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Abstract
Latent heat thermal energy storage (LHTES) plays a main role in many industrial applications, especially in high-powered 
electronics cooling systems and providing the thermal energy demand when the energy supply is unavailable. In this study, 
the LHTES cycle process, including successive melting and solidification, investigates in a two-dimensional annular space 
of a square cavity filled with nanomaterial of paraffin–alumina as a nanoPCM. In the melting process, all sidewalls of the 
cavity are insulated. Meanwhile, a constant heat rate generates homogeneously within the central heat source. At the end of 
melting, the heat generation gets off, while a time-reducing temperature lower than the paraffin melting point imposes on 
the sidewalls, and then, solidification triggers. The numerical simulation was accomplished using control volume method 
and the governing equations solved using the SIMPLE algorithm. The enthalpy-porosity method was employed to model the 
phase-change front. The value of thermal conductivity and the viscosity of the nanofluid have been experimentally measured 
before the numerical modeling. In this study, the effect of volume fraction of nanoparticles (0–0.03) has been investigated 
on the successive melting and solidification rate for a constant Rayleigh number of 5.74 × 105. The results show that adding 
nanoparticles to the PCM equal to the volume fractions of 0.01 and 0.02 improves melting rate, but the nanofluid with the 
volume fraction of 0.03 represents a poor heat transfer rate during melting even weaker than those for nanofluid with the 
volume fraction of 0.01. It also observed that the nanomaterial with the volume fraction of φ = 0.03 represents the highest 
solidification rate. However, taking the overall performance of successive melting and solidification system into account, 
the nanofluid with the volume fraction of 0.02 remarked the most effective heat transfer rate in comparison with the other 
examined cases.
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List of symbols
b  Enthalpy-porosity coefficient (kg m−3 s−1)
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P  Dimensionless pressure
Pr  Prandtl number, Pr = �f∕�f
q′″  Heat generation rate (W m−3)
Ra  Rayleigh number, g�fq���l5∕�f�fks
Ste  Stefan number, cfq���l2∕hnfks
T  Temperature (K)
Tm, Ts  Melting and solidification points (K)
Th, Tc  Hot and cold temperatures (K)
t  Time (s)
u, v  Velocity in the x, y direction (m s−1)
U, V  Dimensionless velocity
x, y  Cartesian coordinate (m)
X, Y  Dimensionless Cartesian coordinate
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Abbreviations
CLF  Cavity liquid fraction
PCM  Phase-change material
NePCM  Nano-enhanced PCM

Greek symbols
α  Thermal diffusivity  (m2 s−1)
β  Expansion coefficient  (K−1)
μ  Dynamic viscosity (N s m−2)
ν  Kinematic viscosity  (m2 s−1)
θ  Dimensionless temperature
ρ  Density (kg m−3)
ϕ  Volume fraction
σ  Electrical conduction (S m−1)
τ  Dimensionless time

Subscripts
f, s  Fluid and solid
m  Melting point
nf  Fluid PCM with nanoparticles
ns  Solid PCM with nanoparticles
np  Nanoparticles

1 Introduction

Recently, the solar energy and the corresponding technical 
components such as receivers, solar collectors, and ther-
mal energy storages (TESs) have sparked a heated debate 
[1]. TESs are integral parts of solar power plants that store 
thermal energy and release it in another time for heating, 
cooling, and power generation. Since heat demand fluctuates 
during the day and also from day to day, a storage device 
would be beneficial to provide balance between supply 
and demand of energy [2]. TESs, on the one hand, play an 
important role in reducing the peak consumption and emis-
sions of greenhouse gases. On the other hand, they increase 
the efficiency of energy systems [3]. Therefore, such issue 
deserves to be taken more into consideration.

From the amount of heat-stored standpoint, phase-change 
material (PCM) can store or release a large amount of latent 
heat during the melting and solidification processes due to 
a large enthalpy amount of phase changing that is usually 
more than 100–200 times the sensible heat. Moreover, unlike 

a sensible storage device that experiences high temperature 
changes during the thermal absorption and release pro-
cesses, a TES system integrated with a PCM, namely latent 
heat thermal energy storage (LHTES), operates in an almost 
isotherm process [4]. Table 1 shows the thermal properties 
of some commercial PCMs [5]. 

Despite the high thermal efficiency of PCMs, their main 
downside is having low thermal conductivity, which is typi-
cally about 0.2–0.7 W m−1 K−1 [6]. This is especially more 
significant during the solidification process, where solidifi-
cation occurs initially at boundaries, and then, the solidified 
phase itself acts as an insulation between the heat source and 
solidification front. In the melting process, buoyancy-driven 
flows and natural convections play the main role in the heat 
transfer from a heat source to the melting front [7].

