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ABSTRACT
In this study a 2D cubic chambermodel filledwith paraffin is analyzedwith andwithout the inclusion
ofmagnetic Fe3O4 nanoparticles at concentrations of 0.5, 1, 1.5 and 2wt%, and an externalmagnetic
field of intensities 0.005, 0.01, 0.015 and 0.02 T. It is ascertained that adding magnetic nanoparticles
leads the horizontal temperature gradient to be reduced owing to increments in thermal conduc-
tivity. Additionally, this feature is found to be accelerated by applying an external magnetic field,
which shapes highly conductive cluster formations of nanoparticles. However, since the increase
in nanoparticle concentration and magnetic intensity increases the composite viscosity, there is an
optimum configuration while applying both schemes. As such, the addition of 1wt% nanoparti-
cles provides the best results, as the melting time is reduced up to 25% compared to pure paraffin.
Meanwhile, themelting time of a 1wt%nanoparticle-containing phase changematerial (PCM) in the
presence of an external magnetic field is improved up to 24% compared to the case with no external
magnetic field. Also, the heat transfer coefficient of a 1wt% nanoparticle-containing PCM both with
and without an external magnetic field is also staggeringly enhanced compared to pure paraffin.
Good correspondence with experimental data was achieved.
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Introduction

To date, the problematic drawbacks associated with fossil
fuel utilization on the one hand and the critical need for
energy supplies on the other have emphasized the neces-
sity of finding proper alternatives to fossil fuels more
than ever. To this end, renewable energies have been
introduced worldwide to serve this purpose; however,
the main limitation associated with these resources is
the lack of permanent availability, which leads them to
be coupled with energy storage systems. Therefore, the
provision of appropriate means for storing this energy is
considered to be of paramount significance (Band et al.,
2021; Khorampoor et al., 2020).

Thermal energy storage (TES) is carried out mainly
by changing a material’s inherent energy, which can be
categorized as chemical, latent or sensible heat storage,
or a combination of all the above (Ahmed et al., 2019).
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Given the ability of latent heat storage systems to store
energy at a constant temperature, in addition to their
high energy storage capacities, noticeable attention has
been received in this field (Ghoghaei et al., 2020; Kyriaki
et al., 2018). Throughout the latent heat storage process,
thermal energy is either absorbed or released by phase
change materials (PCMs) when the phase change pro-
cess takes place. PCMs are currently being applied in
various industrial fields such as battery thermal manage-
ment (Chiew et al., 2019; Ghadbeigi et al., 2018; Huang
et al., 2019; Rao et al., 2013), electronic cooling systems
(Mohammadi et al., 2021; Yoon et al., 2018) and building
envelopes (Chiew et al., 2018; Romanchenko et al., 2018).

Despite the aforementioned beneficial aspects of
PCMs, their applicability is limited by low thermal con-
ductivity, which ultimately leads to problems with the
rates of charge and discharge. This downside is of more
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concern in cases of high heat transfer efficiency needs.
To date, there have been major attempts to address this
issue by using particles with high thermal conductivity
combined with PCMs (Kibria et al., 2015), metal foams
and fins (Dhaidan & Khodadadi, 2017) and intermedi-
ate fluids (Hosseininaveh et al., 2021; Martin et al., 2010;
Ramazani et al., 2020). Among the proposed solutions to
improve the PCMs’ thermal conductivity, the dispersion
of metal particles has gained much interest recently.

The superior features of newly introduced PCMs
equipped with dispersed metals have proven to be
promising regarding their storage capacity and heat
transfer compared to traditional types of PCM (Liu
et al., 2016; Selimefendigil & Öztop, 2020). Nourani et al.
(2016) proposed an Al2O3 particles-enhanced paraffin
wax. They revealed that the thermal conductivity and
melting rate were improved by 31% and 27%, respec-
tively, for the optimum nanoparticle concentration. They
also stated that a constant increase in the nanoparticle
mass fraction not only did not contribute to the opti-
mum state, but also brought about negative impacts. The
main reason for such an occurrence was attributed to the
commensurate rise of nanocomposite viscosity with the
rise in nanoparticle mass fraction. A dispersion of ZnO
nanoparticles in ethylene glycol was investigated by Li
et al. (2015). Their results showed a significant improve-
ment in the thermal conductivity of the employed com-
posite employed. Sharma et al. (2016) conducted similar
research for TiO2 nanoparticles. A significant improve-
ment was achieved for the thermal conductivity of the
proposed composite by up to 80%.

