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Phase change materials have an important role in the field of energy storage. However, due to their low thermal
conductivity, transferring applied heat to the entire system is difficult. It negatively affects the lack of use of the
systems. Researchers are investigating many applications to prevent this and increase the thermal conductivity of
the system. One of these methods is the application of metal foam (MF) embedded inside the phase change material
(PCM) in the system. This study investigated the melting and natural convection characteristics of a 2D-designed
rectangular cavity, and copper and aluminium MFs were placed inside this cavity, which was separated into two
equal compartments. The porosity of these MFs was €=0.90 and 0.95, and their proximity to the heat source was
examined. The Brinkman-Forchheimer extended Darcy model was used in the cases solved based on the finite
volume and enthalpy-porosity method. The results showed that RC4 is the case that shows the fastest melting
performance, and the solid-liquid interface is not affected by natural convection. Increasing the porosity from £€=0.90
to 0.95 caused natural convection to occur. In these parameters, natural convection increases the thermal resistance
and makes it difficult to transfer heat to unmelted phase change materials. It was determined that RC1 is the case
that shows the fastest melting after RC4. The melting times of RC4 in Section 1 (S1) and Section 2 (S2) are 2.5 and
1.4 times faster than RC1, respectively. Besides, the placement of MF and porosity significantly affected the Nusselt
number (Nu). The average Nu of RC4 is higher than that of RC1, and RC5 at the rate of 34.4% and 48.4%,
respectively. As melting progressed, a stationary region was formed in the center of the cavity due to melted PCM

Phase change material

moving upward from the hot wall to the cold section.

1. INTRODUCTION

Renewable energy sources, such as solar, wind, hydroelectric, etc., offer high
amounts of usable energy, and the amount of instantaneous energy provided by
solar is especially much higher than the current human usage needs [1]. However,
the sustainability of these sources is very limited because of daily, seasonal, and
yearly changes [2]. Considering these limitations and the ecological impacts of
non-renewable energy sources, it is necessary to take action to store energy from
a high-capacity source. Energy storage collects energy when it is in excess and
makes it available when demand is high [3]. Energy can be stored with the help of
several methods: thermal, mechanical, chemical, magnetic, and electric [4]. Each
of these methods is a remarkable method, and the leading method among them is
thermal energy storage (TES). TES systems are engineered to store thermal energy
through heating, cooling, melting, condensation, or vaporization of a material.
Based on the temperature range of operation, these materials are maintained at
elevated or reduced temperatures within an insulated container. The stored energy
is then retrieved for various purposes, including residential and industrial
applications such as space heating or cooling, hot water generation, or power
production.
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Thermal energy can be stored in many ways and this classification has been
presented by [5]. As stated in their study, sensible, latent, and thermo-chemical
methods carry out the storage process in TES. Among these methods, the latent
heat thermal energy storage (LHTES) method uses phase change material (PCM).
This material has become the focus of more research and interest compared to
other methods due to its advantages, such as high heat storage capacity, isothermal
behaviour during melting and freezing processes, and minimum system size [6, 7].

Although PCM has significant advantages, there are also serious disadvantages to
its use in thermal systems, such as low thermal conductivity. However, it has been
proven by many researchers using experimental and numerical analyses that this
disadvantage can be improved by making enhancement applications, including
metal foams (MFs), nanoparticles, magnetic fields, etc., on the systems, and some
of these studies in renewable energy systems are numerically investigated an
innovative 3D photovoltaic thermal (PVT) system integrated with PCM and MF
[8]. By introducing copper (Cu) MF with varying porosities (¢) within the PCM
compartment and employing nanofluid as the working fluid, the research evaluates
the effects of parameters such as mass flow rate, nanofluid concentration, and € on
thermal and electrical performance.
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Results indicate that increasing € from 0.2 to 0.8 enhances thermal efficiency by
33%, with a slight electrical efficiency decrease of 2.6%. Additionally, the
PVT/PCM+Cu MF system achieves a 25.4% higher thermal efficiency compared
to the PVT/PCM configuration, underscoring the effectiveness of incorporating
Cu MF. To enhance the melting rate of MF composite PCM, partial and gradient
optimizations of the MF pore densities (w) were explored by Li et al. [9]. Among
the partially optimized models, Partial-80-5-5 exhibited the most efficient melting,
highlighting that increasing ® in the top region significantly accelerates the
melting process. Further analysis of models with varying top-region ® confirmed
that higher densities lead to faster melting. Gradient optimizations, such as
Gradient-80-40-5, achieved the fastest melting rate overall. This performance is
attributed to strong vortex formation at the bottom region, induced by suppressed
natural convection in the top and middle regions with high @. Ami Ahmadi et al.
explored using gradient MFs with graded € to improve TES performance.

