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Abstract 

Present thesis reports the theoretical investigations pertaining to the heat transfer 

characteristics of phase change materials (PCMs) during melting/solidification 

incorporating volumetric expansion and shrinkage void in the thermal energy 

system.  The objective of the present study is to investigate the thermal 

performance of PCM based systems for numerous applications including thermal 

management of electronic devices and thermal energy storage systems.    

            Initially, a one dimensional analytical model is proposed to analyze the 

solidification/melting of phase change materials (PCMs) incorporating the 

shrinkage/expansion void in an annulus. An air-PCM system is considered in the 

analysis; paraffin wax is considered as PCM and filled inside the annulus, while 

air is considered inside the void. Separation of variable method involving Bessel’s 

function is employed to obtain temperature distribution for air, solid and liquid 

domains and to locate interface positions. Stefan condition and mass conservation 

equation are used at the interfaces. Effect of various parameters such as density 

ratio, end wall temperature, and radius ratio on the solidification/melting of PCM 

have been investigated. Results obtained from the analytical model are found to 

be in good agreement with the existing test results. 

            Next, the analysis is extended to investigate the thermal performance of 

PCM/PCM-metal foam (MF) composite based rectangular energy storage system 

incorporating the volumetric change and void in PCM with steady and transient 

heat loads. Separation of variable method with Bessel function has been employed 

to solve the conduction equation associated with different thermal boundary 

conditions; Stefan condition and mass balance equation are used to locate the 

interface position. Paraffin wax and copper is considered as PCM and MF 

material, respectively. Solutions are obtained for temperature distribution and 

interface position for different domains namely, air, solid, and liquid. Effect of 

various parameters such as density ratio, wall heat flux, convective heat transfer 

coefficient, and porosity on the melting/solidification of PCM are investigated. 
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Also, the energy stored/extracted in PCM-MF composite is greater compared to 

pure PCM. The theoretical prediction exhibits good agreement with existing test 

data.  

Keywords: Phase change material (PCM), Shrinkage/expansion, Void, Metal 

foam (MF), Melting/solidification 
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Chapter 1 

Introduction and Literature Review 

 

1.1  General background 

Global annual energy consumption has increased by more than 350% 

since 1965, which is equivalent to the energy consumption of 14186.6 million 

tons of oil by 2016 [1]. During 2016, nearly 86% of the total global primary 

energy consumption was obtained from fossil fuels (oil, natural gas, and coal), 

10% from renewable sources and 4% from nuclear energy. Excessive use of fossil 

fuels result in the increase in greenhouse gases and leads to global warming and 

environmental pollution. As per the US energy information administration report 

[2], the use of global energy, in various sectors, will increase from 1.7×1011 MWh 

to 2.2x1011 MWh between 2015 and 2040. This has motivated various researchers 

to design thermal energy storage (TES) system for storing and later utilizing the 

energy from renewable sources. 

In addition to this, the use of electronic devices such as tablet, laptop, 

computers (PCs), and mobiles have been significantly increased because of 

advance in technology [3]. Because of higher power density, the heat generation 

increases significantly and affects the reliability and performance. Also, it has 

been observed that holding a tablet PC with surface temperature exceeding 42 to 

45 °C (in the back side) can lead to severe user discomfort [4-8]. With the rise in 

operating temperature of 1oC, device life can be reduced by 4%. Also, device 

failure can happen with 10oC to 20oC rise in operating temperature [9-10]. In such 

a case, suitable passive cooling technique needs to be developed for the thermal 

management and safe operation of electronic components. In view of this, efforts 

have been made to develop passive cooling techniques for thermal management 

of portable electronic devices. PCM based thermal management technique can 

play an important role as the passive cooling technique for the portable devices. 

The TES systems are classified as sensible heat thermal energy storage 

(SHTES) system and latent heat thermal energy storage (LHTES) system. Later 
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option is the more promising candidate compared to the former one due to 

constant temperature phase transition and high energy storage in a small volume. 

Phase change material (PCM) based LHTES system is the most effective thermal 

energy storage and thermal management technique due to higher energy storage 

density and constant phase transition. Also, PCM plays an important role to 

balance the supply and demand in various sectors such as industrial, domestic, 

and commercial applications. In addition, PCM based LHTES systems finds 

application in building, waste heat recovery, aerospace, photovoltaic (PV) system, 

automobiles, solar water heating, electronic cooling, and thermal comfort [11-23].  

1.2     Thermal energy storage (TES) system 

Thermal energy storage system is the promising candidate to smoothen the 

temporal variation of energy supply and demand. It can be used to recover the 

excess amount of heat produced in various industries, commercial and domestic 

sectors. TES systems are classified as follows: 

• Sensible heat thermal energy storage (SHTES) system 

• Latent heat thermal energy storage (LHTES) system 

• Thermochemical heat thermal energy storage (THTES) system 

1.2.1 Sensible heat thermal energy storage system (SHTES) 

In SHTES, the, heat is stored in the material due to the rise in temperature. 

Either liquid or solid can be used as the sensible heat storage material; while, the 

liquid based SHTES are bulkier compared to solid based systems. Sensible heat 

storage depends on the mass and its specific heat of the material. Expression for 

sensible energy stored in a TES system is as follows. 

f

i

T

s p

T

Q m C dt=   (1.1) 

1.2.2 Latent heat thermal energy storage system (LHTES) 

            In case of LHTES, the energy is stored/released during change of phase of 

the material, which occurs at a constant temperature. The energy, in PCMs, is 
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stored in three different forms such as solid to solid, solid to liquid, and liquid to 

vapor. In case of solid to solid transition, heat is stored or released when material 

change its lattice structure. In such a case, the volume change is less and there is 

no leakage problem. While, during solid to liquid transition, the phase change 

occurs, with latent heat interaction, nearly at constant temperature with volumetric 

changes. On the contrary, during liquid to vapor transition, large amount of 

volumetric change occurs at faster rate, which may lead the failure of storage 

system. Latent heat stored can be expresses as: 

lQ mh=  (1.2) 

Here, h is the latent heat fusion and m is the mass of the system. 

1.2.3 Thermochemical heat thermal energy storage system 

(THTES) 

In THTES, the energy stored/ released with the breaking/forming of new 

molecular bonds in a reversible chemical reaction. In general, higher amount of 

heat energy is required to provide the binding energy to break the bond/form a 

new bond. The THTES depends on the mass, enthalpy of the system and fraction 

of the reaction; expressed as: 

Th eQ m h =   (1.3) 

 

1.3     Thermal management system 

            Currently, the usage of electronic devices has increased due to increase in 

technology. In addition to this, the multi features and compact device generates 

more amount of heat. The removal of excess heat is important as the failure of 

devices increases beyond a certain temperature. Moreover, in most of the PCs or 

electronic devices the heat generation fluctuates with time. One needs to propose 

the novel thermal management techniques to dissipate the generated heat and 

prevent the failure of electronic components.  Thermal management techniques 
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are broadly classified as active and passive cooling techniques. The active thermal 

cooling techniques, that employ liquid and air, are not preferred for certain 

applications due to various reasons such as large space requirement, higher 

maintenance, higher power requirement and higher noise level which in turn 

result in higher operating cost. On the contrary, passive thermal management 

techniques are found to be cost effective and efficient. The active cooling 

techniques can be achieved by forced air cooling, forced liquid cooling and 

thermoelectric heat pump. While, the passive cooling techniques include heat 

sinks, heat pipes, heat spreaders and Phase change materials. Phase change 

material (PCM) based thermal energy storage can absorb the excessive heat 

generated during spikes and able to dissipate during the rest period. This 

arrangement can significantly reduce the temperature related failure of electronic 

components. 

 

1.4     Phase change material 

Phase change material can release/ absorb sufficient amount of heat during 

its phase change process. The PCM change its phase at a constant temperature and 

during this process it can store or release large amount of energy with a small 

volume change.  During melting process, PCM takes energy from the hot fluid 

and stores energy nearly at constant temperature in the form of latent heat, while, 

during solidification process, PCM releases energy. The energy storage process in 

PCM is shown in Fig. 1.1. 
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Fig 1.1 Energy storage in PCM 

 

 

 

Fig 1.2 Types of PCM 
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Table 1.1   Comparison of different PCMs property [28-37] 

Property Organic Inorganic Metallics 

Latent heat Fatty acids: 100–250 

J/g Methyl esters: 

205-260 J/g Sugar 

Alcohols: 200-310J/g 

Paraffins: 173-270 

J/g 

90 – 495 J/g 15-570 J/g 

Conductivity 0.14 - 0.4 W/m.K 0.5-1.3 W/m.K 8-238 W/m.K 

Specific heat 1.5 – 2.9 J/g.K 2.5 – 5 J/g.K 0.2-1.5 J/g.K 

Density 0.7-0.98 kg/m3 1.3-2.5 kg/m3 1730-7040 

kg/m3 

Supercooling Minimal to Self-

nucleating 

High Minimal 

Melting Very sharp Wide sharp Very sharp 

Phase separation No phase separation Phase 

separation 

No separation 

Thermal stability Mostly stable Mostly unstable Stable 

Flammability Some are Flammable Non-flammable Non-flammable 

Corrosiveness Mostly Non-

corrosive 

Corrosive Non-corrosive 

Cost Moderate Low Low to High 

Availability Widely available Widely 

available 

Varies 
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Phase change materials are categorized as organic, inorganic, and eutectic salt 

mixture (Fig. 1.2). Organic PCMs such fatty acids are widely used in various 

thermal energy storage systems. Most of the organic PCMs have sharp melting, 

good thermal stability, non-corrosive, and non-toxicity [24-25]. The main 

disadvantage is their poor thermal conductivity and limited range of phase 

transition temperature. The organic PCMs include stearic acid, palmitic acid, and 

oleic acid. The inorganic PCMs have high thermal conductivity compared to 

organic compounds, wide range of melting temperature, higher density, and low 

cost [26, 27]. The inorganic PCMs include potassium fluoride tetra hydrate 

(KF.4H2O), manganese nitrate hexahydrate (Mn (NO3)2.6H2O), and calcium 

chloride hexahydrate (CaCl2.6H2O). The salt hydrates have poor thermal stability 

and phase separation upon cyclic heating and cooling, which is the major 

drawback of this kind of PCMs [26]. The eutectic mixtures, are the promising 

candidate for many heat storage applications, exhibit high thermal conductivity, 

high latent heat, high specific heat, and high density. However, further 

investigation is required to analyze their thermo-physical properties. Detailed 

thermo-physical properties of various PCMs can be seen in Table 1.1. 

 

1.5    Various thermal conductivity enhancement techniques 

           Although, PCMs exhibit various advantages, because of lower value of 

thermal conductivity the thermal performance of the system decreases. The 

thermal conductivity of most of the PCMs vary between 0.1 to 0.6 W/m-K. 

Various thermal conductivity enhancement techniques are employed to increase 

the thermal conductivity of PCM. These include incorporation of various thermal 

conductivity enhancers (TCEs) such as extended surfaces, multiple PCMs, nano 

particles and porous matrix in the PCM. The details are elaborated below. 

 Extended surfaces 

Extended surface, provide extra surface area, are used for the heat transfer 

enhancement in the PCM based TES system. This method is widely used due to 
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its various advantages such as simplicity, ease in fabrication and low cost of 

construction. Extended surfaces are usually fins involving various shapes such as 

circular, square, rectangular and triangular. The efficiency of the system is found 

to depend on the fin geometry, size, orientation, and number. It is observed that 

fins increase the natural convection heat transfer in the molten PCM while in solid 

phase heat transfer increased by conduction. 

 

Multiple PCMs 

Multiple PCMs are used to enhance the heat transfer process as it is 

maintains nearly constant temperature difference between HTF and molten PCM. 

In case of single PCM system the temperature drops significantly which 

deteriorate the heat transfer process. During charging process, the multiple PCMs 

are arranged in decreasing order of their melting point in the flow direction of the 

heat transfer fluid (HTF) to maintain constant temperature difference. While, 

during discharge process, the flow direction of the HTF is reversed, i.e, in the 

increasing orders of the melting point of PCMs. This method is found to be more 

efficient during homogeneous phase change process.  

 Nano particle 

Nanomaterials/ nanoparticles are nanometer sized particles usually composed 

of metals, oxides, non-metals and carbides. When these nanoparticles are 

dispersed in PCM, they are termed as nano enhanced PCM (NePCM). The use of 

NePCM exhibits superior performance compared to pure PCM based systems for 

certain quantity of nanoparticle concentration.  The thermal performance PES is 

found to depend on nanoparticle type, size, and concentration in the PCM. 

 Porous matrix 

The porous matrix made of aluminum, carbon, and copper is infiltrated in 

PCM and termed PCM-Foam composite. The PCM-Foam matrix is found to 

significantly increase the thermal conductivity of and results in the increase in the 
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heat transfer. The heat transfer performance is found to depend on the porosity of 

the material, and pore size of the structure.  

1.6     Review of literature 

Various studies have been made to analyze the thermal performance of TESs 

involving rectangular, annulus and spherical configuration. These studies mostly 

consider analytical methods, numerical techniques and experimental investigation 

to analyze the performance. Most of the studies predict the temperature 

distribution in different domains and obtain the solid liquid interface position with 

time. Various analytical methods such as the perturbation method, the Megerlin 

method, the quasi-stationary approximation, Kantorovich method, and the heat 

balance integral method (HBIM) have been used to obtain the solution [42-43]. 

Phase change process in PCMs is complex non-linear problem that involves 

moving solid-liquid interface; termed as Stefan problem [43]. However, most of 

the analytical and numerical studies usually neglect the volumetric change in 

PCM during phase transition. During the phase transition of PCM in TES, small 

amount of air can be trapped inside the TES which may alter the heat transfer 

process. Alternatively, due to the difference in the density, small void/shrinkage 

may be generated during phase transition, which may alter the performance of the 

system. Therefore, the effect of void should be considered during analysis of 

thermal performance of TES with PCM.  Some of the important studies relevant 

to the present work are mentioned in the following sections. 

1.6.1    Steady heat load 

 Studies without consideration of volumetric change 

Over the years, various analytical [42-53] and numerical studies [54-59] have 

been made to analyze the melting and solidification process of PCM. Efforts have 

been made to propose the analytical solution by assuming semi-infinite domain in 

the liquid phase [44-45]. The authors neglected the solidification shrinkage effects 

on heat transfer during solidification of PCMs. Mazzeo et al. [46] developed an 

analytical model for the solidification and melting of PCM in a finite TES.  
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Table 1.2   Various studies without consideration volumetric change 

Author Process Geometry Nature of 

study 

Boundary 

condition 

Parameter 

investigated 

Mosaffa 

et al. [52] 

Solidification Rectangle Analytical 

and 

Numerical 

Convective 

air 

Cell aspect ratio, 

HTF temperature, 

Convective heat 

transfer coefficient. 

Kothari 

et al. [53] 

Solidification Rectangle Analytical Constant 

wall 

temperature, 

Constant 

heat flux, 

and 

Convective 

air 

Aspect ratio, Heat 

flux, End wall 

temperature, 

Convective heat 

transfer coefficient. 

Talati et 

al. [54] 

Solidification Rectangle Analytical 

and 

Numerical 

Constant 

heat flux 

Cell aspect ratio, 

Solid fraction of 

PCM. 

Lamberg 

[55] 

Solidification Rectangle Analytical 

and 

Numerical 

Constant 

wall 

temperature 

Fin temperature, Fin 

length, Width to 

height ratio (  ) of 

the storage. 

Saha et 

al. [56] 

Melting and 

Solidification 

Rectangle Analytical 

and 

Numerical 

Constant 

heat flux 

and 

convective 

air 

Heat flux, Effective 

heat transfer 

coefficient (heff), 

PCM height, 

Thermal conductivity 

enhancer (TCE). 