Furthermore, employing nanoparticles with well-
suited magnetic properties is among the most newly
introduced techniques in controlling heat exchange
efficiency (Baghban et al., 2019; Sathiyamoorthy &
Chamkha, 2010). As such, in a study conducted by Sun-
dar et al. (2013) it was found that magnetic nanoparticles
can improve the thermal conductivity of the fluid by up
to 40%. Hence, nanocomposites with high thermal con-
ductivity andmagnetic properties can act as a better sub-
stitute to enhance the phase changing features of PCMs,
rather than simply improving the heat transfer via con-
duction. This is because the storage process and the heat
transfer rate are found to be managed precisely through
a proper magnetic field configuration (Bahiraei & Hangi,
2015; Qi et al., 2021; Selimefendigil & Chamkha, 2016;
Sheikholeslami & Rokni, 2017). Park et al. (2014) inves-
tigated the characterization of magnetic Fe3O4 nanopar-
ticles combined with PCM nanocapsules under external
magnetic field condition. They indicated that the thermal
conductivity of the incorporated nanocapsules increased
significantly with an increase in the nanoparticle concen-
tration as well as with an increase in the intensity of the

external magnetic field. Their model was also feasible to
use for developing smart PCM materials with a diverse
range of industrial and biomedical applications. A simi-
lar study was conducted by Lashgari et al. (2018) on an
experimental scale, where the thermal conductivity of
a nanoparticle-enhanced PCM microcapsule employed
was found to be linearly proportional to an increase in
nanoparticle content when a magnetic field was applied.

Sheikholeslami and Mahian (2019) explored the
enhancement of PCM solidification in the presence of
inorganic nanoparticles and an external magnetic field.
They revealed that the solidification time could be
reduced by up to 14% in the best scenario. In interesting
research performed by Ghachem et al. (2021), the effects
of a rotating conic surface and a magnetic field on the
phase change dynamics were numerically examined for a
PCM-filled cylindrical reactor. Their results revealed that
the coupled integration of the rotating surface in con-
junction with the magnetic field resulted in an enhance-
ment in the phase change process dynamics. They also
concluded that the rotating surface reduced the full phase
transition time by up to 98% in the best case study.
Selimefendigil et al. (2019) analyzed the natural con-
vection of magnetohydrodynamic (MHD) flow in a 2D
cavity filledwithCuO–water nanofluid and a PCM. Their
study revealed that the strength and the inclination of the
magnetic field, and the thermal and electrical conductiv-
ity properties of the nanofluid, had substantial improving
impacts on the fluid flow and the heat transfer of the
nanofluid.

In this research, a novel scheme is proposed to
improve the heat transfer and phase change proper-
ties of PCMs through the simultaneous calibration of
the applied magnetic field intensity and the magnetic
nanoparticle concentration using computational fluid
dynamics (CFD) software. The configuration and sys-
tem setup are in accordance with the experimental work
of Sadegh et al. (2020). It must be noted that, through-
out their work, only a limited range of nanoparticles
concentration and magnetic field intensity was tested.
Nonetheless, in this study the respective range is metic-
ulously diversified to examine the results of their work
accurately. Moreover, the outcomes of this investigation
have been extensively analyzed from various standpoints
including the flow and thermal behavior of the composite
under applied strategies, in addition to providing a more
distinct visualization of the melting-related phenomena.
As such, a 2D rectangular shaped chamber model is
designed to inspect the contributions of declared tech-
niques in terms of temperature field, melting process and
melting time. To this end, four magnetic nanoparticle
concentrations of 0.5, 1, 1.5 and 2wt% with and with-
out an external magnetic field with intensities of 0.005,
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0.01, 0.015 and 0.02 T are applied. Also, in most previous
investigations, the properties of nanocomposites were
assumed to be the average of the nanoparticles and the
base PCM, which could impose unfavorable inaccuracies
throughout the simulations. In contrast, the materials
employed in this study are defined separately to eliminate
the necessity of approximating the nanocomposite ther-
mal properties and to improve the accuracy and validity
of the results.