Numerical simulations of a shell-and-tube TES unit showed that arranging MFs
with € ranging from 0.65 to 0.94 in the PCM domain reduces charging time and
entropy generation [10]. Optimized designs achieved a 3.35% faster charging time
and 7.96% lower entropy generation compared to uniform &, demonstrating the
effectiveness of gradient MFs. Prasanth et al. focused on enhancing the thermal
conductivity of PCMs for solar thermal energy storage using Cu MF and
Cu/aluminium (Al) wire-woven MF structures [11]. LHTES systems with a 300
KJ capacity were designed. Both PCM-Al wire woven MF and PCM-Cu MF
composites exhibited similar melting times, but the heat extraction performance
of the Al wire woven MF was comparable to Cu MF. Thermal efficiency ranged
from 60-70% with water and 80-85% with air as heat extraction media. Heat
extraction lasted 3—4 hours with cold water and 7-8 hours with cold air, increasing
the outlet temperature by 2—2.5 times the inlet temperature. A pore-scale numerical
model is developed by Parida et al. to simulate the melting of PCMs in PCM-MF
composite energy storage systems [12].

Unlike volume-averaged approaches, this model resolves the MF geometry,
enabling accurate analysis of ®, distribution, and localized heat transfer at the
PCM-MF interface. Incorporating convection effects, the model uses an enthalpy-
based Finite Volume Method (FVM) and is validated against experimental data.
Results show that convection significantly enhances melting and energy storage
rates, particularly for MFs with higher ¢ and larger ®. Nie et al. investigated the
effect of geometry on the melting and solidification behaviour of PCMs in seven
vertical shell-tube LHTES systems [13]. Both pure PCM (paraffin RT82) and
composite PCM (paraffin RT82 embedded in Cu MF) are examined. A two-
dimensional numerical model based on the enthalpy-porosity method (EPM) is
developed and validated with experimental data. Results show that the conical
shell system enhances natural convection, while the frustum tube system improves
both convection and conduction. Geometry modification reduces melting time by
at least 9.2% for pure PCM and 5.9% for composite PCM. The frustum tube
system outperforms the conical shell system in both melting and solidification
processes, regardless of the MF or working fluid used. Karimi et al. explored the
use of PCMs in LHTES systems for buildings, addressing the issue of low thermal
conductivity that limits charge/discharge rates [14].

A new design incorporating a helical coil filled with PCM on both sides and Cu
MFs (¢=0.9 and @=12 PPI) in the inner region is proposed to enhance heat transfer.
The effects of parameters such as HTF inlet flow rate, temperature, and MF on
thermal performance are analysed experimentally. Results show that MF can
reduce charge/discharge time by up to 57%, with greater reductions observed at
higher inlet working fluid temperatures. Increasing the working fluid flow rate
slightly shortens charging time, especially with MF, and accelerates discharge
time, with faster depletion at lower working fluid inlet temperatures. Ghalambaz
et al. investigated the effect of MF layer configurations on melting time in a system
with parallel channel enclosures [15]. Three configurations were tested: half-split,
L-shape, and diagonal foam layers. The optimal design was a horizontal split with
a light foam layer at the top, which reduced charging time by 32%, completing the
process in 837 seconds. Liu et al. examined the use of MF structures with varying
¢ gradients and multiple PCMs with different melting points to enhance PCM
melting and improve system efficiency [16].

