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ABSTRACT

Improving the thermal properties of phase change materials is essential for enhancing thermal energy storage systems. This
paper seeks to enhance the thermal efficiency of latent heat thermal energy storage by the integration of anisotropic metal
foams (AMFs). The thermal efficiency and melting behavior of partly AMF designs, with systematic variations in placement,
covering, and orientation, are computationally modeled and studied to maximize heat absorption and distribution within the
system. A total of 12 distinct examples were examined based on the form and proportions of a funnel-shaped anisotropic metal
foam layer (AMFL) that covers between 36% and 60% of the unit. The finite element method is utilized to solve the governing
equations of the system. The numerical results indicated that the geometric orientation and dimensions of the AMFL influenced
the thermal performance of the system. It was observed that positioning the big AMFL nearer to the hot wall increased the
melting rate by 4.9%, 5.1%, and 3.9% when the AMFL fills 36%, 44%, and 52% of the cavity, respectively. Increasing the AMFL
size from 36% to 60% of the unit size for the same design led to a 3.1% enhancement in the melting rate.

1 | Introduction requirements [1-3]. PCMs provide several remarkable benefits.

They can store a significant amount of energy as latent heat

Challenges to energy sustainability have arisen due to the
markedly decreasing rate of finite fossil fuel resources, in
addition to their detrimental environmental impacts. Incorpo-
rating phase change materials (PCMs) enables latent heat
thermal energy storage (LHTES) systems to mitigate the mis-
match in timing between solar energy availability and energy

© 2025 Wiley Periodicals LLC.

while requiring minimal space. Additionally, PCMs exhibit
outstanding long-term stability, ensuring both mechanical
integrity and chemical reliability during repeated charging and
discharging cycles. Moreover, their energy storage capacity
surpasses that of sensible heat storage by a factor of 4-15 [4].
Nevertheless, these materials frequently experience slow
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charging and discharging performances despite their numerous
benefits due to their minimal thermal conductivity. Innovative
control techniques are necessary to improve the performance of
TES systems by accelerating phase change properties and en-
hancing heat transfer in PCMs. This objective is essential and
necessitates innovative strategies to resolve this obstacle effec-
tively. A widely adopted method for addressing this challenge
involves the use of a durable and efficient enclosure, specifically
designed to facilitate thermal energy exchange with the heat
transfer fluid (HTF). Furthermore, PCM's effective thermal
conductivity is improved through the implementation of
thermal enhancement techniques, including fins [5-10],
nanoadditives [11-15], and metal foams (MFs) [16-19].

Various research studies have focused on improving the ther-
mal performance of LHTES systems by employing innovative
materials and configurations. Research has explored the use of
PCM combined with MF to optimize heat transfer, reduce
melting times, and increase overall system efficiency. Both
numerical and experimental analyses reveal how different
material arrangements and thermal conditions affect energy
storage and transfer performance. Awasthi et al. [20], for
instance, explored the effects of paraffin and copper foam with
varying porosities in shell and tube latent thermal energy
storage (LTES), while other researchers examined different ar-
rangements of PCM and MF to optimize heat transmission and
melting rates. In particular, these investigations have provided
valuable insights into the impact of material composition and
distribution on system efficiency. They investigated the thermal
performance of shell and tube LTES placed in a horizontal
position filled with paraffin and two cascaded layers with dif-
ferent porosities and designs of CuMF. Their central finding is
that there is no guarantee that the two-layer system with dif-
ferent porosities will always obtain the least melting time
compared with the uniform system. In a related study [21], the
melting process of PCM in an inclined compound enclosure
partially filled with a porous medium was analyzed using a
deformed mesh method, showing a notable improvement in
melting rate by optimizing the porous layer thickness and
inclination angle. A further study [22] on non-Newtonian PCM
in a cylindrical enclosure with MF layers highlighted that
porous media notably accelerate the melting process, particu-
larly under strong nonlinear thermal conditions.

Recent numerical studies have extensively explored various
enhancement strategies, including MF configurations, porosity
gradients, multiple PCMs, and nanoadditives, to improve the
thermal performance of LHTES systems. NematpourKeshteli
et al. [23] numerically studied the thermal performance en-
hancement of PCM-based TES systems in a flat plate solar
collector and a lobed triplex-tube heat exchanger. The study
showed that the heat transfer was improved using MF, nano-
particles, and extended fins, achieving a maximum melting time
reduction of 85.16% with foam and nanoparticles. In [24], a
lobed triplex-tube system with Y-shaped fins, MF, and nano-
particles was optimized, resulting in a melting time reduction of
74.26% compared with the straight tube case. A numerical
investigation has been performed by Alam et al. [25] to examine
the heat transmission process in different LHTES models filled
with PCM and various arrangements under simultaneous
charging/discharging conditions. The cellular solids have

