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ABSTRACT 

Phase change heat transfer has been an area of interest for decades due to its 

application in solar collectors, nuclear reactor cooling, buildings, vehicle engines, and 

others. Melting of phase change material around a spherical nanoparticle with natural 

and forced convection at its boundary is analyzed. The continuity, momentum, and 

energy equations describing melting of ice and fluid flow phenomena for water are 

solved using commercially available ANSYS FLUENT software. Variation of water 

properties within the nanoscale enclosure are considered. Aluminum nanoparticles 

embedded in phase change material resulted in faster heating when compared to silver, 

gold, and copper nanoparticles. The effect of natural convection on fluid flow and 

melting rate at the nanoscale is studied and multicellular flows are observed. The fluid 

flow and the melting pattern resulting from mixed convection are presented. The effect 

of forced convection, resulting from transport of nanoparticle due to an induced 

magnetic field and natural convection resulting from buoyancy forces are compared. In 

order to assess the validity of the numerical results, the well-known one-dimensional 

Stefan problem and the macroscale natural convection between two concentric spheres 

are studied as benchmarks.  
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Chapter 1 

Introduction 

Thermal energy is stored when there is a change in internal energy of a material 

caused by phase change and/or increase in material temperature. For the past ten years, 

latent heat storage has been shown to be an attractive approach for thermal energy 

storage because large amounts of heat can be stored in small volumes with small 

temperature differences in the media [1]. One way thermal energy accumulated in a 

material is when energy transport causes a phase change material (PCM) to change 

from a solid to liquid or liquid to vapor. Applications of phase change materials include 

thermal storage of solar energy [28], off-peak power usage [29], temperature 

maintenance of room with heat source [30], cooling of engines [31], transport of blood 

or food [32] and thermal protection of electronic devices [31]. Zalba et al. [1] conduct a 

comprehensive review on thermal energy storage with phase change materials. The 

study describes and classifies both commercial and non-commercial phase change 
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materials including their thermophysical properties and their stability.  Oro et al. [2] 

review phase change materials for energy storage system in cold environments. They 

state that although eutectic water salt solution has good thermophysical properties like 

low melting point for low temperature applications relative to water, it can be 

chemically unstable and corrosive. Figure 1.1 shows the families of PCM materials; 

divided as organic and inorganic materials. 

 

Figure 1.1: Classification of phase change materials. Figure from Oro et al. [2] 

A long standing problem is the low thermal conductivities of PCM. Work has 

been done to search for additives that can be used to adjust PCM melting/freezing 

temperature and thermal conductivity. To solve the problem of low thermal 

conductivity, nanoparticles have been added to the PCMs. This has been an area of 

research called nanoparticle enhanced phase change materials (NEPCM). In 2007, 

Khodadadi & Hossenizadeh [3] first proposed the idea of placing nanoparticles within 

the PCMs in order to improve thermal storage. They found that the nanoparticle-
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enhanced phase change material (NEPCM) exhibited enhanced thermal conductivity in 

comparison to the base material. Jesumathy et al. [4] provide a strategy for achieving 

high thermal conductivity and good heat storage properties by adding small amounts 

copper oxide nanoparticles to pure paraffin wax in PCM systems. Darzi et al. [5] include 

natural convection effects for NEPCMs confined in a cylindrical annulus and find melting 

rates of NEPCMs at the top section of the annulus to be much more enhanced than 

those of the bottom section. The melting and freezing characteristics of paraffin and 

copper nanoparticles are studied by Wu et al. [6]. They show that the melting/freezing 

rates are both enhanced due to the addition of the nanoparticles. Hasadi & Khodadadi 

[7] show that the nanoparticle size influences the solid-liquid interface shape and heat 

transfer. The solid–liquid interface evolves from a stable planar shape to an unstable 

dendritic structure with nanoparticle size 2nm.  

Most of the previous works are on nanoparticle-enhanced phase change 

materials (NEPCM) as a whole. Few works have been done on heat transfer and melting  

characteristic around a single nanoparticle. An analysis of a single nanoparticle buried in 

a phase change material presented by Tullius & Bayazitoglu [8] propose an inspirational 

concept. Their work describes the characteristics of a single nanoparticle submerged 

into a phase change material. The temperature profile of the nanoparticle and medium 

around the nanoparticle as well as the liquid film are analyzed for different materials 

and sizes of nanoparticles submerged in two different mediums.  

Their study, however, only considers conduction heat transfer from the 

nanoparticle to the PCM medium. To further increase the melting rate, we propose 



  

4 

including convective heat transfer effects. Natural convection effect arises from 

gradients in fluid density resulting from temperature gradients. Forced convection arises 

due to the movement of the nanoparticle induced by a magnetic force.  

Macroscale natural convection around a sphere and between two concentric 

spheres have been studied by numerous researchers. One of the most relevant studies 

was conducted by Bishop et al. [9]. They study the convection of air enclosed between 

two isothermal concentric spheres of various diameter ratios ranging from 1.19 to 3.14. 

Three distinct types of flow patterns are found. Scalan et al. [10] experimentally 

investigate the natural convection between two isothermal concentric spheres of 

various diameter ratios ranging from 1.09 to 2.81. Measured temperature profiles are 

analyzed in detail with reference to five typical geometry profiles. These two papers are 

utilized as benchmark problems in this thesis. 

Macroscale convection heat transfer with phase change has been extensively 

studied by past researchers. Sparrow et al. [11] through experimental results show 

strong evidence of the dominant role played by natural convection in the melting of a 

PCM due to an embedded heat source. They find that conduction dominates only during 

the earliest stages of the melting process, after which natural convection comes into 

play. This is supported by the position of the solid-liquid interface where melting occurs, 

which is primarily above the heated cylinder. Minimal melting occurs below the cylinder. 

Ismail et al. [12] divide the numerical methods for the solution of phase change 

problems into two groups, fixed grid and moving grid. Furzerland [13] compares the two 

methods for the solution of a specific test problem, the one-dimensional Stefan problem, 
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concluding that the fixed grid method is easy to program and more suitable for phase 

change materials with a range of fusion temperatures.  

   At small length scales, properties of fluids, such as viscosity can vary drastically. 

Szymanski et al. [14], measure water viscosity in a nanoconfined cell and find that the 

water viscosity at the nanoscale can be several orders of magnitude lower than the 

macroscale value. Deborah et al. [15] show that the viscous shear forces in 

nanoconfined water can be orders of magnitudes larger than in bulk water if the 

confining surfaces are hydrophilic, whereas they greatly decrease when the surfaces are 

hydrophobic. The reduced viscosity increases the Rayleigh number, a measure of the 

importance of natural convection. This suggests increased natural convective effects at 

the nanoscale. 

Magnetic nanoparticle manipulation is an emerging line of research that has 

important applications in the field of microscale flow control and fluid actuation. Bilgin 

et al. [16] investigate the transport of nanoparticles by an induced magnetic force 

showing that under a magnetic device with dimensions of 19 cm    8.9 cm    8.9 cm  

and magnetic field strength 300mT, nanoparticle speeds could achieve velocities of 

0.035m/s. This movement of nanoparticle causes forced convection in the liquid phase 

of the phase change material. 

Forced convective heat transfer from nanoparticles to the phase change material 

is an active area of research. Whitaker [17] investigates the heat transfer correlations 

for spheres in laminar flow with infinite media. More complicated forced convection in 

laminar flow can be simulated by commercial software ANSYS FLUENT.  
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In the problem studied here, mixed convection is considered. Mixed convection 

around a sphere is investigated experimentally by Yuge [18] for small Reynolds number 

and Grashof number flows and empirical formulas for mixed convection are presented. 

