


 

 

ABSTRACT 

Temperature of an Externally Heated Metallic Microparticle 

in a Phase Change Material  

by 

Emre Sarici 

Phase change materials (PCMs) play a significant role in the field of thermal 

energy storage. The strength of PCM stems from their ability to keep a large amount 

of energy in a small temperature difference. In this study, a spherical metallic 

microparticle which is embedded centrally in a spherical PCM enclosure is being 

heated externally to lead surrounding the PCM to melt. The particle is assumed to be 

heated by solar radiation while the PCM is transparent to it. The fundamental 

mathematical model and 3D numerical simulation of the problem are presented. 

Emphasis is placed on the highly elaborate simulation of the problem performed in 

ANSYS Fluent. The temperature profile, phase change phenomena, and the effects of 

interface thermal resistance are investigated comprehensively. Outcomes are 

discussed and compared with literature.  
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Chapter 1 

Introduction 

The pursuit of clean and sustainable energy, which is crucial in our era, shapes 

research on solar power and thermal energy storage systems. According to the 

database of the USA Department of Energy (DOE) & Sandia National Laboratory, 1628 

energy storage projects are either operational or under construction in the world as 

of August 2016, [1]. 206 of these projects are to be thermal energy storage with a 

promising increase over the last decade, as shown in Figure 1.2. This data can be 

interpreted as showing that the need of renewable energy is inevitable and we are 

aware of it. The advantages of energy storage can be summarized as reduced energy 

costs, reduced energy consumption, increased flexibility of operation, reduced 

equipment size, conservation of fossil fuels, reduced pollutant emissions and so on. A 

quick schematic representation of energy storage is tabulated in Figure 1.1.  
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Figure 1.1: Energy storage methods [2]. 

 

Figure 1.2: The usage of thermal energy storage over time [1]. 

As shown in Figure 1.1, thermal energy storage is divided into two main 

categories as latent and sensible heat storages. In addition to this, there is a chemical 

heat storage version in which case the material’s internal energy is changed by the 
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heat of a thermo-chemical process. In terms of common usage, thermal energy 

storages can also be sorted as solar energy storage, heat storage in tanks and rock 

caverns, heat storage in hot rocks and concrete, electric thermal storage heaters, ice 

based storage, cryogenic energy storage, molten salt technology, hot silicon 

technology, and pumped heat electricity storage. An overview of various types of 

thermal energy storage can be seen in Figure 1.3.  

 

Figure 1.3: Classification of thermal energy storages [3]. 

Latent heat storage has recently been gaining attention for thermal storage 

because satisfying amounts of energy can be stored in limited volumes with small 

temperature differences in the medium. The main source of energy in the latent heat 

storages basically stems from the breakdown of molecules due to the phase change 

phenomena, in lieu of acquiring energy from the temperature change. The heat of 

fusion, namely the enthalpy of fusion, is stored while the material changes its state 
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from solid to liquid at a constant pressure. The name “heat of 

vaporization/evaporation” is used for the process of changing a medium’s state from 

liquid to gas. Latent heat systems generally use the sun as their ultimate energy 

source; therefore, the topic also contributes to the solar energy field as it does in this 

study. Figure 1.3 shows the sensible and latent heat on a temperature diagram and 

illustrates the small temperature range of latent heat.  

 

Figure 1.4: Sensible vs. Latent heat [4]. 

Phase change materials (PCMs) are the key factor in the latent heat storage 

since they allow higher energy capacity with lower temperature differentiation. PCMs 

store 5-14 times more heat per unit volume than conventional sensible heat storage 

materials and they absorb and release heat at almost constant temperature [3]. PCMs 

are rewarding products for thermal management solutions because they provide 
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efficiency and convenience such as thermal energy storage, whereby heat or coolness 

can be stored from one process or period and used later or in a different location. 

They are also very useful in creating thermal barriers or insulation, for example, in 

temperature controlled transportation. In addition to the PCMs’ usage in thermal 

energy storage systems, they have some other functions in nature and technology.  

Every material in nature is theoretically able to change its phase. That means 

that we can say everything can be considered as a PCM. Unfortunately, a petite group 

of them can cope with meeting the criteria of thermophysical and chemical properties 

to be eligible in energy storage applications. The phase change temperature is the 

most important criterion, whereas the thermal conductivity is the most limiting 

property of PCMs. The simplest, cheapest, and most popular phase change material is 

water/ice. However, the freezing temperature of water is fixed at 0°C (32°F) so its 

usage is limited depending on the energy storage application. As a result, some 

different materials have been identified and developed to offer products that freeze 

and melt like water/ice, but at temperatures from the cryogenic range to several 

hundred degrees centigrade. The desirable qualifications of PCMs are listed as follows 

[5-9]: 

a) Thermal properties 

 (i) Suitable phase change temperature for the application, 

 (ii) High latent heat for per unit mass, 

 (iii) Adequate thermal conductivity in both phases, 
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 (iv) None or very little super-cooling during freezing, 

b) Physical properties 

 (i) High density, 

 (ii) Small density variation, 

 (iii) Low vapor pressure, 

c) Chemical properties 

 (i) Stability, 

 (ii) No phase separation or decomposition, 

 (iii) No degradation after long-term use, 

 (iv) Compatibility with the surrounding material, 

 (v) Non-toxic, non-flammable, environment-friendly, 

d) Economic properties 

 (i) Low price, 

 (ii) Abundance, 

 (iii) Availability, 
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There are various PCMs available with different thermophysical properties 

which get accept a wide range of working temperatures. The general classification 

tree of PCMs is shown in Figure 1.5. 

