 A y ¢ ¢

It should be noted that the solid PCM was assumed to be isothedriehaperature of 0.4
°C below the melting temperature of the PCNIhe Stefan number in E¢2.11) was
defined as:

L QY Y

3 0A—r— ®o

where® is the specific heat capacity of the liquid PCM

Vogelet al.(2016)reported a correlation for the onset of natural convection during melting
of PCM in a rectangular enclosureated from the two opposite vertical sidewaltstheir
numerical study, they usedthe enthapy-porosity method withthe Boussinesq
approximation to simulate the melting process in ANSYS Fluent. Shecheat was
applied to the two opposite vertical sidewalls, only half the domain about the vertical
symmetry line at H&width was simulatedThe PCM height and width in the domaiee

930 and 38 mm, respectivelyhe numerical model was validated against the temperatures
measured at two locations. Both these locations werkeaght of 500 mm. One location
was 8 nm away from the hot walland the other location was at the haifith of the

enclosure.
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The heating temperature was fixed at one value, and the height and width of the enclosures
were changed. Correlations for t@nvective enhancement factor anddhset of natural
convectioninvolved the Rayleigh number and the aspect ratio of the enclosures. In
determining theconvective enhancement factoesults from simulations were obtained,
including natural convection and withottlie convective enhancementtar was defined

as the atio of liquid fractions with convection to that without. A ratio larger than one
would mean convection was present in the melting proceBse criterion for the

convective enhancement of heat transfer was determined as:

2A7 1T &o P

In Eq. ¢® 7,! is the heighto-width aspect ratio andhe Rayleigh number was defined

as:

2 A , ¢Pu

In Eq. ¢® V), w is the width of the enclosure.

The width of the liquid layer was taken as the length doalelculaethe Rayleigh number

at the onset of convectionSince the vertical side of the encleswas used as the heat
source, melting wouldpproach in the horizontal direction leaving the liquid PCM height
thesame all the time. On the assumption that the igligd interface is verticaltahe
onset of convectigmelt fraction was considerdke ratio of the liquid layer thickness to
the width of the enclosure. Thisnsideratioryielded a relationship between the Rayleigh
number calculated using the width of the enclosure as the length scale and the nwelt fracti

of the PCM. In their studythe critical melt fraction for the onset of natural convection

wasgiven byEqg. ¢® @

puTm!
2A

P o
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It should be noted that the choice of the length doatlee definition of Rayleigh number
in this study differs from that of theseach done byWanget al. (1999)andBenardet al.
(1985)

It is evident that studies on the onset of convection during melting of PCM are scarce in
the literature. All the studies reviewed above focused asingle parameter that could
influence the onset of convectioVanget al. (1999)varied the heat flux applied to one

of the vertical sides without changing anything else. On the otherViagelet al.(2016)

varied tte aspect ratio of the enclosure from 0.5 to 40 but limited ti@rSnumber to a
single valueof 0.17. Bathelt and Viskanta (1980)aried the walltemperature Wile
keeping the geometry the same. No study used more than one PCM to investigate the
effects of PCM on the onset of convectioAlso, no study thoroughly investigated the
effects of initial subcooling of the PCM. Effects of different legttemperaturgon
different geometry hae not been explored. It is clearly seen thatanprehensive
experimental study on the onset of natural convection during melting of PCM is well
warrantedto knowwhat influence the onset of convectionls it aminimum volume of

liquid PCM, a minimum thickness of the liquid layer, a minimum temperature gradient, a

minimum size of the heat transfer area, the properties of the PCM?

2.3 Natural convecton in numerical models

Modelling natural convection during melting of PCM involves additional complexity to
simple conduction model$\ot only the presence of natural convection in the liquid PCM
but alsothe moving solidiquid interface during meltingfdCMs makes the simulan
process very challengiri@henet al, 2011). Knowing thatatthe beginning of the melting
process, heat transfer takgace by conductionatural convection is sometimes neglected
in simulation models. Natural convection is negleatsgecially when the system is small
or the PCM is confined in a small space. However, in most cagasalneonvection is
neglected o the assumptigrwithout any justification that it does not exist in a small
amount of PCM. Simulation works that negestand that consided natural convection
during melting of PCMs are reviewed in subsectii3s1 and 2.3.2
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2.3.1 Simulations negtéing natural convectio

Numerous studies on the melting of PCMs have neglected convective heat transfer without
justifying the reason for {Esen and Ayhan, 1996anet al, 2014, Li et al, 2013 Pirasaci

and Goswami, 2016Tay et al, 2012 Tao and Carey, 201@®goh and Groulx, 2012b

Ogoh and Groulx, 2012a

Studies show that increased density of fins limits the influence of alatanvection
(Huanget al, 2011 Abdulateefet al, 2019 Biwole et al, 2018. It has also been reported
that during solidification of PClvhatural convection in the liquid portion is inhibited when
fins are placed in the heat exchan@smail et al, 200]). In numerical studies of melting

of PCMsenclose between two closely placed fins, natural convection is often neglected
on the assumption that the thickness of P@veen two fins is small enough to neglect

it (Akhileshet al, 2005 Seeniraj and Narasimhan, 2Q00&worski, 201p

Some authors neglectedtaral convection for flat thin casiness, on the assumption that
there is not enough space for the existence of natural convé&tti&ovic and Fujii, 2001

Liu and Ma, 2002 Natural convection is also neglected in close contact melting on the
assumption that the liquid layybetween the heat source and thigddeCM is too thin to
have natural convectiofiacroix, 200). However, it was shown b§roulx and Lacroix
(2007) that duringthe melting of an ie block resting on a hot flat surface, convection
(although would be considered forcgdByed a dominant role in the melting process when
3D | 1. The effective Stefan number was defined as:

30A
35 C&p X

3D
Y

In Eq ¢® ) 3 GaBcounts for the heat transfer in the liquid phase3afdaccounts for

the heat transfer in the solid phase.

2.3.2 Simulations including natural convection

The relative importance of natural cowtien during melting compared to solidifica

can be inferred from the study 8fritih (2004) It was concluded that natural e@ation

is an order of magnitude stronger during melting of PCM than during solidification. These

studies show that @ough natural convection can be conveniently neglected in
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solidification models, neglecting natural convection during melting would uyseod

erroneous results.

For simulationsof melting and solidificatiorof PCMs with high melting temperatures

(o0 ¢ v L ¢ W), errors originating from not considering the natural convectioe baen
quantified by Tehrani et al. (2018) Melting and solidification in vertical aotar
enclosures were simulateging the enthalpyporosity method in ANSYS Fluent 15.0
without and with natural convection in the phabange heat transfer process. The amount
of error in the results depends on many fa¢sush as the geometry thle heat exchanger,
properties of the PCMs, the thermal conditiand the heat transfer process. The extent of
error depends on the effeaivess of the charging/discharging process, which is defined as
the ratio of energy stored or released to the full dapatthe heat exchangeit should

be noted that the amount of energy stored or released is a transient quantity while the full
capady of a heat exchanger is a constafbr both the charging and discharging process,
the amount of error from negleatj natural convection increases as the effectiveness
increases.This is because convection affects the meting dynamics differentlifexedt
times during the melting procesghe error in the solidification process is always less than
that of the melhg process when natural convection is neglected. It is noteworthy that for
the effectiveness of almost the error from neglecting haal convection can be as much

as 100% during charging and 30% during discharging.
Tehraniet al.(2018)defined a geometric parametergagen inEq. ¢ Y

Yoo
¢i O

P Y

where'Y, i, andH are the radius of the outer tulibe radius of the inner tubendthe

height of the vertical annait enclosure.

They concluded that natural convection could be neglected Whkerm@t mt.u Also,
Tehraniet al. (2018)defined theRayleigh number based on ttieckness of the vertical
annulusas given in Eq.¢®
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They identifed a critical Rayleigh numbef 8 x 10° below which natural convection could

be neglected with an error of less than 1% in the results. However, it should be noted that
the most appropriate geometriclecia their study would be the height of the ansidince

the thickness of liquid PCM is not always the same as the thickness of the annulus. No
such studies exist for PCMs wikbw melting temperaturé<100°C) or other geometries

or other orientationfahe geometry.

There are a few studies tleaicounted for natural convection not directly but rather through
the effective thermal conductivity of the general form of:

In Eqg. ¢& it 6 and¢ are constants.

These studies include owémensional melting of PCNFaridet al, 1998 andmelting in
a finned annluws with multiple PCM(Seeniraj and Narasimhan, 2008

Many otherstudies have considered natural convection during melting of PCMs in their
simulations in different geometries angerating conditions.In all those studies, the
melting process was simulated using the popular enthadpgsity method. The natural

convection in the melted PCM was directly accounted for in these studies.

Melting of PCM in spherical containers of diatar ranging from 50 to 100 mm and heated

at melting tenperature differentials ranging from 12 to 8D were simulated including
natural convection by many research@attariet al, 2017 Khodadadi and Zhang, 2001
Hosseinizadelet al, 2013 Tanet al, 2009 Assiset al, 2007. Other studies included
natural convection in simulating melting of PCM in rectangular enclosures heated from
one of the vertical sidg€. Kheirabadi and Groulx, 2018amkari and Amlashi, 2037

in a finned rectangular enclosure heated from one of the vertica(3igesl, 2018, and

in inclined and horizontal rectangular enclosykesmkari and Amlashi, 2037 Numerical
models have also been used to study the melting of PCMs in a vertical anitilceval
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fins (Kozaket al, 2014, horizontal annular enclosurédarzi et al, 2012 Agrawal and
Sarviya, 2015Azadet al), and a horizontal annular enclosure with longitudinal {@eo

et al, 201§. The vaidation of these studies shows that the simulated results are
comparable to those of the experimental ones subject to the linstafitre model.

2.4 Conclusions

Research work on melting of PCM in diffetegeometres and thermal conditions were
reviewed in this chapter. It was seen that regardless of the geometry and its orientation
and, the orientation of the heat source, the melting of the PCM was mainly by conduction
atthe beginning of the melting process. Blyaafter, once there was enoughuid PCM,

natural convection assumes the dominating role in the melting process. The review also
showedhatthe dominance of natural convectiaffects the entire melting process was

also seen in the review thahile many researchers considered redtaonvection in their
simulation models, some accounted for the natural convection through effective thermal
conductivity, and some researchers completely neglected natural convection in their
simulation models.A literature search shows ththerehasbeenalmost no attempt to
investigate the onset of natural convectiomhere are a couple of experimental and
numerical studies that have reported on the onset of natural convection. These studies,
however, are limité to the effects of a single parameteither geometric or thermal.

Extensive research work is well warranted to answer questions such as:

) What are the effects of geometry (certtdve diameter in annular systems)?

(i) What are the effects of heat source penature on the onset ofatural
convection?

(i)  What are the effects @iieinitial temperature of the PCM?

(iv)  Does the PCM itself play a role the onset of convection?

(V) What are the effects ahe orientation of the geometry on the onset of
convection?

(vi) Is thee a threshold meitolume that the onset of natural convection depends
on?

(vii) Is there a threshold velocity of the liquid PCM that the natural convection

depends on?
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This research work is undertaken to look for the answers to the above questions except

(V).
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CHAPTER 3 EXPERIMENTAL SE TUP AND PROCEDURE

The construction of the experimental setup, the experimental procedure, the experimental
conditions, repeatability of the experimental res@ltsl the storage materials (the PCMs)
used in these experiments are disedss this chapter.

3.1 Experimental setup

The experimental setup consisted of three PCM enclosures made of cast acrylic sheets,
three circulating water baths, thrieeD lampsto illuminate the area of intereshree web
cameras, thermocoupleand one Mtional Instrument @a acquisition module with a

computer running LabView and MATLAB.

1 PCM enclosure
2 Web camera
3 Water bath

=== HTF outlet
=== HTF inlet
Face water inlet
Face water outlet

Figure 3.1 Schematic diagram of the experimental setup.

The heat transfer fluid (HTF), which was water at differentpermatures, was cirtated

through the centelubes of the enclosures by two of the baths. Water at the PCM melting
temperature was circulated through the axial faces (front and back faces) of the enclosures
by the third bath. Water was circulated throtiggse faces to ensuthat no solidification

took place on them. This was required so that clear images of the melting process could
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be obtained. -Type Thermocouples, one at the HTF inlet, one at the HTF patidt
another at the outlet of the axiadckes of each enclosure were used to monitor the
temperatures at the respective locations. The NI CompaQ 9178 and temperature
input module NI 9213 were used in conjunction with LabVIEW to record the tempetature
Logitech C920 HD Pro web cameras wpregrammed in MATLAB to acquire images at
different time intervals. A schematic diagram of the experimental setup is shown in Fig.

3.1, and a photograph of the experimental setup is shown iIrBR2g.

— —

Fi)éure 32A photograph 0

‘____"" 7,'.—' . R

f the xperimental setup.

3.1.1Construction of the enclosures

Each of the PCM enclosures consisted of eight parts, which are shown3rBfigade of

cast acrylic sheets (except the cesitdre, labelled 1 in Fig3.3). A PCM cavity of 127

mm diameter was drilled at the center of the lower 152.4 nth2x4 mm section of a
152.4 mm x 203.2 mm acrylic sheet of 50.8 mm thickness. The depth of the PCM cavity
was 44.4 mm. Two 17.5 mm thick round end plates (plate 3 ir8R@gwere used to close

the axial faes of the PCM cavity. VitoRluoroelastomechemical resistant ®ngs (two

black rings, as seen on the circumfere of the plate 3 in Fi@.3) were used in assembling

the cavity and the round end plateséal any leakage of the PCM from the cavity.

Two other acrylic sheets, 203.2 mm high, 152.4 mm watel 25.4 mm thick each were
used to create a 127 mm diameter water cavity (plate 4 iB.B)aat the centeof the lower
152.4 mm x 152.4 mm section. Two grooves were cut on the axial faces of these plates.

