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ABSTRACT 

OF THE THESIS OF 

 

Philip Busayo Adebayo  for Master of Engineering 

      Major: Mechanical Engineering   

 

 

Title: Towards Controlling the Performance of Phase-Change Materials by using an 

External Magnetic Field 

 

Large amounts of heat can be stored and released by phase change materials (PCM) with 

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 in temperature 

management, all of which help to lower CO2 emissions. Nevertheless, phase change 

materials have some disadvantages such as the spontaneous release of heat during 

solidification. The goal of this study is to ascertain how the magnetic field affects phase 

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 experimental techniques are used 

to address this issue. A numerical model utilizing the finite volume method and the 

enthalpy-porosity technique was developed using the open-source computational fluid 

dynamic toolbox, OpenFOAM. Numerical and experimental results published in the 

literature were used to validate the model's findings, and they agreed well.  Our findings 

show that increasing the magnetic field strength leads to a decrease in the rate of melting 

of PCM. This becomes more obvious as the melting front moves forward and the 

convection gets stronger. Moreover, the aspect ratio of the PCM enclosure influences the 

degree of the effect of the magnetic field. Adding metallic nanoparticles to PCM increases 

the conductivity and its magnetic susceptibility. Experimental investigation shows that 

the selection of magnetic field properties may not necessarily need to be in terms of 

magnetic field strength alone, the dimension and the distribution of the magnetic field 

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 I 

INTRODUCTION 
 

A. BACKGROUND AND MOTIVATION  

 

In the last decade, and due to the exponential increase in the global population, 

there has been a surge in energy demand, energy consumption, and CO2 emissions. The 

building sector accounts for one-third of global energy use and 40% of overall CO2 

emissions, according to the International Energy Agency [1]. The 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 needs. This has raised 

environmental concerns and has triggered research for new and renewable energy. 

Globally, the search for renewable energy sources has mostly been in developing 

alternative fuels and energy storage devices. Notably, phase change materials, used as a 

latent thermal energy storage means, are gaining prominence in energy storage 

applications due to their important roles in energy technologies [2]. Mainly, phase change 

materials have high latent heat and can release heat at a constant temperature. They have 

been identified for their role in temperature regulation and high energy storage capacity, 

which can reduce energy consumption, improve the performance of energy systems, and 

play a vital role in energy conversion ï thus contributing to the reduction of CO2 

emissions [3].   

Furthermore, because of their capability to store and release large amounts of 

energy, they are applied in solar energy storage, smart housing, agricultural greenhouse, 

temperature-regulating textile, heat management of electronics, telecommunications and 

microprocessor, and biomedical systems [4]. 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 refrigeration [5]. 

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 Systems because of poor thermal conductivity of phase change materials [6]. 

Hirschey et al. also pointed out the problem of incongruent melting and large 

supercooling, a major limitation to the implementation of latent heat storage systems [7]. 

Dannemand et al. highlighted the problem of phase separation, expansion, and 

contraction of phase change materials during melting and solidification as well as  

impulsive release of heat [8]. 

To address some of these issues, several strategies have been developed by 

different research groups. Xie et al. 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 materials [9]. Han et al. proposed using 

high energy barriers for reverse-phase change from high energy to low energy to reduce 

heat loss to the environment due to the sensitivity of phase transition [10].  They also 

argued that the use of a thickening agent can solve the phase separation problem which 

can cause a reduction in storage density and heat exchange capacity of PCM during the 

charging process. 

 In most applications, phase-change materials lack control on determining when 

energy should be released because their crystallization depends on the ambient 

temperature [11].  The literature 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 spontaneous release 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 that affects the rate of melting and solidification. 

 

B. Aims and Objectives 

This research aims to investigate the effect of static magnetic field on the 

solidification and melting of phase-change materials. We assess the feasibility of using a 

magnetic field to affect the phase change process (rate of fusion, fusion point, 

supercooling degree, etc.). Finally, we investigate the possibilities of enhancing the 

performance of phase change materials. This study is carried out both numerically and 

experimentally and recommendations for the use in latent heat storage systems is 

communicated 
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CHAPTER II 

PHASE CHANGE MATERIALS: CLASSIFICATIONS, 

APPLICATIONS AND NUMERICAL AND EXPERIMENTAL 

TECHNIQUES 
 

A. Phase Change Materials 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 change [4]. Because 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 phase change temperature where the latent heat can be used optimally. 

Phase-change materials can be classified into organic, inorganic, and eutectic phase 

change materials, according to their chemical composition [12] . 

 Organic phase transition materials can be in the form of paraffin or non-paraffin 

compounds and have melting temperatures ranging from -12oC to 187oC. They are 

chemically inert, do not undergo phase segregation, and are accessible in a wide 

temperature range. They have little or no supercooling impact and are 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 are compatible 

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 melting temperature 

range between 11oC to 120oC.  Eutectic PCMs are a mix of organic and inorganic PCMs 

with melting temperatures between -12oC to 93oC. They have great volumetric heat 
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storage capacity and acute melting temperatures. In the literature, this type of phase 

change material has received little attention [12]. 