 

Figure 1.5: Classification of phase change materials [3]. 

Phase change problems are broadly known as the Stefan Problem, in which 

case there is a free boundary described with a partial differential equation. It is named 

after the Austrian physicist and mathematician Joseph Stefan, who described 

mathematical models for problems of phase change in 1889. Since the phase change 

interface (boundary) moves with time, it differs from stationary boundary problems 

thanks to its time-dependent “moving boundary”. It is mostly observed for melting 
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and solidification problems and is used in this study for analyzing the melting of ice 

in a spherical enclosure. 

1.1 Literature Survey 

There are numerous reports on phase change materials in the literature. The 

present survey is limited mostly to related works of interest in this thesis. First of all, 

an analysis of a single nanoparticle buried in a phase change material presented by 

Tullius and Bayazitoglu [10] has been an inspirational concept. This study includes 

plasmonic properties of metals when solar frequencies are applied on them. By the 

time the particle temperature becomes superior to the melting temperature of the 

medium, liquid film occurs and obtains velocity. The effects of particle size, material 

properties, and the type of medium are analyzed numerically. The major drawbacks 

of this study are: First, it does not completely follow the principles of the free 

boundary problem aka Stefan problem. Interface should be considered on the move.  

Secondly, thermal resistance values are considered as constant, whereas it depends 

on the temperature momentarily.  

Shamsundar and Sparrow [11] have been the pioneer scientists on the 

research of PCMs. They revealed that the thermal energy can be stored when solid 

phase eventuates in liquid phase. They considered a circular tube for their analysis, 

and showed the importance of temperature drop and heat flux. Moreover, they have 

demonstrated how their results depend on the Stefan number, Fourier number, and 

Biot number. Thereafter, they analyzed conduction phase change numerically by 
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using the enthalpy method for a square container. They found as a beneficial result 

for phase change thermal energy storage that the heat transfer rate was slightly 

constant throughout the solidification process. 

Zalba et al. [12] conducted a comprehensive review on thermal energy storage 

by considering phase change materials. They have focused on material, heat transfer, 

and its applications. This work is widely used as a reference to understand phase 

change materials deeply. First, it was a study of phase change materials in a detailed 

way, describing and classifying both commercial and non-commercial materials 

including their thermophysical properties and their stability. In the second place, it 

was shown that the theory and the simulation could be conducted with moving 

boundary conditions; then they revealed methods to enhance the heat transfer in 

latent heat thermal storage, in addition to supplementary numerical simulations such 

as only considering either conduction or convection. It was divided into two 

categories: thermal protection or inertia and the storage. Such detailed applications 

can be listed as ice storage, building applications, conservation and transportation of 

temperature sensitive materials, water tanks vs. PCM tanks, and others. Voller [13] 

stated a general review about numerical methods for phase change problems. Even 

though it has been extremely difficult to discuss all techniques, a whole chapter is 

created by the related references and outlines of the Stefan problem and the basic 

information about phase change problems. 

Namburu and Tamma [14] have drawn the implicit and explicit results of 

solidification for isothermal phase change problems. They proposed that their model 
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would review proper results thoroughly in comparison to conventional models. They 

concluded that their overall results over a range of isothermal phase change problems 

have given only modest outcomes. Voller and Shadabi [15] investigated enthalpy 

methods in order to track the phase change boundary for the asymmetric two 

dimensional cases. They proposed the cubic spline interpolation method whose 

outcome is meticulous compared to standard method. Javierre et al. [16] carried out 

several numerical methods to show the results of the Stefan problem in phase 

transformation studies by using a level set, a moving grid, and phase field models. The 

physical problem created a solid–liquid transformation under the homogeneous 

Neumann boundary conditions, namely, no heat flux through boundaries are 

considered. For solidification, they concluded that moving-grid and level-set methods 

would be the suitable ones, whereas phase-field method would be better as in melting 

case in addition to other numerical methods. Therefore, all three methods would be 

clearly discussed and contrasted in this study.  Bulunti and Arslanturk [17] 

investigated numerically the inward melting by using a finite difference method and 

Landau transformation for the computational domain. One dimensional spherical 

structure is exposed to convection and radiation in this study. They have concluded 

that Biot number (Bi), Stefan number (Ste), and temperature directly affect the 

velocity of the interface. 

