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The use of phase change material to enhance the capacity of energy storage/ release is the subject of 
many new researches on the management of energy supply. Study of these systems is directly related to 
the solid-liquid phase-change problem, in which the evaluation of temperature distribution, position of 
phase-change front and liquid or solid fraction becomes a basic problem. Study of freezing and melting 
process with regard to natural convection in the liquid phase is the main purpose of the present paper. 
For this purpose, a rectangular finned container of phase change material is intended. Fins are used to 
enhance the heat transfer rate. This fact necessitates the use of immersed boundary condition on the 
solid phase. Hence, the melting process considering both the effects of natural convection and 
movement of solid phase is studied. The freezing process is also studied taking into account the natural 
convection with no need to impose the immersed boundary condition. Lattice Boltzmann method is 
used as a numerical method and results are reported based on the dimensionless parameters. Based on 
the results, the effects of natural convection are negligible during freezing process, while imposing the 
effects of natural convection provides a significant change in the required time for complete melting of 
the phase change material. 
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Fig.  1 A schematic of  PCM phase-change (solid-liquid) through a 
rectangular finned container 
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Fig. 2 A schematic of thermal boundary condition on the bottom wall 
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Fig. 3 A schematic of Lagrangiant point through the Eulerian ones 
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Fig. 4 Energy conversion on the finite control volume 
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Fig. 5 Flowchart for solution of melting/ freezing problem with 
corresponding equations 
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Fig.  6 Melting a semi–infinite slab, x0 , initially solid at a 
uniform temperature of  
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Table 1 Thermo-physical properties of aluminum and paraffin 

    
2710  6093  (kg m-3)   
----  381.5 Cp,l (J kg  1K  1) 
935 385 Cp,s (J kg  1K  1) 
177 32 k (W m  1K  1) 

386900 80160  L (J kg  1) 
660 29.78  Tm (°C) 
---- 1.2 × 10  (K-1)   
----  1.81 × 10  (Pa s) µ 
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Fig.  7 Temperature history of four points inside the slab for the case 
of = 1 
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Fig.  8 Temperature variation for a point located 1 mm long aside the 
left wall 
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Fig. 10 Streamlines for gallium melting at four times of 2, 6, 10 and 17 
min 

10  



    

PCM  LBM    

1395168  83  

Ra = 10 
"  12"   ."12"  

 

   Ra = 10 
 .

Ra = 6 × 10 "13"   " 12 
13"  

)  Fo=0.003338 Fo=0.01669 

 .
] 27,26 [   

PCM 
 Ra = 0Ra = 10 Ra = 6 × 10 "
14"  .

 

6-4 -   
PCM 

   .

  .
 .

 ( )   .

      .        

 

Fig. 11 Dimensionless temperature distribution and phase-change 
position for the case of pure condition, Ra=0 
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Fig. 12 Dimensionless temperature distribution, streamlines and 
phase-change position for the case of, Ra = 10  

12  
Ra = 10 

  

 

Fig. 13 Dimensionless temperature distribution, streamlines and 
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Fig. 14 Solid-fraction history of PCM respect to dimensionless time  
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Fig. 15 Streamlines around the fixed solid phase during melting, = 1 
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Fig. 16 Dimensionless temperature field and position of melting front 
for the case of free solid phase melting related to = 1 
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Fig. 17 Streamlines around the free solid phase during melting, = 1 

17 PCM 
= 1 

 
  .

PCM   
PCM 

 
Fo=0.2  PCM 

 .
PCMPCM 

= 0.5= 1 = 2 " 18 20" 
 . 
PCM 

 
  

 .
PCM       

  



    

PCM  LBM    

1395168  85  

 

Fig. 18 Liquid fraction history for = 2 
18 = 2 

 

Fig. 19 Liquid fraction history for = 1 
19 = 1 

 

Fig. 20 Liquid fraction history for = 0.5. 
20 = 0.5 

PCM 
  . 

  .
 

7 -    

 -
 .

 
 . 

 :

 .
  

 PCM   .
Ra = 6 × 10 

  
 

PCM 
  .

   
 

PCM 
  .

  
 

  .  

8 -   
[1] A.  H.  Mosaffa,  F.  Talati,  H.  Basirat  Tabrizi,  M.  A.  Rosen,  

Analytical modeling of PCM solidi cation in a shell and tube 
nned thermal storage for air conditioning systems, Energy and 

Buildings, Vol. 49, pp. 356–361, 2012. 
[2] J. R. Turnpenny, D. W. Etheridge, D. A. Reay, Novel ventilation 

cooling system for reducing air conditioning in buildings. Part I: 
testing and theoretical modelling, Applied Thermal Engineering, 
Vol. 20, pp. 1019–1037, 2000. 

[3] V. V. Tyagi, D. Buddhi, R. Kothari, S. K. Tyagi, Phase change 
material (PCM) based thermal management system for cool energy 
storage application in building: An experimental study, Energy and 
Buildings, Vol. 51, pp. 248–254, 2012. 

[4] L. A. Chidambaram, A. S. Ramana, G. Kamaraj, R. Velraj, Review 
of solar cooling methods and thermal storage options, Renewable 
and Sustainable Energy Reviews, Vol. 15, pp. 3220–3228, 2011. 

