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ABSTRACT
OF THE THESIS OF

Philip Busayo Adebayo for Master ofEngineemg
Major: Mechanical Engineering

Title: TowardsControlling the Performance of PhaShange Materials by using an
External Magnetic Field

Large amounts of heat can be stored and released by phase change rfR@iagth

little to no temperature change. They have been recognized for their crucial role in energy
conversion and high energy storage capacity, which can reduce energy consumption,
enhance the functionality of energy systems, and play a crucial role irerstome
management, all of which help to lower £6missions.Neverthelessphase change
materialshave some disadvantages suchtlas spontaneous release béat during
solidification. The goal of this study is to ascertain how the magnetic field affbetse
change materials to determine whether it can operate as an energy barrier to control the
rate at which they solidify and melt. Both numerical and experimedahiquesireused

to address this issué& numerical model utilizing the finite volume thed and the
enthalpyporosity techniquavas developedising the opersource computational fluid
dynamic toolbox, OpenFOAM. Numerical and experimental results published in the
literature were used to validate the modfgtidings, and they agreed welDur findings
showthat increasing the magnetic field strenlgihds to alecreasén the rate of relting

of PCM. This becomes more obvious as the melting front moves forward and the
convection getstronger Moreover, the aspect ratio of the PCM enclosnfie@ences the
degree of the effect tfiemagnetic fieldAdding metallic nanoparticles to PCM increases

the comuctivity andits magneticsusceptibiliy. Experimental investigation shows that

the selection of magnetic field properties may not necessarily need to be in terms of
magnetic field strength alone, the dimensad the distribution of themagneticfield

should also be considered in correlation with the cavity of the sample.

Keywords: Phase change materials (PCM), magnetic field, Numerical simulation, finite
volume method, solidification, melting, thermal energy storage
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CHAPTER |

INTRODUCTION

A. BACKGROUND AND MOTIVATION

In the last decade, and due to the exponential increase in the pbghddtion,
there has been a surge in energy demand, energy consumption, aechi€onsThe
building sector accounts for oileird of global energy use and 40% of overall CO
emissions, according to the International Energy AgdgyThe increased need for
building energy consumption is mostly due to the employment of mechanical systems for
space cooling, heating, and ventilation to meet thermal comfort nEleidshas raised
environmental concerns and has triggered reseanmcinde and renewable energy.
Globally, the ®arch for renewable energy sources has mostly been in developing
alternative fuels and energy storage devibkdably, phase change materiaissed as
latent thermal energy storage amg are gaining prominencén energy storage
applications due to their important roles in energy technol¢gjeslainly, phase change
materials have high latent heat and can release heat attarddemperature. They have
been identified for their role in temperature regulation and high energy storage capacity,
which can reduce energy consumption, impribeperformance of energgystemsand
play a vital role in energy conversidnthus contibuting to the reduction of GO
emissiors [3].

Furthermore, because of their capability to store and release large amounts of
energy, they are applied in solar energy storage, smart housing, agri@rigerghouse,
temperaturgegulating textile, heat management of electronics, telecommunications and

microprocessorand biomedical system$l]. Latent storage systems are also used in
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thermal storage in building structures, household hot water supply systems, domestic
space heating and air conditioning, and absorption refrigef&ijon

Nevertheless, the use of phase change materials for energy storage suffers from
major drawbacks. This includes low charging and discharging power of Latent Heat
Storage Sstems because of poor thermal conductivity of phase change mdigkials
Hirschey et al. also pointed out the problem of incongruent melting and large
supercooling, a major limitation to the implementation of latent heat storage sygtems
Dannemand et alhighlighted the problem of phase separation, expansion, and
contraction of phase change materials during melting and solidificasowell as
impulsive release of hefg].

To address some of these issues, several strategies have been developed by
different research groups. Xieadt proposed the use of nucleating agents in resolving the
issue of supercooling and the use of porous materials to address the problem of leakage,
phase separation, and corrosion of phase change mdi@fiasan et al. proposadsing
high energy barriers for reverpbase change from high energy to low energy to reduce
heat loss to the environment duethe sensitivity of phase transitigh0]. They also
argued that the use of a thickening agent can solve the phase separatem prioich
can cause a reduction in storage density and heat exchange capacity of PCM during the
charging process.

In most applications, phasdange materials lack control on determining when
energy should be released because their crystallization demsndbe ambient
temperaturg¢ll]. Theliterature on how to control the spontaneous release of heat during
the solidification of phase change materials remains limited. To this end, this research

will focus on strategies to control the spontane@lsase of heat during solidification,
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thus locking the material in the liquid state until the stored heat is needed or at least
decelerating the solidification process. To achieve this, magnetic field will be considered

to create an energy barrier tlaffects the rate ofmelting andsolidification.

B. Aims and Objectives
This research aims to investigate the effectstaftic magnetic field on the
solidification and melting of phasghange materialdVeassess thieasibility of using a
magnetic field toaffect the phase changerocess (rate of fusion, fusion point,
supercooling degree, etclinally, we investigate the possibilities of enhancing the
performance of phase change materials. This stdgrried outboth numerically and
experimentally and recommendations for the use in latent dieedige systemss

communicated
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CHAPTERII

PHASE CHANGE MATERIALS: CLASSIFICATIONS,
APPLICATIONS AND NUMERICAL AND EXPERIMENTAL
TECHNIQUES

A. Phase ChangéVaterials Classifications

Phase change materials are substances that have the capability to store and release
a large amount of heat within a small or no temperature chdhg8ecause of this
property, they are used in the floors, ceilings, walls, window facade of buildings, and
heating and cold storage units. The selection of PCMs for a particular application largely
depends on the phaghange temperature where the latent heat can be used optimally.
Phasechange materials can be classified into organic, inorganic, and eutectic phase
change materials, according to their chemical compoditidh

Organic phase transition materials can be in the form of paraffin eparaffin
compounds and have melting temperatures ranging #dC to 18PC. They are
chemically inert do not undergo phase segregatiamd are accessible in a wide
temperature rang@.hey have little or no supercooling impaahdare compatible with
construction materials. Despite this, they have low heat conductivity, are incompatible
with plastics, and are combustible to some extent. Inorganic PCMs, on the other hand,
have a high melting point and thermal conductivity, are nonflammable and aretibbenpa
with plastic containers. Supercooling while freezing, corrosive to metal, high volume
change, and phase segregation during phase change are some of its drawbacks. Inorganic
PCMs can be in the form of salt hydrate and metallic PCM and have a meftipgrature
range between 2C to 120C. Eutectic PCMs are a mix of organic and inorganic PCMs

with melting temperatures betweeh2’C to 93C. They have great volumetric heat
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storage capacity and acute melting temperatures. In the literature, this tphasef
change material has received little attenfitzy.