Results show that using multiple PCMs reduced melting time by 9.18% compared
to a single PCM with uniform MF. A multi-PCM system with €=0.90 was tested
with one-dimensional and two-dimensional porosity gradients. The one-
dimensional positive gradient reduced melting time by 6.18%, while the negative
gradient increased it by 19.78%, though the negative gradient minimized
temperature non-uniformity. The optimal two-dimensional gradient model
reduced melting time by 17.96% and increased energy storage efficiency by
20.16% compared to the single PCM system with uniform e. A dimensionless
analysis was also conducted to model liquid fraction (B) about Fourier, Stefan, and
Rayleigh numbers. Joshi and Rathod, compared the thermal performance of fins
and MF infusion in LHTES systems with identical compactness factors [17]. An
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experimental test rig validated a numerical model based on the coupled EPM.
Results show that fins enhance thermal transport by 50% during melting and
5.56% during solidification compared to pure PCM. MF infusion improves
thermal transport by 16.67% during melting and 33.33% during solidification.
Fins accelerate melting by 66.67%, but MF enhances solidification by 29.41%.
Overall, MF reduces total cycle time by 15%, making it a more effective thermal
performance enhancer than fins. This numerical study conducted by Haddad et al.
optimized the melting performance of TES partially filled with MF [18].

A FVM based on the EPM was used for simulations, exploring the effects of foam
location, &, and nanoparticle volume fraction. The results show that inserting the
MF layer diagonally from the top left to right bottom minimizes melting time.
Compared to pure PCM, the melting time increases by 77.7%, while stored energy
decreases by 6.7%. The optimal ¢ is 0.88, offering nearly the same stored energy
as pure PCM with a 4% deviation. Adding nanoparticles enhances the melting rate
by 8% but reduces stored energy by 3%. Hybrid systems combining MF at optimal
¢ and nanoparticles are more efficient than using each technique separately.
Mehryan et al. investigated the melting heat transfer of capric acid PCM in a TES,
using Cu nanoparticles and Cu MF to improve charging time [19].

The EPM, combined with the FVM, simulates the free convection melting heat
transfer of composite PCM. The ¢, shape of the Cu MF layer, and nanoparticle
volume fraction were optimized using the Taguchi approach to minimize charging
time. Results showed that a left-right triangle porous zone minimized charging
time. Higher & and nanoparticle volume fraction further reduced charging time.
The optimal combination of Cu MF, Cu nanoparticles, and MF design reduced
melting time by three times, with a 12.8% and 21.96% reduction in charging time
for MF zone configurations. Chibani et al. investigated the melting process of
PCM embedded with nanoparticles and MF in a shell-and-tube LHTES, using
numerical simulations [20].

The model was first validated with experimental data. The effects of adding 5%
Al,O5 nanoparticles and using various MFs (Al, Cu, Nickel, Titanium) with &
ranging from 0.96 to 0.99 were compared regarding temperature and liquid
fraction during melting. The MF-PCM systems outperformed pure and nano-
enhanced PCM, significantly reducing melting time. The effectiveness of the MFs
followed the thermal conductivity order: Cu>AI>Ni>Ti. Increasing ¢ reduced
melting time, with the highest porosity (¢=0.99) yielding the best performance.
This study optimizes the design for improved practical application and reduced
energy waste.

When the literature is examined, many methods and configurations have been used
and examined to increase the thermal conductivity of PCM used for heat storage.
However, due to these examinations, melting performance and natural convection
characteristics of a LHTES including MF manufactured from two different
materials with different physical property variables according to the heat source
have not been examined in detail. In this study, one-half of a rectangular LHTES
volume was filled with Al MF and Cu MF with £€=0.9 and 20. The entire volume
of the rectangular LHTES was filled with RT-58 PCM material and heated from a
single wall. In the numerical analyses where the MF in contact with the hot wall
was also variable, a total of 6 different configurations were analysed.