The round endplate was pushed into the groove on the inner side, andaia¢eg(pdiate 5

32



in Fig. 3.3) waspushed into the groove on the outer side. Closure of the large hole in plate
4 from the axial faces created a watavity of 11 mm depth. Two holes of 6.4 mm
diameter (labelled 6 and 7 in Fi§.3) were driled on one side of these plates to facilitate
the flow of water into and out of the cavity. Additionally, a hole of 41.3 mm diameter and
57.2 mm height (labelled 2 in Fig.3) was drilled at the of each bthe PCM cavity to

allow theaccumulation of expanded liquid PCM. At the bottom of this hole, a smaller hole
of 12.7 cm diameter was drilled (not visible in the figure). This small hole was created to
enable the exchange of liquid PCM betwdbe PCM caity and reservoir without

interfering with the melting dynamics in the cavity.

Finally, the HTF carrying tubes acting as the heat source, inserted through the center of the
PCM cavity, were made of stainless steel. The sealing at the contact poirgeofuibes
with other acrylic pieces to stop leakage or mixing of PCM and watsrov&ined by

using VitonFluoroelastomechemical resistant @ngs.

Since the experiments required acquiring images at very early stages of the melting
process, the tubesitw uniform diameter could not be used. If tubes with uniform
diameters were esl, then the @ings, used for sealing, and the tubes carrying circulating
water would block the views of the melted PCM, as can be seen.i@.&{. Therefore,

three stainless steel cylinders of 44.4 mm length (the same as the depth of the PCM cavity)
and 18, 27 and, 36 mm outer diameter were grded on three stainless steel tubes of
6.35 mm, 12.7 mm and 25.4 mm outer diaanetespectively.This made the shooting of
images since the beginning of the melting process possible. The visibility of the PCM in
contact with the sleeve is depicted in RBgidb). The schematic of a tygal tube (with a
diameter of 36 mm) with the sleeve is shown in Bi§.
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Figure 3.4 Photograph of the PCM enclosures with the centetube diameter of 18
mm during melting of n-octadecane whernhe centertube isa) without the sleeve, b)
with the sleeve.

305 mm

444mm ———
@ 36 mm

@254 mm
#23.6 mm

Figure 3.5 Center-tube with a diameter of 36 mm.

The assembly of all parts of the PCM enclosures caeée in Fig3.6, which shows the
sectional view oftie assembled enclosure. As can be seen from the figure, the PCM cavity
(labelled 3 in Fig3.6) was in the midle, and two water cavities (5 in Fi8.6) were on

two axial faces at equidistance from the middle plane, separated from the PCM cavity on
each side by a circular disk (labelled 4 ig.B.6). The water cavities on both sides were
closed with end plates (6 in Fig.6). Contact points of any two pieces were sealed using
O-rings (labelled 9 in Fig3.6), which are visible in the figure as black creestions. The
reservoir for the extra liquid PCM labelled as 7 in g, was connected to tHfeCM

cavity through an opening lalbed 8 in the same figure. This figure shows that the diameter
of the stainlessteel sleeves is larger than the diameter of thengs used to seal the
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contact points of the centasbe and acrylic sheets. The largandeter of the sleeves

facilitatedclear visualization of the melting process since the beginning.

1 Centre-tube

2 Sleeve

3 PCM cavity

4 Round end plates

5 Water cavities

6 End plates

7 Reservoir for extra
liquid

8 Passage connecting
3and 7

Figure 3.6 Sectional view of the PCM enclosure with the centetlube diameter of 36
mm.

Each enclosure was insulated with a layer of fibregfaist and then a layer of extruded
polystyrene (XPS) foam at the bottom and two sides. Thermal conductivities of these
mateials, in addition to that of cast acrylic sheate presented ifable3.1. A range of
thermal conductivity can be derived from the woflCai et al.(2014) who compared the
thermal conductivities reported by magpups of researchers. The thermal conductivity of
fibreglass varies in the range of 0.030 to 0.055 \W/far a mean operating temperature of
107 50°C and that for XPS varies in the range of 0.028 to UB6-K for the same mean
operating temperatureas can be seenTrable3.1. These thermal conductivities are about

an order of magnitude smaller than those of the PCMs studiedTierd¢op of the enclosure

was open to the atmosphere. However, except fosrtradl reservoir for the extra liquid
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PCM, the top of the enclosures was insulated by at least a 76.2 mm thick acrylic layer.
Cast acrylic sheets have a thermal conductivity of 0.186-W/&hahet al, 2015, which
is comparable to the thermal conductivities of the PCMs. The photograph of an insulated

enclosure with the view of the sleeve is shown in Big.

Table 3.1 Thermal conductivities of the insulating materials.

Material k (W/m-K) Tempera:ture Reference
range (°C)
Fibreglass 0.030i 0.055 )
107 50 Caiet al.(2014)
Extruded polystyrene| 0.028i 0.036
Cast acrylic sheet 0.186 | Shabhet al.(2015)

Figure 3.7 Photograph of the enclosures with the centetube diameter of 36 mm.

3.1.2Specifications of the equipment

A Thermo Scientific AC200 waterabh was used to maintain the face temperature of all
the enclosures at the melting point of the PCM. A Thermo Scientific SC150 Arctic bath
was used to circulate water through the centbe of the enclosures with the siee
diameter of 18 mm and 27 mnA Polyscience AD bath was used to deliver water through
the centettube of the PCM enclosure with the sleeve diameter of 36 mm. The maximum
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working temperature range of these baths2§°C to 150°C (depending on the woirkg

fluid), and the maximum flow rate is lifers per minute.

T-type thermocouples, manufactured by OMEGA, were used to measure the temperatures.
These seladhesive thermocouples were taped on the surface, andathpaste was used

for better contact uh the surface. These thermocouples work in the ranges®°C to

350 °C with the manufacturer provided accuracy+ofl °C or £ 0.75% above 0 °C,
whichever is greaterThe accuracy of the thermocouples was cheelgainst the water

bath temperatureshé accuracy was within the range given by the manufacturer.

Logitech C920 HD Pro web cameras were used for image acquisition. The resolution of
these cameras is 1088p/20p with a speed of 60 frames per second. CEHmeeras were
programmed in MATLAB to equire images automatically. The data were collected in a
Dell computer with 4 GB of RAM and a 2.6 GHz cealre processor. All three cameras
shot images simultaneousiyhe esponse time of a web camera is affectetionly by

the frame rates of the weera but also by the system the camera is run from. The response
of the cameras run by the abewentioned system was closely monitored. The delay
betweerthetwo images was adjusted in MATLAB such that the delaghéresponse of

the web camera was ninized. Apparently, there was no delay in the response of the web
camera at the beginning of the melting process, when the images were shot every 10 s.
However, delay propagated with time and reasonable delay nsspf the cameras was
observed aftegight hours of melting experiments. A detailed discussion on delay in image
acquisition follows in Chapter 4, where image processing and uncertainties are discussed
as well. The delay in the response of the web casngas accounted for in calculatimg t

uncertainties in Fourier number, which is used to describe the global melt volume results.

3.1.3 Aligning the enclosures and the cameras

The PCM enclosures were placed on a flat horizontal surface. A leveleraus® uheck

the level positioning offte enclosures and the cameras. The process of cancelling the
inclination is shown in Fig3.8. Levelling the position of the enclosures was imgaatrto
ensure the symmatiof the solidliquid interface when the PCM melts. When buoyancy

force in the liquid PCM is strong, the melting of the PCM progresses very faghend
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inclination of the enclosures dsnot influence the symmetry of the soliquid interface
significantly. However, when a weak buoyancy force is present, the melting of the PCM
progresses at a much slower rate, and the shape of théicpalidinterface can be affected
significantly by gravity. Therefore, any inclination iretRCM enclosure would cse an
asymmetric solidiquid interface. Care was taketdo minimize inclination in the
orientation of the enclosures as much as possible. However, slight inclination in
orientation, especially about theaxis, existed. The results sheavthat this slignt
inclination in the orientation of the enclosures did not affect the symrokthe solid

liquid interface when the wall temperature was high. At low wall temperatures, however,
a little asymmetry in the soliliquid interface was observed. Nonethslgsis important

to note that no asymmetry in the sdliguid interface was dund until the natural
convection became pronounced, which leads to the conclusion that the natural convection
onset results are free from the errors that could generatetimasymmetry in the solid
liquid interfaces. The orientation of the web came&ras also checked with the leveler to

ensure the images acquired by the cameras were not tilted.
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Figure 3.8 Use of a leveler ¢ level the position of the enclosureabout the a) y-axis

and b) x-axis and canera about the ¢) y-axis and d) x-axis.

Table 3.2 The thermophysical properties of n-octadecane (Yaws, 2003 and

dodecanoic acidDesgrosseillierst al.,2013)

PCM n-octadecane Dodecanoic acid

Pr&%?tgt'es Solid (atTm) | Liquid (atTm) | Solid (atTm) | Liquid (atTm)
k (W/m-K) 0.358 0.145 0.150 +0.004 0.148
} (kg/nT) 814 774 930 + 20 873+20
Co (I'kg-K) 2150 2240 2400 + 200 1950 + 30
e (Pa3 0.004 0.008
b (KD 0.00073 0.00079
L (kJ/kg 189 180+9
Tm (°C) 27.5 43 +1.5
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3.2 The heat storage materials

One of the objecties of this research work was to investigate the influence of the storage
materials on the onset of natural convection. Two organic PCMs were used as heat storage
material. The PCMs, fronm-alkane and fatty acid groups, weneoctadecae and
dodecanoic@d, respectively. The thermophysical properties of the PCMs, taken from the
Handbook of Thermodynamic and Physical Properties of Chemical Compountismsy
(2003)and fromDesgrosseillierst al.(2013) are listed inTable3.2. The density decreases

by approximately 5% and 7.5% upamelting of n-octadecane and dodecanoic acid,
respectively. This change in density woaltlise an increase in the volume of the PCMs
once they melt. As will be discussed thoroughly later in the chapter, all the experiments
started with the enclosuredldéd with the solid PCM. Therefore, accommodation was
made in the experimental setup, dissed in detail earlier, to hold the extra volume of the
PCM upon melting. A significant difference in the properties of these two PCMs can be
observed in the mehg point, the heat capacity in the sedithte, the density and, more
importantly, in the iscosity. The viscosity of dodecanoic acid at the melting temperature
is twice as much of-octadecane. The viscosity plays a significant role in the existence
andstrength of convection current in the molten PCM. It is also noteworthy that the two
PCMs have almost the same latent heat of fusion, the difference in the values being

approximatelyt.8%.

3.3 Experimental conditions

For respective experimentthe PCMs wee subcooled bya subcooling temperature
differential of2.5, 7.5, 150r 22.5°C beforethe start of the experiments. This required an
initial temperature of 25, 20, 12.6r 5 °C forn-octadecane and 40.5, 35.5, 8820.5 °C

for dodecanoic acidThe subcooling temperature differential was defined as given in Eg.
(3.2).

Y v oy (3.2)

For every subcooled temperature and every céaber diameter, the PCMs were heated
from the centetube ata melting temperature differential of 8.44.9, 25.3, 338 or422
°C for n-octadecane and that 844, 25.3or 422 °C for dodecanoic acid.
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The melting temperature differential was defined as given i{3&).
Yy 'y 'y (3.2

The Stefan numbers based on thesadting temperature differentials, as definedEq.
(3.3), were 0.1, 0.2, 0.3, 0.4 and 0.5 foroctadecane and 0.09, 0.27 and60fdr
dodecanoic acid.

3 0A— (0729)

In Eq.(3.3), ®is the specific heat capacity of the P@NUD is the latent heat of fusion of
the PCM.

Different centeitube diameters, melting temperature differentials and, initial temperatures
led to 60 experiments far-octadecane and 36 experiments for das®ic acid. The

different conditions of these experiments are summarizédbie3.3.

Table 3.3 Experimental conditionsfor melting of PCM in enclosures with centertube
diameters of 18, 27, and 36 mm

PCM | a&s(°C) 2.5 7.5 15 22.5
[
g & T (°C) 25 20 12.5 5
AN~
B O | &n(C) 8.44 16.9 25.3 33.8 42.2
O E
°L Ste 0.1 0.2 0.3 0.4 0.5
=sr]
o < T (°C) 40.5 35.5 28 20.5
G 'L
é =0 | & (°C) 8.44 25.3 42.2
©
83 Ste 0.09 0.27 0.46

3.4 Experimentd procedure

3.4.1 Preparing the enclosures and water baths
All three PCM enclosures, including the reservoir for the expanded PCM, were filled with
liquid PCM at the beginning of the experiments. The liquid PCM was cooled from the

center and the axial fas of the annulus simultaneously at 7 °C. During solatifin, the
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volume of PCM in the enclosure shrank, and the liquid PCM from the reservoir flowed to
the enclosure to keep it full at all timeOnce all the PCM was solid, the temperature of

the PCMwas brought to the initial temperature by heating/coolinépr two days
simultaneously from the center and axial faces of the annulus. It was assumed at this point

that the PCM had a uniform initial temperature.

At the beginning of every experiment,ettwater baths were taken offline, and the
temperature of #hnwater was raised to the desired values. For example, the temperature of
water at the bath that circulated it to the faces of the enclosures was brought to the melting
temperature of the PCM, atite temperature of the baths that circulated water thrihegh
centertubes of the enclosures was brought to the different heating temperatures (8.44, 16.9,
25.3, 33.8 and 42.Z above the melting temperature feoctadecane and 8.44, 25.3 and
42.2°C above the melting temperature for dodecanoic acid). Once tieesperatures in

the baths were achieved, the water baths were connected to the enclosures.

