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We study the melting process of n-octadecane with dispersed Al2O3 nanoparticles in a semicircle. The
effective transport coefficients of the resulting nanofluid are modeled with (i) mean field models due
to Maxwell-Garnett for the conductivity and Brinkmann for viscosity, and (ii) an empirical model based
on a least square fit to experimental data due to Corcione (2011). In both cases, we consider a uniform
nanoparticle distribution in the liquid and solid phases and incorporate as well the change of conductiv-
ity in the latter phase. We carry out simulations with the transport coefficients predicted by both models
and find that Maxwell & Brinkmann overestimates heat transfer rates compared to the empirical fit for
most of the ranges of nanoparticle concentration, size, and temperature. However, the proper selection
of nanoparticles attending to their size and temperature can lead to enhanced heat transfer, even beyond
of mean field model predictions. We show how the effective Prandtl number is the single most important
parameter that determines the dynamics and duration of the melting process, and how predictions of our
simulations agree with recent experiments (Ho and Gao, 2009).

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Phase Change Materials (PCM) exploit the latent heat of the
solid/liquid phase change to store a large amount of heat energy
during melting or release it to the environment during solidifica-
tion, hardly changing the temperature during the process. This sta-
bility with respect to temperature changes and thermal storage
capacity is key in many industrial applications of these materials
such as electronic cooling, air conditioning in buildings, waste heat
recovery or to compensate the time offset between energy produc-
tion and consumption in solar power plants.

A major issue in thermal regulation with PCMs is the low con-
ductivity typical of these materials, which leads to long times dur-
ing the heat storage and release phases. Many solutions have been
proposed to remedy this shortcoming by introducing high conduc-
tivity metals within the PCM, often as metallic fins, or embedding
the PCM in a metallic porous foam [3,22]. Another promising
solution which holds high potential to increase the heat transfer
rate, without adding complexity to the device, is the dispersion
in the PCM of metallic particles of sizes in the range of tens of
nanometers at small volume fractions, forming the named Nano-
enhanced PCM (NePCM). In contrast to micrometer size particles,
they do not sediment, clog or produce considerable pressure drops
[18].

Heat transfer performance and dynamics of the resulting nano-
fluid (base fluid plus nanoparticles) depends critically on its
effective thermal conductivity and viscosity. Because of that, a
large number of experiments have been carried out to measure
these values in aqueous and non-aqueous fluids, specially on
Cu;Al2O3;CuO and TiO2 nanoparticles [10,40].

In addition, sophisticated theoretical models have been devel-
oped to predict the conductivity for a given combination liquid/
nanoparticle at rest (Maxwell-Garnett, Hamilton-Crosser, Brugge-
man, Jeffrey, Davis, etc.) and viscosity (Einstein, Brinkmann,
Batchelor, etc). These models tend to underestimate the value of
these transport coefficients as a function of nanoparticle concen-
trations, and they are not completely satisfactory even when
micro-mixing effects due to Brownian motion are included [27].

A different approach to determining the effective transport
coefficients is to fit available experimental data with a least square
regression. Corcione [12] uses experimental data of suspensions of
a large set of metallic nanoparticles in water and ethylene glycol at
volume fractions ranging from 0.002 to 0.09 and temperatures
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Fig. 1. Sketch of the computational domain. The inner semicircle represents the
solid phase of the PCM, and the region between it and the domain boundary the
liquid phase. The curved boundary is subjected to a constant temperature Th , and
the upper flat part of the boundary is adiabatic. Idealized convective cells appear as
long arrows.
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from 294 K to 324 K to predict the thermal conductivity. Suspen-
sions in water, ethanol, ethylene glycol and propylene at volume
fractions from 0.0001 to 0.071 and temperatures from 293 K to
333 K are used to predict the viscosity. Although given the com-
plexity of base fluid and nanoparticles interactions no current the-
ories or single correlations can predict the broad spectrum of
experimental data, predictions from this fit are better than pro-
posed theoretical models at a wide range of volume fractions.

The potential of metallic nanoparticles in heat transfer applica-
tions with PCMs has prompted the study of these systems during
most of the last decade. Experiments with Cu nanoparticles of size
25 nm at 1 wt% on paraffin on a conductive state have found an
enhanced melting/solidification rates about 33% [43]. Ho and Gao
[19] measured the viscosity and conductivity of Al2O3 nanoparti-
cles in n-octadecane and found the relative increase of effective
viscosity was larger than that of thermal conductivity, casting
doubt on the heat transfer enhancement of this nanofluid. Motahar
et al. [30] studied as well the thermal conductivity and viscosity on
n-octadecane but with mesoporous silica particles of size about
300 nm at 1 wt.% and 5 wt.% showing a boost of non-Newtonian
viscosity of 60% and conductivity only 5%. Jesumathy et al. [23]
studied paraffin wax with 40 nm size CuO particles at 2, 5 and
10 wt.% in a complex annular heat storage system with a heat
transfer fluid flowing through the inner cylinder and found a
reduced melting time of 13, 21 and 35% for these volume fractions
accompanied by a substantial decrease of latent heat. Reduction of
subcooling in water with Al2O3 nanoparticles has been as well
reported [42]. A recent experimental work [31] on the thermal
behavior of a paraffin wax with dispersed alumina nanoparticles
shows that not only volume fractions and conductivity of nanopar-
ticles determine the heat transfer capability of this nano-enhanced
PCM, but as well temperature and diameters of nanoparticles. The
overall interplay between conduction, where metallic nanoparti-
cles always speed up the heat transfer, and convection, where vis-
cosity and conductivity are competitive, determine the final heat
transfer performance of nano-enhanced PCMs.

