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Abstract The objective of the present work is to analyse numerically the effect of embedding a porous matrix (PMX) of
high thermal conductivity within a phase change material (PCM) on the heat energy storage and recovery during the melting
and solidification of a PCM. Most of the previous work put the insight mainly on the charging process during melting. The
present study focuses on both charging and discharging during melting and solidification. Constant heat flux is applied
through the left wall of a rectangular storage unit. The other walls are kept thermally insulated. At the end of the heating
period, a cooling stage starts to extract the heat through the same wall. The ratio of thermal conductivities Apyx/Apcy Of the
porous matrix and the PCM will be taken as a parameter to study the efficiency of the thermal storage. Results are presented
in terms of temperature fields, liquid-solid interface progress and plots of latent, and sensible heat storage. The study shows
that a significant improvement in the heat storage/recovery can be achieved. For better efficiency, a compromise should be
established between the ratio of thermal conductivity and the heating period.
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1. Introduction

Thermal energy storage TES is a promising alternative for
bridging the gap between energy demand and supply during
peak periods. Solar radiation, which is an exhaustible clean
and renewable source of heat, and heat wasting in industrial
processes, can be used as buffering systems. Thermal energy
is easily storable by raising the temperature of a storage
medium (sensible heat storage SHS) or changing its state
(latent heat storage LHS). But, Latent heat storage during
melting and solidification is much more attractive because of
its high storage capacity. Another advantage, LHS occurs in
a small range of temperatures and requires much lower
volume. Phase change materials have shown great potential
in thermal storage applications. Providing new PCMs with a
variety of characteristics is now an attractive field of
research. Agyenim & al. [1] presented an overview of
different PCMs and their applications in thermal storage
systems, operatingat low temperatures (below 60<C)
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suitable for domestic heat storage applications. Different
configurations of storage units studied numerically and
experimentally are quoted in this paper. A survey on storage
materials operating at high temperature (between 120<C and
1000<C) used for industrial applications, was reported by
Murat [2]. Recently, Yaxue & al. [3] reviewed the state of
the art of PCMs and their applications, where a deep insight
was attached to the development of new materials of better
storage performance. The major drawback of such PCMs is
related to their low thermal conductivity which limits the
charge and discharge rates during melting and solidification.
Thermal conductivity enhancement (TCE) is crucial to
improve the efficiency of LHS systems. During the last
decades, different methods of TCE have been proposed to
overcome the large thermal resistance of the PCMs, a recent
review was given by Liwu & al. [4]. TCE techniques are
mainly based on two strategies: The first, consists of the
incorporation within the PCM of dispersed high thermal
conductivity particles with variable volume proportions [5].
The size of these particles varies from Nano-scales [6] to
micro scales [7]. The second strategy is based on the
inclusion of different types of fixed structures such as fins,
heat pipes, metal foam, strips, and ships. The inclusion of
fins is a systematic option inspired from the heat exchangers
design and consists of the extension of the surface area
between the PCM and the heated fluid [8-9] Sciacolvelli &
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al. [10] apply Y-shaped fins with different lengths and angle
spacing in a shell-and-tube LHS unit and showed that TES
may be improved by 24%. Al-Abidi & al. [11] investigated
the efficiency of LHS inside a triplex tube experimentally
and showed that the charging time is significantly reduced
with the application of internal and external fins. The use of
heat pipes can be found in [12-13]. Sharifi & al. [14]
investigated experimentally and computationally the melting
and solidification of PCM surrounding a vertical heat pipe,
finned with metal foils in a vertical cylinder. The
combination of HP-metal foils shows a better increase of the
phase change rates than the use of only one of them.
Encapsulation and micro encapsulations of PCMs have been
used as TCE techniques both in energy storage and energy
building applications [15-16]. The inclusion of a porous
matrix as a fixed structure, which is the subject of the present
work, was among the earliest TCE techniques. It is easier to
consider irregular fixed inclusions like porous structures.
Tong & al. [17] studied the enhancement of thermal
conductivity numerically by inserting an aluminium matrix
in a cylindrical annulus saturated with a water/ice mixture.
The study includes the effects of diffusion and natural
convection during both melting and solidification, and the
Darcy equation was applied for modelling the fluid flow.
Results show a marked heat transfer enhancement for small
volume fractions, but for further increase of the volume
fraction, the enhancement rate does not increase linearly.
Xavier & al. [18] considered a porous graphite matrix, a
concentrated expanded natural graphite (CENG) to study the
solidification of a paraffin/fCENG composite. The thermal
conductivity was improved from (0.24 K m™* W) for pure
paraffin to a range between (4 to 70 K m™ W™) depending on
the graphite bulk density. The overall solidification time was
reduced; nevertheless, an optimization was proposed due to
the antagonist behaviours of the thermal power and thermal
capacity according to the paraffin/CENG composition.
Mesalhy & al. [19] studied, numerically, the melting
between two concentric cylinders of a PCM inside a porous
matrix of high thermal conductivity. The inner cylinder is
heated by a temperature higher than the melting temperature
of the PCM while the outer cylinder was kept adiabatic. The
problem was solved numerically using the two equations
model and the Darcy-Brinkman-Forchiemer formulation.
Zhenyu & al. [20] investigated a shell-and-tube LHS unit
holding a PCM embedded with a metal foam matrix. The
numerical modelling took into account the natural
convection and was solved using the enthalpy porosity
formulation. They pointed out that heat transfer can be
enhanced by more than seven times. Taeil & al. [21]
analysed a latent heat thermal energy storage system
(LHTES) for concentrated solar power consisting of a tank
filled with tubes carrying heat transfer fluid, by using a
PCM/Graphite foam composite, the number of tubes is
dramatically reduced compared with the case of PCM
without Graphite foam. Also, Zhuo & al. [22] investigated
the melting of Sodium Nitrate (NaNOs) inside a metal
skeleton of Copper where they numerically analysed the