3.4.2Positioningthe cameras

The webcameras were positioned such that they were colinear with thiuidingl axis

of the PCM enclosures. The positioning af tameras was accomplished by counting the
pixels from center in the crosectional image to the outer circumference of the enclosure;
and, from the center to the outer circumference of the "dmith in horizontal and vertical
directions, as shown inidg: 3.9. An equal number of pixels in every direction would

suggest the cameras were positioned correctly.
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Figure 3.9 Positioning the web camera for the enclosure with the centdube diameter
of 36 mm.

3.4.3Calibration and observation of the workitgmperatures

Sleeves of different thicknesses, presentetiable 3.4, were presditted on the center

tubes in order to facilitate the visibility of the melt front since the beginning of the melting
process. The sleeves added an additidengér of metal on the centéwbes. This
additional layer of metal would caeia delay in heating temperature to reach its maximum
value on the sleeve surfaces. Calibrations were carried out to identify the time requirement
in achieving thesteadystate The calibrations also facilitated an adjustment of the bath
temperature st the desired temperatures at the sleeve surfaces could be achiiexed.
temperature at thevater baththat would cause the desired temperatures on the sleeves,
after all theheat losses to the environment, including the losses through the tubing, were
determined from these calibrations. For these calibrations, one thermocouple was placed
on the surface of the tube at the inlet and another thermocouple was placed on the surfac
of the sleeve, as shown in F§10Q It should be noted that the temperature calibration

was done before inserting the certidre into the PCM enclosure.
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Table 3.4 Sleeve thickesses on the centaubes.

Centertube diameter (mm) Sleeve thickness (mm)
18 5.83
27 7.15
36 5.30

Thermocouple

Thermocouple on the sleeve

on the tube

7

Figure 3.10 Positions of the thermocouples on the tube surface and sleeve surface for
temperature calibration.

Consequently, the difference between the cafibns and the experimental conditions was
that during calibrationthe heat was driven away from the sleelkg air (natural
convection), and during the experiment, the sleeves were in direct contact with the PCM.
The calibration was conducted for the paratures of the HTF leading to all the Stefan
numbers studied, but the graphs only for two cases are shofrig.i.11, where the
temperature of the HTF was 3%l8ads tahe Stefan number of 0.1 foroctadecane)and

85.2 °C (leads tathe Stefan number of O&4for dodecanoic acid) Figure3.11shows that

the centettube with the diameter of 27 mm reaches the ststatg at the slowest rate and

the one wth 36 mm dianeter reaches the steashtate at the fastest rate. One would expect
these responses of the temperature on the sleeve surface based on the thicknesses of the
sleeves presented Trable3.4. One of the calilationspresented here was carried out at a
temperature of 35.9 °C, which is the lowest heating temperature in the present study. Itis
seen that at the lowest heating tenapare, the time taken by the 27 mm certtdre to

reacha steadystate is 180 sral at tle highest heating temperature that is 150 s. This time
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delay is insignificant compared to the total melting time, which is 8 hours. More
importantly, time is not a veable on which the onset of natural convection depends
directly, but rather timeaffectsthe onset of convection through the transient melting
process Nonetheless, it should be noted that the time required for the onset of convection
during melting ofn-octadecane is 840 s when it is heated at 36.9and 40 s for
dodecanoic acidrhenit is heated &85.2 °C; in both cases, the PCM was subcooled by 2.5
°C.
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— 36 mm sleeve — 36 mm sleeve
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Figure 3.11 Calibration of temperatures at the tube surface and sleeve surface for
heating temperatures of a)l = 35.9 °C and b)T = 85.2 °C.

As has been mentioned abovtee heat was driven away by air during the calibration
process while that would have been driasvay by liquid PCMs during the experiments.
Temperatures on the sleeve surfaces were measured in the numeried Stathre
presented in detail in Chapter 9. The transient temperatures on the sleeve surface during
melting of n-octadecane at 35 and dodecanoic acid at 852 are presented in Fig.

3.12. Both the PCMs in the numerical study were subcooled b% 22. These
temperatures are presented digythe centetube with the diameter of 27 mm since, as

can be seen in Fig. 3.1thetempeature reaches the steashate at the slowest rate on the
sleeve surface of 27 mim diameter. Figure 3.12 shows thdlhe heatransfer from the

sleeve surfacw theliquid PCM does not affect the temperature on the sleeve surface when

the heating temperature differential is small. However, at high heating temperature

46



differential, the temperature on the sleeudacedoes not reach the desired temperature
(Fig. 3.12b). The actual temperature on the sleeve surface is 2.9% below theddesire

temperature.
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— - 27 mm sleeve; Num. — - 27 mm sleeve; Num.
20 1 ] ] 1 ] 1 20 | 1 1 1 | 1
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Figure 3.12 Temperatures on the tube and sleeve surfaces deed from calibration
and numerical study for heating temperatures of a)l = 35.9 °C and b)T = 85.2 °C.

A theoretical analysis was also done to estimate the actual temperature on the sleeve
surface, againor thecentertube with a diameter of 27 mnThemal resistance inside the

tube was neglected becaus¢hefhigh velocity of the HTF in the tube. Thermal resistances
due toconductive heat transfer the liquid PCM and the thickness of the sleeve miale

was calculated.

The thermal resistance of thiguid PCM layer per unit length of the enclosureas

calculated agiven in Eq. (3.4).

N i 10 .
I °

In Eq. 3.4),Q is the outer diameter of the liquid PCM layer &d s the thermal
conductivity of liquid PCMat its melting temperate The thickness of the liquid PCM
layer at the onset of natural convection during melting of dodécaical at 85.2°C (

0.001 m) was used to calcul&te
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The thermal resistance due to the sleeve thickmpessunit length of the enclosunsas

calculated as given in Eq. 8.

1 TarQ

G o

In Eq. (3.9),Q and™Q are the diameter of the tube without the sleeve and thermal
conductivity of stainless steel, which is 14.9r\K.

The totl themal resistance is, therefore, given by Eg. (3.10).

YooY Y o

The heat transfer rate per unit lengthted entosure is thus:

oy
N —v

o

In Eq. (37), i represents the heat transfate per unit length of therelosue from the
centertube inner wall to the PCM. The temperature of the sleeve surface can thus be
calculated as:
R 4 Y
n = og)
The surface temperatures calculated using E&) (8ere 351 and 81.2 °C, where the
desired temperatures were 35.9 and 8&2respectively. The theoretically calculated

results ar@.2% and4.7% below the desire@mpeatures

A comparison of the results from calibration, numerical study, and theoretical analysis
suggests that the most pessimistic estimatieedrror in the temperature on the surface of
the sleeve would bé&7%.

The temperatures at the inlet and eXithe centertubes and at the exits of the enclosure
faces were recorded for the whole period of the experiments (8 hours) at a frequEBcy of

Hz. These temperatures are shown in Biggl3only for two expement inn-octadecane,
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at melting temperature differentials of 8.44 and 42.2 °C. The RE&Mtadecane) in these
calibrations was subcooled by 22.5. °@ should be noted from the figures that the inlet
and outlet temperatures of the 27 mm cetibeis slightly below the desired temperature
for these experiments, the difference in temperature being more pronounced at high
temperatures of the centetbes. This problem could be alleviated by raising the
temperature of water at the bath. However, a@s lzeseen in Fig.3.1, a single bath
circulated water through the 27 mm and 18 mm cetubes. An increase in temperature
in the bath for the 27 mm centieibe would increase the temperature at the inlebatie

of the 18 mm centeiube and as a result, the 18 mm certidse would be overheate
This slight deviation of the actual temperature of the cdnte¥s from the expected
temperature was considered in calculating the error in Stefan numbersmportant to
note from Fig.3.13that the temperatures remain constant oveetfige duratiorof the

experiments in all cases.
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Figure 3.13 Temperatures at the nlet and outlet of the centertubes and the outlet of
the axial faces during meltingofn-oct adecane at heatiTmg tempe
8.44 ACTiand2bpP &E2HCt h

3.5 Imageacquisition

The shooting of images amdcording of temperatasstarted as soon as the water baths
were connected to the PCM enclosures. The web cameras were programmed in MATLAB

to acquire images, usinge Image Acquisition Toolbox, at certain time intervals. The
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codes fortheimage acquision program are praded in Appendix A. The images were

shot every 10 seconds for the first 30 minutes of melting, during which natural convection
would start in any experiment regardless of the initial temperature of the PCM, the heating
temperature ahthe centetube dianete. Images were acquired so frequently in this stage

to ensure that the onset of convection was identified as accurately as possible. After the
first 30 minutes of melting, images were shot every 15 minutes for the rest of touis5

of melting.

3.6 Post-processing of the images

Solid n-octadecane and dodecanoic acid are white and become colourless when they melt.
The area of the colourless portion on the axial faces represents the melt volume per unit
length of the PCM cavity Melt volumes were daulated only from the right half of the
images. All the melt volume results in thisdtuconsequently, represeatdouble of the
volumes calculated from the imagédelt volumes from the images were calculated using
MATLABOGs | mage Prasaa thesdolougcodeoobthelpirels. Adetailed
discussion on the pegprocessing of the images follows in Chapter 4.

3.7 Repeatability of the experimental results

The repeatability of the experimental results, bbthdnsetnd global melt volurres, was
investigatedor bothn-octadecane and dodecanoic acid. The repeatability of the results is

discussed in the following two subsections.
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3.7.1 Repeatability of the melt volumes at the onset of natonaiection

b) T do8eddnhE2ZWEBEC hdmpat

The melting experiment of-octadecane at meltingtemperature differential of 33&

was repeated three timewith all the experimental conditions the same.
experiments were conducted for dodecanoic acid at a melting temperaterentigl of

8.44°C. In both cases, the experiments were conducted with the PCMs subcooled by 2.5

Similar

°C. Different melting temperature differentials were chosen nfmctadecane and
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dodecanoic acid to cover this temperature differential both in the upgpémaer end. The
experiments were conducted over a varied time range with a gap between twoex{seri

being as much as three months and at least one experiment in each PCM being done after
reassembling the experimental setups. The melt volumesatgbeof natural convection

from the repeated experiments are shown in Eitd It is evident that the experiments

were highly repeatableFigure 3.15shows thegreatest percentage difference in the melt
volumes of three trials. The maximum difference betwaelt volumes from two trials

was determined by identifying the smallest and latgeslt volumes of the three trials.

The greatest percentage difference was then calculated with respect to the mean volume of
the three trials.The greatest percentagkfference inthe melt volume ofh-octadecanat

the onset of convectiowas6.3%, 1%, and3.5% for the centetube diameter of 18, 27

and 36 mm, respectivelylrigure 3.1%0) shows that the greatest perceetaifferencan

the onsetmelt volume of dodecanoic acid wha&9%, 1%, and11.8% in the same order.
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Figure 3.16 Melt profiles for global meltingofn-oct adeclBn e2 &t 3 qgAC

= 2.5 °C for cener-tube diameters of a) 18 mm, b) 27 mm and c) 36 mm.

3.7.2 Repeatability of the global melt profiles and melt volumes

The melt profiles for eight hours of melting are presented in3Flgfor n-octadecaneral
in Fig. 3.17for dodecanoic acid. These melt profiles wesevid from experiments run
twice, with all the experimental conditions the same. For bwotbhctadecane and
dodecanoic acid, the experiments eveun atgls = 25.3A C  aT €2.5§C. The melt
profiles at 1, 2, and 8 hours are shown side by side famtberials of the experiments.
The respective melt profiles from the two trials for both the P@késsimilar, which

indicates that the melt pfiles are repeatable.
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Melt volumes were calculated from timaagesshown in Figs3.16and3.17, as well as
from other imageshat are not shown. hese melt valmesfor 8 hours of meltingare
shown in Fig.3.18for both the PCMs. It is evident from the figure that the melt volume
results are repeatable with a reasonable difference in the melt volume results Ileéveen

two trials.

y
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| ; :

¥ 4 2
V' ¢=1h h :
| 2 Tral 1

Trial 1 Trial 2 Trial 1 Trial

t=1h
 Trial 1 Trial 2 Trial 1 Trial 2

t=8h r=8h
Trial 1 Trial 2

Figure3.17Mel t profiles for gl obalT+a2.B tCiandg
Ql's= 2.5 °C for centertube diameters of a) 18 mm, b) 27 mm and c) 36 mm.

Thedifference inthe melt vobmesfrom two trials presented ifrig. 3.18 was calculated

for each PCM and each centabe diameter The difference anche mean of the melt
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volumesfrom two trials were used to calculate the percentafference in the melt
volumes. The percentagifferencein the melt volums from two trialsis presented in

Fig. 3.19for both the PCMs. It can be seen thatdifferencein melt volume resultss

arbitrar; however thedifferenceis more pronounced when the melting is dominated by

convective heat transfeA point to point investigation che melt volume results reveals

that the maximum difference is approximat&ifo in the melt volumes af-octadecane
regardless of the diameter of the cesitdre. This difference is 8.4%, 6.4%, and 14.8%
for the melt volumes of dodecanoic acid whendbetertube diameter is 18, 27, and 36

mm, respectively.
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Figure 3.19 Percentage difference between global melt volumes of two triadst Tr €p
A G = a.5°€ fogeentertube diameters of (a2) 18 mm, (b) 27 mm and (c)

The experimental setup and the experimental methods have been discussed thoroughly in
this chapter. Horizontal cylindrical annuli were ussdPCM enclosuse Centertubes

with diameters of 18, 2and 36 mm carried the HTF through the cerdad the annular

space was filled by the PCMs-octadecane and dodecanoic acithe properties of the

PCMs and different experimental conditions dlswe been discussed. Melting of both
octadecane and dodecanoic acid was investigated when they were subcooled by 2.5, 7.5,
15, and 22.5C. The melting temperature differentials (the heating temperature above the
melting temperature) wei@44, 169, 25.3, 338, and 422 °C for n-octadecanand8.44,



25.3, and 42 °C for dodecanoic acid. The combination of different geometry and
experimental conditions resulted in 60 experimentsfoctadecane and 36 experiments

for dodecanoic acid.

