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Abstract 

A mathematical model of melting process inside a spherical container, which is filled with phase change 
material, is developed to describe the characteristics of heat transfer and flow inside the capsule for high 
temperature storage systems. The finite element method is used to solve continuity, momentum and energy 
equations. The main intention of this investigation is to derive a dimensionless correlation for effective 
thermal conductivity. The correlation can be used in packed bed models to study the thermal performance of 
the thermal energy storage systems. The capsule is filled with sodium nitrate since its melting point is in the 
operation range of concentrated solar power plant. The shell of the capsule is made up of nickel, which is 
uniformly heated at the external surface. The enthalpy-porosity method is used to track the solid-liquid 
interface. The model is, validated with the reported experimental results, used to investigate the influence of 
pellet size and Stefan number. 
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1. Introduction  

In latent heat thermal energy storage systems packed with spherical pellets, the phase change process inside 
the pellets plays a vital role since the overall performance of the storage tank depends on this process. Thus, 
it has been received great importance, considerable number of investigations on this subject has been made 
by both theoretically and experimentally (Assis et al., 2007; Felix et al., 2006; Hosseinizadeh et al., 2012; 
Ismail and Henrı́quez, 2000). One dimensional conduction models were developed, to study the phase 
change process inside a spherical capsule, by assuming the solid portion of the PCM remains at the center of 
the sphere, neglecting the solid core movements (e.g. Felix et al., 2006; Ismail and Henrı́quez, 2000). Two 
dimensional axisymmetric models were developed to study the flow, natural convection-dominated melting, 
and the movement of the solid PCM portion during melting process (e.g. Assis et al., 2007; Hosseinizadeh et 
al., 2012). The melting of n-octadecane in a glass spherical container was investigated numerically and 
experimentally by Moore and Bayazitoglu (1982) and found that the natural convection effects can be 
neglected at small Stefan numbers. Bareiss and Beer (1984) investigated the phase change process in 
cylindrical geometries; the predicted melting rate showed good agreement with the experimental data 
presented by Moore and Bayazitoglu (1982). Using the analysis made by Bareiss and Beer (1984), an 
analytical solution for the melting rate at the lower surface of the solid core in a spherical capsule was 
presented by Roy and Sengupta (1987).  

The melting process of n-octadecane in an open spherical glass container was numerically investigated by 
Hosseinizadeh et al. (2012). A uniform temperature boundary condition was imposed at the outer wall of the 
shell. The developed model was validated with the experimental results reported by Tan (2008). 
Furthermore, a number of experimental and analytical investigations have been made on the heat transfer and 
buoyancy driven flow during melting of PCM inside spherical capsules. However, the literature survey 
shows that most of the past studies focused on low temperature storage applications. The literature is lack of 
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melting of PCM in the closed container in high temperature range, especially in the operation range of 
parabolic CSP plants (300-500 °C). Accordingly, this study aims at developing a two dimensional 
axisymmetric model to study the natural convection dominated melting process inside a spherical container 
in high temperature range and, to derive the dimensionless correlation of effective thermal conductivity for 
packed bed models.   

2. Mathematical modeling 

The computational domain is shown in Fig.1. An axi-symmetric model is developed by assuming the solid 
and liquid phases of the PCM are homogeneous and isotropic; the flow is laminar and incompressible; the 
phase change process takes place in the interval between 306.3°C and 306.8°C; where the density in the 
mushy zone varies linearly from 2130 kg/m3 to 1908 kg/m3. The temperature dependent liquid phase density 
is defined as (Archibold et al., 2014) 
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Fig.1: The computational domain 
 