The time of absorbing and releasing heat, which is 
directly associated with heat transfer rate, is one of the 
essential factors in the design of a TES [8]. Over the past 
years, researchers have done many studies on the ways of 
increasing the heat transfer rate. Therefore, several methods 
have been proposed. One is the addition of solid nanoparti-
cles with a high thermal conductivity coefficient to the PCM 
[9]. In particular, a close-contact melting and solidification 
of PCM equipped with nanoparticles have been exponen-
tially assigned by researchers [10–14].

One study carried out by Feng et al. [15] on melting in 
a cavity with a heated bottom was numerically modeled 
using the lattice Boltzmann method (LBM). In this study, 
the phenomenon of ice including copper nanoparticles melt-
ing was conducted. Their results were presented in the form 
of streamlines and isotherms of the various nanoPCM com-
positions (� = 0, 0.01, 0.05) and different Grashof numbers 
(

Gr = 2.5 × 105, 5 × 105
)

 . The results show that the addi-
tion of copper nanoparticles to the PCM increases the heat 
transfer efficiency in the melting process. In other words, an 
increase in the solid volume fraction increases the melting 
rate as well as the stored energy capacity.

Arici et al. [16] investigated the phenomenon of the melt-
ing of paraffin–alumina nanoPCM in a rectangular cavity 
with partially heated and cooled walls. The results show 
that the highest melting rate occurs for a nanoPCM with 
� = 0.01 . Furthermore, the best thermal performance is 
obtained when the enclosure is heated from the bottom. 

Table 1  Thermal properties of 
some commercial PCMs [5]

PCM Melting 
point (°C)

Density (kg m−3) Thermal conductiv-
ity (W m−1 K−1)

Special heat 
(kJ kg−1 K−1)

Latent heat 
(kJ kg−1)

Paraffin RT44 41–45 780 0.20 2.0 255
E117 non-organic 117 1450 0.70 2.61 245
Organic A164 164 1500 Unknown Unknown 459
NANO3 307 2260 0.5 Unknown 389
KNO3 333 2110 0.5 Unknown 477
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After 30 min from the start of the melting process, the liq-
uid volume fraction and the stored energy for the case with 
the bottom-heated cavity are increased at least 16% and 9%, 
respectively, compared to the side-heated cavity.

Sebti et al. [17] numerically studied the melting of par-
affin–copper nanoPCM in a square cavity. They used the 
enthalpy-porosity technique to follow the melting front. 
Based on the results, the addition of copper nanoparticles 
to the base material affected the melting rate through the 
increase in thermal conductivity of the material. This effect 
led to an increase in the melting rate with an increase in the 
nanoparticles volume fraction.

Farsani et al. [18] investigated the influence of adding 
alumina nanoparticles to paraffin wax on the melting phe-
nomena in a cavity including a heat source at its center. The 
results show that, for the considered configuration, the addi-
tion of nanoparticles for 0.01 and 0.02 volume fraction of 
alumina nanoparticles does not remark any significant influ-
ence on the melting rate of the PCM, which is contrary to 
the observations with other geometries in the literature. For 
the nanoPCMs with the 0.04 and 0.05 volume fractions, a 
relative decrease in the melting rate of the nanoPCM was 
reported.

Darzi et  al. [19] examined the melting process of 
water–copper nanoPCM due to the natural convection heat 
transfer in an insulated cavity in which an isotherm heat 
source was located. They used the LBM to perform the 
simulation. The effect of the location of the isotherm heat 
source inside the cavity was also investigated. The results 
show that an increase in the nanoparticles volume fraction 
from 0 to 4% increases the melting rate by 52.7, 41.2, and 
30%, when the heat source is located at the top, center, and 
bottom of the cavity, respectively.

Boukani et al. [20] investigated the melting of the nano-
PCM of n-octadecane paraffin dispersed with Cu nanopar-
ticles in partially filled horizontal elliptical capsules with 
different aspect ratios. The different aspect ratios and nano-
particles volumetric concentrations have been considered. 
The simulations were carried out using the enthalpy-porosity 
technique and volume of fraction (VOF) model. The results 
show that an increase in nanoparticles volume fraction 
enhances the melting rate but decreases the nanoPCM vol-
ume change. In addition, the highest and the lowest melting 
rates are associated with the aspect ratio of  2.0 and  1.0, 
respectively.

Kashani et  al. [21] studied numerically the thermal 
behavior of solidification of water–copper nanofluid in a 
two-dimensional cavity with wavy vertical walls. The effect 
of the wavy wall and natural convection, as well as the nan-
oparticles volume fraction on the solidification time, was 
investigated. The results were obtained for a wide range of 
Grashof numbers and nanoparticles volume fractions. They 
neglected supercooling as well as the effect of nanoparticles 

dispersion on the solidification point. However, it is well 
known that in the process of water freezing the supercooling 
phenomenon exists. They employed the enthalpy-porosity 
method for the numerical study of the solidification. This 
method has been used for many years for modeling melting 
and solidification. Their results show that the natural convec-
tion increases with the increase in the nanoparticles volume 
fraction and the Grashof number. This leads to an increase 
in the Nusselt number.

