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Cons ideration on energy on energy saving in cooling has been voiced out lately. Cold 

Thermal Energy Storage (CTES) incorporating with phase change material (PCM)play 
an important role in cooling system as latent heat storage. Nevertheless, the nature of 

poor thermal conductivity and supercooling phenomena of PCM are the drawbacks 
that degrade the efficiency of CTES. A numerical and experimental work on phase 
change of PCM after dispersed with various types of nanoparticles is presented in this 

s tudy. Nanoparticles with high thermal conductivity properties could be a  good 
additive to enhance the thermal performance of PCM in latent heat thermal energy 
s torage. The phase change rate of paraffin wax as PCM dispersed with three types of 
nanoparticles: Alumina (Al2O3), Copper oxide (CuO) and Zinc Oxide (ZnO) in a 25mm × 
25mm square enclosure and the effect of heating s ide of the wal l and the 

concentration of nanoparticles dispersed in PCM were investigated. ANSYS Workbench 
17.0 that included mesh generation tools and FLUENT software was used to run the 
s imulation. Enthalpy porosity method was applied in this numerical s tudy. Results 
shown that heat transfer rate was improved by adding low volume fraction of 
nanoparticles. Heating from the side wall of the enclose has better melting rate than 
heating from below.  

Keywords:  

Thermal Energy s torage, Phase change 
material, Nanoparticles, NEPCM, CTES Copyright © 2019 PENERBIT AKADEMIA BARU - All rights reserved 

 
1. Introduction 

 
Due to demand of people to live in a comfort life, new electronic devices and technologies 

advance tremendously nowadays. However, this trend has also voiced out the considerations on the 

energy conservation to save energy; cooling technique for overheated equipment and the list go on. 
Nevertheless, most of the challenges are related to the heat transfer of material and its thermal 
performance in applications. Thus, enhancement in thermal performance is significant in order for 
devices and systems to work in high efficient and consistently.  
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In Malaysia, Cold Thermal Energy Storage (CTES) plays a vital role especially in building centralized 
air conditioning (AC) system to store the cooling energy as the energy consumption of AC system is 
the highest (57%) in office building [1]. The chart below (Figure 1) shows the total energy 

consumption by all equipment and their breakdown (%) in office of Malaysia. 
 

 
Fig. 1. Total energy consumption by equipment and their 
breakdown (%) in Malaysia office 

 

CTES able to conserved the energy through shifting the entire on-peak load to off-peak hours [2]. 
During the daytime or on-peak hours, there is a lot of energy demand for cooling the building due to 

the risen environmental temperature. The main chiller system will work at a high burden condition 

in order to fulfill the high cooling demand especially in noon. On the other hand, the chiller system is 
at rest during night or off-peak hours.  By installing CTES, it able to assist the main chiller system by 

storing cold energy at night/off-peak hours and releasing cold energy when it is needed in the time 
of peak load. Cold energy is stored and released through freezing and melting processes respectively 

[3].  
In order to conserve the energy usage, CTES play an important role as a latent heat energy storage 

to store the abundance energy and supply energy when needed. By enhancing the heat transfer 
performance of PCM in CTES, more energy can be conserved as CTES can function at high efficiency 

when incorporating with NEPCM. CTES that incorporating with PCM as a latent energy storage is a 
viable option to achieve high energy efficiency as  it can store 5-14 times higher latent energy in 

intensity compared to sensible heat [4]. Furthermore, cost such as maintenance cost can be reduced 
as lesser work and burden done by the main chiller system. as CTES reduces peak demand of cooling 

system and shifts electric energy usage from on-peak to off-peak hours, it can lead to significant 
electricity cost savings especially in areas with variable market price of electricity during daytime and 

nighttime. In additions, cooling system with high efficient CTES are more environmental friendly as 
less greenhouse gases will be generated by the chiller system due to reduction in consumption of 

energy.   
Phase change material (PCM) is widely recognized in many engineering applications due to its 

superior properties. As PCM able to store and release thermal energy during the process of melting 

& freezing, PCM is an ideal product for thermal management solutions. Currently, PCM has been 
applied in Thermal Energy Storage Systems (TES), in heating, ventilation and air conditioning systems 

(HVAC) in modern building, as coolant for microelectronics such as Microchannel Heat Sink (MCHS) 
and even in production of smart textiles in purpose keeping human body temperature warm [5-7]. 
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Water is a conventional PCM that used in many applications owing to its abundant availability and 
thermal conductivity. 