shown beneficial properties for heat transfer applications [26].
In Considering latent heat energy storage and MFs, Liu et al.
[27] examined the combined effect of MF structures with
porosity gradients and multiple PCMs to enhance melting
performance. It was found that using multiple PCMs reduced
the melting time by 9.18%, while a one-dimensional positive
porosity gradient further decreased it by 6.18%. The optimal
two-dimensional (2D) porosity gradient configuration achieved
a 17.96% reduction in melting time and a 20.16% improvement
in storage efficiency compared with a uniform MF with single
PCM. Joshi and Rathod [28] innovated a novel configuration of
LTES with the combination of pure PCM and metal foam PCM
(MFPCM) system to optimize the utilization of MF in the MFPC
system. The results revealed that the novel configuration im-
proved the overall melting rate. Seeking to enhance the thermal
performance of the LTES, Joshi and Rathod [29] numerically
optimized the allocation of MFPCM in the LTES, considering
the volume of MFPCM and its distribution as an objective. The
main finding is that compared with LTES with an entire volume
of MF, the new configuration enhanced the melting rate by
11.11%. Mozaffari et al. [30] evaluated the effect of an en-
gineered anisotropic metal foam layer (AMFL) on LHTES per-
formance. The findings highlight that the AMFL improved
paraffin melting by reducing the melting duration by up to
5.28%, and by 8.2% in the optimal AMFL orientation compared
with a system with uniform MF. Buonomo et al. [31] numeri-
cally analyzed LTES with PCM and AMFL to explore the effect
of nanoadditives on a pure PCM. Their results indicated that
utilization of MF in addition to nanoadditives had a significant
positive impact on heat transmission and melting and solidifi-
cation times, while the complementary study of Ghalambaz
et al. [32] demonstrated that combining copper foam with nano-
enhanced PCM reduced the melting time by up to 50% with a
10% eccentricity in the porous layer, and by 12% due to the
addition of nanoadditives, with copper nanoparticles perform-
ing slightly better than graphene oxide.

Moreover, Falcone et al. [33] performed an experimental study
on LTES with pure paraffin (RT35) and CuMF-loaded paraffin.
The experiment data indicated a positive impact of the CuMF-
loaded PCM on heat transfer through the LTES and cycle time
reduction. The augmentation of the thermal transport in LTES
with fins and MF has been experimentally and numerically
studied in [34]. The listed results exposed that MF outperforms
fins as an LTES performance enhancer. Using a vacuum
chamber and pressurized conditions, Esmaeili Shayan et al. [35]
experimentally studied LTES using PCM and graphite foam
with mixtures of different composites, such as salts and chloride
salts. The results show a significant enhancement in the ther-
mal conductivity of 45 times for the mixed compositions com-
pared with pure PCM. Furthermore, Shu et al. [36] conducted a
comprehensive investigation to study the influence of compos-
ite PCM latent heat storage systems during melting and solid-
ification temperatures. Their findings revealed that increasing
the heating temperature from 65°C to 85°C resulted in a 56%
reduction in the total solid-to-liquid transition duration. Simi-
larly, the solidification process was expedited by lowering the
cooling temperature, where a decrease from 30°C to 10°C
reduced the total liquid-to-solid transition duration by 40%. In
addition to the aforementioned work on solidification, a recent
study [37] numerically analyzed a circular LHTES unit under
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partial charging and discharging conditions with three alumi-
num foam sheets spaced evenly at 120°, revealing that the
configuration with the highest full charging power performs up
to 6% worse during partial charging compared with other set-
ups; moreover, a Y-shaped design charged in the upright ori-
entation and discharged in an wupside-down Y-shaped
orientation achieved optimal overall performance. Yang et al.
[38] explored the optimal radial and tangential placement of
HTF tubes inside the flat-oriented shell-and-tube LHTES units
during simultaneous charging and discharging processes. Their
study demonstrated that the thermal performance was strongly
affected by the positioning of HTF tubes, with energy delivery
increasing by approximately 103% under the optimal configu-
ration. A numerical research work [39] analyzed a double-pipe
PCM heat exchanger and showed that the bottom position of
the inner pipe minimized melting time, while the center posi-
tion was optimal for solidification and cyclic processes due to
conduction-dominated heat transfer. It was recommended to
focus future studies on solidification enhancement. Addition-
ally, Liang et al. [40] examined the thermal behavior of an
LHTES device utilizing embedded flat micro-heat pipelines
alongside an MF composite framework, offering valuable in-
sights into its thermal properties. The equilibrium state and
ultimate temperature of the PCM were not substantially influ-
enced by the porosity of MF or the initial state of PCM, which
was interesting. On the other hand, these variables did influ-
ence the duration necessary to achieve a steady-state condition.
In addition, the results were not significantly affected by MF's
pore density (pores per inch [PPI]). The findings consistently
show that factors such as material composition, porosity, HTF
arrangement, and temperature conditions play critical roles in
enhancing melting rates, heat transfer, and overall system
efficiency. These results underscore the potential for further
optimization of LHTES configurations, particularly through the
careful integration of PCM, MF, and novel geometrical designs.

Although numerous research works have explored the integration
of MF and PCM in LHTES systems to enhance thermal perform-
ance, most have focused on uniform or anisotropic metal foam
(AMF) configurations without adequately investigating the effects of
varied geometries or strategic placements within the system. Fur-
thermore, limited attention has been given to the effect of funnel-
shaped AMF on the thermal fusion performance and heat distri-
bution within LHTES systems. The current work addresses this gap
by evaluating the thermal efficiency and melting behavior of par-
tially AMF configurations, systematically varying their placement,
coverage, and orientation to optimize heat absorption and distri-
bution. By analyzing the present model, this study aims to reveal
how directional heat condition and enhanced thermal dispersion
affect the overall efficiency of LHTES systems. The necessity of this
study lies in providing a deeper understanding of how specific AMF
geometries can be utilized to improve heat transfer and phase
change dynamics, ultimately leading to more efficient and stable
energy storage solutions.