2. DESCRIPTION OF MODEL AND MATHEMATICAL
BACKGROUND

A schematic view of rectangular LHTESs is presented in Figure 1. Entire
geometric, morphologic, and boundary conditions are similar to each system. A
rectangular cavity was formed considering 30 cm height and 10 cm width. 350K
has been applied to the left wall of the cavity, and the other wall is considered
adiabatic. Moreover, the no-slip condition was applied to all walls. Also, the
geometry was divided into two equal parts, and half volumes were filled with Al
and Cu MFs, which changed the arrangement based on the thermal wall. MF
parameters € and o were selected as 0.9 and 20 PPI, respectively, after the detailed
investigation of the literature based on the Refs [21-23]. Variants of these
structural parameters, as well as the arrangement of MFs, were used. Because of
this, six different cases including the parameters in Table 1 have been analysed.
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Figure 1. Schematic view of the computational domains for; (a) Group | (Al
contacts hot wall) and (b) Group Il (Cu contacts hot wall).

Table 1. Physical configuration of computational domains

Group |
Case No Section 1 Section 2
Material € ® Material € ®
RC1 Al 0.9 20 Cu 0.9 20
RC2 Al 0.95 20 Cu 0.9 20
RC3 Al 0.95 20 Cu 0.95 20
Group Il
Case No Section 1 Section 2
Material € ® Material € ®
RC4 Cu 0.9 20 Al 0.9 20
RC5 Cu 0.95 20 Al 0.9 20
RC6 Cu 0.95 20 Al 0.95 20

The mentioned above cases have been solved based on the FVM combined with
EPM [24]. The Brinkman-Forchheimer extended Darcy model [25], and the local
thermal equilibrium (LTE) hypothesis was used to characterize the MF in the
analyses [26]. The continuity, momentum, and energy (for LTE) governing
equations used in melting process solving are given in Eq. 1-3 [27], respectively.
While applying these equations, some assumptions are given below, taking into
account.

e  The analysis is carried out for a two-dimensional axisymmetric
geometry.

. Due to the low-temperature difference between the solidus and liquidus
temperature of PCM, the Boussinesq approximation has been used for
calculating the density [28].

e  Thermophysical properties of PCM and MFs are considered constant.
. In the energy equation, the effect of viscosity is neglected.

e  Computational domain volume is not changed during the melting
process.

e  Structural modification of MFs is accepted as isotropic and
homogeneous.
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V-Vv=0 )

where, V [m.s!] shows the PCM velocity in the rectangular cavity.

PV _ Poy vy — Hp o2y (1-p)? _ (bpy . CE

ca e VW= —Vp+ € vV (63+o.oo1)Am“ShV (K v+ VK ppV|V|) +
PpgYAT, )

in which, g [m.s?], p [kg.m™], p [Pa], T [K], Amusn [kg.m 357", K [m?], and C¢ [m"
1] symbolize the gravity (g=9.91 [m.s?]), density, pressure, temperature, mush
zone constant (set to 10° kg.m™>.s™'), permeability, and Forchheimer's drag
coefficient (inertial).
0 a

(pcp) i (5r+ V- VT) = kegtV2T — £p,H % 3)
where, ¢, [J.kg™.K?], k [W.m%.K?], and H. [kJ.kg™] describe the specific heat,
thermal conductivity, and latent heat energy. Incorporating MF enhances the
thermal conductivity of the process named effective and this property is calculated
with Eq. (4) [29].

Kegr = ekpey + (1 — )k 4

Other characteristic properties calculated based on the given structural properties
with €=0.9 and ©=20 PPI for both MFs are presented in Table 2. Besides, the
thermo-physical properties of RT-58 (Rubitherm) PCM, Al MF, and Cu MF have
been presented in Table 3.

Table 2. Equations used to calculate MF structural properties [30]

Definition Equation Eq.
Permeability, [m?] K= e2dZ (5)
T 36(82-9)
Characteristic length, d = ) d (6)
[m] kT33P
i ici 4 1
Tortuosity coefficient 5=72+2cos [?n n §COS_1(2£ _ 1)] (@)
Forchheimer's drag de\ 7t (8)
(inertial) coefficient, Cp = 0.00212(1 — £)7013? <d_>
[1/m] P
Fiber diameter, [m] i 1- S( 1 ) 9)
f= 1 T 1-ey
3m 1- e(_ﬁ)
Pore diameter, [m] d = 0.0254 (10)
P w

Table 3. Thermophysical properties of RT58, Al MF, and Cu MF.