The purpose of PCM is to work as a latent heat energy storage through melting & freezing 

processes. However, PCM itself unable to work at high efficiency due to poor thermal conductivity of 
pure PCM. Besides, supercooling phenomena can easily occur and caused the PCM inefficient in 

transfer heat. There are many studies and research have been done to improve the heat transfer 
performance of the thermal energy storage such as encapsulation of PCM [8-10], modify 

geometry/shape [11] of storage tank and adding fin [12-14]. Owning to the breakthrough of 
nanotechnology recently, the role of nanoparticles in improving the thermal properties is being 

reported as an alternative solution. Thus, enhancement of the thermal performance by introducing 
NEPCM through dispersion of nanoparticles into PCM is suggested in order to solve the problem 

stated. 
Thermal conductivity of PCM are enhanced by dispersing nanoparticle into the heat transfer fluid 

(HTF) or PCM itself and become nanoparticles enhanced phase change material (NEPCM). The rate 
of solidification & melting tend to increases as the time taken is shorten [15]. The common factors of 

nanoparticle that influence the thermal properties improvement of PCM are found to be the 
nanoparticle size, volume fraction, temperature and geometry (shape) [16]. Khodadadi and 

Hosseinizadeh [17] were probably the earliest researchers that perform the investigation on 
enhancing the PCM thought dispersion of nanoparticles in year 2007. Inspired by the report of 
Mesuda [18] on the improvement of thermal conductivity after dispersed some nano-sized particles 

in liquids, Khodadadi and Hosseinizadeh conducted an computational study that highlight the 
potential of using NEPCM in thermal storage applications. Table 1 shown some researches carried 

out recently by other authors in enhancing PCM thermal properties . 
 

Table 1 
Study on enhancement of PCM by Nanoparticles 

Authors Nanoparticles PCM Findings 

Sakr R.Y. et al., 

[19]. 

Aluminum oxide 

(Al2O3) 
water 

Freezing/melting time of NEPCM shorten by 19% with 

2% nanoparticles 

Chen J. &, 
Zhang P et al., 
[20] 

n-hexadecane n-octadecane / water 
(prepared by D-phase method.) 

Enhanced total heat capacity, thermal conductivity 
Viscosity decreased at high temperature but increased 
with the large mass faction. 

Li X. et al., [21] perlite 

paraffin 

 

NEPCM performed better than microencapsulated PCM 
under certain conditions  

Karimi G. et al., 
[22] 

Silver (Ag), 
Copper (Cu), 
Iron(III) Oxide 
(Fe3O4)  

Dispersion of metal nanoparticles in the PCM brought 
significant improvement in the effective thermal 
conductivity. Ag nanoparticles exhibited the best 
thermal performance. 

Babapoor A. et 
al., [23] 

Sil ica Oxide (SiO2), 
Aluminum Oxide 
(Al2O3), Iron(II) 

Oxide (Fe2O3), 
Zinc Oxide ( ZnO) 

Dispersion of nanoparticles can improve thermal 
conductivity by 150% at maximum but also lowered 
specific heat by 39% at maximum. 8wt% loading of ZnO 

nanoparticles exhibit the optimum thermal 
performance.   

Nourani M, et 

at., [24] 

Aluminum Oxide 

(Al2O3) 

Sodium stearoyl lactylate (SSL) was used as surfactant. 
Heating and melting times of NEPCM reduced by 27%. 

10wt% of Al2O3 enhanced the thermal conductivity by 
31%in sol id state and 13% in l iquid state. 