Numerical methodology

Physical model

As shown in Figure 1, a 2D rectangular shape cham-
ber of dimensions 70× 48mm is considered fully filled
with pure paraffin in its solid phase state and ambi-
ent temperature at the commencement of simulations.
The reason behind the selection of the abovementioned
dimension is that in this study it has been attempted
to regenerate the experimental work of Sadegh et al.
(2020), in which the findings of their study are meant
to be investigated numerically in a detailed manner to
visualize the hypothesis made (Sadegh et al., 2020). On
the other hand, it is also tried to explore the applied
strategies, namely the integration of magnetic nanopar-
ticles and the external magnetic field, with additional
case studies as declared earlier. Thus, to provide a com-
parative analysis relevant to the work of Sadegh et al.
(2020), all the utilized configurations are given precisely
analogous.

Table 1. Thermal specifications of applied materials. a

Melting
point (°C)

Latent
heat
(kJ/kg)

Density
at 80 °C
(kg/m3)

Thermal
conductivity
at 70 °C
(W/mK)

Viscosity at
100 °C (cSt)

Paraffin 65 142 760 0.23 7
Magnetite 1870 − 7874 9.7 −
aThe values are reported for a specific condition, but a range of properties
under various conditions areprovided to the system for the simulation setup.

Thermal properties of phase changematerial
composites

The thermal properties of paraffin and magnetite
nanoparticles are given inTable 1. The thermal properties
of each individual phase are given for the system under
various conditions, since the composites’ thermal prop-
erties vary with fluctuations in the boundary conditions.
Moreover, although there have been similar numerical
studies, such as the work conducted by Hu et al. (2020),
however, throughout their investigations, the properties
of the nanocomposites have not been considered sep-
arately and the features studied have been assumed to
be the properties of the total mixture. Nevertheless, in
this research the properties of each phase (paraffin and
magnetite nanoparticles) are defined separately, which
can increase the accuracy of the simulations, particularly
when a magnetic field is applied.

To this end, two distinct files in the material section of
Fluent

R©
containing respective properties for PCM and

nanoparticles have been defined in the software. Then,

Figure 1. Schematic of: (a) the mesh structure; and (b) the system setup.
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by using the patch dialog box in the initialization mod-
ule of Fluent, the intended volume fraction, according to
data reported by Sadegh et al. (2020), for nanoparticles
are patched to the desired (interior) surface. The system
will then automatically try a homogenous propagation of
nanoparticles within the PCM phase, and it will assign
separate cells to PCMs and nanoparticles accordingly
(Fluent, 2019).

Governing equations

In this study, the volume of fluid (VOF) method is
employed to simulate the system. The left-hand side
of the chamber is assumed to be the inlet, where a
constant heat flux (equivalent to 6W or approximately
1786W/m2) and an external magnetic field are applied,
while the other three sides are assumed to be adiabatic
(isolated) and impermeable. The Boussineq approxima-
tion is also utilized for the natural convection effect (Hu
et al., 2020; Kumar & Krishna, 2017). The Lorenz force
and Joule heating were ignored throughout the simula-
tions since the composite does not have electrical con-
duction. The dimensionless equations associated with
model simulations are listed as follows:

Pr = v
∝ (1)

Ra = gβ(Th − Tc)X3

v ∝ (2)

St = Cp(Th − Tc)

L
(3)

Fo = ∝ t
l2

(4)

The formulation of the mass and heat transfer equations
for the phase change process are also discussed below. It is
important to note that the flow regime is determined to be
laminar, and the fluid is incompressible (Luo et al., 2015).
Moreover, given the variations in the composite thermal
properties, the addition of the nanoparticle andmaterials
fractions can lead the properties of the mixture to vary.
But, since the properties of the materials are defined dis-
tinctly, once the percentage of the phasemass fraction (or
volume fraction) is defined, the module will automati-
cally measure the composite properties without manual
intervention.