Properties RT58 [31] Al [32] | Cu[33]
Density, p [kg.m] 825 2719 8900
Specific heat, ¢, [J.kg*.K™] 2000 871 385
Thermal conductivity, k [W.m" 0.2 202.4 401
1.K'1]

Dynamic viscosity, x [kg.m1.s] 0.0269 - -
Thermal expansion coefficient, y | 0.00011 - -
[K7]

Latent heat, H_ [J.kg™] 160000 - -
Solidus temperature, Ts [K] 326 - -
Liquidus temperature, T, [K] 332 - -
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The EPM is applicable for scenarios where melting occurs progressively across a
finite temperature range without a well-defined melting front. This method defines
three distinct phases during the melting process: a solid phase where =0, a mixed
solid-liquid phase (mushy) where 0<p<1, and a liquid phase where p=1. The value
of B depends on the local temperature and is determined using Eq. (11).

0if <Tg
AH T-T, .
B=1 = TL_TSS ifTg<T<T, (12)
1if T> T,

where, Ts [K], T [K], and T, [K] represent the temperatures of the solid phase, the
local region, and the liquid phase, respectively. The region with a temperature
below Ts is entirely solid, whereas the area with a temperature above Ty is fully
liquid. Melting occurs when the temperature is within the range between Ts and
Ty. In all cases, the initial temperature (Ti,) is 298.15 K.

The governing equations were solved using ANSYS FLUENT 2024 R1 software
considering the boundary and initial conditions of the computational domains and
a time-dependent FVM analysis was carried out. To provide a sustainability
pressure field, the SIMPLE algorithm was selected, and PRESTO! scheme was
employed for pressure calculations. Besides, the second-order upwind scheme
method was preferred to calculate the momentum and energy equations while
residual trends were set to 10°6.

After determining the physical properties and mathematical background, mesh
convergence and time step size sensitivity analyses required for time-dependent
numerical analyses should be performed to provide highly reliable results. In this
context, the mesh convergence analysis of the rectangular LHTES in question was
conducted for mesh numbers 3465, 7500, and 13333, and the time step sensitivity
analysis was conducted for t=0.1, 0.5, and 1.0s, and the obtained liquid fraction-
time graphs are presented in Figure 2(a) and Figure 2(b), respectively. When
investigating the trends, it can be said that mesh number and time step size did not
affect the results. According to the numerical results, the average deviation of
0.51% and 0.74% are calculated between 3465-13333 and 7500-13333,
respectively, considering the mesh number at t=0.5s. On the other side, 0.71% and
0.83% average deviations were detected between t=0.1-0.5s and t=0.1-1.0s for
time step size sensitivity analysis, respectively, at 7500 mesh number. Based on
these results, a mesh number of 7500 and a time step size of t=0.5s have been
selected to solve further solutions. On the other hand, the mesh structure of the
computational domain is given in Figure 3.

1.0
0.8
=
£
T 046
g
[
E
& — RCL-S1
o] —— RC2-51
—— RC3-51
02 —— RC4-581
RC3-81
| RC6-51
{]-{] .. 1 1 1 1 1 1
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t[s]
(a)
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Figure 2. Imperative analyses before major solutions; (a) mesh convergence
analysis at t=0.5s and (b) time step size sensitivity analysis at 7500 mesh
number.

X

Figure 3. The mesh structure belongs to the 7500 mesh number.