Warzoha R.J et 

al., [25] 

Herringbone style 
graphite 

nanofibers 
(HGNF) 

Thermal conductivity of the NEPCM rise gradually in 

solid phase but not l iquid phase. The latent heat of 
fusion declined with the increasing volume fraction of 
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HGNF yet stil l  able to retain 90% amount of original 
latent heat   

Zhang X. and 

Han Z. [26] 
Alumina (AlO2) 

At 0.5wt%, NEPCM melted at 54.24oC with and freeze at 
57.68oC after 50 cycles. Thermal conductivity increased 

by 72% but slightly decrement in latent heat occured 

Ma Z. et al., 
[27] 

Copper (Cu) RT24 

NEPCM shown higher melting and freezing rate 
compared to pure PCM where 8.3% more heat was 
charged and 25.1% more heat was discharged during 
the test. 

Sharma R.K. et 
al., [28]. 

Titanium Dioxide 
(TiO2) 

palmitic acid 

Melting point of NEPCM does not experienced 

significant change. Latent heat was dropped but 
thermal conductivity increased tremendously by 12.7, 
20.6, 46.6, and 80% with respect of 0.5, 1, 3, and 5% 

weight fraction of TiO2 nanoparticles 

Fan L.W. et al., 
[29, 30] 

Graphite 
nanosheets 
(GNSs)  

1-dodecanol  

Thermal conductivity of NEPCM improve up to 50% in 

comparison to pure PCM and the total melting rate is 
fastened by 10% with the assist of 0.5 wt.% GNS. The 
total solidification time reduced by 18.0%. 

 

Nanoparticles can be concluded as a promising additive for PCM in order to enhance its heat 
transfer performance. However, there are still lack of numerical result on total energy stored and 

retrieved from the PCM and NEPCM in a continuous phase change cycle. The simulation on phase 
change of PCM and NEPCM in 3D and two phases methods are still limited. There is abundance 

investigation on paraffin wax as an organic PCM in CTES yet there is limited use of salt hydrate 
component as PCM. In this study, the enhancement effect of dispersing nanoparticles in pure PCM is 

determined through numerical and experimental study of melting process of NEPCM in a square 
enclosure as storage tank. 

 
2. Methodology  
2.1 Numerical Simulation 

 
Defining the geometry and boundary condition are the first stage for CFD simulation. From 

coordinate and line forming, faces and body of the geometry are defined. The second stage will be 
defining the mesh. The grids are arranged based on tri/quad type and with mesh sizing/interval being 

size within the wall of faces. The higher the number of grids, the finer the simulation flow profile, 
converging and closer to the actual result, at the expense of computational power and time. 
Subsequently, mesh independent test are run until it reaches independency for optimal simulation 
where the result will not be affected by denser grids or nodes. The solver and model needed to be 

comprehended, selected with necessary condition/criteria activated such as energy, gravi ty and so 
forth. 

In present numerical study, the integrated simulation system ANSYS Workbench 17.0 is used. The 
governing equations that related to the boundary and initial conditions are solved by the FLUENT 

software based on the finite volume method. The SIMPLE algorithm is applied for solving pressure–
velocity coupling and the PRESTO scheme is used for the pressure correction equation. FIRST ORDER 
UPWIND differencing scheme is adopted on the momentum and energy equations. For all iterations, 
the time step for integrating the temporal derivatives was set to 0.01s. whereas for every time step, 
the maximum number of iterations is adjusted to 10 which is adequate with the convergence limit of 
10−3 in the continuity and momentum equations; 10−6 in the energy equation. Also, for the under-
relaxation factors for x-components and y-components, momentum equations, pressure correction 
equation, energy equation, and liquid fraction are fixed to 0.5, 0.3, 1 and 1 respectively.  
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2.1.1 Physical model & boundary condition for 2D simulation 
 
The geometry applied was shown in Figure 2. It is a square enclosure with a dimension of 100 mm 