It was shown tlough the presentation of melt profil@sd the melt volume results that the
results were reproducible with a reasonable difference between the nesnltsé trial to
another. The maximum difference in the melt volume results at the onset of convection

from one trial to another was 11.8&mdthat for the global melting results was 14.8%.
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CHAPTER 4 IMAGE PROCESSING AND UNCERTAINTY ANALYSIS

Image processing techniques are discussed in detail in this chapter. A brief review is first
given on image processing tentues adopted by otherdt is also dscussed why extra
precaution is required in the present study. Different sources of uncertamtebeir

calculationare discussed in this chapter.

4.1 Image processingechniques

Processing of fultolor imagesusually includes the followingteps:

1 The fullcolor RGB images are first converted to grayscale images.
1 Athreshold is applied to convert the grayscale imagesbinary images.

1 The pixel values of the images are calibrated to the physical scale.

The almve-described method has beenemsively used by researchers to process the
images (Kamkari and Groulx, 2018Fadl and Eames, 2019oneset al, 2006.
Uncertainties in the processed images originate from guekces: filtering, binarization

and calibrationDuhar and Colin, 2006 In the present study, LEDngs were used to
illuminate the area of interest as the melting experiments were orgeméig3.2). Such
illumination causes a reflection of different intensity from different regions of the images.
Besies, during the span of the experiments, there were multiple sources of lights in the
laboratoy. The presence of these different shades of light makes the processing of the
images more complicated, as has been mentionddripeet al.(2006) The existence of
nonuniform light reflection would cause significant uncertainties due to midfeand

binarization.

4.2 Image processing in the present study

The images were firgtrocessed serautomatically using Adobe Photoshop CC, which
should have eliminated the uncertainties originating from filtering and binarization, and
then an irhouse algrithm (given in Appendix A) developed usinghe MatLab image
processing toolbox. Oy the right half of the images were analyzed because of the
symmetry of the melt profiles about the central vertical axis. The image processing steps

adopted in the preat study are described in subsections 4.2.1 and 4.2.2.
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4.2.1 Preprocessing of themages

Cropped images at two instants of the melting process are shown ih.EigThe raw

images at the onset of convectiand well after the or$ are shown in Fig<t.1a) and

4.1b), respectively. The center of the enclosures in these images was known when the
cameras were positioneds shown in Fig3.9. The images were cropped (in MatLab)
about this center to keep only the area of interest and discard the unnecessary parts. For
the onset of convection, a 38 mnY6 mm section from theenter is shown. The radii of

the centettube and the outer shellere also known in pixel values, as shown in Bi§.

Layers were created in Adobe Photoshop CC to mask the teb&eand anything outside

the auter shell, which facilitated having the annular space to be modified.

.

[ o)r=45min | [ d)7=300min

Figure 4.1 Image processing steps. The figure shows liquid and solidoctadecane in

the enclosure with the centetube diameterof 27mm wh &®F @®5. 3 R€ and
7.5 °C: a) the cropped raw image at the onset of convection, b) cropped raw image

well after the onset of convection, c) after cleaning a), and d) after cleaning b).
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As seen in these raw images, the white color represengslidl PCM, and the black color
represents the liquid PCM. It should be noted that batttadecane and dodecanoic acid
are white when they are in the solid phase and become colourless wheretheflack
blotting papers were placed behind the endles to create a contrast between the solid

and liquid PCM and, therefore, the liquid PCM appears black in the images.

As seen in Figs4.1a) and4.1b), there ee different shades of light and some shadows in
the images. The liquid®M is not pure black in either of the images. Moreover, the liquid
PCM in Fig.4.1a) appears blurry. Conversion of these raw imagbm#&ry imags would
require a threshold value to be chosen. However, this threshold value should be different
for different images because every image is illuminated differently. Therefore, automatic
identification of the solidiquid interface would itroduce sigiicant uncertainty in the
results, especially in the convection onset results. This uncertainty was eliminated by
manually identifying the soliiquid interfacein every single imageAll the pixels in the
melted area were assigned the lggiokind coloy pure black with an RGB color code of [0

0 0], as shown in Fig.1c) for the onset of convection and Fgld) for long after the
onset. All pixelsoutside the melted PCM region had a nonzero RGB color code.

4.2.2 Binarization and calibration of the images

The images processed using Adobe Photoshop CC were fed to the MatLab algorithm. In
MatLab, the modified color images were converted to binary éagnply based on the

RGB value of every pixel. All pixels with zero RGB values were converted to white pixels
(with a value of 1) while all with nonzero RGB values were converted to black pixels (with
a value of 0). The binary images are shown in &igp) for the onset of convection and

in Fig.4.20) for well after the onset. In these figures, the pure white portion of the images
represents the liquid PCM, atite pure black part denotes the solid PCM or the enclosure.

The calibration for the measurement was done using the radius otthassgiven in Eq.

P).
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The volume of liquid PCM per unit length of the enclosure was calculatgigeasin Eq.

18).

o I 7 PE@ARI ¢OE &

In Eq. T&), nis the totahumber of white pixelsandi is an iterative variable.

Figure 4.2 Binary images of liquid n-octadecane in theenclosure with a centeftube
di ameter of T2=7 2nbm 3w lAeQ7.5a d) atgheonset of convection
and b) well after the onset of convection.

4.3 Uncertainties in the results originating from image processing

Uncertainties in the onset of convection results arise from two sources: from the calibration
of the images and the choice @fiset moment. The global melting results, however,
assume uncertainties only from the calibration of the imag@&be a@lculation of
uncertainties from these two sources is presented in subsections 4.3.1 and 4.3.2.

4.3.1 Calculation of uncertainties frotine calibration of the images

The physical measurement of melt thickness at the onset of convection and for global
meltingof n-octadecane in the enclosure with the cetiibe diameter of 27 mis shown

in Fig.4.3. Themelting temperature differential was 253, and the P® was subcooled

by 7.5°C. The horizontal and vertical axesHig. 4.3 are labelled in mm. It should be
noted from Fig4.3that the solidiquid interface only on the front face of the enclosure is
visible at the onset of convection. On the other hand, the-lgmplid interfaces both on
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the front and back facese visible once a lot more PCMidhmelted. Consequently, the
radius of the shell on the front face was used in Eg. (4.1) for calibration at the onset of
convection. Of the two soliiquid interfaces visible in Figd.30), the one on the bk

face distinguishes the solid and liquid phases more clearly than does the one on the front
face. Therefore, the radius of the shell on the back face wagusg. (4.1) for calibration

of the images for global melting.

20 —

[TTTTTTTT]

13—

Solid-liquid interface
on front face

318

.......

RRRRRRRRARRRRRR R RARRN]
r »

-10 —

-15 —

b) 7 =300 min

Figure 4.3 Physical measurement of melt thicknesfor melting of n-octadecane in the
enclosure withthecentet ube di amet erTi=o f2 .73 MAL7.6aCrd qip
a) at the onset of convection and b) well after the onset of convection.

The melt thicknesses from physical measurement and the algorithm arequt@s&able

4.1. Although the melt thicknesses can be measured physically with a ruler, the volume of
the liquid PCM cannot be measured directly. For the onset of convection, thegeotid
interface is circulgrand the melthickness is known from the physical measurement. This
melt thickness and the radius of the ceide wereused to calculate the volume of the

liquid PCM mathematically. This volume of liquid PCM was compared to that obtained
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from the afjorithm. Itwas not possible to determine the volume of liquid PCM, either
physically or mathematicallyonce the convection started but only a fraction of the total
PCM volume melted. Therefore, no data is available for the physical measurement of the
liquid PCM afer the onset of convection. As presentedable4.1, the error in the melt
thickness varies from 1.7% tox 4.3% for the onset of convection results and fto®6%

to + 2.5% for global melting. Téaerror in the melt volume at the onset of convectian is
7.3%.

Table 4.1 Comparison of melt thicknesses measured hysically and using the
algorithm for melting of n-octadecane in the enclosure with the cégr-tube diameter
of 27 mm and forgdl's = 25.3°C and ¢pl's = 7.5°C.

Time At the onsett(= 4.5 min) After the onsett(= 300 min)
. , Error . , Error
Measurement Physical | Algorithm (%) Physical| Algorithm (%)
(7))
4 Above the 1.75 1.60 |+43| 495 487 | +08
e centertube
S E|l Belowthe
:;: E| cenertube 1.75 1.69 +1.7 10.0 9.50 +25
[} To the right of
= the centetube 1.75 1.69 +1.7 49.0 48.4 +0.6
Volume of liquid PCM| - 795 | 0674 | +7.3| - 43.1 -
(cm®cm)

Another experiment was picked to calculate the uncertainties following the method
describé above. The physical measurement of melt thickness for meltmgafadecane

in the enclosure with the centietbe diameter of 18 mm and fqilt = 25.3°C andqils =

7.5°C is presented in Figl.4 The physical measurements and the estimates from the
algorithm areshownin Table4.2. By comparing Tableg.1l and4.2 it can be easily
concluded that from one experiment to another, the error estimates do not change

significantly.
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Figure 4.4 Physical measurement of melt thickness for melting af-octadecane in the
enclosure withthecentet ube di amet erTi=o f2 5..83 nMAC7.6aCrd qip
a) at the onset of convection and b) well after the onset of convection.

Table 4.2 Comparison of melt thicknesses measured physically and using the
algorithm for melting of n-octadecane in the enclosure with the centdube diameter
of 18 mm Ti=n A2 5f. Br TAL7.58@.d

Time At the onsett(= 4.5 min) | After the onsett(= 375 min)
) . Error . . Error
Measurement Physcal | Algorithm (%) Physical | Algorithm (%)
7]
@ Above the 15 154 | +13| 535 521 | +13
= centertube
S E| Belowthe
E E| centertube 15 1.32 +6 2.5 2.20 +6.0
[} To theright of
> the centetube 1.5 1.54 +1.3 17.0 14.8 +6.5
Volume ofliquid PCM | 1og | 9423 | 230 - 23.6 i
(cm®cm)
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As mentioned earlier, to calculate the melt thicknesses and melt volumes for global
melting, the radius of the enclosure on the back face was used mgq.It was pointed

out that the back face was chosen because it distinguishes thkgsadidnterface more
clearly than does the front face. However, an error estimate was carried out using the radius
of the enclosure othefront face in Eq. 1®) to crosscheck the error3he image shown

in Fig. 4.3b) has been modifiedhe solidliquid interface on the front face has been
identified manually and is presented in Fi¢h. The melt thicknesses and melt volume are
shown inTable4.3. A comparison of the valuggvenin Table4.3 to the respectivealues
presented iTable4.1 showsthat the error estimates are comparable. It is noteworthy that
the difference in melt voluma these two cases is + 1.3%. The melt volume presented in
Table4.1is more dependable than tisfitownin Table4.3 simply becauséhe solidliquid
interface is more accurately distinguishable in the forrasec The melt thickness below

the centettube issignificantly different in the two cases. The melt thickness presented in
Table4.1is more dependable for the same reason that differentiates the melt volumes.

Table 4.3 Comparison of melt thicknesses measured physically and using the
algorithm for melting of n-octadecane in the enclosure with the centeéube diameter
of 27 mm Ta=n & 5f. Br TAL7.5¢@ tdkingdront face as the reference.

Time After the onst (t = 300 min)
, , Error
Measurement Physical | Algorithm (%)

@ Above the
(%2}
o centertube 50.5 50.0 +0.5
S E|l Belowthe
:;: E| centertube 12.0 11.3 +29
[} To the right of
= | the centetube | 49° 49.5 )
Volume of liquid PCM i 44.2 i

(cm®/cm)
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Figure 4.5 Physical measurement of melt thickness for melting of-octadecane in the
enclosure withthecentet ube di amet erTiof2 2.73 nAEC7HOHO d qp
using the front face as thereference.

As has been mentioned, it was not possible to validate the algarélzoiated volume of
liquid PCM after the oret of convection when the PCM was not fully in the liquid phase.
Therefore, the volume of fully melted PCM was compared to thecitgyof the enclosure.
This comparison was made for three cases that include enclosures withtuaeater
diameters of 18,2 and 36 mm witlgals = 42.2°C andgls = 2.5°C. The calculated

volumes, presented ifable4.4, show that the error can range frarm% to+ 2.5%.
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Table 4.4 Comparison of melt vdume measured physically and using the algorithm.

Melt volume
Centertube diameter (cm®cm) Error
(mm) Physical| Algorithm (%)
18 62.1 60.9 +1
27 60.5 57.6 24
36 58.2 55.3 +25

The above discussion about different approaches of error caloutditbovs that the error
in the melt volume results originating from the calibration varies &d6% tox 7.3%.
The most pessimistic errot {7.3%) is adopted as the error in melt voluresults of the

present study that originates from calibration.

4.32 Calculation of uncertainties from the choice of onset moment

Images were shot evefyp seconds the early stage of the melting procestsleast until

the natural convection started.hd onset of convection was assumed to have occurred
when the concdric solid-liquid interfaces became nonconcentric, as shown in4-&y.

As Fig. 4.6c) shows, the neooncentricity in the soldiquid interface becomesery
prorounced60 secondsifter the onset of convection. Then-concentricity of the solid
liquid interfaces was more closely determined using Adobe Photosho@ i&onset of
convection was assumed to have occubefdrethe nonconcentricity in the solidiquid
interfacebecame as pronounced as shown in #i6c). Three such imagese shown in
Fig.4.7: at the onset of convectidRig. 4.7b), 10 secondbefore the onsdFig. 4.7a), and

10 secondsfter (Fig. 4.7c). The difference in these images is very subflay of these
three images could represent the onset of convection. The error that would stem from a
different choice of onset moment is summarizedable4.5. This table shows that the
difference between the melt volumes 10 selsobefore the onset of convection and 10
seconds after i 8.3%. Therefore, the uncertainty from the choice of onset moment is

considered 8.3%.
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a)t=90s b)r=150s c)t=210s

Figure 4.6 Melting of n-octadecane in the enclosure witthe centertube diameter of
27 mm WirFe 2 5p 3 TRL€25£0.d @

a)71=260s b)1=270s ) r=280s

Figure 4.7 Melting of n-octadecane in the enclosure with the centeube diameter of
27 mm WirFe 2 5p 3 TRL7.580.d @

Table 4.5 Comparison of melt volume measured physically and using the algorithm.

