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a b s t r a c t 

In the present study, the melting phase-change heat transfer of nano-enhanced phase- 

change octadecane by using mesoporous silica particles is investigated in an inclined cav- 

ity, theoretically. The presence of mesoporous silica particles induces non-Newtonian ef- 

fects in the molten octadecane. A phase-change interface-tracking approach, deformed 

mesh technique, is employed to track the phase-change interface and heat transfer in the 

cavity. The Arbitrary Lagrangian-Eulerian (ALE) moving mesh technique along with the fi- 

nite element method is adopted to solve the governing equations for conservation of mass, 

momentum, and energy during the phase-change process. A re-meshing technique and 

an automatic time step control approach are employed to control the quality of the de- 

formed mesh and the computed numerical solution. The effect of various mass fractions 

of nanoparticles and various inclination angles of the enclosure on the heat transfer and 

phase-change behavior of nano-enhanced octadecane are addressed. The outcome reveals 

that using the mesoporous silica particles diminish the heat transfer in the enclosure. Al- 

though the presence of nanoparticles improved the conductive heat transfer, a reduction 

in the phase-change heat transfer performance of the enclosure can be observed, which 

is due to the increase of the viscosity (consistency parameter) of the liquid and suppres- 

sion of natural convective flows. Moreover, the presence of nanoparticles reduces the latent 

heat capacity of octadecane as they do not contribute to the phase-change energy storage. 

Dispersing 5% mass fraction of nanoparticles in octadecane can reduce the heat transfer 

up to 50% and increase the consistency parameter by three folds. The angle of inclination 

of the cavity also plays an important role in the heat transfer characteristics. Tilting the 

cavity by -75 ° leads to an 80% reduction in the heat transfer. 
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Nomenclature 

Latin symbols 
�
 f volumetric force (N m 

−3 ) 
�
 F non-dimensional volumetric force 
˙ G non-dimensional shear strain rate 

�
 u velocity (m s −1 ) 

�
 U non-dimensional velocity 

C p specific heat capacity at constant pressure (J kg −1 K 

−1 ) 

F deformation gradient 

Fo non-dimensional time (Fourier number) 

g gravity acceleration (m s −2 ) 

h volumetric convective heat transfer coefficient (W m 

−3 K 

−1 ) 

I unit matrix 

J determinant of the deformation gradient 

k thermal conductivity coefficient (W m 

−1 K 

−1 ) 

L cavity size (m) 

L h latent heat of fusion (J kg −1 ) 

m consistency of dynamic viscosity (mPa s n ) 

n power-law index of the non-Newtonian fluid 

NMVF normalized melt volume fraction 

Nu Nusselt number 

p pressure (Pa) 

P non-dimensional pressure 

Pr Prandtl number 

Ra Rayleigh number 

Ste Stefan number 

t time (s) 

T temperature (K) 

tr transpose of the matrix 

u, v x and v velocity components (m s −1 ) 

U, V non-dimensional X and V velocity components 

x, y Cartesian coordinates (m) 

X, Y non-dimensional Cartesian coordinates 

Greek symbols 

˙ γ shear strain rate (s −1 ) 

α thermal diffusivity (m 

2 s −1 ) 

β thermal expansion coefficient (K 

−1 ) 

θ non-dimensional temperature 

λ inclination angle (degree) 

μ dynamic viscosity (kg m 

−1 s −1 ) 

ν kinematic viscosity (m 

2 s −1 ) 

ρ density (kg m 

−3 ) 

φ volume fraction 

φwt mass fraction 

Subscripts 

0 initial value 

avg average property 

c Cold 

f fluid PCM 

fu Fusion 

h Hot 

l local property 

nf nano-PCM at fluid phase 

np nanoparticles 

NP nano-PCM 

ns nano-PCM at solid phase 

s solid PCM 
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1. Introduction 

The quest for new energy resources and effective energy storage techniques has become one of the major concerns of

this century due to the exponentially increasing demands in energy in the various industrial domains. In energy storage,

Phase-change Materials (PCM) have drawn a lot of attention in the last few decades [1 , 2] , as an alternative to other thermal

storage techniques such as thermochemical reactions. PCM-based applications include the thermal management of buildings

[3 , 4] , air-conditioning systems [5] , and electronic devices [6] . The main advantage offered by the PCM is their ability to

provide a great amount of energy for a low-temperature variation, due to the latent heat of phase-change. 

PCM absorbs or releases energy by melting or solidification when the surrounding temperature is close to its fusion

temperature. Nonetheless, PCM has a low thermal conductivity, which presents a barrier slowing down heat transfer and

reducing the overall efficiency. Different thermal conductivity enhancement techniques have then been proposed [7 , 8] and

tested such as PCM encapsulation [9 , 10] , the use of porous materials and foams [11–14] , finned tubes [15] , metallic fins

[16] , metallic matrix structures [17] and the use of electrically conductive PCM (Ghalambaz et al. [18] ). Another enhance-

ment technique consists in adding highly-conductive nanoparticles to the PCM in order to improve its thermal conductivity.

The PCM containing the nanoparticles is called Nano-Enhanced PCM, abbreviated as NEPCM. This technique was first pro-

posed and tested by Khodadadi et al. [19] , who compared the solidification of water containing copper nanoparticles and

found a higher heat release rate in the NEPCM compared to the conventional PCM. Subsequently, the impact of dispersing

nanoparticles on the thermal performance of PCM has been addressed ( ̧S ahan et al. [20] ). 

Due to their improved thermal conductivity compared to conventional PCM, the use of the NEPCM has shown to be

very effective in heat transfer enhancement in cooling applications, where the PCM undergoes solidification. Motahar et

al. [21] performed experiments on a PCM containing TiO 2 particles occupying a cavity cooled from one vertical side and

observed a higher heat transfer rate due to the dispersion of the nanoparticles. Sheikholeslami [22] tested various shapes

of copper oxide nanoparticles dispersed in a PCM undergoing solidification in a complex shaped energy storage enclosure

and noticed a higher solidification rate due to the presence of the nanoparticles. The numerical results of Sheikholeslami

et al. [23] showed that adding copper oxide nanoparticles helps in the solidification of PCM in an enclosure with V-shaped

fins. Sheikholeslami and Mahian [24] explored the effects of the magnetic field on the solidification of a NEPCM in a porous

cavity and found that both the magnetic field and the nanoparticles contribute to the reduction of solidification time. 

