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a b s t r a c t 

Melting of a Nano-enhanced Phase Change Material (NePCM), i.e., n-octadecane paraffin dispersed with Cu 

nanoparticles, in partially-filled horizontal elliptical capsules for a Rayleigh number of 1.744 ×10 6 is inves- 
tigated numerically using the collocated finite volume method. To accommodate the increase in the NePCM 

volume during melting, a 15% air void within the capsule is considered. The simulations are carried out using 

the enthalpy-porosity technique and the Volume of Fluid (VOF) model. In this work, three volumetric concen- 

trations ( Φ= 0, 1 and 3 vol%) of nanoparticles and various aspect ratios (AR = 2.0, 1.0 and 0.5) of the capsule 
are adopted. The accuracy of the numerical procedure is validated through the comparison of two test cases with 

those available in the literature. The results are demonstrated in terms of the isotherms, streamlines, melting in- 

terface and the air-NePCM interface. It is concluded that for a given AR, the presence of nanoparticles enhances 

the melting rate and decreases the volume change of NePCM as compared to the pure PCM case. In addition, the 

highest and the lowest melting rates are associated with the AR = 2.0 and AR = 1.0, respectively. 

1. Introduction 

Undoubtedly, the earth’s resources are not infinite and therefore, 

they should be replaced by suitable alternatives. Solar energy is one 

of the alternatives being currently under development. As the way of 

exploiting the solar energy not new, it needs further development to 

become as efficient as fossil fuel processes. Currently, there are two ap- 

proaches to convert solar radiation into electrical energy, namely, Con- 

centrating Solar Power (CSP) plants and making use of Photo-Voltaic 

(PV) cells. The latter converts the solar radiation into electrical energy 

directly. In contrast, CSP plants convert the solar radiation into thermal 

energy and subsequently, use the thermal energy via a power generation 

cycle to generate electrical energy. The main drawback of solar energy 

as most of renewable energies is the irregularity. This drawback of solar 

energy can be overcome by increasing the efficient operation hours of 

the plant. One choice is to use Thermal Energy Storage (TES). Depending 

on the energy storage principle, the TES is generally divided into three 

categories: sensible heat, latent heat, and chemical storage. The sensi- 

ble TES has high storage capacity, although it needs a large amount of 

mass and/or volume to store a certain amount of heat [1] . In the latent 

TES, the charging and discharging processes are nearly isothermal and 
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its ratio of volume to energy is low [2] . Finally, in the chemical storage, 

heat is released/absorbed using a reversible chemical reaction. 

One of the widely studied techniques of latent TES is the use of Phase 

Change Materials (PCMs) due to their exceptional features such as high 

storage capacity, chemical stability and low temperature reduction dur- 

ing heat recovery. The PCMs have found many industrial applications 

including solar energy [3–5] , electronic devices [6–9] , thermal man- 

agement of PV cells [10,11] and thermal management in buildings [12–

14] . Dhaidan and Khodadadi [15] presented an elaborated review of the 

studies performed on melting of PCMs in enclosures with different con- 

figurations. Despite the outstanding features of PCMs stated above, they 

have the drawback of low conductivity, causing the heat transfer rate to 

decrease during the charging/discharging cycles. In order to overcome 

this drawback, numerous methods have been proposed. These include 

using heat pipes [16,17] , micro encapsulated PCMs [18,19] , inserting 

metal foams [20] , finned tubes with different configurations [21,22] , 

multiple PCMs [23,24] and dispersion of particles with high conduc- 

tivity in PCMs [25,26] . Nano-enhanced PCM (NePCM) was introduced 

by Khodadadi and Hosseinizadeh [27] . They numerically investigated 

the solidification of water-Cu nanofluid in a square cavity heated dif- 

ferentially. It was found that the presence of nanoparticles in the PCM 

could increase the heat release and, hence, be more suitable for ther- 

mal storage applications than the pure PCM. Kibria et al. [28] reviewed 
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the studies conducted on the variations of thermo-physical properties of 

different PCMs due to dispersion of nanoparticles. Sebti et al. [29] in- 

vestigated numerically the heat transfer enhancement via addition of 

Cu nanoparticles to the PCM in a square enclosure. They found that 

the melting time decreased with the nanoparticles volumetric concen- 

tration. Ebrahimi and Dadvand [30] studied numerically the melting of 

a NePCM in a square cavity due to two pairs of heat source–heat sink 

on the side walls. They showed that the maximum melting rate was 

obtained for the volumetric concentration of 2 vol%. Ghalambaz et al. 

[31] investigated the melting of different NePCMs inside a square en- 

closure by Finite Element Method (FEM). They utilized hybrid nanopar- 

ticles with different nanoparticles volume fractions and combinations. 

They found that the hybrid nanoparticles composed of Mg–MgO gave 

rise to the best fusion performance. Chamkha et al. [32] studied the 

melting of a NePCM in a square enclosure involving a hot cylinder in- 

side using Galerkin FEM. Both the single and hybrid nanoparticles are 

tested. They found that the liquid fraction and liquid-solid interface are 

strongly influenced by the thermal conductivity and the volume fraction 

of nanoparticles. Dadvand et al. [33] simulated melting of a NePCM due 

to a heated plate inside a square enclosure. They investigated the effects 

of different nanoparticles concentrations and different positions of the 

plate and concluded that the lowest melting time was corresponding to 

5 vol% nanoparticles concentration and the bottom position of the plate. 

Recently, Dhaidan [34] presented an elaborated review on the numer- 

ical, experimental and analytical investigations studied the melting of 

NePCM inside enclosures having different configurations. 

Melting of PCMs in elliptical cylinders is of great importance due to 

its application in latent heat TES systems, casting and cooling of elec- 

tronic devices. Melting in horizontal elliptical cylinders is categorized 

into constrained or unconstrained. In constrained melting, there exists 

no direct contact melting adjacent to the enclosure wall. However, in 

unconstrained melting, the solid phase can move up or down depend- 

ing on its density with respect to density of the liquid phase. Knowing 

that the aspect ratio is a key factor in controlling the melting heat trans- 

fer in elliptical enclosures, there have been many analytical, numerical 

and experimental studies to optimize the horizontal elliptical tubes that 

might be used as thermal storage units. Alawadhi [35] studied the so- 

lidification of water in an elliptical enclosure utilizing the FEM along 

with the apparent heat capacity method. The effects of ellipse incli- 

nation, initial fluid temperature and aspect ratio on the solidification 

process were examined. It was concluded that total solidification time 

decreased as the ellipse aspect ratio was increased. Chen et al. [36] an- 

alytically studied the unconstrained melting of a PCM in an elliptical 

horizontal tube. It was concluded that the prolate tubes give rise to a 

higher melting rate as compared to the oblate and circular ones due to 

the influence of gravity in the direction of the tube’s vertical large diam- 

eter. Fomin and Wilchinsky [37] mathematically evaluated the effects 

of the aspect ratio of the capsule on the melting rate. They found that 

the prolate capsules lead to higher melting rates than the oblate ones. 

