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Nanostructured phase change materials (NEPCM) colloidal suspensions, got the attention from the scientific
community due to their promising thermal properties that allow for faster solidification, andmelting times. How-
ever, most of the experimental investigation shows the opposite, that the melting and freezing times are in-
creased as the volume of the particles is increased. This investigation will be the first in the literature to
include the mass transport of the particles, for the case of melting of NEPCM that will help understanding better
the melting process of the NEPCM. In this paper, the development of the solid-liquid interface, the distribution of
the nanoparticle profiles, as well as the development of the thermal convection, will be investigated for the case
of melting of nanostructured phase changematerials (NEPCM) colloidal suspensions, inside a rectangular cavity.
The numerical model is based on the one-fluid-mixture approach combined with the single-domain enthalpy-
porosity model for phase change. The linear dependence of the liquids, and solidus temperatures with the con-
centration of the nanoparticles was assumed. The NEPCM consists of water and copper nanoparticles, the nano-
particle size was selected to be 5 nm and 2 nm. The suspension was melted inside a rectangular cavity, heated
from the left side. It was observed that for the case of dp = 2 nm, as the mass fraction of the particles increases
the solid-liquid interface changes from a planar to unstable morphology during melting. Furthermore, as the
mass fraction of the particles increases the temperature of the suspension decreased similarly to experimental
observations. Also, I found that the rate of the rejection of the particles and the particles size plays an essential
role in the development of the liquid fraction, concentration field, and the resulted thermal convection.

© 2019 Published by Elsevier B.V.
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1. Introduction

Nanostructured phase change materials (i.e., NEPCM) are colloidal
suspensions that emerged as a substitute for the single component
phase changes materials. Because, of their higher thermal conductivity,
that results from suspending of highly thermal conductive structures
such as nanoparticles [1–3], carbon nanotubes [4–6], graphene [7],
and carbon nanofibers [8–9]. As a phase change material, the NEPCM
will undergo melting and solidification cycles, during those cycles' par-
ticles will be rejected out from the emerging phase, because of thermo-
dynamic constraints [10]. The early numerical models that have been
used to investigate the solidification and melting process of those
newly proposed phase change materials are continuum-based models
that treat the NEPCM as a single-phase mixture [11–13]. In those
models, the effect of the particles is only included in the thermophysical
properties, and thus thosemodels do not count for themass transport of
the particles, which is essential for real-life simulations. By using those
theoretical frameworks, solidification and melting times will always
decrease with increasing the volume fraction of the particles due to
the increase in thermal conductivity. However, the experimental obser-
vations reveal an unexpected behavior that the decrease of the melting
and freezing times is not monotonic with the increase of the volume
fraction of the particles [1,15]. Recently, El Hasadi and Khodadadi
[16,17] developed a continuum model that consider the transport of
the particles for the simulation of the freezing process of colloidal sus-
pensions. They were the first to predict the emergence of a dendritic
shape for the solid-liquid interface, which reassembles the experimen-
tal observations for the freezing of colloidal suspensions and the
NEPCM [18,19]. They come into the conclusion that increasing the vol-
ume fraction of the particles will not always decrease the freezing
time. They showed that the rejection of the nanoparticles played an es-
sential role in determining the operational conditions in which the ex-
pedited freezing of the NEPCM, will occur.

Most of the investigations that deals with the melting of the nano-
structure phase change materials (NEPCM) are experimental. The ex-
periments showed that, at the beginning of the melting process, the
primary mechanism that controls heat transfer is conduction, While,
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Nomenclature

cp Specific heat (J/kgK)
Cm Porosity constant (kg/m3s)
dp Particle diameter (nm)
DB Brownian diffusion (m2/s)
DT Thermophoretic diffusion (m2/s)
e!y Unit vector in the y-direction
H Length of the cavity (m)
k Thermal conductivity (W/mK)
k0 Segregation coefficient
kB Boltzmann constant (J/K)
L Latent heat (J/kg)
ml Liquidus slope (K)
p Pressure (Pa)
t Time (s)
T Temperature (K)
U
!