Nonetheless, the advantages of using NEPCM during melting have been more limited, especially when heat transfer is

dominated by convection. In fact, the dispersion of nanoparticles in the PCM increases its viscosity and hinders convective

heat transfer. This was reported in several works that pointed out this disadvantage. For instance, Ho and Gao [25] inves-

tigated experimentally the melting of Paraffin dispersed with Al 2 O 3 in a vertical enclosure and concluded that increasing

the mass fraction of the nanoparticles diminished the natural convection heat transfer in the melted region. Zeng et al.

[26] reported similar observations in their experimental study of the melting of a NEPCM in a bottom-heated vertical cavity.

Jourabian and Frahadi [27] analyzed numerically the melting of ice containing Cu nanoparticles and found that while raising

the concentration of the nanoparticles increases the viscosity of the nanofluid, it hinders convective heat transfer. Feng et

al. [28] studied the convection melting of ice-copper NEPCM. Their results indicated a larger melting zone but a lower heat

transfer rate when the fraction of the nanoparticles of the NEPCM was increased. Bondareva et al. [29] studied the heat

transfer characteristics of nano-enhanced n-octadecane in a finned heat sink numerically and found that the presence of

nanoparticles improves the melting rate only in conduction-dominated heat transfer mode. 

Similarly, Boukani et al. [30] investigated the melting of a NEPCM in partially-filled horizontal elliptical capsules nu-

merically and noted that while increasing the nanoparticles fraction has no effect when the heat transfer is conduction-

dominated, it reduces the heat transfer rate when convection takes over. Ghalambaz et al. [31] addressed the effect of using

hybrid nanoparticles and found that water/Al-MgO hybrid NEPCM showed a faster fusion time compared to water/MgO

NEPCM. Ghasemiasl et al. [32] modeled the melting of two different PCM with different melting points in a rectangular

enclosure. They observed that while adding alumina particles to the two PCM reduced melting time, adding copper parti-

cles reduced solidification time. Arici et al. [33] numerically investigated the melting of a paraffin-alumina PCM in a partially

heated and cooled square enclosure. Their results showed that the heat transfer enhancement was optimal for a 1% nanopar-

ticle concentration in a bottom-heated enclosure, and this enhancement decreased for concentrations above 1%. 

The works discussed above regarding the melting process in the rectangular enclosure were done under a condition

that the gravity acceleration is parallel to the vertical walls. In many engineering applications, however, the surface of the

chambers is not aligned with the orientation of the gravity field. Moreover, depending on the orientation, the tilted enclosure

can augment or weaken the buoyancy-driven natural convection as one of the main factors influencing the melting rate. As

a result, the impact of cavity incline on the melting characteristics is a crucial subject for many engineering designs. Several

studies pointed out the effect of the orientation of the enclosure occupied by the NEPCM on the thermal performance. For

instance, Kashani et al. [34] investigated numerically the solidification of a NEPCM in a wavy cavity and concluded that the

surface waviness affects the solidification mechanism. A similar conclusion was reported by Abdollahzadeh and Esmaeilpour

[35] . 

Jourabian et al. [36] simulated the melting process with convection in an inclined cavity heated on the left wall. Their

results indicated that rotating the enclosure counterclockwise leads to a more dominant convective effect. Sharma et al.

[37] used a trapezoidal cavity in their numerical simulation of the solidification of Cu-water nanofluid and observed a

substantial improvement of the heat transfer performance compared to a rectangular cavity with the same internal area.
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Kamkari et al. [38] performed several experiments on the melting of a PCM in a rectangular cavity with different inclination

angles and pointed out the impact of the orientation on heat transfer in the cavity. 

Zennouhi et al. [39] conducted numerical simulations of the effect of the inclination angle of a rectangular enclosure

on the melting of PCM inside it. They found that rotating the enclosure from the vertical orientation, where the sidewall

is heated, to the horizontal one, where the bottom wall is heated, increased the melting rate inside the cavity. Similarly,

Zeng et al. [40] performed a numerical study of the melting process of lauric acid PCM in a rectangular enclosure with five

different orientations and concluded that rotating the cavity can increase the total melting time by up to five times. 

Dhaidan [41] reviewed the analytical, numerical and experimental investigations of nano-structures assisted PCM and

pointed out to the effect of the geometry of the container on heat transfer mode and melting characteristics. In another

study, Dhaidan [42] studied the melting of n-eicosane PCM inside triangular containers with two different orientations, the

lower-base, and upper-base containers and noted that the melting rate in the upper-base container is higher than that in

the lower-base container. Zaho et al. [43] conducted experiments on the melting process of a PCM in a tilted rectangular

cavity with seven different inclination angles and noted the impact of the cavity inclination on the total melting time.

More recently, Al Siyabi et al. [44] demonstrated numerically and experimentally the significant effect of inclination inside

a cylindrical PCM storage system on the PCM temperature distribution and the PCM melting rate and profile. 

Similarly, Yang et al. [45] showed in their experiments on the melting of a PCM in a rectangular cavity with four different

inclination angles the substantial influence of the cavity orientation on the liquid-solid interface propagation and on the heat

transfer rate. Iachachene et al. [46] performed a numerical study of the melting of a NEPCM in a trapezoidal cavity with

two different orientations, by changing the locations of the lower and upper base. They concluded that the melting rate of

the NEPCM showed that changing the cavity orientation substantially affected the melting rate of the PCM. Bondareva et al.

[47] analyzed the heat and mass transfer in an inclined heat sink filled with a NEPCM and concluded that a faster melting

is obtained when the inclination angle is greater than 90 ° with respect to the horizontal. 

To summarize, the dispersion of nanoparticles in the PCM and the orientation of the cavity filled with PCM both play a

role in the thermal performance. As the type of the nanoparticles also affects the heat transfer characteristics [22 , 31] , testing

the free convection of NEPCM in tilted cavities dispersed with novel types of nanoparticles is, therefore, essential to better

understand the NEPCM thermal behavior and to broaden the selection spectrum of nanoparticles for various applications. 