Also, Fomin et al. [38] indicated that the prolate ellipse gives rise to 

a higher melting rate as compared to the oblate one due to fact that 

the molten layer thickness of the prolate ellipse is thinner than that of 

the oblate enclosure, which exerts pressure on the solid portion. Hirose 

et al. [39] investigated both numerically and experimentally the natural 

convection heat transfer of water around horizontal elliptical contain- 

ers combined with the constrained melting of ice inside the containers. 

Jourabian et al. [40] studied the melting of ice as a PCM saturated with 

and without a nickel-steel porous matrix in a horizontal elliptical tube. 

It was concluded that the melting rate increased as the aspect ratio of 

the circular tubes was changed. In addition, the melted PCM-induced 

natural convection could increase the melting rate merely in the tube 

with a circular cross-section. 

All the above-mentioned studies have not considered the volume ex- 

pansion of the PCM during the melting process. Assis et al. [41] ana- 

lyzed numerically and experimentally the melting of PCM in an open 

spherical enclosure. They considered a combined PCM-air to account 

for the volume expansion of the PCM when melting in the enclosure. 

The air space was located in the upper part of the enclosure. They con- 

sidered the natural convection in both the air and molten PCM and took 

into account the density difference between the liquid and solid PCM 

and thereby, the vertical motion of the solid PCM. For all the cases 

tested, the mass fraction changed almost linearly with time, showing 

a constant-rate heat transfer between the PCM and the surroundings. 

Assis et al. [42] also performed a combined numerical and experimen- 

tal investigation on the solidification of PCM in various diameters of 

spherical shells. Hosseinizadeh et al. [43] numerically examined the un- 

constrained melting of NePCMs inside a spherical enclosure filled with 

RT27 dispersed with Cu nanoparticles. The computational domain they 

defined was identical to the one developed by Assis et al. [41] . The 

effects of nanoparticles volume fractions on the melting rate were eval- 

uated. The results showed a melting rate augmentation of the NePCM 

compared to the pure PCM because of the higher thermal conductivity. 

Archibold et al. [44] utilized sodium nitrate as the PCM to extend the 

low temperature considered by Assis et al. [41] to higher temperatures. 

Hosseinizadeh et al. [45] performed numerical and experimental analy- 

ses on the unconstrained melting of n-octadecane as PCM inside a spher- 

ical container and examined the effects of Stefan number and container 

diameter on the melting process. The results showed that at the begin- 

ning of the melting process, the melting rate was high due mainly to the 

perfect contact between the solid PCM and the hot wall of the container, 

but it was decreased as part of the PCM was molten and located between 

the container wall and the solid PCM. Elmozughi et al. [46] performed 

melting and solidification of high temperature PCMs considering a 20% 

void in a capsule and a sphere. They took into account the influences of 

volume expansion due to phase change and the thermal expansion on 

the melting and solidification processes. It was found that the presence 

of the air void caused the solidification and melting per unit mass of 

the PCM to be prolonged. Solomon et al. [47] investigated the effect of 

the initial position of an internal 20% air void inside encapsulated PCM 

capsule on the melting rate. They found that the highest heat transfer 

rate was achieved when the void was initially located at the center of 

the encapsulated PCM capsule. Li et al. [48] investigated numerically 

melting of paraffin blend RT27 inside a horizontal annulus with water 

as the heat transfer fluid. They considered 15% air void to account for 

density changes. They found that as the heating boundary temperature 

was increased, the melting time became shorter. In addition, the dif- 

ferent eccentricity and diameters of the inner tube resulted in different 

melting rates. Ehms et al. [49] simulated the solidification process of a 

PCM in spheres with different diameters under wall temperatures below 

the phase change temperature. About 98.5% of the sphere volume was 

initially filled with liquid and the remaining part was filled with air. 

They found S-curve pattern of solidification. They also found that the 

total solidification time was dependent on both the temperature differ- 

ence and the diameter of the sphere. 

A literature review reveals that there is a scarce study on the melting 

of NePCM in horizontal elliptical capsules in the presence of air void. 

The thermal expansions of the liquid NePCM is taken into account. In 

order to examine the effects of thermal expansion of the NePCM on the 

heat transfer as well as to avoid high pressure in the capsule, an internal 

void space of 15% is considered. The results of the present work would 

help the engineers in the design of latent heat thermocline storage sys- 

tems. It should be highlighted that the main novelty of the present work 

is the study of the effects of nanoparticles which change the fundamen- 

tal properties of PCMs in a geometry with different aspect ratios that 

has potential industrial applications. 

2. Physical model 

The physical model is demonstrated in Fig. 1 . The geometry is a 

horizontal elliptical capsule with vertical and horizontal semi-axes, a 

and b, so that the surface curve of the ellipse is described by the equa- 

tion ( x b ) 
2 + ( y a ) 

2 = 1 . The ellipse Aspect Ratio (AR) is defined as AR = 

a 
b . 
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Table 1 

Properties of n-octadecane and Cu nanoparticles. 

Property PCM, n-octadecane paraffin [76] Solid Cu nanoparticles 

Melting temperature (solidus- liquidus) [K] 300.15–302.15 N/A 

Density (solid/liquid) [ kg 
m 3 

] 865/770 8954 

Specific heat (solid/liquid) [ J 
kgK 

] 1934/2196 383 

Thermal conductivity (solid/liquid) [ W 
mK 

] 0.358/0.148 400 

Viscosity [ kg 
ms 

] 0.00385 N/A 

Latent heat [ J 
kg 
] 243,500 N/A 

Thermal expansion coefficient [ 1 
K 
] 9.1 ×10 − 4 1.67 ×10 − 5 

Fig. 1. Schematic display of the capsules with AR = a 
b 
. 

Three different aspect ratios are examined: AR = 0.5 (oblate capsule), 

AR = 1.0 (circular capsule) and AR = 2.0 (prolate or elongated capsule). 

