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ARTICLE INFO ABSTRACT
Keywords: Latent Heat Thermal Energy Storage (LHTES) systems, using phase change materials (PCMs), are promising
Molten liquid cycle solutions for efficient thermal energy management, especially in renewable energy storage and waste heat re-

Melting heat transfer
Nichrome element
Phase change material

covery. However, the low thermal conductivity of PCMs limits their performance. This study investigates a novel
LHTES design that enhances thermal performance by integrating metal foam and dynamic melting. The system
utilizes the hot liquid PCM as a working fluid, circulating between the shell and tube, with metal foam filling the
space between them. A Nichrome heating element creates a liquid film that accelerates the melting of PCM. The
study focuses on the effects of fin size (20 %-70 % of the enclosure width), inlet pressure, and heating element
power on the thermal and flow behaviors. The finite element method was employed to solve the governing
equations, considering both natural convection and the temperature difference between the PCM and metal
foam. Key results show that increasing fin size reduces melting rates by obstructing convective flow, with a 27 %
slower melting rate at 70 % fin size compared to 20 %. Increasing inlet pressure from 500 Pa to 3000 Pa
enhanced melting rates by 51 % and 200 %, respectively. Similarly, increasing the heating element power from
250 W to 500 W accelerated melting by 189 %. The findings highlight the significant role of metal foam in
improving heat transfer efficiency and reducing melting time. This work offers new insights into optimizing
LHTES systems by integrating dynamic melting with metal foam, providing a more efficient solution for thermal
energy storage compared to previous approaches.

1. Introduction addressing the global challenge of energy management, particularly in
light of the intermittency of renewable energy sources and the dissipa-

Latent Heat Thermal Energy Storage (LHTES) systems, utilizing tion of waste heat into the environment [1]. These systems facilitate the
phase change materials (PCMs), represent a significant step forward in storage and release of thermal energy by utilizing the phase change

Abbreviations: A, outlet PCM area; C;, Specific Heat Capacity; Cv, Specific Heat of Metal Foam; dg,, Pore Diameter of Metal Foam; k, Thermal Conductivity; kv,
Thermal Conductivity of Metal Foam; LHTES, Latent Heat Thermal Energy Storage; MF, Metal Foam; MVF, Melt Volume Fraction; Nu, Nusselt Number; PCM, Phase
Change Material; Pin, Inlet Pressure; Pr, Prandtl Number; Qo, Heat Generation Rate; Qjatent, Latent Heat Transfer; Qsensibles Sensible Heat Transfer; Re, Reynolds
Number; V, Volume; V,,, Outlet Velocity; a, Thermal Diffusivity; g, Thermal Expansion Coefficient; k, Permeability of Metal Foam; y, Dynamic Viscosity; p, Density;
@, Phase field variable.
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Fig. 1. Schematic representation of a high-intensity solar thermal configuration for space heating in buildings, illustrating the integration of a solar energy absorber,

an LHTES module, and a thermal storage tank for enhanced energy management.

behavior of PCMs, offering a dispatchable solution with superior heat
storage capacity, a diverse range of PCM options, and nearly isothermal
operation, requiring only a single hermetic container without additional
infrastructure like salt pumps or heating traces [2]. Such attributes make
LHTES highly practical for applications such as solar thermal energy
storage, thermal regulation in buildings [3], and various industrial
processes [4]. However, the effectiveness of these systems has been
limited by the low thermal conductivity of PCMs, which restricts the rate
of heat exchange between PCMs and heat sources or sinks, resulting in
slow phase transition times and reducing their overall efficiency [2,4,5].
The present study addresses this challenge by exploring innovative
techniques to enhance the heat transfer properties of LHTES systems,
with a focus on metal foams and dynamic melting.

To overcome the thermal conductivity barrier, a variety of innova-
tive enhancement techniques have been explored, each contributing
unique improvements to LHTES efficiency [6]. Hybrid techniques,
combining multiple strategies, have shown promise in enhancing PCM
performance, while Nano-enhanced PCM can increase thermal conduc-
tivity by up to 32 %, albeit with a corresponding reduction in latent heat
by the same percentage [1,4]. Shape-stabilized PCMs offer a remarkable
enhancement, boosting heat transfer rates by 3 to 10 times, making them
ideal for solar collectors and photovoltaic-based recovery systems [4].
Magnetic fields improve melting and solidification performance by
adjusting parameters like magnetic number and Hartmann number,
influenced by container geometry and orientation [7]. Magnetic fields,
ultrasonic vibration, and electrohydrodynamics further enhance heat
transfer by manipulating fluid flow and heat conduction, contrasting
with conventional methods like fins, which may compromise capacity
[8]. Meanwhile, cavity geometry designs (e.g., spheres, squares) affect
thermal efficiency, with nanoparticles in fluids accelerating cooling
processes [2].

While these advancements have contributed to the optimization of
PCM-based systems, a gap remains in the integration of dynamic melting
techniques with metal foams to improve heat transfer. The present study
aims to fill this gap by investigating the effects of dynamic melting,
metal foam integration, and fin configurations on LHTES performance.
These advancements, supported by materials like MXene with a 16 %
conductivity increase and 94 % efficiency, underscore the trans-
formative potential of LHTES, driving sustainable energy solutions
across diverse sectors [4].