Chen and Mucoglu [19] were the first to solve mixed convection around a sphere 

numerically. They report that for aiding flow the local heat transfer increases with 

increases in buoyancy force, while local heat transfer decreases with increases in 

buoyancy force for opposing flow. Tang and Johnson [20] study mixed convection flow 

field around a sphere attempting to find an optimum point for heat transfer in counter 

flow mixed convection, 

Herein, a numerical model for melting of a PCM around a nanoparticle 

considering conduction, natural convection, and forced convection is solved using fixed 

grid method in the commercial ANSYS FLUENT package. Thermal energy storage with 

nanoparticle enhanced phase change materials (NEPCM) is a popular topic, but little 

work has been done regarding heat transfer characteristics and melting patterns around 

a single nanoparticle. In this work, we study the melting of PCMs with pure conduction, 

natural convection, forced convection, and mixed convection with an internal heat 

source taking into consideration the variations of water properties at the nanoscale. The 

flow field that causes certain melting pattern at the nanoscale is also investigated. The 

influence of nanoparticle material on melting characteristics is also studied.  

To verify simulation results, two benchmark problems are solved, the 1-D Stefan 

problem and natural convection between two macroscale concentric spheres.  
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Chapter 2 

Theoretical Analysis 

2.1. Melting With Pure Conduction 

The geometry of this problem is shown in Fig. 2.1. A metal nanoparticle with 

radius    is located in a phase change material medium. The nanoparticle absorbs 

wavelengths of solar energy (shown in Fig. 2.1) causing it to heat up. The circle drawn 

with a dashed line of radius    shows the solid-liquid interface in the PCM medium as 

melting occurs. The typical Biot number    
   

 
, which is a ratio of conduction in the 

nanoparticle to convection in the fluid phase around the nanoparticle, is much smaller 

than 1. Since the Biot number is sufficiently small it is assumed that the nanoparticle has 

an isothermal temperature   . The energy equation for the nanoparticle is given by, 

    
   
  

                                                                    



  
 

8 

where  , V, and    are the density, volume, and heat capacity of the nanoparticle 

respectively. 
   

  
  is the derivative of the nanoparticle temperature with respect to time. 

     is the solar energy absorption in the nanoparticle per unit volume.    is heat 

conduction to the PCM and is given by, 

       
   
  
                                                                

where    is the temperature of liquid phase of the PCM. k is thermal conductivity of the 

liquid phase of PCM.    is the surface area of the nanoparticle.     is the radius of the 

nanoparticle. Substituting Eq. 2 into Eq.1 results in, 

    
   
  

           
   
  
                                                  

The energy equation for the liquid phase is given by, 

 

  
 

  
   

   
  
    

   
  
                                                          

Eq. 4 has two temperature boundary conditions, one at the nanoparticle-liquid interface 

               and one at the solid-liquid interface on the melting front 

              . The energy equation at the solid-liquid  interface is written as a 

balance between heat conduction and melting phase change heat transfer at the 

interface, 
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 where    is the density of the liquid phase of the PCM, L is the latent heat of fusion, and 

   is the thermal conductivity of the liquid phase of PCM. 

 

Figure 2.1: A single nanoparticle submerged in a PCM medium exposed to 

solar radiation. 

In a classical melting problem, to solve the liquid phase energy equation (Eq. 4) , 

there is typically a fixed temperature boundary condition    at the nanoparticle-liquid 

interface. This is not the case here due to a continuous rise in nanoparticle temperature 

resulting from radiative heat transfer to the nanoparticle from the sun. Eq. 4 has to be 

solved simultaneously with the nanoparticle energy equations, Eq. 3. An analytical 

solution for    and     is therefore exceedingly difficult to attain. A numerical solution 
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is pursued herein utilizing a numerical commercial package ANSYS FLUENT to model the 

problem. From Eq.  4, a non-dimensional radial term is derived, 

   
 

  
                                                                         

where    is the nondimensional radial term. Also from  Eq. 4, a nondimensional timescale 

is also derived, 

  
 

   
                                                                        

where   is the nondimensional timescale and   is the thermal diffusivity. All the results 

in later sections are presented with these two dimensionless terms.   

2.2. Melting With Natural Convection  

A liquid film forms close to the nanoparticle surface as the phase change 

material starts to melt. This results in temperature gradients where the fluid in close 

vicinity to the nanoparticle surface is at an elevated temperature to the fluid at the 

melting front. Due to this temperature gradient, gradients in fluid density arise causing 

natural convection in the fluid domain. This effect has been considered by previous 

researchers working on melting within macroscale concentric annulus [25]. Due to the 

buoyancy effect arising from temperature gradients around a nanoparticle, an upward 

flow of hot fluid is induced near the nanoparticle surface. A schematic of this flow is 
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shown in Fig. 2.2. The fluid is assumed to be incompressible resulting in a continuity 

equation for the flow field expressed as, 

                                                                     (8) 

where   is the fluid velocity vector. The momentum equation for the flow field can be 

written for an incompressible fluid as,   

 
  

  
                                                      (9) 

where   is the body force combining magnetic force, drag force, and gravitational force. 

  is the fluid density, p is the fluid pressure, and   is the fluid viscosity. The energy 

equation for the flow is written as, 

   
  

  
                                                         (10) 

where T is the temperature,   , and k are heat capacity at constant pressure and 

thermal conductivity, respectively.  

The continuity equation is rewritten in spherical coordinates for the two-

dimensional flow assuming no   direction velocity and becomes, 
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where    is the r-component velocity, and    is the  -component velocity. The radial 

component  of the equation of motion in spherical  coordinates is written for the two-

dimensional flow, 

  
   
  

   
   
  

 
  
 

   
  

 
  
 

 
   

  

  
  

  
 

  
 
 

  
 

  
        

 

      

 

  
     

   
  
  

 

      

 

  
                   

where    is the acceleration of gravity in r direction. The   component of the equation 

of motion in spherical coordinates is also written for the two-dimensional flow, 

  
   
  

   
   
  

 
  
 

   
  

 
    
 
   

 

 

  

  
  

  
 

  
 

  
   

   
  
  

 

  
 

  
 
 

    

 

  
          

 

  
   
  
                          

where    is the acceleration of gravity in   direction. The energy equation for the phase 

change material is expressed as, 
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Figure 2.2: Schematic of natural convection around a single nanoparticle in 

liquid phase of a PCM. 

Convective heat transfer occurs between the nanoparticle with radius    and 

the concentric melting front with radius   . Isothermal boundary conditions similar to 

the ones stated earlier exist. There are two boundary conditions, one at the 

nanoparticle-liquid interface                and one at the solid-liquid interface 

on the melting front               . 

A third boundary condition at the solid-liquid interface is presented as, 
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where          is the melted area at a given   ,            is the total liquid-solid 

interface area.  In order to solve for   , the nanoparticle energy equation is written as, 

    
   
  

                                                                   

where    is the heat convection from the nanoparticle to the liquid phase of PCM and 

written as, 

                                                                      

Substitution of Eq. 17 in Eq. 16 results in, 

    
   
  

                                                               

Due to the difficulty of obtaining analytical solutions for the nanoparticle energy 

equation (Eq. 18) and PCM liquid phase energy equation (Eq. 14), a numerical solution is 

pursued using ANSYS FLUENT to software. The Rayleigh number for the flow  is obtained 

using, 

    
          

 

  
                                                        (19) 

where g is gravitational acceleration,   is the thickness of the liquid phase.   is kinematic 

viscosity of the liquid phase.   is thermal expansion coefficient and is obtained using the 

expression, 

   
 

 
 
  

  
                                                       (20) 
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where P is the pressure. 