Melt volume (cni/cm) .
Maximum
10 sbefore the At the onset of 10 safter the onset| uncertainty
onset of convectior convection of convetion
0.671 0.674 0.783 +8.3%
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4.3.3 Uncertainties in the melt volume results at the onset of convection

As mentioned, uncertainties in the melt volumes at the onset of convection originate from
the calibration and the choice of onset moment. Thessdwaes are, however, unrelated.

If a quantity C depends orA and B, whereA and B are unrelated, and the standard
uncertainties irA andB areua andus, respectively, then the collective uncertaintyiis

given byEq. t®) (Taylor, 1997.

0 6 o 1§:9)

Accounting for uncertainties from calibration, and the choice of onset mornient

combined uncertainty in the melt volume results is calculated as:

0 0 0 T

The uncertainty inhe melt volume at the onset of convection, calculated usingt&q.
and the uncertainties origitsag from calibréion (x 7.3%) and the choice of onset moment
(£ 8.3%)is+ 11.1%

4.4 Errors in Stefan and Grashof numbers

4.4.1 Bias error in temperature

Errorsin Stefan and Grashof numbers are the same as the error in the heating temperature,
assuminghat the actual values of material properties are known. The error in the heating
temperature is a combination of bias error and precision error. The biasregnoates

from the accuracy of the thermocouples, which in this study is provided by the
marufacturer. The Fype thermocouples, used in the present study, has an etrdr.®f

°C orx 0.75% above OC, whichever is greater. The temperaturéhefcerer-tube wall

in this study ranges from 35°€ to 852 °C. For thewall temperature of 35.9C, a+ 1.0

°C erroris equivalent ta = 2.8% error in the temperature data. This eisdhe largest

among all the errors calculated using all windl temperatures.On the other handhis

error is alsogreaterthan the percentage errar (.75%9 provided by the thermocouple
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manufacturer Therefore, thegreaterof the two erros (£ 2.8%) suggested by the

manufacturers adopted as the bias error.

Table 4.6 Error in temperature measurements.

Centertube Error in measured o _
wall temperature Precision Bias Total
temperaturg  Standard e((r;;r e((r;c))r e((r;c))r
0
(°C) | deviation (°c)| EMOr (%) % ° °
35.9 +0.4 +1.1
52.8 +1.2 +23 +23 +2.8 +5.1
852 +1.0 +1.2

4.4.2 Precision error in temperater

Three samplevall temperatures were considered to calculate the precision error: the lowest
(35.9°C), the highest (82.°C), and a mediunwall temperature (52.8C). At least four
experiments were run at eashall temperature with the PCM initially beg subcooled by

2.5, 7.5, 15, and 22.8C. The temperature of thveall at the inlet and outlet of the center

tubes was measured at 1/3 Hz. These measurements resulted in hundreds of thousands of
data for eachvall temperature. These data were used loutate the standdrdeviation

about the respective trugall temperatures, which are shownTiable 4.6. This table

shows that thenaximum precision erraarising from the chosewall temperaturess +

2.3%.

The ptal error in the temperature data is the summation of the bias and precisisn erro
(Abernethet al,, 1985, which is £ 5.1%.The error in the temperature thresleevesurface

of the centettube (4.7%) estimated in sectioB.4.3 of Chapter 3, is within the error
calculated herét 5.19%).

Both the Stefan and Grashof numbers are defined witméieng temperature differential
(Tw - Tm). It is assumedas mentionee@arlier,that there is no uncertainty in the melting

temperatureand thermophysical properties the PCM. Therefore, the uncertainty in
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Stefan and Grashof numbers is assumed tthéign the centertube walltemperature,
which ist 5.1%.

4.5 Errors in Fourier number

Fourier number does nalirectly influence the onset of convection. However, global
melting resultslirectly depend on the Fourier numbweihich in the present study is defd

as given in §. t® , wherei and'Y are the radius of the centeibe and radius of the
outer shell, respectively
0

i

|
N~ 1 1ga))

&1
Errors in Fourier number would be the error in the time of acquisitionages) ignoring

the uncertainties in the thermophysical properties of the PCMs and the geometric
dimensions of the enclosures. A delay existariting the images on the computer from
when the webcam is triggered. This delay propagates as the expenmregress. A
sample of propagation of delay over 8 hours (28800 s) of melting experiment is shown in
Table4.7.

Table 4.7 Errors in the time of acquisition of the images.

Intended time of Deviation from
image acquisition (s] expected time (s Error (%)
60 2 3.3
180 10 56
300 20 6.7
600 44 7.3
1800 64 3.6
7200 78 1.1
28800 87 0.3

The percentage error in the time of image acquisition was calculaggdeasn Eq. t® .
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Table4.7 shows that the maximum error in the acquisition time of the images is 7.3%.

4.6 Conclusions

Uncertainties asing from different sources were considered thoroughly to calculate the
uncertaintes in the results presented in this stud@ifze uncertainty in the melt volumes at
the onset of convectioresulted from two different sources: uncertainty arising fthen
calibration of the images and uncertainty originating from the choice of onsetnnhome
The uncertainty in the melt volume results at the ookebnvectionin the present study
is+11.1% The uncertainty in the melt volumes for global melting origchately from

the calibration of the images, whicls + 7.3%. It was assumed that éhe are no
uncertainties in the thermophysical properties of the PCMs. Based on that, it was assumed
thatthe errorin the Grashof and Stefan number would originate omlynfthecentertube

wall temperature and bthe same as the uncertainty in thall temperature The
uncertainty inwall temperaturarises fromtwo sources: the bias error from timaccuracy

of the instrument and the precision error from the measurent@omnbining these two
sources, e error in Grashof and Stefan numlvethe presenstudyis + 5.1% The error

in Fourier numbeiarises from the error ithe acquisition time of the images, which is
7.3%.
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CHAPTER 5 MELTING OF N-OCTADECANE

The results for the oesof natural convection during meltingrebctadecane are presented

in this chapter. As mentioned in Chapter 3, the melting-@ftadecane was studied for

the melting temperature differentials of 8.44, 16.9, 25.3, 33.8, and@2.2hese melting
temperature differentials correspond to Stefan numbers of 0.1, 0.2, 0.3, 0.4, and 0.5,
respectively. The PCM was subcooled by 2.5, 7.5, 15, and°@2.%/elt profiles at the

onset of convection, the effects of certigve diameter, Stan number and PCM
sulrooling on the onset of natural convection are presented. The melt profiles only for the
Stefan numbers of 0.1, 0.3, and 0.5 are presented. Those for the Stefan numbers of 0.2 and

0.4 are not shown because of their similarity edthers.

The melt proles, effects of diameter and Stefan number on onset melt volumes are
presented in two sections. The results for substantially subcooled M £2.5, 15,

and 7.5°C) are presented in section 5.1 and those for the barely suth&©M ls= 2.5

°C) are presented in section 5.2. The results on the effects of subcooling on the onset of

convection are presented in section 5.3 for all the saleda@ases.
5.1 Substantially subcooled PCM

5.1.1 Melt profiles at the onset of naturalinwection

The melt profiles at the onset of convection for the PCM initially subcooled by 22.5, 15,
and 7.5°C are presented in Figs.1, 5.2, and5.3, respectively. The photographs in these
figures represent a 30 nwB0 mm section; 30 mm to the right, 30 mm above, and 30 mm
belowthe center of the enclosure. The reader is reminded that the black color smgoundi
the centettube representthe liquid PCM and the white color represents the solid PCM.
As mentioned earlier, the onset of convection was identified by the first appeaf a

solid-liquid interface that is not concentric to the cettitdre.
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Figure 5.2Me | t
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The photographs clearly show that for every cetube, moe liquid PCM is required for

the onset of convection when the PCM is heated at a smaller Stefan number, except when
the PCM s subcooled by 22.8C. Figure5.1 shows that the amount of liquid PCM for
different Stefan numbers is apparently the same for the eeiediameter of 18 mm. No
significant difference in the onset melt volumsenoticeable for the centénbe diameters

of 27 and 36 mnfor higherStefan number ©0.2). Regardless of the size of the center
tubes and the subcooling conditions, a comparison of &ifjs. 5.3 shows that the onset

of convection occurs slowat smaller Stefan numbers. This finding is in agreement with

the onset results dVanget al. (1999) albeit their experimental geometry and @ibions

are different. It was found in the study Wang et al. (1999) during melting of
polyethylene glycol 900 in a verticatatangular enclosure that ttime required for the

onset of convection decreased as the applied heat flux to one of the vertical sides increased.
It is noteworthy that lthough the convection onset occurs slower at smaller Stefan
numbers, no such trend observed with respect to tbentertube diameter or the degree

of subcooling.

5.1.2 Effects of centéube diameter on the onset of natural convection

The melt volumes, per unit length of the enclosure, at the onset of convection for the PCM
initially subcooled by 22.5, 15, and 7”& are presented in Fig8.4, 5.5 and 5.6,
respectively. The volumes of liquid PCM at the onset of convection vedcalated for

the respective subcoaeonditions from the melt profile images shown in Fig4, 5.2
and5.3. Resllts are also incorporated from the experiments performed for Sz and

0.4. Figures5.4 5.6show a linear Hationship between the onset melt volumes and the
size of the centetubes. A larger amount of liquid PCM is required for the onset of
convection as the diameter of the cesitdre increass, regardless of the Stefan number

and the degree of subcooling.
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Figure 5.4 Melt volume vs the diameter of the centetubes at the onset of convection
f oMs=@R.5 °C.
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Figure 5.5 Melt volume vs the diameter of the centetubes at the onset of convection
f o Ms=db °C.
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Figure 5.6 Melt volume vs the diameter of the centetubes at the onset of convection
f o Ms=@5 °C.

Figure5.4 shows that for the PCM initially subcooled by 225and in the enclosure with

the centetube diameter of 18 mm, the melt volume requirement for the onset of
convection does not varyith the Stefan number. For the larger ceidre diameters, a
difference in the melt volume results is observed onlgvaiStefan numbers (Ste = 0.1 and

0.2). Figuresb.5 and5.6 show for the PCM subcooled by 15 and 5 respectivelythat

the values of onset melt volume spread over a narrow range when the diameter is small.
The range of thsevalues becomes wider as the diameter of the céulber gets larger.

Also, a comparison of Figs.4, 5.5, and5.6show that this range gets wider for any center
tube diameter as the degref subcooling lessens. These figures show that the ¢abty

affect the onset volume differently for different values of the Stefan numbers.

As mentioned earlier, the meltlumes at the onset of natural convectionnerearly with
the diameter othe centeitubes. Therefore, the melt volume data presented in 5is.
5.5 and5.6 were fitted to lineacorreltions. These correlations are showii atless. 1,
5.2, and5.3, respectivelyfor the PCM subcooled by 22.5, 15, and €5 It is seen that

the diameter of the centanbes greatly influences the required onset volume when the
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Stefan number is low. Athe Stefan number increases, the influence of the etriter
diameter on the onset of convection diminishes. A comparisdaldéss.1, 5.2, and5.3
shows that the influence of the centrbe on theonset volume diminishes as the degree

of subcooling decreasess can be seen by the value of the slopes for these correlations.

Table 5.1 Correlation of melt volume at the onset of convection witlihe diameter of
the centertubes when the PCM is subcooled by 22.5 °C.

Ste Correlation R?

0.1 Qi oAdP TY p& T 0.998
0.2 @ MY T We | 0.992
0.3 R e @ T YWY | 0.968
0.4 R WY @ ™ Y| 0.962
0.5 w B @ T X T 0.974

Table 5.2 Correlation of melt volume at the onset of convection witlthe diameter of
the centertubes when the PCM is subcooled by 15 °C.

Ste Correlation R?

0.1 W ™ TY T8 W ¢ 0.993
0.2 ® WMo T o e | 0.984
0.3 w MYy o 0.984
0.4 w MY ™ L e 0.986
0.5 W ™ML T8 WTT 0.999
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Table 5.3 Correlation of melt volume at the onset of convection witlihe diameter of
the centertubes when the PCM is subcooled by 7.5 °C.

Ste Correlation R?

0.1 R mye ™ Y| 0.993
0.2 W YR ™ UL 0.993
0.3 R mu @ T pc | 0.999
0.4 R mr QT8 C 0.973
0.5 R o @ THW C 0.996

5.1.3 Influence of Stefan number on the onset of natural convection

The mét volumes at the onset of convection are presented against the Stefan numbers in
Figs.5.7, 5.8 and5.9, respectivel, for the PCM initially subcooled by 22.5, 15, and 7.5

°C. The melt volumes do not show the same trend for all the subcooled cases. Whereas
the onset melt volumes vary linearly with the Stefan numbers when the PCM is subcooled
by 15 and 7.5C, it doesnat vary linearly unconditionally when the PCM is subcooled by
22.5°C (see Fig5.7). Figure5.7 shows that the onset melt volume is independent of the
Stefan numberdr the centetube diameter of 18 mm. The onset melt volume varies
linearly with the Stefan number for the certigbe diameters &7 and 36 mm only when

the SteO 0.3. For SteO 0.3, the melt volume at the onset of convection becomes
independent of the Stefan number. In the cases where the onset melt volume varies linearly

with the centetube diameter, the melt volume data hagerbfitted to linear correlatisn
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These correlatias are presented frabless.4 and5.5, respectivelyfor the PCM subcooled

by 15 and 7.8C. These tables show that the dependence of onset melt volumes on Stefan

numbers decreases with the diameter of the céubes. These Ides also show thatith

on

dependence decreases as the degree of subcooling increases. The invariance of onset melt

volume on the Stefan number with the degree of subcooling is more pronounced when the

centertube diameter is smaller.