PCMs represent a pivotal technology in LHTES, leveraging their

ability to absorb and discharge significant quantities of energy during
phase transitions, a property that renders them particularly effective for
applications demanding efficient thermal regulation, such as solar en-
ergy systems and domestic heating. For instance, an experimental study
on convection-induced melting of lauric acid within a rectangular cavity
revealed that the inclination angle plays a decisive role in shaping nat-
ural convection flows, which in turn govern the heat transfer rate and
overall melting duration [9]. These findings emphasize the importance
of optimizing natural convection flows through proper enclosure design.
Within the hot wall temperature interval of 55-70 °C, the horizontal
configuration enclosure was found to be over twice as large as a vertical
one, underscoring the role of enclosure orientation in optimizing PCM
performance. Similarly, a novel scraped surface heat exchanger
designed for solar LHTES showed that scraping solidified PCM from heat
transfer surfaces increased the heat release rate by two to three times
compared to non-scraping modes, fully extracting 11.9 MJ of latent
energy in a shorter duration [10]. These studies emphasize the crucial
importance of enhancing heat transfer mechanisms and optimizing
system design to maximize the efficacy of PCM-based systems.

Further advancing the understanding of PCM applications, numeri-
cal studies provide insights into optimizing thermal energy storage
systems under complex conditions. A numerical investigation of non-
Newtonian PCM flow in finned rectangular enclosures revealed that
increasing the number of solid fins from one to three substantially
reduced charging time, despite the material's inherently poor thermal
conductivity [11]. This enhancement is primarily ascribed to the
increased effective heat transfer area generated by the incorporation of
fins, demonstrating a practical approach to overcoming PCM limita-
tions. These studies emphasize that while PCMs offer significant energy
storage potential, their effectiveness is contingent upon innovative
design strategies, such as enclosure orientation, surface scraping, and fin
integration, to address challenges like low thermal conductivity and
slow phase transition rates [9-11]. While these findings highlight
essential strategies, additional research is needed to fully understand the
long-term effects of different PCM configurations on thermal
performance.

Metal foams and porous media have emerged as transformative tools
for enhancing heat transfer in enclosures across various engineering
applications, including thermal management in electronics, photovol-
taic systems, and industrial heat exchangers. These materials improve
convective and conductive heat transfer by increasing surface area and
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Fig. 2. The structural layout of the shell-and-tube thermal storage system
incorporating a metal foam section and fins, (a) The employed coordinate
framework along with the physical domains; (b) A schematic 3D representation
of the axis-symmetric model.

Table 1
The width of fin across different designs.

Cases w Py, (Pa) Qo (W) PCM's Vo (m/s)
C; 0.2L 3000 500 0.22826
Ca 0.25L 3000 500 0.22577
Cs 0.3L 3000 500 0.22402
Cy4 0.35L 3000 500 0.22262
Cs 0.40 L 3000 500 0.22123
Ce 0.45L 3000 500 0.21969
Cy 0.50 L 3000 500 0.21796
Cs 0.55L 3000 500 0.21593
Co 0.60 L 3000 500 0.21356
Cio 0.65L 3000 500 0.21072
C11 0.70 L 3000 500 0.20727
Ci2 0.25L 500 500 0.04782
Ci3 0.25L 1000 500 0.08825
Cia 0.25L 1500 500 0.12572
Cis 0.25L 2000 500 0.16087
Cie 0.25L 2500 500 0.19412
Ci7 0.70 L 3000 250 0.20727
Cis 0.70 L 3000 500 0.20727
Cio 0.70 L 3000 750 0.20727
Cao 0.70 L 3000 1000 0.20727
C21 0.70 L 3000 1250 0.20727
Caz 0.70 L 3000 1500 0.20727

altering flow dynamics within enclosures. For example, recent research
demonstrates that incorporating metal foams in photovoltaic thermal
systems boosted thermal efficiency by 32 %, and in non-Newtonian fluid
systems, heat transfer increased by 44 % with the introduction of porous
media [12,13].

The application of metal foams in LHTES has garnered significant
interest, particularly due to their ability to increase heat transfer rates
and reduce melting times in PCM-based systems. Research has demon-
strated that metal foams significantly improve heat transfer efficiency
and shorten melting durations in PCM-based configurations. For
instance, a numerical investigation on PCM integrated with metal foam
featuring Kelvin cell structures demonstrated that raising the cell per
length (CPL) improves the melting progression, reducing the overall
time required for complete phase transition and facilitating faster energy
accumulation, particularly in smaller enclosures [14]. These findings
highlight the role of metal foams in overcoming the limitations of low-
conductivity PCMs and improving energy storage performance.

The primary objective of the present work is to explore the use of
dynamic melting and metal foam integration to enhance the
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performance of LHTES systems. By employing dynamic melting, which
utilizes the forced convection of superheated liquid PCMs, we aim to
accelerate the phase change process and improve overall system effi-
ciency. The study specifically investigates the effects of varying fin sizes,
inlet pressures, and heating rates on the melting process, providing new
insights into optimizing LHTES performance. The dynamic melting of-
fers applications for portable and fast charging of LHTES units.

2. Model description and governing equations
2.1. Model description

LHTES technologies are essential to the advancement of solar energy
systems, as they address the inherent intermittency of solar power,
which is influenced by both atmospheric conditions and diurnal cycles.
LHTES systems are capable of storing significant amounts of thermal
energy at the phase change (fusion) temperature of the storage medium,
allowing for high energy density within a compact volume. This enables
adequate compensation for fluctuations in solar energy availability.