Before proceeding to the analyses where the final results will be obtained, the
solution methods and mesh structure of the numerical analysis, that is, the entire
analysis setup, must be validated. In this context, the necessary validation is
compared with the liquid fraction function of the study conducted by Huang et al.
both as a contour and graphically in Table 4 and Figure 4, respectively [30]. When
the contours are examined, it is concluded that the liquid-solid interface has almost
the same distribution at all t times. When the numerical values in the trends are
examined, it is calculated that the average deviation value between the two trends
is 0.81%. With these results, it can be concluded that all solution procedures and
applications applied in the study provide results compatible with the literature.
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Table 4. Validation of the results as a liquid fraction contour.
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Figure 4. Validation of the results with Huang et al. study as a liquid fraction
trend [30]

3. RESULTS AND DISCUSSION

The liquid fraction performance of the cases is examined in Figure 5. When Figure
5(a) showing the S1 characteristic is examined, the RC4, RC5, and RC6 cases,
where the hot wall is in contact with the Cu MF, give the fastest response to the
heating effect. The main reason for this situation is the increase in effective
thermal conductivity in the cases due to the higher thermal conductivity of Cu MF.
According to the results, RC4 reached full melting at the earliest time (t=1120 s).
At t=1120 s, the melting rates of PCM in RC1, RC2, RC3, RC5 and RC6 are
controlled at 82.9%, 49.9%, 49.7%, 78.5% and 72.8%, respectively. It can also be
understood that the porosity of Cu MF, £=0.95, exhibits a similar characteristic
with the € =0.9 of Al MF, which is close to the wall. From this result, it is
undeniable that in addition to considering how high the thermal conductivity of
the MF material used is, its porosity should also be taken into account. In S2, the
fastest performance was again shown by RC4 in Figure 5(b), although Al MF was.
The factor that caused this situation is that Cu MF, positioned on the hot wall with
a low porosity, can conduct heat at a good level and Al MF with £€=0.9 can also
respond quickly to this performance. However, as the porosity of Cu MF in S1
increases, RC4 shifted to another characteristic mechanism mentioned above and
the second fastest performance in S2 was realized in RC1. This is the decrease in
the level of heat conduction due to the decreasing amount of conductive material
per unit volume as the porosity increases. A similar result has been found by Ami
Ahmadi et al. [10]. Since the low porosity value contains more MF with high
conductivity in volume, in these cases the heat transfer mechanism in the system
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is mostly carried out by conduction. In cases consisting of high porosity MF, an
environment is created in the system where the PCM can move more easily and
natural convection increases. However, thermal resistance also tends to increase
at this point.
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g
[
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Figure 5. Liquid fraction characteristics in; (a) S 1 and (b) S2 as a function of
time.

The liquid fraction behaviour of the cases is presented as contour in Table 5. Along
with these contours, solid-liquid interfaces can be seen and the heat transfer
progress in LHTES can be understood. When the figures are examined, it is
observed that the solid-liquid interface in RC4 progresses faster and melts earlier.
In this melting process, it is seen that the solid-liquid interface, which is in contact
with the lower and upper points of the rectangular cavity, is in the form of a vertical
line throughout the melting process. The main factor causing this situation is that
the porosity of the MFs placed in the sections in RC4 is e= 0.9. This parameter
occupies more volumetrically the conductive material forming the MF and does
not allow natural convection, and the heat transfer from the hot wall occurs by
conduction throughout the process.