Bechiri et 

al. [57] 

Melting and 

Solidification 

Cylindrical Analytical Convective 

wall 

Heat transfer fluid 

temperature, cylinder 

size, Biot number, 

and heat generation 

value. 
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In their study, the two-phase Stefan problem is solved by considering the periodic 

boundary conditions of temperature and heat flux. In another study, the same 

authors [47] developed an analytical model for sinusoidal boundary condition. 

Singh et al. [48] analyzed the 1-D phase change Stefan problem in a semi-infinite 

domain with convective boundary condition. The authors considered the 

temperature dependent thermal coefficients and the movement of phase change 

material in the system. Mosaffa et al. [49] proposed an analytical model for 

solidification of PCM in a shell and tube configuration. The authors employed 

Separation of Variable method and Bessel’s function to obtain temperature 

distribution and position of solid-liquid interface. Bansal et al. [50] analyzed the 

thermal behavior of PCM during charging and discharging in cylindrical 

configuration using Bessel’s function. Kothari et al. [51] analyzed melting and 

solidification in an annulus with constant heat flux and convective air boundary 

conditions. The authors employed Kantorovich method for the analysis. In 

another study, the authors employed Heat Balance Integral Method (HBIM) to 

solve the conduction equation in the PCM and fin for a PCM based finite TES 

involving fins [53]. They reported the solution for temperature distribution, and 

interface location of solid-liquid. Voller et al. [59] proposed a numerical model 

with enthalpy formulation technique to study the convection/diffusion phase 

change problem valid for either isothermal phase change or over a range of 

temperature. In another analysis, the same authors [60] studied solidification of a 

binary alloy through numerical investigation without considering volumetric 

effects. Bennon et al. [63] numerically studied the binary solid-liquid phase 

change system. Table 1.2 shows various studies without considering volumetric 

change during melting and solidification of PCM. 

 

Studies with consideration volumetric change 

It may be noted that studies, discussed in the previous section, neglect the 

effect of shrinkage/expansion during solidification/melting of PCM. This may be 

due to the fact that the authors consider same value of density for solid and liquid 
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phases. However, PCM density varies with temperature and it possess different 

value of densities in solid and liquid phases. Expansion or shrinkage of PCM may 

occur during the solidification and melting process depending on the density 

variation and therefore the void is created in the TES system. Additionally, some 

amount of air is trapped between different PCM layers during filling of PCM in 

the TES system and results in the formation of void during melting and 

solidification process. Air in the void act as an insulator during heat transfer in 

PCM based LHTESS and thus affects the thermal performance of the TES 

system. Some of the studies [42, 64-79, 80-81] consider the void in the model 

during solidification and melting of PCM in their investigations. Alexiades and 

Solomon [42] proposed an analytical model incorporating void near cold wall for 

a semi-infinite domain; the authors proposed solution for constant air-solid 

interface. Monde and Chakraborty [74] studied volumetric expansion and 

shrinkage due to the difference in solid and liquid densities of PCM. Santiago et 

al. [75] carried out analytical investigation to predict the behavior of a one 

dimensional liquid-solid phase transition in the asymptotic time regime by 

considering volumetric effects through mass conservation. They employed Heat 

Balance Integral Method (HBIM) to obtain the solution. Solomon et al. [76] 

analyzed the effect of void during solidification of an encapsulated PCM in 

spherical configuration. They considered void near the cold wall. Hassab et al. 

[77] carried out numerical investigation and compared melting process of wax 

with and without volumetric expansion. The authors reported that significant 

difference in the melting time is obtained at low Biot number. Chiew et al. [78] 

investigated the effect of void considering two cases; one with 100% PCM and 

other with 80% PCM and 20% air gap in the TES system. The authors concluded 

that air acts as an insulator and effect the heat transfer performance. Janghel et al. 

[79] developed a one-dimensional semi-analytical model for the finite domain of 

air-PCM systems in order to analyze the formation of void during the 

solidification shrinkage. The authors employed Separation of Variable Method 

and observed that the effect of void growth due to shrinkage is more significant 

when density ratio is 1.1. Yang et al. [82] reported the numerical solution of PCM 
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embedded in MF considering volumetric changes during melting process. Melting 

rate of PCM was found to be affected by shrinkage/expansion of PCM. Table 1.3 

shows various studies with consideration of volumetric change during melting and 

solidification of PCM 

 

Table 1.3   Various studies with consideration volumetric change 

Author Process Geometry Nature of study Boundary 

condition 

Parameter 

investigated 

Monde et 

al. [74] 

Solidification Rectangle Analytical Isothermal and 

adiabatic wall. 

Density ratio. 

Santiago 

et al. [75] 

Melting and 

solidification 

Rectangle Analytical and 

Numerical 

Constant wall 

temperature 

Length and mass 

of the system. 

Janghel et 

al. [79] 

Solidification Rectangle Analytical and 

Numerical 

Constant wall 

temperature 

and adiabatic 

wall 

Density ratio, 

Cold wall 

temperature, 

Initial 

temperature of 

PCM, Thermal 

conductivity 

with macro 

porosity. 

 

Effect of Nano-particle 

Studies have been carried out to analyze the effect of nanoparticle embedded 

phase change materials on the thermal performance [83-101]. It was argued that 

inclusion of nanoparticles with PCM may either enhance or deteriorate the 

thermal performance of PCM based system, which depends on the geometrical 

design, PCM type, type of nanoparticles and volume fraction of nanoparticles. 

Bechiri et al. [57] proposed an analytical model to study the melting and 

solidification of PCM embedded with nano particles.  
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Table 1.4    Various studies related to effect of addition of nano-particle in the 

PCM 

Author Process Geometry Nature of 

study 

Boundary condition Parameter 

investigated 

Bondareva 

et al. [86] 

Melting Rectangle Numerical Convective and 

insulated wall. 

Nano-particle 

concentration, 

inclination angle,  

Bondareva 

et al. [87] 

Melting Rectangle Numerical Constant heat flux Volume fraction of 

nano-particles, 

finning length and 

intensity of heat 

generation inside 

the heat source 

Ghalambaz 

et al. [88] 

Melting  Rectangle Numerical Constant wall 

temperature 

Nano-particle 

volume fraction, 

various types of 

nano-particle 

Sheikholesl

ami et al. 

[90] 

Solidific

ation 

Wavy 

shape 

cylinder 

Numerical Constant wall 

temperature 

Nano-particle 

volume fraction, 

particle diameter, 

Length, and angle 

of fin. 

Alizadeh et 

al. [93] 

Solidific

ation 

Cylinder Numerical Constant wall 

temperature 

Geometric 

parameters of Y-

shaped fins 

including the 

bifurcation angle 

and fin length 

Alizadeh et 

al. [95] 

Solidific

ation 

Cylinder Numerical Constant wall 

temperature 

Nanoparticles 

shape factor, 

radiation parameter 

and fractal pat-tern 

iteration 
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Volumetric heat generation has been considered in their model. Solutions are 

obtained by employing separation of variable method and exponential integration 

function. The efficiency of the TES system is found to be greater and lower than 

unity with positive and negative heat generation, respectively [57]. Kalaiselvam et 

al. [101] analyzed the heat transfer through PCM dispersed with nano particles in 

a spherical container by employing quasi steady approximation method. The 

authors reported the solution for temperature variation, interface positions, rate of 

solidification and melting; the melting and solidification rate is found to be 

enhanced by addition of nanoparticles. Table 1.4 shows various studies related to 

effect of addition of nano-particle in the PCM. 

 

Effect of porous matrix 

            Apart from fins and nanoparticles, porous matrix structure is widely used 

to enhance the thermal performance of PCM based systems [82, 102-110]. 

Hossain et al. [107] proposed a numerical model to investigate the free convection 

melting process in a rectangle enclosure with PCM-metal foam (MF) composite 

involving constant temperature boundary condition at the top and adiabatic 

condition at the bottom. The melting time of PCM is found to be reduced with the 

inclusion of MF in PCM. Based on the natural convection study of PCM in a 

cavity filled with porous medium, it was argued that with the increase of Rayleigh 

number or Darcy number the heat transfer rate improves in PCM [109]. Table 1.5 

shows various studies related to effect of addition of porous matrix in the PCM. 
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Table 1.5     Various studies related to effect of porous matrix 

Author Process Geometry Nature of 

study 

Boundary 

condition 

Parameter 

investigated 

Sivasankaran 

et al. [102] 

Melting Rectangle Numerical Constant wall 

temperature 

Nano-particle 

volume fraction, 

porosity, Rayleigh 

number, Nusselt 

number. 

Sardari et al. 

[103] 

Charging 

and 

discharging 

Rectangle Numerical Constant wall 

temperature 

Metal foam 

porosity 

Paknezhad et 

al. [104] 

Melting  Rectangle Experimental Constant heat 

flux 

Incline angle. 

Foam porosity, 

heat flux 

Zheng et al. 

[106] 

Melting Rectangle Experimental Constant heat 

flux 

Effect of copper 

foam and heater 

position 

Jethelah et 

al. [109] 

Melting Cylinder Numerical Constant wall 

temperature 

Geometric 

parameters of Y-

shaped fins 

including the 

bifurcation angle 

and fin length 

Zhu et al. 

[110] 

Melting Rectangle Experimental Constant heat 

flux 

Pore size of 

copper foam, 

heating power 

 

1.6.2     Studies considered transient boundary condition 

            Most of the above studies consider steady heat load for the analysis, while 

in real situation the heat load can be cyclic or transient in nature. Many a times, 

the electronic devices undergo sudden periodic or pulse heat generation, load 

transition, irregular switching, irregular change of operation. In such a case, 

because of fluctuating/transient loads thermal shocks may develop and may 

deteriorate the thermal performance. Also, because of mismatch between the 
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availability and demand of energy, the heat load on thermal energy resources vary 

with time. In view of this, numerous studies have been made to address the effect 

of transient/cyclic heat load on the thermal performance of PCM based systems. 

Analytical models are proposed to analyze the solidification and melting behavior 

of PCM in a finite TES with periodic temperature/heat flux [46] and sinusoidal 

[47] boundary conditions. The position of interface was obtained as the sum of 

steady component and a fluctuating component with mean value equal to zero. 

Chakraborty et al. [110] proposed an analytical model to study the 

melting/solidification behavior of PCM for constant heat flux and convection 

boundary conditions at the walls by employing variational formulation method 

coupled with the Kantorovich method. The transient cooling behavior of paraffin-

nickel foam composite thermal systems in an annulus was studied through 

numerical investigation [112]. In their study, pulse heat load is applied at inner 

surface and outer surface is maintained at convective cooling. The cooling power 

was found to increases by four times using PCM-MF composite compared to pure 

PCM. 

 

1.7     Scope of the present investigation  

The literature review reports various available analytical models on the heat 

transfer performance of thermal energy storage and thermal management systems. 

These studies consider the effect of various parameters such as voids, TCEs, input 

heat load condition on the thermal performance. Also, studies have been made 

that consider various parameters such as length of the fin, dimension of the 

container, inclination angle, volume concentration of the nano-particles, porosity 

and pore size of the metal foam, on the thermal performance. Nevertheless, 

following issues are identified that need further investigations and are detailed 

below: 

• Limited analytical studies are available that consider the effect of air voids 

during melting/solidification process of PCM. It is observed that voids 

present in TES affects the thermal performance and therefore, the effect of 
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air voids need to be incorporated in the model while designing TES 

system. 

• The effect of various parameters such as density ratio, radius ratio, and 

cold wall temperature on the heat transfer performance for cylindrical TES 

involving air voids during solidification/melting has not been reported 

extensively in the literature. 

• Limited studies have been made that consider effect of 

expansion/shrinkage and air void on thermal performance during design of 

PCM based thermal management systems involving different geometries. 

• Many a times, electronic devices undergo sudden periodic or pulse heat 

generation during its operation; therefore, studies need to be made to 

analyze the effect of transient/cyclic heat load on the thermal performance 

of PCM based systems. Very often, these models neglect the effect of 

volumetric changes (shrinkage and expansion) in the analysis.  

• Analytical studies incorporating the effect of voids on PCM-metal foam 

(MF) composite based heat sinks for transient heat loads has not been 

reported in the literature. Efforts should be made to study the effect of 

transient heat load/pulse heat load on the thermal performance. 

The present study is aimed to obviate some of the issues highlighted above. The 

aim of the present thesis is to analyze the effect of volumetric change and air void 

in PCM on the thermal performance of PCM based systems considering two 

geometries mainly annular and rectangular. Here, expansion is considered during 

melting while shrinkage during solidification. Also, efforts have been made to 

analyze the heat transfer performance with incorporation of metal foam along 

with PCM in heat sinks involving steady and transient heat loads. The separation 

of variable method using Bessel function has been employed to solve the 

conduction equation associated with different thermal boundary conditions. Effect 

of various parameters such as density ratio, wall temperature, wall heat flux 

condition, convective heat transfer coefficient, radius ratio, and porosity of MF on 

the thermal performance is investigated.  
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The organization of the thesis is as follows: 

Chapter 1: This chapter introduces a brief description of the phase change 

material along with various types of thermal energy storage systems. A brief 

literature review is reported; the scope and objectives are highlighted in this 

chapter.  

Chapter 2: Chapter two presents the analytical investigation pertaining to the 

solidification and melting of phase change material involving 

shrinkage/expansion void in an annulus. Here, efforts have been made to study the 

effect of various parameters such as air void, density ratio, radius ratio, and wall 

temperature on the thermal performance.  

Chapter 3: This chapter reports the thermal performance of PCM-MF composite 

inside rectangular domain with volumetric expansion/shrinkage during 

melting/solidification process. The effect of various parameters such as density 

ratio, wall heat flux, convective heat transfer coefficient, and porosity of MF on 

thermal performance is analyzed. The energy efficiency of storage systems with 

pure PCM and PCM-MF matrix is reported.  

Chapter 4: Conclusions obtained from the present analytical investigations are 

presented in this chapter. Scope for further investigation is also discussed. 
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Chapter 2 

Melting and solidification model of phase change 

material with volumetric shrinkage/expansion void 

in an annulus 

2.1   General background 

It may be noted that many a times air voids are present in the thermal energy 

storage (TES) system. This may be due to various reasons such as entrapment of 

air bubbles between the PCM layer while filling the TES container and the air 

voids are provided to accommodate the possible volume expansion/shrinkage of 

PCM due to melting/solidification process. This occurs because of the large 

density difference of solid and liquid phases of PCM. The air voids act as an 

insulating layer and lowers the heat transfer performance. Therefore, the effect of 

air voids needs to be taken into account while designing TES system. Limited 

analytical studies are available [74, 79] that consider the effect of air voids during 

solidification process of PCM. Both the studies consider rectangular TES system 

for the analysis. It may be noted that TES involving cylindrical geometries are 

widely used in variety of applications because of higher efficiency and lesser 

volume [113]. These includes space and green house heating [114, 115], solar 

heating and cooling [113], and domestic hot water system [113]. The effect of 

various parameters such as density ratio, radius ratio, and cold wall temperature 

on the heat transfer performance for cylindrical TES involving air voids during 

solidification/melting has not been reported in the literature. Also, the movement 

of solid-liquid interface changes during solidification and melting process due to 

different melting and solidification temperature and varying thermal conductivity 

of PCM. It is expected that the air void may hinder the melting process of PCM.  

In this chapter, efforts have been made to propose an analytical model to 

analyze the solidification/melting behavior of PCM in cylindrical TES 

considering voids to incorporate volume shrinkage/ expansion of PCM due to 

solidification/melting process.  Separation of variable method using Bessel 
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function has been employed for all domains, namely, air, solid and liquid to 

obtain the solution. Effect of various parameters, namely density ratio, radius ratio 

and cold wall temperature on the heat transfer performance have been analyzed 

for cylindrical TES.  

 

2.2     Description of the physical problem 

Here, pure paraffin wax having solid to liquid density ratio ~1.16 has been 

chosen as a PCM and the thermo-physical properties of solid and liquid phases 

are presented in Table 2.1 [79]. Due to the density difference, shrinkage and 

expansion takes place during solidification/melting of PCM, respectively in an 

annulus and leads to formation of void either near the cold or hot walls. 