It's worth noting that the most common phase change materials are salt hydrates
and paraffin. Inorganic PCMs, such as salt hydrates, suffer from supercooling during
freezing and noitongruent melting, as previously mentioned. Organic pbhsage

materials, particularly paraffin, have received more attention in the literature.

B. Phase Change Materials with Applications irBuildings

Buildings consumea significant amount of enerdgr cooling and heating. Figure
1 shows that the energy consed by the building and construction industry is about one
third of the worl dbébs energy use. Fossil
demand, contributing to climate change and other pollution. As shown in figure 2, the
building sector contribt es about 40% to the worl ddés ca
efficiency is becoming more popular, iags utilizing energy storage potential to reduce
peak energy demand and consumption. The high thermal storage capacity of PCM can be
effectively usedfor cooling and heating applications in buildings to reduce energy
consumption and the environmental impact of fossil fuel[Ll8k PCM changes phase
from solid to liquid as temperature rises, and it absorbs heat. The PCM, on the other hand,

changes phase from liquid to solid when the temperature drops and itgdleate
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Figure2: Global contribution to carbon emissions by sedib4$

Phase change materials can be integrated with building walls or window facades
to reduce temperature fluctuations and shift the peak temperature. This requires careful
and precise energy analysis to optimally utilize their latent[a&atAccording to Xie et
al, blendingPCM with building material or directly using PCM as wallboards can store
substantial energy during daytime at high temperature and release energy at night when
the temperature is low by melting and solidifying pro¢@ssTherefore, paraffin and salt
hydrates are considered promising PCMs for building application becattserdiigh
melting enthalpy (10@00 kJ/kg) and temperature-{0C°C) [7]. However, they are

prone to supercooling whigbreventsthem flom releasing the stored latent h§gEd].
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Yehya et al assertethat octadecane has transparency properties and its melting
temperature satisfies the thermal comfort of a human j8jng

Kuzni k considered the use oédncapselatednt mo
PCMs (Micronal PCM, D$001 X) with a melting point of 26 [16]. In most building
applications, phase change materials with phase change temperatures bet@@en 18
are required to meet the need for thermal comfibr]{. Furthermore, Soares et al,
emphasized the critical role of PCM in increasingralleenergy efficiencies, improving
indoor thermal comfort, and reduction of building heating and cooling peak [b3{ds
They studied the microeapsulated PCM because of their desirability in building
applications. Durakovic and Torlak studied PCM window samples exposed to the
atmosphere with or without radiation and compared them with the conventichiédir
window [19]. They reported that PCM sample, due to less temperature fluctuation,
accumulates heat in form of latent heat, resulting in delaying overheating for the material
melting period.

Elnajjar performed an assessment study on PCM embedded in buildieigamat
for thermal management using the United Arab Emirate we§20¢r Latent heat of
fusion of the PCM was used to reduce the heat load fluctuation and peak timing shifting
which contributed to the reduction of energy for cooling and reduction of greenhouse gas
emission. He recorded a 30% reduction in heat flux and energy saving. Meralbon et
assessed the utilization of macro encapsulated phase change materials for the
development of thermal energy storage and structural lightweight aggregate concrete in
Hongkong21]. They found that the macro encapsulated phase change material is capable
of reducing energy consumption by decreasing indoor temperature and shdtingds

away from the peak periods. They reported that embedding macro encapsulated PCM in
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light weight aggregate concrete is economically feasible and a reduction of 46%-kgCO
eg/year.

Similarly, Sani et al. assessed the development of thermal eneymgest
aggregate composites from impregnating phase change materials into lightweight
aggregateg22]. Nguyen et al. developedattadecane/ fumed silica phase change
composite as a buildingnvelope to achieve high energy efficiei2g]. They fabricated
the phase change composite into a panel to examine its thermal performance in a test
room and compared it to a commercialized polystyrene panel. It was found that the phase
change composite pal can reduce the indoor temperature and delay the heat flux
entering the test room. Fateh et al. consider the effect of PCM as an insulating material
in a single zone buil di ng t[24] Shewfauydthatt s e f
the rate and energy consumption in the building with PCM are modetatetr than
without PCM.

The use of phase change materials in building structures has received a lot of
attention. Similarly, phase change material can be employed without integrating into the
building structure to achieve space cooling and heating. fféost al modeled PCM
solidification in a shell and tube finned thermal storage for air conditioning sygtéms
Alavy et al. performed an assessment of a novel phase change nrirtseidlthermal
caisson for geothermal heating and cool2%]. They reported that thermal caisson can
improve the coefficient of performance of ground source heat pump systems by 16%
while reducing the capital cost by 49%. They concluded that the thermal caisson is
promising and can be incorporated into the heating ventilation and air conditioning
systems of buildings. Likewise, Shukla et al. studied the performance characterization of

novel caissotbased thermal storage for a ground source heat p2@ppThey reported
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a reduction in the construction cost as a reswghefgy and structural systems in a single

ground installation. Karam studied the ventilation benefits of using radiative cooling
combined with phase change materials storage integrated with a conventional air
conditioning system using a typical Kuwaitsi@ential buildind27]. It was reported that

the passive system decreased the overall energy consumption by 22.2%, increase fresh
ari ntake at zero energy <cost, and an ave
performance by 10.5%. Lin et al investigated the performance of an air source heat pump
integrated with latent heat thermal energy storage based on a specially designed heat
exchanger and condensing heat storage unit. In the system design, heat is transferred
directly between the refrigerants and phase change material which significantly reduced

heat losg$28].

C. Other Applications of Phase Change Materials

Solar energy systems can benefit from phatsgnge materials, which can boost
efficiency. Solar panels' efficiency is harmed by their high working temperatures.
Increasing the system'’s efficiency by including phas@nge materials is a viable option.
Dannemand et al. used a solar combi system with a PCM store to determine the size of
the PCM storage and the solar collector area needed to attain an 80 perceursota
in a passive dwelling in a Danish climgg&]. Lamaamar et al. discovered tHECM
provides an effective technique of reducing the ajeg temperature of the PV module
in their investigation of the heat transfer of polyPV systems combined with phase
change materials in a sefuiid environmenf29].

The sorption thermal storage system is another intriguing application. Garimella

et al. devised and test a novel thermal storage system combining sorption and phase
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change material@B80]. They claimed that theombined cycle had an efficiency of 11%

and requires less storage space than traditional thermal storage technology. Phase change
materials are also gaining traction in household hot water supply systems, thermal
management of electronics, textile indusfgod industry, microprocessors, biomedical

systems, space heating and air conditioning, and absorption refrigeftioin

D. Numerical Approachesfor Modelling Phase Change Materials

The advanced design of latent thermal storage devices requires a thorough
examination of various physical phenomena. This makes the development of trustworthy
numerical modeling techniques difficy81]. Different modeling methods, particularly
for solid-liquid phasechange, have been démeed in recent years. There are two types
of grid schemes for handling soliduid phase change problems: fixed and deforming
grid scheme§32]. To track the phase interface, deforming grid schemes use transformed
coordinate systems and $ugticated mathematical procedures, which can be difficult to
design and result in significant processing cogd8]. Because of its ease of
implementation and versatility, the fixed grid approach is most employed in simulating
the interfacial boundary in melting and solidification, making it more important in many
industrial ajplications[6, 30]. The two most prominent fixed grid methods, the enthalpy
porosity method, and the apparent heat capacity method, were developed in response to
the nonlinearity of the energy equation.