Simulations of nanoparticle enhanced PCMs have been carried
out using a modified Maxwell-Garnett model for conductivity
and Brinkmann for viscosity in water with copper nanoparticles
in a rectangle subjected to lateral heating [25] or within an enclo-
sure with lateral wavy surfaces [1]. Other materials like RT27 with
copper nanoparticles have been used inside a spherical container
filled up to 85% of capacity to simulate a void [20], paraffin wax
with copper nanoparticles in a square geometry [32], or n-
octadecane with CuO nanoparticles within annular, square and
cylinder geometries with a finite element method by Dhaidan
et al. [16,14,15].

Variations from Maxwell-Garnett and Brinkmann models have
been carried out replacing Brinkmann’s model for viscosity. For
instance, Kashani et al. [24] simulate copper nanoparticles dis-
persed in n-hexadecane in a rectangular geometry subjected to lat-
eral heating using Corcione’s empirical fit for viscosity. As well
Arasu and Mujumdar [5] uses an exponential model for the viscos-
ity to simulate the melting of a paraffin wax with Al2O3 nanoparti-
cles in a square geometry subjected to lateral heating, and find a
faster melting rate for small volume fractions of the nanoparticles.

The spherical geometry is specially interesting in micro-
encapsulated phase change materials, where the PCMs are encap-
sulated in a polymeric spherical shell. It has been thoroughly
studied analytically, numerically and experimentally, both in melt-
ing and solidification processes [11,26,34,21]. However, to account
for the thermal expansion of the PCM, due to the difference in den-
sities between the liquid and solid phases, it is usual to leave a
space in the container generating unfilled spherical geometries
[6,33]. For this same reason, voids appear in all encapsulated phase
change materials. For the case of spherical and cylindrical geome-
tries, the voids break the mid-plane symmetry and importantly
affect the heat transfer complicating the thermal boundary condi-
tions, since the upper free surface is open to air and the curved part
is in contact with the enclosure. In this work, a bidimensional
geometry in the form of a semicircle will be used, with a conduc-
tive curved part and adiabatic upper surface like happens in voids
within spherical or cylindrical containers.

Most of the simulations on nanoparticle enhanced PCMs are
based on commercial CFD software and a lesser amount of in-
house codes. However, Open Source code is an attractive long term
option to compare and validate results on involved phase change
simulations. From these considerations, we will use the Open
Source code OpenFoam to carry out the simulations presented in
this work.

From the whole previous discussion, we aim at studying the
melting of n-octadecane in half a disk with dispersed Al2O3

nanoparticles of sizes 25 nm, 50 nm and 100 nm . We follow two
models to calculate the transport coefficients: (i) the mean field
models due to Maxwell-Garnett for conductivity and Brinkmann
for viscosity, (ii) an empirical fit to experimental data due to
Corcione. To carry out the numerical simulations, we use the Open
Source code OpenFoam based on the finite volume method.

In Section 2 we present the equations of the model, with a dis-
cussion of the models selected for the effective conductivity and
viscosity. The next Section 3 explains the algorithms we follow
to solve the equations and validate our code with experimental
and numerical results available in the literature of PCMs. The
results of our simulations are presented in Section 4, where we
observe how the most frequently used Maxwell-Garnett and
Brinkmann models underestimate the duration of the melting
process compared to use transport coefficients derived from an
empirical fit in most of the parameter space. We show how the
effective Prandtl number can be used to estimate the heat transfer
performance of nanoparticle/liquified PCM combinations. This sec-
tion includes as well a comparison with a simpler conductive
phase change process and the effect of volume fraction and size
of nanoparticles in the melting process. Finally, conclusions of
our work are provided in Section 5.

2. Basic equations and modeling

The geometry consists of a semicircle of radius 2 cm (c.f. Fig. 1).
The internal area (6.3 cm2) is within the order of other simulations



Table 1
Thermophysical properties of n-octadecane (subscript s for the solid state and l for the
liquid state) and Al2O3 nanoparticles (subscript np). Values for the solid and liquid
states are listed for the cases distinguished in the equations.

q (kg m�3) Ho and Gao [19] 776

l (N s m�2) Ho and Gao [19] 3:6 � 10�3

csjcl (J kg�1 K�1) Alawadhi [4] 1934j2196
ksjkl (W m�1 K�1) Ho and Gao [19] 0:358j0:13

TsjTl (K) Ho and Gao [19] 298:25j299:65
L (J Kg�1) Ho and Gao [19] 243:5 � 103

a (K�1) Dhaidan et al. [15] 9:1 � 10�4

knp (W m�1 K�1) Lin and Violi [28] 46

cnp (J kg�1 K�1) Lin and Violi [28] 850

qnp (kgm�3) Lin and Violi [28] 3900

anp (K�1) Lin and Violi [28] 1:67 � 10�5
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on PCMs [34,13,6]. The curved part of the domain is conductive and
held at a constant temperature Th ¼ 100 �C, greater than the melt-
ing temperature of the n-octadecane (Tl ¼ 26:1 �C), which is ini-
tially in the solid state (Ti ¼ 25 �C). The flat part of the boundary
is adiabatic, behaving like a free surface without heat exchange
with the surroundings. The thermophysical properties of
n-octadecane are listed in Table 1,

We consider the flow laminar, two-dimensional, and incom-
pressible. For simplicity, viscous dissipation is neglected, nanofluid
considered a single phase, and nanoparticles and surrounding PCM
are supposed to be in local thermal equilibrium. The physical prop-
erties are supposed to be constant within the range of tempera-
tures studied, except the density in the buoyancy term, following
the Boussinesq approximation. The origin of a Cartesian frame is
placed in the center of the circular section of the domain. The gov-
erning equations expressing the balance of momentum and energy,
together with the continuity equation, read

qnf
@u
@t

þ u � rð Þu
� �

¼ �rpþleffr2u� g qnf � ðqaÞnf ðT � Tref Þ
h i

ey

� Cð1� f lÞ2
dþ f 3l

u; ð1Þ

@H
@t

þr � ðuHÞ
� �

¼ r � ðkeffrTÞ; ð2Þ

and

r � u ¼ 0; ð3Þ
respectively. Wherer ¼ ð@x; @yÞ and @t are the spatial and temporal
operators, T is the volume-averaged temperature of a representative
elementary volume that can contain solidified nanofluid, liquid
nanofluid or a mixture of both phases in local thermal equilibrium;
u ¼ ðu;vÞ is the velocity, being u and v the horizontal and vertical
components; leff is the dynamic effective viscosity of the nanofluid,
p is the pressure, g is the magnitude of the gravity acceleration in
the buoyancy term responsible of thermal convective motions, ey