2 | Physical Problem

To enhance the melting efficiency of PCM in LHTES systems, this
study investigates the optimal placement of anisotropic and uni-
form MF within the units, focusing on various funnel-shaped

configurations. The MFs can be manufactured with engineered
properties as discussed in [41] where these structures impact the
pressure drop and heat transfer [42, 43]. The setup is meticulously
designed to capture and store excess thermal energy, thereby im-
proving overall energy efficiency and management. As illustrated
in Figure 1, the system features an intricate array of water chan-
nels that effectively distribute heat. These channels serve as con-
duits for the HTF, specifically water, which circulates and
transfers heat to the PCM and is comprised of paraffin wax within
a metallic foam of copper matrix. In this model, the HTF itself was
not simulated; instead, its effect was represented by assuming a
constant wall temperature. This approximation becomes more
accurate as the flow rate in the channels increases. When the PCM
is exposed to a temperature (T},) above its fusion point (T%,), it
undergoes a phase transition from solid to liquid, absorbing and
storing thermal energy in the process. The unit itself is housed
within a sealed compartment measuring 15cm X 15cm, with
thermal energy introduced from the left boundary, while the
others are kept thermally insulated to minimize heat loss. Detailed
internal configurations of the unit are shown in Figure 2, high-
lighting the combination of AMFL and a uniform layer. To
guarantee a perpendicular alignment relative to the heat source,
the thermal conductivity and permeability of the AMFL are in-
fluenced by directional characteristics, which are modulated
through an anisotropy angle (w = 0°) and an anisotropy parameter
(Kn =0.3). Special attention is given to the funnel-shaped struc-
ture, carefully designed to ameliorate heat absorption from the
heated wall and promote even heat distribution throughout the
PCM domain. This strategic dispersion mitigates direct heat ex-
posure, promoting a more uniform melting of the PCM. The
arrangement and dimensions of the AMFL are tailored, signifi-
cantly affecting the thermal performance of the framework.

The AMFL coverage is designed to start at 36% in configurations
al, bl, cl, and d1, with an 8% increase in each subsequent con-
figuration, culminating at 60% coverage in a4, b4, c4, and d4. The
designs are grouped into four categories, each progressively
increasing the proportion of AMFL. Group a (al-a4) starts with
36% AMFL coverage in al and increases through 44%, 52%, to 60%
in a4, exploring the effect of AMFL coverage on thermal efficiency.
Group b (b1-b4) reverses the configuration of Group a, starting at
36% and reaching 60%, allowing for a comparison of how AMFL
orientation influences heat transfer. Group c (c1-c4) follows the
same percentage pattern as Group a, with AMFL coverage starting
at 36%, progressing through 44%, 52%, and reaching 60%, but with
a larger AMFL area, enhancing heat absorption and PCM melting
efficiency. Group d (d1-d4) mirrors Group c's expansion but re-
verses the shape, focusing on the impact of extensive AMFL
coverage on thermal management and stability.

3 | Governing Equations

The core equations governing mass, momentum, and energy
within the LHTES are represented by partial differential equa-
tions. The investigation considers three distinct regions: the
copper conduit layer, the AMFL-PCM composite, and the reg-
ular MF-PCM mixture. The model treats the liquefied PCM as a
Newtonian fluid with noncompressible volume under 2D lam-
inar flow conditions and employs the Boussinesq approxima-
tion to manage density fluctuations and temperature variations,
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FIGURE 1 | Visualization of the multichannel LHTES setup, depicting the entry point for the HTF alongside a two-dimensional sectional
representation of the thermal storage chamber. (a) Schematic of the storage chamber and (b) positional alignment concerning anisotropic angle

variations (w). HTF, heat transfer fluid; LHTES, latent heat thermal energy storage; MF, metal foam; PCM, phase change material. [Color figure can

be viewed at wileyonlinelibrary.com]

with no slip velocity near the walls. Some local anisotropic ef-
fects in the Representative Elementary Volume (REV) can be
expected due to the anisotropic nature of the foam structure.
However, the natural convection flow forms on a scale much
larger than REV, and the liquid PCM flows between cells. Thus,
such a local anisotropic body forced at the REV level would not
impact the natural convection flow in a notable way on the
domain scale.

Whether in uniform or anisotropic configurations, fluid behavior
is examined through continuity and momentum equations,
addressing natural convection phenomena. Specific adjustments in
permeability and porosity tailor the behavior of the PCM and MF,
while coupling source terms ensure integrated energy transfer
across different phases. The Darcy-Brinkman-Forchheimer
method establishes a basis for modeling fluid flow with porous
structures, facilitating an in-depth study of the system's hydrody-
namics. At the same time, the local thermal nonequilibrium
model is incorporated into the energy balance equations to control
heat exchange independently in each phase. To capture phase
transitions, the enthalpy-porosity approach is utilized, likening the
partially melted state in the mushy region to fluid transport in
porous channels. This method embeds custom terms into the
momentum equations to represent the restrictive influence of
solidified PCM, dictated by the melt fraction (¢). Additionally, the
x-directional momentum equation has been enhanced to include

2D flow porosity (¢) and variable density (owa.x), integrating a
source term to adjust fluid momentum in response to the liquid
fraction ¢(T). The configuration allows for precise simulation of
phase transitions and fluid dynamics in the system [44-46].