The continuity equation is as follows (Aghaei et al.,
2021; Zandie et al., 2021):

∂ρ

∂t
+ ∇ . (ρu) = 0 (5)

in which ρ and u stand for density and velocity vector,
respectively. The momentum equation can be written as
follows (Ghalandari et al., 2019):

∂(ρu)
∂t

+ ∇ · (ρuu) = −∇p + ∇ · (μ∇u) + ρn (6)

n = nb + nm (7)

in which p and μ denote pressure and dynamic viscos-
ity, respectively. Moreover, n is defined as the exterior
body force per unit mass, which is formulated as follows
(Turner, 1979):

nb = gβ(T − Tref) (8)

nm = u0m0∇M (9)

inwhichβ , g,T andTref are the thermal expansion, gravi-
tational acceleration, temperature and reference temper-
ature (ambient temperature), respectively. Furthermore,
u0, m0 and ∇M are the vacuum permeability, nanopar-
ticles bulk magnetism and magnetic intensity gradient,
respectively. Also, the energy equation can be given as
follows (Hu et al., 2020; Yang et al., 2020):

∂
(
ρcpT

)
∂t

+ ∇ .
(
ρcpuT

) = ∇ . (k∇T) + q̇ (10)

where Cp, k and q̇ are specific heat capacity, thermal con-
ductivity and latent heat term, respectively. The latent
heat term is formulated as follows (Hu et al., 2020):

q̇ = −
[
∂ (ρunH)

∂t
+ ∇ . (ρuunH)

]
(11)

where H indicates the total latent enthalpy throughout
the phase change, which is defined as the change in tem-
perature multiplied by the heat capacity. The liquid frac-
tion is calculated as the change in enthalpy per latent
heat, γ = �H/L. It is worth mentioning that, in case of
pure materials, the right-hand terms in the latent heat
equation equal zero, and q̇ can be represented as

q̇ = −∂(ρnH)

∂t
= −∂(ρLγ )

∂t
(12)

Mesh independency analysis

Since a well-crafted mesh structure warrants the best
analysis outcomes, reduces the necessity for extra time-
consuming runs and more importantly improves the
simulation prediction competency, it is then attempted
to perform a mesh independency analysis (Karar et al.,
2021; Zandie et al., 2021). In general, a mesh structure
with high resolution requires the least size change from
one cell to adjacent cells. Thus a smooth growth in size
for meshing cells is of paramount importance in order
to avoid poor computational results. As declared earlier,
ANSYS

R©
Fluent 19.0 is used to conduct the tests, while
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Figure 2. Temperature variation of pure paraffinmelting at point 2 under different mesh densities.

the Integrated Computer Engineering and Manufactur-
ing (ICEM) module is utilized to mesh the structure
of the system. Five mesh densities of 3000, 6000, 9000,
12,000 and 15,000 were applied, and it was perceived that
the density of 12,000 perfectly met the requirements of a
high-quality mesh, and consequently, sizing the numeri-
cal results were not affected significantly. Also, since the
structure of the chamber is rectangular, the quality of
the mesh will be more likely to be high regardless of
the meshing structure. Thus, the grid type was struc-
tured using a medium-mesh strategy in order to avoid
unnecessary extra computational time.

Furthermore, as for the first layer thickness of the
boundary layer grid, it must be noted that since all the
four corners as well as all the cells are important formon-
itoring the melting process, the growth rate option has
been fixed to one to homogenize the cell measurements.
Thus, the first layer thickness is calculated as the length
of the particular boundary layer according to the num-
ber of divisions, which in this case is 1mm. A minimum
orthogonal quality benchmark was also utilized to assess
the suitability of the mesh sizes chosen. The retrieved
mesh quality was very close to one (0.99), where val-
ues close to zero denote poor quality and values close to
one illustrate high mesh quality. In addition, the absolute
residual convergence criteria for continuity, velocity and
energy have been fixed at 10−5, 10−5 and 10−6, respec-
tively. As for the pressure–velocity coupling, the SIMPLE
scheme has been employed. Three time steps of 0.01, 0.1
and 1 s were examined and the convergence criteria were
found to be compromised in the case of 1 s. However,
no sharp difference between 0.01 and 0. 1 s was noticed.
Hence, a time step size of 0.1 s was used throughout the
simulations. Additionally, a variable number of iterations
(between 50 and 100) per time step has been used, as
suggested by Kheirabadi and Groulx (2015). As such, at

the beginning stage of the melting process, convergence
was achieved faster (owing to the conduction formof heat
transfer), while for the later stages, convergence required
more iterations to meet the criteria.