From the governing energy equation for the liquid phase of PCM, Eq. 10, a 

timescale is derived, 

   
 

   
  
                                                                    

A non-dimensional temperature scale is derived from Eq. 10, 

   
    
     

                                                               

A non-dimensional velocity is derived from Eq. 10, 

   
 

           
  
                                                      

where   is the fluid velocity. Using Eq. 21, Eq. 22, and Eq. 23. Eq. 10 is 

nondimensionalized and becomes, 

   

   
            

 

  
                                                      

where Pr is the Prandtl number    
 

 
 , Gr is Grashof number. If Prandtl number is 

sufficiently small, either because the kinematic viscosity is very small (water confined in 

nanoscale enclosure) or the thermal diffusion is large (liquid metal), the energy equation 

is reduced to the steady-state conduction energy equation, 
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In spherical coordinates the two-dimensional energy equation is, 

 

  
 

  
     

   
  
  

 

      

 

  
       

   
  
                            

Eq. 26 is solved with boundary conditions, one at the nanoparticle-liquid interface 

               and one at the solid-liquid interface on the melting front 

              .                                                   

2.3. Melting With Forced Convection  

Natural convection is associated with large thermal resistances, and heat 

transfer rates are small compared with typical forced convection rates. Here, forced 

convection results from nanoparticle motion induced by a magnetic force in the 

downward direction. Figure 2.3 shows a schematic of the problem. Here, the 

nanoparticle equation of motion is derived and coupled with the energy equations to 

analyze the heat transfer around the moving nanoparticle. 

Magnetic and drag force on the nanoparticle are considered in this model. The 

movement of the nanoparticle is induced by a magnetic field imposed on the 

nanoparticle. The magnetic force on the nanoparticle is given by, 
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where    and    are the magnetic susceptibility of the base and nanoparticle 

respectively,   is magnetizable volume,    is the gradient of magnetic field,    is a 

constant, the vacuum permeability. The drag force  on the nanoparticle in the fluid is 

given by, 

   
 

 
   

                                                                 

where    is the drag coefficient,    is the surface area of the nanoparticle, u is the 

velocity of the nanoparticle. Reynold’s number is defined as the inertial force to viscous 

force of fluid, 

   
      
 

                                                                  

According to NASA [26], for flow with Reynold’s 315000, the flow is laminar and    is 

presented as, 

                                                                         

The governing equation of motion for the nanoparticle becomes, 

                                                              

where    is the density of the nanoparticle,    is the volume of the nanoparticle. The 

flow field induced by a moving nanoparticle is shown in Fig. 2.3. 
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Figure 2.3: Flow field induced by a moving nanoparticle. 

Based on previous equations and Bilgin’s [16] experimental results, the average 

nanoparticle and flow speed in a 300 mT magnetic field is 0.035m/s. In this work, 

magnetic field strength of 300 mT is chosen, and as a consequence, nanoparticle speed 

is set as 0.035m/s. 

The movement of the nanoparticle is expected to push the heated phase change 

material downward. Therefore, phase change material melting rate is expected to be 

higher at the bottom side of the nanoparticle. 
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2.4. Melting With Mixed Convection  

The combined effects of forced and natural convection is often seen in electrical 

devices where atural convection is not enough to dissipate all of the heat necessary. 

Combining natural convection with forced convection will often deliver the desired 

results. 

Normally the mixed convection heat transfer coefficient in buoyancy-assisted 

flow is higher than the pure forced convection value. On the other hand, in buoyancy-

opposed flow the laminar mixed convection heat transfer rate can be lower than that 

for pure forced convection. In this case, the temperature variations in the fluid lead to 

both assisted flow and oppose flow that are imposed on the main flow. This is, shown in 

Fig. 2.4.  
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Figure 2.4: Buoyancy assisted and opposed flow. 

To assess the relative importance of natural convection and forced convection, 

we start with the equation of motion derived previously, 

 
  

  
                                                               

With the following non-dimension numbers, 
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The momentum equation for mixed convection in dimensionless form is, 

              
 

  
                                                     

Typically, natural convection is negligible when the Richardson number is less 

than 0.1, Ri < 0.1. Forced convection is negligible if Ri > 10, and the combined effect of 

natural and forced convection must be considered if 0.1 < Ri < 10.  

Under nanoconfinement, as the viscosity of water is reduced, Ri is normally 

much smaller than 1, natural convection can be ignored compared to forced convection. 

The momentum equation simplifies to, 

              
 

  
                                                         

2.5. Benchmark Problem: 1-D Stefan Problem 

In order to validate the solid-liquid phase change simulation results obtained in 

later chapters, a simplified problem is studied here. The benchmark problem here is 
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Stefan’s problem in 1 dimension, for which analytical solutions are available. Figure 2.5 

shows the standard geometry for Stefan’s problem: the PCM medium is semi-infinite, 

initially solid at its melting temperature   , and at t = 0, the wall temperature is raised 

to      , prompting the PCM to start melting in a linear fashion starting at x = 0 from 

pure conduction in the liquid phase. 

 

Figure 2.5: Schematic of one-dimensional Stefan problem. Figure from Ogoh & 

Groulx [22]. 

The one dimensional Stefan’s problem has been analytically solved in the past. The 

governing transient energy equation for the temperature distribution in the liquid 

phase is given as, 

      
   

  
   

    

   
                                                    (41) 
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where   is the density,    is the heat capacity,    is the thermal conductivity, and    is 

the temperature of the liquid phase. Eq. 41 is solved with the following boundary 

conditions,               and                 .                                             

The heat flux to the melting interface, as well as the magnitude of the latent 

heat of the PCM, control the movement of the solid-liquid interface in the system is 

described by the following energy balance, 

    
     

  
   

        

  
                                      (42) 

where L is the latent heat of fusion of the PCM and    is the melting front velocity in 

m/s. 

The partial differential energy equation, Eq. 41, is reduced to an ordinary 

differential equation with similarity variable   
 

  
. The resulting ODE is solved with two 

temperature boundary conditions. The transient temperature distribution with an 

unknown parameter   in the liquid is given by, 

          

     
 

      
     
  

       
 

       

       
                                  (43) 

where    
     
  ,   

    
     
  ,    is the thermal diffusivity. To get the value of  , 

the temperature distribution Eq. 43 and the expression of solid-liquid interface 

            are substituted into boundary condition, Eq. 42, resulting in, 
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                                 (44) 

where the Stefan number, is defined as, 

    
           

 
                                                (45) 

Results from Ozisik [27] are used to find the value of  . Then the temperature 

and solid-liquid interface position can be acquired with Eq. 43. 

2.6. Water Properties at the Nanoscale 

Under nanoconfinement, fluid molecules can exhibit radically different 

properties from those of their bulk counterparts. Water viscosity at the nanoscale was 

investigated by Szymanski [14], who derived an expression for water viscosity at the 

nanoscale, 

 
                                                                

where    is critical length,   is a constant with units of inverse length, d is the 

characteristic length of the enclosure,   is nanoscale water viscosity,        is 

macroscale viscosity. The critical length between nano and macro scale is 17 

nanometers. With superhydrophobic surfaces [15], water viscosity can decrease two 

more orders of magnitude.  
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Garofalini [24] measures the anomalously high thermal expansion of water 

confined in nanoscale pores in amorphous silica. The experimentally measured 

coefficient of thermal expansion of nanoconfined water increases as pore dimension 

decreases. The coefficient of thermal expansion of water confined in three nanometers 

silica equals that of bulk water at a temperature sixteen degrees higher. 