As will be presentedithe next section, vam the PCM is barely subcooled (by 20,

almost all the heat (a larger amount of heat for a higher Stefan number) is being used to
melt the solid PCM and heat the liquid PCM. On the other hand, when the PCM is more

subcooled, a ption of the heat is éing used to preheat the solid PCM. Therefore, a

reduced amount of heat remains available to melt the solid PCM and heat the liquid PCM.

This reduction in heat, in turn, causes Stefan number to have a lesser influence on onset

volume when the PCM is suboled to a greater extent. Since heat transfer by conduction

takes place slowly when the center tube diameter is small, subcooling will diminish the
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influence of Stefan number on the onset melt volume more when the diameter afd¢ire ce

tube is small.

Nonetheless, whenever the onset melt volume varies with the Stefan number, it is seen that
a smaller amount of liquid PCM is required for the onset of convection as the Stefan

number increases.

Table 5.4 Correlation of melt volume at the onset of convection with Stefan number
when the PCM is subcooled by 15 °C.

d (mm) Correlation R?
18 ® T80 ¢ PO Ao p 0.988
27 ® p®) @ O Apdo w 0.987
36 w o® @ OAo® 1 0.991

Table 5.5 Correlation of melt volume at the onset of convection with Stefan number
when the PCM is subcooled by 7.5 °C.

d (mm) Correlation R?
18 ® p& @ ORpg w | 0.998
27 (A & 8 OAcBT @ 0.986
36 @ 1818 OAc® ¢ | 0.973

5.2 Barelysubcooled PCM

5.2.1 Melt profiles at the onset of natural convection

The melt profiles at the onset of convection for the PCM initially subcooled B\C2abe
presented in Fig5.10. Similar to other subcooled cases, the photographs in5Hig.
represent a 30 mx 60 mm section; 30 mm to the right, 30 mm above, and 30 mm below
the center of the enclosuréigure5.10 shows that the melt profiles are not coseiply
concentric. The PCM melts faster below the cetibe than at the top. Although the

solidHliquid interfaces are not fully concentric, a large portion of the interfaces is ¢oocen
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to the centetube (see Figh.10. This concentric portion of the soliidjuid interface was

considered in determining the onset of convection.

The presence of nectoncentric solidiquid interfaces in the early stage of the melting
process for the PCM subcooled by 2G, unlike the other subcooled cases, deserves a
discussion. It was noticed during the experiments that tiny bubbles formed in the liquid
PCM below the centaube and traveled to thep. Snce there was solid PCM above the
centertube, the bubbles could not rise to the top of the enclosure. These bubbles
accumulated in the liquid PCM between the cetibe and the solitiquid interface. As

fleets of the bubbles traveled to the tof the centettube and got trapped between the
solid-liquid interface and the centtube, a thin layer of thermal resistance developed
between the centéube and the solitiquid interface. This thermal resistance inhibited
heat transfer above the ¢entube. Therefore, more PCM melted below the cehibe

and less above it. Once enough PCM melted, these bubbles were swept away by the

circulating liquid PCM.
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Bubble formation was observed during melting of dodecanoic acid in a rectangular
enclosure bylevnikar (2018)n-eicosane in a vertical cylindrical enclosureJoyeset al.

(2006) and RT21 in an array of vertical cylindrical enclosureRbgario (2018)Jevnikar
(2018)stated thathe dissolved gas in the solid dodecanoic acid came out as bubbles upon
melting of the PCM. Joneset al. (2006) claimed the presence of bubbles in liquid
eicosane is due to the diffetesolubility of gases in the solid and liguiekicosane.They
asserted that the dissolved gas nucleatdseasdlidliquid interface upon melting of the
PCM. Rosario (2018mentioned that bubbles forbecause of the change in density and
pressure of the PCM upon change of its phase. It was mentioned that during solidification
of the PCM,the bubble would form from the reduction of PCM volume. It was also
asserted that bubbles were more prone to fogtween the solid PCM and surface of the
enclosure because of low adhesive force between them. The bubble formation in the
present study deseas an explanatigmand a discussion of the solidification process is well

warranted in this context.

Before desribing the solidification process, it is worthy of mentioning that bubble
formation was observed under all operating conditions and for bothsRCMe present
study. However, bubbles were not so pronounced during meltingpafadecane under
substantl subcooling to create asymmetry in the stitidid interface. This can be seen
in the melt profiles presented in subsection 5.1.1. Nowpeotigh description of the
solidification process in the present study ngaye some insighinto why a significant

amount of bubbles form only during meltingrebctadecane when it is barely subcooled.

Regardless of the PCM and operating and geometrititomms, liquid PCM was solidified

at 7 °C. The PCM was solidified from the centabe and the two axial fase
simultaneously. It should be recalled that the cetniees were made of stainless steel

and the patrtition walls of the axial faces were made of Plexiglass. The materials used for
them essentially means that heat transfer happens much faster idiahéiraction than

in the axial direction despite the much larger heat transfer area oaxidlefaces.
Therefore, a significant amount of PCM solidified on the ceftiees before the PCM
adjacent to the axial walls even reached the solidificationdeatyre. This method of

solidification would minimize the chance of air being trapped dube shrinkage of the
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liquid PCM upon solidification, at least in the amount of solid PCM that melts until the
onset of convection occurs. Also, the void formatdue to the weak adhesive force
between the solid PCM and the container does not seenttie base in the present study.

If this was the reason, then significant bubble formation would be observed under all
operating conditions. The bubble formatiamuld be due to the presence of dissolved gas
in the solid PCM. However, after performingethame experiment over and over, which
required multiple solidification and melting cycles, bubble formation was still observed.
For this reason, the anticipatitdmat the presence of bubbles could be due to dissolved gas

is questionable.

Now, referring lack to the results presented in FdLQ the photographs clearly show that

for every centetube, more liquid PCMs required for the onset obanvection when the

PCM is heated at a smaller Stefan number. The longer it takes for the onset of convection
as the Stefan number gets smaller. However, no such trend is observed with respect to the

centertube diameter.

5.22 Effects of centetube dianeter on the onset of natural convection

The volume of liquid PCM at the onset of convection, per unit length of the enclosigre
calculated from the melt profile images shown in Bi§Q and the ones that are not shown
(Ste = 0.2 and 0.4). These melt volumes at the onset of convection are presented in Fig.
5.11 This figure reveals a linear relationship between the onset oleihe and the size

of the centetube. A larger amount of liquid PCM is required for the onset of convection
as the diameter of the centebe increases, regaeds of the Stefan number. The figure
also shows that the requirement of liquid PCM volume tfee onset of convection
decreases if the PCM is heated at a higher Stefan number. The data presentédlifh Fig.
were fitted by linear regression, and the relationships are sholabie5.6. It is seen

that the diameter of the centieibes greatly influences the onset volume requirements
when the Stefan number is low. As the Stefan number increases, the influence of the

centertube diameter of the onset of contien diminishes.
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Figure 5.11 Melt volume vs the diameter of the centetubes at the onset of convection
f omMs=¢5°C

Table 5.6 Correlation of melt volume at the onset of convectio with the diameter of
the centertubes when the PCMis subcooled by 2.5C.

Ste Correlation R?

0.1 ® Mo ™ ¢ Y| 0.993
0.2 w B @ T X T 0.999
0.3 ) L R 0.985
0.4 ) wr @ ey Y 0.954
0.5 @ Wo@ T Te | 0.965

5.2.3 Influence of Stefan number oa tinset of natural convection

The melt volume results presented in Fid.1against the diameter of the certebes are
illustrated in Fig5.12 against thé&tefan numbers. This figure shows that the melt volume

at the onset of convection varies linearly with the Stefan number. Whereas the melt volume
increases with the diameter of the cesttdre, high values of Stefan numbers indeed

require less amount @fuid PCM for the onset of convection.
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This figure also shows that a large amount of liquid PCM is necessary fondbe aj
convection when a bigger centeibe is used as the heating surface, as was seen in Fig.
5.11 Although it can be seen qualitatively that the influence of Stefan number on the onset
of convection weaéns when a smaller centietbe is used, the figure does not offer any
guantitative masurement. The data were fitted by linear regression to identify the
dependence of onset volume on the Stefan number. The fitted equations are presented in
Table5.7. It is seen that Stefan number plays a more significant role in the onset of
convection when the centibe is large. This trend complements the trend discussed in
subsection 5.1.2j.e, the influence of centdube diameter on the onsef natural
convection diminishes as the Stefan number increases. As known, natural convection onset
occurs due to the presence of temperature gradient witbtabldiquid PCM layers under

the action of the gravitational forcaVhile a larger size of the cesttube increases the

heat transfer surface area, Stefan number is the primary driving force for melting that
results inalarger gradient in the temperature of the PCM. Moreover, the Stefan number
plays a superior role tt¢ centetube diameter of thenclosures in the melting of PCM,
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at leasthtthe beginning of the melting process. As seen inFig for the first 30 minutes
of melting, the centettube diameters playsagnificant role in the melting of the PCM only
at high Stefan numbers.

Table 5.7 Correlation of melt volume at the onset of convection with Stefan number
when the PCM is subcoad by 2.5 °C.

d (mm) Correlation R2

18 | @ pBo L3O Ao X |  0.954

27 | @ @@ OA® Y | 0971

36 @ 1® 8 0A08 o 0.998
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Figure 5.13 Melt volume in the early stage of the melting process fapl's= 2.5°C.
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5.3 Melt thicknessat the onset of convection

As seen already, the melt volume at the onset of convection increases with the diameter of
the centettube of the enclosures regardlesshe experimental conditions. This is likely

due to the increased perimeters of the cettees. The melt thicknesses, calculated using

Eq. u®), are presented against the diameters of the cémbexs in Fig5.14
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Figure 5.14 Melt thickness atthe onset of convection during melting oh-octadecane
initially subcooled by a) 22.5 °C, b) 15 °C, ¢) 7.5 °C, and d) 2.5 °C.
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It is seen that the melt thickness remains nearly the same as the diameter of tHatlwenter
increases when &PCM is barely subcooled. As the PCMubcooled more substantially,

the melt thickness starts to increase with the diameter of the -tebé&respecially at low

Stefan numbers. As has been previously discussed, in the subcooled cases, some of the
apdied heat transfers to the solid PCM thgh the solidiquid interface. In addition,

faster conduction through the larger cesitdye diameters likely causes more uniform
heating of the liquid PCM in the enclosures with large cemwiee diameters. The
combination of these factors likely cassmore PCM to melt beforte onset of natural

convection in the enclosure with large diameter and substantially subcooled PCM.

5.4 Effects of Grashof number on onset melt volumes

The effects ottentertube diameter and Stefan number on onset melt volawe been
discussed in sections 5.1 and 5.2. The Stefan number, defined with the melting temperature
differential and the centetube diameter are independent of each other. However, both
the nelting temperature differential and the certtdye diameteappear in the definition
of the Grashof number, which is defined as:

o 22 o
In Eg. v& , "Qis the gravitational acceleratiosy,Yis the melting temperature differential,

Qis the centetube diameter and, and’ are the thermal expansion coefficient and

kinematic viscosity of the PCM.

The variation of onset melt volume with Gha$ numberis presented in Fig.15for all

60 experiments on-octadecane. Whereas the onset melt volume was a linear function of
Stefan number and centeibe diameterit is a nonlinear function of Grashoumber as
given in Eq. u® . Itis seen that a smaller amount of liquid PCM is required forriketo

of convection as the Grashof number increases.
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Figure 5.15 Onset melt volume as a function of Grashof number for all the
experiments onn-octadecane.

5.5 Effects of subcooling on the onset of convection

The melt volumes at the onset of convection are presented against the subcooling
temperaturaifferentials in Fig.5.16for the centetube diameter of 18 mm. The same
results for the centdube diameters of 27 and 36 mm are presented in ¥ijgand5.18
respectively. All these figures show that the onset melt volume decreases as the subcooling
temperature differential increases when the Stefan number is low. For high Stefan
numberstheopposite tred is observed. The change in trend occurs gradually as the Stefan
number changes from a low to high value. The reasons for these trends in onset melt

volumes can be explained as follows.
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Figure 5.16 Effects of subcooling on melt volume at the onset of natural convection
for the center-tube diameter of 18 mm.
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Figure 5.17 Effects of subcooling on melt volume at the onset of natural convection
for the centertube diameter of 27 mm.
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Figure 5.18 Effects of subcooling on melt volume at the onset of natural convection
for the center-tube diameter of 36 mm.

It should be remembered here that the onset of conveatmmsodue to the presence of
temperature gradient among thastablelayers of liguid PCM under the presence of
gravitational force. When the buoyancy force, due to the difference in densibeg am
unstablelayers of liquid PCM, overcomes the viscouscto of the liquid PCM, the

movement of liquid PCM starts.