Sheikholeslami [11] studied the solidification process 
within the space between an aluminum inner sinusoidal fin 
and elliptic storage tank, filled with CuO–water nanofluid, 
using finite element method. The effect of the amplitude 
value of the fin, the volume fraction of nanofluid, and the 
diameter of nanoparticles on the solidification rate was simu-
lated. The results proved that solidification rate is improved 
by adding CuO nanoparticles to the pure PCM.

Khodadadi and Fan [22] analyzed the effect of adding dif-
ferent nanoparticles to water and cyclohexane using Stefan 
method. They calculated the solidification time for different 
concentrations and concluded that the solidification time 
decreases by increasing the concentration of nanoparticles in 
each of the examined materials. However, the results of this 
study showed that for a basic fluid and a constant volume 
fraction, the non-dimensional solidification time for different 
nanoparticles is almost the same.

To model numerically the heat transfer within nanofluids, 
some basic thermal properties such as thermal conductivity 
and viscosity are calculated using classical equations. Max-
well equation [23, 24] and Einstein relation [25] are the well-
known samples. Each of them is validated under specific and 
limited conditions. Moreover, the effect of some important 
parameters like the nanoparticles size and their distribution 
has not usually been considered. On the other hand, LHTES 
has been innovated to experience a long-term process of heat 
charging and discharging sequentially. In a real application, 
based on this, melting and solidification processes happen 
one after another. Therefore, in this study, firstly, the ther-
mal conductivity and dynamic viscosity of paraffin–Al2O3 
nanofluids are calculated empirically and then substituted in 
the governing equations. Secondly, a successive melting and 
solidification process of paraffin–alumina nanoPCM within 
the annular space located between a square heat source and 
cavity walls are investigated numerically. To the best knowl-
edge of us, the previous studies have not considered this new 
feature of LHTES system.

2  Statement of the problem

As it is shown in Fig. 1a, the annular space between the alu-
minum heat source and the cavity walls is assumed to be filled 
with paraffin–alumina nanoPCM in the solid phase with the 
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homogeneous temperature equal to its melting point. Dimen-
sions of the cavity and heat source are given in Fig. 1. In the 
case of melting, all the sidewalls of the cavity are insulated, 
while the heat source generates heat with a constant heat rate 
of q′′′ per volume unit of the heat source. The melting of the 
nanoPCM begins along the heat source and gradually covers 
the entire cavity. During the melting process, the nanoPCM 
experiences phase changing and stores the heat. Because of 
the heat transfer from the heat source to the nanoPCM, heat 
source temperature changes over the time.

Immediately after the entirety of nanoPCM melts, 
the heat generation gets off, see Fig. 1b. At the same 
time, the temperature of cavity sidewalls (i.e., left and 
right) is changed to a time-reducing temperature of 
Tc(t) = −0.01(Fo − 4.0) , where Fo is the Fourier number 
and calculated by the equation of αf t/l2. Following up, 
the solidification process starts adjacent to the sidewalls. 
In this study, the Rayleigh and Stefan numbers are con-
stant (Ra = 5.74 × 105, Ste = 0.069, and Pr = 1373) for all 
cases. Thermophysical properties of paraffin, alumina, 
and aluminum are given in Table 2.

3  Experimental methodology

3.1  Preparation of paraffin–alumina nanoPCM

To prepare paraffin–alumina nanoPCMs, alumina nanoparti-
cles with the diameter of 20 nm and oleic acid as a surfactant 
as well as liquid paraffin were weighted by a digital scale 
with the precision of 0.0001 g. Then, nanoparticles and oleic 
acid were mixed by a weight ratio of 1:3, respectively. To 
stabilize the nanoparticles in the fluid, a magnetic stirrer 
was used for 30 min at the temperature of 70 °C. After that, 
paraffin was gradually added to the solution. Equation (1) 
is used to calculate the mass of nanoparticles, surfactant, 
and paraffin, considering that the samples of 0.01, 0.02, and 
0.03 volume fractions of nanoPCM must be prepared. For 
example, for preparing a 0.02 volume fraction nanofluid, 25, 
136.2, and 6.41 g of paraffin, nanoparticles, and surfactant 
should be mixed, respectively.

Finally, to achieve a homogeneous distribution of nanopar-
ticles in the PCM, the samples were located in a sonicator 
bath at 50 °C for about 3 h. The above-mentioned steps were 
repeated for all samples.