(L) ×100 mm (W). The cavity filled with pure PCM or PCM dispersed with numerous type of 
nanoparticles with different volume fraction. There are two case study where one of the hot wall are 

located at the left vertical wall and the other at the horizontal bottom wall. The temperature of the 
hot wall is at constant temperature of 330 K and the opposite wall, also known as cold wall is at a 

constant temperature of 300 K. The remaining two walls are adiabatic and the initial temperature of 
the PCM is 300K. The boundary condition in the study of melting process is prescribed as follow: 

 

Hot Wall: maxTT   

Cold Wall: minTT   

Adiabatic Wall: 
0TKnpcm  

Initial Condition: minTTi   
 

 

 

 
Fig. 2(a). Square cavity (100 mm 
× 100 mm) heating from left 
vertical side   

 Fig. 2(b). Square cavity (100 mm × 
100 mm) heating from bottom 

 
2.1.2 Grid independence test 

 
A mesh test is conducted in order to check the grid independence and refine the obtained results. 

A graph of liquid fraction over flow time is plotted as shown Figure 3 with 0 % of Al2O3. Grid sizes of 
80 × 80, 100 × 100 and 110 × 110 are simulated. According to the Figure 3, there is negligibly small 

difference between the results of the 100 × 100 and 110 × 110 grid sizes. Hence, the grid with 100 × 
100 cells is considered and selected for all the simulations and calculations in present work.  
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Fig. 3. Effect of Grid Size on Melting of Pure PCM 

 

2.1.3 Governing equation 
 

Enthalpy porosity method is used in present simulation on melting of a NEPCM in a square 
enclosure. The enthalpy porosity method can figure out the liquid fraction in each cell in the 
computational domain at any iteration based on enthalpy balance. During the phase change process, 
the value of liquid fraction changes between 0 and 1 where the values of 0 represent solid state and 
1 represent liquid state respectively. Also, values lie between 0 and 1 are serve as mushy state. The 
governing conservation equations are as follows [31]: 

 
Continuity equation: 
 

  0



U

t






            (1) 
 
Momentum equation: 
 

    FgPUUU
t









         (2) 
 

where P represents the static pressure, 


 denotes the stress tensor, g


 is the gravitational body 

force and F


 is the external body force. 
 

Energy equation: 

 
      STKHU

t

H




 




          (3) 
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where H is the enthalpy of NEPCM, T denotes the temperature,  represent density, K is thermal 

conductivity of NEPCM,U


stands for velocity and S is the source volumetric heat source term which 
is set for zero in present work. The total enthalpy H, of the PCM is considered as the sum of the 

sensible enthalpy, h and the latent heat, H : 
 

HhH               (4) 
 
where  
 


T

Tref
pref dTChh

            (5) 
 

Here, Tref   and href are the reference temperature and reference enthalpy respectively. Cp represents 
the specific heat at constant pressure. Also, the latent heat of the PCM is given by: 

 
LH               (6) 

  
where β is the liquid fraction and is defined as: 
 

1

0
















solidusliquidus

solidus

TT

TT

     if    liquidus

liquidussolidus

solidus

TT

TTT

TT







        (7) 
 

There is a necessitate to have iteration between the energy Eq. (3) and liquid fraction Eq. (6) to 
solve temperature. In enthalpy porosity method, the mushy region (partially solidified region) is 

treated as a porous medium. The porosity in each cell is set equal to the liquid fraction in that cell. In 
fully solidified regions, porosity is set equal to zero, which excluded the velocities in these regions. 

 

2.1.4 Thermal physical properties 
 

The thermal physical properties of PCM and nanoparticles are listed in Table 2. The difference in 
the solidus and liquidus temperatures denotes the phase transition from solid to liquid state in the 

melting of PCM 
 

Table 2 
 Properties of PCM, nanoparticles and operating parameters  [32-34] 
 Paraffin Wax Al2O3 CuO ZnO 

Density 
(kg/m3) 1)15.319(001.0

750

T  
3600 6510 5606 

Specific heat 
(J/kgK) 

2890 765 540 514 

Thermal conductivity 
(W/mK) 

0.21    if T<Tsolidus 
0.12    if T>Tliquidus 

36 18 23.4 

Dynamic Viscosity 

(Ns/m2) 
)