When the PCM is barely subcooled, almost no heat is taken away from the liquid PCM by
the solid PCM. Further, if the PCM is heated attemperature, the heat transfer will take
place slowly. Thelow heat transfer would cause somewhat uniform heating of the liquid
PCM. Also, heating at low temperature would not cause a substantial decrease in viscosity
of the liquid PCM. All these coltgively would mean a higher volume of liquid PCM for

the orset of convection. When the PCM is heated at a high tempe@atuies other hand,

no heat is taken away by the solid PCM from the liquid PCM; moreover, the liquid PCM

is heated nonuniformly, artdgh temperature causes a decrease in viscosity. Ultimate

a small amount of liquid PCM is required for the onset of convection.
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When the PCM is substantially subcooled, heating at a low temperature would mean most
of the heat is being used to prehibet subcooled PCMvhich results in a slow marching

of thesolid-liquid interface. This, in turn, would mean a small amount of liquid PCM at
the onset of convection. On the other hand, heating at high temperature would have more
heat to be conducted tbe solid PCM, perhaps faster than the heat is being usearto

up the liquid PCM nowuniformly ordecreasinghe viscosity of liquid PCM significantly.
Therefore, at high Stefan numbers, more liquid PCM is required for the onset of convection

as the degpe of subcooling increases.

Again, referring back to Fig$.16 5.17, and5.18 it can be seen that the change in onset
melt volume with the degree of subcooling occurdghat fastet rate for centetube
diameter of 18 mmand at the slowest rate for the ceritdye diameter of 36 mm. This
difference in the rate of change of onset melt volumes can be attributed to the fact that how
fast or slow the heat is conducted to thécoold solid PCM, as has already been

discussed above.

5.6 Time of the onset of natural convection

The times for the onset of natural convection are presented in5Hig.for all 60
experiments om-octadecane in the present study. The figure shows that the onset time is
a nonlinear function of Stefan number. The onset of convection occurs faster as the Stefan
number increasesAlso, it takes longer for the onset of natural convection when the PCM
is stbcooled to a greater extent, with some exceptidds.such clear trend is observed
with respect to the diameter of the cerfitdre. Benardet al. (1985) has provided a
corrdation for the convection onset time as given in Eq. (2.11) in the literature review
section of this study. Themumericalstudywason melting oin-octadecanesubcooled by

0.4 °C, in a vertical rectangular enclosuréor the Stefan numbef 0.09, thé study
represents a convection onset timé ohinutes, as calculated from Eq. (2.1A)though

they used the same PCHlb in the present study, their geometry and the degree of
subcooling are different; the least amount of subcooling in the presepirssady 2.5°C.

The comparable Stefan number from the present study is 0.1. It can be seen flofrOFig.
that in these conditionghe onset time varies from 10 to 14 minutes based on the diameter

of the centetubes. The onset times in the present study are larger than the one from
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Benardet al. (1985) which is expected given the different geometry and degree of

subcooling.
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Figure 5.19 Time of the onset of natural convedbn for all the experiments onn-
octadecane.

The times of the onset of convection in the enclosure with the eeiediameter of 27

mm when the PCM is subcooled by 22C are presented in Fi§.20 The times of the
onset of convection during melting of polyethylene glycol in a vertical rectangular
enclosure under constant heat flux, studied\ftanget al. (1999) are ato presented in

Fig. 5.20for comparison. Although the boundary conditions, the geometry, and the PCMs
are different in the study aVanget al.(1999) the pattern inite onset time of convection

in the present study resembles theirs. Despite the sityilarihe variation of onset time,

it should be noted that the times for the convection onset is much higher in the study of
Wanget al.(1999)than in the present study. The differencekisl\i due to the difference

in the PCMs and the boundary conditions used in these studies
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Figure 5.20 Comparison of natural convection onset time.

A more appropriate comparison is shown in Bg@1l The Fourier numbers at the onset
of convectionin the enclosure with the centieibe diameter of 18 mm are presented. In
this experiment, the degree of subcooling, calculated usingyBq, was 0.0284; and, the

Fouriernumbers were caltated using Eq.u® .

. 0Y Y
30A ——— e
0]
. 0
&1 1 L&

i
In Eq. u8& , @ is the specific heat of solid PCNl,is the latent heat of fusiofiyand"Y

are the initial and melting temperatures of the PCM, respectively. InuBqg,| is the
thermal diffusivity of liquid PCM,i is the radius of the centtube, ando Is the

elapsed time until the onset of convection.

The Fourier numbers from the studyBRxthelt (1979pn melting ofn-octadecane around
a horizoral cylinder of 19 mm diameter are also included in ¥igl The study oBathelt

99



(1979) was done for constant heat flux conditions on the cylindéiase, unlike the
constant temperature conditions in the present study. The FourieersufrdomBathelt
(1979) calculated using Equ& , were not at the onset of convection (as defined by the
first appearance of a naroncentric solidiquid interface) but rather when the first rotating
cell formed which occurs before thenset of convectian The degree of subcooling,
defined in Eq. v& , was 0.03 in the study &athelt (1979)which is comparable to the
degree of subcooling of the present experiment (0.0284) shown ib. Elg.

&1 |i—b L8p

In Eq. u@® , O is the time when the first rotating cell formed in the liquid PCM.
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Figure 5.21 Fourier numbers at the onset of natural convection.

Figure5.21shows that the Fourier numbers in these studies are the same function of Stefan
numbers, albeit with different coefficients and indices. These differences are attributable
to the differencesn the boundary conditions; also, the fact that Fourier numbelsin t

study ofBathelt (1979)re at instants slightly before the onset of convection.
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Bathelt (1979)in his PhD thesisalsostudied melting under constant surface temperature
conditions. Howeer, the PCM 1f-heptadecane), size of the certtdre (25 mm), and
degree of subcooling (0.0025) are different from the study with constant heat flux
conditions. While this study is forcifferent PCM, the boundary conditions are the same
as in the presd study. Moreover, the diameter of the cylinder (25 mm) is comparable to
the centetube diameter of 27 mm in the present study. However, the Fourier numbers
from this study oBathelt (1979)are not available to compare against the ones presented
in Fig.5.21

For both the studies under constant terapure and constant heat flux boundary
conditions,Bathelt (1979)dentified the conditions fahe onset of natural convection. In
his experiments under constant heat flux boundary conditiomsaatadecanehe used
heat fluxes that led to the Stefan numbers of 0.461, 0.500, 0.608, 0.755, 0.876, and 0.996.
The Stefa number was defined as:
on
S e
In Eq. u& , Qis the thermal conductivityp is the specific heat of liquid PCN, is the

latent heat of fusion, is the radius of the cylinder, and is the heat flux.

For each applied heat flux, the temperatures on the cylinder wall were meashiad
were used to calculate the Stefan number based o8 This Stefan number and the
Fourier number, calculated using Eg&y, were used to calculate tdanensonless time

as given in Eg.uv® Jt It was concluded that the dimensionless time for the onset of

convection in the case of constant heat loxndary conditions was 0.132.
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In Egs. v@) and v&y, “Y is the wall temperature of the cylinder aad is the

convection onset time.

On the other hand, in the study of meltingreieptadecane surrounding a horizontal
cylinder of 25 mm tmeter under constant surface temperature boundary conditions, the
Stefan numbers calculated using EqQ& were 0.157 and 0.273. The degree of
subcwling, calculated using Equ& , was 0.0025. He concluded that the sbtdid

interface first departed from the concentric shape whedirtensionless time was 0.0255.

It is seen that the convection onset times are different for the two cases. These two cases
are different in their boundary conditions, size of the cylinder, degree of subcooling, and
the PCMs being used. The results of phesent study should be compared to those of
heptadecane oBathelt (1979) This is becausé¢he boundary conditions in these
experiments are similar. Of all the centigbes used in the present study, the one with the
diameterof 27 mm is most comparable to the cylinder of 25 mm diameter in the study of
Bathelt (1979) The Fourier numbers against the Stefan number for the dehter
diameter of 27 mm are presented in B2 As seen, the experimental data can be
represented by the function:
& ﬂ L® p
3 O

Insertion of Stefan numbers of 0.157 and 0.273 from the stuBwatbklt (1979)nto Eq.

u® p results in the onset Fourier numbers of 0.1878 and 0.0782. These onset Fourier
numbers yieldto two dimensionless times af®295 and 0.0213, respectively. These
numbes are 15.6% and 16.5% pfespectivelyfrom the onset condition (a dimensionless
time of 0.0255) identified bBathelt (199). These differences are expected considering
the difference in diameters of the certi#nes and PCMs used in these studies. That said,
the Stefan number of 0.1 yields to a dimensionless time of 0.0384. This legerde
essentially stems frorthe nonlinear increase in Fourier nuntat a very low Stefan
number (se€ig.5.22). Moreover, Eq.uv® pdoes not hold for other ctr-tube diameters

and subcooled cases.
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Figure 5.22 Fourier numbers at the onset of convection during melting ofn-
octadecane in the enclosure with the centdube diameter of 27 mm and subcooled
by 2.5°C.

A gereric function that is applicable for all subcooled cases and all erterdiameters

was developed using namear regression. The regression was carried out with

dimensionless numbers of fnes Ste, $es, andd/D, and the correlation is shown Fig.

5.23 The function of the Fourier number at the onset of convection is given bydd;.
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In Eq. u® ¢, Sesis the degree of subcooling as defined in BE@ , Qand’O are the
diameterof the centetube and that of the outer shell, respectively. The Fourier number
in Eq. u® ¢ was defined with the characteristic lengthYof i, as in Eq u® o, instead

of i in the other equationsHere,r andR are the radius of the centietbe and that of the
outer shell. When the PCM is not subcooled in the beginning, the choide asf the
characteristicéngthis reasonable because barely any heat will transfer through the solid

liquid interface. However, when the PCM is initially subcooled, heat transfers through the
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solid-liquid interface to preheat the subcooled PCM. Therefore, heatdraakes plee
through the whole radial depth of the PCM (solid or liquad)d thus;Y 1 would serve

as the more appropriate characteristic length.
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Figure 5.23 Fourier numbers at the onset of natural convection during melting oh-
octadecanean enclosures with centertube diameters of 18, 27, and 36 mm anghl's =
2.5,7.5, 15, and 23 °C.

5.7 Rayleigh number at the onset of convection

The Rayleigh numbers at tbaset of natural convection were calculated using &). 1.

2A % VP T
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In Eq. u® 1,7 is the radial thickness of liquid PCM at the onsetonvection, as
shown in Fig5.24 A mean value of this onset thickness was calculated using)§q.
rather than measuring it in an isolated location alongxtbey-axes. These Rayleigh
numbers are presented in Fig25 It is seen that e is no clear trend in variation of
Rayleigh number with Stefarumber although a larger centéube leads to a larger onset
Rayleigh number However, the onset Rayleigh number varies over a wide range of 251
to 3310. In the study dathelt (1979)the onset Rayleigh number calculated ugtag

u® T was less than 1700 This upper limit of the onset Rayleigh number is significantly
below its highest value in the present stullyshould be remembered from section 5.5 that
the study oBathelt (1979)was limited to bargl subcooled PCMs, only two sizes of the
heat source (one for each PCM), and a narrow range of Stefan numbers. The present study
includes significantly subcooled PCMs, three sizes of the heat sancta wider range of
Stefan numbers. Therefore, the mridange of onset Rayleigh number in the present study
is expected. Nonetheless, Fig25 does not provide much useful information regarding
Rayleigh number at the onset of convection. It is, thereforehwbile to explore an
appropriate definition of Rayleigh number in the context of melting of PCMs.

&7
Center-tube @3¢t Liquid PCM

601’1591'

Solid PCM

Figure 5.24 lllustration of melt thickness and the projected height of the liquid PCM
column at the onset bnatural convection.
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Figure 5.25 Rayleigh numbers at the onset of natural convectionof all the
experiments onn-octadecane.

As known, the Rayleigh number is associated with natural convection in #itfter
confined in an enclosure or surrounding a heat source that is submerged in the fiuid. In
confinedsinglephasefluid, the dimen®n of the fluid layer does not chandaringthe

heating process. Therefore, the distance between hot and colésvi@len as the length

scale in the definition of the Rayleigh number. Since natural convection occurs between
the hot and cold wallsheir temperature difference is taken as the temperature scale
(Incroperaet al, 2007. When the heat source is submergeda isinglephasefluid, a
convection boundary layer forms surrounding the heat source. Therefore, the height of the
heat source is takexs the length scgland the difference between temperatures at the wall

of the heat source and the edge of the boundary layer is used as the temperature scale

(Incropereet al, 20079.

However, the PCM melting processes ex@nce evechanging solidiquid interfaces
and thusaneverchanging amount of liquid PCM. This poses a challenge in defining the

Rayleigh number with a constant lengtale. Therefore, the choice @fas length scale
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in the definition of Rayleiglmumber is perhaps not appropriatehe context of melting
of PCMs in annular enclosures. Alternatively, does not represent the entire span of
the liquid PCM. Alength scale that resembles the length scale in spigise fluid would

be a trangnt one defined as:

O Q q VP L

In Eq. v® v, O is the height of the liquid column projected on the vertical central
plane, as shown in Fi§.24.

Since there is no convection boundary layer surrounding the eeieruntil natural
convection onset occurs, the difference in the temperature of the-tdrgeand the
melting tempeature of the PCM would be an appropriate temperature scale. These lengt

scale and temperature scale were used to define a new onset Rayleigh number as in Eq.
uP .

) Q3'YO
S LA o8 ¢

|
This onset Rayleigh number, calculated uskBg. v® ¢, is presented against the
dimensionless numbers of SteesSandd/D in Fig.5.26 This figure shows that the onset
Rayleigh number is a nonlinear function of the dimenigiss variables on the horizontal

axis. The function is given as:

8
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The intercept in Eq.u® X is insignificant compared tihe values of the Rayleigh number
in Fig. 5.26and, herefore, neglecting it, the equation for the onset Rayleigh number can

be written as given in EQU®

8
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3 O
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Figure 5.26 Rayleigh numbers at theonset of natural convection during melting oh-
octadecane under all experimental conditions considered in the present study.

5.8 Conclusions

A few conclusions can be drawn from the results presented in this chapter. In gemreral, mo
liquid PCM is requiredfor the onset of convection when the PCM is heated at low
temperatures. Also, more liquid PCM is required for the onset of convection if the center

tube is large.