In this work, the water viscosity is derived from Eq.46 and hydrophobic surface 

effect [15] is also taken into account. Thermal expansion coefficient is set as 0.0457 

based on the results from Garofalini [24]. All the other water properties are taken as 

bulk values. 
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Chapter 3 

Numerical Model 

3.1. Computational Domain 

In this work, ANSYS Fluent is utilized for numerical computations. Figure 3.1 

shows a schematic of the geometry of the computational domain. The geometry is 

intended to simulate the melting pattern with natural and forced convection within the 

phase change materials. The drawback of the fixed grid method adopted by ANSYS 

FLUENT is that a single set of conservation equations and boundary conditions is used in 

the whole domain comprising the solid and liquid phases, flow induced by natural and 

forced convection exist both in the liquid phase and solid phase. From the simulation 

result, the temperature of the nanoparticle is higher than the temperature of the 

melting front of the phase change material. The fluid in close vicinity to the nanoparticle 

is heated and as a result, has a lower density compared to the density of the fluid close 
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to the melting front. Hence, buoyancy forces come into effect. The nanoparticle is also 

moving in the liquid phase of the phase change material because of the magnetic body 

forces acting on the nanoparticle. This is achieved by the dynamic mesh function in 

Fluent. User defined function complied by visual studio 2017 is used to control the 

movement of the nanoparticle. The nanoparticle has constant heat generation rate 

assuming the solar radiation is stable. The system is assumed to be under standard 

atmospheric pressure. 

 

Figure 3.1: Geometry of computational domain. 

As shown in Fig. 3.1, the outer domain (in grey) is the phase change material and 

the inner domain (in green) is the nanoparticle. The nanoparticle has a diameter of 90 
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nanometers and the fluid domain thickness is 5 nanometers to satisfy the 

nanoconfiment condition (< 17nm). The connection between the nanoparticle and the 

phase change material is set as a coupled wall in Fluent. The initial temperature of the 

nanoparticle and the PCM are set to 270K and 273K, respectively. The temperature of 

the outer boundary is also set as 273K to make the PCM an infinite medium. This 

assumption is verified in chapter 4.2. Four different nanoparticle materials are modeled. 

These include gold, silver, copper, and aluminum. The properties of these materials are 

outlined in Table 3.1. 

Table 3.1: Nanoparticle materials. 

Particle Au Ag Cu Al 

Density Kg/   
Heat Cap J/Kg-K 

Cond W/m-K 

19320 
129 
318 

10490 
235 
429 

8940 
384 
396 

2700 
904 
247 

 

To define heat generated by nanoparticle, we consider the incident solar 

radiation          
       and nanoparticle cross-sectional area          

        , the heat generated is computed using the relationship               

       . The volume of the nanoparticle is                  resulting volumetric 

heat generated of            . 

Mesh deformation at the interface of the nanoparticle and the phase change 
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material resulting from nanoparticle movement is automatically processed by Fluent. 

The governing equations outlined in chapter 2 are solved numerically using finite 

volume methods. The simple algorithm is used to handle the coupling of the pressure 

and the velocity field and the second order upwind scheme is used to handle the 

coupling of the convection and terms in the momentum, energy equations. The 

enthalpy-porosity method is used to simulate the melting process. The implemented 

convergence criteria require that at the end of each time step the residuals of the 

momentum and the energy equation be less than     . The computational fluid 

dynamics software FLUENT is used to implement the details of the numerical model 

discussed above.  

3.2. Benchmark Problem 1: 1-D Stefan Problem 

To simulate the melting process of the phase change material, ANSYS Fluent uses 

a fixed grid enthalpy-porosity formulation introduced by Voller [21]. In this method, a 

single set of conservation equations and boundary conditions is used in the whole 

domain comprising the solid and liquid phases. The interface conditions are accounted 

for by incorporating suitable source terms in the governing equations. A nodal latent 

heat value is assigned to each computational cell according to its temperature. Upon 

changing phase, the latent heat of fusion is reflected as a source term in the energy 

equation. The zero-velocity condition, which is required as a liquid region turns to solid, 

is accomplished by the source term in the momentum equation.  
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Before ANSYS Fluent commercial package is utilized to solve the problem, the 

ANSYS FLUENT solidification/melting model needs to be verified in order to 

demonstrate the accuracy and applicability of numerical model compared to the 

existing results. In this section, the well-known 1-D Stefan melting problem is simulated 

and compared with the analytical results. The physical properties of water and n-

octadecane used in this benchmark problem are listed in Table 3.2. The properties are 

assumed to be independent of temperature. 

Table 3.2: PCM material properties. 

Material Density 
Heat 

Capacity 

Thermal 
Conductivi

ty 

Melting 
Heat 

Liquidus 
Temperat

ure 

Water 998.2 4182 0.68 333 273 

n-
octadecane 

744 2180 0.148 244 301 

 Kg/   J/Kg-K W/m-K J/Kg K 
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Figure 3.2: Geometry for 1-D Stefan problem. 

Figure 3.2 shows the 2D geometry used to simulate the Stefan problem in Fluent. 

The length of the system is taken as 5 meters, which by being about 5 times as long as 

the area affected by melting during the simulation, conserves the semi-infinite nature of 

the system. The phase change material is initially at its melting temperature of 273K and 

the left wall temperature is set at 320K, other walls are all insulated.  

The temperature distributions obtained numerically and analytically, for the 

melting process in Stefan’s problem are presented in Figure 3.3. Figure 3.3 shows plots 

of temperature vs. distance from the wall with analytical and numerical results 

presented. The temperature distribution is given at times,     and     seconds. The 

temperature obtained numerically at     seconds matches the analytical temperature 

solution value with a maximum deviation of five degree Kelvin, while at      seconds, 

the maximum deviation between analytical and numerical result is 10 degrees Kelvin. 

The numerical results for large time tend to under predict the total heat flux resulting in 

a smaller amount of phase change, and lower temperature in the liquid PCM phase. 
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Figure 3.3: Comparison between analytical and numerical results. 

Figure 3.4 shows a plot from Ogoh [22] showing temperature vs. distance from 

the wall. Numerical and analytical results are presented on Fig. 3.4. Numerical results 

from Ogoh [22] were obtained using another commercial software, COSMOL physics. 

The results from Fig. 3.4 show similar results and patterns to the results in this study, 

which are shown in Fig. 3.3. 
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Figure 3.4: Comparison between analytical and numerical results. Figure from 

Ogoh [22]. 

From Fig. 3.4, at time 0.8 hours, the numerical and analytical results are almost 

identical. It can be deduced that the numerical and analytical results match reasonably 

well at a timescale smaller than 1 second (simulation timescale in this study). 

Numerical results for the melting front positions are also compared to analytical 

results and are shown in Fig. 3.5. Figure 3.5 shows a plot of melting front position vs. 

time. The deviation between the analytical and numerical results increase with 

increasing time, but overall the numerical results predict the analytical results with good 

accuracy.   
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All the numerical simulations in this work end in 1 seconds, with the trend shown 

in Fig. 3.4 and 3.5, the simulation result should match the analytical result well. The 

previous results clearly demonstrate the viability of using Fluent to simulate solid-liquid 

phase change. 