It is worthy of note that the spatial discretization for
pressure has been selected to be PRESTO, while sec-
ond order upwind method was used for momentum and
energy discretization. Another important constant that
must be declared is the Courant number, which is defined
as the time that the solution focuses on one cell of the
mesh, or how long a particle stays in one cell. This value
must be kept below one (ideally below 0.7) (Fluent, 2019;
Rösler & Brüggemann, 2011), while in this study it has
been fixed at 0.25 to ensure accurate simulation results.
Figure 2 gives a schematic of the temperature variation
for pure paraffin case point 2 (the location of assumed
point is according to Figure 1) for various mesh densities
and 10min of flow time.

Mushy zone constant

The mushy zone is defined as a semi-solid region present
at the interface filmbetween themelted and the unmelted
section of PCMs (Kumar & Krishna, 2017). This region
has been found to enormously affect the overall flow
characteristics as well as the heat transfer throughout
the melting and solidification processes (Marri & Balaji,
2022; Yang et al., 2020). Therefore, in this study, it also
attempted to analyze the effects of different mushy zone
constants (Amush). To this end, three mushy zone con-
stants, Amush = 103, 105 and 108 kg/m3s, for two time
intervals of 24 and 60min have been investigated and the
results in terms of streamline function contours are illus-
trated in Figure 3. To begin with, the melting front incli-
nation increases by the increase in the mushy zone con-
stant value. Moreover, by increasing the time duration,
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Figure 3. Streamline function contours for mushy zone constants of: (a) 103; (b) 105; and (c) 108 kg/m3s.

more skew-shaped streamlines are noticed, which are due
to the increase in the buoyancy effect and the dominance
of convective currents throughout the upper sections
compared to the lower section of the melted areas.

Furthermore, the increase in the value of the mushy
zone constant would lead to a greater diffusion term,
which consequently overpowers the convective term
(Kumar & Krishna, 2017). On the other hand, with the
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Figure 4. Comparison of simulated and experimental heat transfer coefficients (Sadegh et al., 2020).

increase in the mushy zone constant, a decrease in heat
transfer is expected to occur, which is attributed to the
decrease in the convection strength. In summary, greater
mushy zone values correspond to a more delayed phase
change process since they cause heavier flow resistance
(Yang et al., 2020). This event weakens the associated
convective heat transfer within the mushy zone. It is
worthy of note that, for higher mushy zone constants
(108 kg/m3s), heat transfer takes place by conduction,
while for lower mushy zone values (105 kg/m3s) both
convection and conduction influence the heat transfer.
This phenomenon is in line with previous investigations
(Arıcı et al., 2017; Hameter &Walter, 2016; Kheirabadi &
Groulx, 2015). The difference in heat transfer coefficients
has been utilized as one of the criteria to find the opti-
mum configuration of the mushy zone constant; as such,
themeasured heat transfer coefficient has been compared
to that of experimental data and a mushy zone constant
of 105 kg/m3s turned out to correspond the best with the
experimental data. The results of the next stage (valida-
tion of the numerical model) are based on the optimum
mushy zone constant. In addition, as can be observed
in Figure 3, higher values of the mushy zone constant
give sharper curvature along to the melting interface,
and comparison with the figures given in the work of
Sadegh et al. (2020) reveals that Amush = 105 kg/m3s
corresponds much better with the experimental results.

Validation of the numerical model

The authenticity of simulation results must also be ver-
ified to ensure the reliability of the approach. Given
the inherent difficulties associated with experimental

investigations such as limited accessibility to precise
capture of the temperature distribution and numerical
measurements relevant to the liquid–solid interface area,
the heat transfer coefficient (h) for the pure paraffin case
study is benchmarked. The definition of this parameter
is demonstrated in Heat transfer coefficient section. As
shown in Figure 4, conducting a comparison between
the outcomes of the experimental and numerical models
reveals an acceptable correspondence between the simu-
lations’ predictions and the experimental data. As such,
the highest error of 18% has been archived at a flow time
of 30min.