In order to preserve the quantity of NePCM (n-octadecane paraffin + Cu 

nanoparticles), the cross-section area of the enclosure ( 𝜋a × b) is kept 
fixed. Initially, the solid NePCM fills 85% of the enclosure and the re- 

mainder is filled with air (i.e., 15% air void fraction). The air void frac- 

tion is considered to accommodate any increase in the volume of NePCM 

during the phase change, due to the difference in density between the 

solid and liquid NePCM. Three different nanoparticles volume fractions 

of Φ= 0 vol%, 1 vol% and 3 vol% are considered. Part of the capsule 

surface, which is adjacent to the NePCM is subject to constant heat flux 

of 250 [W m 

− 2 ] (Ra = 1.744 ×10 6 ). The value of the heat flux is deter- 
mined based on the melting temperature of the PCM employed. With 

this value, the melting process of the PCM occurs slowly and smoothly 

and that the flow of the melted NePCM remains within the laminar flow 

regime. In contrast, part of the capsule wall adjacent to the air is ther- 

mally insulated to prevent the capsule from failure due to the rise in 

internal pressure [50] . In fact, heating the air void part would not af- 

fect the melting rate significantly due to the low thermal conductivity 

of air (see Elmozughi et al. [46] for more details), but it increases the 

pressure inside the capsule and leads to the problems due to the wall 

thermo-mechanical stresses. It is worth mentioning that almost all of 

the previous works have used a constant temperature boundary condi- 

tion. In practice, the constant temperature boundary condition is not 

easy to enforce as it often requires a phase-change process such as evap- 

oration, condensation, etc. In addition, the constant heat flux is more 

realistic and more practical than the constant temperature. Particularly, 

when the solar energy is used as the heat source, it would not impose 

a constant temperature boundary condition but rather a constant (or a 

piecewise constant) heat flux. 

The thermo-physical properties of the PCM and nanoparticles em- 

ployed in the present work are given in Table 1 . The properties of 

the NePCM except the density are assumed constant. The variation 

of density with temperature in the buoyancy term of the momentum 

equation in y-direction is modeled by the Boussinesq approximation. 

The initial temperature of the system is 295.65 K (i.e., the NePCM is 

5.5 K sub-cooled). According to Assis et al. [41] , the following density- 

temperature relation is used for air 

𝜌𝑎𝑖𝑟 = 1 . 2 × 10 −5 𝑇 2 − 0 . 01134 𝑇 + 3 . 4978 (1) 

Although there is buoyancy force because of the difference in the 

density of the solid and liquid of the NePCM that can move the solid 

phase, however, following Elmozughi et al. [46] , it is assumed that the 

solid phase will remain fixed without sinking (i.e., constrained melting). 

Had we considered the motion of the solid NePCM, we would have had 

to use its dynamic equation. In practice, sinking of the solid NePCM can 

be avoided by adhering it to a rake of thermocouples that may also serve 

as sensors for measuring the instantaneous temperature of the liquid and 

solid NePCM. 

The liquid NePCM is assumed to be Newtonian and incompressible 

and its flow is considered unsteady. As stated by Xuan and Roetzel [51] , 

when the nanoparticles diameter is about 100 nm (80 nm in this study), 

they can be fluidized. In addition, the nanofluid is supposed to behave 

as a continuous medium in thermodynamic equilibrium and no veloc- 

ity slip occurs between the PCM and nanoparticles in this range. Based 

on these assumptions, in the present study, the NePCM is reasonably 

treated as a single phase, i.e., the PCM-nanoparticles mixture is consid- 

ered homogenous with effective properties. 

3. Mathematical formulation and numerical implementation 

A finer unstructured mesh is used near the wall of the capsule and 

near the air-NePCM interface while a coarser mesh is employed in the 

other parts of the domain to decrease the computational cost. It must 

also be emphasized that due to the symmetry of the computational do- 

main with respect to y-axis, only half of the domain is considered in the 

simulations. The liquid NePCM-air interface can be handled by the well- 

known Volume of Fluid (VOF) method introduced originally by Hirt and 

Nichols [52] . To allow for the NePCM expansion, the air is considered as 

a compressible gas. In addition, the enthalpy-porosity technique [53] is 

employed to model the phase change occurring in the NePCM during 

the melting process and track the motion of the solid-liquid interface. 

The system is an air-NePCM multiphase problem that involves a mov- 

ing interface without inter-penetration of phases. In any specified cell, 

the volume fraction of each phase is applied to the governing equations 

based on the parameter 𝛼q which is defined as, 

αq = 

Volume of phase 𝑞 in a cell 
Volume of the cell 

(2) 

For a cell which is empty of the q th fluid 𝛼q = 0 and a value of 𝛼q = 1 

implies that the cell is full of the q th fluid. For a cell containing the 

interface between the two fluids (here air and NePCM), 0 < 𝛼q < 1. 

The kinetic and thermodynamic properties of the cell are calculated as 

volume-fraction-average of the corresponding properties of each phase. 

For example, density is calculated as, 

𝜌 = αnP 𝜌𝑛𝑃 + (1 − αnP ) 𝜌𝑎𝑖𝑟 (3) 
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According to the aforementioned assumptions, the continuity, mo- 

mentum and energy equations can be written respectively as, 

𝜕 αq 
𝜕𝑡 

+ 𝑢 𝑖 

𝜕 αq 
𝜕 𝑥 𝑖 

= 0 (4) 

𝜕 

𝜕𝑡 

(
𝜌𝑢 𝑖 

)
+ 

𝜕 

𝜕 𝑥 𝑖 

(
𝜌𝑢 𝑗 𝑢 𝑖 

)
= − 

𝜕𝑝 

𝜕 𝑥 𝑖 
+ 𝜇

( 

𝜕 2 𝑢 𝑖 
𝜕 𝑥 𝑗 𝜕 𝑥 𝑗 

) 

+ 𝜌𝑔 𝑖 + 𝑆 𝑖 (5) 

𝜕 

𝜕𝑡 
( 𝜌ℎ ) + 

𝜕 

𝜕 𝑥 𝑖 

(
𝜌𝑢 𝑖 ℎ 

)
= 

𝜕 

𝜕 𝑥 𝑖 

( 

𝑘 
𝜕𝑇 

𝜕 𝑥 𝑖 

) 

(6) 

In Eq. (5) , S i = − A ( f ) u i denotes the momentum source vector [49,50] . 

Here 𝐴 ( 𝑓 ) = 

𝐶 ( 1− 𝑓 ) 2 
𝑓 3 + 𝜀 is the porosity function [54,55] , C is the mushy 

zone constant and 𝜀 is a small computational constant. According to 

Shmueli et al. [56] , both the liquid fraction and solid shape evolution 

depend highly on C , and an optimum value of C exists for each problem. 