effects of heat conduction through the metal structure and
natural convection in the liquid PCM. They also studied
detailed parameters such as porosity and pore density of the
metal matrix on the TES systems, in both melting and
solidification processes. In recent work, Sayed & al. [23]
studied the performance of a LHTES system made of a
porous structure filled with a nano PCM which is a PCM
combined with a volume fraction of a high thermal
conductivity nanoparticles. The authors investigated the
effect of varying the nanoparticles volume fraction and the
natural convection on the melting process, but they did not
consider the case of solidification. Their results focus on a
comparison between a scale analysis and the numerical
model proposed. To analyze the effect of pore distribution,
Zilong & al. [24] studied the melting of PCM in a porous
metal foam characterized by fractal geometry. They found
that the dimension of the fractals and their distribution can
affect the melting time. Recently, Esapour & al. [25]
conducted a numerical investigation of the melting and
solidification of a PCM embedded in a porous metal foam in
a multi-tube heat exchanger. A recent numerical
investigation has been conducted by Jourabian & al. [26]
concerning the melting of a PCM in a porous media around
two hot cylinders using the lattice Boltzmann method. Most
of the previous works show that the enhancement of the
thermal conductivity of the porous medium contributes to the
increase of the storage performance of LHTES systems. The
present study focuses on both the melting and solidification
of the PCM and the effect of the thermal conductivity ratio
on the performance of the energy storage/recovery processes.
Furthermore, the study illustrates the relationship between
the heating period and the thermal conductivity ratio and
their effect on the sensible and the latent heat storage.

2. Problem Definition and Modelling

Consider a two-dimensional rectangular domain of width
L and height H (Fig.1), filled with a porous structure (solid
matrix) and saturated with a PCM. Initially, the solid matrix
and the PCM are supposed to be in thermal equilibrium at the
melting temperature of the PCM. A constant and uniform
heat flux Q will be applied on the left vertical wall of the
cavity, while the remaining walls are kept insulated. The
mathematical formulation of the problem is based on the
volume averaging approach [27]. The Darcy-Brinkman
model and the enthalpy-porosity formulation [28] have been
adopted to describe the flow in porous media with one
energy equation for the whole domain. The following
approximations have been considered:

- Thermo-physical properties are assumed to be constant
in both liquid and solid phases, except for the density
which is supposed to obey the Boussinesq assumption
in order to take into account the natural convection.

- The fluid in the liquid phase is assumed to be newtonian
and the flow is unsteady and laminar.

- Viscous dissipation is negligible.
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- Thermal equilibrium condition is adopted between the
PCM and the porous structure.

- No-slip boundary conditions for the velocities at the
walls are implemented.

Adiabatic
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Figure 1. Physical domain

The governing equations describing the problem are:
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Where, € is the porosity of the domain, K the

permeability of the porous medium, A, is the effective
thermal conductivity of the PCM/PMX medium, S is the
thermal expansion of the liquid PCM, and f; is the local
liquid fraction of the melted PCM.