Velocity vector (m/s)
vp Volume of the particle (m3)
x, y Cartesian coordinates (m)

Greek symbols
α Thermal diffusivity (m2/s)
ρ Density (kg/m3)
μ Dynamic viscosity (Pa∙s)
λ Liquid fraction of colloid
φ Volume fraction of particles
φw Weight or mass fraction of particles

Subscripts
c Cold
f Base fluid
h Hot
in Initial conditions
l Liquid
Liq Liquidus
p Particle
s Solid
Sol Solidus
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as the melting processes progress in time, the heat-transfer mechanism
switches form conduction to natural convection. In most of the experi-
mental investigations for theNEPCM, observations show that as the vol-
ume fraction of the particles increases, it results in the suppression of
natural convection, which results in the prolongation of the melting
process. The primary explanation for the suppression of the natural con-
vection was attributed due to the greater enhancement of the viscosity
compared to that of the thermal conductivity. For example, Ho and Gao
[1] conducted melting experiments for a NEPCM consisted of n-
octadecane and alumina nanoparticles, with the mass fraction of the
particles ranging from 0 to 10%. The colloidal suspension is melted in-
side a square container heated isothermally from its vertical sides.
They observed that the Nusselt number at the hot side of the cavity
followed the trend seen during the melting experiments of pure phase
change materials [2].

Furthermore, they observed that as themass fraction of the particles
increased the value of the Nusselt number decreased compared to that
of the pure octadecane for the whole range of operating conditions
used in their experiments. The authors argued that the decrease in the
Nusselt number and thus in the heat transfer rate may be attributed to
two factors. The first one is the significant increase of viscosity of the
suspension with the increase of the mass fraction of the particles, and
the second one may be due to the considerable amount of particle
sedimentation observed at the end of each experiment. Zeng et al.
[14] investigated the melting performance of NEPCM, which
consisted of carbon nanotubes (8–15 nm in diameter) suspended
in 1-dodecanol PCM. The mass fraction of the nanotubes suspended
was ranged between 1 and 2% by mass. The suspension was melted
inside a rectangular cavity form the bottom side. They found that
during the early stage of melting where the heat transfer is con-
trolled by conduction. The temperature readings for the samples
that contain 1 and 2% by mass nanoparticles were higher than
those of the pure PCM. They attributed that to the higher thermal
conductivity for the samples containing carbon nanotubes. However,
as the melting proceeds further the trend is reversed and tempera-
ture for the pure PCM case is increasing much faster than the ones
that consist of carbon nanotubes, they attribute this behavior be-
cause of the higher enhancement in viscosity than that of the ther-
mal conductivity which helped to degrade the strength of the
natural convection. Their viscosity and thermal conductivity mea-
surements are consistent with their argument. The observations of
[1,14] conflict with the numerical results of [11–13] since the numer-
ical simulations showed that enhancement in the melting rate could
be achieved for particle loadings of N2% by volume. However, for
most experiments, the improvement in melting rates was observed
in much lower loadings about b0.6% by volume as in [2]. This discrep-
ancy was attributed due to lack of real thermophysical property
measurements, and appropriate constitutive laws that govern the
real behavior of NEPCM.

Modeling the transport of the particles during themelting process of
the NEPCM is necessary to understand in more depth the physics that
accompanies the melting process. For the best of my knowledge, no
one investigated before or attempted to include the mass transport
of the particles during the melting of colloidal suspensions. For this
reason. I will investigate the melting behavior of copper-water col-
loidal suspension NEPCM inside a rectangular cavity. The effects of
different parameters such as themass fraction of the particles, differ-
ent values of the segregation coefficients (i.e., which represents the
ratio between the concentration of the particles in the solid and
liquid phases respectively), and particle sizes. Will be examined to
elucidate their role in the development of the solid-liquid interface,
convection pattern, and concentration field. In particular, this inves-
tigation will help to shed more light on the reports from the experi-
ments that the temperature is decreasing as the volume of the
particles is increased.

2. Mathematical modeling

Colloidal suspensions such as NEPCM consisted of nanoparticles can
be considered as binary mixtures, and during their melting process, a
mushy zone will develop due to the difference between the solidus
and liquidus temperatures. A mushy zone is a region where within its
boundaries, the solid and liquid phases coexist, and the phase transition
occurs. Due to the similarity of the behavior between the colloidal sus-
pensions used in the current investigation and those of binarymixtures,
the numerical model that I will use to simulate the melting process of
the NEPCM has its roots on the one-fluid mixture model. The one-
fluidmixturemodel is usedwidely to simulate the solidification process
of binary alloys as shown in [20]. The principal assumptions of the cur-
rent model are the following:

1. The thermophysical properties of the solvent (i.e., water) are isotro-
pic and equal for both the solid and liquid phases.

2. The liquid and solid phases in themushy zone are always at thermo-
dynamic equilibrium state.

3. The pulling velocity was assumed to be zero, which results in a sta-
tionary solid phase.

4. The density of the fluid in the gravitational force term is changing ac-
cording to the Boussinesq approximation, accounting for the
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thermal-solutal effects due to the change of the densitywith temper-
ature and the concentration of the particles.