The Enthalpy porosity method involves the solution of theicoity equation,
momentum equation, and energy equation. This method redevelops the energy equation
to account for the enthalpy jump at the phase interface. To account for the mushy zone,

the Darcy source term is added to the momentum equation. The cabdifi to the
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momentum and energy equation is well detailed in the work of Brenf&4]aNoller
and Prakash34] and is also discussed in the later chapter of this work. On the other
hand, the apparent heat capacity method uses the tempelgperedent heat capacity to
take into consideteon the latent heat of phase change at the phase intg3tice
Furthermore, in a study published in 2015, Tittelein et al. compared apparent
specific heat methods and enthalpgthods for simulating phase change matefi$
According to their report, the enthalpy approach produced better results than the heat
capacity method. In commercial software for the simulation of pblagege materials,
the enthalpy porositgnethod has received wider acceptaj3&. However, temperature
oscillation has been reported to be a problem with this md¢88}dThis has led to the
further development of the method to address this setback. FademsedaDpenFOAM
to develop an ideal strategy for melting and solidification of PCMs that takesydensit
change into accouri82]. Because of the steep gradient of most variables at the phase
boundary, which firsbrder and secondrder schemes cannot handle effectively, the
convection term was discretized using a higher resolution methodaliéemani et al.
used the volume of fluid technique to account for PCM and gas phase, as well as the
enthalpyporosity method for soliiquid phase change in the PCM, to develop a
numerical model to address the problem of slidjdid phase change in thegsence of
gas phasfg87]. Chakrabortyresented an enthalpy update system based on the isothermal
solidification and relting of pure water to replicate the melting and solidification of pure
substances with substantial discrepancies between solid and liquid specifig3Bgats
Wu et al. suggested a quaseady enthalpy approach for modeling solidification and

melting of pure materials schen{&9].
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BenDavid et al. created an enhanced numerical model for metal melting in a
rectangular container based on the enthalpy porosity method, which took into account the
thermal interdependence of all material paramég#é€s They used Comsol Multiphysics
for their research and found that the computational results and experimental data were in
good agreement. Likewis&amkari and Amlash performed numerical simulation using
the enthalpyporosity technique and experimentalifieation of constrained melting of
phasechange materials in vertical and inclined rectangular enclogdigs They
reported that the developed numerical model can predict the liquid fraction and evolution
of the solidliquid interface in vertical and incled enclosures

Danaila et al. created a numerical framework for the simulation of-lsqi
phasechange systems based on finite elements with mesh adaptijtyThis enables
precise monitoring of the soliiuid interface. They found a high level of concordance
between experimental data and previously published numerical results. Faden et al.
proposed a new numeaicapproach for melting and solid settling based on an extended
Darcy term capable of decreasing oscillation and handling huge temperature variations
[43]. The mathematical model was created using the entpalmysity approach and a
volume of fluid methodology, and it was implemented in the egmnce CFD toolkit
OpenFOAM, which uses the Finite Volume Method. The PISO algorithm was used to
tackle the pressarvelocity coupling problem. It was found that the solid settling velocity
was quassteady for a period before decreasing as the wall temperature increased.

Galione et al. created a fixeptid enthalpy model that uses explicit temporal
integration to enge that the thermophysical parameters are changeable and temperature
dependenf44]. In both 2D and 3D simulations, the generated model was used to mimic

n-octadecane in a sphaaiccapsule. For 3D simulation, they showed a high level of
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concordance between experimental and numerical results. Kozak and Ziskind proposed a
novel model that incorporates the enthalpy technique as well as solid bulk (3dfion
Unlike the enthalpyporosity technique, the model does nate the mushy zone

parameter, and it can solve complex melting situations with significant solid bulk inertia.

E. Modelling Phase Change Materials with Magnetic Field

Long-term storage of latent heat without heat loss to the environment is difficult
due tothe sensitivity of phase transition. To avoid this, a high energy barrier for reverse
phase change from high to low energy must be instHI@d Intermolecular forces such
as Vander Waals, dipolar, and hydrogen bonding influence phase shifts. The transition
temperature and heat storage density can be adjusted by modifying the main interactions
between constituent3.he discovery of nanophase magnetite as a primary nucleating
agent in nature opens up the option of controlling the solidification process using the
magnetic field[45]. . Crystalization aided by magnetic, electric, and electromagnetic
fields has the ability to interact with nucleatidi®].

Magnetic fields are thought to act directly on molecules, orienting, vibrating,
and/or spinning thernto prevent clumping and facilitate supercool[d@]. As a result,
using magnetic fields to prevent natural convection, as well as the solidification and
melting of phasehange matals, is a good method. Zhang and Nay48] used a
magnetic field to control the temperature of a thermal management system made up of
PCM and magnetic particles coated on the shell. They discovered that magnetic particles
boost thermal conductivity and th#te magnetic force improves heat transmission
between the PCM and the heat source. Lorentz force, according to Goncalves et al. can

be utilized to prevent natural convection and flow caused by sedimentation or flotation
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[49]. They used the enthalpy approach to madmelting process for an unfixed phase
change material in the presence of electromagnetically simulated low gravity, using the
Lorentz force to treat the magnetic field effect as a source term. They reported a flow
field distortion due to the strong magjit field effects, which resulted in further melting
due to interface erosion.

Using a twephase mixture model, Yousedt al investigated the influence of a
nonuniform magnetic field on forced convection heat transfer in a flattened30be
Due to the creation of kelvin body forces and growing gradients of velocity and
temperature near the tube wall, the nummform magnetic field influences the flow
structure and causes an increaséeat transfer, according to the numerical results.
Mehryan et al investigated the melting behavior of phesange materials in a cavity
subjected to a neaniform magnetic field using a moving grid approgéi]. The
magnetic field effect in the momentum equation was captured as a sourtcaseaion
the Lorentz force. At the begimg of the melting process, they found no substantial
effect on natural convection heat transmission. The velocity of the fluid, as well as the
influence of the magnetic field, increased as the melting front advanced and the liquid
fraction increased.