1 (6u) 1 du du (ap] 1 ou? du?
“Pwax| 5| T SPwax| U TV | = 0| T Ml 37 T 5
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The momentum equation along the y-axis includes factors like
heat transfer via convection, emphasizing the influence of
buoyancy-driven flow within the liquefied PCM. The terms
corresponding to the copper MF, paraffin-wax are denoted as
“copper,” “wax,” and “eff,” respectively. This y-axis momentum
equation is expressed as
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FIGURE 2 |

d3 d4

A funnel-shaped layer of anisotropic metal foam (AMF), showing AMFL growth in 8% increments: al, b1, c1, d1 at 36%; a2, b2, c2,

d2 at 44%; a3, b3, c3, d3 at 52%; a4, b4, c4, d4 at 60% coverage of the overall MF zone. Uniform MF fills the other regions. AMFL, anisotropic metal
foam layer; MF, metal foam. [Color figure can be viewed at wileyonlinelibrary.com]

Energy conservation within the PCM region is examined,
highlighting the convective heat transfer interaction between
the PCM and surrounding copper, as well as the internal heat
diffusion within the PCM layer. Since the PCM is embedded in
MF, the effective thermal conductivities for the MF (ke copper)
and PCM (kegrwax) Were used. The energy conservation in the
PCM phase is represented by [47]

OTwax OTwwax OTwax
E(pcp)waxa—t + (pcp)wax(uT + VT)

o’T | 8°T 3¢ (T
= keff,wax(ﬁ + 6)1—2) + hv(TéDpper - wax) - spwawaax ¢6(t )-
3

In the MF region, the equation underscores thermal energy
balance. The MF structures occupy (1 — €) amount of space with
a heat capacity of (1 —€)(0Cp)copper:

anopper aznopper aznopper
(1 - 5)(pcp)copperT = keff,copper axz ayz
+ hv (Twax - 7::0pper)~
C))

The thermophysical attributes are derived using a linearly
weighted averaging method. The mathematical framework
incorporates key variables, such as the thermal expansion
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TABLE 1 | Characteristics of materials: Metal foam and paraffin wax.
e Cp k Fusion enthalpy
Materials (kg/m?) p (Pas) Tg (K) (J/(kg-K)) (W/(m-K)) J/kg)
Paraffin (solid/liquid) 916/790 0.0036 324.65 2700/2900 0.21/0.12 176,000
[51-53, 55]
Copper foam [56] 8900 — — 386 380 —

rate (f3), porous permeability (x), fusion enthalpy (L), and the
Forchheimer drag coefficient (Cg). The equations differenti-
ate between the liquid phase (1) and solid phase (s) of the
paraffin wax:

(Pcp)wax = ¢(pcp)s +1 - §0)(Pcp)1, Q)
Pyax = P05 + (1 — @)py. O]

The mushy region is modeled by a porous medium, where the
shift from liquid to solid significantly decreases permeability
and porosity, resulting in minimal fluid motion and under-
scoring the suppressive impact of body forces in this region. In
the melting process, the parameter A, in the Carman-
Kozeny equation plays an important role in controlling the
velocities of the PCM, reflecting the structure of the melting
front. It sets values from 6E6 Pa-s/m* for unobstructed flow to
1% 10'*°Pa-s/m? within the MF area, managing flow in solidi-
fied sections by reducing velocity as it approaches the solid
phase, making a transition zone. To maintain numerical sta-
bility and avoid singularities, a minor parameter, ¥mush,
assigned a value of 0.001, is incorporated to support the model's
computations. The PCM liquid fraction ¢, dependent on
temperature, is outlined as follows [5]:

0, T< Ty — ATk (solid wax),
M_Fl’ Tm_ﬂsTsTfu_i_ﬂ
$(T) =1 ATy 2 2 2
(mushy area),
1, T> Ty + % (liquid wax).

(7

In the mushy zone, the paraffin wax undergoes a phase
change from solid to liquid over a specified temperature
interval denoted by ATy, where Ty, signifies the melting
temperature. The function ¢(T) serves as a linear approxi-
mation to the transition between the two states. In this
intermediate phase, the PCM simultaneously contains both
solid and liquid components. The viscosity is determined by
the equation u=(1 —¢) X a + Uwax1$, Where a is assigned a
substantial magnitude of 10* Pa-s, representing the resistance
of the solid phase for any fluid motion. When ¢ =1, then
Mwax,1, and as ¢ approaches zero in the solidified regions, the
viscosity increases gradually, thereby amplifying resistance
to fluid movement [5]. An equation cited in various sources
[44, 47] was applied to determine the PCM's thermal
conductivity, where Ketfwax = kwax(2 + €)/3, underscoring the
porosity in the MF.

Initiate the
imulation

[Conﬁgure field variables and calculate the phase field ¢ }]

{Establish local permeability, porosity, and various attributes }

equations, applying a time step that ensures the relative tolerance

[ Assess the source and sink terms in the momentum and energy ]
remains below /04

Apply the enthalpy-
porosity method to
solve the equation:

<—.

Tune with a
damping factor of

Check MVF for
melting: MVF
must remain
below 0.99

Next time step 1o

No

Confirm
convergence

FIGURE 3 | Schematic of the simulation procedure employed to
solve the mathematical equations for phase change material melting.
MVF, melted volume fraction. [Color figure can be viewed at
wileyonlinelibrary.com]

The ligaments in the MF layer are strategically aligned and
fortified along a defined axis to optimize heat conduction
and alter permeability [48, 49]. These characteristics are
regulated by the anisotropy parameter (Kn) and the anisot-
ropy angle (w). This approach acknowledges changes in
thermal conductivity and permeability due to directional
changes in the design of the funnel-shaped AMFL.
The equations that detail this anisotropic behavior utilize
trigonometric functions of w to translate properties between
the principal and actual directions. A second-order tensor
is employed to link the intrinsic properties, k, and k,, with
the anisotropy angle, as elaborated in the subsequent
equations [49, 50]:
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| Mesh analysis: Evaluating MVF and Q; across Nm values 6, 7, 8, 9, 10, and 11. MVF, melted volume fraction. [Color figure can be
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TABLE 2 | Computational durations across varying Nm cases.