Fig. 1 displays a diagrammatic view of a focused sunlight heating
setup intended for indoor warming purposes. The system is composed of
a solar collector, a thermal storage tank, an LHTES unit, and the cor-
responding circulation pumps. In operation, the concentrated solar
collector heats water, which is then circulated through a heat exchanger
via a pump. Simultaneously, a molten PCM is circulated through the
LHTES unit and the same heat exchanger. Before re-entering the LHTES,
the liquid PCM passes through an auxiliary electric heater that ensures
the PCM reaches the desired temperature, thereby facilitating effective
charging of the LHTES unit.

Discharging of the LHTES occurs through the flow of water within
the inner tube of the storage unit, establishing a circulation loop be-
tween the LHTES and the domestic hot water reservoir. The storage
reservoir subsequently supplies heated water to the building as required.
During periods of low energy demand or excess solar energy generation,
the LHTES is charged using the surplus thermal energy. Conversely,
when demand increases, the hot water tank can draw thermal energy
from the LHTES unit, ensuring a continuous and responsive supply of
thermal energy for building heating needs.

Fig. 2 illustrates the shell-and-tube configuration adopted for
designing the LHTES system in this study. The liquid PCM enters the
shell region under a gauge pressure Pj, and exits through the top outlet
at atmospheric pressure (zero relative pressure). The HTF flows in the
inner tube. Gravity acts from top to bottom, so it is opposite to the flow
direction. The tube structure and fins are composed of nichrome, a
material commonly used in electrical heating elements. The tube wall
has a thickness of typ. and internal radius R = 6.35 mm. The shell height
is 0.4 m, and the shell radius is 13R. The shell width (L), including the
embedded element, is calculated by subtracting the tube radius (R) from
the shell radius (13R), resulting in: L = 13R — R = 12R. There are fins
with a thinness of 6 mm, and fin length of W. The space inside the shell is
filled with copper metal foam and PCM. There is a port at the bottom of
the enclosure where the heated liquid PCM enters, with an inlet tem-
perature of T, and an inlet pressure of P;,. There is also an exit port at
the top where the liquid PCM can leave the enclosure. The flow of hot
PCM initiates the transfer of thermal energy to the surrounding PCM in
the domain. For an enclosure at subcooled status, there is no way for the
molten PCM to enter the enclosure, nor is there a path between the PCM
inlet and outlet. To create an initial path between the inlet and outlet
ports, the nichrome tube and fins are subjected to an electrical current,
generating heat at a rate of Q. This generated heat melts the PCM next
to the nichrome tube, which in turn melts the nearby PCM and creates a
layer of liquid PCM between the inlet and outlet ports. This allows an
initial flow of molten PCM within the enclosure. As the flow continues,
the liquid PCM layer expands, and the electrical heater will no longer be
needed to generate heat. Thus, the heat generation in the nichrome
domain is controlled by the flow rate at the output port as:
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where Vo is the velocity of outlet liquid PCM when the PCM is fully
melted, and there is a steady state flow of molten PCM through the
enclosure. Solving the steady-state equations for the enclosure when all
PCM is in the molten state yields: where A is the outlet PCM area, dA is
an element of the outlet surface, and uz is the velocity component of the
liquid PCM in the z-direction. Indeed, Vo, represents the maximum
possible average velocity of PCM exiting through the outlet port. During
the simulations, the average PCM outlet velocity as a function of time is
computed as Vou(t) = A™? i) \uz(t)dA. Here, Vou(t) computes the
average velocity of the outlet PCM during the melting process. As long as
the outlet velocity is fairly small (Vou(t)/Vour < 1/3), the heating
element remains on with a power of Qg. The element then turns off when
the liquid PCM film forms and the outlet velocity reaches 1/3 x Vgt or
higher. The values of Vo, have been computed and reported in Table 1.
Fig. 3 shows a schematic view of the model for various fin lengths (Cases
C1-C11).

In the present configuration, the radial fins are an integral part of the
nichrome heating element, providing both mechanical rigidity and an
extended conduction path from the electrical element into the sur-
rounding MF-PCM composite. Therefore, the goal of this work is not to
compare ‘finned versus fin-less’ tubes, which have been extensively
studied in previous LHTES configurations, but rather to quantify how fin
length influences dynamic melting when fins, metal foam, and forced
PCM recirculation are simultaneously present.

2.2. Governing equations

The physical model consists of two separate regions: the nichrome
tube structure and the MF-PCM domain, which are interconnected. The
heat conduction process within these regions is described using the
governing equation formulated in cylindrical coordinates in the internal
heat generation nichrome wall and can be articulated as:

10 raT N T
ror\ or 022

In this context, k, p, and C, denote the thermal conductivity, density,

and specific heat capacity, respectively. The subscript “Nichrome” refers

to the properties associated with the tube wall and fins. Qyjichrome is the
heat generation term with unit W/m®. The magnitude of Qichrome 1S

oT
(,D CP)NichmmeE = Knichrome

) + QNizhrome (2)

adjusted with the volume of the Nichrome region to produce the heat
rate of Qp. Furthermore, t and T represent the time and temperature
distribution, respectively. As depicted in Fig. 2, the cylindrical coordi-
nate structure is established by the radial and vertical axes.