Using the enthalpy porosity model and the Lorentz force as a source term in the
momentum equation, Doostani et al. explored the influence of the presence of a uniform
magnetic field on the rate of melting and melting behavior of an electrically conducting
material in a cavity[52]. They discovered that increasing the Hartman number slows
down the phasehange pocess and that the presence of a uniform magnetic field affects
the melting front and regulates flow velocityurthermore Selimefendigil and oztop

investigated how a magnetic field and hybrid nanoparticles in the heat transfer fluid
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affected the thermglerformance of a phastange energy systefs3]. They used an

artificial neural network and a finite element approach, and they included the magnetic
field effect as a source term in the momentum equation in the form of the Lorentz force.
Theynoticed a faster phase transition near the wall and reported a reduction in charging

time with the imposed magnetic field.

F. Experimental Techniques

To minimize errors in numerical results, it is crucial to validate numerical models
with experimental results. In the study of solidification and melting of phase change
materials, several standardized experimental studies have been reported. Gau and
Viskanta performed an experiment on the melting and solidification of galinna
vertical wallin a rectangular cavity to understand the effect of buoyaryced flow in
the melt on the liquid interface motion and heat tranfdt. They found that the
buoyancydriven natural convection affects the phakenge boundary, melting rate, and
heat transfer. The measured solidified volume measured at different times agreed well
with a onedimensional numerical modelKamkari and Groulx performed an
experimental investigation of the melting behavior of pkasngematerials in finned
rectangular enclosures under different inclination anf@8k To visualize the melting
process of lauric acid, they made use of transpaeylic materials and one of the sides
was made of aluminum plate for isothermal heating of the enclosure. They reported that
temperature histories, photographs of the interface evolutions, and liquid fractions can be
employed to verify numerical apprd@es of melting of phasshange materials in an

enclosure.
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Likewise, Shokouhmand artlamkarivisualized the temperature field and melt
front evolution during the phasiange process of lauric acid in a rectangular storage
unit[56]. They determined theehmophysical properties of lauric acid using Differential
Scanning Calorimetry and calculated the melt fractions from the image processing of the
photograph of melt front evolution and recorded temperature. They found that the
variation of interfacialheatr ansf er r at e de p e n dlkeircesultst he
provide a benchmark for numerical validatiiaden et al studied the velocity field and
phase boundary during melting ebtadecane in a cubical test cell using aimbrusive
image velaimetry [57]. They pointed out the need for insulation to have a repeatable
experimental resuand avoid the influence of ambient temperature. Moreover, they
provided a comparative result that can be used for numerical model validation.

Joulin et al studied PCM in a parallelepipedic polyefin envelope using numerical
and experimental approachids]. The experimental seip involved heat flux sensors
and tlermocouples mounted on two vertical aluminum heat exchanger plates, to
characterize the phashange effects. They reported that the melting process started at a
temperature higher than the solidification temperature and for correct numerical
prediction ofthermal behaviour of phase change material, the effect of supercooling
should be taken into consideration. Motahar et al investigated heat transfer characteristics
during melting of phase change material with dispersed, Ti@noparticles in a
rectangulaenclosure heated at a constant temperature from one of the verticfb8]des
They characterized theeat transfer by visualizing the soliduid interface as well as
recording the distribution of temperature in the enclosure. They found that conduction

was dominant at the initial stage of melting while natural convection took over at the later
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stage. Moeover, the dispersion of Tidanoparticles deteriorated the natural convection
and melting rate of the PCM.

Ouchi et al visualized the phase change behavior of sodium acetate trihydrate for
latent heat storadg8]. The crystal growth rate, convective flow, convective flow, velocity
field, and temperature fields during the phase change were visualized using ittle Part
Image Velocimetry analysis with temperatsensitive particles. They found that the
solid-liquid multiphase flow increased slowly as crystals grew and the temperature was
lower than the melting temperature. They also observed the fact that a lughiens
concentration and supercooling temperature resulted in a higher crystal growth rate and
larger velocity of buoyanegriven convection. Saraswat et@rried out an experimental
study of the industriajrade paraffin wax inside a sewylindrical enclosure with a
heating strip attached axiall$9]. They compared their experimental observations with
a model developed in OpenFOAM using the enthglpsosity technigas. The studied
phase change material showed a qualitative coherency when the experimental results and
numerical simulations were compared.

Nakhla et alintroduced a novel experimental methodology to study the effect of
heat transfer enhancement undwer influence of electrohydrodynamic and gravitational
forces on the melting of octadecd6@]. The PCM was encapsulated between two heat
exchangers which serve as heat sources for melting and heat sink for solidification. The
electrohydrodynamic force was induced by applying high voltage to the cylindrical
electrode embedded in the PClWhey reported that dielectrophoretic forces in the heat
transfer enhancement can be neglected and that Coulomb forces played a major role in

the heat transfer augmentation.
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From the literature reviewed, none of the previous work addresses the effegrodtic
field on phase change materials, experimentally. In the present work, we will be
developing an experimental methodology to investigate the effect of magnetic fields on

phase change material.

G. Cost Analysisof Phase Change Materials

Generally, imrganic PCMs such as salt hydrate are less expensive when
compared with organic PCMs. Moreover, it is expected that the use of-gtasge
materials in buildings or other applications should decrease energy consumption, thereby
reducing the costfenergyconsumption. Few studies in literature have investigated the
life cycle analysis of the use of PCMs for different applications. Rezaei et al studied the
performance and cost analysis of phase change materials with different melting
temperatures in heatirgystemdg61]. They estimated the energy and exergy efficiency
of the system, the solar energy and exergy price for different melting temperature as well
as the total economic analysis of the system for 40 years. They found that the total life
cycle cost and exergy 3o price decreased for higher melting temperature of PCMs
considered. In a review conducted by Hirschey ¢f]althey reported that saitydrates
and paraffin with melting temperature greater thadiC2tave energy costs of2D $/kWh
and 2030 $/kWh, respectivelj7]. On tre contrary, for salt hydrates and paraffins with
melting temperature less than°@)the material energy cost is higher and similar, about
30-110 $/kWh.

In a study conducted b&talay, the author ssessed the energy and cost analysis
of packed bed and phaghange material thermal storage systéon the solar energy

assisted drying proce$62]. Paraffin wax with melting temperature between6®8C
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was useds phase change materithe author reportedn averagenergy efficiency of
the packed bednd phase change material to be 88ahd68.55%, respectivelyn terms
of cost, it was observed that thee of phase change material ladsgher initial cost,
about 1047% more tharthe pack bedHasan et ainvestigated the energy and cost
savings ofa photevoltaic phase change material system through temperature regulation
and performance enhancement of photovoltaif&3]. The author based their
investigationsonthée r el and and Pakistanosystenlisnotat e.
cost effectively in Ireland because dfetcost of mass productio Neverthelessthe
authors reported thattleey st em i s cost ef f eTheyicondudedn Pak
that the use of photvoltaic phase change material system can be cost effective in hot
climates. Saafi and Dauasstudied theenergy and cost ®fiency of phase change
materials in Tunisia Mediterranean clim{@d]. For the cost analysis, the authors used a
30-year lifecycle analysibased on the dynamipayback period concepthey found that
the use of phase change materniadder the Tunisia climate is not cost effective

On the basis of economic anaswvéronmental impact, Konstantinidou el
employedlifecycle analysis and life cycle cost analysis to evaluate the integration of
phase change materials in office buildings [65]. They discovered that the energy savings
in the office building are insufficient to compensate for the higher constructioraaokts
PCM purchasing cost3he authors also mentioned the usage of phase change materials
to meet indoor thermal comfort needs, which might be challenging to evaluate

economically.
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CHAPTERIII

NUMERICAL MODEL AND EXPERIMENTAL SETUP

The study wascarried out using a numerical and experimental approach.