Nm Time needed

6 3h, 3min, and 50 s
7 5h, 40 min, and 12s
8 9h, 1 min, and 46
9 12 h, 40 min, and 10s
10 17 h, 14 min, and 47 s
11 22h, 32 min, and 29s

_ |e(sin w)? + % (cos w)* (1 — 1)(cos w)(sin w)
" (g — 1)(cos w)(sin w)i(cos w)? + ¥ (sin w)? |

(8a)

k (sin w)? + ki(cos w)*(k; — ky)(sin w)(cos w)
(k — k) (sin w)(cos w)k, (cos w)* + ky(sin w)? |
(8b)

keff,copper = [

The copper MF's average thermal conductivity (k) and per-
meability (x,,) are computed based on the following relations:
ky=Q+Kn)Xk, and k,=(1—Kn)Xk, Corresponding
formulas for permeability are x; =(1 —Kn) X%, and x, =(1 +
Kn) X x,,. These calculations derive from methodologies de-
tailed in references [30, 51-53]. The anisotropy factor, repre-
sented by Kn, where a value of Kn = 0 indicates an isotropic MF,
plays a main role in maintaining the structural integrity of the
MF. It is essential to manage the anisotropic factor to ensure
practical functionality. Furthermore, the thermophysical prop-
erties in the mushy area are determined using a linear weight
average method. The copper MF's mean permeability (x,) and
effective thermal conductivity, ka=kcopper(1 —€)/3, have
also been calculated, including findings from prior research
[44, 47, 54], to maintain the structure and performance of the MF:

2
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1)KtorL 6

Ky =
(Kor —
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FIGURE 5 | Validation of study results through comparison with em-

pirical data from [56]. [Color figure can be viewed at wileyonlinelibrary.com]

It is vital to incorporate equations that involve x., and dg to
assess the thermal properties of the MF material. These calcu-
lations are instrumental in determining the thermal conduc-
tivity of copper (kcopper), the PPI parameter (dg, = 0.0254/PPI),
with the MF's overall thermal conductivity, as noted in refer-

ence [54]:
1 (9 — 8¢): 4r 1 (8% —36c+27
— = ———cos{— + —cos | ———

Ktor h 2¢
3

dyp + —,
P 4e

Z_Z - (%)[1 - exp(215(£ - 1))][13:{&-)%'

Additionally, the analysis included the calculation of the For-
chheimer coefficient (Cg) as detailed here [54]:

(11

(12)

d —1.63
Ge=|=8| @1 =¢85 x0.00212.
dsp
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FIGURE 6 | Advancement of melting in the PCM-MF hybrid paraffin within a square enclosure: (a) experimental data from [56] and (b) results
from our current study. MF, metal foam; PCM, phase change material. [Color figure can be viewed at wileyonlinelibrary.com]

The melting process in the PCM is tracked by the melted vol-
ume fraction (MVF), which serves as a key indicator for eval-
uating thermal energy storage as the PCM undergoes its phase
transitions. The MVF, a nondimensional measure, quantifies
the extent of the PCM's liquefaction relative to its total volume.
To compute this fraction, an integral ratio is determined over
the designated volumetric region. Zero MVF signifies that the
PCM remains entirely solid, while a value of one represents
complete melting into the liquid phase.

$ (ep)dv

MVF = —//——.
§V (e)dV

13)

The rate of energy storage in the system is derived by dividing
the total stored energy (Qsore) by the duration over which this
energy is accumulated.

Power = Qstore — Qlatent + Qsensible , (1 48.)
time time
Qlatent = Efﬁ (pwax ¢Lwax) dv. (14b)
14

Equation (14b) focuses on calculating the total latent heat stored
as the PCM transitions between solid and liquid states. The overall
energy retention, Qgore, €ncompasses the combined values of
sensible (Qgensible) and latent (Qaent) heat energies. Thus, the
stored energy includes the contributions from both solid and
liquid phases of the PCM, the HTF, and the system's wall.

Table 1 outlines the paraffin's thermophysical characteristics,
which serves as the PCM, and copper foam, acting as the MF,
both integral to the performance of LHTES units. These mate-
rials are essential in optimizing the efficiency and reliability of

TABLE 3 | Total melting duration for each setting at Kn =0.3
and w =0°.

Melting time (s)

AMFL
coverage

Cases  percentage (%) 80% 90% 99.5%

al 36 351545 4105.00 4867.14
a2 44 3460.14 4046.22 4807.12
a3 52 3453.37 4033.05 4787.85
a4 60 3455.79 4035.58 4788.74
bl 36 3717.74 4329.31 5114.92
b2 44 3701.87 4303.77 5083.23
b3 52 3650.62 4242.92 5020.50
b4 60 3607.18 4196.56 4972.07
cl 36 3505.53 4096.22 4862.07
c2 44 3440.27 4026.30 4791.84
c3 52 3426.04 4003.41 4761.20
c4 60 3430.89 4010.02 4766.47
d1i 36 3714.67 4316.72 5101.34
d2 44 3712.08 4314.75 5097.13
d3 52 3657.11 4254.30 5034.29
d4 60 3597.88 4189.60 4969.18

Abbreviation: AMFL, anisotropic metal foam layer.

energy systems by enhancing both the capacity for heat storage
and the rate of thermal conduction. The paraffin wax effectively
controls energy variations via its phase transition, whereas the
MF plays a key role in improving heat distribution and con-
sistency throughout the system, ensuring more efficient thermal
exchange.