 

Table 2.1   Thermo-physical properties of paraffin wax 

Properties Solid phase (200C) Liquid phase (700C) 

Density (kg/m3) 916 790 

Thermal conductivity (W/m-K) 0.346 0.167 

Specific heat (J/kg-K) 1770 1770 

Melting temperature (K) 337 - 

Latent heat (J/kg) 173500 - 

 

Fig. 2.1(a) shows the schematic diagram of the annular cavity with inner 

and outer radius of 2 mm ( inR  = 0.25) and 10 mm ( outR  = 1.25), respectively. The 

height (H) of the annulus is taken as 15 mm ( h  = 1.875). Here, two cases are 

analyzed, viz. (i) evolution of void near the cold wall while other walls are 

maintained at adiabatic condition during solidification of PCM, and (ii) evolution 

of void near the hot wall while other walls are maintained at adiabatic condition 

during melting of PCM. 
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(a) 

                                 

                            (b)                                                                               (c) 

Fig. 2.1(a) Schematic diagram of the physical domain with PCM in an annulus, 

(b) One dimensional formulation for solidification process with void near cold 

wall (c) One dimensional formulation for melting process with void near hot wall 

Figs. 2.1(b) and 2.1(c) represent the physical domains for the solidification 

of PCM with void near the cold wall and melting of PCM with void near the hot 

wall, respectively. At particular time instant (t), air-solid interface (in case of 

solidification), air-liquid interface (in case of melting) and solid-liquid interface 

are located at Ras(t), Ral(t) and Rsl(t), respectively from the center of the annulus. 

In practical scenario, the initial values of Ras(t) or Ral(t) and Rsl(t) remain same for 

solidification and melting. One needs to consider different initial values of Ras(t) 

or Ral(t) and Rsl(t) to obtain the solution [79]. Here, the initial positions of air-

solid interface (Ras(t)) and solid-liquid interface (Rsl(t)) is chosen as 2.299 mm (

asR  = 0.29) and 2.30 mm ( slR  = 0.288) from center of the annulus, respectively 

for solidification analysis of PCM. While, for melting analysis of PCM, the initial 

positions of air-liquid interface (Ral(t)) and solid-liquid interface (Rsl(t)) is chosen 



24 

as 4.0 mm ( alR  = 0.5) and 4.01 mm ( slR  = 0.501) from the center of annulus, 

respectively. During initial phase of solidification, temperature drops in the air 

domain and air-solid/solid-liquid interface moves towards the adiabatic wall and 

the thickness of void tends to increase in the annulus. While during melting 

analysis, PCM expands, and thickness of void starts to decrease, and temperature 

increases in the air domain. 

Following assumptions are made for the analysis for solidification and melting 

analysis of PCM with consideration of void [79]. 

(i) Constant thermo-physical properties of air, solid and liquid are considered in 

the respective phases. 

(ii) Conduction is considered as dominant mode of heat transfer; the effect of 

buoyancy and gravity are considered to be negligible. 

(iii) PCM is considered as pure material with isothermal melting and 

solidification. 

(iv)  Initially, the difference in the values of Ras(t) or Ral(t) and Rsl(t) is assumed to 

be very small. 

 

2.3 Mathematical formulation 

       The one dimensional governing equation for three domains, namely, air, solid 

and liquid for solidification and melting of PCM in an annulus (Fig 1a) is given 

by 
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And   is the thermal diffusivity of the domain. 

The above equation can be converted into non-dimensional form with the use of 

following non-dimensional parameters. 
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And the non-dimensional form of air-solid, air-liquid and solid-liquid interface 

position can be expressed as follows. 
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Therefore, Eq. (1.1) can be converted into non-dimensional form for the three 

domains as follows: 
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For melting 

air domain, 
0

1 1a a
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   
 =       

 
( )0in alR r R F   

                     
(2.4a) 

liquid domain, 
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( ) ( )0 0al slR F r R F                  (2.4b) 

solid domain, 
0

1 s sr
r r r F

    
 =      

 
( )0sl outR F r R                          (2.4c) 
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Subjected to following initial and boundary conditions 

,  0in ar R  = =  For solidification and melting (2.5) 

0 0,  1oF = =  For solidification and melting (2.6) 

 ,  at , ,  for solidification and melting

,  at ,  for solidification

,  at ,  for solidification and melting

,  at ,  for melting

,  at ,  for 

as sl

as

z

sl

al

sl

a z p r R R

z p r R
s

z m r R

z p r R
l

z m r R





  



  = = =

 = =
= = 

 = =

 = =
=

 = = solidification and melting








 
 
 

 

 

(2.7) 

(2.8a) 

(2.8b) 

(2.9a) 

(2.9b) 

And, 

,
,  0 

,
out

l for solidification
r R

s for meltingr





 




 =
 = = = 

 = 
 

(2.10a) 

(2.10b) 

  

,    
,   

  ,    
,   

,    

a for air domain
l for solidification

and s for solid domain
s for melting

l for liquid domain










 

 =


 

= = 
 



 

 

 

(2.11) 

Here, p is air-solid interface temperature in case of solidification and air-liquid 

interface temperature in case of melting of PCM. 

The governing equations (Eqs. 2.3-2.4) along with the initial condition (Eq. 2.6) 

and boundary conditions (Eqs. 2.5, 2.6-2.10) are solved by employing Separation 

of Variable method. Initially the solution for temperature distribution is obtained 

for each region (air, solid and liquid). Subsequently, the energy balance and mass 

balance are used at the interface of air-solid, air-liquid, and solid-liquid interface. 

The solutions are obtained to estimate the solidification and melting rate of PCM 

inside the annulus. The solutions for each domain are elaborated below. 

 

2.3.1 Air domain 
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Utilizing the governing Eqs. (2.3a and 2.4a), initial condition (Eq. 2.6), boundary 

conditions (Eqs. 2.5, 2.7) and employing the method of Separation of Variable, 

the temperature distribution of air domain is expressed as: 

( ) ( ) ( ) ( )( ) ( )2
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k in
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 
   

  

 

(2.11) 

Here, k denotes the present time step, 
1k

mA −
 is the constant which is used from Eq. 

(2.11) by using initial condition (Eq. 2.6) and is given by 
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where 
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,      
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,


= 



as Solidification
y

al Melting
 (2.12b) 

Here, c is cold wall temperature, h  is hot wall temperature m  is Eigen value, 

p  is air-solid interface temperature in case of solidification and air-liquid 

interface temperature in case of melting of PCM, J0 and Y0 are the Bessel function 

of zero order of the first and second kind. m  is calculated using the following 

equation. 

( ) ( ) ( ) ( )1 1

0 0 0 0 0k k

m in m y m in m yJ R Y R Y R J R   − −       − =                            (2.13) 

The Norm ( )mN   used in the Eq. (12a) can be expressed as  

( ) ( )
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2 2 1
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2
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m in m y
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J R J R
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 
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  

−   −
 =

  
 (2.14) 

Eqs. (2.12a), (2.13), and (2.14) can be solved by considering 
1k

asR −
= 2.299 mm ( asR  

= 0.29) for solidification and 
1−k

alR = 4.0 mm ( alR  = 0.5) for melting. 
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2.3.2 Solid PCM domain 

This section reports the estimation of temperature distribution in the solid PCM. 

Utilizing the governing Eqs. (2.3b and 2.4c), initial condition (Eq. 2.6), boundary 

conditions (Eqs. 2.8a-2.8b) and employing the Separation of Variable method, the 

temperature distribution of solid domain is expressed as: 
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         for solidification  (2.15a) 
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                                                                                         for melting  (2.15b) 

Here, k denotes the present time step, 
1−k

mB  and 
1−k

mC  are the constants which is 

used from Eqs. (2.15a) and (2.15b), respectively by using initial condition (Eq. 

2.3c) and are given by 
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(2.16b) 

And, 
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sl
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Here, 
m  is the melting temperature, m  is Eigen value, 

p  is the air-solid interface 

temperature, 0J  is the Bessel functions of zero order of the first kind, while 0Y  

is the Bessel functions of zero order of second kind. m  is calculated using the 

following equation. 
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( ) ( ) ( ) ( )1 1 1 1

0 0 0 0 0k k k k

m as m sl m as m slJ R Y R Y R J R   − − − −       − =  for solidification                                     (2.18a) 
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m sl m out m sl m outJ R Y R Y R J R   − −       − =
 

for melting (2.18b) 

The Norm ( )mN   used in the Eqs. (2.16a) and (2.17) can be expressed as  
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for melting (2.19b) 

Eqs. (2.16a), (2.18a) and (2.19a) can be solved by considering 
1k

asR −
= 2.299 ( asR  = 

0.29) mm and 
1k

slR −
= 2.3 mm ( slR  = 0.288) at the initial stage (F0 = 0). While Eqs. 

(2.17), (2.18b) and (2.19b) are solved by considering 
1k

slR −
= 4.01 mm ( slR  = 

0.501) at the initial stage (F0 = 0). 

 

2.3.3 Liquid domain 

By using initial and boundary condition Eqs. (2.6, 2.9a-2.9b) and applying the 

Separation of Variable Method in the governing Eqs. (2.3c and 2.4b), final 

temperature distribution of liquid domain is expressed as: 
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                                                                                      for solidification (2.20a) 
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                                                                                               for melting

 

(2.20b)

 
Here, k denotes the present time step, 

1−k

mC  and 
1−k

mB  are the constants which is 

used from Eqs. (2.20a) and (2.20b), respectively by using initial condition (Eq. 

2.6) and are given by 
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 (2.22b) 

Here, m  is the melting temperature, m  is Eigen value, p  is the air-liquid 

interface temperature, 0J  are the Bessel functions of zero order of the first kind, 

while 0Y  are the Bessel functions of zero order of second kind. m  is calculated 

using the following equation. 
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0 0 0 0 0k k

m sl m out m sl m outJ R Y R Y R J R   − −− =  for solidification                                     (2.23a) 
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for melting (2.23b) 

The Norm ( )mN   used in the Eqs. (21) and (22a) can be expressed as  
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Eqs. (2.21), (2.23a) and (2.24a) can be solved by considering 
1k

slR −
= 2.3 mm ( slR  = 

0.29) at the initial stage (F0 = 0). While Eqs. (2.22a), (2.23b) and (2.24b) are 

solved by considering 1−k

alR = 4.0 mm ( alR  = 0.5) and 
1k

slR −
= 4.01 mm ( slR  = 0.501) 

at the initial stage (F0 = 0). 
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It may be noted that in case of solidification analysis of PCM,
k

p  is unknown in 

Eqs. (2.11), (2.15a), and (2.20b) In order to find the value of 
k

p  heat balance is 

considered at an air-solid interface. Air-solid interface condition is given by 

y y

a u
r R ua r R

d d
K

dr dr

 
   = ==

 
                                                                  

(2.25) 

By using Eqs. (2.11), (2.15a) and (2.20b) expression of 
k

p  can be written as  
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 (2.26a) 

where aP  and uP  can be written as  
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   (2.26e) 

Stefan condition is used to find out the position of solid-liquid interface position 

and expressed as follows: 

sl sl

sl s l
s s r R l r R

dR dT dT
L K K

dt dr dr
 = == −  (2.27) 

Equation can be expressed in non-dimensional form as follows. 
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for solidification                  (2.28a) 
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By using Eqs. (2.15a), (2.20a) during solidification and (2.15b), (2.20b) during 

melting, expression of solid-liquid interface position can be written as 
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 for solidification (2.29) 
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for melting (2.30) 

sP  for solidification and lP  for melting is given by Eq. (2.26c), while lM  for 

solidification and sM  for melting is given by 
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=

       = −   (2.31a) 

and, 

,

,

l Solidification
w

s Melting


= 


 

 
   (2.31b) 

Value of solid-liquid interface at any time instant during solidification and 

melting of PCM can be calculated by using Euler method as follows 

( )1 1

0

k k k

sl slR R F − − = +   (2.32) 

Where, 1k −  is given by right hand sides of Eqs. (2.29) and (2.30) for 

solidification and melting, respectively. Initial values of 
1k

slR −
 and 

1k

asR −
is taken as 

2.3 mm ( slR  = 0.29) and 2.299 mm ( asR  = 0.29), respectively for solidification and 
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initial values of 
1k

slR −
 and 

1−k

alR is taken as 4.01 mm ( slR  = 0.501) and 4.0 mm ( alR  

= 0.5) for melting of PCM. 

In order to find air-solid interface position, a mass balance equation is used 

through the air-solid interface and the position of air-solid interface is expressed 

below. 

( ) ( ) ( ) ( )( )2 2 2
1 11k k k k

y y n sl slR R R R− −   = + − −  (2.33a) 

where 

,

,














= 



l

s

n

s

l

Solidification

Melting

   (2.33b) 

After solving all the equations, the values of 
k

a , 
k

s , 
k

l , 
k

p , 
k

asR ,
k

alR and 
k

slR  at 

the present time step is obtained. 

Present prediction for the annulus, obtained through separation of variable 

method, is compared with results of Janghel et al. [79] for rectangular thermal 

energy storage system (Table2.2). Present model yields closed form expression 

for temperature distribution in different domains such as (air, solid and liquid) and 

interface position as a function of various parameters (Eqs 2.11, 2.15a, 2.15b, 

2.22a, 2.22b, 2.26a, 2.32, 2.33a ). Based on the known values of thermo-physical 

properties and geometrical parameters one can estimate the temperature 

distribution and the interface location. 

 

2.3.4 Calculation of energy extracted/stored during solidification/melting of 

PCM. 

To analyze the effect of shrinkage/expansion on the TES system 

efficiency, fraction of energy extracted and stored during solidification and 

melting at any time instant need to be calculated. The fraction of energy 

extracted/stored during solidification/melting is expressed as the ratio of total 

energy extracted to total energy stored during solidification. Also, it is defined as 
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the ratio of the total energy stored to the total energy provided during melting of 

PCM [79]. 

Fraction of total energy extracted/stored [79] 

( ) ( )( )

/

0
/

s l

t

extracted stored

e s

p m c p o m

Q dt

Q
m c T T c T T L

 =
− + − +


 

(2.34) 

Where energy extracted and energy stored during solidification and melting of 

PCM, respectively are calculated by the following equation.  

/
,

,

= − a
extracted stored a

cold wall for solidification

hot wall for melting

dT
Q K

dr
 

(2.35) 
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Table 2.2 Comparison of mathematical expressions for temperature distribution of three domains 

Source Process Expression for Temperature Distribution 

  Air domain Solid domain Liquid domain 

Janghel 

et al. [79] 
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2.4      Validation of Present Model 

Efforts have been made to compare present results with the test results of 

Akgun et al. [117] during solidification process and Sari et al. [116] during 

melting process. Akgun et al. [117] carried out tests to study the solidification of 

PCM in an annulus. The test set up includes an annulus with inner radius and 

outer radius of 14 mm ( inR  = 0.4242) and 47 mm (
outR  = 1.4242), respectively. In 

their study, paraffin wax is considered as a PCM with melting temperature 

44.23oC ( m  = 0.55). Thermo-physical properties of paraffin, considered in their 

study, are shown in Table 2.3. The HTF with temperature 293 K ( c  = 0) was 

allowed to flow at three different flow rates (4, 6, and 8 kg/min) through the inner 

cylinder during solidification process. Fig. 2.2a shows the comparison of 

temperature distribution with time at r = 28 mm ( 0.8484r = ) during 

solidification process. Present model exhibits good agreement with the test data of 

Akgun et al. [117] and the maximum error was found to be 2.051%. In addition to 

this, the temperature variation at different radial distance ( r = 0.4242, 0.8484, 

and 1.4242) at t = 20 min (F0 = 0.002401) during solidification process obtained 

from present model are compared with the test data of Akgun et al. [117] and is 

shown in Fig. 2.2b.The results obtained from the present analytical model is in 

good agreement with the test data of Akgun et al. [117] with the maximum 

deviation of ~1%.  