 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 non-congruent melting, as previously mentioned. Organic phase change 

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

 

B. Phase Change Materials with Applications in Buildings 

 Buildings consume a significant amount of energy for cooling and heating. Figure 

1 shows that the energy consumed by the building and construction industry is about one-

third of the worldôs energy use.  Fossil fuels are used to meet a major portion of this 

demand, contributing to climate change and other pollution. As shown in figure 2, the 

building sector contributes about 40% to the worldôs carbon emissions. Building energy 

efficiency is becoming more popular, as it is utilizing energy storage potential to reduce 

peak energy demand and consumption. The high thermal storage capacity of PCM can be 

effectively used for cooling and heating applications in buildings to reduce energy 

consumption and the environmental impact of fossil fuel use [13]. 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 it releases heat.   
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Figure 1: Global share of energy consumption by sector [14] 

 

Figure 2: Global contribution to carbon emissions by sectors [14] 

 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 heat [15]. According to Xie et 

al, blending PCM 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 process [9]. Therefore, paraffin and salt 

hydrates are considered promising PCMs for building application because of their high 

melting enthalpy (100-200 kJ/kg) and temperature (0-100oC) [7]. However, they are 

prone to supercooling which prevents them from releasing the stored latent heat [13]. 
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Yehya et al asserted that octadecane has transparency properties and its melting 

temperature satisfies the thermal comfort of a human being [3]. 

 Kuznik considered the use of cement mortar with BASFôs micro-encapsulated 

PCMs (Micronal PCM, DS 5001 X) with a melting point of 26oc [16]. In most building 

applications, phase change materials with phase change temperatures between 18-30oc 

are required to meet the need for thermal comfort [17]. Furthermore, Soares et al,  

emphasized the critical role of PCM in increasing overall energy efficiencies, improving 

indoor thermal comfort, and reduction of building heating and cooling peak loads [18]. 

They studied the microencapsulated 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 conventional air-filled 

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 building material 

for thermal management using the United Arab Emirate weather [20]. 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. Memon et al 

assessed the utilization of macro encapsulated phase change materials for the 

development of thermal energy storage and structural lightweight aggregate concrete in 

Hongkong [21]. They found that the macro encapsulated phase change material is capable 

of reducing energy consumption by decreasing indoor temperature and shifting the loads 

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 465 kgCO2-

eq/year. 

 Similarly, Sani et al. assessed the development of thermal energy storage 

aggregate composites from impregnating phase change materials into lightweight 

aggregates [22].  Nguyen et al. developed n-octadecane/ fumed silica phase change 

composite as a building envelope to achieve high energy efficiency [23]. 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 panel 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 building to study its effect on buildingôs behavior [24]. They found that 

the rate and energy consumption in the building with PCM are moderately lower 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. Mosaffa et al modeled PCM 

solidification in a shell and tube finned thermal storage for air conditioning systems [17]. 

Alavy et al. performed an assessment of a novel phase change material-based thermal 

caisson for geothermal heating and cooling [25]. 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 caisson-based thermal storage for a ground source heat pump [26]. They reported 
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a reduction in the construction cost as a result of energy 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 Kuwaiti residential building [27]. It was reported that 

the passive system decreased the overall energy consumption by 22.2%, increase fresh 

air intake at zero energy cost, and an average increase of systemôs coefficient of 

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 loss [28]. 

 

C. Other Applications of Phase Change Materials 

 Solar energy systems can benefit from phase-change materials, which can boost 

efficiency. Solar panels' efficiency is harmed by their high working temperatures. 

Increasing the system's efficiency by including phase-change 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 percent solar portion 

in a passive dwelling in a Danish climate [8]. Lamaamar et al. discovered that PCM 

provides an effective technique of reducing the operating temperature of the PV module 

in their investigation of the heat transfer of poly-c PV systems combined with phase 

change materials in a semi-arid environment [29].  

 The sorption thermal storage system is another intriguing application. Garimella 

et al. devised and tested a novel thermal storage system combining sorption and phase 
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change materials [30]. They claimed that the combined 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 industry, food industry, microprocessors, biomedical 

systems, space heating and air conditioning, and absorption refrigeration  [4, 5].  

 

D. Numerical Approaches for 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 difficult [31]. Different modeling methods, particularly 

for solid-liquid phase-change, have been developed in recent years. There are two types 

of grid schemes for handling solid-liquid phase change problems: fixed and deforming 

grid schemes [32]. To track the phase interface, deforming grid schemes use transformed 

coordinate systems and sophisticated mathematical procedures, which can be difficult to 

design and result in significant processing costs [33]. 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 applications [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 non-linearity of the energy equation. 

 The Enthalpy porosity method involves the solution of the continuity 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 modification to the 
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momentum and energy equation is well detailed in the work of Brent et al [34], Voller 

and Prakash, [34] and is also discussed in the later chapter of this work. On the other 

hand, the apparent heat capacity method uses the temperature-dependent heat capacity to 

take into consideration the latent heat of phase change at the phase interface [35].  

Furthermore, in a study published in 2015, Tittelein et al. compared apparent 

specific heat methods and enthalpy methods for simulating phase change materials [16]. 