5. The thermophysical properties of the suspension are changing with
the concentration of the particles.

2.1. Governing equations

The transport of momentum, energy and mass transfer of the parti-
cles equations are valid for both thermodynamic phases of liquid, solid,
and in themushy zone aswell. The dimensional volume averaged equa-
tions for the case of NEPCM are the following:

Continuity:

∇•U
!¼ 0; ð1Þ

Momentum:

ρ
∂U
!
∂t

þ ρ U
!
•∇

� �
U
!¼ −∇pþ μ∇2U

!
−ρ

Cm 1−λð Þ2
λ3 U

!þ ρβð Þg T−Tref
� �

e!y

ð2Þ

Thermal energy

ρcp
∂T
∂t

þ ρcp U
!
•∇T ¼ ∇• k∇Tð Þ−ρL

∂λ
∂t

ð3Þ

Species:

∂ϕw

∂t
þ U
!
•∇ϕw ¼ ∇• DB∇ϕw þ DT

∇T
T
Þ

�
ð4Þ

whereU;
��!

T and,ϕw, are the velocity vector, temperature, and themass
fraction of the particles. With the local values of the particle mass frac-
tion (ϕw ) and colloid liquid fraction (λ) related through the following
relation:

ϕw ¼ λϕwl þ 1−λð Þϕws ð5Þ

The momentum equations consist of the Darcy Law damping terms,
and the related porosity constant Cm was set to a value of 105 kg/m3 s
Furthermore, the impact of the nanoparticle diffusion to the heat flux
vector in the energy equation is neglected [21].
Fig. 1. Geometry of the physical model.
2.2. Initial/boundary conditions

The geometry of the physical model considered in the present
investigation is a square cavity (side H) containing the colloidal
suspension (NEPCM) as shown in Fig. 1. The melting of the suspen-
sion is initiated by increasing the temperature of the left side of the
cavity (TH)above the liquidus temperature corresponding to the
initial concentration, while the right vertical side was kept at a con-
stant temperature (TC = 271 K). The remaining two horizontal
sides are kept thermally insulated. The initial conditions imple-
mented for all the cases, considered in the current paper are the
following:

U
!

in ¼ 0; Tin ¼ 272K ð6Þ

for t = 0
The mass fraction of the particles varies between 0, 0.05, and 0.1.

2.3. Mixture relations and effective thermophysical/transport properties

The colloidal suspension used consists of hard sphere particles,
with the assumption that particle clusters do not form. The proper-
ties of the solvent (i.e. water) in the liquid and solid phases are
kept constant (i.e. the density effect is neglected). However, all the
thermophysical properties of the colloidal suspension change with
the volume fraction (ϕ) of the particles. Density of the NEPCM, heat
capacities and part of the Boussinesq terms are calculated from the
mixture relation:

ρ ¼ 1−φð Þρ f þ φρp

ρcp ¼ 1−φð Þ ρcp
� �

f þ φ ρcp
� �

p;

ρβ ¼ 1−φð Þ ρβð Þ f þ φ ρβð Þp: ð7cÞ
where β is the thermal expansion coefficient, the mass fraction can
be converted to the corresponding volume fraction via the following
relation:

ϕ ¼ ρ fϕw

ρ fϕw þ ρp 1−ϕwð Þ ð8Þ

The viscosity of the NEPCM is obtained from:

μ ¼ μ f

1−ϕð Þ2:5
ð9Þ

The thermal conductivity of the NEPCM suspension is evaluated
using:

k ¼ k1 þ k2 ð10aÞ

that combines the Maxwell relation:

k1 ¼ kf
kp þ 2kf−2ϕ kf−kp

� �
kp þ 2kf þ ϕ kf−kp

� � ð10bÞ

and the enhancement due to thermal dispersion given by:

k2 ¼ Ck ρcp
� �

U
!��� ���ϕdp ð10cÞ

Ck represents an empirical constant obtained from Wakao and
Kaguei [22]. To account for the effect of the volume fraction, on the
mass diffusivity of the of the particles (Brownian diffusivity), a
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compressibility factor is calculated from empirical fitting as recom-
mended by [23]:

z ϕð Þ ¼
1þ 4−

1
0:64

� 	
ϕþ 10−

4
0:64

� 	
ϕ2 þ 18−

10
0:64

� 	
ϕ3

1−
ϕ

0:64

ð11aÞ

The mass diffusivity of the particles as function of the volume frac-
tion is given by the following:

DB ¼ Do 1−ϕð Þ6 d ϕzð Þ
dϕ

� 	
ð11bÞ

where D0 is calculated from the Einstein-Stokes relation:

D0 ¼ TkB
3πdpμ

ð11cÞ

The thermophoretic diffusivity is computed from the following rela-
tion:

DT ¼ βk
μ
ρ

� 	
ϕ ð12Þ

where βk ¼ 0:26ð kf

2kf þ kp
Þ is a nondimensional parameter that is a

function of the thermal conductivities of base liquid and the nanoparti-
cle as it is suggested by Buongiorno [21]. Sensible enthalpy and latent
heat of fusion make up the enthalpy of the NEPCM and the latent heat
is calculated from the following relation:

ρL ¼ 1−ϕð Þ ρLð Þ f ð13Þ

The current mathematical model utilizes the change of the of
liquidus and solidus temperatures, with the concentration of the nano-
particles which is a fundamental feature of binary mixture melting. A
linear phase diagram has been chosen for the current investigation
since the initial concentration used is in the dilute limit. The liquids
and solidus temperatures are given by Eqs. (14a) and (14b) obtained
from [23]:

TLiq ¼ Tm−mlϕw;

TSol ¼ Tm−
ml

k0
ϕw; ð14bÞ

where Tm,ml and k0 represent the melting temperature of the pure sol-
vent (in this case water taken as 273 K), the liquidus slope and the seg-
regation coefficient, respectively. The segregation coefficient represents
the ratio between mass fraction of the particles on the solid and liquid
sides of the solid-liquid interface. The liquidus temperature of NEPCM
is dependent inversely with the volume of the particle and thus their
size. As shown in the following relation that specially developed for
NEPCM [23]:

ml ¼
kBT

2
m

vpρLf
ð15Þ

The value of the segregation coefficient (k0) kept constant to the
value of 0.1 for the whole simulation period.
Fig. 2. Comparison between the results of the current model and [25]: (a) stream function
(c) instantaneous positions of the liquid-solid interfaces. (d) grid independence test for differe
The colloid liquid fraction (λ) is related to the local liquidus and sol-
idus temperatures via the following relations:

λ ¼ 0 for TbTSol;

λ ¼ T−TSol

TLiq−TSol
for TSolbTbTLiq;λ ¼ 1 for T NTLiq:

ð16Þ

The mixture model utilized here has been extensively used for sim-
ulating binary alloy solidification problems [20,24]. In the present study,
the applicability and relevance of this model is extended to the melting
problemof colloidal suspensions of nano-scale particles. Formore infor-
mation about the mathematical formulations that govern the transport
properties the reader is advised to refer to ground breaking investiga-
tions of El Hasadi and Khodadadi [16,17].

3. Solution procedure

The discretizationmethod of choice for the governing equationswas
thefinite volumemethod. A staggered gridwas selected,with the x and,
y grids are uniformly distributed. The SIMPLE algorithm was used to
handle the coupling of the pressure and the velocity fields. The enthalpy
porosity method was used to simulate the melting process. Handling
the coupling between the convection and diffusion terms for the mo-
mentum, energy, and species equations were done by using the
second-order upwind scheme. The enthalpy porosity method was
used to simulate the melting process. The implemented convergence
criterion required that at the end of each time step the residuals of the
momentum equation be lower than 10−5, whereas for energy and spe-
cies equations this value was 10−7. The variable time step was set to
0.01 s for 1000time steps, then increased to 0.05 s for another 1000
time steps and finally raised to 0.1 s for the remainder of the simulation.
To implement the numerical algorithm the computational fluid dynam-
ics software FLUENT was used. The variation of the thermophysical
properties with the concentration of the particles, and the temperature
of the suspension achieved by implementing specially designed user-
defined functions. The results of the adoptedmodelwere also compared
to those of Hannoun et al. [25] for the case ofmelting of pure tin inside a
rectangular cavity heated on the vertical walls. Comparing Fig. 2(a) to
(b) it is observed that the present model adequately captures the pres-
ence of a single recirculating cell at time instant t=100 s and its break-
down to a multi-cell structure at t = 200 s. Our results matched the
tabulated results for the solid-liquid interface of [25] at the same time
instances (Fig. 2e), the details of the current model are listed in [16].
There are several other numerical verification studies for the case of
NEPCMmelting [26–30] for the interested reader A grid independence
study was conducted using grid arrangements of 50 × 50, 100 × 100
and 150 × 150. The 100 × 100 grid systemwas selected due to its accu-
racy and reduced simulation time as shown in Fig. 2d.