[5] M. Esen, A. Durmus, A. Durmus, Geometric design of solar–aided 
latent heat store depending on various parameters and phase 
change materials, Solar Energy, Vol. 62, pp. 19–28, 1998. 

[6] C. F. Hsu, E. M. Sparrow, S. V. Patankar, Numerical solution of 
moving boundary problems by boundary immobillzation and a 
Control-Volume-Based finite-difference scheme, International 
journal of heat and mass transfer, Vol. 24, pp. 1335–1343, 1981. 

[7] B. Zivkovic, I. Fujii, An analysis of isothermal phase change of 
phase change material within rectangular and cylindrical containers, 
Solar Energy, Vol. 70, No. 1, pp. 51–61, 2001. 

[8] Y. Kozak, B. Abramzon, G. Ziskind, Experimental and numerical 
investigation of a hybrid PCM–air heat sink, Applied Thermal 
Engineering, Vol. 59, pp. 142–152, 2013. 

[9] F. Talati, M. Taghilou, Lattice Boltzmann application on the PCM 
solidi cation within a rectangular nned container, Applied 
Thermal Engineering, Vol. 83, pp. 108–120, 2015. 

[10] A. D. Brent, V. R. Voller, K. J. Reid, Enthalpy–prosity technique 
for melting convection–diffusion phase change: Application to the 
melting of a pure metal, Numerical Heat Transfer, Vol. 13, pp. 
297–318, 1988. 

[11] Y. Pahamli, S. M. J. Hosseini Kahsari, A. Ranjbar, Investigating 
geometrical and flow parameters in behavior of melting Phase 
Change Material in double pipe heat exchanger, Modares 
Mechanical Engineering, Vol. 15, No. 10, pp. 183–191, 2015. (in 
Persian ). 

[12] M. Vynnycky, S. Kimura, An analytical and numerical study of 
coupled transient natural convection and solidi cation in a 



    

PCM  LBM    

  

86  1395168  

rectangular enclosure, International Journal of Heat and Mass 
Transfer, Vol. 50, pp. 5204–5214, 2007. 

[13] W. S. Jiaung, J.  R. Ho, C. P. Kuo, Lattice Boltzmann method for 
the heat conduction problem with phase change, Numerical Heat 
Transfer, Part B, Vol. 39, pp. 167–187, 2001. 

[14] D. Chatterjee, S. Chakraborty, An enthalpy-based lattice 
Boltzmann model for diffusion dominated solid–liquid phase 
transformation, Physics Letters A, Vol. 341, pp. 320–330, 2005. 

[15] D. Chatterjee, S. Chakraborty, An enthalpy-source based lattice 
Boltzmann model for conduction dominated phase change of pure 
substances, International Journal of Thermal Sciences, Vol. 47, pp. 
552–559, 2008. 

[16] R. Huang, H. Wu, P. Cheng, A new lattice Boltzmann model for 
solid–liquid phase change, International journal of heat and mass 
transfer Transfer, Vol. 59, pp. 295–301, 2013. 

[17] F. J. Higuera, S. Succi, and R. Benzi, Lattice gas dynamics with 
enhanced collisions, Europhysics Letters, Vol. 9, No. 4, pp. 345–
349, 1989. 

[18] A. A. Mohamad, Lattice Boltzmann Method Fundamentals and 
Engineering Applications with Computer Codes, pp. 101–104, 
New York: Springer, 2011. 

[19] P. Yuan, thermal lattice Boltzmann two-phase flow model for fluid 
dynamics, PhD Thesis, University of Pittsburgh, Pittsburgh, 2005. 

[20] H. H. Hu, N. A. Patankar, M. Y. Zhu, Direct numerical simulations 
of fluid–solid systems using the arbitrary Lagrangian–Eulerian 

technique, Journal of computational physics, Vol. 169, No. 2, pp. 
427–462, 2001. 

[21] R. Huang, H. Wu, An immersed boundary-thermal lattice 
Boltzmann method for solid–liquid phase change, Journal of 
Computational Physics, Vol. 277, pp. 305–319, 2014. 

[22] S. K. Kang, Y. A. Hassan, A direct-forcing immersed boundary 
method for the thermal lattice Boltzmann method, Computers & 
Fluids, Vol. 49, pp. 36–45, 2011. 

[23] V. Alexiades, A. D. Solomon, Mathematical Modelling of Melting 
and Freezing Processes, pp. 46–48, Washington DC: Hemisphere 
Publishing Corporation, 1993. 

[24] C. Gau, R. Viskanta, Melting and solidi cation of a pure metal on 
a vertical wall, Journal of Heat Transfer, Vol. 108, pp. 174–181, 
1986. 

[25] M. M. Cerimele, D. Mansutti, F. Pistella, Numerical modelling of 
liquid/solid phase transitions Analysis of a gallium melting test, 
Computers & Fluids, Vol. 31, pp. 437–451, 2002. 

[26] F. L. Tan, K. C. Leong, An experimental investigation of 
solidi cation in a rectangular enclosure under constant heat 
transfer condition, International Communications in Heat and 
Mass Transfer, Vol. 26, No. 7, pp. 925–934, 1999. 

[27] P.G. Kroeger, The solution of a two dimensional freezing problem 
including convection effects in the liquid region, International 
journal of heat and mass transfer Transfer, Vol. 17 pp. 1191–1207, 
1974. 