As the PCM volume changes during the phase change process, the elastic deformation takes place in the shell 
material (Archibold et al., 2014; Tanvir et al., 2015). The enthalpy-porosity method is used in the phase 
change range, by which the porosity in each element is equal to the liquid fraction in that element. Thus, the 
porosity is zero in solid regions. Based on the foregoing assumptions, the governing equations; continuity, 
momentum, and energy, are;  
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, P, µ, k, h  and T are density, velocity vector, pressure, dynamic viscosity, thermal conductivity, 
specific enthalpy and temperature respectively. The porosity function A(γ) is defined by Eq. (5) 
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where the computational constant (ɛ), and the melting front morphology constant (C) are 0.001 and 105 
kg/m3s respectively. The specific enthalpy (h) is defined as the sum of the sensible enthalpy hsen and enthalpy 
change due to phase change γL, where L is the latent heat of the material. The melt fraction, γ, is defined by 
eq. (6). Thermo-physical properties of the sodium nitrate are given in Table 1. The finite element method 
based commercial software COMSOL multiphysics 4.2 (2014) is used to solve the governing equations. In 
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order to optimize the mesh of the model, grid dependent tests were carried out for four various mesh 
distributions; the total number of elements was 5012, 10046, 14066 and 18506 respectively. The results 
given by the mesh generated with 10046 elements were, significantly deviated from the mesh with 5012 
elements, analogous to the results produced by 14066 and 18506 elements. Thus, the mesh with 10046 
elements was used for all calculations. 
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Fig. 2:  Experimentally captured (Tan, 2008)  and numerically predicted (a) melting front  at various stages  for Ts = 40ºC 
(b) melt fraction as a function of time for Ts = 45ºC 
 

In order to validate the model, simulations were performed for the experimental conditions reported by Tan 
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(2008). In their experiments, the n-octadecane was, used as PCM, filled in a 50.83 mm inner radius capsule 
and 1.5 mm wall thickness. Initially, the capsule was kept at  1°C less than the melting point (29°C), when 
t>0 the outer surface of the capsule was fixed at 40°C. Simulation was performed for the same condition. 
The melting phase front, temperature and velocity distribution of the capsule during melting process are 
shown in Fig. 2(a) at 20 minutes intervals. Experimental photographs of melting process of the capsule are 
compared with the numerical results. In simulation results, the left side represents the temperature 
distribution and the right side represents the melt fraction and the velocity vector. Similarly, simulation was 
carried out for another case, where the outer surface temperature was fixed at 45°C. Fig. 2 (b) shows the 
comparison of experimentally measured (Tan, 2008) and numerically predicted melt fraction of the capsule.  
As can be seen in the figure, a good agreement is found between the numerical and experimental results. 

Table 1. Thermo-physical properties of sodium nitrate 

Properties Sodium Nitrate 

Density (kg/m3)  
       solid phase  
       mushy zone Linear interpolation 
       liquid phase � � 1��� mmliq TT���
        ρm 1908 
Dynamic viscosity (kg/m s)  
Latent heat of fusion (J/kg)  
Melting temperature ( )  
Specific heat (J/kg/K)  
Thermal expansion coef.(1/K)  
Thermal conductivity (W/m/K)  

3. Results and discussion 

Using the validated model, simulation was performed to predict the melting process of a nickel spherical 
shell (thickness=0.5 mm) of radius 10mm, completely filled with molten salt. Initially, the capsule was kept 
at 301.5 °C and at t>0, the outer wall temperature was fixed at 311.5° C. Fig. 3 shows the temperature 
distribution and the corresponding melting process of the capsule at different stages. Each subfigure shows 
temperature distribution (left), melt fraction (right; black and white gradient), and natural convection flow 
velocity in the PCM liquid phase (right). During the initial stage of melting, the heat is transferred to the 
PCM through shell by conduction.  

Once the melting process started at the inner surface of the shell, the natural convection starts to influences 
the melting process, the formed liquid PCM is heated by the inner surface of the shell. As the density 
changes between the solid and liquid phases, the solid part comes down due to gravity and the liquid flows 
upward and generates buoyancy driven flow. The heated fluid at the inner surface of the shell transfers the 
heat to the cold fluid close to the solid-fluid interface. Thus, an unsteady counter-clockwise circulating flow 
is formed above the solid part of the PCM during melting process. As a result, the melting process is faster at 
the top part of the solid phase and changes the spherical shape of the solid part into oblate spheroid shape as 
shown in the figure. 