The effective heat capacity and the effective thermal
conductivity are calculated in terms of the porosity as
follows:
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Where:

op=e+(1-¢) (pcp)pMX/(pCp)PCM

oy =elfi+ A= fdxl+ A —&)x x = Apmx/Apcu
x is a parameter that represents the ratio between the
thermal conductivity of the porous matrix and the PCM.
The dimensionless parameters in the equations (7)-(9)
are defined in the nomenclature. These parameters are the
Rayleigh number Ra, the Prandtl number Pr, the Stefan
number Ste and the Darcy number Da.
Boundary conditions:
Q = +1 Heating condition
Q = —1 Cooling condition
dQ/dx=0atX=10.5
dQ/dy=0atY=0
dQ/dy=0atY =1

}atX=0,

3. Numerical Validation

The numerical method used to solve the governing
equations (7-10) is the control-volume finite element method
CVFEM. This method was historically introduced by Baliga
& Patankar [29] for handling convection-diffusion problems.
The discretization by the CVFEM allows to take six
neighbouring points around each central point of the domain.
The obtained discretised equation can be written in the
following form:

appp = 22=1 AnpPnp + b (11)
Where ¢ is a general variable that can be u,v or T. The
total implicit scheme was used for the time discretization and
the SIMPLER algorithm for the pressure-velocity coupling.
The resulting algebraic system was solved by the TDMA
line by line solver. The term Cy in the source terms of the
momentum equations (8) and (9) corresponds to the
enthalpy-porosity formulation defined by Brent & al. [28]:
1-f7
Ck - Cm fl3 + b)
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Where f, is the liquid fraction, C,, is a parameter depending
on the morphology of the porous medium and is taken equal
to 10% b=0.001 is introduced to avoid division by zero. To
track the phase change front during the melting or the
solidification, the update of the liquid fraction is determined
by the following approach:

Ste X AF,
Tap(e,, —0n)

Where Ay is the area of the control volume, and w is an
under relaxation coefficient. The numerical method was first
tested for the case of natural convection in a square enclosure,
filled with a porous medium saturated with air, without
considering the phase change. The vertical walls of the
enclosure are subject to a horizontal temperature gradient
while the bottom and the top walls are thermally insulated.
The obtained results are presented in Table 1, in terms of
average Nusselt number. Comparison with the numerical
results obtained by Bennacer & al. [30] and Lauriat & al.
[31] shows a good agreement. A second validation was
performed to examine the capabilities of the numerical
method to handle phase change problems. The numerical test
consists of the melting of a pure metal (Gallium) in a square
cavity of width L=8.89 cm and height H=0.635 cm. The left
side of the cavity is subject to a hot temperature T,=38<C
and the right wall is subject to a constant temperature 1<C
below the melting temperature of the gallium T,=28<C
attempting to minimize subcooling effects. The horizontal
walls are maintained adiabatic.

fln+1 :fln+(‘)

Table 1. Average Nusselt number, natural convection in porous medium
(A=1, Pr=0.71) Darcy- Brinkman model. R, =Ra.Da

Da
R.," | 10° | 10° | 10* | 10® | 107
Present work 8.72 | 842 | 733 | 542 | 3.30
Lauriat et al.[31] 500 | 8.72 | 841 | 7.35 | 542 | 3.30
Bennacer et al.[30] 8.68 | 837 | 7.30 | 538 | 3.26
Present work 12.45 4.26
Lauriat et al.[31] 10° 12.42 4.26
Bennacer et al.[30] 12.26 4.18
Imin § ]n.i]i! 10 min 17 min

#"— — — Gau and Viskanta [32]
Brent et al [28]

20O Khoddadi et al. [33]
Manar et al. [34]
—&— Present work

Interface location at different times

Figure 2.

The dimensionless parameters for this problem are
Ra=6.5x10°, Pr=0.0216 and Ste=0.039. The obtained results
are presented in Fig.2, where plots of the interface location at
different times are compared to the experimental results of
Viskanta & al. [32] and also to other different numerical
results [28,33,34]. It can be shown that the results are
acceptable even though some discrepancies are noticed
between the numerical results due to the use of different
numerical schemas.

Grid and time step independencies are tested for the grid
sizes 41x81 and 61x121 and for dimensionless time steps
2x10®° and 10 Results in terms of isotherms at the
dimensionless time 1=0.04 and the melting front at t=0.06
are represented in Fig. 3. The rest of simulations will be
executed for a grid size 41x81 and a time step 2x107.