In this context, mesoporous silica nanoparticles have proven to be a promising additive for the enhancement of the

thermal conductivity of PCM [48] . However, the contribution of such particles to the melting process in cavities remains

unclear. It is also worth noting that most of the previous works dealing with the free convection of NEPCM have not taken

into account the rheological behavior of the NEPCM, which was considered as a Newtonian fluid. Nonetheless, the PCM can

exhibit a non-Newtonian behavior by the presence of mesoporous silica nanoparticles. The non-Newtonian behavior of phase

change materials has been measured in samples containing mesoporous silica nanoparticles by Motahar et al. [48] and in

some other phase change material [49] . 

The objective of the current paper is then twofold and consists of investigating the joint effect of dispersing mesoporous

silica particles in non-Newtonian n-octadecane PCM, as well as the inclination of the PCM-filled cavity, on the PCM thermal

performance. Moreover, an advanced deformed mesh technique is utilized to model the phase change at a precise fusion

temperature. 

2. Physics of the problem 

The configuration considered in the present work is a 2D inclined enclosure, as schematically illustrated in Fig. 1 . A con-

stant temperature of T h is imposed at the left wall of the enclosure. The opposite wall of the enclosure is kept at the lower

and constant temperature of T c . The other walls are adiabatic. The n-Octadecane, as the phase-change material, containing

mesoporous silica (MPSiO 2 ) nanoparticles, occupies the enclosure. The melted n-Octadecane with the MPSiO 2 nanoparticles

can act as a power-law non-Newtonian fluid [48] . The variation of the density of n-Octadecane due to phase change is only

a few percent [30] . Hence, the volume change of the mixture during the melting process is considered to be zero, and the

density of the PCM is the mean value of the PCM in the solid and liquid phases. The variation of density could be of in-

terest in the manufacturing process of injection molding and mechanical design of enclosures, but such a small variation of

density does not affect the thermal behavior of the enclosure. 

The buoyancy forces are modeled using the Boussinesq approximation. The unsteady and incompressible governing par-

tial differential equations for the hydrodynamic and thermal and behavior of a non-Newtonian flow are: 

Continuity equation [50] : 

ρ̄NP ∇ 

∗ · �
 u = 0 (1)

Momentum equation [14 , 50] : 

ρ̄NP 

[
∂ � u 

∂t 
+ ( � u · ∇ 

∗) � u 

]
= ∇ 

∗ ·
[
−pI + μn f 

(∇ 

∗�
 u + ( ∇ 

∗�
 u ) 

tr 
)]

+ 

�
 f (2)
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Fig. 1. A view of the physical model. 

 

in which 

μnf ( ˙ γ ) = m nf ˙ γ
n nf −1 

∣∣∣∣∣∣
⎧ ⎨ 

⎩ 

˙ γ = max 
(√ 

[ D 

′ ] : [ D 

′ ] , ˙ γmin 

)
2 D 

′ = 

(
∇ 

→ 

u 

+ 

(∇ 

→ 

u 

)tr 
)

→ 

f = f x i + f y j 

∣∣∣∣∣ f x = ρNP gβnf 

(
T nf − T fu 

)
sin ( λ) 

f y = ρNP gβnf 

(
T nf − T fu 

)
cos ( λ) 

(3) 

Energy equation in liquid [18 , 51] : 

ρ̄NP C p ,n f 

[
∂ T n f 

∂t 
+ 

�
 u · ∇ 

∗T n f 

]
= ∇ 

∗ · ( k n f ∇ 

∗T n f ) (4) 

Energy equation in solid [51] : 

ρ̄NP C p ,ns 

∂ T ns 

∂t 
= ∇ 

∗ · ( k ns ∇ 

∗T ns ) (5) 

ρ̄NP of the equations is the average density of the fluid and solid phases of the nano-PCM. The Stefan energy balance

condition is applied to the position of the moving melting front [18] : 

u = 

k n f 
∂ T n f 

∂x 
− k ns 

∂ T ns 

∂x 

( 1 − φ) ̄ρPCM 

L h,PCM 

(6a) 

v = 

k n f 
∂ T n f 

∂y 
− k ns 

∂ T ns 

∂y 

( 1 − φ) ̄ρPCM 

L h,PCM 

(6b) 

in which ρ̄PCM 

is the average density of the liquid and solid PCM phases: 

ρ̄PCM 

= 

ρPCM,s + ρPCM, f 

2 

(7) 

Subscripts s and f denote the properties of the solid and fluid phases of the pure PCM. 

The governing equations are subjected to the following boundary conditions: 
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Table 1 

Thermal thermophysical properties of nano-PCM (MPSiO 2 - octadecane) for various mass 

fractions of nanoparticles using experimental data [48] . 

Mass fraction ( φwt ) % 0.0 0.01 0.03 0.05 

Volume fraction ( φ) % 0.0 0.208 0.633 1.070 

Power law index ( n ) 1 1 0.879 0.822 

Consistency ( m ) [mPa.s n ] 3.536 3.987 7.910 11.021 

Solid thermal conductivity ( k s ) [W/m.K] 0.3706 0.3747 0.3834 0.3805 

Liquid thermal conductivity ( k f ) [W/m.K] 0.1521 0.1540 0.1570 0.1589 

Table 2 

Thermo-physical properties of the PCM and nanoparticles [30] . 

Property n-Octadecane Silica nanoparticles 

Density (solid/liquid) [kg/m 

3 ] 865 / 770 3970 

Thermal expansion coefficient [1/K] 9.1 × 10 −4 0.63 × 10 −5 

Specific heat capacity (solid / liquid) [J/kg.K] 1934 / 2196 765 

Latent heat of fusion [kJ/kg] 243.5 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The upper and lower boundaries: 

∂T ( x, 0 ) 

∂y 
= 

∂T ( x, L ) 

∂y 
= 0 , u = v = 0 (8a)

The left boundary: 

T ( 0 , y ) = T h , u = v = 0 (8b)

The right boundary: 

T ( L, y ) = T c , u = v = 0 (8c)

The whole cavity is subjected to the following initial condition: 

T = T 0 , u = v = 0 (8d)

Many nanofluids exhibit non-Newtonian effects due to the presence of nanoparticles. However, only a few studies in-

vestigated the non-Newtonian effects of nanoparticles in a suspension. Moreover, the theoretical models on the estimation

of non-Newtonian behavior of nanofluids are imprecise and scarce. Hence, in the present study, the actual experimentally

measured values of the consistency parameter (dynamic viscosity), power-law index, and the thermal conductivity are used

for numerical computations. These thermophysical values are reported in the experimental research of Motahar et al. [48] ,

who synthesized a sample of MPSiO 2 -octadecane nano-enhanced PCM and reported the corresponding thermophysical prop-

erties. These thermophysical properties are summarized in Table 1 for various values of MPSiO 2 nanoparticle mass fractions.