Table 2.3 Thermo-physical properties of Lauric acid [116] and Paraffin wax 

[117] 

PCM 

Melting 

point 

(oC) 

Density 

(kg/ m3) 

Latent 

heat  

(J/kg) 

Thermal 

conductivity 

(W/m-K) 

Specific heat 

capacity 

(J/kg-K) 

Paraffin 

wax 
44.23 794 249000 0.21 2100 

Lauric acid 41-43 
1007(s), 

862(l) 
211600 0.147 

1760 (s),  

2270 (l) 
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  (c) 

Fig. 2.2 Comparison of present predication with the test data of Sari et al. [116] 

and Akgun et al. [117] for (a) Different time instant at r = 28 mm during 

solidification process, (b) Different radial distance at t = 20 min during 

solidification process, and (c) Different time instant at r = 21.25 mm during 

melting process  

 

Also, an effort has been made to compare the present results obtained 

during melting process with the test result of Sari et al. [116].  The authors [116] 

carried out tests to study the melting of PCM in a cylindrical annulus. The test set 

up includes an annulus with inner radius and outer radius of 13.75 mm ( inR  = 
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0.37) and 51.25 mm ( outR  = 1.37), respectively. In their study, Lauric acid 

(C11H23COOH) is considered as a PCM with the melting temperature range 

varying between 41oC-43oC ( m  = 0.5-0.45). The thermo-physical properties of 

Lauric acid, considered in their study, are shown in Table 2.3. The HTF with 

temperature 335 K was allowed to flow at Stefan number = 0.283 and Reynolds 

number = 31.12 through the inner cylinder during melting process. The outside 

surface of the PCM container was well insulated by a glass wool of 30 mm 

thickness in order to prevent heat losses to the surroundings. Fig. 2.2c shows the 

comparison of temperature distribution with time at r = 21.25 mm ( r  = 0.57) 

during melting process. Present prediction exhibits good agreement with the test 

data of Sari et al. [116] with the maximum deviation of ~4.3%. 

 

2.5     Result and Discussions 

Here, pure paraffin wax having solid to liquid density ratio ~1.16 and ~1 has 

been chosen as a PCM and the thermo-physical properties of paraffin wax in solid 

and liquid phases are presented in Table 2.1. An effort has been made to 

investigate the effect of void during solidification and melting of PCM in an 

annulus. The model considers shrinkage and expansion during solidification and 

melting, respectively for the analysis. Constant temperature boundary condition 

has been imposed on one end wall, while the other walls are kept at adiabatic 

boundary condition for this analysis. A one dimensional analytical model 

involving three domains namely, air, solid and liquid is considered for 

solidification and melting of PCM. Separation of Variable method with Bessel 

function is used to obtain solution. Conservation of mass is applied at the 

interface to obtain the amount of shrinkage or expansion. While Stefan condition 

is used to obtain solid-liquid interface position. Effect of various parameters such 

as density ratio, wall temperature, and radius ratio during solidification and 

melting process of PCM are analyzed and detailed in this section. 

 

2.5.1 Solidification analysis 
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Effect of shrinkage of PCM during solidification 

Fig. 2.3(a) shows temperature distribution of PCM in the three different 

domains at different radial distance. Initially, an air gap of 0.299 mm is 

considered near the cold wall. Cold wall temperature is maintained at 307 K ( c  

= 0). Initial temperature of PCM is taken as 338 K ( o  = 1), this indicates the 

entire paraffin wax is in liquid phase during start of solidification. Spatial 

variation of temperature is measured at different time duration such as 200 s (F0 = 

0.37), 800 s (F0 = 1.49), and 1400 s (F0 = 2.61). One can notice the interface of 

air-solid and solid-liquid by identifying the variation in slope of the curve (Fig. 

2.3a). The initial position of air-solid and solid-liquid interfaces is assumed to be 

2.299 mm and 2.3 mm, respectively in this study. Air-solid interface at 200 s (F0 

= 0.37), 800 s (F0 = 1.49), and 1400 s (F0 = 2.61) are found to be 3.3 mm ( asR  = 

0.4125), 3.5 mm ( asR  = 0.4375), and 3.6 mm ( asR  = 0.45), respectively from the 

center of the annulus. Solid-liquid interface at 200 s (F0 = 0.37), 800 s (F0 = 1.49), 

and 1400 s (F0 = 2.61) are found to be 6.9 mm ( slR  = 0.8625), 7.4 mm ( slR  = 

0.925), and 7.9 mm ( slR  = 0.9875), respectively from the center of the annulus. It 

is observed that the air-solid interface moves towards the outer wall. This 

indicates that PCM shrinks during conversion of its phase from liquid to solid. 

This occurs because of difference in the density of solid and liquid phases of 

PCM. Therefore, it can be concluded that volume of void increases with the 

progress of solidification process.  

Fig. 2.3(b) shows the position of air-solid and solid-liquid interfaces at 

different time instant for two different PCMs having density ratio ~1 and ~1.16. 

For density ratio of 1, the position of air-solid interface remains constant with 

progress of solidification. While the solid-liquid interface propagates from 2.3 

mm ( slR  = 0.2875) to 9.8 mm ( slR  = 1.225) with the time duration of 1400 s. This 

indicates that the volume of void remains constant in the TES system during 

solidification. In case of PCM with density ratio ~1.16, air-solid interface moves 



41 

from 2.299 at t = 0 s (F0 = 0) to 3.6 mm ( asR  = 0.45) at t = 1400 s (F0 = 2.61). 

While solid-liquid interface moves from 2.3 mm ( slR  = 0.2875) to 7.9 mm ( slR  = 

0.9875) with the time duration of 1400 s (F0 = 2.61). Solid-liquid interface moves 

76.53% and 70.88% for density ratio of 1 and 1.16, respectively for the time 

duration of 1400 s (F0 = 2.61). It may be noted that solidification rate is lower in 

case of density ratio 1.16 compared to density ratio of 1. This indicates that 

solidification rate decreases because of the shrinkage of PCM. 
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                                      (a)                                                                        (b) 

Fig. 2.3(a) Spatial variation of non-dimensional temperature at different time 

duration, (b) Non-dimensional air-solid (Ras) and solid-liquid (Rsl) interface 

positions with F0 for density ratio of 1 and 1.16 

 

Effect of Cold wall temperature 

Fig. 2.4(a) shows the effect of different cold wall temperatures such as 297 

K (Sts = 0.408), 307 K (Sts = 0.306), and 317 K (Sts = 0.204) on temperature 

distribution, position of air-solid and location of solid-liquid interfaces in an 

annulus at t = 800 s (F0 = 1.49). The positions of air-solid interface are found to 

be 3.6 mm ( asR  = 0.45), 3.5 mm ( asR  = 0.4375), and 3.4 mm ( asR  = 0.425) from 

the center of the annulus at cold wall temperature of 297 K (Sts = 0.408), 307 K 

(Sts = 0.306), and 317 K (Sts = 0.204), respectively. Also, the positions of solid-

liquid interface are found to be 7.7 mm ( slR  = 0.9625), 7.4 mm ( slR  = 0.925), and 
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7.2 mm ( slR  = 0.9) from the center of the annulus at cold wall temperature of 297 

K (Sts = 0.408), 307 K (Sts = 0.306), and 317 K (Sts=0.204), respectively. Also, 

the temperature transients of PCM at a radial distance of 5 mm ( 0.625r = ) from 

the center of the annulus at various cold wall temperatures such as 297 K, 307 K 

and 317 K is shown in Fig. 2.4(b). It may be noted that non-dimensional 

temperature increases with the decrease in cold wall temperature at a given 

location. This indicates that the PCM temperature decreases with the decrease in 

cold wall temperature at a given location. The maximum increase in non-

dimensional temperature (decrease in PCM temperature) is found to be around 

0.02 (i.e. 1 K) with the decrease in cold wall temperature from 317 K to 297 K at 

time duration of 800 s (F0 = 1.49). It may be inferred from the figures that 

shrinkage as well as solidification rate increases with the decrease in cold wall 

temperature and increase in Stefan number. 
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                               (a)                                                              (b) 

Fig 2.4 (a) Temperature variation with radial distance for different cold wall 

temperatures at t = 800 s (F0 = 1.49) and density ratio of 1.16, (b) Temperature 

history during solidification at r = 5 mm ( 0.625r = ) at density ratio of 1.16 

 

Effect of density ratio 

Effect of different density ratio such as 1, 1.03, 1.07, and 1.16 on 

temperature variation, position of air-solid and location of solid-liquid interfaces 

in an annulus at different radial distance has been shown in Fig. 2.5(a). The 
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positions of air-solid interface are found to be 2.3 mm ( asR  = 0.2875), 2.6 mm ( asR  

= 0.325), 3 mm ( asR  = 0.375), and 3.5 mm ( asR  = 0.4375) from the center of the 

annulus for density ratio 1, 1.03, 1.07, and 1.16, respectively at t = 800 s (F0 = 

1.49). Also, the positions of solid-liquid interface are found to be 8.6 mm ( slR  = 

1.075), 8 mm ( slR  = 1), 7.7 mm ( slR  = 0.9625), and 7.4 mm ( slR  = 0.925) from the 

center of the annulus at for density ratio 1, 1.03, 1.07, and 1.16, respectively at t = 

800 s (F0 = 1.49). With the increase in density ratio the solidification shrinkage 

increases and results in increase in volume of the void. The percentage increase in 

shrinkage with respect to total PCM volume is found to be from ~7.35% with the 

increase in density ratio from 1 to 1.16. Also, as density ratio increases the 

movement of solid-liquid interface decreases. The percentage decrease in the 

movement of solid-liquid interface is found to be ~14% with the increase in 

density ratio from 1 to 1.16. This indicates that with the increase in density ratio, 

the solidification rate increases results in the increase in air gap which in turn 

decreases the heat transfer rate. 

Fig. 2.5(b) shows the energy extracted (Qextracted) from the solidified PCM 

for different values of density ratio (1.16 and 1). For density ratio of 1.16, the 

energy extracted from TES during solidification decreases with time. The value of 

Qextracted is found to be 568.3 W/m2 and 496.65 W/m2 for 200 s 0( 0.37)F =  and 

1200 s (F0 = 2.24), respectively. The value of Qextracted is found to be 1505.1 W/m2 

and 1397.42 W/m2 for 200 s (F0 = 0.37) and 1200 s (F0 = 2.24), respectively with 

density ratio of 1. The energy extraction rate decreases with the progress of time. 

Here, Qextracted is found to decrease by 12.61% and 7.2% for density ratio of 1.16 

and 1, respectively. The energy extraction rate is lower for density ratio of 1.16 

compared to the unit density ratio. The percentage reduction in the energy 

extracted with the increase in density ratio of 1 and 1.16 is found to be 62% and 

64.24% at 200 s (F0 = 0.37) and 1200 s (F0 = 2.24), respectively. As the density 

variation occurs in solid to liquid phase, the air gap increases and acts as an 

insulator subsequently restricts in the path of heat transfer through PCM. It is 
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useful to estimate the fraction of total energy extracted and can be estimated by 

using Eqs. 34-35. From Fig. 2.5(c), the fraction of total energy extracted ( eQ ) at 

density ratios of 1.16 and 1 are found to be 0.02 and 0.06, respectively for the 

time duration t = 0 s to 200 s (F0 = 0-0.37). While, with the increases in time 

duration t = 0 s -1200 s (F0 = 0-2.24), the energy extraction rate is found to be 

0.13 and 0.34 for the density ratio of 1.16 and 1, respectively. For the density ratio 

of 1, the fraction of extracted energy is found to increase by 467% with increase 

in time period from t = 200 s to t = 1200 s (F0 = 0.37 to F0 = 2.24). While for 

density ratio of 1.16, the increase in the fraction of extracted energy is found to be 

550% with the increase in time period from t = 200 s to t = 1200 s (F0 = 0.37 to F0 

= 2.24). The fraction of total energy extracted is increased by 66.67% and 61.76% 

for t = 200 s (F0 = 0.37) and t = 1200 s (F0 = 2.24), respectively with the decrease 

in the density ratio. 
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(c) 

Fig. 2.5(a) Temperature variation with radial distance for different density ratio 

values (b) Energy extracted from liquid PCM for density ratio of 1, 1.16 (c) 

Fraction of total energy extracted at density ratio 1 and 1.16 

 

Effect of radius ratio 

Radius ratio (Rr) is defined as the ratio of inner radius to the outer radius. 

The effect of radius ratio on temperature variation, and position of air-solid and 

solid-liquid interfaces in an annulus is analyzed in this study and is shown in Fig. 

2.6. For Rr = 0.2, the air-solid and solid-liquid interfaces are found to be 3.5 mm (

asR  = 0.4375) and 7.4 mm ( slR  = 0.925), respectively at t=800 s (F0 = 1.49). 

While, for Rr = 0.3, the air-solid and solid-liquid interface are found to be 4.4 mm 

( asR  = 0.61) and 8.7 mm ( slR  = 1.21), respectively at t=800 s (F0 = 1.49) and 

density ratio ~1.16. For t = 800 s (F0 = 1.49), the solid fraction value is found to 

be 0.44 and 0.57 for Rr = 0.2 and Rr = 0.3, respectively. The rate of solidification 

of PCM is found to increase with the increase in radius ratio. The solidification 

shrinkage is found to be 328.03 mm3and 465.05 mm3 for Rr = 0.2 and Rr = 0.3, 

respectively. Therefore, with increase in radius ratio from 0.2 to 0.3, the 

solidification shrinkage increases by 41.77%. 
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Fig. 2.6 Temperature variation with radial distance for radius ratio values of 0.2 

and 0.3 
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2.5.2 Melting analysis 

Effect of expansion of PCM during melting 

Fig. 2.7(a) shows temperature distribution of PCM in the three different 

domains at different radial distance. Initially, an air gap of 2.0 mm is considered 

near the hot wall. Hot wall temperature is maintained at 375 K ( h  = 0). Initial 

temperature of PCM is taken as 336 K ( o  = 1), this indicates that the entire 

paraffin wax is in solid phase during start of melting. Spatial variation of 

temperature is calculated at different time duration such as 40 s (F0 = 0.13), 800 s 

(F0 = 2.67), and 1400 s (F0 = 4.67). One can notice the interface of air-liquid and 

solid-liquid by identifying the variation in slope of the curve (Fig. 2.7a). The 

initial position of air-liquid and solid-liquid interface is assumed to be 4.0 mm (

alR  = 0.5) and 4.01 mm ( slR  = 0.501), respectively from the center of the annulus 

in this study. Air-liquid interface at 40 s (F0 = 0.13), 800 s (F0 = 2.67), and 1400 s 

(F0 = 4.67) are found to be 4 mm ( alR  = 0.5), 3.7 mm ( alR  = 0.4625), and 3.5 mm (

alR  = 0.4375), respectively from the center of the annulus. Solid-liquid interface at 

40 s (F0 = 0.13), 800 s (F0 = 2.67), and 1400 s (F0 = 4.67) are found to be 4.3 mm 

( slR  = 0.5375), 5.4 mm ( slR  = 0.675), and 6.2 mm ( slR  = 0.775), respectively from 

the center of the annulus. It is observed that the air-liquid interface moves towards 

the center of the annulus. This indicates that PCM expands during conversion of 

its phase from solid to liquid. This occurs because of difference in the density of 

solid and liquid phases of PCM. Therefore, it can be concluded that void space 

must be given for free expansion of liquid PCM during melting of PCM. Also, 

volume of void reduces with the progress of melting process. 
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                              (a)                                                              (b) 

Fig. 2.7 (a) Spatial variation of temperature with radial distance at different time 

duration, (b) Air-solid (Ras) and solid-liquid (Rsl) interface positions at different 

time duration for density ratio of 1 and 1.16 

 

Fig. 2.7(b) shows the position of air-liquid and solid-liquid interfaces at 

different time instant for two different PCMs having density ratio ~1 and ~1.16. 