Tien and Chang [18] processed convective boundary conditions in their 

analysis of solidification in a cylindrical container by using enthalpy method. They 

only considered solidification, and revealed the distinct formulations for the finite 
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difference method. The wall thickness, initial temperature, and container aspect ratio 

have directly affected the solidification rate for the phase change material. Therefore, 

the Stefan number (Ste) is requisite for the solidification process, whereas thermal 

diffusivity is not so significant. Similarly, Kosky [19] conducted solidification process 

for cylindrical coordinates to understand phase change materials in a thermal energy 

storage system. Bilir and Ilken [20] investigated a solidification problem in a 

cylindrical/spherical body by only considering heat conduction equations. They 

revealed its total time by utilizing the enthalpy method with the approach of control 

volume. After all of their variations, the results are tabulated with respect to the 

Stefan number, Biot number, and Superheat parameter for further engineering 

calculations. Zhang and Faghri [21] investigated forced convection of phase change 

materials in a circular tube. In their study, heat flux was kept as a constant, and the 

temperature transforming model was used. 

Himran et al. [22] have presented an analysis on the latent and sensible heat 

thermal energy storage by utilizing paraffin wax as the phase change material with 

using the in-line and staggered cylindrical tubes. Their study is carried out both 

analytically and experimentally. They would be able to decide desirable results after 

the analytical study such as the motion of interface, the amount of material melted at 

any time in the process, and the heat storage characteristic during melting. Also, they 

deduced that the staggered layout would be more effective than the in-line tubes in 

the case of thermal storage. Aydin et al. [23] carried out an experimental study to 

optimize the geometry of tube-in-shell type latent heat storage. The optimum range 
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for the inclination angle of the shell surface is discussed and recommended. The novel 

geometry elicited enhanced the heat transfer inside the phase change material. Hale 

and Viskanta [24] studied the solid–liquid phase change not only analytically but also 

experimentally by using several different materials. Their study is mainly based on 

the one-dimensional study of Neumann boundary conditions. 

In order to solve the Stefan problem, Wilson [25] used the level set method 

which is easy for establishing solutions for irregular geometries. It was first verified 

with the one dimensional analytical example of Hill’s work [26] by changing the time. 

Furthermore, the two-dimensional study was conducted and finally was concluded 

that the need for a frequent re-initialization would be decreased by using a time 

evaluation of the level set method. Jonsson [27] has revealed two types of boundary 

conditions on the one-dimensional Stefan problem solution; mainly, one with steady 

boundary conditions and another with time–dependent boundary conditions. Backes 

[28] studied a one-dimensional Stefan Problem, too. It would be wortwhile to 

establish a new model for developing the current solving techniques. This study was 

conducted based on the work of Cauldwell and Chiu [29]. Visintin [30] introduced the 

Stefan problem in a differential equation handbook. It is a good reference for 

analyzing the Stefan–type problems by including general models of phase transitions. 

Andreucci [31] revealed the lecture notes on the Stefan problem, and the original title 

was ‘Evolution equations and free boundary problems’ which essentially involves 

Stefan and Hele–Shaw problems. This study would be classified in two categories 

which are the classification formulation and the weak formulation of the Stefan 
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problem. Also, appendices of the study are a useful source for the mathematical model 

of the problem. 

Cho and Sunderland [32] conducted one of the first investigations into the 

phase change of spherical bodies by simply using a finite difference method. Their 

intention was to compare their approximate solution. It concluded that their 

approximation is promising when dimensionless enthalpy goes to infinity. As a 

practical example, they claimed that their approximate solution yields the best results 

for the freeze drying of foods. Cadwell and Chan [33] used the integral method and 

the enthalpy method, respectively, for the heat balance and solidification of a 

spherical body, respectively. Their method aimed to track the position of the phase 

change. They concluded that the heat balance integral method and the enthalpy 

method give similar results for tracking the phase change when the Stefan number is 

not small; however, the enthalpy method would be easier to implement than the 

integral method. Also, they stated that the enthalpy method provides more flexibility 

through the tracking methods. However, it was shown that undesired oscillations of 

temperature would be seen at the coarse grids, so that it is still worth further 

investigation by cylindrical and spherical geometries. Yaojiang and Mingheng [34] 

showed numerically the melting process of the close–contact in spherical geometry. 

Additionally, they revealed the melt–film thickness profile by changing the thickness 

as well the as contact melting angle with time. When they built their mathematical 

model, they assumed quasi-steady equations, i.e. no translational move. Moore and 

Bayazitoglu [35] experienced the melting within a spherical enclosure. Their 
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developed model has matched with their experimental values. Characteristics of the 

phase change thermal storage were revealed and the profiles of temperature drawn 

out with respect to Stefan and Fourier numbers. An important result is that 

convection heat transfer effects would be eligible for small Stefan numbers. 

Tan and Fok [36] used SolidWorks to simulate the melting process in a sphere. 