Hence, no theoretical or estimation relation were used for these important thermophysical properties, and instead, the actual

measured values of these properties, which are reported in Table 1 , are utilized. 

The thermophysical properties of the nanoparticles and the host PCM are also tabulated in Table 2 . The corresponding

equations for the thermophysical properties of nano-PCM are a function of the volume fraction of nanoparticles. Hence, the

transition from the mass fraction to the volume fraction is done through the following equation: 

φ = 

ρ̄PCM 

φwt 

φwt ρ̄PCM 

+ ( 1 − φwt ) ρnp 
(9)

The subscripts of np and NP are used for nanoparticles and nano-PCM properties, respectively. 

The density of the nano-PCM: 

ρ̄NP = ( 1 − φ) ̄ρPCM 

+ φρnp (10)

The heat capacity of nano-PCM: 

ρ̄NP C p ,n f = φ( ρC p ) np + ( 1 − φ) ̄ρPCM 

C p, f (11a)

ρ̄NP C p ,ns = φ( ρC p ) np + ( 1 − φ) ̄ρPCM 

C p,s (11b)

The coefficient of volumetric thermal expansion for the liquid nano-PCM: 

ρ̄NP βn f = ( 1 − φ) ̄ρPCM 

β f + φ( ρβ) np (12)
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The transition to the non-dimensional coordinates is conducted using the following correlations: 

X = 

x 

L 
, Y = 

y 

L 
, U = 

uL 

α f 

, V = 

v L 
α f 

θ = 

T − T f u 

T h − T f u 

, P = 

L 2 p 

ρ̄PCM 

α2 
f 

, F o = 

t α f 

L 2 
(13) 

The non-dimensional equations based on the above correlations are as follows: 

∇ · �
 U = 0 (14) 

∂ � U 

∂F o 
+ ( � U · ∇) � U = 

ρ̄PCM 

ρ̄NP 

∇ ·
[ 

−P I + P r 

[ 

m n f 

m f 

α
n n f 

f 

α
n f 
f 

L 2 n f 

L 2 n n f 

] 

˙ G 

n n f −1 (∇ 

�
 U + (∇ 

�
 U ) 

tr 

] 

+ 

�
 F (15) 

In which 

�
 F = F X i + F Y j 

∣∣∣∣F X = 

βn f 

β f 

RaP rθ sin ( λ) , F Y = 

βn f 

β f 

RaP rθ cos ( λ) 

˙ G = max 

(√ 

[ D ] : [ D ] , ˙ G min 

)∣∣∣2 D = 

(
∇ 

�
 U + (∇ 

�
 U ) 

tr 
)

(16) 

∂θ

∂F o 
+ 

(
�
 U · ∇ θn f 

)
= 

ρ̄PCM 

C p , f 

ρ̄NP C p ,n f 

(
∇ ·

(
k n f 

k f 
∇ θn f 

))
(17) 

ρ̄NP C p ,ns 

ρ̄PCM 

C p , f 

∂ θns 

∂F o 
= 

(
∇ ·

(
k ns 

k f 
∇ θns 

))
(18) 

where Prandtl number Pr , and Rayleigh number Ra are as follows: 

P r = 

m f 

ρ̄PCM 

α
n f −2 

f 

L 2 n f −2 
, Ra = 

ρ̄PCM 

g β f �T L 2 n f +1 

m f α
n f 
f 

(19) 

The velocity components of the moving interface in the non-dimensional form are obtained as: 

U = 

1 

( 1 − φ) 

[
k n f 

k f 

∂ θn f 

∂X 

− k ns 

k f 

∂ θns 

∂X 

]
Ste (20a) 

V = 

1 

( 1 − φ) 

[
k n f 

k f 

∂ θn f 

∂Y 
− k ns 

k f 

∂ θns 

∂Y 

]
Ste (20b) 

in which Stefan number Ste is defined as: 

Ste = 

C p, f �T 

L h,PCM 

(20c) 

As seen in Eq. (20), the volume fraction of nanoparticles appeared in the denominator of the interface velocity. This is

because the presence of nanoparticles decreases the actual volume of the PCM, which could undergo a phase change and

release/store latent heat. Thus, the increase of the volume fraction of nanoparticles reduces the overall latent heat of the

PCM-mixture; hence, the movement of the interface accelerates by the increase of the nanoparticles’ volume fraction. The

thermal and dynamic conditions on the walls in the non-dimensional coordinates can be mentioned in the following forms:

The upper and lower boundaries: 

∂θ ( X, 0 ) 

∂Y 
= 

∂θ ( X, L ) 

∂Y 
= 0 , U = V = 0 (21a) 

The left surface: 

θ ( 0 , Y ) = 1 , U = V = 0 (21b) 

The right surface: 

θ ( 1 , Y ) = θc , U = V = 0 (21c) 

The whole domain is subjected to the initial conditions: 

θ = θ0 , U = V = 0 (21d) 
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It is to be noted that the initial temperature, T 0 , is considered to be equal to the right boundary temperature, T c . Thus,

in the case of the non-dimensional form, θ0 = θc = 

T c −T f u 

T h −T f u 
= −0 . 14 . 