For density ratio 1, the position of air-liquid interface remains constant with 

progress of melting. The solid-liquid interface propagates from 4.01 mm ( slR  = 

0.501) to 6.1 mm ( slR  = 0.7625) with the time duration of 1400 s (F0 = 2.67). This 

indicated that the volume of void remains constant in the TES system during 

melting process. In case of PCM with density ratio ~1.16, air-liquid interface 

moves from 4.0 ( alR  = 0.5) at t = 0 (F0 = 0) s to 3.5 mm ( alR  = 0.4375) at t = 1400 

s (F0 = 4.67). While solid-liquid interface moves from 4.01 mm ( slR  = 0.501) to 

6.2 mm ( slR  = 0.775) with the increase in time duration from start of melting to 

1400 s (F0 = 4.67). Solid-liquid interface moves 35.32% and 34.26% for density 

ratio of 1.16 and 1, respectively for the time duration of 1400 s (F0 = 4.67). It may 

be noted that melting rate is higher in case of density ratio 1.16 compared to 

density ratio of 1. This indicates that melting rate increases because of the 

expansion of PCM. 

 

Effect of hot wall temperature 
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Fig. 2.8(a) shows the effect of different hot wall temperatures such as 365 

K ( h  = 0), 375 K ( h  = 0) and 385 K ( h  = 0) on temperature distribution, 

position of air-liquid and location of solid-liquid interfaces in an annulus. The 

positions of air-liquid interface are found to be 3.8 mm ( alR  = 0.475), 3.7 mm ( alR  

= 0.4625), and 3.6 mm ( alR  = 0.45) from the center of the annulus at hot wall 

temperature of 365 K (Stl = 0.2856), 375 K (Stl = 0.3877), and 385 K (Stl = 

0.4897), respectively at t = 1000 s ( 0 3.33F = ). Also, the positions of solid-liquid 

interface are found to be 5.3 mm ( slR  = 0.6625), 5.7 mm ( slR  = 0.7125), and 6 mm 

( slR  = 0.75) from the center of the annulus at hot wall temperature of 365 K (Stl = 

0.2856), 375 K (Stl = 0.3877), and 385 K (Stl = 0.4897), respectively at t = 1000 s 

( 0 3.33F = ). Also, the temperature transients of PCM at a radial distance of 5 mm (

0.625r = ) from the center of the annulus at various hot wall temperatures such 

as 365 K ( h  = 0), 375 K ( h  = 0) and 385 K ( h  = 0) is shown in Fig. 2.8(b). It 

may be noted that non-dimensional temperature decreases with the increase in hot 

wall temperature at a given location. This indicates that the PCM temperature 

increases with increase in hot wall temperature at a given location. The maximum 

decreases in non-dimensional temperature (increase in PCM temperature) is found 

to be around 1.4 K with the increase in hot wall temperature from 365 K ( h  = 0) 

to 385 K ( h  = 0) at time duration of 1000 s (F0 = 3.33). It may be inferred from 

the figure that expansion as well as melting rate increases with the increase in hot 

wall temperature and increase in Stefan number. 
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                                (a)                                                                           (b) 

Fig 2.8 (a) Temperature variation with radial distance for different hot wall 

temperatures at t = 1000 s (F0 = 3.33) and density ratio of 1.16, (b) Temperature 

history during melting at r = 5 mm ( 0.625r = ) at density ratio of 1.16 

 

Effect of density ratio 

Effect of different density ratios (1, 1.03, 1.07, and 1.16) on temperature 

variation, position of air-liquid and location of solid-liquid interfaces in an 

annulus at different radial distance has been shown in Fig. 2.9(a). The positions of 

air-liquid interface are found to be 4 mm ( alR  = 0.5), 3.9 mm ( alR  = 0.4875), 3.9 

mm ( alR  = 0.4875), and 3.7 mm ( alR  = 0.4625) from the center of the annulus for 

density ratio 1, 1.03, 1.07, and 1.16, respectively at t = 1000 s (F0 = 3.33). Also, 

the positions of solid-liquid interface are found to be 5.6 mm ( slR  = 0.7), 5.6 mm (

slR  = 0.7), 5.7 mm ( slR  = 0.625), and 5.7 mm ( slR  = 0.625) from the center of the 

annulus at for density ratio 1, 1.03, 1.07, and 1.16, respectively at t = 1000 s (F0 = 

3.33). With the increase in density ratio the melting expansion increases and 

results in decreases in the volume of void. The percentage increase in expansion 

with respect to total PCM volume is found to be from 2.75% with the increase in 

density ratio from 1 to 1.16. Also, as density ratio increases the movement of 

solid-liquid interface increases. The percentage increase in the movement of 

solid-liquid interface is found to be ~2% with the increase in density ratio from 1 

to 1.16. This indicates that with the increase in density ratio, the melting rate 
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increases results in the decrease in air gap which in turn increases the heat transfer 

rate. 

Fig. 2.9(b) shows the energy stored (Qstored) to the PCM for different 

values of density ratio (1 and 1.16). For density ratio of 1.16, the energy stored 

from TES during melting increases with time. The value of Qstored is found to be 

576.61 W/m2 and 612.18 W/m2 for the time instant 200 s (F0 = 0.67) and 1200 s 

(F0 = 4), respectively. The value of Qstored is found to be 560.1 W/m2 and 535.89 

W/m2 for 200 s (F0 = 0.67) and 1200 s (F0 = 4), respectively with density ratio of 

1. The rate of energy storage increases by 6.2% with the progress of time for 

density ratio 1.16 while for density ratio 1 it is decreased by 4.3%. The energy 

storage rate is higher for density ratio of 1.16 compared to unit density ratio. The 

percentage increment in the energy stored with the increase in density ratio of 1 

and 1.16 is found to be 3% and 14.24% at 200 s (F0 = 0.67) and 1200 s (F0 = 4), 

respectively. As the density variation occurs in solid to liquid phase of PCM, the 

air gap decreases and heat transfer rate increases. It is useful to estimate the 

fraction of total energy stored and can be estimated by using Eqs. 2.34-2.35. The 

fraction of total energy stored ( sQ ) at density ratio 1 and 1.16 are found to be 

0.023 and 0.024, respectively for the time duration t = 0 s (F0 = 0) to t = 200 s (F0 

= 0.67) and is shown in Fig. 2.9c.  While, with the increase in time duration t = 0 

s (F0 = 0) to t = 1200 s (F0 = 4), the energy stored rates are found to be 0.14 and 

0.15 for the density ratio of 1 and 1.16, respectively. For density ratio of 1.16, the 

fraction of total stored energy is found to increase by 525% with increase in time 

period from t = 200 s (F0 = 0.67) to t = 1200 s (F0 = 4). While for density ratio 1, 

the increase in fraction of stored energy is found to be 508.7% with increase in 

time period from t = 200 s (F0 = 0.67) to t = 1200 s (F0 = 4). The fraction of total 

stored energy is increased by 4.34% and 7.1% for t = 200 s (F0 = 0.67) and t = 

1200 s (F0 = 4), respectively with the increase in the density ratio. 
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Fig. 2.9 (a) Temperature variation with radial distance for different density ratio 

values (b) Energy stored from liquid PCM for density ratio of 1, 1.16 (c) Fraction 

of total energy stored at density ratio 1.16 and 1 

 

 

Effect of radius ratio 

Radius ratio (Rr) is defined as the ratio of inner radius to the outer radius. 

The effect of radius ratio on temperature variation, and position of air-liquid and 

solid-liquid interfaces in an annulus is analyzed in this study (Fig. 2.10).  For Rr = 

0.2, the air-liquid and solid-liquid interfaces are found to be 3.7 mm ( alR  = 

0.4625) and 5.7 mm ( alR  = 0.7125), respectively at t = 1000 s (F0 = 3.33) and 

density ratio ~1.16. While, for Rr = 0.3, the air-liquid and solid-liquid interface 
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are found to be 4.1 mm ( slR  = 0.501) and 7 mm ( slR  = 0.875), respectively at t = 

1000 s (F0 = 3.33) and density ratio ~1.16.  For t = 1000 s (F0 = 3.33), the liquid 

fraction value is found to be 0.19 and 0.33 for Rr = 0.2 and Rr =0.3, respectively.  

The rate of melting of PCM is found to increase with the increase in radius ratio. 

The melting expansion is found to be 108.801 mm3 and 217.93 mm3 for Rr = 0.2 

and Rr = 0.3, respectively.  Therefore, with increase in radius ratio from 0.2 to 0.3, 

the melting expansion increases by 100.29%. 
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Fig. 2.10 Temperature variation with radial distance for radius ratio values of 0.2 

and 0.3 

 

 

 

2.6    Concluding remarks 

A one dimensional analytical model is developed to study the heat transfer 

process in an annulus with pure PCM incorporating the effect of volumetric 

change. Here, expansion/ shrinkage is considered during melting/solidification 

process. Separation of variable method is considered to obtain the solution for 

temperature distribution and interface position with constant wall temperature and 

adiabatic boundary condition. Effect of various parameters such as density ratio, 
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wall temperature, radius ratio on the thermal performance is analyzed. Results 

obtained from this analysis are found to be in good agreement with the test data. It 

is summarized that with lower value of cold wall temperature (Tc), higher value of 

hot wall temperature (Th) and higher density ratio, higher value of radius ratio, the 

effect of shrinkage and expansion is more prominent. This study can be useful in 

solar heating or cooling, thermal management of electrical vehicle and electronic 

devices. 
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Chapter 3 

Melting and solidification analysis of phase change 

material-metal foam composite with 

expansion/shrinkage void in rectangular system 

3.1   General background 

Most of the studies consider steady heat load for the analysis, while in real 

situation the heat load can be cyclic or transient in nature. Many a times, the 

electronic devices undergo sudden periodic or pulse heat generation, load 

transition, irregular switching, irregular change of operation. In such a case, 

because of fluctuating/transient loads thermal shocks may develop and may 

deteriorate the thermal performance. Also, because of mismatch between the 

availability and demand of energy, the heat load on thermal energy resources vary 

with time. It is evident from the literature that limited studies have been made that 

consider effect of expansion/shrinkage and air void during design of PCM based 

thermal management systems [79, 120]. These studies either consider pure PCM 

in the thermal system or consider steady heat load for the analysis. It is argued 

that PCM possess poor thermal conductivity and very often PCM metal foam 

(MF) composite are used for better thermal performance [104-106]. Many a 

times, electronic devices undergo sudden periodic or pulse heat generation during 

its operation; therefore, studies have been made to analyze the effect of 

transient/cyclic heat load on the thermal performance of PCM based systems. 

However, these models neglect the effect of volumetric changes (shrinkage and 

expansion) in the analysis. Analytical studies incorporating the effect of voids on 

PCM-MF composite based heat sinks for transient heat loads has not been 

reported in the literature (can be seen from Table 1.5).  

In this study, efforts are made to analyze the effect of volumetric change 

and void in PCM on the thermal performance of PCM based systems and PCM-

MF based heat sinks with steady and transient heat loads. Separation of variable 
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method using Bessel function has been employed to solve the conduction 

equation associated with different thermal boundary conditions. Closed form 

expression for temperature distribution has been proposed for different domains 

such as air, solid and liquid during melting/solidification process. The effect of 

steady/transient heat loads on temperature distribution and thermal performance 

have been analyzed. Also, the effect of inclusion of MF in PCM on the 

propagation of solid-liquid interface has been analyzed during 

melting/solidification process. The effect of various parameters such as density 

ratio, heat flux, convective heat transfer coefficient, and porosity on temperature 

distribution, interface movement, melting/solidification time have been analyzed.  

 

3.2    Physical model 

  Fig. 3.1 shows the schematic diagram of present analytical model valid for 

rectangular system of length 10 mm ( 1l = ). Present study considers paraffin wax 

with density ratio ~1.16 as a PCM and copper foam as thermal conductivity 

enhancer (TCE). Thermo-physical properties of the PCM and copper foam are 

listed in the Table 3.1 [79, 121]. Two cases are considered (i) constant heat flux at 

one wall and other three walls are maintained at adiabatic condition during 

melting process (Fig. 3.1a), and (ii) natural convection at one wall and other three 

boundaries are maintained at adiabatic condition during solidification (Fig. 3.1b). 

In this study, void space is considered near left boundary where heat flux is 

provided during melting process, while convection is considered during 

solidification process (Figs. 3.1a-b). 
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                         (a)                                                             (b) 

Fig. 3.1 Schematic of rectangular PCM system with void near left wall for (a) 

melting, (b) solidification process 

Here, three domains namely air, liquid and solid are considered for the 

analysis. At particular time instant (t), air-liquid interface (in case of melting), air-

solid interface (in case of solidification), and solid-liquid interface are located at 

xal(t), xas(t), and xsl(t), respectively. In practical scenario, the initial values of xal(t) 

or xas(t), and xsl(t) remain same for melting and solidification. However, one 

needs to consider different initial values of xal(t), xas(t), and xsl(t) to obtain the 

solution [60]. The initial values of xal(t) and xsl(t) are taken as 2 mm ( alx  = 0.2) 

and 2.01 mm ( slx  = 0.201) from the left boundary, respectively during melting; 

the initial positions of xas(t) and xsl(t) are chosen as 0.5 mm (
asx  = 0.05) and 0.501 

mm ( slx  = 0.501) from the left boundary, respectively during solidification. 

During initial phase of melting the temperature increases in the air domain. In 

such a case the solid-liquid interface and air-liquid interface moves toward and 

away from the adiabatic wall, respectively; the thickness of void decreases in the 

enclosure due to expansion of PCM. During solidification process, temperature 

decreases in the air domain and air-solid/solid-liquid interface moves towards the 

adiabatic wall resulting in the increase in the thickness of void due to shrinkage of 

PCM.  
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Table 3.1   Thermo physical properties of paraffin wax RT27 and Copper 

PCM 

Melting 

point  

(oC) 

Density 

(kgm-3) 

Latent 

heat  

(Jkg-1) 

Thermal 

conductivity 

(Wm-1K-1) 

Specific heat 

capacity 

(Jkg-1K-1) 

Paraffin 

RT27 
25-28 

840 (s), 

750 (l) 
184000 

0.24 (s), 0.15 

(l) 
2100 

Paraffin 

wax 
64 

916 (s), 

790 (l) 
173500 

0.346 (s), 

0.167 (l) 
1770 

Copper - 8900 - 380 386 

 

Following assumptions are considered for the analysis for PCM based systems 

[79]. 

I. Constant thermo-physical properties of air, solid and liquid are considered 

in the respective phases. 

II. Conduction is considered as dominant mode of heat transfer; the effect of 

buoyancy and gravity are considered to be negligible. This is applicable 

for Ra < 1000 [79].  

III. PCM is considered as pure material with isothermal melting and 

solidification. 

IV. Initially, the difference in the values of xas(t) or xal(t) and xsl(t) is assumed 

to be very small. 

It may be noted that the physical domain involving boundary and initial 

conditions such as heat flux and heat transfer coefficient values, initial 

temperature and initial air-solid, air-liquid, and solid-liquid interfaces considered 

for the analysis of MF-PCM composite is similar to the pure PCM case. In 

general, the effective thermo-physical properties are considered to analyze the 

melting and solidification of PCM-MF composite system [82, 103, 104, 109, 122, 

123]. These studies consider linear equations for effective thermal conductivity 

for the analysis. It may be noted that the correlation of effective thermal 
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conductivity between pure PCM and MF is complex and linear approximation 

may not predict the phenomena accurately. Here, the non-linear correlations of 

thermal conductivity, as considered by Bhattacharya et al. [123], are used to 

model the effective thermal conductivity of PCM-MF system. While linear 

variation is considered for the other thermo-physical properties such as specific 

heat capacity, density, and latent heat and are given as follows. 