The open-cell structure of metal foam facilitates the penetration and
distribution of molten PCM within its porous matrix. Thermal gradients
formed within the liquid PCM generate buoyancy-driven forces, thereby
inducing natural convective motion throughout the porous structure.
Additionally, any externally imposed flow of the liquid PCM contributes
to forced convection. The combined effect of these mechanisms results
in mixed convection within the MF-PCM domain. Consequently, accu-
rate thermal analysis in such systems necessitates the simultaneous so-
lution of the governing equations for fluid flow and phase transition
within the MF-PCM region. The melt fraction across the computational
domain is tracked using the enthalpy-porosity approach to model the
phase change [15]. To distinguish between the temperatures of the
metal foam and the PCM, a local thermal non-equilibrium (LTNE)
framework is adopted. Additionally, non-Darcy flow effects are incor-
porated into the analysis. Consequently, the governing differential
equations describing the physical model are formulated as follows
[16-18]:

ou, 1 o(ruy)

7r0r:O

3

0z

z-momentum equation in PCM domain:

poon (B 1, 0u 0w\ Y 0 e (Fue 10 (u
€ <0t+e(uzaz+u'0r " e \o2 ra\l%))T
_ PrcmCr Amush(1 — ¢(T) )2 _ Hecm _
uz( \/E |u‘ + Dmush +¢3(T) X +g(pﬂ)PCM(T TO)

4

r-momentum equation in PCM domain:

prc (@0 1 (9 00N\ _ g (10,00t P
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Energy equation in PCM domain:
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Table 2
Overview of the thermophysical properties of the materials involved in the system.
Materials u (kg/m.s) p(1/K) Tm (°C) L (kJ/kg) Cp, (J/kg.K) k (W/m.K) p (kg/m®)
Paraffin (solid/liquid) [25-27] 0.0036 0.00091 49-54 176 2700/2900 0.21/0.12 916/790
Nichrome [28] - - - - 450 11.3 8400
Water [29] 0.000957 0.00021 - - 4179 0.613 997.1
() EaTPCM . uZaTPCM L 0Tecm ) \ _ d , 4
Pop)een\ €5 1 oz | or £:@(1*5>z<1_exp(_8’1>> a1
3 oT. 19 T o0(T) dp, 50\ 37 0.04
PCM PCM 4
P (keff.PCMa—z) +?6_r (keff.PCMr or > —é'(PL)pCMT"rhv(TMF —Tpcm) . s o8 N . . 6 o0 6
— 2 —
(6) — == 7+ucos —m+=cos! LSS 12)
Kor € |4 2 3 3 (9 — 8¢)2
Energy equation in MF domain:
G102~ 2 () 10 () 0T speccation of the et foam (33l
Pp) e ot oz \ Moy ror \ME T ) P ’

- hv(TMF - TPCM)

where r coming from the radial coordinate system, u, is the radial ve-
locity, and |u| = v/(u + u2) is the velocity magnitude. The symbols y, g,
B, and L, indicates the dynamic viscosity, gravity magnitude, volumetric
thermal expansion coefficients, and latent heat of fusion, respectively.
The subscripts of PCM, MF, eff denotes the PCM material, metal foam
material, and effective properties, respectively.

In this formulation, x and Cy denote the porous medium's perme-
ability and the Forchheimer coefficient, respectively. The volumetric
heat transfer coefficient, h,, which will be elaborated upon in a subse-
quent section, represents the heat exchange between the pore-filling
PCM and the surrounding porous structure. To ensure negligible veloc-
ity components within the solid PCM regions, two parameters Apysh and
Amush are introduced, assigned high and low values, respectively (Amush
=10'° Pa.s/m? and Amush = 0.001). Additionally, a simplified artificial
dynamic viscosity formulation is employed to improve numerical
convergence, defined as ypcm = (1-9) X fare + @ X ptpcml, in which pgr
denotes the artificial viscosity and is assigned a value of 10* Pa.s [19].

The effective thermal conductivities of both the metal foam and the
PCM are incorporated, acknowledging that the pore structure signifi-
cantly influences these values [20]. The melting volume fraction, ¢, is
governed by the PCM temperature, as described below [21,22]:

AT
0 T<T¢— Tf (Solidous phase)

(T-T¢) 1 AT;

o(T)= AT, 3 T; — - <T<Ti+ A2j (Solidous-Liquid region)

AT,
1 T>Te+ Tf (Liquid phase)
(8

In this context, AT represents the temperature interval over which
the phase transition takes place around the fusion point Tt. The gov-
erning formulations incorporate the porosity (¢) and the average
permeability (x) of the porous medium. The permeability (x) [23] and
the effective thermal conductivity (k) of the metal foam are evaluated
using the following expressions [16,20]:

)

k 3 9
2
__ 1 edp /5
= Ktor(Ktor - 1) 6 (10)

In these equations, kyr denotes the bulk thermal conductivity of the
metal foam, while dg, and k- are defined as follows [23]:

ds = 0.0254 /PPI (13)

Here for the metal foam, PPI = 40 was considered. The Frochheimer
coefficient is determined using the specified analytical eq. [23]:

1 0.132 d —-1.63
Cr = (1 - 8) (d_f,) % 0.00212 a4

The study presented in [24] defines h, as a performance of the
Nusselt number:

1\2
h, = <—) kpcuNu, (15)
ds

where Nu, is subsequently determined for small pore-scale Reynolds
numbers using the following relations [24]:

N — 76.99 —152.01 x £ +75.04 x & 0<Re<0.1
"7 1(1.7241.71 xe—3.46 x £*) xRe®** xPr’?®  0.1<Re<1

16

Here, Pr= PPCMx ﬂPCM/aPCM where OpcMm = kpCM/(/)Cp)pCM_ The pore
scale Reynolds number (Re) is evaluated using the relation Re = dg x
upcm X ppem/ppcem- This formulation aligns well with the low or negli-
gible velocity magnitudes observed for PCM distributed within the metal
foam structure [19].