 

Figure 3.5: Analytical and numerical results for melting front position as 

function of time. 
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3.3. Benchmark Problem 2: Natural Convection between Two 

Macroscale Concentric Spheres  

in this section, macroscale natural convection between two concentric spheres is 

considered. Flow patterns and temperature distributions are simulated and compared 

with published works. 

For natural-convection flows, the Boussinesq model in Fluent is utilized to set up 

the problem with fluid density as a function of temperature. This model treats density as 

a constant value in all solved equations, except for the buoyancy term in the 

momentum equation, which is written as, 

                                                             (47) 

where    is the constant density of the flow,    is the operating temperature, and   is 

the thermal expansion coefficient. Eq. 47 is obtained by using the Boussinesq 

approximation,            , in order to eliminate   from the buoyancy term. This 

approximation is accurate as long as changes in actual density are small; specifically, the 

Boussinesq approximation is valid when          . The numerical simulation is 

terminated after the whole phase change material have been melted.    is set to 998.2 

     . 

The heat transfer geometry is shown in Fig. 3.6. A single outer sphere 10 inch in 

diameter is used in conjunction with inner spheres of 5.81 , 8.40 inch diameter. These 

result in values of 0.72 and 0.19 for the gaps-radius L/   ratio. Two different types of 
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flow are observed in the ranges of L/    investigated. The most common pattern, the 

“crescent-eddy” type, is shown in Fig. 3.7. Very close to each sphere is a thin layer of 

rapidly moving fluid resembling a boundary layer, while the central crescent eddy 

consists of slowly moving fluid. In the lower region essentially the entire gap between 

the spheres is filled with relatively stagnant fluid. 

 

Figure 3.6: Schematic of natural convection between two concentric spheres. 
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Figure 3.7 a) Crescent eddy flow from simulation and b) experimental 

crescent eddy flow. Figure b from Bishop [9]. 

The bicellular flow pattern in which the division between the main central 

cellular flow in the lower portion of the gap and a secondary cellular flow in the upper 

portion of the gap is shown in Fig. 3.8. 
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Figure 3.8 a) Bicellular flow from simulation and b) experimental bicellular 

flow. Figure b from Bishop [9]. 

Figure 3.9 shows the temperature profile for concentric spheres with aspect 

ratio 0.4 and temperature difference of 10.8 degrees. The temperature profile can be 

described by five distinct regions; that is, a precipitous drop region immediately 

adjacent to the inner sphere surface, an inner-sphere curvature region, a region of small 

temperature gradients, an outer-sphere curvature region and a precipitous drop region 

immediately adjacent to the outer-sphere surface. Both the inner- and outer- sphere 

precipitous drop regions result from the high rate of heat convection through the thin 

high velocity boundary layers near the sphere surfaces.  As   is increased from 0 the 
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magnitude of the inner-sphere precipitous drop increases and that of the outer-sphere 

precipitous drop decreases. 

 

Figure 3.9: Temperature distribution      0.4,           . 

Both the inner and outer sphere precipitous drop regions result from the high 

rate of heat convection through the thin high velocity boundary layers near the sphere 

surfaces. As the angle   increases, the inner sphere temperature drop increase and 

outer sphere temperature drop decreases. This is because the heated fluid close to the 

inner wall always goes upwards to the region with decreased  , and the region with 

increased   always filled with cooled liquid form the outer sphere.  
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3.4. Grid Independence Test 

 In order to properly simulate thermal processes in the system, it is important to 

carefully select the mesh size, not checking the mesh independence is a common cause 

of erroneous results in numerical heat transfer. 

Numerical grid independence and time step independence studies are 

performed in this section. A set of tests were investigated here to test how the size of 

the cell and the time step influence the melting rate.  

Three different cell sizes (0.25nm, 0.5nm, 1nm) are provided, and three different 

time steps are chosen to do the test. The total melting time of different scenarios with 

pure conduction are given in Table 3.3 for silver nanoparticle and water. 

Table 3.3: Grid independence test 

Step (s) Case1 (1 nm) Case2 (0.5 nm) Case3 (0.25 nm) 

    Deviation   Deviation   Deviation 

        0.0711 1.1% 0.0703 0% 0.0703 0% 

        0.0727 3.3% 0.0703 0% 0.0703 0% 

        0.0735 3.3% 0.0711 0% 0.0711 0% 
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As can be seen from Table 3.3, higher time steps have higher grid sensitivity, 

thus deviation is greater when relatively coarse mesh are used. The deviation between 

the last two cases is smaller compared to the deviation between case 1 and case 2，and 

the change between case two and three are almost unnoticeable, which means the 

solution is mesh independent. 

 In order to enhance both the accuracy and the efficiency of computing, mesh 

size 0.5 nm with step time           is selected here. Simulation time with these 

parameters are about 1 hour and 30 minutes for mixed convection. 

 Movement of the nanoparticle is implemented by Dynamic mesh and User 

defined function in Fluent. ANSYS FLUENT uses solid-body kinematics if the motion is 

prescribed based on the position and orientation of the center of gravity of a moving 

object. FLUENT automatically updates the center of gravity position and orientation at 

every time step. The dynamic mesh is used to simulate the fluid and thermal field with 

mesh deformation, and user defined function controls the movement of the 

nanoparticle. The user defined code is compiled in Visual Studio and then loaded into 

Fluent.  
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Chapter 4 

Results and Discussion 

4.1. Temperature of The Nanoparticle 

The numerical model in this work captures various system characteristics. First, 

the temperature profile for the nanoparticle versus the time is complied and shown in 

Fig. 4.1. Figure 4.1 shows that the aluminum nanoparticle heats up faster than the other 

three materials. The next fastest heating materials are gold, then silver, and then copper.  

It can be seen in Fig. 4.1 that the temperature rise of aluminum, silver, and gold 

nanoparticles in water are almost identical. This means that heat conduction to the PCM  

  , from Eq. 2, should also be identical. Based on Eq. 1, with similar amounts of heat 

absorbed,    , by nanoparticles with different materials, we assume similar amounts 

of heat conduction to the phase change material for all nanoparticles. The product of 

heat capacity and density dictates which nanoparticles heat up faster. The nanoparticle 
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with smallest product has the largest temperature rise. Figure 4.1 also shows that when 

comparing moving nanoparticle to a stationary nanoparticle, their temperature are 

almost equal. This means the forced convection around the nanoparticle has very little 

effect on the temperature rise of the nanoparticle. However, the flow induced by the 

moving nanoparticle does have an strong effect on the heat transfer in the phase 

change material. This effect will be shown in the following section of this chapter. The 

difference of the temperature profiles of the nanoparticles in the various mediums are 

also conveyed in Fig. 4.1 showing that a nanoparticle in n-octadecane heats up faster 

than the same nanoparticle in water. Based on this graph, the Al nanoparticle heats up 

the fastest in water. Based on Eq. 2, A higher nanoparticle temperature means more 

heat is conducted to the phase change material. From Fig. 4.1, we know that aluminum 

nanoparticle heats up faster than silver, gold, and copper nanoparticles. As a result, the 

dimensionless melting start time for PCM with aluminum, silver, gold, and copper 

nanoparticles are  0.0703, 0.0751, 0.0774, and 0.0940 (shown in Fig. 4.6, Fig. 4.9, Fig. 

4.12, and Fig. 4.13).  
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Figure 4.1: Temperature vs. time for gold, silver, copper, and aluminum 

nanoparticles. 