( )( )
0.65

0.35 1
1

eff PCM MF

PCM MF

K K K

K K

 
 

= + − +
 −

+ 
 

  

(3.1a) 

( ) ( ) ( )( )1p p peff PCM MF
C C C    = + −  (3.1b) 

( ) ( )
eff PCM

L L  =  (3.1c) 

3.3   Mathematical formulation 

  Considering the above assumptions, the one dimensional energy equation 

for the present configuration (Fig.3.1a-b) valid for three different domains, 

namely, air, liquid and solid for both melting and solidification process is given 

by:  

2
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T T

x t

 
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(3.2a) 

 Here,  is the thermal diffusivity of the three different domains. 

The above governing equation can be converted into non-dimensional form with 

the following parameters.  
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And non-dimensional air-solid, air-liquid, and solid-liquid interface are expressed 

as: 

,  for air-liquid interface

,  for air-solid interface

,  for solid-liquid interface

al
x

x as
l

sl
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 = =
 =

 

 

(3.2e) 

Utilizing Eqs. (3.2b-3.2e), Eq. (3.2a) can be expressed in the non-dimensional 

form for all three domains as follows. 
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(3.3c) 

For solidification 
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(3.4b) 

Liquid domain, 
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( )0 1slx F x    

 

(3.4c) 

Initial and boundary conditions are given as: 

( )0,
,  at 0 for melting

a x F
x

x





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        (3.5a) 
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          (3.5b) 

 ,  at & ,  for solidification and melting

,  at ,  for solidification
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
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 
 
 

 

 

          (3.5c) 

(3.5d) 

(3.5e) 

, for melting
0,  at 1 

,  for solidification

s
x

lx

 



 =
= = 

 = 
 (3.5f) 

00,  at 0 for solidification and meltingo F = =  (3.5g) 

where  

( )0

w

a m

q l

K T T



=

−
 

 

(3.6a) 

a

hl

K
 =  

 

(3.6b) 

Here, p  is the air-liquid/air-solid interface temperature during melting and 

solidification process. 

The governing equations (Eqs. 3.3-3.4) along with boundary conditions (Eqs. 

3.5a-3.5f) and initial condition (Eq. 3.5g) are solved by employing separation of 

variable method. Initially, the solution for temperature distribution is obtained for 

each region (air, solid and liquid). Subsequently, the energy balance and mass 

balance are used at the interface of air-solid, air-liquid and solid-liquid interfaces. 

The solutions are obtained to estimate the solidification and melting rate of PCM 

inside the rectangular storage. The solutions for each domain are elaborated 

below. 

3.3.1 Air domain 

Utilizing the governing Eqs. (3.3a and 4a), initial condition (Eq. 3.5g), and 

boundary conditions (Eqs. 3.5a-3.5c) and employing the method of separation of 

variable, the temperature distribution of air domain is expressed as: 
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  for melting       (3.7a) 
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for solidification   (3.7b) 

Here, k denotes the present time step. The constants 
1k

mA −
 and 

1k

mB −
 are obtained 

using initial condition (Eq. 3.5g) and are given by: 
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1 1 1 1 1

1 1
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(3.8a) 
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(3.8b) 

where 

a as

hl

K x h
 =

+
 

 

(3.9) 

Here,   and m  denote the ambient temperature and Eigen value, respectively. 

The value of m  is estimated by using the following equation. 

( )1cos 0k

m m asx  −   + =  (3.10) 

( )mN   used in Eq. (3.8b) can be found using Eq. (3.11)  

( )
( )

2 2

2 2
( )

2

k

as m

m

m

x
N

  


 

  + +
 =

 +
 

 

(3.11) 

Eqs. (8a-8b) can be solved by considering 
1k

alx −
 = 2 mm during melting; while for 

solidification process, one can consider 
1k

asx −
 = 0.5 mm. 
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3.3.2 Solid domain 

This section reports the estimation of temperature distribution in the solid PCM. 

Utilizing the governing Eqs. (3.3c and 3.4b), initial condition (Eqs. 3.5g), and 

boundary conditions (Eqs. 3.5d and 3.5f) and employing the separation of variable 

method, the temperature distribution of solid domain is expressed as: 
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2 1
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m sl
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C e
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for melting           (3.12a) 
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for solidification  (3.12b) 

Here, k denotes the present time step and the constants 
1−k

mC  and 
1k

mD −
 are 

estimated by using initial condition (Eq. 5g) as below: 
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(3.13a) 
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(3.13b) 

Here, the value of m  , used in the above Eqs. (3.13a) and (3.13b), are expressed as 

( )

( )1

2 1

2 1 k

sl

n

x


−

−

−
 and 

( )1 1k k

sl as

n

x x


− − −

 for melting and solidification, respectively. The 

temperature distribution Eq. (3.13a) can be solved by considering initially at t = 0 

(Fo = 0), and 
1k

slx −
= 2.01 mm for the melting process. For solidification process 

Eq. (3.13b) can be solved by considering 
1k

asx −
= 0.5 mm and 

1k

slx −
 = 0.501 mm 
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3.3.3 Liquid domain 

The governing Eqs. (3.3b, 3.4c), the initial and boundary conditions Eqs. (3.5g, 

3.5e and 3.5f) are solved by employing separation of variable method and the 

temperature distribution of liquid domain is expressed as: 

( )( )
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for melting       (3.14a) 
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for solidification  (3.14b) 

Here, k denotes the present time step; the constants 
1k

mE −
 and 

1k

mF −
 expressed in 

Eq. (3.14a-b) can be estimated by using initial condition (Eq. 3.5g) and are given 

by: 
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(3.15b) 

The value of m  expressed in Eq. (3.15a) and Eq. (3.15b) are found to be

( )1 1k k

sl as

n

x x


− − −

 and ( )

( )1

2 1

2 1 k

sl

n

x


−

−

−

, respectively. For t = 0, Eq. (3.15a) can be used to 

obtain the temperature distribution by using 
1k

alx −
= 2 mm and 

1k

slx −
= 2.01 mm for 

melting process; Eq. (3.15b) can be utilized with 
1k

slx −
= 0.501 mm for 

solidification process. It may be noted that during melting and solidification 

process,
k

p  is unknown in Eqs. (3.7a-3.7b), (3.12b) and (3.14a). In order to find 
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the value of 
k

p , the heat balance equation is considered at an air-liquid/air-solid 

interface as below: 

y y

a u
x x ua x x

d d
K

dx dx

 
 = ==

 
     (3.16) 

For melting process, one can use Eqs (3.7a) and (3.14a) and for solidification 

process one can Eqs. (3.7b) and (3.12b) to obtain 
p . This is expressed as: 
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for solidification  (3.17b) 
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And, 
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,  for melting

, for solidification

l
u

s


= 


 

 

(3.19) 

In order to estimate the solid-liquid interface position for melting and 

solidification process, one can use the Stefan condition as below: 

sl sl
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dx dT dT
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Non-dimensional form of Eq. 3.20 is given as follows. 
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(3.22) 

For melting, one can use Eqs. (3.14a) and (3.12a), while for solidification process, 

one can use Eqs. (3.12b) and (3.14b) to obtain the solid-liquid interface position. 

This is expressed as: 
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for solidification     (3.23b) 
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(3.24d) 

The value of solid-liquid interface at any time instant during melting and 

solidification of PCM can be calculated by using Euler method [79] as: 

( )1 1

0

k k k

sl slx x F − − = +   (3.25) 

where 1k −  is given by right hand sides of Eqs. (3.23a) and (3.23b) for melting 

and solidification, respectively. Initial values of 
1k

slx −
 and 

1k

alx −
are taken as 2.01 

mm and 2.0 mm for melting process; the initial values of 
1k

slx −
 and 

1k

asx −
are taken 

as 0.501 mm and 0.5 mm for solidification process. In order to obtain the air-

liquid interface position during melting and air-solid interface position during 

solidification process, one can assume the mass balance equation at the respective 

interfaces and the expression for 
k

alx  and 
k

asx  are given as: 
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(3.27) 

After solving Eqs. 3.7a, 3.7b, 3.12a, 3.12b, 3.14a, 3.14b, 3.17a, 3.17b, and 3.25 

the values of 
k

a , 
k

s , 
k

l , 
k

p , 
k

asx ,
k

alx and 
k

slx  at the present time step is 

obtained. Present model yields mathematical expressions to evaluate temperature 

distribution in different regimes (air, solid and liquid) and interface positions (air-
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solid, air-liquid, and solid-liquid) with pure PCM and PCM-MF composite. With 

the help of known values of thermo-physical properties of pure PCM and MF, one 

can calculate the temperature distribution and interface position for three different 

domains. 

In addition to this, to analyze the effect of shrinkage/expansion on the heat 

transfer performance of TES system, one needs to evaluate various parameters 

such as total energy stored, and total energy extracted at any time instant. This has 

been estimated as [120]: 

/
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V V
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(3.28a) 
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,  for solidification
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−
 

 

(3.28b) 

 

(3.28c) 

3.4    Validation of the present analytical model 

Here, results obtained from present analysis are compared with the test data 

of Zhou et al. [121] for both melting and solidification with pure PCM and PCM-

MF composite. The authors analyzed the heat transfer during melting and 

solidification in the rectangular TES system with pure PCM, PCM-graphite 

composite, and PCM-MF composite. In their experiments, other wall is 

maintained at adiabatic condition while one wall is maintained at constant wall 

heat flux and convective heat transfer boundary condition for melting and 

solidification, respectively.  The test set up consist of a rectangular container 

(80×50×30 mm3) with copper plate at the bottom and synthetic glass cover at both 

side and top surfaces. Rubber heater, with same dimension of the copper plate, is 

tightly attached to the bottom surface of copper plate to provide constant heat flux 

at the wall. Paraffin RT27 (melting point of 25oC-28oC) is considered as a PCM 

material and copper foam with 30 PPI and 18.5% relative density is used for the 

analysis; the properties are summarized in Table 3.1. The authors used q" = 3750 
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W/m2 during melting process; while the heater is switched off and the insulation 

of one of the walls is removed to keep the surface open to the ambient during 

solidification process. All other boundaries are remained insulated during 

solidification. 
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    (a)                                                               (b) 

Fig. 3.2 Comparison of temperature of melting process obtained from present 

predictions with the test data of Zhou et al. [121] at x=10 mm ( 0.33x = ) for (a) 

pure PCM, (b) PCM-MF Composite 

Figs. (3.2a) and (3.2b) show the comparison of temperature distribution of 

pure PCM for melting and solidification process, respectively at 10 mm ( 0.33x =

) from the upper surface of copper plate during melting process. Present 

prediction exhibits good agreement with the test data of Zhou et al. [121] within 

the maximum error of 8.68% and 4.19% for pure PCM and PCM-MF composite, 

respectively. In addition to this, the comparison of results obtained from the 

present model with Zhou et al. [121] during melting and solidification process is 

shown in Figs. (3.3a-b). The temperature distribution is obtained at 10 mm (

0.33x = ) from the surface open to ambient during solidification of PCM. Present 

prediction exhibits excellent agreement with test data of Zhou et al. [121] and the 

maximum error was found to be 0.59% and 0.51% for pure PCM and PCM-MF 

composite,respectively. 
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  (a)                                                                  (b) 

Fig. 3.3 Comparison of temperature of solidification process obtained from 

present predictions with the test data of Zhou et al. [121] at x=10 mm ( 0.33x = ) 

for (a) pure PCM, (b) PCM-MF Composite 

3.5    Result and Discussions 

In this study, the thermal performance of pure PCM and PCM-MF composite 

based systems with steady and transient heat loads incorporating the effect of air 

void in the analysis is investigated. Separation of variable method with Bessel 

function is used to obtain the solution; the energy balance in terms of Stefan 

condition and mass balance equation are used to obtain the interface positions. 

Effect of various parameters such as heat flux values, convective heat transfer 

coefficients, and density ratios on the heat transfer performance, 

melting/solidification rate and the movement of solid-liquid, air-solid/air-liquid 

interfaces, melting time, and energy extracted/stored are reported for pure PCM 

and PCM-MF composite. The details are elaborated below.  

3.5.1    Melting and solidification analysis of pure PCM for steady heat load 

with air gap 

Initially, air gap of 2 mm and solid-liquid interface at 2.01 mm from the left 

wall is considered to accommodate the volume expansion of PCM during melting 

process. Steady heat flux of 250 W/m2 is applied at the left boundary, while initial 

temperature of PCM is considered as 336 K ( o
 
= 0) to ensure solid state of the 

entire PCM. In case of solidification process, an initial air gap of 0.5 mm and 
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solid-liquid interface at 0.501 mm from the left convective wall is considered. For 

solidification analysis, ambient temperature, and initial temperature of PCM are 

considered as 298 K ( = 40) and 338 K ( o
 
= 0), respectively. Initial PCM 

temperature indicates that PCM is liquid state before starting of the solidification 

process. Natural convection boundary condition is provided at the left wall, where 

ambient temperature is considered and convective heat transfer coefficient (h) is 

taken as 8 W/m2-K. Effect of various parameters expansion/shrinkage, heat flux 

values, convective heat transfer coefficients, and density ratios on the heat 

transfer performance, melting/solidification rate and the movement of solid-

liquid, air-solid/air-liquid interfaces are detailed below. 

Effect of expansion/shrinkage 

Fig. (3.4a) shows temperature distribution at various locations from the left 

boundary for three domains namely, air, solid, and liquid during melting process. 

Spatial variation of temperature is obtained at three different time step 200 s (F0  = 

0.043), 1200 s (F0 = 2.56), and 2400 s (F0  = 5.12). The position of air-liquid and 

solid-liquid interface can be obtained from the figure with the change in slope 

(Fig. 3.4a). Initially, air-solid, and solid-liquid interfaces are kept at 2 mm and 

2.01 mm, respectively from the left wall. It can be seen from the figure that 

position of air-liquid interface are 2 mm ( alx  = 0.2), 1.8 mm ( alx = 0.18), and 1.6 

mm ( alx = 0.16) at 200 s, 1200 s, and 2400 s, respectively. While the position of 

solid-liquid interfaces are 2.2 mm ( slx = 0.22), 3.4 mm ( slx = 0.34), and 4.8 mm (

slx = 0.48) at 200 s, 1200 s, and 2400 s, respectively. Solid-liquid interface moves 

towards the adiabatic wall (right boundary) and the movement of solid-liquid 

interface is found to be 1.39 mm and 1.4 mm for 0-1200 s and 1200-2400 s, 

respectively. It is observed that air-liquid interface moves towards the left 

boundary that indicates the expansion of the PCM in the rectangular container due 

to difference in density ratio. It can be concluded that with the progress of melting 

process expansion of PCM occurs that results in decrease in volume of void and 

the solid-liquid interface movement increases with the progress of time. This may 
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be due to decrease in void space which results in increase in heat transfer rate to 

PCM. Also, it may be noted that after 2400 s, 35% of melting process is 

completed and volume of void is decreased by 20% with density ratio ~1.16 and 

heat flux 250 W/m2. 
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   (a)                                                                  (b) 

Fig. 3.4 Spatial variation of non-dimensional temperature at different time 

duration (a) melting, (b) solidification process 

Fig (3.4b) shows the spatial variation of temperature for three different 

domains at various locations from the left wall at three time instants 200 s (F0 = 

0.24), 1200 s (F0 = 1.43), and 2400 s (F0 = 2.87). One can observe from Fig (3.4b) 

that the slope is changed at two positions indicating the position of air-solid and 

solid-liquid interfaces. Initially air-solid and solid-liquid interface is considered at 

0.5 mm and 0.501 mm, respectively from the left boundary. It can be seen from 

the figure that position of air-solid interface are 0.635 mm ( asx
 
= 0.064), 0.854 

mm ( asx
 
= 0.085), and 1.1 mm ( asx

 
= 0.11) at 200 s, 1200 s, and 2400 s, 

respectively. Also, the position of solid-liquid interface is found at 1.5 mm ( slx  = 

0.15), 3.5 mm ( slx  = 0.35), and 4.9 mm ( slx  = 0.49) at 200 s, 1200 s, and 2400 s, 

respectively. It can be noted that air-solid and solid-liquid interfaces move 

towards the adiabatic wall indicating the progress of phase change process. 