A=2x107 Grid 41281
A=2x107 Grid 61x12;
— —A=10" | Grid 41x81

Figure 3. Isotherms at the dimensionless time 7=0.04 and the Melting
front at =0.06

4. Numerical Results and Discussion

4.1. Effect of Thermal Conductivity Enhancement

The problem of melting inside a rectangular cavity heated
by constant temperature on one vertical side and cooled on
the opposite side has been extensively studied. In the present
study, we consider the case where the cavity is heated by a
uniform heat flux on one vertical side, while the opposite
side is adiabatic. In addition, the study includes both melting
and solidification inside a porous structure. The cavity is first
subjected to a positive heat flux during a heating period 1.
At the end of this period, a cooling stage starts, during which
latent heat is extracted by solidification. To examine the
effect of thermal conductivity enhancement, a simulation
was first performed for a PCM-alone (n-octadecane) and
then for a PCM embedded within a porous structure
(Expanded Graphite). Thermophysical properties of
n-octadecane and expanded graphite are listed in Table 2.
Several dimensionless parameters govern the problem: the
Rayleigh number Ra, the Prandtl number Pr, the Stefan
number Ste, the porosity & and the Darcy number Da. The
parameter on which we focus in the present study is the ratio
between the thermal conductivity of the material structure
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and the PCM ( x = Apyx/Apcy, )- TO ensure that the
condition of thermal equilibrium between the solid matrix
and the PCM will be satisfied, so a model of one equation
can be used, intermediate values of y have been considered
(x=10?). The dimensionless time was taken as the product of
the Fourier and the Stefan numbers, 7 = F, X Ste whichisa
characteristic parameter for the time in the solid-liquid phase
change problems.

Table 2.  Thermophysical properties of PCM (n-Octadecane) and
Expanded graphite [36]
Variable PCM, | PCM; | Graphite
Conductivity A (W/mK) 0.358 0.148 12
Specific heat C, (J/kg K) 2153 2153 830
Density p (kg/m?) 814 779 1300
Latent heat of fusion Ly (kJ/kg) 206.8
Melting temperature Ty, (<C) 26.95

The parameters used for the comparison between the
storage in pure PCM (n-octadecane) and PCM embedded
with the expanded graphite matrix (PCM-EGR) are
Ra=2x10° Pr=50, Ste=0.1, A=2, £&=0.95 and y=88.

Pure PCM (a)

.

““Melting Front

1=0.06 1=0.118 1=0.17

PCM-EGR (b)

1=0.118

1=0.06 1=0.17

Figure 4. Temperature contours and liquid-solid front for pure PCM (a)
and PCM-EGR mixture (b)

Fig. 4 shows the temperature contours and the liquid-solid
interface location during the melting and the solidification

stages for both cases of pure PCM and PCM-EGR. It is clear
from this figure that, the melting and the solidification rates
are enhanced with the inclusion of the thermal conductivity
enhancer. This is manifestly due to the improvement of the
heat transfer compared to the case of pure PCM. Hence, at
the dimensionless time ¢ =0.06, for the PCM-EGR mixture,
the shape of the isotherms shows that the melting is
dominated by natural convection, also the liquid-solid front
is more in advance compared to the case of pure PCM. At
this same instant for the pure PCM, conduction heat transfer
is still dominant, the isotherm lines are parallel and the liquid
fraction thickness shows that the melting is progressed with a
lower rate. At the dimensionless time t=0.118, just before
the end of the heating time (t4=0.12), for the PCM-EGR, the
disappearance of the liquid-solid front and the shape of the
isotherm lines indicate that the PCM is wholly turned into
liquid. The acceleration of melting is then clearly apparent
with the inclusion of the porous matrix. The isotherm values
show also an increase of temperature of the storage medium
which means that the melted domain is superheated. While
for the pure PCM, the melting front is still at its early stage
(Fig. 4-a).

After applying the cooling condition, at t=0.17, a solid
layer starts to grow along the left vertical wall. The latent
heat recovery begins with the onset of solidification. The rate
of recovery is as high as the speed of solidification. Although
solidification starts earlier for the pure PCM, it is becoming
more advanced for PCM-EGR mixture. This is the result of
the increase of the thermal conductivity with the inclusion of
the porous matrix. Fig. 4 -a shows that for the pure PCM
besides the solidification front, the melting front is still
apparent because the fusion was not entirely completed.