1700
25.4exp(001.0

T


 
- - - 
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Latent heat 
(J/kg) 

173400 - - - 

Solidus temperature 
(K) 

319 - - - 

Liquidus temperature 
(K) 

321 - - - 

npd
 

(nm) 
- 59 29 50 

1  - 0.983 0.9197 0.904 

2  
- 12.958 22.8539 14.8 

1  
- 8.4407 9.881 8.4407 

2  - -1.07304 -0.9446 -1.07304 

 
2.1.5 Model validation 
 

Similar simulation was reported by Arasu and Mujumdar [35] and Ebrahimi [36] on melting of 
NEPCM in a square enclosure using paraffin wax as PCM and mixing with 2 wt.% of Al2O3 

nanoparticles. The results of liquid–solid interface at 1000 s and 3000 s is compared and shown in 
Figure 4 and 5. A reasonably good agreement is obtained. 

 

 
1000 s 

 
1000 s 

 
1000 s 

 
3000 s 

 
3000 s 

 
3000 s 

Present Work Ebrahimi [36] Arasu and Mujumdar [35] 

Fig. 4. Comparison on Melting of Paraffin Wax + 2 % Al2O3 Nanoparticles 

 

2.1.6 Assumption for preliminary study 
 

I. The numerical studies on the heat transfer performance during phase change process of 
PCM and NEPCM are based on enthalpy porosity method. There are some assumptions 
that been made for the numerical study. 

II. The flow of NEPCM in liquid state is considered as an incompressible, unsteady, laminar 
and Newtonian. 

III. The thermal physical properties of PCM and NEPCM are temperature dependent. 
IV. Heat transfer is both conduction and convection controlled. 

V. The PCM or nanoparticles are assumed as continuous media and in state of 
thermodynamic equilibrium.  
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VI. There is no-slip boundary condition is applied between PCM and nanoparticles. 
 
 

 
Fig. 5. Melting Front of Paraffin Wax + 2 % Al2O3 
Nanoparticles at various Time 

 

 
3. Results  

3.1 Evolution of Melting Rate 
 

The effect of mixing nanoparticles with PCM on its melting rate is examined and the result is 
plotted in Figure 6. The melting rate is indicated by the liquid fraction contained at certain time being. 
According to Figure 6, it is clear that the melting rate of PCM can be improved by adding 2 % of 
nanoparticles but only at low concentration. On the other hand, PCM melt slower when 5 % of metal 
oxide is added. This trend justifies that improvement in thermal conductivity can enhance the melting 
rate but high dynamic viscosity will degrade the heat transfer rate. In first 400 s, there is no significant 
difference in melting speed of all PCM/NEPCM as the conduction is dominant at the heat transfer 
rate at initial stage. Effect of dynamic viscosity becomes greater when dominant mechanism become 
convection during melting and may overweight the improvement in thermal conductivity. Thus, the 
heat transfer performance enhancement of NEPCM is only applicable at low volume fraction. In 
present study, greatest enhancement in melting rate is obtained by dispersion of 2 % Al2O3 
nanoparticles in paraffin wax. On the other hand, adding 5 % CuO nanoparticles results in significant 
degradation in heat transfer. 
 
3.2 Effect of Heating Source Orientation   
 

According to Figure 7, the overall melting rate of paraffin wax heated from the vertical side is 

higher than that heated from below at 3000 s. However, during the melting period 1000 s to 1500 s, 
the melting speed of paraffin wax heated from below is faster compared with heated from the side. 
This melting trend is probably due to the formation of multi-cellular flow patterns when heating from 
below. In addition, the enhancement effect in melting rate is highest when 2 % of Al 2O3 dispersed 
into paraffin wax for both heating surface. 
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Fig. 6. Liquid Fraction of PCM/NEPCM 

 
 

 

 
Fig. 7. Liquid Fraction of PCM/NEPCM Heated from Vertical 
side (V) and Bottom (H) 

 
 