According to their report, the enthalpy approach produced better results than the heat 

capacity method. In commercial software for the simulation of phase-change materials, 

the enthalpy porosity method has received wider acceptance [36]. However, temperature 

oscillation has been reported to be a problem with this method [33]. This has led to the 

further development of the method to address this setback. Faden et al. used OpenFOAM 

to develop an ideal strategy for melting and solidification of PCMs that takes density 

change into account [32]. Because of the steep gradient of most variables at the phase 

boundary, which first-order and second-order schemes cannot handle effectively, the 

convection term was discretized using a higher resolution method. Kewalramani et al. 

used the volume of fluid technique to account for PCM and gas phase, as well as the 

enthalpy-porosity method for solid-liquid phase change in the PCM, to develop a 

numerical model to address the problem of solid-liquid phase change in the presence of 

gas phase [37]. Chakraborty presented an enthalpy update system based on the isothermal 

solidification and melting of pure water to replicate the melting and solidification of pure 

substances with substantial discrepancies between solid and liquid specific heats [38]. 

Wu et al. suggested a quasi-steady enthalpy approach for modeling solidification and 

melting of pure materials schemes [39]. 
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 Ben-David 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 parameters [40]. They used Comsol Multiphysics 

for their research and found that the computational results and experimental data were in 

good agreement. Likewise, Kamkari and Amlash performed numerical simulation using 

the enthalpy-porosity technique and experimental verification of constrained melting of 

phase-change materials in vertical and inclined rectangular enclosures [41]. They 

reported that the developed numerical model can predict the liquid fraction and evolution 

of the solid-liquid interface in vertical and inclined enclosures.  

Danaila et al. created a numerical framework for the simulation of solid-liquid 

phase-change systems based on finite elements with mesh adaptivity [42]. This enables 

precise monitoring of the solid-liquid interface. They found a high level of concordance 

between experimental data and previously published numerical results. Faden et al. 

proposed a new numerical approach 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 enthalpy-porosity approach and a 

volume of fluid methodology, and it was implemented in the open-source CFD toolkit 

OpenFOAM, which uses the Finite Volume Method. The PISO algorithm was used to 

tackle the pressure velocity coupling problem. It was found that the solid settling velocity 

was quasi-steady for a period before decreasing as the wall temperature increased. 

Galione et al. created a fixed-grid enthalpy model that uses explicit temporal 

integration to ensure that the thermophysical parameters are changeable and temperature-

dependent [44]. In both 2D and 3D simulations, the generated model was used to mimic 

n-octadecane in a spherical capsule. 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 motion [31]. 

Unlike the enthalpy-porosity technique, the model does not use 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 to the sensitivity of phase transition. To avoid this, a high energy barrier for reverse-

phase change from high to low energy must be installed [10]. 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 constituents. The 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]. . Crystallization aided by magnetic, electric, and electromagnetic 

fields has the ability to interact with nucleation [46]. 

 Magnetic fields are thought to act directly on molecules, orienting, vibrating, 

and/or spinning them to prevent clumping and facilitate supercooling [47]. As a result, 

using magnetic fields to prevent natural convection, as well as the solidification and 

melting of phase-change materials, is a good method. Zhang and Nawaz [48] 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 that the 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 model a melting 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 magnetic field effects, which resulted in further melting 

due to interface erosion. 

 Using a two-phase mixture model, Yousefi et al investigated the influence of a 

non-uniform magnetic field on forced convection heat transfer in a flattened tube [50]. 

Due to the creation of kelvin body forces and growing gradients of velocity and 

temperature near the tube wall, the non-uniform magnetic field influences the flow 

structure and causes an increase in heat transfer, according to the numerical results. 

Mehryan et al investigated the melting behavior of phase-change materials in a cavity 

subjected to a non-uniform magnetic field using a moving grid approach [51]. The 

magnetic field effect in the momentum equation was captured as a source term based on 

the Lorentz force. At the beginning 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 phase-change process and that the presence of a uniform magnetic field affects 

the melting front and regulates flow velocity. Furthermore, Selimefendigil and oztop 

investigated how a magnetic field and hybrid nanoparticles in the heat transfer fluid 
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affected the thermal performance of a phase-change energy system [53]. 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. 

They noticed 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 gallium on a 

vertical wall in a rectangular cavity to understand the effect of buoyancy-induced flow in 

the melt on the liquid interface motion and heat transfer [54]. They found that the 

buoyancy-driven natural convection affects the phase-change boundary, melting rate, and 

heat transfer. The measured solidified volume measured at different times agreed well 

with a one-dimensional numerical model. Kamkari and Groulx performed an 

experimental investigation of the melting behavior of phase-change materials in finned 

rectangular enclosures under different inclination angles [55]. To visualize the melting 

process of lauric acid, they made use of transparent acrylic 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 approaches of melting of phase-change materials in an 

enclosure.  
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 Likewise, Shokouhmand and Kamkari visualized the temperature field and melt 

front evolution during the phase-change process of lauric acid in a rectangular storage 

unit [56]. They determined the thermophysical 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 interfacial heat transfer rate depends on the melt frontôs shape.   Their results 

provide a benchmark for numerical validation. Faden et al studied the velocity field and 

phase boundary during melting of n-octadecane in a cubical test cell using a non-intrusive 

image velocimetry [57]. They pointed out the need for insulation to have a repeatable 

experimental result and 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 approaches [13]. The experimental set-up involved heat flux sensors 

and thermocouples mounted on two vertical aluminum heat exchanger plates, to 

characterize the phase-change effects. They reported that the melting process started at a 

temperature higher than the solidification temperature and for correct numerical 

prediction of thermal 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 TiO2 nanoparticles in a 

rectangular enclosure heated at a constant temperature from one of the vertical sides [58].  