1 -

Pure PCM —
-/ PCM-Graphite —@—
0.8 —
|
o
5 0.6
s
—
ie)
.6'0‘4 -
—
0.2
0 L] | T I T | T [ T |
0 004 008 012 016 02

Dimensionless time

Figure 5. Liquid fraction during melting and solidification

Fig. 5 illustrates the time evolution of the liquid fraction
during the heating and the cooling periods, with and without
the embedded solid matrix. The figure shows that the
inclusion of the PMX increases the melting and solidification
rates. For the pure PCM, at the end of the heating period, the
liquid fraction reaches only 25% of its maximum value and
begins to decrease immediately after the application of the
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cooling condition. However, for the PCM-EGR composite, a
full melting is obtained before the end of the heating stage,
the liquid fraction attains its maximum value (fi=1) and a
steady-state is obtained (the graph shows a plateau). The rate
of melting is increased by 400%. The latent heat stored
during the phase change attains its maximum capacity when
the PCM is completely melted. If the heating is extended
beyond the full melting time, the excess of heat is stored
in a sensible form. The temperature of the medium is then
increased. As a consequence, when the cooling condition is
applied, the solidification process doesn’t start immediately.
The temperature of medium has to be decreased to the
solidification point. During this time the sensible heat is
extracted and the latent heat recovery which is more
important is delayed. This can be illustrated by the
observation of the plateau in the liquid fraction plot (Fig. 5).
The extraction of latent heat starts when the liquid fraction
stats to decrease. Hence, it can be clearly seen that the
inclusion of a high thermal conductivity matrix contributes
significantly to the enhancement of the melting and
solidification rates, and then the rates of latent heat storage
and recovery. Nevertheless, it is worth mentioning that a
compromise should be established between the heating
period and the thermal conductivity enhancement to promote
latent heat storage against sensible heat storage as it will
examined in a subsequent section. For more analysis of
the effect of thermal conductivity on the melting and
solidification of the PCM embedded with the porous
structure, four cases have been performed for different
values of the thermal conductivity ratio (x=25, 50, 75 and
100) and a dimensionless heating time (t4=0.12).

1.0
0.8
C i
©
3 0.6 —
o
i i
il
EXI8
— i —&— =25
0.2 - + x=50
—A— =75
—— =100
0.0 \ L R R \
0.00 0.04 0.08 0.12 0.16 0.20

Dimensionless time

Figure 6. Liquid fraction versus time. Effect of the thermal conductivity
ratio. Ra=2x10°, Pr=50, Ste=0.1, £=0.95 and Da=102

The obtained results are presented in terms of time
evolution of the liquid fraction (Fig. 6) as function of y. The
graph shows clearly that the increase of thermal conductivity
of the PMX speeds up the melting of the PCM (then the
latent storage rate). The same finding is shown for the

solidification process (then for the energy recovery rate).
Time evolution of the latent and the sensible heat storage
as function of y are given in Fig. 7 and Fig. 8 respectively.
Fig. 7 shows that the latent heat storage rate and capacity are
increased with the increase thermal conductivity ratio. Also,
the latent heat recovery is faster during the extraction time.
Nevertheless, for higher values of y the melting is faster
and then the amount of sensible heat storage during the post
melting period is more important as shown in Fig. 8.
This effect is not beneficial for the latent energy
recovery as it causes the delay of the solidification
process. Then for a better optimization and efficiency of the
charging/discharging processes the value of y should be
compatible with the heating time to limit the sensible heat
storage and to opt preferentially for the latent storage.

5.0 —
4.0 —
(0]
o |
s
o _
& 3.0
I i
[
T
= 2.0 —
9
m —
-
1.0 - —@— =50
—A— =75
Y 4 —— =100
0.0 I I e — \
0.00 0.04 0.08 0.12 0.16 0.20

Dimensionless time

Figure 7. Latent heat versus time. Effect of the thermal conductivity ratio.
Ra=2x10°, Pr=50, Ste=0.1, £=0.95, y=75 and Da=10"
2.5
Thermal conductivity Ratio
2.0 —
g
T 15+
o
= N
2
S 10+
9]
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0.00 0.04 0.08 0.12 0.16 0.20

Dimensionless time

Figure 8. Sensible heat versus time. Effect of the thermal conductivity
ratio. Ra=2x10°, Pr=50, Ste=0.1, £=0.95, x=75 and Da=10"

A simulation of a non-completed melting case is given in
Fig. 9, where predictions of the solid and liquid regions are
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represented for a heating period t1=0.1. It can be shown that
at the early stage of heating (t=0.02), conduction dominates
the melting and the liquid front is progressed parallel to the
vertical wall. At t=0.05, the melt width increases, giving rise
to the development of natural convection. The natural
convection plays a key role by magnifying the heat transfer
and then accelerating the melting on the top of the cavity,
while at the bottom, conduction is still dominating with
smaller heat transfer and slower motion of the interface. As
time progresses, the melting front on the top reaches the right
wall of the cavity (t=0.08). At the end of the melting time, a
small block of non-melted PCM remains at the bottom right
corner. When the left wall starts to be cooled, the
solidification front starts to move from left to right. At
1=0.16 the solidification front reaches the melting front,
where they are joined in a single front that continues to
progress till the material is entirely solidified.