a unit vector pointing in the vertical direction upwards, Tref is a ref-
erence temperature where physical properties are given. The den-
sity of the nanofluid qnf and the thermal expansion coefficient a
are averaged by the volume fraction of nanoparticles / according
to qnf ¼ ð1� /Þql þ /qnp and ðqaÞnf ¼ ð1� /ÞðqaÞf þ /ðqaÞnp
respectively, where the subscripts l and np refer to the liquid phase
of the PCM and the nanoparticles. The changes in density between
the liquid and solid phases are neglected.

The energy balance (2) has been written regarding the enthalpy
H, with units of energy per volume, and the transport coefficient
keff represents the effective thermal conductivity. The enthalpy H
of the system comes from the contribution of the usual sensible
heat, due to changes of temperature in the solid and liquid phases
of the pcm and nanoparticles, and from the latent heat content,
which is the distinctive feature of PCM materials, i.e.

H¼HsþHlþHnp ¼ð1�/Þð1� f lÞqs

Z T

Tref

csðT 0ÞdT 0 þð1�/Þf lql

Z T

Tref

clðT 0ÞdT 0

þð1�/Þf lql Lþ/qnp

Z T

Tref

cnpðT0ÞdT 0 ð4Þ

where cs (qs), cl (ql), cnp (qnp) are the specific heats (densities) of the
PCM in the solid phase, liquid phase, and nanoparticles, respec-
tively. f l is the volume liquid fraction, and L is the latent heat of
the solid/liquid phase change of the PCM. Notice that Eq. (4) pro-
vides a consistent thermodynamic formulation to add the effect of
nanoparticles on the enthalpy of the system. It can be readily gen-
eralized to nonuniform particle distributions and incorporates as
well the effect of the nanoparticles on the solid phase of PCM. On
supposing constant physical properties in each phase ql ¼ qS ¼ q,
the enthalpy Eq. (2) can be recast in an energy equation in terms
of the temperature

@

@t
þ u � r

� �
qð1� /Þ ð1� f lÞcs þ f l clð Þ þ qnp/cnp
h i

T

¼ rðkeffrTÞ � ð1� /ÞqL
@f l
@t

: ð5Þ

When Tl � Ts is a significant fraction of the range of tempera-
ture Th � Ti, a relevant consideration in the form of the energy
equation comes from the morphology of the solid/liquid interface,
called themushy region, as thoroughly discussed in Voller et al. [37]
and shown numerically in Voller et al. [38]. At this scenario, the
limit case ul ¼ us (solid and liquid fully dispersed in the mushy
region) corresponds to u ¼ ul ¼ us and leads to the appearance of
an advective term for the latent heat in the energy equation; how-
ever, the opposed limit case us ¼ 0 (solidus fixed and liquid moving
around) corresponds to u ¼ f lul and there is not such a term. How-
ever, for thin mushy regions, like in this work where
ðTl � TsÞ=ðTh � TiÞ � 0:019 (c.f. Table 1) leads to mushy regions of
just hundredths of micrometers, the advective term for the case
of solid fully dispersed in the liquid phase is neglectable.

The last term in the momentum equation provides an empirical
proportionality relationship, due to Darcy, between the pressure
gradient in a porous medium and the fluid velocity within it. The
functional form corresponds to the Carman-Kozeny equation and
is a convenient way to damp the velocity flow within the mushy
region and suppress it at the solid phase. We set in this term the
Darcy coefficient C ¼ 1:6 � 106 kg m�3 s, in compliance with previ-
ous works [32,1], and d � 1 a tiny constant to avoid division by
zero without physical meaning. When the cell is completely liquid
(f l ¼ 1) the Darcy term is null, like in a single phase fluid, when it is
completely solid (f l ¼ 0) the Darcy term becomes dominant, and
the velocity of the liquid becomes null. For intermediate values
of f l (0 < f l < 1), the PCM is in the mushy zone. Through this for-
mulation, the Darcy term allows to use the momentum equation
in the whole domain and model the phase change when fluid
motion is present without the complication of tracking the solid/
liquid interface [35,37].

Finally, the latent heat contained in an elementary volume
depends on the liquid fraction as DH ¼ f lqLnf ¼ f lq ð1� /ÞL. Then
the coupling between the energy and momentum equation is given
through the liquid fraction f l, which in turn depends on the tem-
perature, the master variable of the phase change process. The liq-
uid fraction in the mushy zone is modeled by a linear relationship
between the solidus and liquidus temperatures
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f l ¼ DH=ðqLnf Þ ¼
0 if T 6 Ts

1 if T P Tl

ðT � TsÞ=ðTl � TsÞ if Ts < T < Tl

8><
>: ð6Þ

DH ranges from 0 (PCM solid) to qLnf (PCM liquid). The liquid and
solid phases coexist for intermediate values.

2.1. Transport coefficients of the nanofluid

2.1.1. Maxwell-Garnett and Brinkmann models
The models more frequently used to predict the thermal con-

ductivity and viscosity of nanoparticles dispersed in liquids are
the Maxwell-Garnett and Brinkmann models, respectively. Both
are mean field microscopic models, and a large number of works
on nanofluids have used these models, from now onM&B (Maxwell
and Brinkmann), and are a reference to compare predictions with
experimental results.