8 of 16

Heat Transfer, 2025

85UB017 SUOLULIOD 8AITE.D) 9(cfed!|dde Uy Ag peusencb aie sapie YO ‘8sn JO Sa|n 10y Ald 1 8U1jUQ AB]1/M UO (SUONIPUOD-PUE-SIBYW0D A8 |1 AReIq 1 pUI|UO//:SANY) SUONIPUOD PUe sWe | 8y} 88s *[6202/50/92] Uo Ariqiauliuo A|im ' weyBumon JO AIseAlun - Lepiesyspezicele L UeAnod A /88€Z' U/Z00T 0T/10p/uod 8| im Afe.d1jpul|uoy/sdiy Wwoiy pepeojumoq ‘0 ‘ZvSt8892


http://wileyonlinelibrary.com

1.00

VF
=)
wn
S

T

Q, (MJ/m)

e ol — |
a1 16 I a1
n L 1 L 1 . 1 " 1 L 1 15 1 L 1 4 1 L 1 " 1 . 1 L 1
900 1800 2700 3600 4500 5400 0 900 1800 2700 3600 4500 5400
t(s) t(s)

d2

Q, (MJ/m)

0.00 b : : - -
0 900 1800 2700 3600 4500 5400 900 1800 2700 3600 4500 5400
t(s) t(s)
1.00 =
7 ”
7 P
z - //
L . /
7
075 . 5
-~
P / _
i
,; /4 a3 5
.50 F 7
SR / 2
7 - === b3 o
(4
025} / oo
v
a3 16 a3
0.00 n 1 1 n 1 1 n L n 1 15 1 L g 1 L 1 n 1 n L n 1
0 900 1800 2700 3600 4500 5400 0 900 1800 2700 3600 4500 5400
t(s) t(s)
- 22 .
21
20}
E o}
=
3
o 1BF b4
17F )
16 |
F d4
000 " 1 " 1 " 1 n 1 " 1 ™ 1 15 1 n L n 1 . 1 n 1 n L " 1
0 900 1800 2700 3600 4500 5400 0 900 1800 2700 3600 4500 5400
t(s) t(s)

FIGURE 7 |
viewed at wileyonlinelibrary.com]

MVF and Q, across various configurations during melting at Kn = 0.3 and @ = 0°. MVF, melted volume fraction. [Color figure can be
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FIGURE 9 | Energy stored at t=4750s for various scenarios at
Kn=0.3 and w=0°. The least efficient designs are marked in red,
and the most efficient designs are marked in green across scales.
[Color figure can be viewed at wileyonlinelibrary.com]

With the specified boundary and initial conditions, all walls were
assumed to have no velocity. The temperature of the heated wall
was set to Ty, = 339.8 K, and the initial temperature was defined as
a significantly lower value of 324.65 K. The finite element method
(FEM) was adopted to ensure robust and accurate results across
the computational grid, proving it to be the ideal technique for the
study's aims, with a reference pressure set to zero at the upper-left
corner of the domain. The simulations commenced with these
starting conditions to assess energy storage and phase change
dynamics. The thermal and continuity equations, along with the
phase field variable, were solved iteratively. The simulation ended
when the MVF exceeded 0.99, indicating almost complete melting.
Figure 3 provides an outline of the computational algorithm used
to track the evolution of the melting process. Generating a set of
algebraic residual equations, FEM integrates the governing equa-
tions over discrete elements using Gauss quadrature. These

residuals were solved iteratively using the PARSIDO solver to
deliver precise results. The time-step was automatically controlled
using the backward differentiation formula of second order to
maintain the solver accuracy within the relative error threshold
of 107

4 | Mesh Sensitivity Analysis

The study probed the impact of mesh resolution on the
accuracy of numerical simulations concerning phase change
processes in the cavity, with a focus on the fusion behavior of
the PCM under specific configurations, notably design b4
with K, =0.3 and o =0°. Utilizing a nonuniform mesh to
segment the computational domain, the density of the mesh,
denoted as Nm, was varied to assess its effect on simulation
outcomes. It was observed that a mesh setting of Nm = 8 was
particularly effective, balancing simulation accuracy and
computational time, which totaled approximately 9h and
1 min during complete melting for design b4. Further details
on how mesh configurations influence the simulation are
available in Figure 4, which compares the time required for
complete melting across different mesh densities ranging
between Nm =6 and 11. Additionally, Table 2 demonstrates
the computational demands associated with varying resolu-
tions; the simulation time extends from 3h and 3 min at the
lowest density (Nm =6) to 22h and 32min at the highest
(Nm =11). This increment in time with denser meshes
reflects a more detailed capture of heat transfer processes,
but increases computational load as well. The analysis dem-
onstrates that higher mesh densities, while providing more
detailed insights into heat transfer, require considerably
more computational resources. Conversely, lower densities
expedite simulations but at the cost of detail and accuracy.
Ultimately, the selected mesh resolution of Nm = 8 offers an
optimal compromise, ensuring sufficient detail for accurate
simulations without overly taxing computational resources.
This strategic choice aids in optimizing both the design
and operational efficiency of LHTES systems under various
conditions.