Here, the characteristics parameters are the normalized molten volume fraction as well as the heat transfer at the heated

wall (Nusselt number). The molten volume fraction was normalized to the total PCM volume and computed as: 

NMV F = 

∫ 1 
0 

∫ X m 
0 dX dY ∫ 1 

0 

∫ 1 
0 dX dY 

(22)

X m 

of the above relation is the local horizontal distance of the moving interface from the vertical hot wall. Energy balance

on the heated yields: 

h ( T − T c ) = −k n f 

∂T 

∂x 

)
x =0 

(23)

Invoking the non-dimensional variables, Eq. (23) leads to the local Nusselt number ( Nu l ) as: 

N u l = 

hL 

k f 
= 

k n f 

k f 

∂θ

∂X 

∣∣∣∣
X=0 

(24)

Finally, the average Nusselt number is obtained by integrating the local Nusselt number along the non-dimensional length

of the heated: 

N u a v g = 

∫ 1 

0 

N u l dY (25)

3. Numerical method and mesh examination 

The numerical simulation of the present work is built by a code applying the finite element method (FEM). The non-

linear equations are first turned into the weak forms, and then interpolate or shape functions, { γk } N k =1 
, are utilized to expand

the velocity, pressure, and temperature variables as follows: 

U ≈
N ∑ 

m =1 

U m 

γm 

( X, Y ) , V ≈
N ∑ 

m =1 

V m 

γm 

( X, Y ) , P ≈
N ∑ 

m =1 

P m 

γm 

( X, Y ) , θ ≈
N ∑ 

m =1 

θm 

γm 

( X, Y ) (26)

The Galerkin approach is employed, and the residual equations for the X and Y velocity components, as well as the

pressure, and temperature are obtained at each element: 

R 

1 
i ≈

N ∑ 

m =1 

U m 

∫ 
∂ γm 

∂F o 
γi d X dY + 

N ∑ 

m =1 

U m 

∫ [ ( 

N ∑ 

m =1 

U m 

γm 

) 

∂ γm 

∂X 

+ 

( 

N ∑ 

m =1 

V m 

γm 

) 

∂ γm 

∂Y 

] 

γi d X dY 

− ρ̄PCM 

ρ̄NP 

N ∑ 

m =1 

∫ ( 

N ∑ 

m =1 

P m 

γm 

) 

∂ γm 

∂X 

γi d X dY + 2 P r 

[ 

m n f 

m f 

α
n n f 

f 

α
n f 
f 

L 2 n f 

L 2 n n f 

] 

N ∑ 

m =1 

U m 

∫ 
∂ γi 

∂X 

(
˙ G 

n n f −1 ∂ γm 

∂X 

d X dY 

)

+ P r 

[ 

m n f 

m f 

α
n n f 

f 

α
n f 
f 

L 2 n f 

L 2 n n f 

] 

N ∑ 

m =1 

U m 

∫ 
∂ γi 

∂Y 

(
˙ G 

n n f −1 ∂ γm 

∂Y 
dX dY 

)
+ 

βn f 

β f 

RaP r sin ( λ) 

∫ ( 

N ∑ 

m =1 

θm 

γm 

) 

γi dX dY 

+ P r 

[ 

m n f 

m f 

α
n n f 

f 

α
n f 
f 

L 2 n f 

L 2 n n f 

] 

N ∑ 

m =1 

V m 

∫ 
∂ γi 

∂Y 

(
˙ G 

n n f −1 ∂ γm 

∂X 

dX dY 

)
(27a)

R 

2 
i ≈

N ∑ 

m =1 

V m 

∫ 
∂γm 

∂τ
γi dXdY + 

N ∑ 

m =1 

V m 

∫ [ ( 

N ∑ 

m =1 

U m 

γm 

) 

∂γm 

∂X 

+ 

( 

N ∑ 

m =1 

V m 

γm 

) 

∂γm 

∂Y 

] 

γi dXdY 

− ρPCM 

ρNP 

N ∑ 

m =1 

∫ ( 

N ∑ 

m =1 

P m 

γm 

) 

∂γi 

∂Y 
dXdY + 2 Pr 

[ 

m nf 

m f 

α
n nf 

f 

α
n f 
f 

L 2 n f 

L 2 n nf 

] 

N ∑ 

m =1 

V m 

∫ 
∂γi 

∂Y 

(
˙ G 

n nf −1 ∂γm 

∂Y 
dXdY 

)

+ Pr 

[ 

m nf 

m f 

α
n nf 

f 

α
n f 
f 

L 2 n f 

L 2 n nf 

] 

N ∑ 

m =1 

V m 

∫ 
∂γi 

∂X 

(
˙ G 

n nf −1 ∂γm 

∂X 

dXdY 

)
+ 

βnf 

β f 

RaPr cos ( λ) 

∫ ( 

N ∑ 

m =1 

θm 

γm 

) 

γi dXdY 

+ Pr 
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m nf 

m f 

α
n nf 
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α
n f 
f 

L 2 n f 

L 2 n nf 

] 

N ∑ 

m =1 

U m 

∫ 
∂γi 

∂Y 

(
˙ G 

n nf −1 ∂γm 

∂X 

dXdY 

)

(27b)
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Table 3 

Mesh sizes in the studied domain. 

Mesh cases 

Case No. 

Number of melting 

interface elements ( M ) 

Number of domain 

elements 

Fo = 1 

NMVF ∗Error (%) 

I 50 2612 0.72347 0.177 

II 100 4174 0.72545 0.097 

III 150 6370 0.72475 - 

IV 200 8948 0.72526 0.070 

V 250 11320 0.72517 0.058 

∗Error = | N MV F CaseI I I −N MV F 
NMV F CaseI I I 

| × 100 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R 

3 
i ≈

N ∑ 

m =1 

U m 

∫ ∂ γm 

∂X 

γi d X dY + 

N ∑ 

m =1 

V m 

∫ ∂ γm 

∂Y 
γi d X dY (27c) 

R 

4 
i ≈

N ∑ 

m =1 

θn f m ∫ ∂ γm 

∂F o 
γi dX dY 

+ 

N ∑ 

m =1 

θn f m ∫ 
[ ( 

N ∑ 

m =1 

U m 

γm 

) 

∂ γm 

∂X 

+ 
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N ∑ 

m =1 

V m 

γm 

) 

∂ γm 

∂Y 

] 

γm 

dX dY 

+ 

ρ̄PCM 

C p , f 

ρ̄NP C p , n f 

k n f 

k f 

N ∑ 

m =1 

θn f k 
∫ 
[
∂ γm 

∂X 

∂ γi 

∂X 

+ 

∂ γm 

∂Y 

∂ γi 

∂Y 

]
dX dY (27d) 

Gaussian quadrature is applied to integrate the residual equations. The time step is selected automatically by utilizing

the Backward Differentiation Formula (BDF) within a free time step between one and two. Newton method by using PAR-

DISO solver is applied to solve the residual equations [52 –54] iteratively. PARDISO is an open-source parallel solver with an

excellent convergence rate. The iterations stop when the residual error reaches 10 −6 , while the Newtonian damping factor

of iterations is 0.8. The velocity components are used to obtain the streamline patterns. 