The Maxwell-Garnett model reads

keff
kl

¼ knp þ 2kl � 2/ðkl � knpÞ
knp þ 2kl þ /ðkl � knpÞ ð7Þ

here keff ; kl and knp are the effective thermal conductivities of the
nanofluid at rest, the liquid phase of the PCM, and nanoparticles,
respectively [29]. For particles embedded in solids, like the
nanoparticles in the solid phase of the PCM, this is a reliable model
and will be used in this work. Notice how it does not depend on the
temperature or physical size of the nanoparticles. More complex
formulations amend this model adding a term to include contribu-
tions to the thermal dispersion due to the Brownian motion. The
value of the empirical factor of this coefficient is not stated explic-
itly in the PCM literature, and other factors like aggregation or
fluid/particle molecular interactions make this amended model still
lacking to predict effective conductivities [27].

The Brinkmann model for the effective viscosity of the nano-
fluid treats the nanoparticles as rigid spheres and reads

leff ¼
lf

ð1� /Þ2:5
; ð8Þ

where leff is the effective viscosity and lf the viscosity of the pure
fluid [9]. This model is known to underestimate the viscosity of
nanofluids when compared with experiments.
2.1.2. Least-Square fit to experimental data
We use an empirical correlation for the effective thermal con-

ductivity and viscosity developed recently by Corcione, from now
on LSC (Least-Square Corcione), which exhibits a good agreement
with Cu;Al2O3;CuO and TiO2 nanoparticles dispersed in water,
ethylene glycol and propylene [12].

There is not a single correlation able to predict the whole array
of experimental data, as mentioned in the introduction. However,
it is enlightening to compare LSC predictions to experimental data
from Ho and Gao [19] on Al2O3 dispersed in n-octadecane at
weight fraction 5%. We obtain for the more sensitive thermal con-
ductivity keff ¼ 0:1326 for dnp ¼ 159:6nm at T ¼ 30 �C, and
keff ¼ 0:137 at T ¼ 60 �C. Both below 10% of discrepancy with
respect to the experimental data reported by Ho and Gao. This dif-
ference is acceptable taking the perspective that Ho and Gao and
another recent set of experimental data by Motahar et al. [30] on
pure n-octadecane show discrepancies about 10% in the thermal
conductivity. The good prediction of LSC is remarkable since it
has been developed on metallic nanoparticles dispersed in low
molecular weight liquids compared to the high value of paraffins.

The least-square fit to experimental data by Corcione leads to
the following prediction for the effective dynamic viscosity
leff

ll
¼ 1

1� 34:87 dnp=df

� ��0:3
/1:03

ð9Þ

where dnp is the nanoparticle diameter, and df the equivalent diam-
eter of a pure fluid molecule. This fit does not underestimate the
viscosity of nanofluids like Brinkmann’s mean field model does.
As for the thermal conductivity, the fit is more involved with depen-
dence on the Reynolds number Re, Prandtl number Pr and temper-
ature according to

keff
kl

¼ 1þ 4:4Re0:4 Pr0:66
T
Tl

� �10 knp
kf

� �0:03

/0:66 ð10Þ

More details on these expressions can be found in Corcione [12].
We notice that M&B is a very simplified model for the calcula-

tion of transport coefficients on nanofluids. It neglects important
physical features like the size of nanoparticles, temperature, and
properties of the base fluid. The empirical model LSC brings all
these physical parameters into consideration. Although other
physical effects are neglected, it narrows the gap between oversim-
plified and overcomplex models incorporating available experi-
mental quantities.

3. Numerical methods and validation of the model

3.1. Numerical methods

To solve the model presented above, momentum equation mod-
ified with a Darcy porous term coupled with an energy equation
including a source of latent heat, we use the open source software
under GPL license OpenFoam [39]. It is written in C++ making pos-
sible a simple top-level description of partial differential equations
by operator overloading. Accompanying the basic suite a large col-
lection of tutorials and solvers applicable to a wide range of prob-
lems in computational fluid dynamics in the laminar and turbulent
regimes are provided. It is designed with parallelization capability
for general 3D geometries and can be adapted straightly to 2D and
1D geometries. OpenFoam discretizes partial derivative equations
using the Finite Volume Method and has been thoroughly tested
and validated during more than a decade in solving mass, energy
and momentum conservation equations. The conservation of fluxes
insured by the finite volume method makes this discretization spe-
cially advantageous when nonlinear advective terms appear as in
convection dominated PCM dynamics.

The convective terms are discretized using a second order
upwind scheme. The time integration is carried out using a second
order Crank-Nicolson scheme. The source term in the energy equa-
tion requires particular attention since it couples the temperature
and liquid fraction fields strongly. Following Voller and Swami-
nathan [36], it is linearized as a function depending on tempera-
ture, split in an explicit (zero order term) and implicit part (first
order term), and the liquid fraction updated at every iteration.

A Rhie-Chow interpolation method is used to solve the enthalpy
porosity equations to avoid checkerboard solutions. The momen-
tum and continuity equation are solved using the PIMPLE algo-
rithm, which ensures a right pressure-velocity coupling by
combining SIMPLE and PISO algorithms [2]. The temperature equa-
tion is solved for each PIMPLE outer-iteration, ensuring the conver-
gence of the velocity, pressure, and temperature fields. To improve
convergence under-relaxation factors are used in the velocity,
pressure, and temperature with values 0.7, 0.3 and 0.5 respectively.

After the discretization and linearization of the equations, the
original PDE problem is transformed in a system of linear equa-
tions solved at each iteration using a multi-grid solver with toler-
ance 10�8 for the pressure, velocity and temperature fields, and
10�6 for the liquid fraction.
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3.2. Validation of the model

We validate the stability and accuracy of the solver with a clas-
sical experimental setup [17], finite volume codes of commercial
origin [13], in-house [41,32], and based on a finite difference con-
trol volume method [8].

A high quality structured hexahedral mesh created with the
open-source mesher GMSH is used. The sharp corners between
the curved and plane boundaries make the geometry very demand-
ing to secure convergence and special attention has been put to
have a fine enough mesh to capture the high velocity and temper-
ature gradients that appear near the boundaries and moving solid/
liquid interface.