Melting Front

Liquid

1=0.02 1=0.05 1=0.08 1=0.102

Liquid

| Liquid

SolidificationFront

1=0.14

1=0.12 1=0.16 1=0.18

Figure 9. Liquid and solid fractions during the melting and solidification
of a PCM-PMX composite. Ra=2x10°, Pr=50, Ste=0.1, =0.95, =75 and
Da=10?

4.2. Effect of the Heating Time

To examine the effect of the heating period on the energy
storage and recovery, the following parameters are
maintained constant (Ra=2x10°, Pr=50, Ste=0.1, £=0.95,
Da=102and y=75) and the heating period is modified. Fig.
10 illustrates the latent heat fraction history for the heating
periods t4=0.1, 0.12 and 0.13. For t4=0.1, the latent heat
fraction doesn’t reach the maximum storage capacity and it
starts to decrease immediately after the application of the
cooling periods. For the heating periods t4=0.12 and
t1=0.13, complete melting is achieved before the end of the
heating time. The plots of the latent heat fraction show a
stationary state (plateau) as mentioned earlier. During the
stationary state, the absorbed heat is stored inside the
medium in sensible form. Fig. 11 shows that the amount of
sensible heat increases with the extension of the heating

periods. This effect is generally undesirable in the heat
storage system because the latent heat is much more
important than the sensible heat storage.

5.0 4
—A— =01
—@— =012
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—— =013 &
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Figure 10. Latent heat storage versus time, effect of the heating period

1.2
Heating Period
—A— =01
0.8 —— =012
—— =013

Sensible Heat Fraction
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0.04 0.08 0.12
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Figure 11. Sensible heat storage versus time. Effect of the heating time

5. Conclusions

This paper presents a numerical investigation of the
melting and solidification of a PCM embedded with a
porous structure of high thermal conductivity. The
enthalpy-porosity formulation and the thermal equilibrium
approximation have been adopted in the problem modelling.
It was found that the increase of the thermal conductivity
contributes to the enhancement of the melting and
solidification rates of the PCM and then the heat storage and
recovery rates. It was also found that when the heating period
exceeds the full melting time, the sensible heat storage will
be increased. The growth of sensible heat storage during the



charging period is a drawback because it causes the delay of
solidification, then the recovery of latent heat, which is more
targeted in heat storage systems because of its higher density.
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Nomenclature

English letters

A
ap
Cp
Cx
Da
Fo
fi
K
L, H
Ly
Pr

: Control volume area

: Discretization coefficient of the central point
: Specific heat (J.kg™.K™)

: Enthalpy-porosity source term

: Darcy number Da=K/L?

: Fourier Number (Fo=at/L?)

: Volume liquid fraction

: Permeability (m?)

: Length and height of the cavity (m?)
: Latent heat of fusion (J. kg™)

: Prandtl number (Pr=v/)

: Pressure (N.m™)

: Dimensionless Pressure

: Rayleigh number (Ra=pgAL% va)

: Stefan number (Ste=C,AT/L;)

: Temperature (°K)

: Reference temperature (Te=Tn)

: Time (s)

: Velocity components (m.s™)

: Dimensionless velocity components
: Heat flux

: Spatial coordinate (m)

: Dimensionless space variables

Greek letters

|

S

m
PMX
PCM

: Thermal diffusivity (m®.s™)

: Coefficient of thermal expansion (K™)
: Porosity

: Dimensionless temperature

: Kinematic viscosity (m?s™)

: Density (kg m™)

: Thermal conductivity (W/m K)

: Effective thermal conductivity

: Under-relaxation parameter

: Dimensionless time (z=Ste.F,)

: Ratio of thermal conductivities (y=Apmx/Arcm)
Subscripts

: Liquid

: Solid

: melting

: Porous matrix

: Phase change material

Abbreviations

TCE : Thermal conductivity enhancement
(or enhancer)
LHS : Latent heat storage
SHS : Sensible heat storage
TES :Thermal energy storage
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