3.3 3D Temperature Contour  

 
Figure 8 show the 3D temperature contour for the melting of Paraffin Wax + 2 % Al2O3 

nanoparticles with vertical side heating. Red colour represented high temperature while blue colour 
indicated low temperature. For the melting with the heat source from vertical side, the temperature 

in the upper region of the cube storage is higher than that of the lower region as the time passed. 
This melting trend is similar to the 2D simulation in present work and also to the previous done by 

Bareiss and Beer[37]. During the melting process, natural convection of the liquid phase is occurred 
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and leads to the ascending of hot liquid PCM and the descending of cold liquid NEPCM. Thus, the the 
melting process in the upper part is faster than that in lower part [35]. 

 

  
1000 s 3000 s 

Fig. 8. 3D Temperature Contour of Melting of Paraffin Wax + 2 % Al2O3 
Nanoparticles 

 

4. Conclusions 
 

The dispersion of nanoparticles can enhance the effective thermal conductivity but also increase 
the dynamic viscosity of the composites in the same time. Therefore, the heat transfer performance 
of PCM only can be enhanced by low volumetric concentration of nanoparticles. Too much 
nanoparticles loading may cause high viscosity and degrade the heat transfer rate. Besides, the best 
improvement in melting rate in present work was achieved by the combination of paraffin wax and 
2 % Al2O3 nanoparticles which is around 5.15 %. In contrast, combination of paraffin wax with 5 % 
CuO nanoparticles slow down the melting speed of PCM by 9.98 %.  

For the future works, the numerical simulation on solidification process of PCM and NEPCM can 
be done to obtain a phase change energy cycle diagram. The amount of energy stored or retrieved 

by the PCM and NEPCM will be recorded.  
 

References  
[1] Saidur, R. "Energy consumption, energy savings, and emission analysis in Malaysian office buildings." Energy policy 

37, no. 10 (2009): 4104-4113. 

[2] Grozdek, Marino. "Load shifting and storage of cooling energy through ice bank or ice Slurry systems." Division of 
Applied Thermodynamics and Refrigeration, Department of Energy Technology, Royal Institute of Technology, 
Stockholm (2009). 

[3] Brian Silvetti, P. E. "Application fundamentals of ice-based thermal storage." Ashrae Journal (2002): 31.  
[4] Sharma, Atul, V. Veer Tyagi, C. R. Chen, and Dharam Buddhi. "Review on thermal energy storage with phase change 

materials and applications." Renewable and Sustainable energy reviews 13, no. 2 (2009): 318-345. 
[5] Kaviarasu, C., and D. Prakash. "Review on Phase Cha nge Materials with Nanoparticle in Engineering Applications." 

Journal of Engineering Science & Technology Review 9, no. 4 (2016). 
[6] Japar, Wan Mohd Arif Aziz, Nor Azwadi Che Sidik, Siti  Rahmah Aid, Yutaka Asako, and Tan Lit Ken. "A Comprehensive 

Review on Numerical and Experimental Study of Nanofluid Performance in Microchannel Heatsink (MCHS)."  Journal 

of Advanced Research in Fluid Mechanics and Thermal Sciences 45 (2018):  165-176  
[7] Japar, Wan Mohd Arif Aziz, Nor Azwadi Che Sidik, and Shabudin Mat. "A comprehensive study on heat transfer 

enhancement in microchannel heat sink with secondary channel." International Communications in Heat and Mass 
Transfer  99 (2018): 62-81.  

[8] Parrado, C., G. Cáceres, F. Bize, V. Bubnovich, J. Baeyens, Jan Degrève, and H. L. Zhang. "Thermo-mechanical 
analysis of copper-encapsulated NaNO3–KNO3." Chemical Engineering Research and Design 93 (2015): 224-231. 



CFD Letters 

Volume 11, Issue 4 (2019) 79-91 

 

90 
 

[9] Zhang, H. L., J. Baeyens, Jan Degrève, G. Cáceres, Ricardo Segal, and F. Pitié. "Latent heat storage with tubular-
encapsulated phase change materials (PCMs)." Energy 76 (2014): 66-72.  