Influence of Stefan number and the capsule size on the melting process of the capsule is studied by various 
cases as shown in Table 2. By keeping the capsule size constant, simulations were carried out for cases 1-3 to 
study the effect of thermo-physical condition of the capsule (difference between the initial and outer wall 
temperature). Fig. 4 shows the melt fraction of the capsule as a function of time. As can be seen in the figure, 
an increase of temperature difference between the initial and outer wall temperature (TS-T0) can decrease the 
complete melting time. The complete melting time decreases about 8.5% and 4.5% respectively when 
increasing the temperature difference around 33% and 25%. The effect of pellet size on the melting rate for 
constant boundary conditions is presented in Fig. 5. The initial temperature and the wall temperature are 
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fixed and simulations were carried out for various capsule radii: 10, 15 and 20 mm. As expected, the 
complete melting time is decreased when the capsule size is reduced. 

    
0 min. 1 min. 2 min. 3 min. 

    
4 min. 5 min. 6 min. 7 min. 

 Velocity [m/s] 

Melt fraction  (1) 

Temperature [K] 

 
Fig. 3:  Temperature distribution and the corresponding melting process of the capsule at different stages 

 
Table 2 Analyzed cases 

Case Pellet radius (Ri) 
[m] 

Initial 
Temperature 

(T0) [ºC] 

Surface 
Temperature 

(TS ) [ºC] 
TS-T0 [ºC] 

1 0.010 301.5 311.5 10 
2 0.010 299.0 314.0 15 
3 0.010 296.5 316.5 20 
4 0.015 299.0 314.0 15 
5 0.020 299.0 314.0 15 

 

 
Fig.4: Melt fraction of the capsule as a function of time for various cases 
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Fig. 5: Effect of pellet size on the melt fraction as a function of time. 

 

  

  

 

 

 
Fig.6: Complete melting time as a function of coefficient m. 
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In order to study the performance of the thermal energy storage system packed with spherical PCM capsules, 
various packed bed numerical models have been developed in the past few decades (e.g. Bellan et al., 2014a, 
2015a, 2015b). As explained in the previous sections, natural convection plays vital role during melting 
process. However, most of the melting process models only considered the thermal conduction due to 
complexity in incorporating the natural convection effect during melting process. The convective effect 
present in the liquid region during melting can be incorporated to the packed bed system by using the 
effective thermal conductivity correlation. To derive that correlation for the given set of cases as shown in 
Table 2, one dimensional conduction model for phase change process inside a capsule has been developed by 
enthalpy formulation method, based on the literature models (Bellan et al., 2014b; 2014c). The correlation 
given in eq. (7) is used to calculate the effective thermal conductivity  

m
Lef CRakk �         (eq. 7) 

In order to obtain the C and m coefficients, various values were assumed and the corresponding melt fraction 
evolution was predicted as a function of time. Then, the appropriate coefficients were obtained by comparing 
the 2D axi-symmetric model results obtained in the previous section. Initially, the coefficient of C was fixed 
at 0.18 (Bellan et al.,2015b), and calculations were made for case 1. Fig. 6 (case 1) shows the complete 
melting time predicted by the given correlation (Eq. 7) for various m coefficients. The complete melting time 
predicted by the 2D model is marked by asterisk symbol. Thus, the coefficient m is predicted for case 1, 
which is 0.26. Similarly, the coefficient m is predicted for other cases as shown in the figure. From this 
approximation, the generalized correlation is derived and given in eq. 8, which produces the same results of 
axisymmetric model. 

243,018.0 Rakk Lef �        (eq. 8) 

4. Conclusion 

An axisymmetric model has been developed to predict the heat transfer, fluid flow due to natural convection, 
and phase change process. The developed model has been validated with reported experimental and 
numerical results. Then the influence of pellet size and the Stefan number on the heat transfer characteristics 
and the melting process have been studied. From the axisymmetric model results, an effective thermal 
conductivity correlation has been derived using one dimensional model. The derived correlation can be used 
to simulate the charging behavior of packed bed thermal energy storage system with spherical capsules.  
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