In conclusion, the effective thermal conductivity of the PCM, keft pcm,
is estimated based on the approaches detailed in [16,20]. A linear
weighting method is applied to compute the thermophysical properties
across the phase change interface:

2
kestpem = kpcu (8 g ) a7
(pcp)pcm =9(pGy), + (1 - 9)(pGy), (18)
Prew = 9P+ (1 —@)py 19)

In this formulation, subscripts s and | are used to denote the solid and
liquid phases of the PCM, respectively. The thermophysical properties of
paraffin, metal foam, and the structural components (tube and fins) are
summarized in Table 2.

2.3. Initial and boundary conditions

Continuity conditions for both temperature and heat flux were
imposed at the interfaces of connected walls. In the case of LTNE,
temperature continuity was maintained, whereas the heat flux conti-
nuity was partitioned between the PCM phases and porous matrix as
follows [19]:

Gnichrome = (1 - g)qMF + €qpcm (20)
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Fig. 4. Flowchart of the numerical procedure employed for solving the gov-
erning equations.

Table 3
Mesh configuration details corresponding to varying values of the mesh control
parameter Np,.

N, Tube wall and fins elements MF-PCM elements Total elements
3 327 3283 3622

4 578 5946 6502

5 1291 9359 10,358

6 1652 12,894 13,876

7 2419 17,386 19,409

A consistent inlet temperature of Ty, = Tt + 15 °C was employed at the
inlet liquid PCM port. A gauge pressure P;, was applied at the liquid PCM
inlet. The LHTES unit was assumed to initially operate at a supercooled
temperature of T, = T¢-15 °C, where Tf = 51.5 °C. Except for the inlet and
outlet, which were treated independently, all other surfaces were
assigned no-slip and impermeability boundary conditions. Thermal
insulation was assumed along the tube's inner surface and the shell's
outer surface. The outlet was subjected to an outflow condition char-
acterized by zero relative pressure and a heat flux condition of -n.q = 0,
where n represents the unit normal vector to the surface.
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Fig. 6. (a): A broad depiction of the chosen grid layout (Nm = 6); (b): an in-
depth portrayal of the lower portion.
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2.4. Key parameters

Given the axisymmetric nature of the model, the integration is per-
formed over the entire volume. The accumulated thermal energy is
computed as the sum of both sensible and latent heat contributions:
Q:tore _ Qlatent + Qsensible

Power = —

time time @

Qlatent = E% (Lp)pCM(ﬂdV (22)
v
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In this context, V denotes the volume occupied by a domain, and dV
represents an infinitesimal volume element. MVF parameter, which
represents the mean fraction of melted PCM, is determined as follows:
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3. Computational techniques and simulation assessment

This section presents the computational methodology, grid inde-
pendence assessment as well as validation of the computational model.
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Fig. 9. Comparison of the wall average temperature for the enclosure heated 3.1. Finite element method

from side and filled by coper metal foam experimented in [28] and the present

simulation results. The governing mathematical relations, together with their corre-
sponding boundary and initial constraints, were tackled by employing

the finite element method (FEM) to accurately capture the phase change
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2100 2800

0.00

1.00 v N " 024
/ / | =— P, =500
..... meom- P =1000

P, = 1500

/ / 7 _/ 020 . R
075 | / !/ / - P, =2000
o . . . P, =2500
i / 7 / P, =3000

(J

2= 0.50 | / / /
= g ,'/' . P, =500 .
- //_ ----- aeees P, =1000 / g
7 \—— P, =1500 e
025 | é;’ P, =2000 S,
& . P, =2500 / e —
- P, =3000 o /
4
0.00 & ] . ] . ] . ] ] . ] . ] . ]
0 1325 2650 3975 5300 1325 2650 3975 5300
t(s)

t(s)

Fig. 11. MVF and the average PCM velocity at the outlet port during melting progression across various pressure measured in Pa at W = 0.25 L (C5) and Qo = 500 W.



M. Bougzidi et al.
1.00 F —— —
7 i
[
/8 /
[]
[/ i /
0.75 | N .
[l /
| ® / "' u 2
. [/ / H
> 050F e / / o 5
E / A l’l / ;
L o) / y . . =250 | 5°
/ I / ----- SR Q, =500
025 F 4 / i . =750
/ A 'II / Q0=1000
- . / FA . =1250
£ / Q, = 1500
0.00 EEZ""_ . \ . \ . \
0 1500 3000 4500 6000
t(s)

Fig. 12. MVF and the average PCM velocity at the outlet port during melting process for different Qy measure in W at w = 0.7 L (Cy1),

0.207276 m/s.

effects [30,31]. The equations were first converted into their weak for-

mulations, and a second-order discretization scheme was applied to both

the thermal and momentum equations. Element-wise integration using

Gauss quadrature yielded a set of algebraic residual relations, which
were addressed through a coupled, iterative approach via the New-
ton-Raphson technique [32,33], incorporating a damping coefficient of
0.8 was employed to improve numerical stability and convergence.
Parallel computations were carried out using the PARDISO solver in
conjunction with the Newton scheme, allowing efficient use of multiple
CPU cores [34,35]. Time stepping and convergence control were
managed automatically using the first- and second-order backward
differentiation formula (BDF), ensuring that the relative error remained
below 1E-3 [36].