Their effort is to estimate the melting of the fraction that is not studied before. Also, 

melting is contrasted as constrained and unconstrained, and differences between 

them are revealed. Moreover, their method would give the idea about the melt 

fraction before requiring an experimental study. Shatikian [37] investigated melting 

and solidification processes of a phase change material within internal fins. Paraffin 

wax and aluminum were used as phase change material and fin material, respectively. 

ANSYS Fluent 6.0 was used to conduct the simulations for two dimensional cartesian 

coordinates. The temperature phase field with respect to time had been revealed to 

show the heat transfer process. In the computational results, it was shown that 

geometry and boundary conditions influenced the melting and heat transfer rates.  In 

addition to standard dimensionless numbers, i.e., Stefan and Fourier numbers, the 

effect of fin thickness has also been studied. This study is aimed to be useful for the 

design of phase change material-based cooling systems, especially for electronic 

cooling in which the space for the cooling is extremely small. 
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Chapter 2 

Mathematical Model and the Analytical 

Approach 

2.1 Introduction 

In this study, a single solid state metallic microparticle which is embedded in 

ice is analyzed. The particle is externally heated by solar radiation while the ice is 

assumed to be fully transparent to it. By the time metallic particle’s temperature 

equalizes with the melting temperature of the ice, the phase change material (ice) 

begins to be transformed so a film begins to form around the metallic microparticle. 

This liquid film gradually grows outwards therefore a velocity equation is required at 

that point. Chapter 2 of the thesis aims to present this physical situation and its 

mathematical background. The detailed solution is only available in a numerical 

approach and will be presented in Chapter 3.  

The occurrence of the liquid film is illustrated in Figure 2.1.1: 
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Figure 2.1.1: Film formation of the metallic microparticle. 

Melting takes place three dimensionally surrounding the particle. Even though 

the problem is numerically solved three dimensionally, the case is simplified in this 

chapter to present formulations.  

 

 
Figure 2.1.2: Heat transfer in radial coordinates [38]. 

Spherical coordinates are illustrated in Figure 2.1.2 to demonstrate the case in 

three dimensions. 

Solid particle 

Liquid film 

Solid 
Medium 



27 
 

 
 

2.2 One dimensional exact solution 

This is the simplest mathematical model of phase transitions. It is assumed 

that the temperature in the solid phase is constant so the temperature distribution in 

the liquid phase and the location of the free boundary are sought. The problem is 

called a one phase problem although there are two phases due to this assumption. If 

a solidification problem was considered instead of melting, a distortion due to sub-

cooling could be expected at the interface. The heat equation must be solved 

alongside the unique boundary conditions to get a solution for the classical Stefan it 

problem. The following shows these derivations with the help of Figure 2.2.1. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

Figure 2.2.1: The temperature graph of one phase melting. 

2
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𝑇s = 𝑇m 

S(t) 

liquid solid 

interface 

0 

x 



28 
 

 
 

For the interface;                                                                

l mT T  at x=s(t), t>0                                                                                                    (2.2.3) 

 tl
l sl

dsT
k h

r dt



 


 at x=s(t), t>0                                                                             (2.2.3) 

where   [ 3kg m ], 
slh  [ / kgJ ], k [W/m-K], and  [ 2 /m s ] are the density, latent heat 

of fusion, thermal conductivity, and thermal diffusivity, respectively. The evolving 

unknown interface is denoted as x=s(t), where x is the position in space, s(t) is the 

time-dependent free boundary, and the subscripts of the temperature ‘T’ and the 

conductivity ‘k’ correspond to liquid, solid, and melting with l, s, and m, respectively.  

At this stage, it is needed to assume a solution satisfying the boundary 

condition. This solution depends on the error function (erf) parameter; 

1/2[x/ 2( t) ]l oT T Berf                                                                                             (2.2.4) 

[ ]m oT T Berf                                                                                                            (2.2.5) 

Where 1/2( ) / 2( t)ls t                                                                                            (2.2.6) 


1/2[x/ 2( t) ]

( )

l o

m o

T T erf

T T erf









                                                                                     (2.2.7) 

An additional equation is obtained for the determination of   by combining 

this proportional equation with the boundary conditions of the interface; 
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2
0( )

( ) m

sl

c T T
e erf

h

 



                                                                                            (2.2.8) 

The specific heat is notated with c [ J kg K ]. The expression of 0( )m

sl

c T T

h



shows the Stefan number (Ste). Ste is a dimensionless parameter to define the ratio 

of sensible heat to latent heat and widely used in Stefan problems. As long as the 

Stefan number is known,  is determined from error function tables. 

Table 2.2.1: Tabulation of Equation (2.2.8). 