To test the stability of the samples, the Laser Particle 
Size Analyzer (Vasco Flex-Technique, Arduan, France) was 
used. This device illustrates the stability of the sample by 
measuring the size of particles suspended in a base fluid 
through the dynamic optical spectrum. As it is observed in 
Fig. 2-left, the highest frequency of particles is in the range 
of 20 nm, which is equal to the initial diameter of nano-
particles. Had the particles been stuck together, cracked or 
deposited, the measured frequency would be much larger 
than the initial size of the base nanoparticles. Figure 2-
right depicts that the mean value of the diameters of the 
coated nanoparticles was distinguished equal to 28.86 nm 

(1)�% =
(w∕�)np

(w∕�)np + (w∕�)paraffin

Fig. 1  Schematic view of the 
computational domain. a (Melt-
ing case): with a heat source 
at the center and insulated 
sidewalls. b (Solidification 
case): the cavity including the 
solid block at the center with 
cold sidewalls

Table 2  Thermophysical properties of the paraffin [26],  Al2O3 [27], 
and aluminum at T = 300 K

Property Paraffin Al2O3 Al

Viscosity, µf (Ns m−2) �
o
(T) =

0.07193e−0.0365T
– –

Density, ρf (ρs) (kg m−3) 860 3600 2700
Thermal expansion coeffi-

cient, β  (K−1)
1.0  (10−3) 1.6  (10−5) –

Thermal conductivity, kf (ks) 
(W m−1 K−1)

0.14 36 202

Melting point, Tm (°C) − 12 – 60.32
Latent heat fusion, hm (J kg−1) 200,000 – –
Specific heat, cf (cs) 

(J kg−1 K−1)
2000 (2000) 765 903



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:368 

1 3

Page 5 of 14 368

with the intensity of 98.95% of all alumina nanoparticles. 
It means that 98.95% of reflecting nanoparticles are in the 
range that is near to the size of 28.86 nm. This shows that 
nanoparticles have not agglomerated or settled at the bot-
tom of the sample, indicating the proper level of stability.

3.2  Thermal conductivity measurement

Using the KD2 Pro device, the effective heat conductivity 
coefficient can be measured at different temperatures. KD2 
Pro is a portable device with a probe sensor which measures 
the conductivity of the sample material employing the hot-
wire method [28]. The temperature of the wire depends on 
the thermal conductivity of the nanofluid. This temperature 
is an indicator for thermal conductivity of the sample.

The thermal conductivity coefficient test was carried out 
for various volume fractions. Each test was repeated five 
times to reduce the measurement error, and the average of 
data was calculated. The aim of these tests was to extract 
the relationship between the thermal conductivity of the 
nanofluid, the thermal conductivity of the base fluid, the 
volume fraction, and the temperature. The measured effec-
tive thermal conductivity including the 0.05 uncertainty of 
the data and the relative thermal conductivity as well as the 
correlated equation (curve-fitted lines) for various volume 
fractions (0–3%) and different temperatures (20–50 °C) are 
demonstrated in Fig. 3.

The presented data for relative thermal conductivity 
(RTC) were translated to the following mathematical equa-
tion (Eq. 2):

where a, b, and c are the functions of temperature. Their 
values are given both in Table 3 and in Eqs. (3) and (4).

To verify the accuracy of the curve-fitted equations, the 
error function was defined between the measured data and 
the calculated values. The calculated error values indicate 
that the maximum error is 1.61, which is an acceptable error.

(2)RTC =
b + a�

b − 2a�
+ c�

(3)b = −2.7106 + 0.072T − 0.0017T2

(4)c = 0.251 − 0.0011T

Fig. 2  Left: Particle size distri-
bution of alumina nanoparticles 
in paraffin, right: measured 
size distributions of the volume 
occupied by nanoparticles
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effective thermal conductivity 
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relative thermal conductivity 
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Table 3  Coefficients of a, b, and c values of Eq. (2)

Coefficients T (°C)

20 30 40 50

a 0.14 0.14 0.14 0.14
b − 1.97 − 2.11 − 2.59 − 3.41
c 0.2031 0.192 0.181 0.170
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3.3  Dynamic viscosity measurement

In this section, the measured viscosities resulted by Digital 
Rheometer (model DV3 made by the American Brookfield 
Co.) are presented. This device is equipped with a digital 
display and a warm bath to adjust the temperature. The 
device provides a viscosity measurement at different tem-
peratures up to 100 °C and different shear rates. The meas-
urement error is reported to be at most 1%; moreover, an 
error of up to 1% is considered for the temperature of the 
warm bath based on the device catalog.

The samples poured into the beaker, and the spindle 
was mounted. The hot bath temperature was adjusted, and 
after the temperature was stabilized, the viscosity value was 
reported by the program on the screen. The data were meas-
ured at different temperatures from 20 to 60 °C in each 10 °C 
and for different volume fractions (0, 0.01, 0.02, and 0.03) 
of nanoparticles.

To evaluate the shear behavior of the nanofluid accurately, 
the variation of viscosity with temperature and volume frac-
tion of nanoparticles should be determined (see Fig. 4). 
These values were measured at the shear rate of 200 s−1. At 
this value, the paraffin–alumina nanoparticle viscosity was 
observed to be independent of the shear rate. In other words, 
the shear rate is higher enough that the nanofluid behaves as 
a Newtonian fluid.