It was observed that the onset of convection occurs fasterPGMeis heated at a higher
temperature. This observation complements the observatidfaoget al. (1999) who
observed that the onset of convection occurred faster as the heat flux applied to the vertical
side of a rectangular enclosure increased. That said, no clear trebskeised in the
present tudy for the onset time as the diameter of the cdntex, and the subcooling

temperature changed. The onset time reduced nonlinearly as the Stefan number increased.
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It was also observed thtte subcooling of the PCNdlayed a significant role in the agts
of convection. When the PCM was barely subcooled, the Stefan number influenced the

onset of convection to a greater extent than when the PCM was substantially subcooled.

A correlation was developed for the Fourientber at the onset of convection tieauld
be used to predict the convection onset time for meltimgaztadecane in enclosures with

different centetube diameters and the PCM being from barely to substantially subcooled.

Also, a correlation was develeg for the onset Rayleigh numberttitauld be used to
predict the volume of liquid PCM at the onset of convection, regardless of the size of the

centertube and the degree of subcooling.
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CHAPTER 6 MELTING OF DODECANOIC ACID

The results for the onset of naturalngection during melting of dodecaroacid are
presented in this chapter. As mentioned in Chapter 3, the meltdagle€anoic acid was
studied for the melting temperature differentials of 8.44, 25.3, and@2.Zhese melting
temperature differentialscorrespond to Stefan numbers of (.08.27, and 0.46,
respectively. The PCM was subcooled by 2.5, 7.5, 15, and°@2.%/elt profiles at the
onset of convection, the effects of certigre diameter, Stefan number, Grashof number,
and PCMsubcooling on tb onset of natural convection areegented. Also, the
correlations for the Fourier and Rayleigh numbers at the onset of convection during melting

of dodecanoic acid are presented.

6.1 Melt profiles at the onset of natural convection

The melt profiles athe onset of natural convection fttre PCM initially subcooled by

22.5, 15, 7.5, and 2.8 are presented in Fig8.1to 6.4, respectively. The photographs

in these figures represent a 30 mBO nm section; 30 mm to the right, 30 mm above, and

30 mm below the center of the enclosure. The reader is again reminded that the black color
surrounding the centdube represents liquid PCM and the white color represents the solid
PCM.

The photogralps ckarly show that for every centkrbe and subcooled case, more liquid
PCM is required for the onset of convection when the PCM is heated at a smaller Stefan
number. Regardless of the size of the centlees and the subcooling conditions, a
compariso of Figs.6.1  6.4shows that the oes$ of convection occurs slower at smaller
Stefan numbers.It is noteworthy thatlthough the convection onset occurs slower at
smaller Stefan numbers, no such trend is observed wjikee® the centeube diameter

or the degree of subcooling. Thessults are comparable to the onesrarctadecane,
except when the PCM is subcooled by ZZ5In this case, the onset melt volume becomes
independent of Stefan number durithg meting of n-octadecane but not dodecanoic acid

when the centetube is smb
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6.2 Effects of different parameters on the onset of natat convection

The effects of centdube diameter, Stefan number, and subcooling of the PCM are

discussed in this section.

6.2.1 Effects of centeube diameter on the onset of natural convection

The melt volumes, per unit length of the enclosure, atrketaf convection for the PCM
initially subcooled by 22.5, 15, 7.5, and 26 are presented iffrigs. 6.5 to 6.8,
respectively. The&olumes of liquid PCM at thenset of convection were calculated for

the respective subcooled conditions from the melt profile images shown if6Hig6.4.
Figures6.5 6.8show a linear relationship between the onset melt volumes and the size of
the centettubes. A larger amount of liquid PCM is required for theet of convection as

the diameter of the ogéertube increases, regardless of the Stefan number and the degree
of subcooling. The melt volume data presented in these figures were fitted to linear
correlations. These correlations are shown in Tahte® 6.4, respectivelyfor the PCM
subcwled by 22.5, 15, 7,5and 2.5°C. It is seen that the diameter of the cetubes
greatly influences the required onset volume when the Stefan number is low. SAaftre
number increases, the influence of the cetitbe diameter on the onset of cention
weakens. A comparison of Tabled 6.4showsthat the influence ahe centetube on

the onset volume reduces as the degree of subcooling decreases, as can be seen by the value

of the slopes for these correlations.
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Table 6.1 Correlation of melt volume at the onset of convection with diameter of the

center-tubes when the PCM is sbcooled by 22.5 °C.

Ste Correlation R?

0.1 BIXP ™ YT 0.998
0.3 M@ 1™ Y (¢ 0.952
0.5 IV T Wwo 0.910

Table 6.2 Correlation of melt volume at the onset of convection witlihe diameter of

the centertubes when the PCM is subcooled by 15 °C.

Ste Correlation R?

0.1 W T Y Y| 0.988
0.3 MBIX@ T8 w( 0.988
0.5 I 1@ L p 0.907

Table 6.3 Correlation of melt volume at the onset of convection witlihe diameter of
the centertubes when the PCM is subcooled by 7.5 °C.

Ste Correlation R?

0.1 ™YW T YT | 0.964
0.3 M@ ™ p w| 0.956
0.5 LR ™ @ @ 0.998

Table 6.4 Correlation of melt volume atthe onset of convection withthe diameter of

the centertubes when the PCM is subcooled by 2%.

Ste Correlation R?

0.1 T M@ 7@ LU 0.997
0.3 YD ™ @ @ 1.00
0.5 B T ¢ T 0.995
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6.2.2 Influence of Stefan nber on the onset of naturabnvection

The melt volumes at the onset of convection are presented against the Stefan numbers in
Figs.6.9t0 6.12 respectivelyfor the PCM initially subcooled by 22.5, 15, 7.5, and°Z5

These figures show that a smaller amount of liquid PCM is required for the onset of
convection whe the Stefan number is high. Also, the melt volumes vary linearly and
hence the melt volume ddtave been fitted to linear correlations. These correlations are
presented imables6.5 to 6.8, respectivelyfor the PCM subcooled by 22.5, 15, 7.5, and
2.5°C. Thesdables show that the dependence of onset melt volumes on Stefan numbers
diminishes as the diameter of the certtdresgets smaller. These tables also show that

this dependence decreases as the degree of subcooling increases. The invariance of onset
metlt volume on the Stefan number with the degree of subcooling is more pronounced when

the centettube diameter is smaller

The effects of Stefan number on onset melt volumes for dodecanoic acid complement the
ones fom-octadecane presented in Chapter 5epkéor the most subcooled casgY

¢ @ °C). Atthe most subcooled case, the onset melt volume for the smallesttabe
diameter does not become independent of the Stefan number during melting of dodecanoic
acid. This is likely because the conductive heat transfer to thecddetb@mlid dodecanoic

acid is not as fast as that in subcooled sploctadecane, thetter having a thermal

conductivity inthesolid phase that is at ledstice thatof the former,
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Table 6.5 Correlation of melt volume at the onset of convection with Stefan number

when the PCM is subcooled by 22.5 °C.

d (mm) Correlation R?
18 o& 8 O] o 0.996
27 pg& @ Ol p 1.00
36 ® @ OAa Y 0.968

Table 6.6 Correlation of melt volume at the onset of convection with Stefan number

when the PCM is subcooled by 15 °C.

d (mm) Correlation R?
18 p®p 8 O] o 0.998
27 p&8 8 Olpgomm | 0.982
36 od & OAost 1 1.00

Table 6.7 Correlation of melt volume at the onset of convection with Stefan number

when the PCM is subcooled by 7.5 °C.

d (mm) Correlation R?
18 pd B8 Ol w | 0.936
27 ® @ OA8 n 1.00
36 c®B8 OAksmn 0.988

Table 6.8 Correlation of melt volume at the onset of convection with Stefan number

when the PCM is subcooled by 2.5 °C.

d (mm) Correlation R?
18 p® 8 O Ao#d x 0.958
27 o3t 8 O A ¢ 0.996
36 o8 OAog o 0.999
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6.3 Melt thickness at the onset of convection

The melt thicknessaserecalculated from the melt profiles shown in Fi§sl 6.4 using

Eq. u® presented in Chapter 3he melt thicknesseseshownagainst the diagters of
the centetubes in Fig6.13.
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Figure 6.13 Melt thickness at the onset of convection during melting of dodecanoic
acid initially subcooled by a) 22.5 °C, b) 15 °C, ¢) 7.5 °C, and d) 2.5 °C.

It is seen that the melt thickness remains nearly the same as the diameter of tHelenter
increases whetine PCM is barely subcooled. As the PCM is subcooled more substantially,

the melt thickness starts to increase slightly with the diameter of the -ta@lm¢er This
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increase is much lower compared to the increase-fmtadecane, presented in Chapter 5.
This difference in the melt thickness variation with subcooling for two PCMs can be

recognized to the difference in their thermal conductivities.

6.4 Effects of Grashof number on onset melt volumes

The effects of centedube diameter and Stefan numberamset melt volume have been
discussed irBection 6.2. However, a combined effect of both these parameters can be
represented byhe Grashof numbe(defined in Eq. vg ). The variation of onset melt

volume with Grashof number is presented in Bid4 for all 36 experiments othodecanoic

acid.
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Figure 6.14 Onset melt volume as a function of Grashof number for all the
experiments on dodecanoic acid.

Whereas the onset melt volume was a linear function of Stefan number anctueater
diameterjt is a nonlinear functionf Grashof number as given in Eg® . Itis seen that

a smaller amount of liquid PCM is required for the onset of convection as the Grashof
number increases. The index of Grashof numbé&igin @@ is 0.265, which is roughly

the same as that ofoctadecane (0.257), presented in Chapter 5. However, the coefficient
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of Grashof number ikq. @® , which is 3.451, is much lower th#mat forn-octadecane
(3.853). This indicates th#te Grashof number has a greater influence-iwctadecane
than in dodecanoic acid, which is expected ththelow viscosity ofn-octadecane.

@ a8 v p

Q 0 ¢

6.5 Effects ofsubcooling on the onset of natural convection

The melt volumes at the onset of coctven are presented against the subcooling
temperature differentials in Fi§.15 for the centetube diameter of 18 mm. The same
results for the centdube diameters of 27 and 36 mm are presented in &iifsand6.17,
respectively. All these figures show that the onset melt volume decreases as théergubcool

temperature differential increases.

Again, referring bek to Figs.5.16 5.17, and5.18 it can be seen that the change in onset
melt volume with the degree of subcoolingcursat the fastest rate for centeibe
diameter of 18 mmand at the slowest rate for the ceritdye diameter of 36 mm. This
difference in the rate of change of onset melt volumes can be attributed to the fact that how

fast or slow the heat is contted tothe subcooled solid PCM.
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Figure 6.15 Effects of subcooling on melt volume at the onset of natural convection
for the center-tube diameter of 18 mm.
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Figure 6.16 Effects of subcooling on melt volume at the onset of natural convection
for the center-tube diameter of 27 mm.
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Figure 6.17 Effects of subcooling on melt volume at the onset of natural convection
for the center-tube diameter of 36 mm.

6.6 Fourier number at the onset of natural convection

A generic function for Fourier number that is applicable for all subcooled cases and all
centertube diameters was developed using nonlinear regression. Tlessiegr was
carried out with dimensionless numbers of&& Ste, $es, andd/D, and the coelation is
shown in Fig.6.18 All these dimensionless numbers are the same as the ones in Eq.

u® ¢. The function of the Fourier number at the onset of convection is given by Eq.

0F .

N Q 8
8 24
3 08 O

p oF3 A3

TBIMTMTTNTNT (3

The indices of the variables in Eqp& are compaableto those forn-octadecaneas
shownin Table6.9. It is seen that the dex of the degree of subcooling feoctadecane
is roughly twice that for dodecanoic acidThis is likely due to the higherhermal

conductivity of solidn-octadecane than that of solid dodecanoic acid (0.358-KV/m
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compared to 0.150 WhK), especially aen it is considered thé&t was defined with
the thermal diffusivity of liquid PCM, not the solid PCM.
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Figure 6.18 Fourier numbers at the onset of natural convection during melting of
dodecanoic acidin enclosures with centertube diameters of 18, 27, and 36 mm and
Qls= 2.5, 7.5, 15, and 22.%5C.

Table 6.9 Comparison of the indices of the variables that the onset Fourier number
depends on.

Dimensionless numbsg Dodecanoic acid n-octadecane
Stes 0.1371 0.2807
d/D 0.7140 0.8551
Ste 1.5101 1.4499
Constant 166.3 109.2
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6.7 Rayeigh number at the onset otonvection

The Rayleigh numbers at the onset of natural convection were calculated usio§ Eq.
These Rayleigh numbers are presented in@=if It is seen that e is noclear trend in

the variation of Rayleigh number with Stefan number. However, the onset Rayleigh
number varies over a wide range of 225 to 2833. In the stuBgtbelt (1979)the onset
Rayleigh number calculated usikg. v® T was less than 1700This upper linti of the

onset Rayleigh number is significantly below its highest value in the present study. The
wider range of onset Rayleigh number in the present studypected considering the

variation in different experimental parameters.
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Figure 6.19 Rayleigh numbers at the onset of natural convection for all the
experiments on dodecanoic acid.

A newlength scalevas defined as in Equ@ v to calculate the onset Rayleighmberas
defined in Eq. uv® @ These onset Rayleigh numberare presented against the
dimensionless numbers of SteagSandd/D in Fig. 6.2Q This figure shows #i the
Rayleigh number at the onset of convection is a nonlinear function of the dimensionless

variables on the horizontal axis. The function is given as:
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The intercept in Eq.@&® is insignificant compared to the values of the Rayleigh number
in Fig. 6.20and, therefore, neglecting it, the equation for the onsglelgh number can

be written as given in Eq@8 .
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Figure 6.20 Rayleigh numbers at the onset of natural convection dung melting of
dodecanoic acid under all experimental conditions considered in the present study.
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