They characterized the heat transfer by visualizing the solid-liquid 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. Moreover, the dispersion of TiO2 nanoparticles 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 storage [5]. The crystal growth rate, convective flow, convective flow, velocity 

field, and temperature fields during the phase change were visualized using the Particle 

Image Velocimetry analysis with temperature-sensitive 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 higher solution 

concentration and supercooling temperature resulted in a higher crystal growth rate and 

larger velocity of buoyancy-driven convection. Saraswat et al. carried out an experimental 

study of the industrial-grade paraffin wax inside a semi-cylindrical enclosure with a 

heating strip attached axially [59]. They compared their experimental observations with 

a model developed in OpenFOAM using the enthalpy-porosity techniques. The studied 

phase change material showed a qualitative coherency when the experimental results and 

numerical simulations were compared.  

 Nakhla et al. introduced a novel experimental methodology to study the effect of 

heat transfer enhancement under the influence of electrohydrodynamic and gravitational 

forces on the melting of octadecane [60].  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 PCM. They 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.  



 

 28 

From the literature reviewed, none of the previous work addresses the effect of magnetic 

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 Analysis of Phase Change Materials 

 Generally, inorganic PCMs such as salt hydrate are less expensive when 

compared with organic PCMs. Moreover, it is expected that the use of phase-change 

materials in buildings or other applications should decrease energy consumption, thereby 

reducing the cost of energy consumption. 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 heating systems [61]. 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 lost price decreased for higher melting temperature of PCMs 

considered. In a review conducted by Hirschey et al [7], they reported that salt hydrates 

and paraffin with melting temperature greater than 20oC have energy costs of 1-20 $/kWh 

and 20-30 $/kWh, respectively [7]. On the contrary, for salt hydrates and paraffins with 

melting temperature less than 20oC, the material energy cost is higher and similar, about 

30-110 $/kWh. 

In a study conducted by Atalay, the author assessed the energy and cost analysis 

of packed bed and phase change material thermal storage systems for the solar energy 

assisted drying process [62]. Paraffin wax with melting temperature between 55-60oC 
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was used as phase change material. The author reported an average energy efficiency of 

the packed bed and phase change material to be 68.2% and 68.55%, respectively. In terms 

of cost, it was observed that the use of phase change material has a higher initial cost, 

about 10.47% more than the pack bed. Hasan et al investigated the energy and cost 

savings of a photo-voltaic phase change material system through temperature regulation 

and performance enhancement of photovoltaics [63]. The author based their 

investigations on the Ireland and Pakistanôs climate. They found that the system is not 

cost effectively in Ireland because of the cost of mass production. Nevertheless, the 

authors reported that the system is cost effective in Pakistanôs climate. They concluded 

that the use of photo-voltaic phase change material system can be cost effective in hot 

climates.  Saafi and Daouas studied the energy and cost efficiency of phase change 

materials in Tunisia Mediterranean climate [64]. For the cost analysis, the authors used a 

30-year lifecycle analysis based on the dynamic payback period concept. They found that 

the use of phase change materials under the Tunisia climate is not cost effective.   

On the basis of economic and environmental impact, Konstantinidou et al 

employed lifecycle 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 construction costs and 

PCM purchasing costs. The 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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CHAPTER III 

NUMERICAL MODEL AND EXPERIMENTAL SETUP 

 
The study was carried out using a numerical and experimental approach. 

 

A. Numerical Model 

 

For numerical studies of phase-change materials, accurate prediction of melting 

and solidification rates is essential to ensure optimal performance of a latent heat thermal 

storage device. This depends on a numerically robust mathematical model that uses 

continuity, momentum, and energy equations. Based on the enthalpy-porosity method to 

simulate the phase-change, the developed solver assumes 2-D transient analysis, 

negligible viscous dissipation and joule heating dissipation as well as radiation, and 

laminar flow during the melting/solidification of phase-change materials. Lorentz force 

is then added to the momentum equation to account for the impact of external magnetic 

field on melting/solidification process. The governing equations of the model include 

coupling the continuity equation with the momentum and energy equations to solve for 

the temperature and velocity fields. 

The continuity equation for an incompressible fluid is:  

Ȣɳόᴆ π          (1) 

The momentum equation is expressed as, 

”
ᴆ
”όᴆȢɳ όᴆ Ðɳ  ʈɳ όᴆ ”Ὣᴆ‍Ὕ Ὕ Ὀᴆ Ὂᴆ   (2) 

όᴆ is the velocity vector, p is the pressure, ɟ is the density, g is the acceleration due to 

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

temperature and Ὕ  is the reference temperature. Ὀᴆ is the Darcy source term which 
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makes the momentum equations match Carman-Kozeny equation for flow in porous 

media as used by Brent et al. (1988). Its equation is expressed in Eq. (3). Ὂᴆ is the force 

due to the magnetic field, which is adapted from the work of Doostani et al. [52] and 

Selimefendigil and Oztop [53] and it is based on simplification from the electric transfer 

equation. The force is described in Eq. (5)-(8). 