Therefore, suitable determination of C is necessary. In the present study, 

we consider a value of 10 5 [kg m 

− 3 s − 1 ] for C . In addition, 𝜀 is a small 

value (0.0001) introduced to prevent the numerical singularity at f = 0 

[53] . The porosity function A ( f ) is used to reduce the velocity to zero 

at a solid region and converts the momentum equation to the Kozeny–

Carman equation being applicable for laminar flow in porous media. 

The total enthalpy h is defined as, 

ℎ = ℎ 𝑆𝑟𝑒𝑓 + 

𝑇 

∫
𝑇 𝑟𝑒𝑓 

𝐶 𝑝 𝑑𝑇 + 𝑓𝐿 (7) 

where f denotes the liquid fraction, which is a function of temperature, 

⎡ ⎢ ⎢ ⎢ ⎣ 
𝑓 = 0 Solid Zone if 𝑇 < 𝑇 𝑆𝑜𝑙𝑖𝑑𝑢𝑠 

𝑓 = 1 Liquid Zone if 𝑇 > 𝑇 𝐿𝑖𝑞𝑢𝑖𝑑𝑢𝑠 

𝑓 = 

T− T Solidus 
T Liquidus − T Solidus 

Mushy Zone if 𝑇 𝑆𝑜𝑙𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇 𝐿𝑖𝑞𝑢𝑖𝑑𝑢𝑠 

⎤ ⎥ ⎥ ⎥ ⎦ 
(8) 

The density, specific heat at constant pressure, thermal expansion 

coefficient and the latent heat of NePCM are respectively evaluated as 

follows [57] : 

𝜌𝑛𝑝 = 𝜙𝜌𝑛 + ( 1 − 𝜙) 𝜌𝑝 (9) 

( 𝜌𝐶 𝑝 ) 𝑛𝑝 = 𝜙( 𝜌𝐶 𝑝 ) 𝑛 + (1 − 𝜙) ( 𝜌𝐶 𝑝 ) 𝑝 (10) 

( 𝜌𝛽) 𝑛𝑝 = 𝜙( 𝜌𝛽) 𝑛 + ( 1 − 𝜙) ( 𝜌𝛽) 𝑝 (11) 

( 𝜌𝐿 ) 𝑛𝑝 = ( 1 − 𝜙) ( 𝜌𝐿 ) 𝑝 (12) 

The following effective viscosity for the NePCM introduced by 

Brinkman [58] is used, 

𝜇𝑛𝑝 = 

𝜇𝑝 

( 1 − 𝜙) 2 . 5 
(13) 

The thermal conductivity of NePCM is considered to be composed of 

two parts, namely, the static part (Maxwell’s model) and the dynamic 

part (Brownian motion). Therefore, the following correlation proposed 

by Vajjha et al. [59] is employed in the present work, 

𝑘 𝑛𝑝 = 

𝑘 𝑛 + 2 𝑘 𝑝 − 2 
(
𝑘 𝑝 − 𝑘 𝑛 

)
𝜙

𝑘 𝑛 + 2 𝑘 𝑝 + 

(
𝑘 𝑝 − 𝑘 𝑛 

)
𝜙

𝑘 𝑝 + 𝑓𝐵𝛾𝜙𝜌𝑝 𝐶 𝑝, 𝑝 

√ 

𝜅𝑇 

𝜌𝑛 𝑑 𝑛 
𝐹 ( 𝑇 , 𝜙) (14) 

where, 

𝛾 = 8 . 4407 ( 100 𝜙) −1 . 07304 (15) 

𝐹 ( 𝑇 , 𝜙) = 

(
28 . 217 × 10 −3 𝜙 + 3 . 917 × 10 −3 

) 𝑇 

𝑇 𝑟𝑒𝑓 

+ 

(
−30 . 669 × 10 −3 𝜙 − 3 . 91123 × 10 −3 

)
(16) 

Here, B is the Brownian motion constant taking the value of 5 ×10 4 , 
𝜅 denotes the Boltzmann constant (1.381 ×10 − 23 [J K − 1 ]), d np stands 

Fig. 2. Comparison of present results with the experimental results of Gau 

and Viskanta [61] and the numerical results available in literature obtained 

at RA = 6 ×10 5 and Pr = 0 . 0216 . 

for the nanoparticle diameter (80 ×10 − 9 [m]) and T ref refers to the 
reference temperature (298.15 [K]). 

The governing equations are solved using the collocated Finite Vol- 

ume Method (FVM) [60] by the commercial software Ansys Fluent 14.0. 

The existence of the nanoparticles is taken into account by calculat- 

ing the effective physical properties using Eqs. (9) –(14) for the NePCM. 

Therefore, the NePCM is treated as a single phase solid (before melt- 

ing) and/or a single phase liquid (after melting). Then, the governing 

equations are solved for this new single phase material having effective 

properties. The power-law differencing scheme is utilized to discretize 

the advection terms in the governing equations, while the PISO algo- 

rithm is employed for velocity-pressure coupling. The convergence cri- 

teria are based on the residuals chosen less than 1 × 10 − 4 , 1 ×10 − 5 
and 1 × 10 − 7 for the continuity, momentum and energy equations, re- 

spectively. 

4. Validation 

The accuracy of the present numerical procedure is verified through 

the comparison of two test cases with the data available in literature. 

4.1. Melting of a PCM (Gallium) in a rectangular enclosure 

The accuracy of the present work is substantiated via the compari- 

son of the results associated with the melting of a pure metal (Gallium) 

in a rectangular cavity to the experimental results of Gau and Viskanta 

[61] and the numerical results of [27,54,62] as shown in Fig. 2 . The 

height/width ratio of the cavity is equal to 0.714 and Ra = 6 ×10 5 , 
Pr = 0.0216. The top and bottom walls are thermally insulated, while the 

right and left walls are kept respectively at cold and hot constant tem- 

peratures. It is clearly evident that the results of the present study are 

in good agreement with those available in the literature. The difference 

between the current results and those of Gau and Viskanta [61] may be 

due to the method of melting interface evaluation utilized in [61] . No- 

tably, this problem is also simulated numerically by Kashani et al. [63] , 

Tiari et al. [64] and Arici et al. [65] . 
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Fig. 3. Comparison of melt fraction versus time between present study and Assis 

et al. [41] for RT27 paraffin wax with St = 0.06 in a spherical shell of 40 mm. 

Fig. 4. Detailed phase fields throughout the melting process for St = 0.06 in a 
spherical shell of 40 mm . 

4.2. Melting of a PCM (RT27 paraffin wax) exposed to air in a spherical 

shell 

In the second test case, we simulate unconstrained melting of RT27 

(Rubitherm GmbH) as the PCM in a spherical shell with the diameter of 

40 mm. The wall-temperature is kept constant at 6 ○C (St = 0.06), which 

is above the mean melting temperature of the PCM. Initially, 85% of the 

shell volume is filled with the solid PCM and the remainder 15 % of its 

volume is filled with air. The results are represented at different times 

and compared with those reported by Assis et al. [41] . Figs. 3 and 4 show 

the liquid fraction versus time diagram and melting fronts, respectively. 