The generated mesh is an unstructured mesh using Delaunay-based mesh generation available as open-source code as

MESH2D function. Preparing the right mesh, as well as the mesh independence analysis, plays a prominent role in the

achievement of plausible results in the numerical study. Accordingly, the triangular elements are used to discretize the

studied domain consisting of two separate regions; the liquid melted PCM and the solid PCM. Indeed, the interface between

the two regions is divided equally into M elements. By defining this controlled division, the unstructured mesh is applied to

the whole domain. It is worth noting that the finer meshes are employed adjacent to the walls in the fluid region since the

temperature and velocity gradients are substantial in these areas. A remeshing scheme based on the distortion of elements

is utilized to ensure the quality of the utilized mesh during the computations. The first invariant of the isochoric Green–

Lagrange strain is adopted as the mesh-distortion indicator in the 2D space. Hence, the remeshing will be performed when

the following condition is satisfied: √ 

tr F T F 

2 J 
− 1 > 1 . 2 (28) 

where F and J denote the deformation gradient and the determinant of the deformation gradient. 

Five mesh sizes are tested, as shown in Table 3 . This table shows that the results are within an accuracy of below 1%.

Fig. 2 shows the variation of liquid fraction as a function of time for various mesh sizes at Ra = 1.45 × 10 6 , Ste = 0.16,

Pr = 51.7, φwt = 0.05, and λ = 0 °. The results demonstrate that the mesh size of case III provides acceptable accuracy.

Therefore, this mesh is confidently selected to conduct the numerical solution of the current work. 

It is necessary to verify and validate the solution algorithm and its accuracy. Hence, the calculated results in this study

are compared with those predicted and measured by several published papers in the literature. At the first evaluation, the

natural convection flow of a power-law non-Newtonian fluid flowing inside an enclosed cavity, presented by Matin and Khan

[55] , is re-simulated. The average Nusselt numbers for the different values of the power-law index of the current calculations

and those presented by Matin and Khan [55] are depicted in Fig. 3 . Evidently, there is quite a satisfactory agreement between

the results of Matin and Khan [55] and ours. Since the melting process can be dependent on the inclination angle of the

enclosure, the calculated results of the current work and Cheong et al. [56] are compared as the next case. Cheong et al.

[56] studied the natural convection flow of a Newtonian fluid in a rectangular cavity using the finite difference method. For

the case of a rectangular cavity with Ar = 1 (aspect ratio) and Pr = 0.71, the average Nusselt numbers calculated in the

current work and presented in Cheong et al. [56] for different values of the inclination angle of the enclosure and various

Rayleigh numbers are depicted in Fig. 4 . As shown, an excellent matching is observed. 
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Fig. 2. Mesh independence analysis for φwt = 0.05 and λ = 0 °. 

Fig. 3. Average Nusselt number against power-law index ( n ) of the current study (dash-dot) and Matin and Khan [55] (points) for Ra = 10 3 and Pr = 10. 

 

 

 

 

 

 

 

 

 

 

 

To verify and validate the numerical modeling for the melting process, the melting fronts obtained using the current

code and those depicted in [34 , 57 , 58] are compared for different values of the Fourier numbers. The melting process of a

Newtonian PCM in a square cavity was conducted in [34 , 57 , 58] . The insulated horizontal bounds of the cavity and constant

temperatures for vertical walls (i.e., higher temperature for the left wall and lower temperature for the right wall) were

considered as the boundary conditions. Fig. 5 displays the comparison between the melting interfaces obtained from this

study and those reported in [34 , 57 , 58] . Ultimately, the rates of buoyancy-driven heat transfer of a nanofluid flowing in a

square enclosure are compared with the results of Kahveci [59] . In this work, Kahveci [59] investigated the buoyancy-driven

heat transfer of a nanofluid of water and Al 2 O 3 nanoparticles in a differentially heated cavity. As illustrated in Table 4 ,

excellent matchings between our results and those of Kahveci [59] are observed. 

4. Results and discussion 

The current research aims to investigate the free convection melting process of nano-enhanced PCMs in an inclined cav-

ity. The MPSiO 2 -octadecane is adopted as the nano-enhanced PCM. Due to the presence of nanoparticles, the nano-enhanced

PCM shows non-Newtonian behaviors. To obtain a feasible estimation of non-dimensional parameters, the size of the cavity
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Fig. 4. The average Nusselt number of the present research and Cheong et al. [56] . 

Fig. 5. The evaluated melting front of the present research and those of [34 , 57 , 58] . 

Table 4 

The average Nusselt numbers of in the current research and the 

literature work [59] when Ra = 10 6 . 

φ = 0 φ = 0.05 φ = 0.1 φ = 0.15 

Present study 9.20 9.76 10.30 10.80 

Kahveci 9.23 9.78 10.30 10.77 

 

 

 

 

 

 

is adopted as 15 mm. The temperatures of the heated and cooled walls are set at T h = 45 °C and T c = 25 °C, respectively.

Also, the melting point is attained to be 27.5 °C [48] . Furthermore, the initial thickness and the initial temperature of the

liquid region in the cavity are considered to be 0.75 mm and 25 °C, respectively. Invoking this case and using the thermo-

physical properties of Tables 1 and 2 , the non-dimensional parameters could be selected as Ra = 1.45 × 10 6 , Ste = 0.16, and

Pr = 51.7. Moreover, the impact of suspending MPSiO 2 particles in the PCM and the inclination angle of the enclosure (-75 °
≤ λ ≤ + 75 °) are investigated. 

Fig. 6 shows the remeshing applied to the domain when the melting interface is moving with time. The red and blue

colors (left and right subdomains) represent the liquid and solid regions, respectively. It is clear that the mesh is coarser
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Fig. 6. The sequence of re-meshing during melting progress for φwt = 0.05 and λ = 0 °. 