4.2. Infinite Medium Assumption Validation 

In the simulation, the phase change material has a certain boundary. In real 

applications, however, phase change material normally has a very large volume 

compared to the nanoparticle volume, satisfying the infinite volume condition. In this 

section, melting with three different volumes of phase change material are compared. 

Figure 4.2 is liquid fraction with pure conduction for three different volumes of phase 

change material inside a circular annulus space. Blue is solid phase and red is liquid 

phase. 
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Figure 4.2: Melted region with pure conduction for aluminum nanoparticle at 

dimensionless time 0.0720. Blue: Solid, Red: Liquid. 

a): Channel Width 5nm  

b): Channel Width 10nm 

c): Channel Width 15nm  

With pure conduction, the melted region at a given time for three different 

volumes are the same, the PCM volume does not have an influence on melting in the 

simulation because the outer boundary is set at 273K. This boundary condition makes 

the phase change material an infinite volume and therefore melting is independent of 

PCM volume in the simulation. 
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Figure 4.3: Melted region with natural convection for aluminum nanoparticle 

at dimensionless time 0.0711. Blue: Solid, Red: Liquid. 

a): Channel Width 5nm  

b): Channel Width 10nm 

c): Channel Width 15nm  

The melted region with natural convection decreases with increasing channel 

width. From Eq. 46, under nanoconfinement, water viscosity depends on the channel 

width. Water viscosity is larger in a relatively wider channel, resulting in a smaller 

Rayleigh number and a weaker natural convection effect. Melting in the wider channel 

has smaller melting rate when compared to melting in the thinner channel. 
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4.3. Multicellular Flow at the Nanoscale 

Natural convection flow patterns at the nanoscale between two concentric 

spheres is studied. The streamlines at various instants of time for a Rayleigh number of 

3.54 are shown in Fig. 4.4. For multicellular flow, the study of Lee [23] demonstrates 

that a critical Gr is a key parameter for low-Pr (Prandtl number equal to 0) flow. The 

critical Grashof number for low Prandtl number flow is 8000. At the nanoscale Prandtl 

number is close to zero due to reduced viscosity effect at the nanoscale. At the 

nanoscale with low Pr, the disturbance energy originates from the kinetic energy of the 

base flow—the instability is hydrodynamic in nature.  

Streamlines at dimensionless time instants with Grashof number 11425 are 

shown in Fig. 4.4. Throughout the simulation, the bottom region remains stagnant and 

have a low melting rate. The cellular flow at the top region expand with increasing time. 

The initial bicellular flow on the top expands and then breaks into multiple cells. This 

results in the flow field turn into a multicellular flow.  
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Figure 4.4: Flow pattern at dimensionless time 0.0719, 0.0735, 0.0751, 0.0767, 

0.0783, 0.0863 for gold nanoparticle. 
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4.4. Melting Pattern with Natural Convection at the Nanoscale 

 

Figure 4.5 Melted region at dimensionless time 0.0719, 0.0735, 0.0751, 0.0767, 

0.0783, 0.0815 for gold nanoparticle. 

Figure 4.5 shows the contours of liquid fraction inside a circular annulus space at 

various times of the melting process. The blue and red colors represent the solid and 

liquid PCM, respectively. It can be seen at the beginning of the process that the heat 
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transfer from the hot wall to the solid PCM causes melting of a thin layer of PCM at 

dimensionless time 0.0719. Heat conduction is the major mechanism of the heat 

transfer. As a result, the melting front is symmetric around the hot wall. With 

progressing time, the melted PCM layer around the hot nanoparticle becomes thicker 

especially above the hot nanoparticle at dimensionless time 0.0735. This indicates that 

the rate of melting at the top section is larger than that of the bottom section. It can be 

seen from Fig. 4.4 and Fig. 4.5, which illustrate the streamline and liquid fraction 

contours, that the natural convection effect above the hot nanoparticle becomes more 

dominant with increasing time. Therefore, there are natural convection and heat 

conduction effects at the top section while there is heat conduction only at the bottom 

section. At dimensionless time 0.0751, the whole solid PCM at the top section is melted 

while only a small amount of it is melted at the bottom section due to the existence of 

the stable heat transfer induced by the heat conduction. Natural convection effects 

become weak here. It should be mentioned that the liquid layer acts as a thermal 

resistance due to having lower thermal conductivity in comparison with the solid PCM. 

Hence, the heat conduction reduces as the liquid layer becomes thicker. Finally, at 

dimensionless time 0.0815, the whole region is totally melted. The melting of the top 

region takes 0.0751 while the melting of the lower region takes 0.0815.  

Therefore, although the full melting time is reduced generally by adding natural 

convection effects, the melting of the PCM in the nearly pure conduction zone beneath 
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the hot nanoparticle takes an unfavorably long time, almost the same as melting time 

with pure conduction. 

4.5. Comparison of Melting With Pure Conduction and Natural 

Convection  

In this section we compare the melting rate with pure conduction and natural 

convection. Figures of correlation between liquid fraction and time are compared in two 

different scenarios: pure conduction and natural convection. The liquid fraction ranges 

from 1 at the nanoparticle surface to 0 at the outer boundary. ANSYS Fluent uses a 

porous medium model to deal with water ice mixtures between liquid phase and solid 

phase, and will therefore be seen as a smooth transition from liquid fraction 1 to 0 

rather than an extremely dramatic transition.  A liquid fraction between 0 and 1 means 

two phases can coexist. 

Liquid fraction in the center (center line in Fig. 4.5) around an aluminum 

nanparticle is shown in Fig. 4.6, Fig. 4.7, and Fig. 4.8. In Fig. 4.6, heat transfer is as a 

result of pure conduction. The melting starts at dimensionless time 0.0703 and the 

phase change material is totally melted at dimensionless time 0.0743. In Fig.4.7, heat 

transfer is a result of conduction and natural convection. The melting in the center 

starts at dimensionless time 0.0687 and the phase change material is totally melted at 

dimensional time 0.0735. Compare melting behavior in two different scenarios, the 
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melting with natural convection is faster in the center. The same effect can be observed 

for copper nanoparticles shown in Fig. 4.9 through Fig. 11. 

Natural convection is simulated with Grashof numbers of 1142.5 and 11425 for 

aluminum (Fig. 4.7, Fig. 4.8) and copper (Fig. 4.10, Fig. 4.11) nanoparticles. The 

aluminum nanoparticle has the fastest PCM melting speed while the copper 

nanoparticle has the slowest melting speed in nanoparticles with four different 

materials.  It can be observed that, the melting start time among the two different 

scenarios are nearly identical. This is because at the beginning, conduction dominates. 

As time progresses, the melted PCM at the top and in the center becomes larger for 

cases with higher Grashof number at the same time, where the buoyancy effect is more 

powerful, therefore, the melting rate increase rapidly. The lower region is conduction 

dominated and as a result the totally melting time stays the same for different Grashof 

numbers.   
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Figure 4.6: Melting fraction respect to time and position with pure conduction 

for aluminum nanoparticle. 
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Figure 4.7: Melting fraction respect to time and position with natural 

convection (Gr 1142.5) for aluminum nanoparticle. 
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Figure 4.8: Melting fraction respect to time and position with natural 

convection (Gr 11425) for aluminum nanoparticle. 
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Figure 4.9: Melting fraction respect to time and position with pure conduction 

for copper nanoparticle. 
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Figure 4.10: Melting fraction respect to time and position with natural 

convection (Gr 1142.5) for copper nanoparticle. 
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Figure 4.11: Melting fraction respect to time and position with natural 

convection (Gr 11425) for copper nanoparticle. 
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Figure 4.12: Melting fraction respect to time and position with pure 

conduction for gold nanoparticle. 
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Figure 4.13: Melting fraction respect to time and position with pure 

conduction for silver nanoparticle. 
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4.6. Comparison of Melting With Forced and Natural Convection 

In this section we investigate the influence of the combined effects of natural 

and forced convection on melting of PCM at the nanoscale. Figure 4.14 shows the 

laminar flow pattern induced by the movement of the nanoparticle combined with 

natural convection effect. The Reynolds number in this study is 315000, for nanoparticle 

in infinite medium, flow separates from the nanoparticle, however, under 

nanoconfiment, there are not enough space for flow separation and the flow maintains 

laminar characteristics. The nanoparticle diameter is set at nine nanometers and 

aluminum is used for the nanoparticle material. The phase change material diameter is 

set at twenty nanometers to satisfy the nanoconfinement condition.     