It can be observed that the solid fraction sinks in the molten PCM (see 

Fig. 4 ), which is consistent with the findings in [41] . In addition, a rea- 

sonable agreement is observed between the current liquid fraction and 

that reported in [41] (see Fig. 3 ). 

5. Grid and time step independence study 

The grid and time step independence tests are conducted using 

four different non-uniform unstructured grids respectively with 3840, 

5268, 7958 (chosen) and 11, 000 cells and four different time steps 

of 0.01, 0.025, 0.05 (chosen) and 0.075 s. The results are associated 

with Ra = 6.9775 ×10 6 and 3 vol% of Cu nanoparticles in n-octadecane 

paraffin as PCM for a circular capsule of 30 mm in diameter. The instan- 

taneous liquid fraction for different grid sizes is investigated. A grid size 

with 7958 cells is adequately fine to guarantee a grid independent so- 

lution. In addition, the influence of time step on the melting process for 

this unsteady problem is investigated. The simulations are carried out 

until St.Fo = 0.586 is reached. The time step of 0.05 s is chosen for all the 

simulations carried out in the present work. A computer unit with two 

2.2 GHz Intel ® processors each with five cores and 10GB RAM is used 

for simulations. Using this system, full melting with 7958 grid cells and 

time step of 0.05 s requires about 8 days of CPU time. 

6. Results and discussion 

In the following, the melting of n-octadecane dispersed with Cu 

nanoparticles in a partially-filled horizontal elliptical capsule is investi- 

gated. Three different aspect ratios of 2.0, 1.0 and 0.5 each with three 

different nanoparticles volume fractions (i.e., Φ= 0 vol%, 1 vol% and 

3 vol%) and, hence, a total number of nine different test cases are exam- 

ined. Initially, 85% of the capsule volume is filled with solid NePCM and 

the rest of its volume (15%) is filled with air. The results are presented 

and discussed below. 

6.1. Evolution of streamlines, isotherms, solid NePCM and air-NePCM 

interface for Φ = 1 vol % 

The evolution of the calculated isotherms [K], streamlines, solid and 

liquid NePCM and air-NePCM interface at different dimensionless times 

(St.Fo numbers) of 0.064, 0.117, 0.181, 0.266, 0.346 and 0.650 for the 

three cases distinguished by aspect ratios of 2.0, 1.0 and 0.5 are re- 

spectively depicted in Figs. 5–7 . These times are chosen so that the im- 

portant events happening during the melting process can be captured. 

All the results given in this section are associated with the melting of 

n-octadecane dispersed with 1 vol% of Cu nanoparticles. The isotherms 

are presented in the right side of the capsule, while the left side depicts 

simultaneously the streamlines associated with molten NePCM, the net 

solid (grey region) and mushy NePCM and the air-NePCM interface. It 

may be noted that those parts of the left half of the capsule which are 

left blank and do not involve any streamlines, are mushy region. In ad- 

dition, the minimum temperature of the NePCM in contours legends is 

fixed at 300.15 K during the melting process. 

At early stages of the melting process (0.0 < St.Fo ≤ 0.1), the buoy- 

ancy forces are unable to overcome the resistance due to the viscous 

forces. Hence, the conduction heat transfer is dominated and the sup- 

plied heat flux is used merely to compensate for the initial sub-cooling. 

The isotherms of the NePCM near the capsule shell form a nearly-perfect 

concentric ring, and are parallel to the shell curvature (see Figs. 5–7 at 

St.Fo = 0.064). Immediately after, a net energy imbalance at the solid–

liquid interface is established that leads to melting (see Webb [66] for 

more details). As the melting process progresses, the temperature of the 

molten NePCM increases rapidly, while that of the solid NePCM remains 

almost constant. Since the heat transfer process within the NePCM is 

controlled by diffusion, melting is incepted in the peripheral portion of 

the NePCM. As a result, a thin layer of molten NePCM is produced in 

close proximity to the shell of the capsule. At early stages of the melting 

process, the melting rate is high. This is because the thin liquid layer en- 

forces a lower thermal resistance to the heat flux that is transferred to the 

solid NePCM by conduction. Then, the liquid layer will become thicker, 

the ensuing thermal resistance increases and consequently, the conduc- 

tion heat transfer is degraded (second stage is started). Meanwhile, a 

buoyancy-driven convection develops that is able to compensate the re- 

duction of conduction and hence, the melt fraction is less steep than the 

previous periods. This is consistent with the findings of Dhaidan et al. 

[67] who investigated experimentally and numerically the constrained 

melting of a NePCM (Octadecane + CuO) in a horizontal capsule sub- 

jected to a constant heat flux. 
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Fig. 5. Streamlines and liquid fraction contours and solid NePCM (grey region) with air-NePCM interface (left Side) and isotherms (K) (right Side) at St.Fo = ( a ) 0.064, 
( b ) 0.117, ( c ) 0.181, ( d ) 0.266, ( e ) 0.346 and ( f ) 0.650 respectively for AR = 2.0 attained at Φ= 1 vol%. 

As time advances (second stage, St.Fo > 0.1), the natural convec- 

tion will become more significant and the role of conduction will grad- 

ually diminish. During the second stage, the applied heat flux is used for 

phase change without a considerable temperature rise (isothermal pro- 

cess) and this feature is the key advantage of utilizing NePCM in thermal 

storage where a large amount of energy is absorbed and/or released at 

about constant temperature. In comparison with the previous stage, the 

second stage extends for a longer period. As the molten portion is more 

extended, the density of the liquid NePCM adjacent to the capsule shell 

decreases due to the higher temperature gradient, it moves upward due 

to the lower density, reaches the top stagnation point, and covers the top 

region of the solid NePCM. In the meantime, the molten NePCM flows 

downward alongside the liquid-solid interface, where it loses heat that 

contributes directly to melting of the solid NePCM. The denser cold liq- 

uid NePCM ultimately reaches the lower part of the capsule and absorbs 

heat from the lower shell heat flux. This process is repeated resulting in 

expansion of high- and low-temperature zones in the upper and lower 

parts of the capsule, respectively. As a result, an unsteady, clockwise re- 

circulating flow (clockwise vortex) is formed between the capsule shell 

and the liquid-solid interface (see Figs. 5–7 at St.Fo > 0.1). This pro- 

gresses the melting in this region by enhancement of the heating rate 

towards the solid NePCM. The dimension of the vortex will increase as 

the NePCM melts further. In addition, according to Fig. 8 , a clockwise 

vortex (left hand side) is generated in the air region (for AR = 1.0 at 
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Fig. 6. Streamlines and liquid fraction contours and solid NePCM (grey region) with air-NePCM interface (left Side) and isotherms (K) (right Side) at St.Fo = ( a ) 0.064, 
( b ) 0.117, ( c ) 0.181, ( d ) 0.266, ( e ) 0.346 and ( f ) 0.650 respectively for AR = 1.0 attained at Φ= 1 vol%. 