  
2 0( )

( )
p m

sl

c T T
e erf

h

 



  

0.00 0.00000E+00 
0.10 1.13593E-02 
0.20 4.63583 E-02 
0.30 1.07872 E-01 
0.40 2.01089 E-01 
0.50 3.34168 E-01 
0.60 5.19315 E-01 
0.70 7.74470 E-01 
0.80 1.12590E+00 
0.90 1.61224 E+00 
1.00 2.29070 E+00 
1.10 3.24693 E+00 
1.20 4.61059 E+00 
1.30 6.58039 E+00 
1.40 9.46482 E+00 
1.50 1.37492 E+01 
1.60 2.02078 E+01 
1.70 3.00928 E+01 
1.80 4.54593 E+01 
1.90 6.97291 E+01 
2.00 1.08686 E+02 
2.50 1.29451 E+03 
3.00 2.43087 E+04 
3.50 7.31434 E+05 
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4.00 3.55444 E+07 
 

Table 2.2.1 is customized for this method for a one phase melting problem 

[39]. Most of the error function tables which are widely available in various kinds of 

heat transfer books can be used. The value of the solution varies with conditions of 

the desired problem. 

The key of a one phase melting Stefan problem is that the solid phase is 

assumed to be at melting temperature throughout; thus the temperature is only 

unknown in the liquid phase. In the literature, most of the exact solutions are 

accounted as a one phase problem. On the other hand, there is also the case where 

temperatures are unknown at both phases. The solution of this approach is widely-

known as Neumann’s solution. Nevertheless, analytical solutions are limited to 

primitive models of the Stefan problem; therefore, they are not intended to be used 

for the sake of the long-term goals of this study. 

2.3  Mathematical formulation  

The governing equations are presented to describe relations among the 

particle, liquid, and phase change material under solar exposure.  It is mandatory to 

go through some assumptions to be able to set up formulations for this phase change 

problem; for example, the particle maintains its uniform surface temperature 

throughout, thin liquid film compared to that size of the particle, and constant thermal 
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properties within the film and the particle. However, it is enabled in numeric solution 

to apply more accurate, volatile thermal and physical properties.  

The lumped sum analysis is valid for heating the particle through radiation, 

implying that the whole particle has a uniform temperature, 
pT . The temperature of 

the particle depends on the heat absorption of the particle and it is expressed as: 

p

p p p abs

T
V c Q

t






        (2.3.1) 

The particle density, volume, and heat capacity for the particle are defined by 
p  [

3kg m ], 
pV  [ 3m ], and 

pc [ J kg K ]. The parameter, 
absQ [W ], is the power absorbed 

from the particle. It is based on incident intensity incI [W/m2] alongside the area of 

cross section 
absC [m2] and is known as  Rayleigh scattering [40].  

Im( ) Iabs inc abs inc

TA
Q k C I

r



                                                  (2.3.2) 

 Here, k [m-1] is the wavenumber and  is the polarizability. If the exposed 

wavelength is bigger than the diameter of spherical particles, the Rayleigh scattering 

method is valid and the visible range is ~ [400,700] nm. Yet details of the way that 

particle is being heated are not prioritized in this thesis, and the plasmonic properties 

are not included. Table 2.3.1 and 2.3.2 present particle medium properties. 
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Table 2.3.1: Particle Properties [41]. 

 

 

 

 

 

 

 

 

 

Particle Au Ag Cu Al

19.32x10
3

10.49x10
3

8.94x10
3

2.7x10
3

129 235 384 904

2.18x10
15

1.37x10
15

1.69x10
15

2.83x10
15

15x10
-9

5x10
-9

5x10
-9

2.5x10
-9

6.42x10
12

4.34x10
12

4.03x10
13

19.79x10
12

318 429 396 247

1337 1235 1358 993

p
ρ   

3
kg m

 J kg Kp
c

p
ω   

-1
s

r

  
-1

ŝ

ˆ
p

k

mT

 W m K

  
2

m K / W

 K
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Table 2.3.2: Medium Properties [41]. 

 

Medium H2O n-octadecane

917 814

2050 2150

2.22 0.358

3.18 2.149

1000 744

4216 2180

0.68 0.148

1.78 2.065

334 244

1E-07 1.2E-11

0.0317 0.0096

273 301

580 747

Solid

Liquid

Other

lρ   
3

kg m

lc  J kg K

ˆ
sk  m KW

ˆ
lk  m KW

sε

lε

slh  kJ kg

 K

critT  K

sc  J kg K

  
3

kg msρ

0Δγ 2
[kg s ]

0a [m]

mT
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The governing energy equation for the film and outer medium in spherical 

coordinates is as shown in equation 2.3.3; 

2

2

2j j j j

j j

T k T T

t c r r r

   
      

    (2.3.3) 

where the conductivity, density, and specific heat of the belonging phase are 

described by jk [W m K ] , 
j [ 3kg m ] , and 

jc  [ J kg K ], respectively. The 

subscript j  indicates the particular layer. The boundary condition at the particle/film 

interface is given by 

abs
p

p

Q r
T T

A
       (2.3.4) 

The surface area of the particle is denoted with 
pA [ 2m ].  The thermal resistance at 

the interface, r  [ 2m K W ], is the property causing inefficiencies in the transfer of 

momentum and energy.                                   