The results show that the viscosity decreases by increas-
ing the temperature. At high temperatures, the viscosity of 
the base fluid decreases due to the reduction of layer interac-
tion forces within the fluid. In addition, at high temperatures, 
the probable contact between particles, which obstructs the 
movement of fluid layers, decreases. By increasing the vol-
ume fraction of nanoparticles in the base fluid, the viscosity 
increases. In fact, that shear stress and friction between fluid 
layers increase because of the solid nanoparticles interac-
tion [29].

It was observed that the paraffin viscosity is highly depend-
ent on the temperature. Equation (5) with a very high accuracy 
(R2 > 0.99) is fitted to the pure PCM viscosity data in order to 
calculate the viscosity as a function of temperature.

Figure 5 shows the variation of the relative viscosity versus 
volume fractions at different temperatures. In order to obtain 
the suitable equation for prediction of nanofluid viscosity as 
a function of temperature and volume fraction, many equa-
tions were examined on the measured data. Finally, Eq. (6) is 
obtained giving the best prediction of relative viscosity as a 
function of temperature and volume fraction of nanoparticles. 

The calculated viscosities using Eq. (6) show maximum 
4% deviation from the measured data, indicating the accu-
racy of the proposed equation for the relative viscosity 
prediction.

(5)�o(T) = 0.07193e−0.0365T

(6)
�nf

�bf

= 1 +
a(eb� − 1)

T

(7)a(T) = −0.7792 + 0.3363e0.0645T

(8)b(T) = 235.5581 − 5.1449T + 0.0913T2 − 0.0006T3

Fig. 4  Dynamic viscosity 
of nanofluids; left: versus 
temperature for various volume 
fractions, right: versus volume 
fraction for various tempera-
tures
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4  Numerical approach

In this section, first, the governing equations are represented 
both in dimensional and in non-dimensional forms. Then, the 
boundary and initial conditions are introduced, and finally, the 
numerical method is comprehensively explained.

4.1  Governing equations

The governing equations describing the natural convection 
and conduction within the phase-change material are given 
below [3],

• Continuity:

• x momentum:

• y momentum:

• Energy (liquid phase):

• Energy (solid phase):

• Energy (heat source):

The density, the specific heat capacity, the expansion coeffi-
cient, and the latent heat of nanofluids are calculated based on 
the corresponding volume fraction of the nanoparticles [17]:

(9)
�u

�x
+

�v

�y
= 0

(10)
�u

�t
+ u

�u

�x
+ v

�u

�y
=

1

�nf

(

−
�p

�x
+ �nf∇

2u + bu

)

(11)

�v

�t
+ u

�v

�x
+ v

�v

�y
=

1

�nf

(

−
�p

�y
+ �nf∇

2v + bv + �nfg�(T − Tm)

)

(12)
�T

�t
+ u

�T

�x
+ v

�T

�y
= �nf∇

2T −
hnf

cnf

�f

�t

(13)
�T

�t
= �ns∇

2T

(14)
�T

�t
= �s∇

2T +
q���

(�cp)s

(15)�nf = (1 − �)�f + ��np

(16)(�c)nf = (1 − �)(�c)f + �(�c)np

(17)(��)nf = (1 − �)(��)f + �(��)np

(18)hnf =
(1 − �)(�h)f

�nf

The solid-to-liquid phase-change process is mathematically 
described using the enthalpy-porosity formulation proposed by 
Brent et al. [30]. In this approach, the parameter b, defined in 
the momentum equations (Eqs. 10 and 11), gradually reduces 
the velocities from a finite value in the liquid to zero in the 
solid phase, over through the computational cell where the 
phase change is undergoing. This is accomplished by suppos-
ing that these cells act like a porous media with a porosity 
equivalent to the liquid fraction. Based on the Carman–Kozeny 
relation, the coefficient b is characterized as:

In this equation, f = 1 and f = 0 belong to the liquid and 
solid regions, respectively. “f” can take values between 0 
and 1 in the mushy zone (liquid and solid). The constant 
C1 takes a large value (107 − 1015) to suppress the velocity 
as the cell behaves like solid, and C2 takes a small constant 
to avoid the denominator getting zero when the cell is fully 
located in the solid region, namely f = 0. The choice of these 
constants is arbitrary; however, they must be changed to 
achieve the convergence of the running code [19]. Accord-
ingly, C1 = 1 × 108 kg m−3 s−1 and C2 = 0.003 are used in 
this study.

The governing equations are reduced to the non-dimen-
sional form by using the following variables including 
dimensionless parameters like X = x∕l , Y = y∕l , U = ul∕�f , 
V = vl∕�f , � =

(

T − Tm
)

∕q���l2∕ks , P = pl2∕�nf�f , as well as 
dimensionless governing numbers like Fo = �ft∕l

2 which 
is Fourier number, B = bl2∕�nf�f is the dimensionless 
form of b , Ra = g�fq

���l5∕ks�f�f is the Rayleigh number, 
Ste = cf q

���l3∕hnfks is the Stefan number, Pr = �f∕�f is the 
Prandtl number.