St.Fo = 0.117) that slightly increases the heat transfer to the NePCM. 

This, however, results in negligibly small increase in the pressure and 

temperature of the air and hence in the thermo-mechanical stresses of 

the capsule shell due to the adiabatic condition of part of the shell that 

is in direct contact with air. 

The (cyclic) motion of the liquid NePCM is repeated in conjunction 

with deformed melt front and increase of the volume occupied by the 

molten liquid (as shown in the left side of Figs. 5–7 ). Thus, the air is 

compressed, which increases the pressure inside the capsule. The motion 

of the air-NePCM interface is tracked by drawing a horizontal line on 

the left side of all the presented plots of Figs. 5–7 . The positions of the 

solid-liquid and air-NePCM interfaces are distinguished by the density 

of each phase. Table 2 shows the change of NePCM volume inside the 

Table 2 

Volume changes of NePCM due to 

melting in elliptical capsules. 

Situation ΔV ∗ (%) 

AR = 0.5, Φ= 0 vol % 2.121 

AR = 0.5, Φ= 1 vol % 1.744 

AR = 0.5, Φ= 3 vol % 1.508 

AR = 1.0, Φ= 0 vol % 1.666 

AR = 1.0, Φ= 1 vol % 1.433 

AR = 1.0, Φ= 3 vol % 1.066 

AR = 2.0, Φ= 0 vol % 1.225 

AR = 2.0, Φ= 1 vol % 1.084 

AR = 2.0, Φ= 3 vol % 0.777 
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Fig. 7. Streamlines and liquid fraction contours and solid NePCM (grey region) with air-NePCM interface (left Side) and isotherms (K) (right Side) at St.Fo = ( a ) 0.064, 
( b ) 0.117, ( c ) 0.181, ( d ) 0.266, ( e ) 0.346 and ( f ) 0.650 respectively for AR = 0.5 attained at Φ= 1 vol%. 

Fig. 8. enerated vortex in the air region depicted on liquid fraction contour (for 

AR = 1.0 at St.Fo = 0.117). 

capsule for all the nine cases. The dimensionless volume change ΔV ∗ is 
defined as, 

ΔV 

∗ = 

(
𝐻 2 − 𝐻 1 

)
2 𝑎 

× 100 (17) 

where H 1 and H 2 are the heights of the NePCM inside the capsule be- 

fore melting and after the melting is completed, respectively and 2 a 

is the vertical diameter of the capsule. It is observed from this table 

that the amount of change in the volume of NePCM decreases with 

both the nanoparticles volume fraction (this can also be justified from 

Eqs. (9) and (11) ) and aspect ratio. 

The patterns of natural convection result in an asymmetric melt- 

ing rate in the capsule so that the melting rate in the upper portion 

of the capsule is high compared to its counterpart in the lower sec- 

tion (see Figs. 6 and 7 ). Indeed, the molten NePCM is divided into two 

zones: (i) the thermally-stable zone located in the upper section of the 

molten NePCM. In this zone the hot liquid is located above the cold 

liquid and involves the main, larger and clockwise vortex as stated in 

the above paragraphs; (ii) the thermally-unstable zone, appearing only 

in AR = 1 . 0 & 0 . 5 ( Figs. 6 and 7 ), is located in the lower section of the 
molten NePCM. In this zone the cold liquid is located above the hot 

liquid and consequently a secondary counterclockwise vortex is gener- 

ated. This, in turn, would expedite the melting process due to the pen- 

etration of multi-cellular roll structures and forms a wavy liquid-solid 

interface in this zone (see Figs. 6 and 7 at St.Fo > 0.117). The vortices 

formed at the upper and lower sections of the molten zone are of dif- 
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Fig. 9. emperature and liquid fraction evolutions in air-NePCM interface at different times (St.Fo) for AR = 2.0. 

ferent directions. They preserve their direction during the melting pro- 

cess and normally do not combine. These observations of the chaotic 

convection are consistent with those reported by Khodadadi and Zhang 

[68] and Tan et al. [69] for constrained melting in spherical enclosures 

and with those reported in horizontal cylindrical enclosures without air 

[70–72] . As time elapses, the size of the solid NePCM becomes smaller 

and smaller, the vortices formed at the upper section of the molten zone 

expand and gradually additional vortices will develop. These growing 

vortices move downwards and combine with the newly formed vortices 

to produce larger and stronger vortices. 

The contours depicted in Fig. 5 show that for AR = 2.0, the thermally 

unstable zone with counterclockwise vortices and wavy liquid-solid in- 

terface is not formed in the lower section of the molten zone. This may be 

attributed to the dominance of conduction rather than convection heat 

transfer in this case as compared to the other two capsules studied in 

the present work. This result is quite similar to the findings reported by 

Jourabian et al. [73] associated with the constrained melting in circular 

cross-section capsules at low Ra numbers of 10 4 and 10 5 . The number 

of unstable flow vortices formed in the bottom section of the capsule 

depends on the geometry of the cross-section of the capsule so that the 

number of vortices associated with AR = 2.0, AR = 1.0 and AR = 0.5 are 

equal to zero, one and three, respectively (Rayleigh-Bénard instability 

[74] ). Therefore, it is concluded that as the aspect ratio is decreased 

the tendency of the molten NePCM to induce unstable vortices becomes 

more appreciable. 

One of important features of the melting of NePCMs in enclosures 

is the shape of the solid-liquid interface. For example, the interface is 

circular for melting of NePCM in a circular cross-section capsule with- 

out air void, while it is mushroom-like when air void is involved (see 

Elmozughi et al. [46] ). A similar feature is observed in our work for 

AR = 1 (see Fig. 6 at St.Fo = 0.117). In the present work, the interface 

is a function of both the heat transfer rate (i.e., Ra number) and the 

air void (see also Solomon et al. [47] for more details) inside the cap- 

sule. The rate of heat transfer to the solid NePCM varies the shape and 

number of thermal plumes produced at the capsule’s bottom surface. 