The dependence of the solution in the grid was tested from
coarse to fine grids using 10,000, 30,000, 50,000, 70,000, 90,000,
110,000 and 130,000 cells up to leveling off the residuals of the

norm L2ð½0;1�Þ of the function f�1
l -to ensure common support for

the curves- between consecutive cell sizes. Fig. 2(a) shows the evo-
lution of the overall liquid fraction in n-octadecane for the geome-
try studied in this work at Th ¼ 100 �C and initial temperature
Ti ¼ 25 �C. Increasing the number of cells reduces the variation of
the melting time up to less than 0.5% from 90,000 cells progres-
sively. A grid with this number of cells provides sufficient accuracy
for the problems simulated in this work.

The code is as well validated with the benchmark experiment
on gallium melting by Gau and Viskanta [17]. In this experiment
Fig. 2. (a) Evolution of the overall liquid fraction in n-octadecane for the geometry of Fi
solid/liquid interface as a function of time for the benchmark experiment on melting of g
dashed line to simulations by Brent et al. [8], the dash-dotted line to the bidimensional

Fig. 3. (a) Evolution of the liquid fraction of n-eicosane as a function of time in an annu
et al. [13], and triangles to Array B of Darzi et al. [13]. (b) Evolution of the liquid fractio
copper nanoparticles. Lines correspond to our results and symbols to simulations of Seb
lines (squares), and / ¼ 0:05 to dash-dot line (up triangles).
a narrow parallelepiped enclosure of 63.5 mm height, 88.9 mm
length, and 38.1 mm depth is filled with gallium at a uniform inter-
nal temperature of 302.95 K. The left hot wall is kept at a constant
temperature T ¼ 311 K, the right cold at T ¼ 301:3 K, and horizon-
tal top and bottom walls are adiabatic. The advance of the solid/
liquid interface is shown in Fig. 2(b) at t ¼ 2;6;15, and 19 min.
The quantitative agreement between our simulation and the
experiment is reasonable for all the times, capturing the regions
of different slopes. Different between simulations and experimen-
tal data come from sources like sub-cooling, maintenance of
constant temperature at the walls in experiments, or even 3D
effects, which have been shown to play a role in the melting of gal-
lium even if the depth of the enclosure is small [7]. Fig. 2(b) shows
as well a comparison with the finite difference control volume code
of Brent et al. [8]. We obtain a better fit with experimental data at
the upper half part of the domain and later melting times, which is
probably due to the finer mesh allowed by current processing
power. A comparison with Wittig and Nikrityuk [41] shows a more
stable front position in our numerical results.

To validate the model and simulations with curved geometries
with and without mid-plane symmetry we compare with Darzi
et al. [13]. They carry out simulations on melting of n-eicoseane
between two cylinders of diameter 20 mm and 40 mm in configu-
ration concentric (circles in Fig. 3(a)) and eccentric (squares in 3
(a)) with 5 mm center to center distance. Darzi et al. carried out
the simulations with the commercial code Fluent 6.0 using a grid
g. 1 at Th ¼ 100 �C for seven meshes with increasing cell count. (b) Evolution of the
allium by Gau and Viskanta [17]. Up triangles correspond to the experimental data,
case of Wittig and Nikrityuk [41], and the solid line to our simulations.

lus. The solid and dashed lines correspond to our results. Circles to Array A of Darzi
n as a function of time in a square enclosure filled with paraffin wax and dispersed
ti et al. [32]. / ¼ 0 corresponds to thick line (down triangles), / ¼ 0:025 to dashed
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of 6470 cells. The agreement between our OpenFoam based model
(thick and dashed lines) is good for both geometries, particularly in
the linear regime at the beginning of melting and sublinear at the
final stages.

Finally, we compare our results with the simulation of a PCM
enhanced with metallic nanoparticles carried out by Sebti et al.
[32] with an in-house fortran finite volume solver following as well
an enthalpy porosity formulation. They used a Brinkman model for
viscosity and Maxwell-Garnett for the conductivity. The enclosure
is a square cavity of length 10 mm filled with paraffin wax and dis-
persed copper nanoparticles at volume fractions 0.025 and 0.5. The
initial temperature is Ti ¼ 301:3 K, the left hot wall is held at
Tc ¼ 306:3 K and the rest of walls are adiabatic. Our results showed
in Fig. 3(b) superpose to Sebti et al., indicating an excellent fit dur-
ing the whole melting process at all volume fractions. Notice that
simulations have been validated from paraffin waxes, which exhi-
bit a slow conductive and convective transport, to the liquid metal
gallium with very high heat transport rate.

4. Results and discussion

The addition of metallic nanoparticles increases the effective
thermal conductivity and viscosity of the base fluid in convection.
These two effects are competitive as for the final heat transfer
capability of the nanofluid. If the first is dominant a faster melting
of the PCM will be promoted with nanoparticles, if the second is
dominant then a slower melting is expected. The relative strength
of both effects can be evaluated using the effective Prandtl number
Preff ¼ meff =jeff , where meff is the effective kinematic viscosity and
jeff the effective thermal diffusivity.

Features of the nanofluid, such as small nanoparticle concentra-
tion, small particle diameter or high temperature promote the
underestimation of conductivity by Maxwell-Garnett with respect
to LSC. Opposite features favor the inverse situation. On the other
hand, Brinkman’s model underestimates the viscosity for all
nanoparticle sizes, temperatures, and nanoparticle concentrations
with respect to LSC, being this effect more pronounced for small
particles. Thus LSC predicts a lower effective Prandtl number
(and increased heat transfer rate) than M&B for very small
nanoparticles at high temperatures and low concentrations. For
the rest of the cases, M&B predicts a lower effective Prandtl num-
ber. This behavior is illustrated in Fig. 4 for selected temperatures
and nanoparticle sizes of Al2O3 dispersed in n-octadecane. M&B
shows a monotonic decrease of Preff with the volume fraction, thus
predicting a continuous improvement of the heat transfer rate of
the nanofluid with increasing /. However, LSC shows a monotonic
increase of Preff from either / ¼ 0 or a local minimum at low
Fig. 4. Effective Prandtl number as a function of the nanoparticle volume fraction /
predicted by Corcione’s least-square empirical fit (symbols) and Maxwell&Brink-
mann (solid line) models.
concentrations below Pr of the base fluid. In light of this only
enhanced heat transfer, at fixed temperature, is expected within
a narrow range of /. In short, from Fig. 4 one expects faster melting
time using M&B at most of the nanoparticle concentrations com-
pared to LSC, leading to an overestimation of the heat transfer per-
formance in PCMs with nanoparticles compared to that predicted
by an empirical fit of the transport coefficients.