On the other hand, the thermal conductivity of the material from which the MF is
manufactured is as important as the porosity of the MF. Although there is Cu MF
with a porosity of e= 0.95 in SI of RC5 and RC6, no considerable tendency
towards natural convection is observed here. However, when the heat reached S2,
which consists of Al MF, the solid-liquid interface showed a logarithmic trend in
the upper region of the rectangular cavity due to the decrease in the density of the
PCM melted in the lower region of the rectangular cavity and the effect of the
buoyancy force. The reason for this situation is that the porosity of S1 in RC5 is
€=0.95 and therefore the PCM finds more space to move in the cavity. In RC6, the
porosity is €=0.95 for both Sections and it is observed that the solid-liquid interface
becomes more pronounced.
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From these results, it can be determined by the behavior of the solid-liquid 1800 E E
interface that the parameters of the MF material and porosity in the rectangular
cavity directly affect the complete melting process of LHTES.
Figure 6 depicts the final melting time of the sections. According to the results,
RC4 reaches the fully melted state first because in this case, the MF near the hot
wall is Cu MF with high thermal conductivity and the porosity in both sections is
£€=0.90. The combination of these two phenomena makes RC4 the fastest fully
melted state. On the other hand, the case that provides the second fastest melting
performance is RC1. Although Al MF is placed in the section close to the hot wall, —
the porosity being €=0.9 in all sections made RC1 melt faster than the other cases. 2320 @ % &
From these results, it can be inferred that the porosity is more important than the
material type of the MF integrated into the system. The complete melting time in
the S1 and S2 regions of RC4 was 2.5 and 1.4 times faster than that of RC1,
respectively.
Table 5. Comparison of liquid fraction contours of the cases as a function of the
time
time [s] | RC1 RC2 | RC3 ‘ RC4 RCS ‘ RC6 2060 ) E) ) )
Tiquid Fraction Y
40 T T | T T |
3280 & & £ & &
400
& Description of already fully melted situation.
Figure 6 depicts the final melting time of the sections. According to the results,
760 N RC4 reaches the fully melted state first because in this case, the MF near the hot
wall is Cu MF with high thermal conductivity and the porosity in both sections is
£€=0.90. The combination of these two phenomena makes RC4 the fastest fully
melted state. On the other hand, the case that provides the second fastest melting
performance is RC1. Although Al MF is placed in the section close to the hot wall,
the porosity being £€=0.9 in all sections made RC1 melt faster than the other cases.
From these results, it can be inferred that the porosity is more important than the
material type of the MF integrated into the system. The complete melting time in
the S1 and S2 regions of RC4 was 2.5 and 1.4 times faster than that of RC1,
56 e —— respectively.
3500
= RC1 3 RC4
3000 == RC2 [ RC5
3 RC3 [ RC6
2500
. 2000
J = 1500
1560 ) ] T 1000
500
0
s1 s2
Section
Figure 6. Full melting time performance of the cases
k| To evaluate the effectiveness of heat transfer throughout the melting process, the
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time-dependent Nusselt number (Nu) variation is given in Figure 7. At the onset
of melting, Nu shows a sudden increase due to heat transfer predominantly realized
by conduction.
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The results show that placement and porosity of MFs important for the progress
of the heat and the cases of Cu MF near the hot wall performed the highest Nu
compared to identical configurations. The average Nu of RC4, RC5, and RC6 is
34.4%, 59.6%, and 35.5% higher than that of RC1, RC2, and RC3, respectively.
On the other hand, increasing porosity also negatively affects the heat progression
in the LHTES, and the change in S1 affects this progression more than the change
in S2. This can be obtained by comparing the changes in average Nu between
RC4-RC5 and RC5-RC6. RC4 with a porosity of €=0.90 in S1 transfers 48.4%
more heat than RC5 with a porosity of €=0.95, and RC5 with a porosity of €=0.90
in S2 transfers 23.3% more heat than RC6 with a porosity of €=0.95.

1
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| -}

- |

0 80 160 240 320 400 480 360 640 720 8500 8330 960 10401120

t[s]

Figure 7. Effect of MF material and porosity configuration
on time-dependent Nu

Table 6 illustrates the natural convection flow pattern in the cases up to t=1120 s.
Velocity vectors reveal the flow characteristics arising from natural convection
and directly affect the convective heat transfer effectiveness. At the beginning of
the melting process, in all configurations, the flow field remained quite weak and
the velocity magnitudes remained at low levels. This situation shows that PCM
substantially remained in a solid form and natural convection did not enhance. As
the melting progresses over time, increases in the natural convection intensity were
observed due to temperature differences occurring in the liquid phase.