 There are several factors triggering thermal resistance such as: the atomic 

attractions between the materials, the curvature at the local region of interface, the 

frequencies of oscillation, the heat flux at the surface and its direction, and the 

structure of metals. A low interfacial thermal resistance (ITR) is desired to provide a 

good delivery of heat. Maruyama and Kimura stated that ITR is equivalent to 5-20 nm 

of additional liquid thickness [42]. Therefore, it is explicit that the effect of ITR cannot 

be neglected in similar sized systems. A two-dimensional least squares reduction 
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analysis to acquire results of ITR dependencies and heat flux is performed by Vera 

and Bayazitoglu [43]. A linear equation with three dimensionless coefficients is 

obtained as such: 

                               1 2 3wr C T C q C                                                         (2.3.5) 

where wT [K] is the temperature of the wall at the interface, q [W/ 2m ] is the heat flux, 

and 1C , 2C , and 3C  are correlation constants unique to each metal. The list of these 

numbers for some metals are listed in Table 2.3.3. 

Table 2.3.3: Correlation Constants for the ITR of Au, Ag, Cu, and Al [43]. 

 

Then the equation 2.3.6 is presented to obtain a value for q in order to acquire r

eventually: 

  1 2

1

2 1

1 2 3

1 2

(T T )

(r )
T

4

r r

p

r

q
A r

C C q C
kr r





  

                                            (2.3.6) 
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where 
1

Tr and 
2

Tr are the temperatures of the particle and phase change material, 

respectively, as the 1r  and 2r  are the radiuses of corresponding materials. Figure 2.3.1 

shows the details of the equation 2.3.6. 

 

Figure 2.3.1: The auxiliary illustration for the equation (2.3.6) [43].  

It is required to apply numerical analysis to obtain q at this point. Since it is 

obvious that the ITR is not only dependent on material properties but also varies with 

parameters like the temperature, size, and heat flux. Specific solution for the ITR of 

the thesis problem is obtained by using MATLAB and presented in Appendix A.1.  

The boundary condition at the film/medium interface is defined by 

1 "
sl

l

T m
h

r k t

 


 
     (2.3.7) 



37 
 

 
 

where 
"dm

dt
 [ 2/kg m s ] is the area specific mass flux per unit area. This parameter 

represents the mass conservation at the interface and provides the data of unit mass 

carried by velocity. 
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Chapter 3 

Numerical Results 

3.1 Introduction 

The details of the problem and its solution are presented in the following 

chapter. The values of parameters and the material selection to conduct analysis are 

described both in dimensional and non-dimensional terms. For this project, the 

particle used is aluminum, while the phase change material is ice/water. Properties 

of these materials can be found in Tables 2.1 and 2.2. The phase change medium 

temperature is 270sT   K and the reference temperature is 383T  K .  The limit 

value for the simulation is 89% of the critical temperature. Thus, the particle is not 

allowed to exceed 341 K  in order to avoid a possible vapor film formation [44]. The 

radius of the aluminum sphere is 100nm. The ice surrounding the particle is assumed 

to be 20 times bigger than the particle to provide enough space for observing the heat 

transfer.  
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ANSYS Fluent, version 16.1, is used to perform transient, three-dimensional 

simulations.  The volume of fluid method is used as the multiphase model and the 

level set method is activated to track the interface. Since the particle is assumed to be 

uniform, only the particle’s surface area is drawn for simplicity’s sake. The ice is 270 

K at t=0 in solid state. The temperature of 341 K on the particle’s surface causes the 

ice to change its phase to liquid. Therefore, the growing liquid film is observed. 

Material properties such as density, specific heat, and thermal conductivity are 

established as piecewise-linear instead of as constant values so that more accurate 

results can be acquired since there are differences between solid and liquid phases, 

they even vary from temperature to temperature. The temperature and phase change 

profiles of the system are captured. 

3.2 Dimensionless terms 

Acquiring non-dimensional expressions for a mathematical model is 

significant and has many useful aspects including but not limited to comparing results 

with other studies. The equations presented in Chapter 2 describe dimensionless 

parameters as follows: 

2

2 4
,  ,  =

p p

r T
R t

d d T






                                                       (3.2.1) 

They are the dimensionless equations of the radial direction, time, and temperature, 

respectively. 
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Here 
l l l

k c   [m2/s] is the thermal diffusivity, where the values of 
l

k =0.68 

W/mK, 
l

  =1000 kg/m3, and 
l

c  = 4216 J/kgK. Thus,  
71.6129 10x  m2/s. Taking 

the diameter into the equation 72 10sd x  m, the value of the time scale is: 

7

2

4
1.6129 10

p

x
d

    1/s                                             (3.2.2) 

As is clear from the non-dimensionalization term, the temperature and density scale 

factors are: 383T K  and 1000s  kg/ m3, respectively. 