Ὀᴆ ὅ  όᴆ         (3) 

where C 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 1 x 10-3 in the literature. 

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

Amlashi [41] and Singh et al. [65].  

‌
Ў

π                       Ὕ  Ὕ

               Ὕ Ὕ Ὕ             

ρ                           Ὕ  Ὕ

       

 (4) 

Ὕ and Ὕ are the liquidus and solidus temperature of the PCM, respectively. ЎὌ is the 

latent heat. L represents the latent heat of fusion of the phase change material. 

The Lorentz force is expressed as, 

Ὂᴆ ὐ ὼ ὄ          (5) 

J is the current density and is expressed as, 

 ὐ „Ὁ  όᴆ ὼὄ         (6) 

E is the electric field and in this study is assumed to be negligible. 

Thus Ὂᴆ can be written as 

Ὂᴆ  „ όᴆ ὼὄὼὄ  „ ὄȢόὄ ὄ όᴆ        (7) 
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For simplification and considering the horizontal magnetic field in our study. The Lorentz 

force becomes a source term in the y-direction and is written as,   

Ὂᴆ „ὄ ό         (8) 

where „ is the electric conductivity and B is the magnetic field strength. ό is the 

velocity in the vertical direction, parallel to the gravitational acceleration. The non-

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

Ὄὥ ὒὄ        (9) 

Ly is the height of the enclosure. 

The Energy Equation is expressed as, 

”ὧ ”ὧ όᴆȢɳ4 Ëɳ Ὕ Ὓ       (10) 

ὧ is the specific heat capacity and k is the thermal conductivity. Density, heat capacity 

and thermal conductivity are defined using linear relationship between their 

corresponding solid and liquid values and are expressed in equation (11) - (13), 

respectively. ὧ  and ὧ  are the heat capacity in the liquid and solid state of the PCM. 

Similarly, Ὧ and Ὧ are the thermal conductivity of the PCM in its liquid and solid state. 

S is the source term due to the latent heat and can be calculated using equation (14). 

”  ‌” ρ ‌”         (11) 

ὧ  ‌ὧ ρ ‌ὧ         (12) 

Ὧ  ‌Ὧ ρ ‌Ὧ         (13) 

Ὓ  ὒ”  ɳȢ‌όᴆ         (14) 

 

 

B. Modelling of Nanoparticles 
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 To study the effect of addition of nanoparticles (such as magnetites) on phase 

change material and their magnetic susceptibility, we employ the Brinkman and 

Maxwell model for nanofluid as used by [66] [67]. The effective thermal conductivity is 

defined as: 

Ὧ Ὧ  
ᶮ

ᶮ
       (15) 

Where Ὧ ȟὯȟὯ ὥὲὨ ɲ  are the thermal conductivity of nanofluid, pure PCM, 

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

can be written as: 

‘
ᶮ Ȣ         (16) 

‘  is the dynamic viscosity of the nanofluid while ‘ is the viscosity of the PCM. 

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

” ρ ᶮ ” ᶮ”       (17) 

”ȟ”ȟ”  are the density of the magnetite, pure PCM and nanofluid, respectively. 

Effective heat capacitance is defined as: 

”ὧ ρ ᶮ ”ὧ ᶮ ”ὧ       (18) 

”ὧ ȟ”ὧ ȟ”ὧ are the heat capacitance of magnetite, nanofluid and pure PCM, 

respectively. The effective thermal expansion coefficient can be defined as: 

”‍ ρ ᶮ ”‍ ᶮ ”‍  

”‍ȟ”‍  are the thermal expansion volume of pure PCM and magnetite, respectively. 

The latent heat of the nanofluid can be written as: 

”ὒ ρ ᶮ ”ὒ 

Where ”ὒ is the latent heat of pure PCM. 
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C. Numerical Procedure and 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. 

BuoyantBousinessqPimpleFoam solver in OpenFoam was adapted for this study. To 

ensure stability, the convection-diffusion term in the energy equation were discretized 

using the Gauss upwind scheme. Pimple algorithm was selected to solve the pressure-

velocity coupling while the implicit Euler method was used for the time discretization. 

The enthalpy source term in equation 14 was updated explicitly using the approach of 

Singh et al. [68]. 

Phase change materials that can meet thermal comfort needs in a building such as 

octadecane was used in this study. We used the geometry of a cavity with width Lx and 

height Ly as shown in figure 3. The left and right walls are at constant temperature TH and 

Tc, respectively while the top and bottom are insulated. The 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 wall. In the next chapter, the results generated 

from our model will be benchmarked with relevant experimental and numerical results 

reported in the literature to ascertain the validity of the developed solver. 
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Figure 3: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 al [3]. Heat flux sensors, insulating materials, heat exchange plates, magnets, 

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 hydrocarbon-based PCM was used for the experiment.  

The investigated phase change material inside the aluminum enclosure of 

dimension 40mm x40mmx 15mm was subjected to a temperature through heat exchange 

aluminum plates (40mmx80mmx10mm) 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 change material. 