5 | Simulation Validation

In the investigation by Zheng et al., referenced in [56], an in-
depth study of the melting properties of a copper foam/paraffin
composite PCM was carried out within a rectangular poly-
ethylene casing. The research involved testing various heat
application points, left, bottom, and top, to observe the solid-to-
liquid dynamics. Notably, the left boundary was exposed to a
constant heat flux of 1150 W, with a temperature rise of 10°C/
min, and the others were kept thermally insulated. The em-
pirical configuration utilized a 100X 10X 30 mm electrical
heater to examine the temperature distribution and the pro-
gression of the phase interface. The system was thermally
maintained between 20°C and 80°C under steady laminar flow
conditions, exhibiting significant thermal sensitivity. The
melting properties of the paraffin wax were significantly
impacted by the copper foam's porosity of 0.95 and its pore
density of 5 per inch. This structure notably accelerated heat
transfer within the PCM, thereby enhancing the effective
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FIGURE 10 | Celsius isotherms and MVF contours for configuration c3. In the MVF contours, the lighter color zones denote the melted phase of
PCM, while the darker color zone indicates the solid phase. MVF, melted volume fraction; PCM, phase change material. [Color figure can be viewed

at wileyonlinelibrary.com]

thermal conductivity of the composite. Figures 5 and 6 in the
study detail the thermal performance and phase change char-
acteristics, respectively. Figure 4 presents a mean temperature
profile in the vertical direction situated 2.5cm from the heat
source, juxtaposing empirical outcomes with numerical pre-
dictions across various intervals. The consistent agreement
between these observations and the simulations underscores
the precision of the modeling efforts. Figure 6, meanwhile,
depicts the phase transition of the PCM from liquid to solid at
different intervals, showing the fidelity of the simulation in
mirroring the experimental results in terms of structural detail,
edge clarity, and thermal gradients. This congruence reinforces
the reliability of the numerical model as validated by the
empirical data.

6 | Results and Discussion

The current study aims to optimize the melting time of PCM in
LHTES systems by evaluating the placement of anisotropic and
uniform MF within the units. The system features water
channels for heat distribution, with the PCM (paraffin wax)
melting in a copper MF matrix when exposed to heat from one
side, while other boundaries are insulated. Various funnel-
shaped configurations of MF, with different coverages
(36%—-60%), are analyzed for their impact on thermal efficiency.

Table 3 represents the total melting duration for the different
configurations shown in Figure 2. The melting time in all the
cases is in the same order of magnitude. It is noted that the
configurations a and c have, on average, shorter total melting
durations compared with the configurations b and d, respec-
tively. As a first observation, this indicates that arranging the
longer side of the funnel-shaped AMFL adjacent to the heated
wall results in accelerated PCM melting. It is also seen that in

configurations a-d, the melting time gets reduced from cases 1
to 4, that is, when the percentage of the AMFL is raised. This is
an indicator that replacing parts of the isotropic MF with an
anisotropic porous one can indeed help in enhancing PCM
melting inside the enclosure. As a last observation that can be
extracted from this table, it is seen that the melting times in
configurations a and c are almost equal, with very slight
reduction in ¢ compared with a. This means that extending the
shape of the AMFL near the heated wall can slightly enhance
melting, but less importantly than placing the large side near
the hot wall. A similar note can be found when comparing
configurations b and d.

Figure 7 shows the fluctuations in the MVF and the stored
thermal energy (Q,) as a function of time across the various
setups. In all cases, both the MVF and Q; increase from zero
over time as the initially solid PCM melts near the heated wall
until it becomes fully liquid when MVF reaches 1. Q; initially
rises abruptly at the onset of melting, then as the quantity of
solid PCM is reduced, Q; keeps rising but at a lower slope. As
for the case-to-case comparison, it is seen that in each config-
uration, the MVF and Q, are slightly higher in cases a and c
compared with cases b and d. This is due to the fact that the
larger part of the AMFL is at the hot wall. As the PCM starts
melting in that region, the increase of the permeability in the
direction of the flow enhances the convective effects, which
result in increased melting and consequent stored thermal
energy.

The melting times for each configuration are plotted in
Figure 8, with an indication of the case with minimum time for
comparison. It is clear that in all the configurations, the least
effective melting occurs in the case where the large size of the
funnel-shaped AMFL is placed at the cold wall. In group 1,
where the AMFL occupies 36% of the total meatal foam area,
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FIGURE 11 | Att=4750s, displaying isotherms in Celsius and MVF contours for all configurations at Kn = 0.3 and w = 0°. In the MVF contours,
the melted phase of PCM is shown in the lighter color zone, whereas the solid phase is shown in the darker color zone. MVF, melted volume fraction;
PCM, phase change material. [Color figure can be viewed at wileyonlinelibrary.com]

moving the bulky portion of the AMFL from the right to the left
increases the melting rate by around 4.9%. In group 2, where
44% of the MF is covered by AMFL, making the same change in
the funnel shape leads to a 5.8% decrease in total melting
duration. This variation in melting time changes to 5.1% and
3.9% in groups 3 and 4, where the AMFL covers 52% and 60% of
the total MF area, respectively. It is worth noting that ex-
panding the AMFL shape offers a negligible impact on the
melting speed, as less than 0.3% change is found between
cases b and d. In addition, increasing the size of the AMFL
while keeping the same geometrical configuration leads to
faster melting. For instance, increasing the covering per-
centage of the AMFL from 36% to 60% reduces the melting
duration by 2.1% when the large size of the funnel shape is

placed at the hot wall (configuration c) and by 3.1% when it is
at the cold wall (case b).