Compared to liquid fraction variation in Table 5, velocity vectors remain limited
beyond the melted region, and high-velocity magnitudes were shown as the
boundaries. A stationary area was formed in the central region of the cavity by the
formation of a typical natural convection cycle (from left to right) characterized
by the upward movement of the hot liquid and the downward movement of the
cold liquid. These high velocities disappear with the complete melting of the PCM,
and it is obvious that the changes in the velocity vectors between the cases are
directly shaped according to the alignment and thermal conductivity of the MF.
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Table 6. Comparison of velocity vectors of the cases as a function of the time
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4. CONCLUSION

This paper includes the investigation of different MF types and configurations on
melting dynamics and flow characteristics of rectangular LHTES. In the study, a
2D numerical model was developed and six different case configurations were
solved based on EPM and the Brinkman-Forchheimer extended Darcy model.
Dynamic responses of melting performance and natural convection characteristics
have been presented and compared with each other. According to this purpose, the
major findings are listed as follows:

1) Cu MF, where placed in S1, quickly responded to the heating

effect due to it having higher thermal conductivity.

2) The RC4 case performed the highest melting process because the

solid-liquid interface progressed faster.

3) Inthe RC4 case, the solid-liquid interface contacted with the lower
and upper points of the rectangular cavity shows vertical progress.
The main reason for this situation is related to low porosity in both
sections, and Cu MF is the material conducting the heat into the

further section.

4)  When S1 was filled with Cu MF with €=0.95 and S2 with Al MF,
the solid-liquid interface showed a logarithmic trend in the upper
region of the rectangular cavity; this is due to the decrease in the
density of molten PCM in the lower region of the rectangular

cavity and the effect of buoyancy force.

5)  The second faster melting performance has been observed in RC1.
This result shows that porosity is more important than the material
type of the MF and that the full melting time in the S1 and S2
regions of RC4 was 2.5 and 1.4 times faster than that of RC1,

respectively.

6) The placement of MF with higher thermal conductivity on the hot
wall and lower porosity contributed to the improvement of heat
transfer in LHTES. RC4 has a 34.4% higher Nu performance than

RC1 and 48.4% higher Nu performance than RC5.

7) A stationary region was formed in the center of the cavity due to
melted PCM moving upward from the hot wall to the cold section
due to buoyancy force as melting progresses. Besides, the velocity
in the LHTES significantly relies on the alignment and thermal

conductivity of the MF.
5. FUTURE PERSPECTIVE

In future studies, the effects of different types of MF materials, porosity levels,
and geometric arrangements with PCMs on heat transfer can be investigated more
comprehensively. In addition, the effects of composite structures formed by
adding nanoparticles to MF on thermal performance can be investigated, and
hybrid  improvement methods can be evaluated. In  addition,
magnetohydrodynamic studies can be conducted if the nanoparticles are magnetic.
Experimental verification studies conducted under variable thermal boundary
conditions reflecting real operating conditions will increase the validity of the
numerical results obtained. In this context, application-based research supported
by energy and exergy analyses will make significant contributions to the design of
more efficient and sustainable thermal energy storage systems.

Different boundary
conditions and thermal

load profiles Entropy and

exergy
analysis

Different metal foam

material and porosities Composite material and
nanoparticle addition

Validation and
comparison with

experimental results

Different geometry and
layouts

Magnetic field
applications
Figure 8. Schematic illustration of the proposed roadmap for future studies
focusing on the enhancement of thermal performance in LHTES systems using
metal foam-PCM composites.
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Nomenclature
Anush mush zone constant, T temperature [K]
[kg.m3.s1]
Cp specific heat, [J.kg" TES thermal energy
1KY storage
Cr Forchheimer' s drag \Y velocity [m.s]
(inertial) coefficient,
[m]
ds fiber diameter, [m] Greek symbols
dk characteristic length, B liquid fraction
[m]
dp pore diameter, [m] ® pore density,
[PPI]
EPM enthalpy-porosity € porosity
method
FVM finite volume p density, [kg.m™]
method
g gravity, [m.s’] B tortuosity
coefficient
Hy latent heat, [J.kg] \ unit volume
[m]
k thermal n dynamic
conductivity, [W.m" viscosity, [kg.m
1.K'1] 1.5-1]
K permeability [m?] Y thermal
expansion
coefficient, [K”
1
LHTES latent heat thermal Subscripts
energy storage
MF metal foam in initial
p pressure, [Pa] L liquidus
PCM phase change S solidus
material
S section
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