A. Numerical Model

For numerical studies of phaskange materials, accurate prediction of melting
and solidification rates is essential to ensure optimal performance of a latent heat thermal
storagedevice. This depends on a numerically robust mathematical ntoatelLises
continuity, momentum, and energy equatidased on thenthalpyporosity methodo
simulate the phasehange the developed solver assumesD 2transient analysis,
negligible viscous dissipatioand joule heating dissgtion as well as radiation, and
laminar flow during the melting/solidification of phaskange materials. Lorentz force
is then added to the momentum equatioadoount forthe impact of eternal magnetic
field on melting/solidification proces3he governing equationsf the model include
coupling the continuity equation with the momentum and energy equations to solve for
the temperature and velocity fields.

Thecontinuity equatiorfor anincompressible fluid is:
ngp T 1)
Themomentumequationis expressed as,

"= @ e b (tne "RY'Y O W© ()
®i s the velocity vector, p Iis the pressure

gravity,t is the dynamic viscosity, is the thermal expansion coefficient, T is the

temperature anty is the reference temperatuf®is the Darcy sourcerm which
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makes the momentum equations match Carkareny equation for flow in porous
media as used by Brent et al. (1988). Its equation is expressed in Big3he force
due to the magnetic field, which is adapted from the work of Doostahi[B2hand
Selimefendigil and Ozto[b3] and it is based on simplification from the etectransfer

equation. The force is described in Eq-(&)

@ o

® (3)
whereC is the constant that accounts for the morphology of the mushy region; b is a
constant that prevent division by zero and has been taken to be*irxtie literature.

| is the liquid fraction and it is defined as below using the approach of Kamkari and

Amlashi[41] and Singh et a[65].
L Y Y

y o v
= — Y Y Y

(4)
"Yand"Y are the liquidus and solidus temperature of the PCM, respectt@lig the
latent heatl represents the latent heat of fusion of the phase change material.
The Lorentz force is expressed as,

D 00d (5)

J is thecurrent densityndis expressed as

v , O ®wod (6)

E is the elecic field and n this study is assumed to begligible.

Thus®can be written as

D , Godwd , 0BO 6 @ (7)
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For simplification and considering therizontal magnetic field in our studTheLorentz
force becomes a source teimthey-directionand is written as,

® ,6 0 8
where, is the electric conductivity and B is the magnetic field streriytlis the
velocity in theverticaldirection parallel to the gravitational acceleratidie ron-

dimensional Hartmann number used in this study can be written as:

Ow 06 - 9

Ly is the height of the enclosure.

The Energy Equation is expressed as,

"O— "G @4 BEY Y (10)

o is the specific heat capacity and k is the thermal conductivity. Density, heat capacity
and thermal conductivity are defined uginlinear relationship between their
corresponding solid and liglivalues and are expressed aguation(11) - (13),
respectively® ando are the heat capacity in the liquid and solid state of the PCM.
Similarly, Q andQ are the thermal conductivity of tlRCM in its liquid and solid state.

S is the source term due to the latent laedtcarbe calculated using equatiordjl

o 1 (11)
® | p | o (12)
Q1 p 1 Q (13)
Y 0" — ng| e (14)

B. Modelling of Nanoparticles
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To study the effect of addition of nanopartigfesch as magnetitesh phase
change materiand their magnetic susceptibilitywe employ the Brinkman and
Maxwell model for nanofluid as used [86] [67]. The effective thermal conductivity is

defined as:

Q0 - (15)

n

WhereQ AQ ¢ & Q are the thermal conductivity of nanofluid, pure PCM,

magnetite and volume fraction of magnetite, respectively. The effective viscosity

can be written as:

' g (16)

n
* is the dynamic viscosity of the nanofluid whilas the vscosity of the PCM.

The density of the resulting nanofluid can be computed wsjongtion (17)

" p n " on 17)

" WH  are the density of the magnetite, pure PCM and nanofluid, respectively.
Effective heat capacitance is defiresi

® p N

" N TR (18)
"o h”® [ & are the heat capacitance of magnetite, nanofluid and pure PCM,
respectively. The effective thermal expansion coefficient can be defined as:
"1 L |
" Yh” { are the thermal expansion volume of pure PCM and magnetite, respectively.
The latent heat of the nanofluid can be written as:

0 p I

Where” (s the latent heat of pure PCM.
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C. Numerical Procedureand Problem Configuration

In this study, the numerical analysis was performed using OpenFOAM, an open
source Computational Fluid Dynamics toolbox based on a finite volume method.
BuoyantBousinessqgPimpleFoam solver in OpenFoaas adapted for this studyo
ensure stability, the convectialiffusion term in the energy equation were discretized
using theGauss upwind schem®@imple algorithm was selected to solve finessure
velocity couplingwhile the implicit Euler method wassed for theéime discretization.
The enthalpy source term in equation 14 was updated explicitly using the approach of
Singh et al[68].

Phase changmaaterials that can meet thermal comfort needs in a buidiolas
octadecane was usedthis study We used the geometry of a cavity with widthand
height Ly as shown in figure 3. The left and right walls are at constant tempefatanel
Te, respetively while the top and bottom are insulat@tie velocity at the walls is a no
slip velocity where the velocity is zero at all walls. The initial temperature is taken to be
the same as the temperature of the right vimithe nextchapter the results gnerated
from our modelwill be benchmarked with relevant experimental and numerical results

reported in thditerature to ascertain the validity of the developed solver.
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Insulated wall

o
Cold wall

Figure3:Schematic Diagram of the Physical Model

D. Experimental Setup

The experimental setup is depicted in figure 4 and is based on the previous work
of Yehya et a]3]. Heat flux sensors, insulating materials, heat exchange plaagsets
thermoregulated bath, data acquisition systems, and control systems for the
thermoregulated bath are essential items for the experiment. In addition, phase change
materials such as octadecane, a hydrocabased PCM was used for the experiment.