Results and discussion

Phase change characteristics of different
nanoparticle concentrations

Figures 5 and 6 represent the melting process of pure
paraffin and nanoparticle-enhanced composites with dif-
ferent mass fractions. As can be conceived, the solid
phase tends to melt primarily from the side exposed to
the heater (the left-hand side). At the commencement
of melting, the melting profile is mainly parallel to the
left axis, which is attributed to the low convective heat
transfer. In fact, during this time, the main mode of heat
transfer is conduction. As time passes, the liquid volume
fraction increases with rising temperature, and as a result,
the convection mode is strengthened, which causes the
melting profile to be curved. This curvature in the melt-
ing profile is more observable in the upper sections of the
chamber, which is due to the buoyancy force of the liquid
phase (caused by the movement of the less-dense phase)
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Figure 5. Liquidmass fractions versus flow time of paraffinwith nanoparticles havingmass fractions of: (a) 0 wt%; (b) 0.5 wt%; (c) 1 wt%;
(d) 1.5 wt%; and (e) 2 wt%.

directing from the bottom to the top of the chamber
(Sadegh et al., 2020).

Furthermore, the addition of magnetic Fe3O4 nanop-
articles has revealed positive contributions to the melt-
ing process by enhancing the heat transfer (increasing

the thermal conductivity) and consequently liquefying
greater volumes of solid paraffin for the same time dura-
tions. Bearing in mind energy conservation principles,
the heat transfer to the chamber takes place through
three distinct means: the liquid phase’s specific heat, the
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Figure 6. Liquid mass fractions versus flow time of pure paraffin and paraffin with nanoparticles having different mass fractions.

solid phase’s specific heat and the melting latent heat. It
must be noted that the effectiveness of the proposed tech-
nique lies in one important requirement, i.e. having the
major volume of the imposed heat saved as latent heat.
In other words, the less heat spent on raising the temper-
ature of the solid and liquid phases, the better the PCM
performs.

Moreover, as can be seen from Figure 6, the 1wt%
nanoparticle case study was more beneficial, as it led to
more solid paraffin being melted. On the other hand,
the increase in the concentration of nanoparticles causes
the viscosity of the liquid zone to be increased (Águila
et al., 2018; Ghalandari et al., 2019). The main nega-
tive side of such an occurrence is that the liquid phase
has less tendency to move upwards as a result of the
buoyancy force, which leads the convective heat transfer
to plummet. Thus, the natural convection of the liquid
phase is weakened, resulting in a lower liquid fraction
of the paraffin at a concentration of 2wt%. In fact, the
increase in nanoparticle mass fraction is advantageous
as long as the enhancement of the thermal conductivity
outweighs the increase in viscosity. Meanwhile, as a con-
sequence of that mass fraction, the heat transfer tends to
decrease (Essaaidi & Zaz, 2015; Ouikhalfan et al., 2015;
Ouikhalfan et al., 2019).

It must be noted that the total time required for all the
pure paraffin to melt was over approximately 220min,
whereas, for the optimum nanoparticle concentration
(1wt%), this duration was improved by 25% to almost
165min. Figure 7 exhibits the temperature distributions
of pure paraffin and nanoparticle-enhanced paraffin for
various concentrations of nanoparticles. Furthermore,
the temperature of the solid phase is relatively higher for

the optimum mass fraction case study in comparison to
other cases. In the case of nanoparticle-enhanced paraf-
fin, the enhancement of the melting process is mainly
due to the enhanced thermal conductivity of the paraf-
fin caused by the presence of magnetite nanoparticles. In
other words, a greater portion of heat is transferred to
melt the solid paraffin and consequently less stored heat is
consumed to raise the liquid temperature; thus, the 1wt%
concentration of nanoparticles is the best scenario to be
used among the tested concentrations.

Figure 8 illustrates the temperature distributions of
five different points within the chamber as assumed in
Figure 1. Locations are chosen as such to be appropriate
representatives of critical zones. It is worth noting that the
change in the slope, as highlighted, conveys the time that
the melting process initiates. It is found that, as the tem-
perature of each point meets the melting point, the tem-
perature rises sharply, which is attibuted to the change
of heat transfer mode from conduction (which is weak
because of paraffin’s low thermal conductivity) to convec-
tion. Also, as given by Figure 8(a), since point 2 is closer
to the melting profile, the temperature rise is observed
first at this point. In order to provide a deeper insight
into the effect of nanoparticle concentration on tempera-
ture, the temperatures at point 2 for other tested cases are
also presented in Figures 8(b) and 8(c). It is noticed that
the addition of nanoparticles leads to a higher slope in
temperature lines compared to pure paraffin owing to the
enhanced conductivity of nanoparticle-fortified paraffin.
In addition, as stated earlier, the temperature rises sharply
as the temperature reaches the melting point, which is
due to the introduction of convective heat transfer in
addition to previously existing conduction.
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Figure 7. Temperature distributions versus flow time of paraffin with nanoparticles having concentrations of: (a) 0 wt%; (b) 0.5 wt%; (c)
1 wt%; (d) 1.5 wt%; and (e) 2 wt%.
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Figure 8. Temperature distribution lines for: (a) pure paraffin; and paraffin having different nanoparticle concentrations at (b) point 2;
and (c) point 5.
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Figure 9. Liquid mass fractions versus flow time of 1wt% nanoparticles at magnetic field intensities of: (a) 0 T; (b) 0.005 T; (c) 0.01 T; (d)
0.015 T; and (e) 0.02 T.
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Figure 10. Liquid mass fractions of 1 wt% nanoparticles under various applied magnetic field intensities.