By using these non-dimensional terms, thermal resistance scale factor sR  is obtained 

as: 

91.141 10sR x   m2K/W                                                  (3.3.3) 

This thermal resistance scale factor and the non-dimensional thermal resistance 

value, which are obtained from the numerical solution of equations 2.3.5 and 2.3.6, 

will be used to get a dimensional thermal resistance value.   

The film and solid temperature profile equations in non-dimensional form and 

boundary conditions are: 
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j j j j
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abs
p

p
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l

k

c R R R

Q r

T A

h m

R T k t

  







    
      

   

 


 

    (3.3.4) 

The non-dimensional equations for the particle temperature profile is provided by 

4

p abs

p p p

Q

c V T  





     (3.3.5) 

3.3 Meshing 

The computational fluid dynamics (CFD) meshing program Pointwise is used 

to create a superior mesh to run in Fluent. This program is preferred over ANSYS’ 

own meshing system because Pointwise offers higher capacity and convenience. 

257,754 fixed cells are created with 0.126 maximum ortho skew, where ortho skew 

ranges from 0 to 1 and values close to 1 correspond to low quality, and with 0.873 

minimum orthogonal quality, where orthogonal quality ranges from 0 to 1 and values 

close to 1 correspond to low quality. The quality of the mesh is promising and 

supports the validity of the outcomes.  
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Figure 3.3.1: The mesh display of the geometry. 
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Figure 3.3.2: The details of meshing. 

Figures 3.3.1 and 3.3.2 demonstrate the mesh on the center surface of the 

spherical geometry thanks to the iso-surface cut. It is obvious that grid cells are in 

harmony and intense. Therefore, the simulation is expected to run smoothly. 

3.4  Results 

It is possible in Fluent to observe results on various phenomena. However, the 

nature of the problem and the goals of this study focus on the temperature 

distribution and the phase change. The temperature ranges from 341 K on the surface 

of the metallic particle to 270 K at the remote parts of ice, and the liquid fraction 
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ranges from 1 on the closest region of the hot wall (the surface of the particle) to 0 at 

the outer region of the particle. An extremely dramatic transition from liquid fraction 

of 1 to 0 is expected because the phase change happens on a molecular level. Similarly, 

though not as abruptly, temperature distributions are expected to decrease steeply 

in the medium until the melting temperature is reached due to high temperature 

difference, followed by a sudden levelling out, since the phase change begins at the 

melting temperature and very small temperature swing is expected while the latent 

heat is stored.  

Figure 3.4.1 shows the temperature gradient on the iso-surface contour at 

various times. And Figure 3.4.2 is the color label for the contours shown in Figure 

3.4.1. 

 

(i) The temperature contour at t=0 s. 
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(ii) The temperature contour at t=8e-8 s. 

 

(iii) The temperature contour at t=1.6e-7 s. 
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(iv) The temperature contour at t=1.6e-1 s. 

 

(v) The temperature contour at t=6 s. 
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Figure 3.4.1 (i-v): The temperature gradient on the iso-surface contour at 
various times. 

 

Figure 3.4.2: The color key for the temperature gradient. 

Figure 3.4.3 shows the liquid fraction gradient on the iso-surface contour to 

demonstrate the melting at various times. And Figure 3.4.4 is the color key for the 

contours shown in Figure 3.4.3. 
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a) The liquid fraction contour at t=0 s. 

 

b) The liquid fraction contour at t=8e-8 s. 
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c) The liquid fraction at t=1.6e-6 s. 

 

d) The liquid fraction at t=1.6e-1 s. 
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e) The liquid fraction at t=6 s. 

Figure 3.4.3 (a-e): The liquid fraction gradient on the iso-surface contour at 
various times. 
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Figure 3.4.4: The color key for the liquid fraction gradient. 

Figure 3.4.5 shows the temperature distribution with respect to the length of 

the phase change domain at various times. 
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Figure 3.4.5: The graphic depiction of the temperature distribution at various times. 
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Physical values of the parameters are shown in Figure 3.4.5. The drawn times 

are selected arbitrarily, including the minimum-maximum values of the distribution 

in order to show a range of results. The curves are shaped as expected. The interfacial 

thermal resistance is very weak in comparison to the larger microparticle; therefore, 

it is not possible to observe its effects in the graphic and it is negligible.    

Figure 3.4.6 shows the liquid fraction distribution with respect to the length 

of the phase change domain at various times. 
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Figure 3.4.6: The graphic depiction of the liquid fraction distribution at various times. 
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Figure 3.4.6 represents the melting of the phase change material due to the 

heat emitted by the metallic microparticle. The phase change is very dramatic, as 

expected. Over time, melting increases until it gets equalized by the colder side. 