4. Results and discussion

In the current section, the results of the present numerical investiga-
tions will be discussed. Emphasis will be given to the effect of the segre-
gation coefficient, mass fraction of the particles, and particle size on the
melting process of the NEPCM. The properties of the nanoparticles and
the solvent are listed in Table 1. The governing non-dimensional param-

eters for the case of the purewater are the following Stefan numberðStÞ ¼
cpðTH−TCÞ

L
= 0.099, Rayleigh number (Ra) =

ρβgðTH−TCÞH3

μα
= 1.8

× 105, and the segregation coefficient (k0), the values of St, and Ra will
not change significantly since the concentration of the particles is in the
extreme dilute regime.
at t = 100 s (current model), (b) stream function for t = 200 s (current model) and
nt grid sizes.
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Table 1
Thermophysical and transport properties for the solvent and the nanoparticles.

Water Copper nanoparticles

Density 997.1 kg/m3 8954 kg/m3

Viscosity 8.9 × 10−4 Pa s –
Specific heat 4179 J/kg K 383 J/kg K
Thermal conductivity 0.6 W/m K 400 W/m K
Thermal expansion coefficient [16] 2.1 × 10−4 K−1 1.67 × 10−5 K−1

Heat of fusion 3.35 × 105 J/kg –
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4.1. Development of the liquid fraction and concentration profiles

The transient development of the superimposed liquid fraction,
stream lines and concentration of the particles profiles for the case of
copper-water colloidal suspension (NEPCM) with a particle size of dp =
2 nm, ϕw = 10%, k0 = 0.1, and TH = 280 K are presented in Figs. 3 and
4, respectively.

At the beginning of the melting process Fig. 3a (t = 10s), the solid-
liquid interface is planar. The flow consists of a weak counterclockwise
cell that occupies the melted part of the suspension as shown by the
streamlines. As the melting process proceeds, the solid-liquid interface
is developing from planar to non-planar shape due to the increase in
the strength of convection currents as shown in Fig. 3b (t=100 s). Fur-
thermore, the mushy zone (where the solid and liquid phases coexist)
developed. The formation of themushy zone comes as a result of the al-
ternation of the solidus and liquidus temperatures due to the redistribu-
tion of the concentration of thenanoparticles as shown in Eqs. (14a) and
(14b). Within the mushy zone, the regions with higher particles con-
centration aremelted faster in comparisonwith lower concentration re-
gions, because the melting temperature decreases with the increase of
particles concentration, similar to the binary alloy. The dependence of
the melting temperature on the concentration leads to the formation
of solid branches and solid islands surrounded by a liquid phase in the
mushy zone. The solid channels are regions with a higher melting tem-
perature since they are the regions with particle concentration. Thus, it
will melt slower than the surrounding liquid that consists of a higher
concentration of particles as shown in Fig. 4. The flow cell increases in
size and strength, as the melting process proceeds further as in Fig. 3c
and d (t = 250 s, and 500 s), the solid-liquid interface took a curved
shape due to the high intensity of the natural convection, especially in
the upper part of the cavity. The center of the flow cell is moved down-
ward further with time.

Because of the thermodynamic constraints, the solid phase will re-
ject particles in the liquid melt [10]. Evidence of the sedimentation of
particles during melting is reported in the experiments of [1,2,and 7]
which results in a concentration gradient near the interface. For this
purpose, the mass distribution of the particles has been investigated
for the similar conditions as those of Fig. 3. Which, shows that as the
time proceeds, the concentration of the particles in the liquid melt in-
creases as shown in Fig. 4a, due to the rejection of the particles from
the solid phase, however, due to the convection in themelt the particles
redistributed nearly uniformly in the liquid part of the suspension. As
the time proceed further, the particles are redistributed mostly in the
region near the interface as shown in Fig. 4b, and Fig. 4c with the high
concentration of the particles is concentrated in the space between
the solid channels.