Phase change characteristics under different
magnetic fields

In this section, the contribution of applying a uni-
form external magnetic field at different intensities is
investigated for the optimum nanoparticle mass fraction
(1wt%). In order to do this, four magnetic intensities
of 0.005, 0.01, 0.015 and 0.02 T are employed, and their
impacts in terms of liquid mass fractions and tempera-
ture distributions are studied. Figures 9 and 10 illustrate
the liquid mass fractions for the 1wt% nanoparticle-
containing PCM under two scenarios, with and without
an external magnetic field. As is revealed by Figure 9, the
utilization of a magnetic field has significant outcomes,
in which, for the same time duration, more solid phase
is melted in all cases compared to pure paraffin. More-
over, applying a magnetic field of 0.01 T showed better
heat transfer to the solid zone. In fact, the melting time
for 0.01 T was enhanced by almost 24% and reduced to
125min, in comparison to pure paraffin. In other words,
using a magnetic field reduces the temperature rise of
the liquid phase, particularly closer to the heater vicinity,
which leads to higher transferred heat to the solid part.
Furthermore, the reason behind this enhancement can be
attributed to the formation of highly thermal conductive
clusters of nanoparticles in the presence of a magnetic
field, which lessens the difficulties associated with heat
being transferred to the solid zone.

Despite the aforementioned favorable contributions of
usingmagnetic fields, there are important issues concern-
ing the rise in viscosity with the rise in magnetic field
intensity (Gupta, 2016; Nkurikiyimfura et al., 2013). This
shortcoming is due to the cluster structure as well as the
horizontal magnetic force. In other words, since the clus-
ters are structured horizontally, the shear force hinders

the lighter phase from moving upwards. To shed light
on this matter, it can be stated that the magnetic forces
try to attract the nanoparticles towards the heater, which
acts as a considerable resistance in the way of vertical dis-
placement of the liquid phase, and consequently, leads
to a decline in the natural convection of molten paraffin.
Therefore, by a further increase in magnetic field inten-
sity to 0.02 T, heat transfer reduces due to the reduction in
convection. Thus, the increase in magnetic field intensity
is favorable as long as the growth in viscosity does not
stop the convective heat transfer. The temperature dis-
tribution profiles of 1wt% nanoparticle-containing PCM
with and without different magnetic fields are shown in
Figure 11.

Figure 12 gives a comparative analysis of the temper-
ature distribution lines for the optimum magnetite mass
fraction with and without applied magnetic fields for two
assumed locations. As can be inferred from the results,
the utilization of a magnetic field has shown a positive
improvement in the melting time. However, the 0.01 T
magnetic field was superior in comparison to the other
case studies tested for the reasons stated above.

Heat transfer coefficient

To provide a concise demonstration of the heat trans-
fer performance for the simulated cases, the average heat
transfer coefficient can be used as a comparative bench-
mark. This feature can be formulated as follows (Karar
et al., 2021; Sadegh et al., 2020):

h̄ = P
A × �T

(13)

where A, P and �T are the heater area, applied power
(which is equal to 6W or approximately 1786W/m2)
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Figure 11. Temperaturedistributionprofiles versus increments of timeof a 1wt%nanoparticlemass fractionatmagnetic field intensities
of: (a) 0 T; (b) 0.005 T; (c) 0.01 T; (d) 0.015 T; and (e) 0.02 T.
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Figure 12. Temperature distribution lines versus flow time of a 1wt% nanoparticle mass fraction under different magnetic field
intensities at: (a) point 2; and (b) point 5.

and the temperature difference between the heater and
the melting point, respectively. In order to measure �T,
numerous points throughout the left side of the chamber
are considered to be representatives of the heater temper-
ature (Sadegh et al., 2020). Afterwards, an average of the
retrieved temperature is calculated and considered as the
heater temperature.