The FEM facilitated the generation of continuous and smooth solu-
tions across the computational domain, offering the precision required
for this study. Specified initial conditions were employed, after which
the system was analyzed for phase transition and thermal storage
behavior. At the start of each computational run, relevant thermo-
physical properties, such as the metal foam's effective thermal conduc-
tivity and permeability in the x and y directions were computed. The
phase field variable (¢) was subsequently updated based on the PCM
temperature distribution, and these properties were incorporated into
the governing equations. The heat transfer and continuity equations
were treated as fully coupled and solved iteratively. The simulation was
programmed to terminate upon complete melting of the PCM, defined
by a MVF equal to or exceeding 0.995, which served as the stopping
criterion. Fig. 4 presents a schematic representation of the implemented

computational algorithm.

3.2. Grid resolution

Simulations across various mesh densities were conducted to assess
the influence of mesh resolution on the accuracy of the computational
results. Case C1 was analyzed using multiple grid resolutions, governed
by the parameter Ny,. A free quadrilateral mesh was employed to dis-
cretize the computational domain. Details regarding the Ny, values and
corresponding mesh characteristics are provided in Table 3.

Fig. 5 illustrates the numerical prediction of MVF during the solid-
-liquid phase change for different mesh resolutions. The near-complete
overlap of the curves demonstrates the high degree of precision obtained
in the simulations. Fig. 6 provides a detailed view of the selected mesh
(Nm = 6), highlighting the refined structure near critical regions such as
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the tube walls and metal foam interfaces, which ensures precise reso-
lution of thermal gradients and phase boundaries.
In this study, a detailed timestep analysis was not required as the
chosen time step and the adaptive time-stepping method used in the
simulations were sufficient to ensure both stability and accuracy. The
adaptive time-stepping method, controlled by the BDF scheme, auto-
matically adjusts the time step to maintain the relative error below,
providing accurate results throughout the simulations. Therefore,
further timestep analysis was not necessary. This approach has been
validated through grid independence testing and ensures that the results
are both reliable and computationally efficient. It is noteworthy that the
temporal step size was adaptively controlled using the BDF scheme to
ensure a relative tolerance below 1 x 10~*. The analysis indicated that
employing a finer mesh with N, = 3 considerably reduced the required
time step size, thereby enhancing the solution accuracy. However, this
refinement also increased the total computational cost. As a result, a
mesh with N, = 3 was chosen as the optimal configuration, providing a
suitable balance between computational accuracy and efficiency.

The Np, parameter is the mesh control parameter, which dictates the
resolution of the computational grid. Increasing Ny, results in a finer grid
with more mesh elements, thereby enhancing the accuracy of the
simulation but increasing computational cost. In the context of this
study, N, was varied to assess the sensitivity of the results to grid

resolution.

3.3. Model and code validation

The validity and reliability of the present computational model and
simulation results were assessed by comparison with the experimental
findings of Kamkari et al. [9] and the analytical predictions of Kamkari
and Amlashi [37]. These reference investigations examined the phase-
change behavior of lauric acid as a PCM within a rectangular cavity
measuring 120 x 50 mm, where the left boundary wall was maintained
at a constant temperature of Ty, = 70 °C, and all other boundaries were
thermally insulated. In the Kamkari et al. [9] modelling a local thermal
equilibrium approach was adopted.

A comparison of the MVF between the present simulation and the
referenced works is illustrated in Fig. 7. The observed agreement be-
tween the outcomes verifies the precision and reliability of the current
numerical approach and validates the developed model.

To assess the performance of the present computational framework
in simulating the phase-change behavior of paraffin wax composites
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Fig. 13. Isotherms and MVF contours of C1-C11 based on the Table 2 at P;, = 3000 Pa and Qo = 500 W.

embedded in metallic foam, the numerical results were compared with
the experimental observations of Zheng et al. [28]. In the referenced
study, the phase transition of paraffin wax was conducted inside a cubic
cavity with dimensions of 100 mm per side, where one vertical wall was
maintained under a constant heat flux of 1150 W. Minor thermal losses
were reported from the lateral boundaries of the system. The metallic
foam used in the experiment had a porosity of 0.95 and a pore density of
5 PPL

Fig. 8 presents the evolution of the melting front at heating durations
of 1.5, 3, and 4.5 h. Fig. 9 shows a comparison of the average wall
temperatures. The simulated phase interface shape and position closely
align with the experimental observations reported in [28]. The tem-
perature profiles also show a good match between the simulations and
the experimental observations.
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4. Results and discussion
4.1. Effect of fin size on melting process

Fig. 10 depicts the variations of the MVF and the outlet velocity of
the PCM V,,: as functions of time for the different configurations
considered, C; to C;;. In all the cases, the MVF starts increasing slowly
from zero where the PCM is in the solid state, then the rise of MVF be-
comes sharper as more PCM melts due to the enhanced convective heat
transfer in the enclosure. It is clear that the melting rate of the PCM is
maximum in case C; (fin size is 20 % of the total width) and minimum in
case Cy; (fin size is 70 % of the total width). The total melting duration is
27 % longer in the latter compared to the former. In the intermediate
cases, the melting rate increases progressively by going from a case to
the following one. This is due to the fact that the cases are classified by
the scale of the fin, and increasing the fin size creates an obstruction to
the flow of the melted PCM, hindering further PCM melting in the cavity.
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Fig. 13. (continued).