4.1. Conductive transport

A reference to the overall effect of natural convection in the
dynamics of PCM melting is provided taking into account first only
transport by conduction, i.e. using only Eq. (5). Evolution of the
overall liquid fraction as a function of time is shown in Fig. 5,
where the conductive hot curved wall is held at Th ¼ 100 �C and
an initial temperature of 25 �C is used. Inclusion of nanoparticles
modifies the conductivity of the solid and stagnant melted part,
but there is not particle diffusion and a Maxwell-Garnett model
is suitable to calculate the effective thermal conductivity. The
melting time for the base fluid is 3442 s, nanoparticles at a volume
fraction / ¼ 0:01 reduce it about 3.9% to 3308 s, 19.4% for / ¼ 0:06,
and 32.2% for / ¼ 0:11. This improved heat storage rate is expected
due to the much higher conductivity of the metallic nanoparticles.

The lower conductivity of the liquid phase with respect to the
solid phase leads to a quick advance of the overall liquid fraction
in the first states of melting, requiring about 85% of the melting
time to melt the last 50% of the PCM where the liquid phase is
dominant. The slowing down of the melting rate is observed as a
loss of linearity of the overall liquid fraction curve at f l ¼ 0:5,
where a sub-linear regime appears at a log-log scale. This reduction
of the melting time under conduction has been observed as well in
experiments of Cu nanoparticles in paraffin, although physical
properties of the used paraffin are not provided [43]. At larger par-
ticle concentrations / ¼ 0:06 and 0:11 we observe a similar
advance of the overall liquid fraction, scaling with f lðtÞ � t0:47,
and a faster decay in the final sub-linear regime.

4.2. Convective transport

We present in this section the results including as well the con-
vective motion driven by buoyancy. The impact on the heat trans-
fer process of the nanofluid is huge since overall the convective
motion decrease the melting time by a factor ten. Not surprisingly,
Fig. 5. Evolution of the liquid fraction as a function of time in log-log scale for
n-octadecane when only conductive heat transport is considered. Effective
conductivity of the phases solid and quiescent liquid are calculated using the
Maxwell-Garnett model. Conductive curved boundary is held at Th ¼ 100 �C. (i)
(thick line) / ¼ 0:0, (ii) (dashed line) / ¼ 0:01, (iii) (dot-dashed line) / ¼ 0:06, (iv)
(dotted line) / ¼ 0:11



Fig. 7. Evolution of the liquid fraction of n-octadecane for Th ¼ 100 �C. (i) (solid
line) base fluid, (ii) (dashed line) M&B model with / ¼ 0:01, (iii) LSC model with
/ ¼ 0:01 for dnp ¼ 25 nm (circles) and dnp ¼ 100 nm (squares).

Fig. 8. Evolution of the liquid fraction of n-octadecane for Th ¼ 100 �C. (i) (solid
line) base fluid, (ii) (dashed line) M&B model with / ¼ 0:06, (iii) (squares) LSC
model for / ¼ 0:06 and dnp ¼ 50 nm, (iv) (triangles down) LSC model for / ¼ 0:06
and dnp ¼ 25 nm.
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favoring convective motion is frequently used to reduce the heat
storage and release times in applications of PCMs.

We can calculate an effective Rayleigh number during the melt-

ing in the region below the solidus Raeff ¼ gaDTh3
=ðjeff meff Þ, where

DT ¼ Th � Ti and h is the thickness between the boundary at the
lowest part of the domain and the solidus along the vertical sym-
metry axis. A maximum Raeff can be estimated when h reaches
the half of the depth along the vertical symmetry axis. Thus for
pure n-octadecane Ra extends up to 1:9 � 106. Increasing /, M&B
shrinks slightly the range up to Raeff � 1:8 for / ¼ 0:06, and LSC

more strongly to Raeff ¼ 3:3 � 105 for / ¼ 0:06.
The two main regimes observed in the overall liquid fraction

curve can be derived from the classic Rayleigh-Bénard theory of
convection in a horizontal liquid layer heated from below. When
h is small Raeff is small and the viscous and thermal dissipation
stronger than the destabilizing buoyancy and heat transport takes
place by conduction. This first conductive regime appears as an ini-
tial linear growth of the Rayleigh number as a function of time in
the log-log scale of Fig. 6 (up to �40 s at / ¼ 0). As the solid/liquid
interface advances Raeff increases and the buoyancy force becomes
dominant, leading to the destabilization of the quiescent liquid at
the bottom of the disk and the appearance of a layer of convective
cells. As a reference, for a horizontal layer of n-octadecane bounded
by rigid plates, the destabilization takes places when Ra reaches
the critical value 1708 at a thickness of 1.5 mm. This second con-
vection dominated regime is faster, starts at the end of the first lin-
ear growth stage of Fig. 6 (from �40 s at / ¼ 0), and leads to an
almost linear growth of the overall liquid fraction curve up to the
latest phase of PCM melting at �85% of the overall liquid fraction.
There the strong shrinkage of the more conductive solid phase
declines the slope of the overall liquid fraction curve (c.f. Figs. 7
and 8). Within the convection dominated regime, there are addi-
tional sub-regimes that depend on specifics physical parameters.