For flow patterns resulting exclusively from natural convection, maximum flow 

velocity occurs in the upper region of the phase change material. In mixed convection, 

The maximum velocity occurs in the center. This flow pattern difference is analyzed by 

the previous dimension analysis in Chapter 2.4. For mixed convection, the Richardson 

number is calculated as the Grashof number over the square of Reynolds number, 

   
  

   
. The Richardson number is much less than 1 meaning natural convection is 

negligible.  



  
 

62 

 

Figure 4.14 Mixed convection flow pattern at dimensionless time 0.0158, 1.58, 

3.16, 4.74. 

This flow pattern influence the melting pattern dramatically. For melting with 

natural convection only, phase change starts on the top of the nanoparticle first. The 

melting rate of the top portion of the nanoparticle is also more rapid than the melting 

rate of the bottom portion of the nanoparticle. This is shown in Fig. 4.5. For melting with 

forced convection, the moving nanoparticle forces the melted high temperature liquid 
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phase PCM downwards. This results in a faster melting rate for the PCM below the 

nanoparticle. The nanoparticle velocity is set as 0.035m/s which is relatively low. The 

nanoparticle does not penetrate into the ice even at the very early stages of melting. 

 Figure 4.15 illustrates the melting front position with forced convection. There is 

a thin layer of melted region at dimensionless time 0.0632, the melting front is 

symmetric around the hot wall because conduction dominates at the early stages. At 

dimensionless time 0.0640, more phase change material is melted below the 

nanoparticle and on the left and right side because of the high flow velocity at that 

region. At dimensionless time 0.0648, PCM at the lower boundary is already totally 

melted. At dimensionless time 0.0656, only a small portion of PCM on the top remains 

solid. It can be seen that the melting pattern in forced convection is different than those 

observed in natural convection, for forced convection, melting rate at the bottom is 

much higher than the melting rate on top, while melting with natural convection only 

has a higher melting rate on top. This is the main difference melting with natural 

convection and forced convection. And natural convection has very limited effect in 

mixed convection. 
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Figure 4.15: Mixed convection melting pattern at dimensionless time  0.0632, 

0.0640, 0.0648, 0.0656. 
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Chapter 5 

Conclusions 

The melting characteristics of phase change materials around a single 

nanoparticle are investigated in this study resulting in four main results. Firstly, 

aluminum nanoparticle melts the phase change material faster than silver, gold, and 

copper nanoparticles. Secondly, as a result of reduced water viscosity at the nanoscale, 

natural convection flow patterns in the phase change material exhibit multicellular flow. 

This results in more rapid melting with natural convection compared to melting with 

pure conduction. Thirdly, melting speed with natural convection was examined for 

different Grashof numbers. The result shows that increasing the Grashof number from 

1142.5 to 11425 accelerates melting. Lastly, forced convection and natural convection 

effects are compared in mixed convection. Contours of melting with mixed convection 

are provided. The forced convection effects are much stronger than the natural 

convection effects resulting in significantly different melting patterns compared to 
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melting with natural convection only. 



  
 

67 

References 

1.  alba,  ., Mar  n, J. M., Cabeza, L. F. & Mehling, H. Review on thermal 

energy storage with phase change: materials, heat transfer analysis and applications. 

Applied Thermal Engineering 23, 251–283 (2003). 

2. Oró, E., de Gracia, A., Castell, A., Farid, M. M. & Cabeza, L. F. Review on 

phase change materials (PCMs) for cold thermal energy storage applications. Applied 

Energy 99, 513–533 (2012). 

3. Khodadadi, J. M. & Hosseinizadeh, S. F. Nanoparticle-enhanced phase 

change materials (NEPCM) with great potential for improved thermal energy storage. 

International Communications in Heat and Mass Transfer 34, 534–543 (2007). 

4. Jesumathy, S., Udayakumar, M. & Suresh, S. Experimental study of 

enhanced heat transfer by addition of CuO nanoparticle. Heat and Mass Transfer 48, 

965–978 (2012). 

5. Rabienataj Darzi, Jourabian, M. & Farhadi, M. Melting and solidification 

of PCM enhanced by radial conductive fins and nanoparticles in cylindrical annulus. 

Energy Conversion and Management 118, 253–263 (2016). 

6. S.Y. Wu, H. Wang, S. Xiao, D.S. Zhu. An investigation of melting/freezing 

characteristics of nanoparticle-enhanced phase change materials. J. Therm. Anal. 

Calorim. 110 (3) 1127–1131 (2011). 



  
 

68 

7. El Hasadi, Y. M. F. & Khodadadi, J. M. Numerical simulation of the effect 

of the size of suspensions on the solidification process of nanoparticle-enhanced 

phase change materials. Journal of Heat Transfer 135, 1-11 (2013). 

8. Tullius, T. K. & Bayazitoglu, Y. Temperature of a metallic nanoparticle 

embedded in a phase change media exposed to radiation. International Journal of 

Heat and Mass Transfer 93, 980–990 (2016). 

9. E. H. Bishop, L. R. Mack, J. A. Scanlan. Heat Transfer by Natural 

Convection between Concentric spheres. International Journal of Heat and Mass 

Transfer 9, 649-662 (1966).  

10. J. A. Scanlan, E. H. Bishop, R. E. Powe. Natural Convection Heat Transfer 

between Concentric Spheres. International Journal of Heat and Mass Transfer 13, 

1857-1872 (1970). 

11. Sparrow, E. M., Patankar, S. V. & Ramadhyani, S. Analysis of melting in 

the presence of natural convection in the melt region. Journal of Heat Transfer 99, 

520–526 (1977). 

12. Ismail, K. A. R. & Stuginsky Jr, R. A parametric study on possible fixed bed 

models for PCM and sensible heat storage. Applied Thermal Engineering 19, 757–788 

(1999). 

13. Furzeland, R. M. A Comparative study of numerical methods for moving 

boundary problems. IMA Journal of Applied Math 26, 411–429 (1980). 



  
 

69 

14. J. Szymanski, A. Patkowski, A. Wilk, P. Garstecki, R. Holyst. Diffusion and 

Viscosity in a Crowded Environment: from Nano- to Macroscale. The Journal of 

Physical Chemistry 110, 25593-25597 (2006).  

15. Deborah, O. Y, H. C. Chiu, S. Kim, K. Voitchovsky, E. Riedo. The interplay 

between apparent viscosity and wettability in nanoconfined water. Nature 

Communications 4:2482 (2013). 

16. A. Bilgin, E. Kurtoglu, H. C. Erk, M. Sesen, H. F.Y. Acar, A. Kosar. Magnetic 

Nanoparticle Based Nanofluid Actuation with Dynamic Magnetic Fields. Proceedings 

of the ASME 2011 9TH International Conference (2011). 