[10] Tumirah, K., M. Z. Hussein, Z. Zulkarnain, and R. Rafeadah. "Nano-encapsulated organic phase change material 

based on copolymer nanocomposites for thermal energy storage." Energy 66 (2014): 881-890. 
[11] Yang, Zheng, Haisheng Chen, Liang Wang, Yong Sheng, and Yifei Wang. "Comparative study of the influences of 

different water tank shapes on thermal energy s torage capacity and thermal stratification." Renewable Energy 85 

(2016): 31-44.  
[12] Lacroix, Marcel. "Study of the heat transfer behavior of a latent heat thermal energy storage unit with a finned 

tube." International Journal of Heat and Mass Transfer 36, no. 8 (1993): 2083-2092.  
[13] Zhao, Dongliang, and Gang Tan. "Numerical analysis of a shell-and-tube latent heat storage unit with fins for air-

conditioning application." Applied energy 138 (2015): 381-392.  
[14] Velraj, R., R. V. Seeniraj, B. Hafner, Christian Faber, and Klemens Schwarzer. "Experimental analysis and numerical 

modelling of inward solidification on a finned vertical tube for a latent heat storage unit."  Solar Energy 60, no. 5 

(1997): 281-290.  
[15] Harikrishnan, S., and S. Kalaiselvam. "Preparation and thermal characteristics of CuO–oleic acid nanofluids as a 

phase change material." Thermochimica Acta 533 (2012): 46-55. 
[16] Pinto, Rodrigo Vidonscky, and Flávio Augusto Sanzovo Fiorell i. "Review of the mechanisms responsible for heat 

transfer enhancement using nanofluids." Applied Thermal Engineering 108 (2016): 720-739.  
[17] Khodadadi, J. M., and S. F. Hosseinizadeh. "Nanoparticle-enhanced phase change materials (NEPCM) with great 

potential for improved thermal energy storage." International communications in heat and mass transfer 34, no. 5 
(2007): 534-543. 

[18] Masuda, Hidetoshi, Akira Ebata, and Kazumari Teramae. "Alteration of thermal conductivity and viscosity of l iquid 
by dispersing ultra-fine particles. Dispersion of Al2O3, SiO2 and TiO2 ultra-fine particles." (1993): 227-233.  

[19] Sakr, R. Y., Ahmed AA Attia, Ahmed A. Altohamy, Ismail MM Elsemary, and MF Abd Rabbo. "Heat transfer 

enhancement during freezing process of Nano Phase Change Material (NPCM) in a spherical capsule." Applied 
Thermal Engineering 125 (2017): 1555-1564.  

[20] Chen, J., and P. Zhang. "Preparation and characterization of nano-sized phase change emulsions as thermal energy 
storage and transport media." Applied energy 190 (2017): 868-879.  

[21] Li, Xiangyu, Huisu Chen, Lin Liu, Zeyu Lu, Jay G. Sanjayan, and Wen Hui Duan. "Development of granular expanded 
perlite/paraffin phase change material composites and prevention of leakage." Solar Energy 137 (2016): 179-188.  

[22] Karimi, Gholamreza, Mohammadmehdi Azizi, and Aziz Babapoor. "Experimental study of a cylindrical l ithium ion 
battery thermal management using phase change material composites." Journal of Energy Storage 8 (2016): 168-

174.  
[23] Babapoor, Aziz, Gholamreza Karimi, and Samad Sabbaghi. "Thermal characteri stic of nanocomposite phase change 

materials during solidification process." Journal of Energy Storage 7 (2016): 74-81.  

[24] Nourani, Moloud, Nasser Hamdami, Javad Keramat, Ahmad Moheb, and Mohammad Shahedi. "Thermal behavior 
of paraffin-nano-Al2O3 stabilized by sodium stearoyl lactylate as a stable phase change material with high thermal 
conductivity." Renewable energy 88 (2016): 474-482. 