The other primary mechanism behind the dynamics of melting
is the lateral heating dominant nearby the upper free surface due
to the symmetry of the disk heated from the curved boundary.
Interestingly, from the zone between lateral and vertical dominant
cold plumes emerge from the colder solid side and may lead to
strong temperature gradients near the conductive wall. Lateral
heating leads quickly to the formation of a single large convective
cell with liquid moving upwards adjacent to the conductive wall,
roughly parallel to the free surface and falling near the colder
solid/liquid interface. Since fluid velocity is stronger near the upper
flat surface there is a more substantial advance of the solid/liquid
interface at this region that breaks the circular symmetry of the
solidus (c.f. Figs. 9 and 11).
Fig. 6. Dy3 (space dependence of the Rayleigh number) as a function of the time measure
LSC for dnp ¼ 50 nm, and the dashed-lines with symbols to M&B.
4.2.1. Volume fraction / ¼ 0:01
We first carry out simulations in the region where M&B predicts

larger Preff than LSC. Fig. 7 exhibits the evolution of the overall liq-
uid fraction of n-octadecane during melting with Th ¼ 100 �C. M&B
provides a single curve, independent of the nanoparticle size. As
expected, the melting time is the longest in the absence of metallic
nanoparticles (390 s). The inclusion of Al2O3 nanoparticles at
/ ¼ 0:01 leads to a small decrease of the melting time using
d across the vertical axis of symmetry of the semicircle. The solid line corresponds to



Fig. 9. Snapshots at t ¼ 100 s; 200 s and 300 s of the temperature field (third and fourth rows) and streamlines (first and second rows) for volume fraction / ¼ 0:01. First and
third rows exhibit the results for the transport coefficients calculated according to LSC for dnp ¼ 50 nm, and second and fourth to M&B.
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M&B (380 s). Instead, if the empirical LSC is used to calculate the
transport coefficients, we find a larger reduction of the melting
time: 372 s, 368 s and 360 s for particles diameters of 100 nm,
50 nm, and 25 nm nanometers, respectively. For the smallest par-
ticles, dnp ¼ 25 nm, LSC leads to a melting time reduction of 5.6%
with respect to M&B.

A sequence of snapshots for streamlines and temperature fields
at t ¼ 100;200 and 300 s for M&B and LSC is shown at Fig. 9. At
t ¼ 100 s three pairs of counter-rotating convective cells are gener-
ated at the bottom of the disk after a Rayleigh-Bénard instability at
the onset of convection. The snapshots of the temperature field
show a hot plume wherever a pair of counter-rotating cells moves
upwards. This hotter ascending liquid leads to a deeper advance of
the solid/liquid interface at these regions generating three concave
parts at the bottom of the solidus boundary.

As melting continues at t ¼ 200 s the dynamics of the LSC and
M&B is qualitatively the same. The increased gap of the melted part
at the bottom gives room to the creation of two superposed layers
of convective cells. This happens through the shift of the outer
pairs of cells at 100 s and their superposition over the central pair.
All that is accompanied by an increase in the size of all cells and is
observed as well in the temperature field, where the central plume
becomes caught between the ones outside. The superposition of
the convective cells is as well observed in Fig. 6 from �110 s to
� 40 s with a slowdown of the speed of propagation of the solid/
liquid front.
At t ¼ 300 s different dynamics between M&B and LSC begins to
appear. LSC shows a reconnection of the upper layer of cells merg-
ing as well with the large lateral cell, leaving just a single pair of
small cells at the bottom split from the general circulation. The
large laterally dominated flow of the upper part leads to a plume
of cold fluid descending through the symmetry axis of the domain
up to touching the hot plume rising from the bottom. Meanwhile,
M&B shows a state where reconnection of cells has not happened.
This makes M&Bmore inefficient in the heat transport with respect
to LSC where large convective cells carry the heat from the hot wall
to the colder solidus. The effect of this process is the reduced size of
the solidus in the LSC model compared to M&B.

Interestingly, the overall dynamics of the melting process can
be tracked from the motion of cold and hot plumes which can be
located through the local Nusselt number, defined as the local
dimensionless heat flux:

NuðhÞ ¼ R
jf DT

jeff ðhÞn � rT: ð11Þ

where R is the semicircle radius, DT is the difference between the
melting temperature and Th;jf is the n-octadecane thermal con-
ductivity, jeff is the effective thermal conductivity at the wall, and
n is the outward unit vector normal to the boundary. Fig. 10 exhi-
bits the variation of the local Nusselt number at the conductive
boundary as a function of the angle in polar coordinates. At



Fig. 10. Local Nusselt number at / ¼ 0:01 for t ¼ 100 s; 200 s and 300 s calculated at the curved boundary of the domain as a function of the angle in polar coordinates. Solid
line corresponds to M&B, line with symbols (circles) to LSC for dnp ¼ 50 nm.
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t ¼ 100 s there is an absolute maximum at h � 3p=8 and a local
minimum closer to the vertical axis. The position of the maximum
corresponds to plumes of cold liquid approaching the hot wall,
and minimum corresponds to hot plumes emerging from the wall
(c.f. third and fourth rows of Fig. 9). At t ¼ 200 s the maximum
and minimum shift towards lower angles, but overall curve is the
same. However, at latest times t ¼ 300 s local Nusselt curves for
M&B and LSC begin to separate as expected from the very different
temperature field of Fig. 9.

4.2.2. Volume fraction / ¼ 0:06
Prandtl number for base n-octadecane is 60.8 according to

Fig. 4. M&B predicts a decline to Preff ¼ 50:8 for / ¼ 0:06. However,
Fig. 11. Snapshots at t ¼ 100 s; 200 s and 300 s of the temperature field (third and fourth
third rows exhibit the results for the transport coefficients calculated according to LSC f
at this volume fraction LSC predicts a surge to Preff ¼ 72:6 for
dnp ¼ 50 nm, and Preff ¼ 97 for dnp ¼ 25 nm. Thus a decrease in
the heat transfer rate is expected for the latter model. This is con-
firmed in Fig. 8, where the liquid fraction for M&B is above LSC
once convection sets in. Furthermore, the melting time for M&B
is 345:1 s, while for LSC is 371:4 s (dnp ¼ 50 nm) and 406s
(dnp ¼ 25 nm). This scenario where effective Prandtl number is
lower for M&B than LSC is the most frequent situation in simula-
tions and experiments, and that leads to an overestimation of the
melting rate of M&B, as shown in the liquid fraction curves.