The top and bottom faces of the enclosure were insulated using thermal insulating 

Ὕ Ὕ 

   U=0 
   V=0 

Ὕ Ὕ 

   U=0 
   V=0 

 =0 

 =0 
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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 enclosure. The 

available heat sensor in our laboratory is the differential temperature thermocouple by 

fluxTeq 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 be connected to 

a windows computer. Windows computer enables data storage and control of 

thermoregulated bath. To analyze the influence of the magnetic field, permanent magnets 

of different dimensions and strength were placed at the bottom of the aluminum cavity. 

The magnets used in our experiment were gotten from Magfine and the properties as 

indicated by the manufacturer is shown in Table 1. The experimental set up permits 

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

 

 

 
(a) 

 



 

 37 

 
 

 

(b) 

Figure 4: Experimental set up (a) Schematic Illustration (b) actual pictorial diagram 

Table 1: Properties of permanent magnets [69] 

Product 

code 

Product name Magnetic Field 

Intensity (mT) 

Absorptive Power 

(kgf) 

1 Neodymium 

5mmx5mmx40mm 

501.2 1.36 

2 Neodymium 

10mmx10mmx50mm 

556.9 5.42 

3 Neodymium 

40mmx10mmx2mm 

149.3 4.28 

4 Anisotropic Ferrite 

20mmx10mmx3mm 

72.9 0.336 
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5 Anisotropic Ferrite 

20mmx10mmx4mm 

91.3 0.41 

6 Samarium Cobalt 

18mmx5mmx4mm 

332.3 1.77 

7 Samarium Cobalt 

20mmx10mmx5mm 

288 3.27 

8 Samarium Cobalt 

30mmx10mmx3mm 

190.1 3.83 

9 Neodymium 

40mmx20mmx5mm 

197.8 10.9 

10 Neodymium 

40mmx15mmx5mm 

240.1 10.7 

11 Neodymium 

40mmx20mmx1mm 

42.3 0.987 

12 Neodymium 

40mmx20mmx2mm 

84 3.19 

13 Neodymium 

40mmx25mmx5mm 

170.9 11 

14 Neodymium 

40mmx25mmx15mm 

392.9 23.7 
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CHAPTER IV 

VALIDATION OF NUMERICAL MODEL  
 

To check the accuracy of the numerical model in simulating the phase-change 

process, it is important to compare our result with other reported works in the literature. 

For this purpose, we compare the results of our model with three benchmark cases from 

[66, 52 and 32] have been adopted and compared with the result of the developed 

model. The properties of the materials used in the simulations are presented in Table 2.  

Table 2: Thermophysical Properties of Paraffin RT60, Gallium and Octadecane 

Parameters RT 60 [62]  Gallium [52] Octadecane 

[32] 

Density (kg.m-3) 805 6093 867 (solid) 

775.6 (liquid) 

Latent Heat (J.g-1) 110.28 80.160 243.680 

Melting Temperature (K) 329.4-337.3 302.85 301.15 

Thermal Conductivity (W.m-1. k-1) 0.20 (solid); 

0.11(liquid) 

32 0.32 (solid) 

0.15 (liquid) 

Specific heat (J. kg 1. K-1) 210 x 103 381.5 1900 (solid) 

2240 (liquid) 

Kinematic viscosity (m2.s-1) 4.464 x 10-6 2.97 x 10-7 4.81 x 10-6 

Thermal Expansion coefficient (K-1) 1.10 X 10-4 1.2 X 10-4 8.36 x 10-4 

 

The first benchmark study is with the work of Wang et al [70] which numerically 

investigated the melting of paraffin RT 60 in a rectangular enclosure of dimension 100 

mm by 30 mm at an angle of inclination of 90 degrees. The schematic for this analysis is 
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similar to that presented in figure 3. The 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 Wang et al [70] are in 

reasonable agreement. At 70 minutes, however, the disparity between the current work 

and that of Wang et al. [70] seems to be more glaring. This could be due to the difference 

in the method used in discretizing the convection term and the momentum-energy 

equation coupling. 

 

 

 

Figure 5: Melting Interface comparing the work of Wang et al and the present work 

 

Furthermore, the result of the current work has been compared with the findings 

of Doostani et 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 with the non-

dimensional Hartman number 30, 50, 70 and 100. It is noteworthy to say that the decision 

to compare the findings of Doostani et al. [52] 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. The thermophysical properties of gallium are listed in Table 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 accurately predict the melting 

interface. In this case, morphology constant of 106 kg/m3s was used for melting of gallium 

Figures 6 shows the comparison of the position of the melting front reported by the 

reference and the current model for the melting of gallium at different Hartmann numbers 

and time. The results are in close agreement for all cases.  
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(d) 

 

(e) 

Figure 6: Melting Interface comparing the work of Doostani et al 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 work of Faden et al. [32]. The 

work of Faden et al. is a two-dimensional problem of melting of octadecane in a square 

cavity of length 40mm with 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 with their experimental 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 

107 kg/m3s gives a comparable result. Figure 7 shows the melting interface evolution from 

our model and the reference. It can be observed that the results melting interface are 

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 discretizing the 

convection term and the momentum-energy equation coupling as well as the use of 

extended domain by the reference.  

 

Figure 7: Melting Interface comparing the work of Faden et al and the present work for 

the melting of octadecane 
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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 octadecane, building on the validated model of Faden et al. [32].  

 

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 effect of magnetic field 

on the melting process will be discussed using the non-dimensional Hartman numbers 0, 

20, 60 and 100. Figure 8 shows the melting front at different Hartman numbers and times. 