The investigated phase change material inside the aluminum enclosure
dimension 40mmx40mmx 15mnwas subjected to a temperature through heat exchange
aluminum plateg40mmx80mmxDmm) controlled by the thermoregulated bath (Julabo
Corio CD Model, 2.0 kW). The temperature of water flowing to the heat exchange plates
is regulated by this equipment. The aluminum heat exchange plates were positioned on
the left and right walls of the aluminum enclosure containing the phase changalmater

The top and bottom faces of the enclosure were insulated using thermal insulating
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materials to minimize the heat transfer from the sample to the surrounding. Heat flux
sensors were positioned between the heat exchange plates and aluminum enclesure. Th
available heat sensor in our laboratory is the differential temperature thermocouple by
fluxTeqg which was connected to the fluxDAQ+, a heat flux and thermocouple data logger.
For real time data plots of heat flux and temperature, the fluxDAQ+ can beatedrto

a windows computer. Windows computer enables data storage and control of
thermoregulated batfio analyze the influence of the magnetic figldimanenimagnets

of different dimensions and strength wetaced at the bottom of the aluminum cavity.

The magnets used in our experimergrev gotten fromMagfine and the properties as
indicated by the manufacturer is shownTiable 1. The experimental set up permits

simultaneous measurement of the heat flux and temperature from the two faces.

———=Thermal Insulating Material

Heat Exchange Plate Heat Flux Sensor

Thermoregulated bath|

FluxDAQ+

Computer |

(@)
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(b)

Figure4: Experimental set up (chematic lllustratioiib) actual pictorial diagram

Tablel: Properties opermanenmagnes [69]

Product Product name Magnetic Field| Absorptive Power

code Intensity (mT) | (kgf)

1 Neodymium 501.2 1.36
Smmx5mmx40mm

2 Neodymium 556.9 5.42
10mmx10mmx50mm]

3 Neodymium 149.3 4.28
40mmx10mmx2mm

4 Anisotropic Ferrite | 72.9 0.336
20mmx10mmx3mm
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5 Anisotropic Ferrite | 91.3 0.41
20mmx10mmx4mm

6 Samarium Cobalt 332.3 1.77
18mmx5mmx4mm

7 Samarium Cobalt 288 3.27
20mmx10mmx5mm

8 Samarium Cobalt 190.1 3.83
30mmx10mmx3mm

9 Neodymium 197.8 10.9
40mmx20mmx5mm

10 Neodymium 240.1 10.7
40mmx15mmx5mm

11 Neodymium 423 0.987
40mmx20mmx1lmm

12 Neodymium 84 3.19
40mmx20mmx2mm

13 Neodymium 170.9 11
40mmx25mmx5mm

14 Neodymium 392.9 23.7
40mmxX25mmx15mm
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CHAPTER IV

VALIDATION OF NUMERICAL MODEL
To check the accuracy of the numerical madedimulating the phasehange
processit is important toacompare our result with other reported works i literature.
For this purposeye compargheresults of our model with three benchmark cases from
[66, 52 and32] have been adopted and compared with the result of the developed
model.The properties of the materials used in the simulations are presented i2.Table

Table2: Thermophysical Properties of Paraffin RT60, Gallium and Octadecane

Parameters RT 60[62] Gallium[52] Octadecane
[32]
Density (kg.nr) 805 6093 867 (solid)
775.6 (iquid)
Latent Heat (J:8) 110.28 80.160 243.680
Melting Temperature (K) 329.4337.3 302.85 301.15
Thermal Conductivity (W.m. k1) 0.20 (solid); 32 0.32 (solid)
0.11(liquid) 0.15 (liquid)
Specific heat (J. k K?) 210 x 16 381.5 1900 (solid)
2240 (liquid)
Kinematic viscosity (mis?) 4.464 x 16 2.97 x 1/ 4.81 x 1¢°
Thermal Expansion coefficient (K 1.10 X 10 1.2 X10* 8.36x 10*

Thefirst benchmark studis with the workof Wang et a[70] which numerically
investigatedhe melting of paraffin RT 60 in a rectangular enclosure of dimension 100

mm by 30 mmat an angle of inclination of 90 degre@ke schematic for this analysis is
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similar to that presented in figure Bhe result is presented in figure 3, which shows the
plot of the melting interface at 10 minutes, 40 minutes, and 70 minutes. It can be observed
that the position of the melting interface for the current work and Warld #]are in
reasonable agreement. At 70 minutes, however, the disparity between the current work
and that of Wang et gl70] seems to be more glaring. This could be due to the difference

in the method used in discretizing the convection term and the momentngy

equation coupling.

0.12
10 mins 40 mins 70 mins

Present

0.04 Wang et al.

0 0.01 0.02 0.03 0.04
x (m)

Figure5: Melting Interface comparing the work B@fang et al and the present work

Furthermore, the result of the current work has been compared with the findings
of Doostaniet al.[52] which numerically studied the effect of magnetic field on melting
of gallium in a square enclosure of side 6.35 cm using magnetic field withotihe
dimensioml Hartman number 30, 50, 70 and 100. It is noteworthy to saghiaecision
to compare the findings of Doostani et[&R] with the current work is because they did

an extensive model validation with popular or most used experimental and numerical
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model in the literature for the case of melting of gallium without magnetic effect and had
good agreement.he thermophysical properties of gallium are liste@able 1.Several
investigations were conducted to determine the appropriate grid size and time step. A grid
size of 150x150 and time step of 2s were sufficient to give accurate result. Morphology
constant of the mushy region is as well important to accuratelyicprém® melting
interface. In this case, morphology constant &ki@m?®s was usetbr melting of gallium
Figures 6 showthe comparison of the position of the melting front reported by the
reference and the current model for the melting of gallium fgrdiit Hartmann number

and time The results are in close agreement for all cases.
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Figure6: Melting Interface comparing the work of Doostahal and the present work
for (a) Ha=0 (b) Ha=30 (c) Ha=50 (d) Ha =70 and (e) Ha=100

The result our model has also been compared to the weddeh et a[32]. The
work of Faden et al. is a twdimensional problem of melting of octadeean a square

cavity of length 40mnwith the hot and cold walls at constant temperature 308.15k and
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298k respectively Again, the decision to benchmark our result with Faden et al is
because of the extensive validation of their model thiglir experimetal findings. Also,

we carried out several investigations to determine the precise grid size, time step and
morphology constant. Grid size of 400x400, time step of 2s and morphology constant of
10" kg/mPs gives a comparable resifiigure 7 shows the meltig interface evolution from

our model and the referenckk can be observed that thesults melting interfacare

similar with slight incongruity. At all reported simulation times, there is a very good
agreement at the bottom of the cavity but the slight incongruity can be observed at the top
of the cavity. This could be due to the differences in the method used in diagrétei
convection term and the moment#nergy equation coupling as well as the use of

extended domain by the reference.
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Figure7: Melting Interface comparing the work of Faden et al and the present work for
the melting of octagcane
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CHAPTER V

EFFECT OF MAGNETIC FIELD ON THE MELTING
PROCESS OF OCTADECANE

In this chapter we will be discuss the effect of magnetic field on the melting

process of octadecarauilding on the validated model of Faden e{22].