Figure 3.4.7 shows the non-dimensionalized temperature distribution with 

respect to the length of the phase change domain at various times. 
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Figure 3.4.7: The graphic depiction of the dimensionless temperature distribution at various dimensionless times. 
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The dimensionless illustration is generally more advantageous than keeping 

the problem-specific physical dimensions. Figure 3.4.7 shows the dimensionless 

parameters which are calculated according to the method explained in Section 3.2.  

Figure 3.4.8 shows the dimensionless liquid fraction distribution with respect 

to the length of the phase change domain at various dimensionless times.
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Figure 3.4.8: The graphic depiction of the dimensionless liquid fraction distribution at various dimensionless times. 
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 It is mentioned that the Fluent is able to show many parameters. In addition 

to the expressions of focused points which are demonstrated so far, the absorbed 

energy within the system can be shown. It is provided by giving the total energy 

graphic from the particle’s surface to solid phase, namely the phase change area. 

 Figure 3.4.9 shows the maximum stored energy of the analysis is 416372 J/kg. 

Whereas the energy on the microparticle’s surface is 283814 J/kg, the difference 

equals to the stored energy which is  132564 J/kg.
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Figure 3.4.9: The graphic depiction of the total energy. 
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Analytical approach of the problem has been introduced and analyzed in 

Section 2.2. After evaluating the numerical results, the idea of comparing them with 

analytical results emerged. Although the exact solution is applied to a one-

dimensional simplified version of the problem, a compromise is expected to be seen 

between the outcomes of numerical and analytical solutions. 

First, the lambda is needed to solve the error function-dependent exact 

solution. It is found as 0.6 for the given problem by utilizing Table 2.2.1. Two different 

solutions are calculated analytically in order to be compared with two distinct time 

of the numerical study. The maximum and the minimum time values are selected to 

be illustrated.  

Finally, no contradiction has been observed between the analytical and 

numerical results. The small difference between the exact and numerical solution 

curves is the natural result of the comparison which was foreseen. The maximum 

error between the methods is only 0.33% thus, the coherence between them is 

satisfying. Figures 3.4.10 and 3.4.11 are the graphic depictions of the comparison at 

times 8e-8 s and 2 s, respectively.
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Figure 3.4.11: The graphic depiction of the comparison between the exact and numerical solution at t=2 s. 
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Chapter 4 

Conclusion 

This thesis describes the characteristics of a single microparticle submerged 

in a solid phase change material.  When the particle reaches the melting temperature 

of the medium or higher, a liquid film surrounding the particle is developed.  The 

temperature and the liquid fraction profiles of the process are obtained.  It is found 

that the phase change effects and heat transfer decrease as time progresses. The 

interfacial thermal resistance is investigated and calculated; however, it is concluded 

that ITR is negligible at microparticle-water interfaces. The results of analytical and 

numerical solutions are found to be in harmony. 
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Appendix A 

A.1 Code for calculating the interfacial thermal resistance 

 clc 

clear all  

Tr_1 = 341/383;  

Tr_2 = 270/383; 

r_1 = 1e-7/2e-7; 

A = 4*pi*r_1^2; 

k_w = 0.68/1.75e-5;  

r_2 = 2e-6/2e-7;  

C_4=A*(r_2-r_1)/4*pi*r_1*r_2; 

C_1 = 0.003080459952424; 

C_2 = -0.082348945712803; 

C_3 = 2.098693481357420; 

%(Tr_1-Tr_2)/(C_1*Tr_1+C_2*q2+C_3+C_4) is the formulation to calculate heat flux 

%(q) 

a = C_2; 

b = C_1*Tr_1 + C_3 + C_4; 

c = Tr_2 - Tr_1; 

%find roots 

q1 = (-b + sqrt(b^2 - 4*a*c))/(2*a); 
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q2 = (-b - sqrt(b^2 - 4*a*c))/(2*a); 

% r=C_1*Tr_1 + C_2*q + C_3 is the formulation of the interfacial thermal resistance  

r1= C_1*Tr_1 + C_2*q1 + C_3; 

r2= C_1*Tr_1 + C_2*q2 + C_3; 

ind = 1; 

diff = (Tr_1-Tr_2)/100; 

R1 = zeros(1,100); 

Q1 = zeros(1,100); 

While (ind < 100) 

     

    a = C_2; 

    b = C_1*Tr_1 + C_3 +C_4; 

    c = Tr_2 - Tr_1; 

    Q1(ind) = (-b + sqrt(b^2 - 4*a*c))/(2*a); 

    R1(ind) = (C_1*Tr_1 + C_2*Q1(ind) + C_3); 

     

    Tr_1 = Tr_1 - diff; 

    ind = ind+1; 

     

end 

R_s = 1.141e-9; %R_s is the scale factor to non-dimensionalize the thermal resistance 

R = R1*R_s 
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%The interfacial thermal resistance is calculated to be 2.397x10-9. This result 

%complies with the previous studies on the topic. Nevertheless, this resistance is too 

%small to be taken into consideration owing to the size of the microparticle, so it is 

%negligible.  
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