Figure 8a shows the melting front for various Hartmann number after 1hour 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 conduction. The magnetic field has no 

effect at the bottom of the enclosure but at the top of the enclosure, we observe a decrease 

in the progression of the melting front. This is more evident at a higher Hartman number 

which shows that the increase in Hartman number can affect the melting process. As 

expected, the fluid motion deteriorates as a result of the role of the magnetic field.  The 

shape of the melting front is affected by natural convection which makes the melting front 

move faster at the top than the bottom of the enclosure  

Likewise, figures 8b-8d show the plot of melting interface for various values of 

Hartmann numbers at the simulation time of 2-4 hours, respectively. Unlike at the 

simulation time of 1 hour, convection is now the dominant heat transfer and it can be 

observed that the magnetic field effect 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. Figure 9 shows 

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 of the dominant heat transfer mechanism being conduction. As the melting 

progress and there is increase in convective flow, the effect of magnetic field on the melt 

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 impacts the rate of melting. 
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(d) 

 

Figure 8: Effect of magnetic field on the liquid fraction for various Hartmann number at 

(a)1hour (b)2 hours (c) 3hours and (d) 4 hours 

 

  
 

Figure 9: Effect of magnetic field on the liquid fraction for various Hartmann number 
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B. Influence of Enclosure Aspect 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 ratios. This will help us to determine the best enclosure design which can 

be influenced by the magnetic field. This was achieved by keeping the area of the cavity 

constant as in the square cavity discussed in the previous section, which signifies that the 

quantity of PCM remains the same. We consider cavity sizes of different aspect ratios of 

2x8, 5x3.2 and 3.2x5 at a constant magnetic field strength equivalent to the one used in 

the previous example. Figure 10 shows the plot of liquid fraction with time for various 

enclosure aspect ratios 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 heat release/ storage during phase change process. As 

shown in figure 9, enclosure geometry can also help in achieving this. It can be observed 

that a horizontally oriented (the longer side is parallel to x-axis) rectangular enclosure 

with cavity size of 5x3.2 cm2 gives the melting fraction with the lower melting rate for all 

the considered geometries. On the other hand, the vertical rectangular enclosures i.e. 2x8 

cm2 gives the highest melting rate. For enclosure design where low melting rate is desired, 

an enclosure design with lower aspect ratio where the thickness is longer than the width 

will be ideal.  

The magnetic field effect is also influenced by the enclosure geometry and the 

comparison is presented in figure 11.  For all investigated geometries, the presence of 

magnetic field causes a reduction in the melting rate. Again, the enclosure with the lower 

melting rate is the cavity size 5x3.2 cm2. Figure 12 shows the plot of the total liquid 

fraction at the end of simulation time of 4 hours for both no-magnetic 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 cm2 while about 24.8% for cavity 

size of 3.2x5 cm2. Similarly, a reduction in the melted fraction of about 18.7% for the 

case of 2x8 cm2 while for the square cavity size of length 4cm recorded about 23% 

decrease in the melted fraction.   

  

Figure 10: Evolution of the liquid fraction for different enclosure geometry 

 

  

Figure 11: Evolution of the liquid fraction for different enclosure geometry with 

constant magnetic field strength 
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Figure 12: Comparison of liquid fraction at the end of simulation time of 4 hours for 

different enclosure geometry 

 

C. Effect of Nanoparticles on the Melting Process of Octadecane in a Square 

Enclosure 

 

 Nanoparticles with high thermal conductivity has been reported to enhance the 

thermal conductivity of phase change materials. In this study, we examine the role of 

nanoparticles on the melting process of octadecane using Copper Oxide and Aluminum 

oxide at a volume fraction of 6%, 10% and 14%. 
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Table 3: Thermophysical Properties of Nanoparticles 

Properties CuO [71] Al 2O3 [72] 

Thermal Conductivity 

(W/m K) 

18 36 

Specific heat (J/kg K) 540 765 

Density (kg/m3) 6510 3600 

Thermal expansion 

coefficient (1/K) 

1.67x10-5 NA 

 

 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 13.  For about 1 hour of the simulation time, there is no significant 

influence of the nanoparticle on the fraction of the melted PCM.   However, at about 2 

hours, there is a significant effect of the nanoparticles on the melting fraction.  It can be 

observed that as the volume of the nanoparticles increased, the fraction of the melted 

phase change material increases. This implies that at the highest nanoparticle volume 

fraction investigated, the melting progress faster and the liquid fraction increased 

significantly at the end of the simulation time. The observable increase in the melting rate 

could be attributed to the enhancement of the effective thermal conductivity of the PCM 

because of the higher thermal conductivity of the nanoparticles used. Comparing the two 

nanoparticles investigated, we could see that there is no significant difference in their 

effect when compared with the pure phase change material.  This point out the fact that 

the higher thermal conductivity of the nanoparticles is not the only factor affecting the 

enhancement of the melting rate. Higher density of the nanoparticles as well as effective 
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viscosity also influence the enhancement. In the process of selecting nanoparticle for 

enhancement of phase change material, it calls for extra care to ensure that the 

thermophysical properties balances well with the PCM for optimal benefit.  