17. Whitaker, S. Forced convection heat transfer correlations for flow in 

pipes , past flat plates , single cylinders , single spheres , and for flow In packed beds 

and tube bundles. AIChe Journal 18, 361-371 (2003).  

18. Yuge, T. Experiments on heat transfer from spheres including combined 

natural and forced convection. Journal of Heat Transfer 82, 214–220 (1960). 

19. Chen, T, S, Mucoglu, A. Analysis of mixed forced and free convection 

about a sphere. International Journal of Heat Mass Transfer 1977; 20: 867–875.  

20. L. Tang, A. Johnson. Flow Visualization of Mixed Convection about a 

Sphere. INT. COMM. HEAT MASS TRANSFER 17, 67-77 (1990). 



  
 

70 

21. Voller, V. R., Cross, M. & Markatos, N. C. An enthalpy method for 

convection/diffusion phase change. International Journal for Numerical Methods in 

Engineering 24, 271–284 (1987). 

22. Ogoh, W. & Groulx, D. Stefan’s Problem: Validation of a One-Dimensional 

Solid-Liquid Phase Change Heat Transfer Process (2010). 

23. Y. Lee, Multicellular Natural Convection in a Vertical Slot.  Journal of Fluid 

Mechanics 126, 91-121 (1983). 

24. H. Garofalini, Molecular Mechanisms Causing Anomalously High Thermal 

Expansion of Nanoconfined Water 9, 1997-2001 (2008). 

25. F. Yao, K. Luo, H. Yi, M. Xie, Analysis  of melting with natural convection 

and volumetric radiation using lattice Boltzmann method. International Journal of 

Heat and Mass Transfer 112, 413-426 (2017). 

26. National Aeronautics and Space Administration, Drag of a Sphere. 

https://www.grc.nasa.gov/www/k12/airplane/dragsphere.html 

27. M. Ozisik, Heat Conduction. Second Edition. 

28. M. Telkes, Thermal storage for solar heating and cooling, Proceedings of 

the Workshop on Solar Energy Storage Subsystems for the Heating and Cooling of 

Buildings. (1975). 

https://www.grc.nasa.gov/www/k12/airplane/dragsphere.html


  
 

71 

29. S.M. Vakilaltojjar, W. Saman, Analysis and modelling of a phase change 

storage system for air conditioning applications, Appl. Thermal Eng. 21, 249–263 

(2001). 

30. M. Dominguez, J. Culubret, D. Garcia, C. Garcia, A. Soto, La acumulacion 

de frio, Importante elemento deseguridad en instalaciones de climatizacion, El 

instalador, Febrero 5–10 (2000). 

31. D. Pal, Y. Joshi, Application of phase change materials to thermal control 

of electronic modules: a computation study, Trans. ASME 119, 40–50 (1997). 

32. H. Kowata, S. Sase, M. Ishii, H. Moriyama, Cold water thermal storage 

with phase change materials using nocturnal radiative cooling for vegetable cooling, 

Proceedings of the World Renewable Energy Congress, (2002). 

 



  
 

72 

Appendix  

A phase-change energy storage system is proposed for air conditioning 

application. The Phase Change Materials (PCMs) are placed in rectangular  containers 

and air is moved through the gaps between them. An ANSYS FLUENT simulation model 

has been developed and simulation carried out using the finite volume method. The 

effect of the design parameters such as PCM slab thickness and air passage gap on the 

storage system performance is investigated. The system is developed for off – peak 

energy storage in both heating and cooling applications. 

1. Mathematical Models 

The appendix presents analysis for the system illustrated in Fig. 1. The system 

consists of several PCM slab which the air passes in series. By selecting the phase 

change materials with appropriate melting points, the system can be used for both 

heating and cooling applications. To simplify the model, the following assumptions are 

made: 1. The physical properties of the liquid and solid phases of the phase change 

material are the same; 2. Axial conduction in the PCM slab is negligible; 3. Temperature 

variations in the air normal to the flow direction is ignored; 4. Heat losses to the 

surroundings are negligible. 
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Fig. 1: Schematic diagram of the thermal energy storage system.  

The heat transfer equation in the liquid phase and the boundary conditions for a 

PCM slab are as follows,  

      
   
  

   
    
   

 

              

                 

    
     

  
   

        

  
 

The solid-liquid interface position, temperature distribution and Stefan number 

are given as, 
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2. Simulation Model 

The commercial software ANSYS FLUENT is chosen to solve the analytical 

equation. The next step is to choose the right phase change material. Calcium chloride 

hexahydrate has been widely used in low temperature thermal storage systems due to 

its low cost, good thermal stability and high latent heat of fusion. It was therefore used 

as the first PCM in the proposed system. Potassium fluoride tetrahydrate was chosen as 

the second PCM. Here, the influence of PCM slab thickness and air passage thickness on 

outlet temperature is analyzed. A plastic sheet is used as the container wall and air as 

the heat transfer fluid. Thermophysical properties of solid            and         

are shown in Table. 1, the storage system specifications shown in Table 2 were used.  
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Table. 1: Thermophysical Properties. 

Properties                    
Melting Point (C) 28 18 

Heat of Fusion (kJ/kg) 190 231 
Density (kg/  ) 1500 1455 

Specification heat(kJ/kg/C) 2.13 1.84 
Thermal Cond(W/m/C) 0.53 0.53 

 

Table. 2: The storage system specifications used in the calculations. 

Phase change material            
Thickness of PCM slabs 5, 7.5, 10, 15, 20 mm 

Air passage gaps 5, 7.5, 10, 15, 20 mm 
Inlet air temperature 40 C 

Air flow rate 0.4       
Heat discharge period 7 h 

 

3. Results and Discussions 

From the result by Vakilaltojjar [29]. The effect of thermal resistance of the 

material used for PCM encapsulation on the results can be examined by calculating the 

outlet air temperatures of the energy storage system for two different materials with 

heat resistances, 
  

  
, equal to          and            K/W. These represent 
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values for aluminum sheets 0.1 mm thick, and plastic sheets 1 mm thick, respectively. 

Although the wall thermal resistance is increased 10,000 times, this does not impact the 

storage system performance, as overall resistance is dominated by the thermal 

resistance of the air side.  

Figs. 2 and 3 illustrate the effects of PCM slab thickness and air passage gap 

thickness on the outlet air temperatures for the energy storage system specified in 

Table 2. It is seen that the larger air gaps or slab thicknesses result in lower heat transfer 

and higher outlet air temperatures. 

 Reducing the slab thickness, with the same air gap thickness, does not increase 

the overall heat transfer coefficient, because the air heat transfer resistance is 

predominant. As the heat transfer area is increased with the reduction of slab thickness 

for the same amount of PCM, the heat transfer rate is correspondingly increased. 

However, for a constant PCM mass and air gap, the overall volume of the storage 

system is also increased. 

For a given slab thickness, as the air gap is decreased, the Reynolds number Re 

remains constant (the air velocity is increased but the characteristic length is decreased 

so that their product remains the same) and therefore the Nusselt number Nu does not 

change. However, as a result of the characteristic length decreasing, the convective heat 

transfer coefficient h is increased. This also reduces the total volume of the energy 

storage system, but increases the pressure drop for air flowing across the PCM 

containers. 
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Fig. 2: Effect of size of air gap on the outlet air temperature from the storage 

systems. 
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Fig. 3: Effect of slab thickness on the outlet air temperature from the storage 

systems.



  
 

79 

 