[25] Warzoha, Ronald J., Rebecca M. Weigand, and Amy S. Fleischer. "Temperature-dependent thermal properties of a 

paraffin phase change material embedded with herringbone style graphite nanofibers." Applied Energy 137 (2015): 
716-725.  

[26] Zhang, Xuelai, and Zhong Han. "PREPARATION AND THERMAL PERFORMANCES OF NANO -ALUMINA/PARAFFI N 

COMPOSITES AS A PHASE-CHANGE MATERIAL." Heat Transfer Research 46, no. 6 (2015).  
[27] Ma, Zhenjun, Wenye Lin, and M. Imroz Sohel. "Nano-enhanced phase change materia ls for improved building 

performance." Renewable and Sustainable Energy Reviews 58 (2016): 1256-1268. 
[28] Sharma, R. K., P. Ganesan, V. V. Tyagi, H. S. C. Metselaar, and S. C. Sandaran. "Thermal properties and heat storage 

analysis of palmitic acid-TiO2 composite as nano-enhanced organic phase change material (NEOPCM)." Applied 
Thermal Engineering 99 (2016): 1254-1262. 

[29] Fan, Li-Wu, Zi-Qin Zhu, Yi Zeng, Qing Ding, and Min-Jie Liu. "Unconstrained melting heat transfer in a spherical 
container revisited in the presence of nano-enhanced phase change materials (NePCM)." International Journal of 

Heat and Mass Transfer 95 (2016): 1057-1069.  
[30] Liu, Min-Jie, Zi-Qin Zhu, Li -Wu Fan, and Zi -Tao Yu. "An Experimental Study of Inward Solidification of Nano-

Enhanced Phase Change Materials (NePCM) Inside a Spherical Capsule." In ASME 2016 Heat Transfer Summer 

Conference collocated with the ASME 2016 Fluids Engineering Division Summer Meeting and the ASME 2016 14th 
International Conference on Nanochannels, Microchannels, and Minichannels, pp. V002T08A016-V002T08A016. 
American Society of Mechanical Engineers, 2016.  



CFD Letters 

Volume 11, Issue 4 (2019) 79-91 

 

91 
 

[31] Kean, Tung Hao, Nor Azwadi Che Sidik, and Jesbains Kaur. "Numerical investigation on melting of Phase Change 
Material (PCM) dispersed with various nanoparticles inside a square enclosure." In IOP Conference Series: Materials 
Science and Engineering, vol. 469, no. 1, p. 012034. IOP Publishing, 2019. 

[32] Sasmito, Agus Pulung, Jundika Candra Kurnia, and Arun Sadashiv Mujumdar. "Numerical evaluation of lami nar heat 
transfer enhancement in nanofluid flow in coiled square tubes." Nanoscale research letters 6, no. 1 (2011): 376. 

[33] Kandasamy, Ravi, Xiang-Qi Wang, and Arun S. Mujumdar. "Transient cooling of electronics using phase change 

material (PCM)-based heat sinks." Applied thermal engineering 28, no. 8-9 (2008): 1047-1057.  
[34] Alawi, Omer A., Nor Azwadi Che Sidik, Hong Wei Xian, Tung Hao Kean, and S. N. Kazi. "Thermal conductivity and 

viscosity models of metallic oxides nanofluids." International Journal of Heat and Mass Transfer 116 (2018): 1314-
1325.  

[35] Arasu, A. Valan, and Arun S. Mujumdar. "Numerical study on melting of paraffin wax with Al2O3 in a square 
enclosure." International Communications in Heat and Mass Transfer 39, no. 1 (2012): 8-16.  

[36] Ebrahimi, Aziz, and Abdolrahman Dadvand. "Simulation of melting of a nano-enhanced phase change material 

(NePCM) in a square cavity with two heat source–sink pairs." Alexandria engineering journal 54, no. 4 (2015): 1003-
1017. 

[37] Bareiss, M., and H. Beer. "Experimental investigation of melting heat transfer with regard to different geometric 
arrangements." International communications in heat and mass transfer 11, no. 4 (1984): 323-333. 

 