4.2. The effect of the mass fraction of the particles

One of the critical parameters that shape the performance of the
nanostructured phase change materials is the transport of the mass
fraction of the particles. For this purpose, three different loadings of par-
ticles had been selectedϕw=0, 5, and 10% bymass. The segregation co-
efficient for all the runs will be kept constant, and its value will be 0.1,
and the hot temperature will be adjusted to TH = 280 K. The solid-
liquid interface for the cases of ϕw = 0%, and 5% developed a curved
shape resulted from the effect of the convection that formed as shown
in Fig. 5a, and Fig. 5b. Furthermore, the solid phase was melted nearly
with a uniform temperature since the mass fraction of the particles is
small and thus the solidus and liquidus temperatures will not signifi-
cantly vary. However, as the mass fraction of the particles increased to
10%, the solid phase is no more melted at a uniform temperature, but
now its melting temperature depends strongly on the concentration of
the particles, which results in a non-stable shape of the interface as
shown from Fig. 5c. In order, to elucidate further the effect of the con-
centration of the particles on the development of the liquid fraction. I
will plot the temporal evolution of the ratio between the average liquid
fraction for the NEPCM to that of the pure solvent (water,ϕw = 0)

λr ¼
�λϕ;k0
�λϕ¼0

ð17Þ

Fig. 6 shows the transient development of λr for the cases discussed
in Fig. 5. It shows that the growth of the liquid fraction for the case ofφw

=0.1 is faster than the pure case (i. e.φw=0.0). This expatiated behav-
ior can be attributed due to the decrease of the melting temperature
with the concentration, rather than due to the increase of the thermal
conductivity resulted from the suspension of the particles. Furthermore,
the expediting rate is decreasingwith time. As for the case of ϕw=0.05,
shows no expediting behavior in comparison with that of pure water (i.
e. ϕw = 0.0) where in the opposite it shows deceleration. The stream-
lines from Fig. 5 shows that the velocity flow structure is quite similar
for the three considered. To further illustrate the effect of themass frac-
tion on the velocity field, I will plot the ratio between the maximum
stream function for the suspension to that of the solvent (Eq. (18)) as
a function of time as shown in Fig. 7.

ψr1 ¼
ψ max;φw ;k0

���
ψ max;φw¼0:0
�� ð18Þ

The value ofψr1 for the case ofϕw=0.05 is nearly unity, which shows
that the velocities for the suspension and the pure solvent are nearly
equal(ψr1 ≈ 1). However, as the mass fraction increases to ϕw = 0.1,
ψr1 changes nonlinearly with time. At the early stages of melting, the
values of the maximum stream function for the suspension (with ϕw =
0.1) is 7% higher than that of the pure solvent, however, as the time
elapsed further the value of ψr1 attains a local minimum, which is now
3% below that of the pure solvent. As time increases further, the velocity
strength of the suspension enhanced compared to that of the solvent (ψr1

N 1). Fig. 7 shows that convection strength during melting increases
nonlinearly with the mass fraction of the particles.

To illustrate further the effect of the mass fraction of the particles in
the melting process of the nanostructured phase change materials
(NEPCM) the temperature profiles along the horizontal axis located at
the middle of the vertical side of the duct are shown in Fig. 8. The pat-
terns are quite similar near the hot side of the cavity. However, near
the solid-liquid interface the temperature values for suspension with
ϕw=0.1 are lower compared to the temperature values for the suspen-
sionswithϕw=0.0, and 0.05 respectively. These observations are qual-
itatively consistent with the experimental measurements of [1,7] which
they show that the temperature readings are decreased as the mass
fraction of the particles is increased. Which let them to concluded that
the growth of the solid-liquid interface is decelerated. However, no ex-
perimental study tracked the solid-liquid interface visually for the case
of the NEPCM. Because the colloidal suspensions are opaque solutions,
which are extremely difficult to see through them. Thus, the lower tem-
perature values cannot be conclusive as for where the solid-liquid inter-
face is decelerated or not as we show in the current investigation,
because the melting temperature is strongly dependent on the concen-
tration of the particles.



Fig. 3.Development of the flow field (shown by the streamlines) superimposed on the contours of the liquid fraction for, copper nanoparticles of dp=2 nm at (a) t = 10 s, (b) t = 100 s,
(c) t = 250 s, and (d) t = 500 s.
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4.3. The effect of the segregation coefficient (k0)