Continuity:

X momentum:

Y momentum:

Energy (liquid phase):

(19)b =
−C1(1 − f )2

f 3 + C2

(20)
�U

�X
+

�V

�Y
= 0

(21)
�U

��
+ U

�U

�X
+ V

�U

�Y
= −

�P

�X
+

�nf

�nf�f
∇2U + BU

(22)

�V

��
+ U

�V

�X
+ V

�V

�Y
= −

�P

�Y
+

�nf

�nf�f
∇2V +

(��)nf

�nf�f
RaPr� + BV

(23)
��

��
+ U

��

�X
+ V

��

�Y
=

�nf

�f
∇2� −

hnf

cnfΔT

(

�f

��

)
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Energy (solid phase):

Energy (heat source):

The dimensionless initial and boundary conditions are 
tabulated in Table 4.

4.2  Numerical method

The governing equations along with the boundary condi-
tions are discretized using control volume method (CVM) 
[31, 32]. The power law scheme, which is a combination 
of the central difference and the upwind schemes, is used 
to discretize the convection terms. The SIMPLE algorithm 
proposed by Patankar [33] is used to solve the discretized 
and coupled continuity, momentum and energy equations. 
Moreover, a line-by-line solver based on the tri-diagonal 
matrix algorithm (TDMA) is used to solve iteratively the 
algebraic discretized equations.

In this work, the enthalpy value is expressed as a linear 
function of temperature [34].

where f is the liquid fraction and Te and Tw are the left and 
right temperatures of the control volume, respectively. Rear-
ranging Eq. (22), the liquid fraction in a control volume is 
calculated from Eq. (23).

The location of the melting and solidification front is 
determined by the liquid fraction contour equal to f = 0.5 . 
This formulation of the enthalpy method remarks a consider-
able advantages highlighted by previous studies [35].

4.3  Model validation

To validate the developed numerical model, the predicted 
melting front is compared with measurements of Gau and 

(24)
��

��
=

�ns

�f
∇2�

(25)
��

��
=

�s

�f
∇2� +

�s

�f

(26)h = hnff + cnf(Te − Tm)f − cns(Tm − Tw)(1 − f )

(27)f =
h − cns(Tm − Tw)

hnf + cnf(Te − Tm) + cns(Tm − Tw)

Viskanta [36] and modeling results of Brent et al. [30]. Their 
studies were carried out in a rectangular cavity with a length 
of 88.9 and a width of 63.6 mm. The temperature of the hot 
and cold walls is Th = 38 °C and Tc = 28.3 °C, respectively. 
Therefore, the dimension and boundary conditions of the 
cavity were adapted accordingly, and the results were com-
pared with each other. The comparison is depicted in Fig. 6. 
As it is observed, the predicted melting front is very close to 
both the experimental results of Gau and Viskanta [36] and 
the modeling results of Brent et al. [30]. This comparison 
proves the reliability of the presented numerical model.

4.4  Grid and time step independency

The effect of the grid number and the time step on the results 
is investigated to scrutinize the numerical method. For this, 
the volumetric changes of the liquid phase inside the cav-
ity have been monitoring during the melting process. In 
Fig. 7, the liquid phase fraction is shown for the different 
grid numbers and time steps for Rayleigh number equal to 
5.74 × 105. Based on the results, a 180 × 180 network and 
a time step equal to 0.005 are selected for obtaining the 
results, precisely.

5  Results and discussion

In this section, first, the phase-change process of the nano-
PCM is studied in the form of isotherms and streamlines in 
the liquid phase during melting and solidification for the 
various volume fractions of zero, 0.01, and 0.02 of nanopar-
ticles. Second, the effect of adding nanoparticles to the base 
PCM on the liquid fraction trend versus dimensionless time 
is discussed for a constant Rayleigh number of 5.74 × 105 

Table 4  The initial and boundary conditions

Case Initial/boundary conditions

Initial time U = V = 0 and θ = 0
Horizontal walls U = V = 0 and ��

�Y
= 0

Vertical walls U = V = 0 and ��
�X

= 0

Liquid–solid interface U = V = θ = 0

Brent et al. 
Gau and Viskanta
Presnet Study

Maximum Deviation

2 min 17 min10 min6 min

Fig. 6  Comparison between the predicted melting front in the present 
work, the numerical results of Brent et al. [30] and the measurements 
of Gau and Viskanta [36]
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and Stefan number of 0.069 based on the paraffin properties 
given in Table 2.

Figure 8 shows the streamlines in the liquid region. The 
salient point of the feature is the axially symmetric form of 
vortices. At the early stage, there are small vortices around 
the heat source. At this time, the dominant mode of heat 
transfer is conduction. Over time, vortices become stronger 
and occupy a large area at the top of the heat source.