A. Influence of Magnetic Field on Melting of Octadecane in a Square Enclosure

In the previous section, we compared present result for the melting of octadecane
in a square enclosure of length 4cm with the literature. Now, the effecdgretic field
on the melting process will be discussed using thedimensional Hartman numis0,
20, 60 and 100. Figushowsthe meltingfront at different Hartman numbeand times.
Figure8ashows the meltinfront for various Hartmann number aftehour of simulation
time. At the beginning of the simulation, it is assumed that the octadecane is completely
solid and the primary mode of heat transfer is conduciibe. magnetic field has no
effect at the bottom of the enclosure but at the top cfitleosure, we observe a decrease
in the progression of the meltifigont. This ismore evidenatahigher Hartman number
which shows that the increase in Hartman number can affect the melting process. As
expected, the fluid motion deteriorates as a tesfuhe role of the magnetic field. The
shape of the meltinfyont is affected byatural convection which makes the meltirant
movefaster at the top than the bottom of the enclosure

Likewise, figures 8b-8d show the plot of melting interface for various values of
Hartmann numberat the simulation time of-2 hours, respectively. Unlike at the
simulation time of 1 hourgonvection is now the dominant heat transfer &rén be

observed that the magneticlfieeffect is not only felt at the top of the enclosure but also
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at the middle of the enclosure. Apparently, lower magnetic field does not have a
noticeable effect on the melting process but as the magnetic field becomes stronger the
impact can be seen.

The magnetic field can impact the convective flow. This has a corresponding
effect on the progression of the melting interface and the rate of melting. Bigiuogvs
the plot of the average liquid fraction with time. Up to about 1 hour of the simulation
time, there is no significant effect of the magnetic field on the melting rate. This could be
because othe dominant heat transfer mechanism being conduction. As the melting
progress and there is increase in convective flow, the effect of magnetic fidlel |t
fraction can be observed. At the maximum simulation time of 4 hours, we notice about
43% decrease in melted fraction at the maximum Hartmann number investigated. We can

conclude that higher magnetic field can imgdle rate of melting.
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B. Influence of EnclosureAspect Ratio

To further deepen the understanding of the impact of magnetic field on melting
of octadecane, numerical simulation was conducted for rectangular enclosures with
different aspect ratio§ his will help us to determine the best enclosure design whith
beinfluenced by the magnetic field. This was achieved by keeping the area of the cavity
constant as in the square cavity discussed in the previous sedtiohsignifies that the
qguantity of PCM remains the samWe consider cavity sis®f different aspect ratios of
2x8, 5x3.2 and 3.2x5 at a constant magnetic field strength equitaldrg one used in
the previous exampld-igure10 shows the plot of liquid &ction with time for various
enclosureaspect ratis considered in our study without the influence of magnetic field
magnitude We would like to reiterate that our aim is to be able to control the rate of
melting/solidification to control the hegdleaséstorageduring phase change process. As
shown in figure9, enclosure geometry can also help in achieving this. It can be observed
that a horizontdy oriented(the longer side is parallel toakxis) rectangular enclosure
with cavity size of 5x3.2n7 gives the melting fraction with the lower melting rate for all
the considered geomigs. On the other hand, the vertical rectangular enclosures i.e. 2x8
cn? gives the highest melting rate. For enclosure design where low melting rate is desired,
an entosure design with lower aspect ratio where the thickness is longer than the width
will be ideal.

The magnetic field effeas also influenced by the enclosure geometng the
comparison is presented in figuté. For all investigated geomeds the pesence of
magnetic field causes a reduction in the melting rate. Again, the enclosure with the lower
melting rate is the cavity size 5x3.2 Trifigure 12 shows the plot of the total liquid

fraction at the end of simulation time of 4 hours for bothmagnéic field and magnetic
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field. It can be pointed out that the presence of magnetic field causes a reduction of about
23% in the melted fraction for the cavity size of 5x3.2 arhile about 24.8% for cavity

size of 3.2x5 crh Similarly, a reduction in the rited fraction of about 18.7% for the

case of2x8 cn? while for the square cavity size of length 4cm recorded about 23%

decrease in the melted fraction.
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C. Effect of Nanoparticles on the Melting Pocessof Octadecanan a Square
Enclosure
Nanoparticles with high thermal conductivitghbeen reported to enhance the
thermal conductivity of phase change materials. In this stueygxamine the role of
nanoparticle®n the melting process of octadecane using Copper Oxide andniilommi

oxideat avolume fractionof 6%, 10% and 14%.
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Table3: Thermophysical Properties of Nanoparticles

Properties CuO[71] Al203 [72]
Thermal Conductivity 18 36

(W/m K)

Specific heat (J/kg K) 540 765
Density (kg/n) 6510 3600
Thermal expansion 1.67x10° NA

coefficient (1/K)

The thermophysical properties of the considered nanoparticles is presented in
Table 3. The variation of liquid fraction with time for various nanoparticle fraction is
presented in figure 13For about 1 hour of the simulation tifteere is no significant
influence of the nanoparticle on the fraction of the melted PQibwever, at about 2
hours, there is a significant effect of thanoparticles on the melting fraction. It can be
observed that as the volume of the nanoparticles increttseilaction of the melted
phase change material increaséBis implies that at the highest nanoparticle volume
fraction investigated, thenelting progressaser and theliquid fraction increased
significantly at the end of the simulation tinTde observalael increase in the melting rate
could be attributed tdhe enhancement dhe effectivethermal conductivityf the PCM
because of the higher thermal conductivity of the nanoparticles@eatparing the two
nanoparticles investigated, we could see thatetle no significant ifference in their
effect when compared with the pure phase change matéhas. point out the fact that
the higherthermal conductivity of the nanoparticles is not the only factor affecting the

enhancement of the melting rakéigher densi of the nanoparticleas well as effective
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viscosity also influence the enhancementln the process of selecting nanoparticle for
enhancement of phase change matertakalls for extra care to ensure that the

thermophysical propertidsalancesvell with the PCM for optimal benefit.
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Figurel13: Variation of liquid fraction with time for different nanoparticles and volume

D. Effect of Magnetic Field on theMelting Performance of Nanopatrticle
Enhanced Octadecane

In the previous section, we have been able to establish that the use of nanoparticles
enhancse the melting rate of PCM. Several research groups have considered the use of
nanoparticle enhanced phaskange materials for thermal storage. Therefore, it is
important to also study the effect of magnetic field on nanoparticle enhanced phase
change materials. For this purpose, we subjected the enhanced PCM to a magnetic field
strength with the Hartmann nuehb60. Figure 14 shows the plot of the melting fraction
variation with time for different volume fractisrof Aluminum oxide under magnetic
field effect. Initially, from figure 13, the use &%, 10% and 14%olume fraction of