 

 

 

 

 

 

in the solid region compared to the liquid region, while the liquid-solid interface is subjected to further refinement. This is

because there is a very weak conduction temperature gradient in the solid region and a coarse mesh can accurately capture

such weak gradients. Using a coarse mesh at the solid region reduces the computational costs without losing the numerical

accuracy. The size of the coarse meshes of the solid region was adjusted in the mesh examination process. 

In the present work, the deformed mesh and re-meshing technique are employed to elevate the accuracy of the solution.

Indeed, the re-meshing technique has been used to generate a new mesh configuration for the deformed mesh at each

stage of the solution process whenever the mesh pattern provides inappropriate mesh quality owing to making so large
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mesh deformation. Fig. 6 is prepared to show mesh deformation and the advancement of the melting interface during time.

It can be seen that the mesh pattern continuously alters by progressing the melting process. The motion of the mesh by

the deformation of the solid and liquid regions could stretch the mesh during the time and reduce its quality. Thus, by

implementing the re-meshing technique, a new mesh pattern is generated to restore mesh quality and ensure accurate

results. As seen in Fig. 6 , all of the mesh views are regular without any notable distortion. 

As the melting interface moves toward the cold wall, the mesh is adapted and refined in the liquid zone. This is due

to the fact that the mechanism of heat transfer in the cavity is diffusion, and, thus, the temperature gradients in the solid

region are insignificant compared to the liquid region. A mesh adaptation contributes to better accuracy of the results. 

Fig. 7 illustrates the development of the streamlines and the isothermal contours with time for different values of the

inclination angle λ. It is evident that the streamlines correspond to the liquid zone, as no flow is occurring in the solid zone.

Initially, at Fo = 0.15, melting is limited to the region near the hot wall for all the values of Fo , as heat transfer is dominated

by conduction. Later on, at Fo = 0.45, the melted PCM covers the left part of the cavity and convection dominates the heat

transfer. For λ = 75 °, the streamlines present a symmetry about the center. 

For the other inclination angles, the streamlines present similar patterns, except for λ = -75 ° where the melted zone is

less limited near the top wall. Finally, at Fo = 1.2, the melted zone covers most of the cavity, except a limited region near

the cold wall extended at the bottom. As the hot liquid near the top goes down along the melting front, it transfers its heat

to the melting front and cools down. Consequently, melting near the bottom is substantially less than near the top. However,

this behavior is not present for λ = -75 °, where the melted zone stops near the center of the cavity, far from the cold wall

and is almost vertical, indicating an equal melting rate between the top and the bottom. In fact, as the heat transfer is

dominated by convection, the hot liquid circulates toward the top where melting is accelerated while cold liquid covers the

bottom where heat transfer is inhibited. For λ = -75 °, the heated wall is now closer to the upper vertical direction, and

convective effects are almost uniform in the melted zone, leading thus to a more uniform melting interface compared to

the other inclination angles. 

On the other hand, comparing the isotherms for the different angles at Fo = 1.2 shows that while the contours are almost

vertical for λ = -75 °, they start to lean toward the center as λ is increased. For λ = 0 °, the isotherms start near the hot

wall and move quasi-horizontally in the center. As λ is further increased, the streamlines exhibit a similar behavior but are

twisted in the cavity center. These observations suggest that while the inclination angle affects the temperature distribution

in the cavity, it has a slight effect on the distribution of the streamlines unless the angle is strongly decreased. 

The effect of the mass fraction of the nanoparticles, i.e., φwt , on the streamlines and the isotherms in the cavity at differ-

ent instants is shown in Fig. 8 . The melting starts near the hot wall and propagates until covering most of the cavity, except

a narrow region near the cold wall at the top of the cavity and a larger region near the bottom. However, Fig. 8 shows

that increasing φwt limits the size of the melted region for all the values of Fo . Indeed, the presence of a higher amount of

nanoparticles affects the consistency of the melted PCM and slows down its circulation, and consequently inhibits convective

heat transfer. In addition, φwt affects the form of streamlines. For instance, when φwt = 0, the streamlines present a sym-

metry around the center, while this symmetry is not present for φwt = 0.05, where the melted zone is shorter. Conversely,

φwt has a limited impact on the isotherms, which present very similar contours when φwt is varied. Therefore, growing

the mass fraction of the nanoparticles diminishes the extent of the melted zone but has little effect on the temperature

distribution inside the cavity. 

To better assess the impact of the inclination angle, the progress of the melting front for different values of Fo is depicted

in Fig. 9 for different inclination angles λ. When the cavity is tilted in the anti-clockwise direction, the melting front is not

greatly affected. When λ is increased to 75 °, the melting font is less developed near the top while being more developed

near the bottom. However, increasing λ to 30 ° rises the melting depth near the bottom but keeps it the same near the top.

On the other hand, when the cavity is tilted in the clockwise direction, i.e. when λ is negative and decreased, the melting

front shows a different variation. Initially, at Fo = 0.15, the melting front is not affected by λ and is almost the same in the

different configurations. 

For higher values of Fo , the melting front is less developed except in a small zone near the bottom. As previously ex-

plained, this is due to the fact that buoyancy effects are less effective when the heated wall is moved towards the upper

vertical direction. For instance, if λ was decreased to -90 °, the heated wall would be the top wall, and a horizontal melting

front would be expected. These results indicate that while inclining the cavity in the anti-clockwise direction does not have

a significant impact on the progress of the melting front location, tilting it in the clockwise direction tends to diminish the

growth of the melting zone due to the reduction of convective effects. 

Further analysis of the role of the mass fraction of the nanoparticles is conducted by plotting the location of the melting

front location for different values of φwt and Fo as illustrated in Fig. 10 . It is clear that for all the values of Fo , the increase of

φwt to 3 and 5% reduces the development of the melting interface and the size of the melting zone. Nonetheless, the small

increase in φwt to 1% does not affect the melting front, which remains almost the same as the case with no nanoparticles.

In fact, nanoparticles do not contribute to latent heat. Growing the nanoparticles fraction decreases the amount of the PCM,

and consequently decreases the contribution of latent heat to the overall heat transfer in the cavity. As heat transfer is

decreased, melting is hindered, and the advancement of the melting interface is limited. 