Figure 8 also shows the influence of nanoparticles addi-
tion on the streamlines. It can be seen that an increase in the 
volume fraction of nanoparticles leads to an increase in the 
heat transfer rate and melting speed. Also, the streamlines 
formation indicates that at the beginning of the melting, 
which the role of the conduction heat transfer is dominant, 
nanoparticles noticeably help to release the heat from the 
heat source. Therefore, in the middle of the melting period, 
since the free convection amplifies the heat transfer rate from 

Fig. 7  Left: Time step study, 
right: grid numbers study at 
Ra = 5.74 × 105
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Fig. 8  Streamlines in the molten nanofluid for various volume fractions at different dimensionless times
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the source, convective currents extend in a wider space of 
the cavity.

It should be noted that adding nanoparticles has differ-
ent effects on fluid behaviors. On the one hand, it enhances 
the thermal conductivity, which improves the conductive 
heat transfer rate. On the other hand, it increases the nano-
fluid viscosity, which dampens the convective currents. An 
increase in the thermal conductivity, especially where the 
conduction is dominant, increases the heat transfer and the 
temperature of the liquid phase. However, it decreases the 
temperature gradient between the source and the melting 
front that itself leads to a reduction in the power of vortices 
in a short period.

The highest value of the stream function for pure paraf-
fin can be seen at Fo = 3. At this stage, the vortices move 
from the sides to the top of the source. Therefore, the liquid 
phase is limited in an area constrained between the hot wall 
of the heat source from the bottom and the cold solid phase 
at the top. Subsequently, the convection currents and the 
stream function meat their maximum value.

Figure 9 shows isotherm lines in the liquid phase. As 
we know, the non-dimensional temperature at the melting 
point is zero, so 0.00 labels marked the melting front. The 

compact form of isotherm lines near the source indicates a 
high-temperature gradient over there. Curved line formation 
of isotherms in the upper part of the molten zone indicates 
the strong convective currents in this area, while at the lower 
part, beneath the heat source, the conduction heat transfer is 
dominant. It can be concluded that for this particular geom-
etry, which the heat source is located at the center of the 
cavity, the convective heat transfer at the cavity’s lower part 
is not dominant.

The results show that the melting process inside the cav-
ity can be divided into three distinct stages: in the first stage, 
conduction heat transfer is dominant. This occurs at the early 
time of the melting. In the second stage, convection plays a 
major role in heat transfer. In the last stage, over the lower 
part of, the conductive heat transfer becomes dominant 
again. The results also show that the melting rate reaches its 
higher amount at the second stage when the convection heat 
transfer is significant.

After melting, the heat generation at the heat source gets 
off and the sidewalls are applied at variable cold tempera-
ture. Therefore, solidification starts near the sidewalls and 
gradually moves firstly to the bottom and then to the middle 
area of the cavity.
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Fig. 9  Isotherm lines in the cavity, for various volume fractions at different dimensionless times
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Figure 10 shows streamlines in the liquid phase during 
the solidification process. The axially symmetric form of 
vortices is also observed over there. The vortices are cre-
ated due to a high-temperature gradient between the liquid 
at the center and the currently solidified phase at both sides. 
Actually, the cooling downward stream of the liquid near the 
solidification front and in contrast the hot upward stream at 
the center lead to a buoyancy-driven flow because of density 
differences. This causes a heat transfer between the solid and 
liquid nanoPCMs. The vortices’ nucleus moves to the upper 
part as the solidification proceeds. After a while, the liquid 
phase and the integrated vortices are limited to an area above 
the heat source. The liquid above the source is the last part 
of nanomaterial that is solidified.

During the solidification process, stream functions reach 
higher values than the similar circumstances in the melting 
process. The reason lays in the higher-temperature gradient. 
This value intensifies remarkably at the end of the solidifica-
tion due to a high-temperature gradient between the source 
and the solid phase in a small space.

The isotherm lines during the solidification process are 
shown in Fig. 11 for different volume fractions and various 
times. The compact form of lines along the cold walls at 

the initial time of solidification indicates a high-temperature 
gradient through the region. As the solidification progresses 
and the front approaches the middle of the cavity, the den-
sity of isotherm lines dwindles somewhat. Besides, the 
curved style of lines is observed near the sidewalls of the 
source, indicating a high-temperature gradient and a great 
heat transfer rate over there. An increase in the nanoparticles 
volume fraction results in a more powerful conductive heat 
transfer in the solidified phase. The figure also shows the 
solidification front moving marked with zero value.

It can also be seen that the solidification rapidly begins in 
a thin layer near the sidewalls and then gets thicker through 
the bottom of the cavity. The higher rate of solidification 
alongside the sidewalls at the bottom of the cavity is because 
of two reasons: first; it is adjacent to the cold source where 
the temperature gradient is high; second; it locates at the 
furthest location from the heat source (during the melting 
period), where it has the lowest temperature.