Al 2Oz resulted inmelting fraction increase ofibout9%, 13% andl19%, respectivelyat
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the end of the simulation tim&low with the external magnetic field acting on the rano
enhamred phase change material, we observed decreaseneltied fraction of the PCM.
Compared with themanoenhancedPCM wi t hou't magneti c21l%i el d,
decrease in the melted volume fractiondtbmanoparticleszolumefractioninvestigated
Similarly, infigure 15, we presented the plot comparing the magfiekiteffect
on the nanoparticle enhanced phase change material at different volume fiAfion.
observed that with 6% volume fraction, there is about 22% decrease in the melting
fraction while 21% anl 20% for 10% and 14% volume fractioh CuO nanoparticle,
respectivelyln previous section, we reported abou¥®28ecrease in the melting fraction
under thesamemagnetic field effecwithout the use of nanoparticle. We can conclude
that, the use ohangarticle under magnetic fieldnay not be so economical and
rewarding for a system wheli@v melting rate is so desired. However, dosystem where
faster melting is important, the use of namhanced phase change matewdhout

magnetic field could ba better option.
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CHAPTER VI

EXPERIMENTAL INVESTIGATION OF MAGNETIC FIELD
EFFECT

In previous section, we have been able to establish the effect of external magnetic
field on theperformance of octadecane. Now, we will be discussing our expediment
findings of the effect of magnetic field on the performance of octadedanbest of our
knowledge, no previous work has been done on experimental investigation of magnetic
field effect on PCM.Previous studies have been numerical with little work on

experimental studies of magnetic field effect on water and other metals.

A. Heat Flux Curve without Magnetic Field Effect

To study the heat flux of octadecaimethe absence of magnetic field, we use a
two-hourtemperaturgamp Figure 16 shows the heat flux cunfer octadecane without
the magnetic field effectAt the start of the experiment the sample was d€1%his
tempeaturewas maintained for two hours by setting the temperature of the aluminum
plates to 15C. The sample is completely in the solid state iartdermal equilibriunwith
approximately zero heat fluSubsequentlythe temperature of the aluminum plate
increasedrom 15°C to 40°C in 2 hoursand within this time, we have the melting of the
sample When the temperature reache8@ahe sample remains at that temperature for
another twdiours beforehe start of the cooling procesfere the temperature decreases
to 15°C in two hoursDuring the cooling proces)esensible heat is released until about

25000swhere solidificatiorprocessstarted. This is noticeable by teeddenchange in
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the heatltix. Whenthe set temperature reache$cl¥he phase change material returns

to the equilibrium state witassentiallyzero flux after the solidification process
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Figurel16: Heat flux curve in the absence of magnetic field

B. Effect of Magnetic Field on Heat Flux Curve
To study the effect of static magnet on the heat flux curve, we used

magnets of different dimensions and magnetic fiakgnsity. The propertiesof the
magnets are presented in Tablénltially, 8 experiments were conducteorresponding
to different magnet propertiehe heat flux curve generatesith the first set of
purchased magneisplotted in figure 17 and compared with the case of pctadecane.
Again, we used a2-hour temperature rgmfor all experimentand the samplés at
equilibrium with almost zero flux and atteamperature of I&. As shown in figurel7,
there is no significant effect of magnéfield on the heat flux

Despite havinga magnet with magnetic field intensityreder than500mT
(neodymium 5mmx5mmx40mrand neodymium 10mmx10mmx50mnfut with the

surface area less than the base of the aluminum cavity, we coulcbsetveany
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noticeable effect on the heat flux curdéis led toinvestigatingother sets of magnets

with dimensionequals to or greater than the base of the cénitydifferent magnetic
properties The magnetic field created by the 40mmx15mmx5mm static magnet shows
heat flux curve like the case without magnetic field and witlhslrgriations in the peak

heat flux during the solidification and melting process as shown in figure 18. It is worth
noting that the magnet with the dimension 40mmx15mmx5mm has the dimension that
perfectly fit the base of the aluminum container contaitinegPCM sampland has the
magnetic field strength of 240.1mThe possible reason for this observation could be
because of the uniform concentration of the magnetic force on the base of the aluminum
cavity which suppresses convective heat transfer bettheeheat source and the PCM
sample as we have observed in our numerical investigation which corroborates what has
been reported in the literature. The observed behaviour of heat flux curve could also be
explained as the effect of magnetic field on thertia conductivity of the sample which
causes a decrease in the thermal conductivity. This observation has been earlier reported
for ferrofluid by[73].

Figure B shows the heat flux curve fostatic magnet of dimension
40mmx20mmx1Imm, 40mmx20mmx2mm, and 4nmx20mmx5mm as well as
20mmx10mmx4mm and 40mmx25m@bmm in comparison with the case of no
magnetic field.The experimental set up was modified to accommodate the magnet
dimensions greater than the base of the contaifieis sets of magnets have a
corresponding magnetic field strength of 42.3mT, 84rm%7.8mT 392.9mT and
91.3mT. The resultas shown in figure 19ahowsthat themagnetic field with static

magnet o20mmx10mmx4mm shows a similar heat flux curweith no magnetic field.
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Thebehaviorof the melting and solidification looks similekcept for slighvariation in
the peak heat flux.

However, asshown in figure 19b, ashe depth of the neodymium magnet
increaseswe observe that the flux increasdsch is more pronounced during the melting
processPlease note that the increase indlepthof the investigated magnetorrelate
with the increase in themagnitude of the magnetic fielét. can be observethat the
melting and solidification behavior of the magnet is affected by the magneticRiglde
19c¢ shows that the magnet with ghienension 4thmx20mmx1mm has the lowest peak
heat flux during the melting process and is also lesser than that of no magnet. This shows
that there is aeductionin the heat transfer between the source and the PCM.

On the othehand,we observe the highekeat flux with the magnet with the
dimension 40mmx20mmx5mrBimilarly, as shown in figure 19c, we observe a high heat
flux curve with the neodymium magnet 40mmx25mmx15mm. There is an increase in the
heat flux compared with the case of no magnetic firttithe behavior of the melting and
solidification is affectedWe could recall that this set of investigated magnets in figure
19b and 19c¢ have a dimension greater than the base of the aluminum container containing
the PCM.For these caseghere is also aorrelation between the increase in magnetic
field and the heat fluaWe hypothesize that there are two competing phenomena that are
controlling the effect of magnetic field aime phase change process. One of these
phenomena is the magnetic force th&etb the convection of the material and the other
is the effect of magnetic field on the binding energy of the material. The effect of binding
energy is small at lower magnetfield; hence convection is affected more and heat flux
is lower than the cas# no magnetHowever,the increase in magnetic field leads to an

increase in the binding energy, which results in larger amount of energy needed to melt
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