Fig. 11 shows the effect of the inclination angle, i.e. λ, on the variation of the normalized melting volume fraction NMVF

and Nusselt number Nu avg as a function of time. Initially, as illustrated in Fig. 11 (a), NMVF is the same in all the config-

urations, as the heat transfer in the first stage is dominated by conduction, and the role of convection is limited. As Fo
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Fig. 7. Streamlines and isotherms at three selected Fourier number ( Fo ) for constant φwt = 0.05 and different inclination angles ( λ). 
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Fig. 8. Streamlines and isotherms at three selected Fourier number ( Fo ) for constant λ = 0 ° and different mass fractions ( φwt ). 

 

 

 

 

 

 

increases, the convection starts taking over a heat transfer mechanism, and the effect of the cavity inclination appears. As

discussed earlier, tilting the cavity in the clockwise direction limits the convective effects and as a consequence, less PCM is

melting, and NMVF is reduced. Tilting the cavity in the opposite direction does not, however, affect NMVF . The same effect

appears in Fig. 11 (b), where Nu avg decreases significantly to 20% of its initial value when λ is reduced to -75 °, indicating a

diminished heat transfer. 

On the other hand, Nu avg slightly rises when λ is increased to 30 ° and remains constant for λ = 75 °. These results

confirm the fact that heat transfer is reduced when the cavity is tilted in the clockwise direction and are consistent with
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Fig. 9. Melting front surface under different inclination angles ( λ) and Fourier numbers ( Fo ) for constant φwt = 0.05. 

Fig. 10. Melting front surface under different mass fractions ( φwt ) and Fourier numbers ( Fo ) for constant λ = 0 °. 

 

 

 

 

 

 

 

 

 

the findings of [36 , 39 , 40] who obtained similar conclusions for the melting of a Newtonian PCM. The trend of the results for

the inclination angle of the enclosure is in agreement with the literature works [34 –47] for the case of a Newtonian phase

change heat transfer. 

The variation of NMVF as a function of time for different values of φwt is shown in Fig. 12 (a). Similarly, Fig. 12 (b) illus-

trates the variation of (1- φ) NMVF , representing the actual amount of PCM that went through phase-change and released

heat, as a function of time. It is shown that NMVF is reduced when increasing φwt to 3 and 5%, and remains constant

for φwt = 1%, indicating that the increase of φwt inhibits the PCM melting. The variation of the average Nusselt number

as a function of time for different values of φwt , depicted in Fig. 13 , confirms the previous observation and points out to

the reduction of heat transfer due to the increase of φwt . A 5% value of φwt reduces Nu avg by almost 50%. In fact, while

the increase of the nanoparticles fraction enhances the thermal conductivity of the PCM and reduces the power index, it
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Fig. 11. (a): Normalized melting volume fraction and (b): average Nusselt number as a function of Fourier number ( Fo ) for different inclination angles ( λ) 

and constant φwt = 0.05. 

Fig. 12. (a): Normalized melting volume fraction, (b) melting volume fraction of PCM as a function of Fourier number ( Fo ) for different mass fractions 

( φwt ) and constant λ = -30 °. 

 

 

 

 

 

 

 

 

 

also increases the consistency parameter, thus suppressing the convection and inhibiting heat transfer. These findings are

in agreement with the results of several studies which pointed out that increasing φwt inhibits heat transfer due to the

increased viscosity of the PCM [25-29] . The slight difference is that in the present work, the PCM is a non-Newtonian fluid,

and therefore, the rise of the consistency parameter, which diminishes the free convective heat transfer. 

Looking at Table 1 shows that the addition of the nanoparticles only slightly increases the thermal conductivity, which

positively contributes to heat transfer enhancement. However, an increase of 200% and 300% in the consistency parameter

is observed when the fraction of the particles is 3% and 5%, respectively. This increase slows down the natural convec-

tion and results in a lower heat transfer and a lower NMVF . To summarize, the positive contribution of the nanoparticle’s

conductivity to the heat transfer enhancement does not compensate for the negative effect resulting from the increase of

the consistency parameter, and, overall, increasing the nanoparticles fraction in the PCM diminishes heat transfer in the

cavity. 
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Fig. 13. Average Nusselt number as a function of Fourier number ( Fo ) for different mass fractions ( φwt ) and constant λ = -30 °. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Conclusion 

The melting free convection heat transfer of NEPMCs in an inclined cavity was addressed using a deformed mesh ap-

proach. The melting interface was tracked using the Stefan boundary condition. The presence of mesoporous silica particles

induces non-Newtonian behavior in the liquid PCM. The finite element method was employed to solve the governing equa-

tion in the ALE moving mesh frame. The influence of various mass fractions of mesoporous silica particles on the melting

volume fraction and heat transfer were investigated. The main results of the present investigation can be summarized as

follows: 

Changing the cavity inclination affects the streamline patterns and the temperature distribution inside the cavity. When

the cavity is tilted in the clockwise direction, the hot wall is moved from the left side towards the top, and the convective

effects are inhibited, leading to a lower melting volume fraction and a reduced heat transfer. When the cavity is tilted by

-75 °, an 80% reduction in heat transfer is observed. On the other side, inclining the cavity in the anti-clockwise direction

does not have a noticeable effect on heat transfer and the melting volume fraction. 

Increasing the fraction of the nanoparticles improves the thermal conductivity slightly, which contributes to heat transfer

enhancement. However, an increase in the volume fraction of the nanoparticles presents several drawbacks. The main one

is that when the nanoparticle fraction is increased, the consistency parameter rises and tends to suppress the natural con-

vection. In particular, using a 3% mass fraction of nanoparticles raised the consistency parameter by 300%. Moreover, as the

nanoparticles do not contribute to latent heat, the presence of nanoparticles diminishes the overall PCM material. Raising

the nanoparticles fraction to 5% reduces the heat transfer by 50%. 

In the present study, it was found that the presence of mesoporous silica particles can reduce heat transfer. Although

the presence of nanoparticles improves the thermal conductivity, it reduces the natural convection effects by increasing the

viscosity of the suspension. There are many applications such as macro capsules of PCMs or composites of PCMs, in which

the natural convection effects are minimal. Maybe, in such cases, using nanoparticles improves the heat transfer due to

conduction mechanisms, which can be addressed in future works. 
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