Figure 12 shows the liquid fraction of nanoPCM as a 
function of the dimensionless time for the various volume 
fractions (φ = zero, 0.01, 0.02, and 0.03) of paraffin–alu-
mina. These results indicate that by increasing the vol-
ume fraction of nanoparticles up to 0.01, the melting rate 
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Fig. 10  Streamlines during the solidification for different volume fractions and dimensionless times
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increases by 1.5 times. It also shows that any increase in 
the volume fraction up to 0.02 leads to an increase in melt-
ing rate. This drives from an increase in the thermal con-
ductivity of nanoPCMs. As a result, at the time of Fo = 2, 
about 30% and 95% of the PCM were melted for φ = 0.01 

and 0.02, respectively, while the corresponding value for 
pure paraffin is about 20%. It means that for the volume 
fraction of 0.02 the melting rate improves by more than 
three times. Accordingly, at the time of Fo = 4 (see the 
indicator line in Fig. 12), the nanofluid of 0.01, 0.02, and 
0.03 has reached to 75%, 80%, and 52% of their overall 
process, respectively.

The melting rate of the volume fraction of 0.03 is sur-
prisingly less than that is observed for 0.01 and 0.02 and is 
higher than that for the pure paraffin. This behavior is due to 
the increase in the nanofluid viscosity of concentrated nano-
fluid, which dampens the buoyancy-driven forces as well as 
natural convection currents [27].

An increase in the volume fraction of nanoparticles sig-
nificantly improves the conduction type of heat transfer; 
therefore, for all cases, the solidification rate is higher than 
that for the base material, especially when keeping in mind 
that the only heat transfer mechanism between the cold walls 
and the solidification front is just conduction.

However, the solidification rate gradually decreases dur-
ing the time for all cases of nanomaterials. It is due to the 
increase in the thickness of the solidification layer adjacent 
to the cold walls. Therefore, the nanoPCM with the volume 
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fraction of 0.03 provides the highest solidification rate. 
Overall, taking into account the overall successive melting 
and solidification, the volume fractionation of 0.02 repre-
sents the fastest performance in terms of the charging and 
discharging rate.

The thicker the layer of solidification, the more the reduc-
tion in the heat release rate from the liquid nanomaterial 
to the sidewalls. Therefore, after a long time, a mass of 
nanoPCM remains liquid at the center area. This self-insu-
lating feature in the solidification process is an important 
issue and must be considered, especially in larger cavities. 
Accordingly, as shown in Fig. 12, the time of solidification 
is remarkably more than the time of melting. Subsequently, 
the nanoPCM at the top of the heat source remains liquid 
after a while, as shown in Fig. 10.

6  Conclusion

In this work, the effect of nanoparticles of alumina on the 
successive melting and solidification of paraffin in a cavity 
heated from an aluminum heat source was numerically inves-
tigated. The governing equations including Navier–Stokes 
and energy conservation for nanoPCM as well as the heat 
source were discretized using CVM.

The thermal conductivity and viscosity of nanoPCMs 
experimentally measured, curve-fitted, and examined based 
on the nanoparticles volume fraction and temperature.

The SIMPLE algorithm coupled with the enthalpy-poros-
ity method was used to solve numerically the equations and 
modeling the process of melting and solidification phase 
change, respectively. Streamlines, isotherms, melting and 
solidification rates were presented for the different volume 
fractions of nanoparticles.

It has been observed that in this particular geometry, 
which the thermal source locates at the center of a cavity, the 
melting process can be divided into three stages, in which 
one of the heat transfer mechanisms plays a major role. The 
first stage forms at the early time of the melting close to the 
hot source walls. In this case, conduction is the dominant 
heat transfer mechanism. The next step is the melting at the 
middle and at the upper part of the cavity, where convection 
heat transfer plays the main role. The final stage occurs at the 
lower part of the cavity, where the conduction heat transfer 
is dominant again. This study showed that the design of the 
thermal storage devices should be done according to the 
predominant mechanisms of the heat transfer (i.e., convec-
tion and conduction).

The results also show the dominant mechanism of the 
heat transfer is conduction at the early time and adjacent to 
the thermal source. Therefore, an increase in the nanoparti-
cles volume fraction improves the melting rate. As melting 
develops more and more, the convection plays a major role 

in the heat transfer; at this stage, an increase in the volume 
fraction causes a reduction in the heat transfer rate and, con-
sequently, the melting rate.

The highest rate of the melting of paraffin–alumina was 
found to be for the volume fraction of 0.02; at this case, 
a conduction increase derived from the addition of nano-
particles overcomes the reduction of convective heat trans-
fer due to the increased viscosity. Meanwhile, the highest 
solidification rate is achieved for the volume fraction of 
0.03. However, a significant result reveals when consid-
ering the overall melting and solidification process: The 
nanofluid with the volume fraction of 0.02 represents the 
best heat transfer rate meaning the shortest time of charg-
ing and discharging.

The other important point is the self-insulating phenom-
enon observed in the solidification process. Therefore, the 
solidification process prolonged in a significant scale com-
pared to the melting time. This phenomenon must be con-
sidered, especially in the design of a LHTES.
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