One of themain contributions of the current paper to the scientific lit-
erature is the investigation of the particle transport during the melting
process. Themain parameter in the currentmodel that controls the rejec-
tion of the particles is the segregation coefficient (k0), its value can range
from 1.0 (which represents the case of no particles been rejected) to zero
(all the particles been rejected), the segregation coefficient is strongly de-
pend on the velocity of the solid-liquid interface, the particle size, type,
and volume fraction. However, for the sake of simplicity we will assume
that the segregation coefficient is constant. I have chosen the following
values for k0 = 1.0, and 0.1, where the former represents a case with
no particle rejection, while the later represents a case with substantial
particle rejection. The following operational conditions of TH = 280 K,
TC = 271 K, dp = 2 nm, and ϕw = 0.1 are chosen.
Superimposed contours of the liquid fraction and the streamlines for
k0=1.0 and 0.1 are shown in Fig. 9. For the case of k0=1.0 (Fig. 9a), the
solid-liquid interface developed a stable curved shape, similar shapes
are observed for the cases of melting of a single component material.
This can be explained that for the case of k0 = 1.0, the particles will
not be redistributed, and the suspension will melt with a uniform tem-
perature similarly to that of the single component material. However,
for the case of k0=0.1, which represents a case with significant particle
rejection, and the particles will redistribute throughout the melted
NEPCM. This will change the liquidus and solidus temperatures. This
will help the formation of unstable solid-liquid interface as in Fig. 9b.
For further illustration of the effect of the segregation coefficient (k0)
on the development of the solid-liquid interface, the parameter λr has
been plotted for the two cases investigated in this section as shown in
Fig. 10. For the case of k0 =1.0, the transient behavior of λr is nonlinear



Fig. 4. Development of the concentration field for with, copper nanoparticles of dp = 2 nm at different time instants, (a) t = 100 s, (c) t = 250 s, and (d) t = 500 s.
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since its value increases at the early stages of the melting process and
then attains maximum value, and then decreases. The values of λr

were below unity, which means that the pure solvent (i.e. water)
melted faster than the water copper suspension with k0 = 1.0. How-
ever, for the case of k0 = 0.1, the values of λr were always greater
than unity, which means that when the rejection of the particles in-
cluded within the modeling process of the melting, the suspension
melted faster than the pure solvent (i.e. water), and it is linearly de-
creasing with time.

Fig. 9 shows also the streamlines of the flow, and for the both cases,
the flow is consisted from a single circulation for both cases k0 = 1.0,
and 0.1. However, for the better illustration of the effect of the segrega-
tion coefficient on the velocity filed the parameter ψr1 has been plotted
with respect to time for the two cases of k0 = 1.0, and 0.1 as shown in
Fig. 11. The values of ψr1 for the case of k0 = 1.0 are always increases
with time, which indicates that the strength of the flow is increasing
with time. However, for the case of k0 = 0.1 the values of ψr1 attain a
local minimum and then increases. For the both cases, the values of
ψr1 increase beyond one at the late stages of the melting, this indicates
that the strength of the flow, for the case of the suspensions is higher
than that of the pure water. The values of ψr1 for the case of k0 = 0.1
are higher than that of the case of k0 = 1.0 at the early stages of the
melting. However, the trend is reversed as the time proceeds further
until the late stage of the melting is reached, then the values of ψr1 for
the two cases are nearly equal. The expiated melting behavior for the
case of k0 = 0.1 can be explained mainly due to the lowering of the
liquidus temperature, not due to the increase of the convection. Since,
for the most part, of the melting process the convection strength for
the case of k0 = 0.1 is lower than that of k0 = 1.0.

4.4. The effect of the size of the particles

In this section, we will investigate the effect of the particle on the
melting process of NEPCM. The diameter of the particles plays an essen-
tial role on how fast the particles will diffuse, and howmuch the liquidus
and solidus temperatures will change as shown in Eq. (11b) and (15) re-
spectively. For this purpose, I will use two different sizes dp = 5 nm, and
2 nm. The other operational parameters are kept with the following
values ϕw = 0.1, k0 = 0.1, TH = 280 K, and TC = 271 K.

The transient development of the superimposed contours of the
streamlines and the liquid fraction for the two particle sizes considered
in the current investigation are shown in Fig. 12. For the case of dp =
5 nm t=100 s, the solid-liquid interface has a planar shapewhich indi-
cates that conduction is the governing heat transfer mechanism
(Fig. 12a). However, for the case of dp =2 nm the solid-liquid interface
had an unstable morphology, and mushy zone region started to form,
for the reasons that been explained in detail in Section 4.1. As the time
proceeds further, the solid-liquid interface for the case of dp = 5 nm



Fig. 5. Superimposed contours of streamlines and liquid fraction at t = 250 s for TH = 280 K, dp = 2 nm and for (a) φw = 0.00 and (b) φw = 0.05, and (c) φw = 0.1.

Fig. 6. The transient development of λr for different mass fractions of particles (φw), dp =
2 nm.