During solidification process PCM shrinks and shrinkage of PCM increases with 

the progress of time due to higher density of solid phase compared to liquid phase 

of PCM. Shrinkage of PCM increases the void space between the left wall 
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(convective wall) and first layer of solid PCM that in turn affects the heat transfer 

process because of low thermal conductivity of air. Solid-liquid interface moves 

towards the adiabatic wall (right boundary) and the movement of solid-liquid 

interface is found to be 3 mm and 1.4 mm for 0-1200 s and 1200-2400 s, 

respectively. It can be concluded that the solid-liquid interface movement 

decreases with the progress of time. This may be due to increase in void space 

which results in decrease in heat transfer rate to PCM. Also, it may be noted that 

after 2400 s, 49% of solidification process is completed and volume of void is 

increased by 120% for PCM density ratio ~1.16 and heat transfer coefficient of 8 

W/m2-K. 

Effect of heat flux and heat transfer coefficient values 

Fig. (3.5a) shows spatial variation of temperature for four different heat flux 

values such as 250 W/m2, 750 W/m2, 1500 W/m2, and 3000 W/m2 at t = 300 s (F0 

= 0.64). The position of air-liquid interface is found to be 2 mm ( alx  = 0.2), 1.8 

mm ( alx = 0.18), 1.7 mm ( alx = 0.17), and 1.3 mm ( alx = 0.13) and solid-liquid 

interface is obtained at 2.3 mm ( slx = 0.23), 3 mm ( slx = 0.3), 4 mm ( slx = 0.4), and 

6.3 mm ( slx = 0.63) from the left boundary for the heat flux 250, 750, 1500 W/m2, 

and 3000 W/m2 respectively. Air-liquid interface temperatures for different heat 

fluxes are calculated as 337.4 K ( p = 1.4), 341.1 K ( p = 5.1), 353.2 K ( p = 

17.2), and 405.82 K ( p = 69.2). With increase in input heat flux value, air-liquid 

interface position moves at faster rate towards the left boundary for a given time 

instant. This also indicates with the increase in heat flux values the expansion rate 

of PCM and solid-liquid interface movement increases that results in increase in 

melting rate of PCM. Fig. (3.5b) shows the temperature transients at a distance of 

2.5 mm from the left boundary for various heat flux (250-3000 W/m2) at the time 

instant t = 540 s. Temperature of PCM is found to be 337.17 K ( l =1.17), 341.78 

K ( l = 5.78), 359.73 K ( l = 23.73), and 436.99 K ( l = 100.99) at 2.5 mm for 

250, 750, 1500 W/m2, and 3000 W/m2 respectively. Maximum increase in 
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temperature at an axial distance of 2.5 mm is found to be 99.82 K ( l  = 99.82) 

with increase in heat flux from 250 W/m2 to 3000 W/m2. It can be concluded that 

with increase in heat flux values the temperature in PCM increases due to the 

absorption of higher amount of energy. 

In this analysis, three values of h are considered such as 5, 8, and 10 W/m2-

K. Ambient and initial PCM temperature is considered as 298 K and 338 K, 

respectively. Fig. (3.6a) shows the position of air-solid and solid-liquid interfaces 

at a given time instant of t = 2000 s ( 0F
 
= 2.39). Air-solid interface is found to be 

0.885 mm ( 0.0885asx = ), 1 mm ( 0.1asx = ), and 1.1 mm ( 0.11asx = ) for h = 5, 8, 10 

W/m2-K, respectively. This indicates that shrinkage (volume of void) increases 

with the increase in value of convective heat transfer coefficient. Also, position of 

solid-liquid interface is obtained at 3.3 mm ( 0.33slx = ), 4.3 mm ( 0.43slx = ), and 

4.8 mm ( 0.48slx = ) for h = 5, 8, and 10 W/m2-K, respectively. It indicates that 

solidification rate increases with the increase in value of h. Figure shows that air-

solid interface temperature is 335.85 K ( 2.15p = ), 334.82 K ( 3.18p = ), and 

334.16 K ( 3.84p = ) at t = 2000 s for h = 5, 8, 10 W/m2-K, respectively; i.e. air-

solid interface temperature decreases by 1.69 K with the increase in h from 5 to 

10 W/m2-K. Temperature history at 1.5 mm from the left boundary for the time 

duration 2000 s and for h = 5, 8, and10 W/m2-K is shown in Fig. (3.6b). 

Temperature values at 1.5 mm are obtained as 336.14 K ( 1.86 = ), 335.14 K (

2.86 = ), and 334.46 K ( 3.54 = ) for the respective h values. It may be noted 

that due to increase in value of h from 5 to 10 W/m2-K temperature at 1.5 mm is 

decreased by 1.68 K ( 1.68 = ) that is with temperature drop and solidification 

rate increases with the increase in value of h. 
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   (a)                                                                  (b) 

Fig. 3.5 Temperature variation for different wall heat fluxes at (a) t = 300 s (F0 = 

0.64) for different axial distance, (b) x = 2.5 mm ( 0.25x = ) for different time 

duration 
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Fig. 3.6 Temperature variation for different convective heat transfer coefficient 

(h) values at (a) t = 2000 s (F0 = 2.39) for different axial distance, (b) x = 1.5 mm 

( 0.15x = ) for different time duration 

 

 

Effect of density ratio 

Density ratio is defined as the ratio of density of solid PCM to the density of 

liquid PCM. Density ratios of  ~1.16, ~1.07, and ~1.03 are considered for the 
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present analysis. Fig. (3.7a) shows the spatial variation of temperature for 

different axial distance from the left wall. Position of air-liquid interface at 1400 s 

(F0 = 2.98) are 1.7 mm ( alx = 0.17), 1.9 mm ( alx = 0.19), and 2 mm and the 

position of solid-liquid interface is found to be 3.6 mm ( slx = 0.36), 2.9 mm ( slx = 

0.29), and 2.4 mm ( slx = 0.24) for density ratio 1.16, 1.07, and 1.03, respectively 

from the left wall. Also, air-liquid interface temperature is found to be 339.14 K (

p  = 3.14), 337.497 K ( p  = 1.497), and 337.11 K ( p  = 1.11). It may be noted 

that air-liquid moves at a faster rate towards the left wall with increase in density 

ratio while movement of solid-liquid interface increases towards the adiabatic 

wall with increase in density ratio at the given time instant. This indicates that rate 

of expansion of PCM and melting rate increases with increase in the density ratio. 

Therefore, volume of void decreases that result in increase in the heat transfer and 

melting rates. The percentage increase in melting rate due to increase in density 

ratio from 1.03 to 1.16 is found to be 15%, while volume of void decreases by 

15% due to expansion of the melt PCM. 
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Fig. 3.7 Temperature variation with axial distance for different density ratio 

values, (a) melting, (b) solidification process 

Effect of density ratio on temperature distribution, air-solid, and solid-liquid 

interface position are also analyzed during solidification of PCM. Results are 

reported in Fig. (3.7b) for density ratios of ~1.16, ~1.07, and ~1.03 at t = 2000 s. 
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Location of air-solid interface is obtained as 1 mm ( asx  = 0.1), 0.772 mm ( asx  = 

0.0772), and 0.63 mm ( asx  = 0.063) while solid-liquid interface is located at 4.3 

mm ( slx  = 0.43), 4.7 mm ( slx  = 0.47), and 4.9 mm ( slx  = 0.49) for the density 

ratio 1.16, 1.07, and 1.03, respectively. It can be concluded that shrinkage 

increases with the increase in the density ratio. Increase in shrinkage increases the 

void space that acts as an insulating material to the heat transfer through PCM. 

Therefore, the growth of solid-liquid interface decreases due to hindrance in the 

heat transfer. Also, air-solid interface temperature is observed as 334.82 K ( p  = 

3.18), 334.3 K ( p  = 3.7), and 333.99 K ( p  = 4.01) for the density ratio 1.16, 

1.07, and 1.03, respectively. That is air-solid interface temperature is increased by 

0.83 K ( p  = 0.83). It can be reported that with the increase in density ratio 

from 1.03 to 1.16 volume of void is increased by 3.7% while solidification rate is 

decreased by 7.5%. 

 

3.5.2    Melting/solidification analysis in PCM-MF composite with 

void for 

Steady heat load 

        Fig. 3.8a depict the comparison of air-liquid and solid-liquid interfaces 

for pure PCM and PCM-MF composite with 97% (  = 0.97) porosity of MF. 

The propagation of air-liquid and solid-liquid interface is faster for PCM-MF 

composite compared to pure PCM. During melting process t = 0 to 2400 s, the air-

solid interface moves from 2 mm to 1.6 mm, and 2 mm to 1.5 mm for pure PCM 

and PCM-MF composite system, respectively (Fig. 8a); the solid-liquid interface 

propagates from 2.01 mm to 4.8 mm, and 2.01 mm to 5.9 mm for pure PCM and 

PCM-MF composite, respectively. For the duration of 2400 s, the melting process 

is found to be completed by 35%  and 48.75% for PCM and PCM-MF composite, 

respectively; the volume of void is decreased by 20% and 25% for pure PCM and 
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PCM-MF composite, respectively. The study shows that in case of PCM-MF, 

melting and expansion rate increases and results in the decrease in the volume of 

void at a faster rate.  

Fig. 3.8b shows spatial variation of temperature at different axial distance for 

PCM-MF composite with different porosity values (  = 0.97, 0.94 and 0.9). At t 

= 1400 s (F0 = 2.99), the air-liquid interface moves by 1.7 mm ( alx  = 0.17), 1.5 

mm  ( alx  = 0.15), and 1.4 mm ( alx  = 0.14) and solid-liquid interface moves by 4.9 

mm ( slx  = 0.49), 6.1 mm ( slx  = 0.61), and 7.4 mm ( slx  = 0.74) for  = 0.97, 0.94 

and 0.9, respectively. Also, the air-liquid interface temperatures for the respective 

porosity are 337.12 K ( p  = 1.12), 337.12 K ( p  = 1.12), and 337.11 K ( p  = 1.11) 

for  = 0.97, 0.94 and 0.9, respectively. The study shows that for the duration of 

1400 s, the melting rate increases by 31.25 % and expansion rate increases by 7% 

with the decrease in porosity from 0.97 to 0.90. 
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Fig. 3.8 (a) Comparison of interface movement in TES system with pure PCM 

and PCM-MF composite (97% porosity) for 2400 s (F0 = 5.12) duration, and (b) 

Spatial variation of temperature with different axial distance at t = 1400 s (F0 = 

2.99) for different porosity, during melting process 

Similar observations have been noticed during solidification process. Fig. 

3.9a depict the comparison of air-solid and solid-liquid interfaces for pure PCM 
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and PCM-MF composite with  = 0.97. The PCM-MF composite increases the 

solidification and shrinkage rates compared to the pure PCM system. The 

propagation of air-solid and solid-liquid interface is faster for PCM-MF 

composite compared to pure PCM. It is found that during solidification process 

form t = 0 to 2400 s air-solid moves 0.5 mm to 1.1 mm, and 0.5 mm to 1.3 mm 

for pure PCM and PCM-MF composite, respectively (Fig. 9a). While solid-liquid 

interface moves from 0.501 mm to 4.9 mm ( slx  = 0.49) and 6.3 mm ( slx  = 0.63) 

for pure PCM and PCM-MF composite, respectively. For the 2400 s duration the 

solidification process is found to be completed by 49%  and 63% for PCM and 

PCM-MF composite, respectively; the volume of void is increased by 11% and 

13% for pure PCM and PCM-MF composite, respectively. The study shows that 

in case of PCM-MF, solidification and shrinkage rate increases and results in the 

increase in the volume of void at a faster rate. 

Fig. (3.9b) shows spatial variation of temperature at different axial distance 

for PCM-MF with different porosity values porosity (  = 0.99, 0.97 and 0.94). 

At t = 2000 s (F0 = 2.39), the air-solid interfaces are 0.98 mm ( asx  = 0.098), 1.2 

mm ( asx  = 0.12), and 1.6 mm ( asx  = 0.16) and solid-liquid interfaces are 

obtained at 4 mm ( slx  = 0.4), 5.8 mm ( slx  = 0.58), and 8.3 mm ( slx  = 0.83) for  

= 0.99, 0.97 and 0.94, respectively. Also, air-solid interface temperature is 

obtained as 336.65 K ( p  = 1.35), 336.79 K ( p  = 1.21), and 336.84 K ( p  = 

1.16) for  = 0.99, 0.97 and 0.94, respectively. The study shows that for the 

duration of 2000 s, the solidification rate increases by 107.5% and shrinkage rate 

increases by 63.26% with the decrease in porosity from 0.99 to 0.94.  
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Fig. 3.9 (a) Comparison of interface movement in TES system with pure PCM 

and PCM-MF composite (97% porosity) for 2400 s (F0 = 2.87) duration, and (b) 

Spatial variation of temperature with different axial distance at t = 2000 s (F0 = 

2.39) for different porosity, during solidification process 

 

3.5.3     Melting analysis of pure PCM with void for transient heat 

load 

In order to analyze transient heat load condition, initially the constant value 

of wall heat flux (q'' = 100 W/m2) is provided at the left boundary up to 500 s (F0 

= 1.07). After 500 s, the load is fluctuated by employing the transient boundary 

condition ( )1
ow wq q  = + ;   = 1, 2, 3 up to 1400 s (F0 = 1.92). One can observe 

from Fig. (3.10a) that for the first 500 s air-liquid and solid-liquid interfaces are at 

1.9 mm ( alx  = 0.19) and 2.8 mm ( slx  = 0.28). For 500 s < t < 1400 s, the air-

liquid interface moves to 1.7 mm ( alx  = 0.17), 1.7 mm ( alx  = 0.17), and 1.6 

mm ( alx  = 0.16) from 1.9 mm, while the solid-liquid interface moves to 3.6 mm 

( slx  = 0.36), 3.9 mm ( slx  = 0.39), and 4.2 mm ( slx  = 0.42) from 2.8 mm for  = 

1, 2, and 3, respectively. 
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   (a)                                                                                 (b) 

Fig. 3.10 Movement of air-liquid and solid-liquid interface (a) Initiation of 

various pulse heat load 200 W/m2 (  = 1), 300 W/m2 (  = 2), and 400 W/m2 (  = 

3) during  500 s < t < 1400 s (1.07 < F0 < 2.99) (b) Initiation of various pulse heat 

load 400 W/m2 (  = 1), 600 W/m2 (  = 2), and 800 W/m2, (  = 3) during  100 s < t 

< 800 s (0.213 < F0  < 1.7) and shut-off for 1800 s (F0 = 3.84) 

It is interesting to analyze the effect of pulse heat load on thermal 

performance by altering the magnitude of heat flux values and imposition of pulse 

load duration. Initially (0 < t < 100s), the constant heat load (q'' = 200 W/m2) is 

applied followed by a sudden fluctuation in heat load of 400 W/m2 (  = 1), 600 

W/m2 (  = 2), and 800 W/m2 (  = 3) during (100 < t < 800s) in different cases. 

Later on, the pulse heat load is switched off after 800 s and the initial heat load of 

200 W/m2 is provided during (800 < t < 1800s). Fig. 3.10b shows the movement 

of air-liquid and solid-liquid interface positions from 0 to 1800 s. The air-liquid 

interface moves to 1.5 mm, 1.1 mm, and 0.7 mm from 2 mm, whereas solid-liquid 

interface moves to 5.2 mm, 7.6 mm, and 9.9 mm for   = 1, 2, and 3, respectively. 