These results show that, in the present dynamic-melting configuration
with metal foam, increasing fin length beyond 0.2 L slows down the
global melting process, because the enlarged fin surfaces progressively

obstruct the convective circulation of the liquid PCM. Fins still promote
local conduction in the vicinity of the nichrome wall and accelerate the
initial formation of a liquid layer; however, once a continuous liquid

11
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Fig. 13. (continued).
path is established, global heat transfer is dominated by buoyancy- As for Vo, it also starts from zero due to the absence of flow in the solid
driven and forced convection. In this regime, overly long fins behave PCM, then gradually increases as the melted PCM moves between the
mainly as flow barriers rather than as beneficial conduction extensions. inlet and the outlet. The onset of liquid motion occurs earliest in case C1,

12
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starting after 2100 s, and latest in case C11, starting after 2800 s. In
addition, the outlet speed at every instant rises inversely with the scale
of the fins. In particular, a 10 % rise in the maximum speed is obtained in
case C; compared to case Cq;. These observations confirm the negative
effect of the large fins on the liquid PCM circulation within the
enclosure.

Although the external flowing cycle effectively accelerates the
melting process of PCMs, its cost-effectiveness remains an important
consideration. The energy required to drive the external flow should be
evaluated against the enhanced performance achieved in melting the
PCM. Future studies should investigate the balance between these two
factors to optimize both energy consumption and melting efficiency.

4.2. Impact of inlet pressure on PCM melting

The impact of the various inlet pressures Pj, on the time variations of
MVF and Vj, is illustrated in Fig. 11 for the case Cy. It's noted that the
PCM melting speed increases with Pj,. The PCM takes around 2 times
less time to fully melt for P;, = 3000 Pa compared to Pj, = 500 Pa. Even
when Py, is only raised from 500 Pa to 1000 Pa, a 51 % in the melting
rate is obtained. This is due to the fact that a higher inlet pressure of the
PCM results in intensified flow and enhanced heat transfer at the melting
interface, leading to faster melting. In addition, and for the same reason,
it can be seen that the maximum V,, is higher in the case of P;, = 1000
Pa compared to Pj;, = 500 Pa. This increase becomes 2.6 times if the inlet
pressure is further increased from 500 Pa to 3000 Pa. While the increase
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Fig. 14. Isotherms and MVF contours across different pressures at w = 0.25 L (C2) and Qo = 500 W (C18-C22).

in inlet pressure is shown to enhance forced convection in a linear
fashion, it is important to note that further studies should explore po-
tential non-linear effects and examine the long-term impact of pressure
variations at higher flow rates and different configurations.

4.3. Effect of heating rate on melting performance

The variations of MVF and V, as functions of time for the different
heating rates Qg are plotted in Fig. 12. It is evident that decreasing Qg
can significantly reduce the melting speed. In fact, doubling Q, from 250
to 500 W, accelerates the melting process by 189 %. Up to 366 % in-
crease in the melting rate can be achieved by further raising Qg from
250 W to 1500 W. Moreover, V, also gets higher when Qy is increased
since the formation of the liquid film between inlet and outlet ports is
faster. These findings are related to the rise in melted PCM when the heat
generation source is intensified. Moreover, it is noted that there is no
change in the maximum V, can be obtained when Qy is reduced from
1500 W to 250 W. This is since the maximum V,; is controlled by metal
foam and fin structure when the enclosure state is fully liquid PCM. The
hydrodynamic behavior of the system is independent of Qy. However,
the onset of liquid PCM flows appears earlier in the former case
compared to the latter. Namely, PCM starts flowing through the outlet
after 5900 s for Qy = 250 W, but only after 1500 s for Qy = 1500 W.
Naturally, increasing the intensity of the heating source accelerates
melting. Still, once all the PCM has melted, a similar flow pattern ap-
pears, as the inlet pressure and fin size are the same, so the speed of the
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Fig. 14. (continued).

flow is not affected. In addition to the effect of inlet pressure on melting,
it is essential to note the influence of PCM flow dynamics, where the
bottom part of the system tends to be hotter than the upper part. This
temperature gradient enhances the flow of liquid PCM from the heated
regions to the cooler areas, contributing to improved heat transfer and
accelerating the melting process.

4.4. Analysis of thermal and melting contours

The evolution of the isotherms and MVF contours is shown in Fig. 13
for the different configurations C; to Cy;. In all the cases, a film of melted
PCM initially appears near the finned hot wall, then as time goes by,
further melting occurs until finally almost all the PCM in the cavity has
melted. The last solid PCM to melt is located in the top right corner of the
enclosure. This is because the heat transfer in the open space of the

15

cavity is primarily driven by convection. As the hot liquid PCM near the
left wall rises, it melts the solid PCM, cools, and moves downward,
repeating the cycle. This process is illustrated in Fig. 13, which shows
the progression of melting across different times. It can be seen also that
PCM melts initially in the zone neighboring the fins, in that zone, heat
transfer is dominated by conduction as indicated by the stratified iso-
therms. Because of the fins' high thermal conductivity, heat transfer to
the nearby PCM is enhanced, leading to melting in that region. The
melting front of the PCM exhibits protrusions of liquid PCM near the fin
boundaries, while larger solid PCM protrusions appear in the spaces
separating the fins. It should be emphasized that as the fin size increases,
the overall melting rate of the PCM becomes slower. By comparing the
cases C; to Cq1, their main feature is the scale of the fins, which varies
from 20 % to 70 % of the cavity width. It is seen that melting slows down
progressively by moving from the smallest fin scale (C;) to the largest
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Fig. 14. (continued).