Therefore, the interface is wavy for AR = 1.0 and 0.5 due to the pres- 

ence of the thermal plumes and it is not wavy for AR = 2.0 since there 

are no thermal plumes. 

The temperature and liquid fraction evolutions on air-NePCM inter- 

face ( 𝛼q = 0.5) for a volume fraction of 1 vol% at different times are 

depicted in Figs. 9–11 are associated with AR = 2.0, 1.0 and 0.5, respec- 

tively. The diagrams are depicted for the left half-section of the enclo- 

sure where the vertical symmetry line is located at x = 0. These diagrams 

show that the temperature in the air-NePCM interface increases with 

AR. Therefore, the enclosure with a smaller AR is more desired from the 

viewpoint of design and critical temperature considerations. 

The variations of temperature with time along the capsule surface 

from its bottom point ( 𝜃 = 0) to the air-NePCM interface ( 𝜃≅0.7 𝜋) for 
the case with AR = 1.0 are depicted in Fig. 12 . It is observed that at 

St.Fo = 0.064 the temperature increases continuously along the capsule 

surface due to the fact that the natural convection is dominated in the 

molten zone and the temperature in the upper section of the molten zone 

is higher than its lower section. This trend holds until St.Fo = 0.1. After 

this time, a sudden decrease in the temperature of the capsule surface 

slightly before 𝜃 = 0.1 𝜋 takes place. This is mainly due to the unstable 

vortices and hence, thermal plumes formed at the bottom of the capsule 

(see Fig. 6 ). As time progresses, the minimum point of the temperature 

diagram is displaced towards the upper section of the capsule. In addi- 

tion, the slope of the temperature diagram versus time increases because 

the hot liquid region is extended. 

6.2. Nusselt number 

Figs. 13–15 depict the variations of the average Nusselt (Nu) num- 

ber with time for aspect ratios of 2.0, 1.0 and 0.5, respectively. Each 

figure involves three different nanoparticles volume fractions of 0, 1 

and 3 vol%. The slope of the average Nu number diagram characterizes 

the intensity of the effect of natural convection. Indeed, the average 

Nu number comprises two parts: conduction and convection. In the be- 

ginning, the Nu number is very high due to the low thermal resistance 

owing to the thin layer of the molten NePCM. Once the first layer of the 

molten NePCM forms, the Nu number decrease at a rate proportional 

to 1∕ 
√
t due to the thermal resistance of this layer. At this stage, the 

conduction heat transfer mechanism is dominated. The salient feature 

of this stage is that there observed a very steep reduction in the value 

of Nu number and that the Nu number diagrams for different nanopar- 

ticles volume fractions coincide. As the thickness of the molten NePCM 

layer increases and in the meantime the contribution of natural convec- 

tion heat transfer becomes important, the reduction in the value of Nu 

number gradually diminishes until it reaches a constant value. In fact, in 

this transient region, the competition between the conduction and nat- 

ural convection heat transfer mechanisms restricts the reduction in the 

Nu number. Again, the Nu number diagrams for different nanoparticles 
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Fig. 10. Temperature and liquid fraction evolutions in air-NePCM interface at different times (St.Fo) for AR = 1.0. 

Fig. 11. Temperature and liquid fraction evolutions in air-NePCM interface at different times (St.Fo) for AR = 0.5. 

volume fractions coincide. This would suggest that temperature differ- 

ence is unable to accelerate the conduction heat transfer mode. After 

this stage, the average Nu number experiences a uniform reduction dur- 

ing the melting process, because the heat transfer rate decreases due to 

the mass reduction of the NePCM solid phase. At this stage, the average 

Nu number decreases as the nanoparticles volume fraction increases. 

This is attributed the fact that thermal conductivity of the NePCM in- 

creases with the nanoparticles volume fraction but at the same time the 

temperature gradient decreases (see Feng et al. [75] for more details). 

However, the conductivity increment is not as much of the decrease 

in the temperature gradient and hence, the local Nu number defined 

as Nu = 

𝑘 𝑛𝑝 

𝑘 𝑝 
∇ T ∗ , which T ∗ is the dimensionless temperature, decreases 

[75] . 

6.3. Melting rate 

The diagrams of the liquid fraction versus time for different aspect 

ratios are depicted in Figs. 16–18 . The slope of each diagram represents 

the melting rate. It is observed that the melting rate is high at the initial 

stages of the melting process since the solid NePCM is (almost) in di- 

rect contact with the capsule’s hot wall where the molten NePCM layer 

is thin and the conduction plays an important role in melting. As time 

progresses, the meting rate will decrease gradually due to the thermal re- 

sistance of the thick liquid layer. It is observed that at early stages of the 

melting process (0.0 < St.Fo ≤ 0.1) the liquid fraction versus the dimen- 

sionless time diagram is identical for all the three examined nanopar- 

ticles volume fractions because conduction is the dominant heat trans- 

fer mechanism. As time passes, the nanoparticles contribution becomes 

more effective and as the nanoparticles volume fraction increases, both 

the liquid fraction and the melting rate increase. This may be deduced 

from Eqs. (14) and (12) which show that an increase in the nanoparticles 

volume fraction leads to an increase in the conductivity and a decrease 

in the latent heat of the NePCM. This would imply that NePCM requires 

less energy per mass and hence, a shorter time for melting than that for 

a pure PCM. It is important to note that the variations of the liquid frac- 

tion with time are (almost) linear for all the three capsules because the 
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Fig. 12. Variations of local temperature with dimensionless time along the cap- 

sule surface for AR = 1.0 attained at Φ= 1 vol%. 

Fig. 13. Average Nusselt number versus St.Fo diagram for AR = 2.0. 

Table 3 

Comparison of the full melting time (St.Fo) and efficiency for the three 

ARs and three volume fractions of nanoparticles. 

Aspect ratioio Φ= 0 vol% Φ= 1 vol% 𝜂 (%) Φ= 3 vol% 𝜂 (%) 

AR = 2.0 0.665 0.653 1.80 0.633 4.81 

AR = 1.0 0.724 0.712 1.66 0.693 4.28 

AR = 0.5 0.694 0.681 1.87 0.660 4.90 

presence of air void in the capsules imposes no resistance against vol- 

ume change of the molten NePCM. It shows a constant-rate heat transfer 

between the NePCM and the capsule shell. 

It should be emphasized that the melting ends at different times for 

the different capsules. Table 3 shows the dimensionless time required 

to complete melting of solid NePCM for all the nine cases studied in 

the present work. Notably, St.Fo p and St.Fo np denote the corresponding 

dimensionless times of full melting associated respectively with the pure 

Fig. 14. Average Nusselt number versus St.Fo diagram for AR = 1.0. 