A sequence of snapshots at t ¼ 100;200 and 300 s for streamli-
nes and temperature fields for M&B and LSC is displayed at Fig. 11.
At t ¼ 100 s only a pair of well formed counter-rotating convective
rows) and streamlines (first and second rows) for volume fraction / ¼ 0:06. First and
or dnp ¼ 50 nm, and second and fourth for M&B.



Fig. 12. Local Nusselt number at / ¼ 0:06 for t ¼ 100 s; 200 s and 300 s calculated at the curved boundary of the domain as a function of the angle in polar coordinates. Solid
line corresponds to M&B, line with symbols (circles) to LSC for dnp ¼ 50 nm.
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cells are generated at the bottom of the domain for LSC, mean-
while, for M&B we have three pairs of convective cells (and three
ascending hot plumes) and more advanced solid/liquid interface,
showing the enhanced heat transfer rate predicted by M&B for
/ ¼ 0:06, and decreased for LSC with respect to / ¼ 0:01.

At further times 200 and 300 s, LSC overall circulation continues
to be the same, with a single hot plume arising at the bottom. How-
ever, M&B simulations evolve as LSC at / ¼ 0:01, with cold and hot
plumes touching in the symmetry axis. This reflects the close Preff
exhibited in both cases. Comparing solidus of both of LSC and M&B
models for / ¼ 0:06 at 300 s shows a minor area of solidus left for
M&B.

As in case / ¼ 0:01, the overall dynamics of the melting process
with / ¼ 0:06 can be tracked from the motion of cold and hot
plumes using the local Nusselt number. In the latest case, the local
Nusselt curves (Fig. 12) for M&B and LSC differ for all shown times
because of the different configuration of convective cells resulting
from M&B and LSC model.

Fig. 4 shows that final melting time of the PCM depends on the
interplay between conductive and convective processes. The melt-
ing time with LSC for / ¼ 0:06 and dnp ¼ 50 nm is slightly shorter
than without nanoparticles in spite of the increased effective
Prandtl number for LSC. The first factor explaining this behavior
is the enhanced conductivity of the solid phase by the presence
of metallic nanoparticles leading to a faster heat transfer rate while
the conduction dominates the melting process, up to f l � 0:2 in
Fig. 8. In this regime, the overall liquid fraction curve of the base
fluid is below the cases with nanoparticles. The second factor deals
with the configuration of convective cells and plumes at the latter
stages of melting, which determines the evolution of the very small
fraction of solidus area at this stage. The LSC model exhibits two
convective cells at the bottom, one on each side of the symmetry
axis generating a reduced viscous dissipation compared to more
involved configurations, and a hot plume in the symmetry axis
enhancing the heat transfer in the zones nearby. This improvement
in the heat transfer along the symmetry axis is seen as well in Fig. 6
(b), where the lack of the transition regime of superimposed cells
for LSC with / ¼ 0:06 accelerates the motion of the solid/liquid
front.

This analysis illustrates that while the effective Prandtl number
has the strongest influence in the melting process (as observed in
LSC for dnp ¼ 25 nm during the whole melting), one must take into
account more factors to explain the melting dynamics; such as the
duration and extension of conductive dominated regime, or the
state at the latter phase of melting.
5. Conclusions

We have carried out a numerical study on melting dynamics of
the PCM n-octadecane with Al2O3 nanoparticles uniformly dis-
persed at small concentrations. A semicircular geometry of radius
2 cm has been selected, whose curved part is held at constant tem-
perature and free surface is adiabatic. The phase change problem,
with the complication of a moving solid/liquid interface, has been
modeled using an enthalpy-porosity formulation. The numerical
procedure is based on finite volumes using the Open Source soft-
ware OpenFoam.

The effect of metallic nanoparticles on the solid phase of the
PCM has been modeled via a Maxwell-Garnett relation for the con-
ductivity. The enhanced conductivity of the solid phase due to the
metallic nanoparticles has been shown to be important in the
reduction of the overall melting time of the PCM. The modeling
of the effective conductivity and viscosity of the liquid phase of
the PCM has been carried out through mean field models,
Maxwell-Garnett for conductivity and Brinkmann for viscosity,
and an empirical model based on a fit to experimental data pro-
posed by Corcione. Predictions of both models are compared in
the article. Nanoparticles of small size, high temperature and small
volume fractions favor a lower effective Prandtl number -and
enhanced rate of melting- for Corcione’s, the opposite situation
promotes a lower effective Prandtl number for M&B. The most fre-
quent cases studied numerically in the literature are found within
the favorable M&B regime, which leads to an overestimation of the
reduction of melting times for the convective regime compared
with the empirical model due to Corcione. However, we have
shown that is possible to choose the size of alumina nanoparticles,
volume fractions, and temperatures where the NePCM exhibits an
improved heat transfer rate with respect to what is predicted by
the simpler M&B model. In these situations, NePCM become even
more attractive for thermal management and energy storage
applications.

Our results agree with experiments carried out by Ho and Gao
in n-octadecane with dispersed Al2O3 nanoparticles, where no
improvement of the heat transfer rate in the convective regime
was forecasted based upon measures of effective conductivity
and viscosity.

There exists no universal fit to experimental data of the effec-
tive conductivity and viscosity and LSC is more likely not the best
possible option. However, our results show that predictions of heat
transfer rates of nanofluid based PCMs with classic mean field
models like M&B are generally overestimated, and a careful
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combination of fluid and nanoparticles must be selected to
improve the heat transfer rate.
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