Fig. 7. The transient development of ψr1 for different mas fraction of the particles, and for
dp = 2 nm.
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Fig. 8. Temperature profile at y = 0.5H and, along the x- axis for dp = 2 nm. Fig. 10. The transient development of λr for different segregation coefficients, φw = 0.1,
and dp = 2 nm.
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formed a curved shape due to the increase in temperature in the upper
part of the cavity because the strength of the convection increased at
that region (Fig. 12c). As for the case of dp=2nm, the solid-liquid inter-
face formed a curved unstable morphology (Fig. 12d). Fig. 12 showed
that the particle size plays an essential role in the resulted morphology
of the interface. Tomeasure the influence of adding particles of different
sizes on the increase of themelting rate of theNEPCM. The transient pa-
rameter λr was plotted as shown in Fig. 13. From Fig. 13, it is clearly
shown that the suspension with dp =2 nm showed an expedited be-
havior if it compared to that of the pure solvent during the time the
whole span of the simulation. While, for the case of dp =5 nm, the be-
havior is the opposite, the melting rate is decelerated concerning the
pure solvent during the same period of the simulation.

The flow filed for both particle sizes consists of a single cell, which
occupies the melting portion of the suspension as shown in Fig. 12a to
12d. The effect of the particle size on the strength of the convection
formed during melting is shown by plotting the transient variation of
ψr1 for the two particle sizes dp = 5 nm, and 2 nm as shown in Fig. 14.
It clearly that for the significant part of the simulation time, the convec-
tion strength for the case of dp=2 nm is higher than that of dp =5 nm.
Moreover, the transient variation ofψr1 for dp=2nm is nonlinearwhile
that for dp=5nm is linearly increasingwith time.We see this behavior
because for the case of dp=2nm, the diffusion coefficient is higher than
in the case of dp = 5 nm, and thus the particles will be redistributed
Fig. 9. Superimposed contours of streamlines and liquid fraction at t = 250 s
more effectively for the former case rather than later one, this redistri-
bution seems to affect the strength of the convection.

5. Conclusions

For the first time, a numerical investigation of the melting problem
of NEPCM is presented including the transport of the particles. The
main goals of the current investigation are to elucidate the effects of
the segregation coefficient, mass fraction of the particles, and particle
size on the melting process of the suspension. There are significant
new findings that help to understand more deeply the evolution of
the meting process of colloidal suspensions. Here are some of the
most important conclusions and findings:

1- As themass fraction of the particles increases the NEPCM showed an
expeditedmelting compared to the pure solvent (i. e. water), for the
case of dp = 2 nm. The decrease in the melting time is attributed to
the decrease of the melting temperature with the increase of the
concentration of the particles, rather due to the increase of the ther-
mal conductivity of the suspension.

2- The variation of the relative convection strength with the mass frac-
tion of the particles for the dp = 2 nm case is non-monotonic
throughout the simulation. However, the predominate observation
for TH = 280 K, φw = 0.1, dp = 2 nm and for (a) k0 = 1.0(b) k0 = 0.1.



Fig. 11. The transient development of ψr1 for different segregation coefficients, φw = 0.1
and for dp = 2 nm.

Fig. 12. Superimposed contours of streamlines and liquid fraction at for TH = 280 K, φw = 0.1, k0 = 0.1, at different time instances and particle sizes.

Fig. 13. The transient development of λr for different particle sizes,φw=0.1, and k0=0.1.
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Fig. 14. The transient development of ψr1 for different particle sizes, φw = 0.1, and k0 =
0.1.
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is that for themost significant part of the simulation, the suspension
with ϕw = 0.1 exhibit's convection currents with higher strength
than that of the ϕw = 0.05.

3- For the case of dp = 2 nm as the mass fraction of the particles in-
creases, the temperature of the suspension decreases. This tempera-
ture decrease is similar to the observations of the experiments,
where they reported a significant decrease in temperature readings.

4- For the case of dp = 2 nm, as the segregation coefficient decreases
the suspension melts faster than the pure solvent, because its melt-
ing temperature was decreased due to the particle transport.

5- The reduction of the particle size helps to accelerate themelting pro-
cess of the NEPCM.

6- The convection strength for the case of dp=2nm is higher than that
of dp = 5 nm, in the most significant part of the simulation.

The current investigation showed how complex themelting process
of theNEPCM is, and in howmanyparameters it depends.However, fur-
ther investigation is needed especially on developingmathematical cor-
relations for the different transport properties. I believe that Stokesan
dynamics [31] type of simulation for obtaining the viscosity and the dif-
fusion of the suspensions in a more fundamental way because those
properties are the ones with the more dominant effect for the case of
melting, rather than the thermal conductivity.
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