 

  

Figure 13: Variation of liquid fraction with time for different nanoparticles and volume 
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change materials. For this purpose, we subjected the enhanced PCM to a magnetic field 

strength with the Hartmann number 60. Figure 14 shows the plot of the melting fraction 
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the end of the simulation time. Now with the external magnetic field acting on the nano-

enhanced phase change material, we observed decrease in the melted fraction of the PCM. 

Compared with the nano enhanced PCM without magnetic field, thereôs about 21% 

decrease in the melted volume fraction for all nanoparticle volume fraction investigated.  

Similarly, in figure 15, we presented the plot comparing the magnetic field effect 

on the nanoparticle enhanced phase change material at different volume fraction. We 

observed that with 6% volume fraction, there is about 22% decrease in the melting 

fraction while 21% and 20% for 10% and 14% volume fraction of CuO nanoparticle, 

respectively. In previous section, we reported about 23% decrease in the melting fraction 

under the same magnetic field effect without the use of nanoparticle. We can conclude 

that, the use of nanoparticle under magnetic field may not be so economical and 

rewarding for a system where low melting rate is so desired. However, for a system where 

faster melting is important, the use of nano-enhanced phase change material without 

magnetic field could be a better option. 

  

Figure 14: Variation of liquid fraction with time for various volume of Al2O3 under 

magnetic field effect of Ha=60 
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Figure 15: Variation of liquid fraction with time for various volume of CuO under 

magnetic field effect of Ha=60 
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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 the performance of octadecane. Now, we will be discussing our experimental 

findings of the effect of magnetic field on the performance of octadecane.  To best 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 octadecane in the absence of magnetic field, we use a 

two-hour temperature ramp. Figure 16 shows the heat flux curve for octadecane without 

the magnetic field effect. At the start of the experiment the sample was at 15oC. This 

temperature was maintained for two hours by setting the temperature of the aluminum 

plates to 15oC. The sample is completely in the solid state and in thermal equilibrium with 

approximately zero heat flux. Subsequently, the temperature of the aluminum plates is 

increased from 15oC to 40oC in 2 hours and within this time, we have the melting of the 

sample. When the temperature reaches 40oC, the sample remains at that temperature for 

another two hours before the start of the cooling process where the temperature decreases 

to 15oC in two hours. During the cooling process, the sensible heat is released until about 

25000s where solidification process started. This is noticeable by the sudden change in 
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the heat flux. When the set temperature reaches 15oc, the phase change material returns 

to the equilibrium state with essentially zero flux, after the solidification process. 

 
 

Figure 16: 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 field intensity. The properties of the 

magnets are presented in Table 1. Initially, 8 experiments were conducted corresponding 

to different magnet properties. The heat flux curve generated with the first set of 

purchased magnets is plotted in figure 17 and compared with the case of pure octadecane. 

Again, we used a 2-hour temperature ramp for all experiment and the sample is at 

equilibrium with almost zero flux and at a temperature of 15oC. As shown in figure 17, 

there is no significant effect of magnetic field on the heat flux.  
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noticeable effect on the heat flux curve. This led to investigating other sets of magnets 

with dimension equals to or greater than the base of the cavity but different magnetic 

properties.  The magnetic field created by the 40mmx15mmx5mm static magnet shows 

heat flux curve like the case without magnetic field and with slight variations 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 containing the PCM sample and has the 

magnetic field strength of 240.1mT. The 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 between the heat 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 the thermal conductivity of the sample which 

causes a decrease in the thermal conductivity. This observation has been earlier reported 

for ferrofluid by [73]. 

 Figure 19 shows the heat flux curve for static magnet of dimension 

40mmx20mmx1mm, 40mmx20mmx2mm, and 40mmx20mmx5mm as well as 

20mmx10mmx4mm and 40mmx25mmx15mm 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 container. This sets of magnets have a 

corresponding magnetic field strength of 42.3mT, 84mT, 197.8mT, 392.9mT and 

91.3mT. The result as shown in figure 19a shows that the magnetic field with static 

magnet of 20mmx10mmx4mm shows a similar heat flux curve with no magnetic field. 
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The behavior of the melting and solidification looks similar except for slight variation in 

the peak heat flux.   

However, as shown in figure 19b, as the depth of the neodymium magnet 

increases, we observe that the flux increases which is more pronounced during the melting 

process. Please note that the increase in the depth of the investigated magnets correlate 

with the increase in the magnitude of the magnetic field. It can be observed that the 

melting and solidification behavior of the magnet is affected by the magnetic field.  Figure 

19c shows that the magnet with the dimension 40mmx20mmx1mm has the lowest peak 

heat flux during the melting process and is also lesser than that of no magnet. This shows 

that there is a reduction in the heat transfer between the source and the PCM.  

 On the other hand, we observe the highest heat flux with the magnet with the 

dimension 40mmx20mmx5mm. Similarly, 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 field and the behavior of the melting and 

solidification is affected. We 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 cases, there is also a correlation between the increase in magnetic 

field and the heat flux. We hypothesize that there are two competing phenomena that are 

controlling the effect of magnetic field on the phase change process. One of these 

phenomena is the magnetic force that affects 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 magnetic field; hence convection is affected more and heat flux 

is lower than the case of no magnet. However, the increase in magnetic field leads to an 

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






