At t = 800 s, the pulse heat loads (400, 600 and 800 W/m2) supplied in different 

cases are switched off; the solid-liquid interface is found to move at the same rate 

as during pulse heat load up to t = 1400 s.  Afterwards the rate of movement of 

solid-liquid interface decreases. This may be due to conversion of sensible heat of 

liquid PCM into the latent heat of PCM at the interface [122]. Also, it may be 
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noted that due to increase in fluctuating load melting rate and expansion in the 

PCM increases.  

3.5.4    Total melting time and solidification time for steady and 

transient heat loads 

    Fig. 3.11a shows the comparison of total melting time of pure PCM 

considering air gap near the left wall for different density ratio such as 1.16, 1.07, 

and 1.03. For q'' = 250 W/m2, the total melting time for density ratios 1.16, 1.07, 

and 1.03 are found to be 6336 s, 12771 s, and 26460 s, respectively; while, for q'' 

= 750 W/m2, the total melting time are found to be 2172 s, 4482 s and 9714 s, 

respectively. Also, for q'' = 1500 W/m2, total melting time are found to be 1108 s, 

2280 s, and 5013 s for density ratio of 1.16, 1.07, and 1.03, respectively. With the 

increase in density ratio from 1.03 to 1.16, the total melting time reduces by 76%, 

77.6%, and 77.8% for q'' = 250, 750 and 1500 W/m2, respectively. This indicates 

that total melting time decreases with the increase in heat flux values and increase 

in density ratio.  

Fig. 3.11b shows the comparison of total melting time for different cases 

such as pure PCM without void, pure PCM with void, and PCM-MF composite 

with void for a density ratio of 1.16. The total melting time for pure PCM without 

void are found to be 797 s, 1593 s and 4779 s for q'' =1500 W/m2, 750 W/m2, and 

250 W/m2, respectively. While, in case of pure PCM with void, the total melting 

time is 1108 s, 2172 s, and 6336 s for q'' =1500, 750, and 250 W/m2, respectively. 

Total melting time decreases by 28%, 26.7%, and 24.6% for pure PCM without 

void compared to pure PCM with void for q'' = 1500, 750, and 250 W/m2, 

respectively.  Present study shows that because of void at the left wall, the melting 

rate tends to slower, because the air affects the heat transfer performance. 

Comparison of total melting time of pure PCM and PCM-MF composite with 

void at the left wall for constant density ratio 1.16 can be seen from Fig. 3.11b. 

Total melting time of PCM-MF composite is found to be 796, 1592 and 4628 s for 

1500, 750, and 250 W/m2, respectively. This indicates that the total melting time 

for PCM-MF composite with void is decreased by 28.15%, 26.7%, and 26.95%, 
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respectively compared to pure PCM with void for q'' = 1500, 750, and 250 W/m2, 

respectively. This indicates that addition of MF as TCE increases the heat transfer 

during melting process. 
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   (a)                                                            (b) 

Fig. 3.11 Comparison of total melting time for (a) different density ratio of pure 

PCM (b) pure PCM with and without air void and PCM-MF with air void 

Total solidification time for different density ratio and different values of 

heat transfer coefficient (h = 5, 8, and 10 W/m2K) are shown in Fig. 3.12a.  For h 

= 5, 8, 10 W/m2K and n  = 1.16, the total solidification time are found to be 8652 

s, 6096 s, and 5004 s, respectively. For h =5, 8, 10 W/m2K and n =1.07, the 

solidification time are found to 8592 s, 5955 s and 5049 s, respectively. At the 

same time for h = 5, 8, 10 W/m2K and n  = 1.03, the corresponding values are 

found to be 7090 s, 5853 s, and 4938 s, respectively. With the increase in density 

ratio from 1.03 to 1.16 total solidification time is increased by 22.03%, 4.1%, and 

1.3% at h = 5, 8, and 10 W/m2K, respectively. For a given value of n , the total 

solidification time decreases with the increase in h; the value increases with 

density ratio for a given value of h. This may be due to increase in volume of void 

that acts as an insulating medium and decreases the solidification rate.  
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Fig. 3.12 Comparison of total solidification time for (a) Different density ratio of 

pure PCM (b) Pure PCM with and without air gap and PCM-MF with air gap 

Fig. 3.12b shows the comparison of total solidification time for different cases 

such as pure PCM without void, pure PCM with void, and PCM-MF composite 

with void for n  = 1.16. The total solidification time for pure PCM without void 

are found to be 8340 s, 5435 s and 4465 s for h = 5, 8, and 10 W/m2K, 

respectively. While, in case of pure PCM with void, the total solidification time is 

8652 s, 6096 s, and 5004 s, for 5, 8, and 10 W/m2K, respectively. The total 

solidification time is decreased by 3.7%, 12.1%, and 12.07% for pure PCM 

without void compared to pure PCM with void at 5, 8, and 10 W/m2K, 

respectively. The study shows presence of void at the left wall, lowers the 

solidification rate, this may be due to lower heat transfer rate. The total 

solidification time of MF-PCM composite is found to be 2322 s, 1461s, and 1173 

s, respectively for h = 5, 8, and 10 W/m2K, respectively. This shows that the total 

solidification time of PCM in PCM-MF composite with void decreases by 272%, 

317%, and 326%, respectively compared to pure PCM with void for the h = 5, 8, 

and 10 W/m2K, respectively. The study shows that addition of MF as TCE 

improves the heat transfer rate and significantly reduces the solidification time.  
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3.5.5 Energy stored/extracted during melting and solidification 

for steady and transient heat load. 

Here, the energy stored during melting process and energy extracted during 

solidification process can be calculated by using Eq. (3.28a). Fig. 3.13a shows the 

comparison of latent heat, and total heat stored in the pure PCM with and without 

void at n = 1.16 and q'' = 750 W/m2. At t = 1000 s, total latent heat stored in 

PCM storage system with and without void are found to be 506.9 kJ/m2 and 644.2 

kJ/m2 and total energy stored are found to be 551.3 kJ/m2 and 714 kJ/m2, 

respectively. This indicates that energy stored in the PCM with void is lower 

compared to case that does not include void in the model. The comparison of total 

energy and latent heat stored with pure PCM involving void and PCM-MF 

composite including void is shown in Fig. 3.13b. At t = 1000 s (F0 = 2.13), for 

PCM-MF composite system with void, the latent heat and total heat stored are 

found to be 675.5 kJ/m2 and 679.4 kJ/m2, respectively. Energy stored in PCM-MF 

composite is greater compared to pure PCM due to enhancement in heat transfer 

with the addition of MF. 

Fig. 3.13c shows the variation of total energy stored with time during melting 

process with transient heat load for different  values. Initially (0 < t < 100s), the 

constant heat load (q'' = 200 W/m2) is applied followed by a sudden fluctuation in 

heat load of 400 W/m2 (  = 1), 600 W/m2 (  = 2), and 800 W/m2 (  = 3) during 

(100 < t < 800s) in different cases. Later on, the pulse heat load is switched off 

after 800 s and the initial heat load of 200 W/m2 is provided during (800 s < t < 

1800 s). At t = 1800 s and n = 1.16, the latent heat storage are found to be 407.8 

kJ/m2, 723.7 kJ/m2, and 1097.5 kJ/m2; while, the total energy stored are found to 

be 418.7 W/m2, 777.3 W/m2, and 1257.5 W/m2 for  = 1, 2, and 3, respectively. 

The study shows that energy stored in the PCM increases by 208.23% with 

increase in pulse heat load from 400 W/m2 (  = 1) to 800 W/m2 (  = 3). 
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Fig. 3.13 Comparison of total energy stored (a) pure PCM considering with and 

without air gap (b) pure PCM and PCM-MF composite considering void for (c) 

transient heat load condition for different  value 

Latent heat and total energy extracted during solidification for a density ratio 

of 1.16 and convective heat transfer coefficient (h) of 8 W/m2K is shown in Fig. 

14. Comparison of latent heat and total energy extracted in case of pure PCM with 

and without air gap consideration is shown in Fig. 3.14(a). Total latent heat 

extracted with and without air gap consideration are found to be 266.14 kJ/m2 and 

381.42 kJ/m2 and total energy extracted are found to be 267.9 kJ/m2 and 385.4 

kJ/m2 at t = 1000 s (S=1.19). This indicates that energy extracted from the PCM 

with void is lower compared to case that does not include void in the model. The 

comparison of total energy and latent heat extracted from pure PCM involving 
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void and PCM-MF composite including void is shown in Fig. 3.14b. At t  = 1000 

s ( 0F  = 1.19), for PCM-MF composite system with void, the latent heat and total 

heat extracted are found to be 573.4 kJ/m2 and 574.41 kJ/m2, respectively. Energy 

extracted from PCM-MF composite is greater compared to pure PCM due to 

enhancement in heat transfer with the addition of MF. 
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Fig. 3.14 Comparison of total energy extracted (a) pure PCM considering with 

and without air gap, (b) pure PCM and PCM-MF composite considering void 

 

3.6    Concluding remarks 

A one dimensional analytical model is developed to study heat transfer 

process in a rectangular container with pure PCM and PCM-MF composite 

incorporating the effect of volumetric change. Here, expansion/ shrinkage are 

considered during melting/solidification. Also, both transient and steady heat load 

is considered during phase change process. Separation of variable method is 

considered to obtain the solution for temperature distribution and interface 

position with constant wall and natural convection boundary condition. Effect of 

various parameters such as density ratio, wall heat flux, convective heat transfer 

coefficient, porosity, pulse heat load on the thermal performance is analyzed. 

Results obtained from this analysis are found to be in good agreement with the 

test data. The effect of shrinkage/expansion is more prominent for different cases 
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such as higher value of wall heat flux ( wq ), convective heat transfer coefficient 

(h), density ratio, and lower value of porosity. This study can be useful in 

designing thermal energy storage and thermal management system with the 

consideration of void on heat transfer performance. 
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Chapter 4 

Conclusions and Scope of Future Work 

The present dissertation reports the analytical study pertaining to the phase 

change process of PCM based systems in two different geometries (rectangular 

and annulus) incorporating volumetric shrinkage/expansion void. The first 

problem considers the pure PCM based system in an annulus for the analysis. 

While, the second problem considers pure PCM and PCM-MF in the rectangular 

system for the analysis. Both the analysis incorporates expansion/shrinkage void 

during melting/solidification process. Paraffin wax is considered as PCM and air 

is considered inside the void. Separation of Variable method involving Bessel’s 

function is employed to obtain the temperature distribution for air, solid and 

liquid domains and to locate interface positions. Stefan condition and mass 

conservation equation are used at the interfaces. Results obtained from the present 

model are found to be in good agreement with the existing test results. Effect of 

various parameters such as density ratio, end wall temperature, wall heat flux, 

convective heat transfer coefficient, porosity, and radius ratio on the 

solidification/melting of PCM have been investigated. The significant findings 

obtained from the present study are elaborated below: 

 

4.1    Solidification and melting model of phase change material 

with volumetric shrinkage/expansion void in an annulus 

         Here, a one dimensional analytical model has been proposed to analyze the 

solidification and melting of PCM in an annulus incorporating the shrinkage and 

expansion during solidification and melting, respectively. The model involves 

three different regions such as air, solid and liquid. Separation of Variable method 

using Bessel function has been employed for all domains, namely, air, solid and 

liquid domains to solve the conduction equation. The key findings obtained from 

the present analysis are elaborated below. 
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1. Present model yields expressions for temperature distribution in PCM, 

location of air-solid/air-liquid and solid-liquid interface during solidification 

and melting of PCM in an annulus. 

2. Solidification rate decreases with the increase in density ratio, while melting 

rate increases with the increase in density ratio. Also, the solidification and 

melting rate is found to increase with the increase in radius ratio. 

3. For a time, duration of 1400 s, the solid-liquid interface moves by 76.53% and 

70.88% during solidification and 34.26% and 35.32% during melting for 

density ratio of 1 and 1.16, respectively. 

4. Shrinkage (solidification rate) increases with the decrease in cold wall 

temperature and increase in Stefan number, while expansion (melting rate) 

increases with the increase in hot wall temperature and increase in Stefan 

number. 

5. The energy extracted is found to be lower in case of higher density ratio (1.16) 

compared to the unit density ratio, while energy stored is higher with higher 

density ratio (1.16) compared to the unit density ratio.  

It may be summarized that with lower value of cold wall temperature (Tc), 

higher value of hot wall temperature (Th) and higher density ratio, higher value of 

radius ratio, the effect of shrinkage and expansion is more prominent. This study 

can be useful in solar heating or cooling, thermal management of electrical 

vehicle and electronic devices. 

 

4.2   Solidification and melting analysis of phase change material-

metal foam composite with expansion/shrinkage void in 

rectangular system 

         Here, a one dimensional analytical model is proposed to investigate the 

thermal performance of PCM/PCM-metal foam (MF) composite based 

rectangular energy storage system incorporating the volumetric change and void 

in PCM with steady and transient heat loads. Separation of variable method with 

Bessel function has been employed to solve the conduction equation associated 
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with different thermal boundary conditions. The Stefan condition and mass 

balance equation are used to locate the interface position during both 

solidification and melting process. Paraffin wax and copper is considered as PCM 

and MF material, respectively. 

1. Present model yields expressions for temperature distribution in PCM, 

location of air-liquid/air-solid and solid-liquid interfaces during melting and 

solidification of PCM.  

2. For the time duration of 2400 s, the volume of void decreases by 20% and 

increases by 120% during melting and solidification, respectively. Decrease 

in void space results in increase in heat transfer rate to PCM, while increase 

in void decreases the heat transfer rate to the PCM.  

3. With the increase in input heat flux value from 250 to 3000 W/m2, the 

expansion rate of PCM and solid-liquid interface movement increases 

leading to the increase in melting rate of PCM. During solidification, 

shrinkage (volume of void) increases with the increase in the value of 

convective heat transfer coefficient from 5 to 10 W/m2-K.  

4. With the increase in density ratio from 1.03 to 1.16, the melting rate increase 

by 15% for time duration of 1400 s and solidification rate decreases by 7.5% 

for time duration of 2000 s. With the increase in fluctuating load melting rate 

and expansion in the PCM increases. 

5. Thermal system with PCM-MF composite exhibits faster movement of 

interfaces, greater capacity in energy storage and extraction. The melting and 

solidification rate increases by 31.25% and 107.5% for lower porosity value 

of the MF. 

6. Total melting time of PCM in PCM-MF composite with void decreases by 

28.15%, 26.7%, and 26.95%, respectively compared to pure PCM with void 

for 1500,750 and 250 W/m2, respectively. While total solidification time of 

PCM in PCM-MF composite with void decreases by 272%, 317%, and 

326%, respectively compared to pure PCM with void for h = 5, 8, and 10 

W/m2K, respectively. 
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The effect of shrinkage and expansion is more prominent for different cases such 

as higher value of wall heat flux ( wq ), convective heat transfer coefficient (h), 

density ratio, and lower value of porosity. This study can be useful in designing 

thermal energy storage and thermal management system with the consideration of 

void on heat transfer performance. 

4.3     Scope of future work 

Phase change material based thermal energy storage system or thermal 

management system is widely used in numerous industrial and applications 

including solar energy storage, electronic cooling and buildings. The present 

dissertation reports the analytical study pertaining to the phase change process of 

PCM based systems in two different geometries (rectangular and annulus) 

incorporating volumetric shrinkage/expansion void. Effect of various parameters 

such as density ratio, end wall temperature, wall heat flux, convective heat 

transfer coefficient, porosity, and radius ratio on the solidification/melting of 

PCM have been investigated here.  The Analysis carried out in this dissertation 

may provide some useful information for further study in this area. In addition to 

this, the work can be extended to explore further advancement in this problem and 

summarized below. 

1. Experiments need to be conducted to analyze the effect of void on the 

thermal performance with and without thermal conductivity enhancers.  

2. The effect of void on the thermal performance for various systems such 

as in nano enhanced PCM and fin based PCM system.   

3. Numerical investigation can be made to consider the effect of wide 

range of operating parameters on the thermal performance. 

4. Optimization study can be made to evaluate the best range of thermal 

and design parameters for the thermal performance.   
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