Fig. 15. Average Nusselt number versus St.Fo diagram for AR = 0.5. 

PCM and NePCM. In order to elucidate the effects of nanoparticles on 

melting, the melting efficiency ( 𝜂) showing the superiority of NePCM in 

melting over the pure PCM is defined as, 

η = − 

St . F o np − St . F o p 
St . F o p 

× 100 % (18) 

It can be seen from Table 3 that among the three configurations stud- 

ied here the melting time of pure PCM is highest and lowest for AR = 1.0 

and AR = 2.0, respectively. In addition, for all the three configurations, 

the melting time decreases and hence the melting efficiency ( 𝜂) increases 

with the volume fraction of nanoparticles. The increment in the melting 

efficiency ( 𝜂) is more considerable for AR = 0.5 compared to the other 

two cases. 

Thus far in the present study, it is shown that the melting perfor- 

mance of the capsules with AR ≠ 1 is higher than the capsule with 

AR = 1. This may be due to the fact that in the former a larger area of 

the capsule is exposed to heating. This finding is consistent with those of 

Chen et al. [36] and Fomin and Wilchinsky [37] associated with uncon- 

174 



N. Hajighafoori Boukani et al. International Journal of Mechanical Sciences 149 (2018) 164–177 

Fig. 16. Liquid fraction versus St.Fo diagram for AR = 2.0. 

Fig. 17. Liquid Fraction versus St.Fo diagram for AR = 1.0. 

strained melting and with the constrained melting reported by Joura- 

bian et al. [40] . This reveals that the melting performance of elliptical 

capsules is better than the circular ones irrespective of whether air void 

is present or not. This is even the case for solidification in the elliptical 

enclosures studied by Alawadhi [35] . 

7. Conclusions 

Melting of a NePCM in partially-filled horizontal elliptical capsules 

for Ra number of 1.744 ×10 6 is investigated numerically. The main 
results are summarized as below: 

I At early stages of the melting process (0.0 < St.Fo ≤ 0.1), the heat 

transfer process within the NePCM is controlled by diffusion and the 

melting is incepted in the peripheral portion of the NePCM. As a re- 

Fig. 18. Liquid Fraction versus St.Fo diagram for AR = 0.5. 

sult, a thin layer of molten NePCM is produced in close proximity to 

the capsule wall. As the molten portion increases, the liquid NePCM 

adjacent to the capsule wall rises upward due to its lower density 

and cover the top region of the solid NePCM. In the meantime, the 

molten NePCM flows downward along the solid–liquid NePCM in- 

terface. The denser cold liquid NePCM eventually reaches the lower 

section of the enclosure and absorbs thermal energy from the heat 

flux from the lower shell wall. As a result, an unsteady clockwise 

vortex is formed between the capsule surface and the liquid-solid 

NePCM interface. 

II It was found that the shape of the solid-liquid NePCM interface is 

a function of both the heat transfer rate (i.e., Ra number) and the 

air void inside the capsule. In addition, the amount of change in 

the volume of NePCM decreases with both the nanoparticles volume 

fraction and aspect ratio of the capsule. 

III The diagrams of the Nu number versus time show that once the 

first layer of the molten PCM forms, the Nu number decreases at 

a rate proportional to 1∕ 
√
t due to the thermal resistance of this 

layer. Initially, there is a very steep reduction in the value of Nu 

number and the Nu number diagrams for different nanoparticles 

volume fractions coincide. Then, the reduction in the value of Nu 

number gradually diminishes until it reaches a constant value. Fi- 

nally, the Nu number decreases as the nanoparticles volume fraction 

increases. 

IV At early stages of the melting process, the liquid fraction-time di- 

agram is identical for all the three nanoparticles volume fractions 

examined because conduction is the dominant heat transfer mech- 

anism. As time passes, the convection and hence, the nanoparti- 

cles contribution become more effective and both the liquid fraction 

and the melting rate enhance as the nanoparticles volume fraction 

increases. 

V Finally, it was shown that the melting performance of the capsules 

with AR ≠ 1 is higher than the capsule with AR = 1. 

This model can straightforwardly be extended to other cavity config- 

urations, nanoparticles and PCMs. In addition, the model is applicable 

for a solidification process of NePCMs, which will be part of our future 

work. 
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Nomenclature 

a Vertical semi-axes of the capsule [m] 

b Horizontal semi-axes of the capsule [m] 

B Brownian motion constant 

C Mushy zone constant [kg m 

− 3 s − 1 ] 

C p Specific heat at constant pressure [J kg − 1 K − 1 ] 

D Diameter [m] 

f Liquid fraction 

Fo Fourier number a a , 𝛼𝑡 

𝑅 2 

g Gravitational acceleration [m s − 2 ] 

h Total enthalpy [J kg − 1 ] 

H Height of the NePCM inside the capsule [m] 

h a Shell heat transfer coefficient [W m 

− 2 K − 1 ] 

k Thermal conductivity [W m 

− 1 K − 1 ] 

L Latent heat [J kg − 1 ] 

Nu Nusselt number a , ℎ 
∗ 𝑅 

𝑘 

P Pressure [Pa] 

Pr Prandtl number, 𝜈
𝛼

q Surface heat flux, [W m 

− 2 ] 

Ra Rayleigh number a , 𝑔 𝛽𝑞 𝑅 
4 

𝑘𝛼𝜈

R Equivalent radius of the ellipse b , 
√

𝑎𝑏 , [m] 

S Source term 

St Stefan number a , 
𝐶 𝑝 𝑞𝑅 

𝑘𝐿 

t Time [s] 

T Temperature [K] 

u Velocity [m s − 1 ] 

V Volume [m 

3 ] 

x, y Cartesian coordinates [m] 

Greek 

𝛼 Thermal diffusivity [m 

2 s − 1 ] 

𝛼q Phase volume fraction 

𝛽 Thermal expansion coefficient [K − 1 ] 

𝛾 Brownian motion parameter 

𝜅 Boltzmann constant [J K − 1 ] 

𝜇 Dynamic viscosity [Pa s] 

𝜌 Density [kg m 

− 3 ] 

Φ Nanoparticle volume fraction 

𝜈 Kinematic viscosity [m 

2 s − 1 ] 

𝜂 Melting efficiency of nanoparticles 

Subscripts 

I Direction index 

ini Initial 

np NePCM 

N Nanoparticle 

P Base PCM 

Q Typical phase 

ref Reference 

s Solid 

1,2 Before and after melting 

a Corresponding to the thermo-physical proper- 

ties of pure PCM at Liquidus temperature. 
b Following [35] , the equivalent radius of the el- 

lipse, 𝑅 = 
√
ab , is the length scale. 
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