According to Figure 13, it was found that convec-
tion declines with the increase in flow time. This can be
attributed to the rise in heater temperature with time,
which leads the�T term to be increased. It is ascertained

that the effective convective heat transfer values for
the nanoparticle-containing PCM is higher because of
the improved conductivity of paraffin. Furthermore, the
application of a magnetic field contributed favorably
and enhanced the convective heat transfer term. To be
more exact, according to the results, the values of h at
t ≈ 100min for the optimum nanoparticle mass frac-
tion with and without a magnetic field were approx-
imately 138 and 121W/m2K, respectively, which were
significantly (almost more than double) higher than the
simulated pure paraffin (69.97W/m2K).
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Figure 13. Calculated heat transfer coefficients for pure paraffin and a 1wt%nanoparticlemass fraction at differentmagnetic intensities
compared to experimental data (Sadegh et al., 2020).

Conclusions

In this study, the effects of applying magnetic Fe3O4
nanoparticles with an external magnetic field to themelt-
ing process of PCM are investigated numerically. The
results reveal that the incorporation of nanoparticles is
not linearly proportional to the reduction in melting
time or enhancement of the heat transfer coefficient. In
fact, there is an optimum scenario in which the phase
change characteristics perform satisfactorily. As such,
among the tested case studies, the addition of 1wt%
nanoparticles revealed the best outcomes. To be exact, the
melting time for 1wt%nanoparticle-containing PCMhas
been improved by up to 25% compared to pure paraffin,
while the melting time of 1wt% nanoparticle-containing
PCM in the presence of an external magnetic field was
enhanced by up to 24% compared to no applied mag-
netic field. The heat transfer coefficient is also dramati-
cally altered. As such, its value for 1wt% nanoparticles
both with and without an external magnetic field was
nearly doubled compared to the pure paraffin case. Addi-
tionally, the results were also in good agreement with
experimental data.

Moreover, the magnetic field in this study was applied
only from one side of the chamber, which caused the
last stage of the melting to take more time since the
remaining solid section was trapped in the opposite cor-
ner and was hard to reach by the transferred heat. Hence,
one recommendation for future work could be to use a
magnetic field from several directions and sides. In par-
ticular, a movable magnetic field setup that can swirl
around the chamber is preferred. Additionally, cylindri-
cal chambers with PCM in the inner cylinder and two
outer layers for the heater and magnetic field are deemed

more effective if the simulation is to be conducted in 3D.
However, this is subject to the optimum configuration of
mushy zone constant nanoparticle concentrations as well
as the external magnetic field intensity, since themelting-
related phenomena are found to be profoundly affected
under different values.

Nomenclature

A heater cross-sectional area (m2)
Amush mushy zone constant (kg/m3s)
Cp specific heat capacity (J/kgK)
f external body force per mass unit (N/kg)
fb buoyancy force (N/kg)
fm magnetic force (N/kg)
Fo Fourier number
g gravitational acceleration (m/s2)
h heat transfer coefficient (W/m2K)
H total enthalpy (J/kg)
k thermal conductivity (W/mK)
l characteristic length (m)
L latent heat of melting (J/kg)
m0 nanoparticle bulk magnetism
∇M magnetic intensity gradient (T/m)
p pressure (Pa)
P applied power (W)
Pr Prandtl number
q̇ latent heat source term (J/m3s)
Ra Rayleigh number
St Stefan number
t time (s)
T temperature (K)
Th high temperature (K)
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Tc cold temperature (K)
u velocity vector (m/s)
u0 vacuum permeability (s/m-e2)
X melt height (m)

Greek symbols

α thermal diffusivity (m2/s)
β thermal expansion (K−1)
μ dynamic viscosity (kg/m-s)
ρ density (kg/m3)
v kinematic viscosity (m2/s)
γ liquid fraction

Subscriptions

c cold wall
h hot wall
ref reference value
m magnetic
b buoyancy

Abbreviations

wt by mass
PCM phase change material
TES thermal energy storage
MHD magnetohydrodynamics
VOF volume of fluid method
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