(C11). Indeed, the presence of the fins provides an improvement of the
effective thermal conductivity, but its impact on PCM melting remains
localized near the fins as previously mentioned. Once a melted PCM film
appears near the finned wall, the melting behavior becomes dominated
by convection. In this case, the presence of the fins represents a barrier
slowing down the liquid circulation and inhibiting PCM melting over the
whole enclosure.

The influence of Pj, on the thermal and melting contours is illus-
trated in Fig. 14 for the configuration Cy. At the beginning, the PCM
shows the same behavior in all the cases. But soon after, the impact of P,
appears to enhance heat transfer and accelerate melting. It is seen that
the amount of melted PCM is very low for P;;, = 500 Pa compared to
when Pj, = 3000 Pa. In the former, most of the PCM remains in the solid
state even after 2400 s, while in the latter, almost all the PCM has melted
after that duration. For the intermediate values of Pj,, it is seen that PCM
is more pronounced as Pjj, is increased. In fact, Pj; is related to the flow of
hot PCM entering the cavity. Raising P;, further opens the passage be-
tween the inlet and the outlet. This pressurized stream of hot liquid PCM
intensifies the convective heat transfer across the PCM, resulting in
enhanced melting. On the other hand, considerably reducing P;, shifts
the configuration towards an enclosure with little to no PCM circulation
between the inlet and the outlet, such that the effect of pressurizing the
PCM at the inlet becomes negligible. The inlet is at the bottom, so the
fresh hot PCM first reaches the lower region and melts the bottom sec-
tion more effectively than the top section.

The isothermal and melting contours are depicted in Fig. 15 for
various heating rates Q. Similar to the impact of Pj,, increasing Qg also
helps in accelerating PCM melting. For Qo = 250 W, almost all the PCM
in the enclosure remains in the solid phase after 1500 s, while most of
the PCM changes into the liquid phase within 1125 s if Qo is raised to
1500 W. The other cases, where Qq is varied in the interval between 250
W and 1500 W, show a progressive enhancement in PCM melting with
the rise of Q. Indeed, the source of heating in the enclosure is the in-
ternal heat generation in the wall represented by Qo. When the heating
source is strengthened, and for a constant pressure inlet and a given fin
scale, the heat absorbed by the PCM increases, contributing to intensi-
fied PCM melting.
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5. Conclusions

The present study was dedicated to the thermal and flow behaviors of
PCM in an LHTES unit. The unit is cylindrical and is filled with PCM in
its annulus. The system also integrates metal foam within the PCM
domain to enhance heat transfer. An external flowing cycle is dedicated
to circulating pressurized hot PCM inside the enclosure. A heating
element is located at the cavity wall such that the value of the heat rate
provided can be varied. Fins with variable scale are located on the left
wall. Their scale can vary between 20 % and 70 % of the cavity width.
The influence of various parameters, such as the fin scale, the inlet
pressure Pj, of the pressurized PCM, and the heat rate in the wall, on the
thermal and melting contours, as well as on the melted volume fraction
and outlet velocity of the PCM (V,¢) was assessed. The main findings are
the following:

- Raising the size of the fins reduces the melting speed, as larger fins
create an obstacle hindering the circulation of the melted PCM and
diminishing the convective heat transfer. Melting was found to be 27
% slower when the fin size was 70 % of the cavity width compared to
when it was 20 %. In addition, 10 % increase in the outlet speed of
the melted PCM was observed in the latter case compared to the
former.

A higher value of Py, led to more intense PCM melting, due to the
accelerated liquid circulation. Namely, a 51 % and 200 % rise in the
melting rate was obtained when P;, was raised from 500 Pa to 1000
Pa and 3000 Pa, respectively. In addition, 0.5 and 2.6 times increase
in Vou was observed when Pj, was augmented from 500 Pa to 1000
Pa and 3000 Pa, respectively.

PCM melting rate can be enhanced by raising the value of Q. The
melting duration was reduced by 189 % and 366 % when Q, was
raised from 250 W to 500 W and 1500 W, respectively. Nonetheless,
even if increasing Q leads to a faster cooling, the flow of the PCM has
the same value of Vi, once all the PCM has melted, given the same
value of Pj, and the same scale of the fins.

The presence of metal foam within the PCM domain significantly
enhances heat transfer, facilitating faster PCM melting and improving
the overall performance of the LHTES system. The external flowing
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Fig. 15. (continued).
cycle, therefore, appears to be a promising means to enhance the melting auxiliary pumping power, capital, and maintenance costs of the external
performance of LHTES units at relatively low driving pressures. None- circuit, was not addressed in this work. Coupling the present model with
theless, a comprehensive assessment of cost-effectiveness, including a hydraulic and techno-economic analysis is recommended as a key
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topic for future research.
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