The energy stored Q. after 4750s for each configuration is
shown in Figure 9. The change in Q; follows one of the MVFs in
the sense that the cases with the shortest melting times provide
the highest values of Q, due to the effective melting and the
resulting stored heat. In addition, for a given geometrical con-
figuration, Q; increases for higher AMFL percentage (groups
1-4). It should be noted that, like in the case of the MVF, the
impact of the geometrical arrangement of the funnel shape on
Qq is more important than the percentage of the AMFL in the
enclosure. For comparison, Q; in configuration c1 is higher than
in configuration d3, even though the percentage of the AMFL in
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FIGURE 11 | (Continued)

the latter is 52%, while it is 36% in the former. This is an
indicator that placing an AMFL in the cavity alone is not suf-
ficient to optimize the PCM melting performance. The optimal
configuration consists of orienting the anisotropic layer in the
direction where the high permeability is along the convective
flow. Once this is achieved, further increasing the size of the
AMFL can help achieve even higher performance.

To better understand the impact of the AMFL on the local
behavior of the PCM, an analysis of the temperature and
melting distribution inside the cavity is required. In this regard,
Figure 10 illustrates the contours of temperature and MVF for
the efficient configuration (c3). Initially, a small amount of
PCM melts along the left wall, creating a thin vertical layer of
liquid PCM in that region. The isotherms there are vertical,
indicating that heat transfer occurs by conduction. As time goes

on, more PCM melts, and thermal convection starts taking place
as the hot PCM moves upward and is replaced by a descending
colder PCM. After a longer time, the convection dominates the
heat transfer, and the isotherms become horizontal in the
center of the cavity. The initiation of heat transfer and con-
vective flow in the region near the hot wall illustrates the reason
why the AMFL shape affects the PCM behavior. In the con-
vection, the liquid goes up along the hot wall, then circulates
horizontally along the cavity length. Raising the permeability in
the direction along the flow improves the convection. When the
large side of the AMFL is on the left, like in Figure 10, the
impact of the AMFL is optimal. On the other hand, if its smaller
size is on the left-hand side, the influence of the AMFL becomes
limited. To address these aspects, the isotherms and MVF
contours for all the considered configurations are depicted in
Figure 11. Overall, the thermal distribution follows a similar
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trend in all cases. Regarding the melting contours, it is clear
that the remaining solid PCM is larger in configurations b and d
compared with a and c, which is a further confirmation that
melting is slower when the small part of the funnel-shaped
AMFL is at the heated wall. It is important to note that aniso-
tropic effects do not alter the total amount of MF but only
modify its local properties. Consequently, the overall sensible
heat capacity remains unchanged. However, because anisotropy
influences local thermal conductivity and permeability, it can
enhance heat transfer in certain geometric configurations. In
this case, the variation in remaining solid PCM is attributed to
differences in cumulative heat transfer rates throughout the
melting process.

7 | Conclusions

In the present study, the impact of integrating a funnel-shaped
AMFL in an LTHES storage compartment on the melting and
energy storage of the PCM is examined. The compartment
comprises a square cavity with a hot left wall, while the others
are insulated. The equations governing the hydrothermal
behavior of the PCM in the cavity are presented and solved
using the FEM. Several configurations of the AMFL were tested
by varying the percentage at which the AMFL covers the cavity
from 36% to 60%, and by changing the geometrical orientation
of the funnel shape by placing its larger side on the left or the
right of the enclosure. The influence of these configurations on
the melting duration and stored energy, as well as on the
temperature distribution, was assessed. The results revealed
that integrating the AMFL had an effect on the performance of
the PCM. The importance of such an outcome stems from the
fact that replacing an isotropic foam with an anisotropic one
changes the orientation of the principal permeability without
changing the overall porosity, that is, keeping the same amount
of metallic matrix. It was further discovered that the arrange-
ment of the AMFL geometry is significant. Orienting the
broader end of the funnel shape toward the hot wall facilitates
improved melting of the PCM due to the onset of heat transfer
and convective flow in that region. Moving the longer size of the
AMFL from the cold wall to the hot one raises the melting rate
by 4.9%, 5.1%, and 3.9% when the AMFL covers 36%, 44%, and
52% of the cavity, respectively. Moreover, it was found that for
the same geometry orientation, augmenting the AMFL size
accelerates melting. Namely, it was found that raising the
AMFL percentage from 36% to 60% increases the melting rate
by 2.1% and 3.1% when the large size of the funnel is at the hot
wall and the cold wall, respectively. Notably, it was also
observed that the effect of the AMFL orientation is more sig-
nificant than its scale. A smaller funnel-shaped AMFL with its
large side at the hot wall is more effective than a larger AMFL
with its large side at the cold wall. These findings indicate that
the use of AMFL can be an efficient solution to improve the
performance of porous PCM cavities without altering the solid
metal content. Since the results indicate that the shape of
AMFL affects the energy storage rate, testing a combination of
vertically aligned AMFL along heated/cooled walls and hori-
zontally aligned AMFL near insulated walls or dead zones could
be beneficial. This arrangement would promote better flow in
some areas while enhancing conduction effects in others.

Nomenclature
Amush mushy constant value, 10" kg/(m>s)
Ag interface surface between MF pore and HTF, 1/m
Cr Frochheimer coefficient, m
dgp pore diameter, m
dgs pore characteristics, m
av volume element, m
e porous structure constant, 0.339
ESiatent stored energy in the latent form, J
ESgensible  Stored energy in sensible form, J
gravity acceleration, m/s?
Sf interface heat transfer, W/(m-K)
h, volumetric interface heat transfer, W/(m?K)
k thermal conductivity, W/(m-K)
Kn anisotropy parameter
L enclosure width, m
Lf latent heat of fusion, J/kg
MVF melted volume fraction
Nm mesh control parameter
Pr Prandtl number
Q: stored thermal energy, J/m
Re Reynolds number
RRVyr  HTF metal foam fill ratio
SMF distance between MF inserts in HTF, m
Symbol  unit, description
t time, s
t time, s
To reference temperature, K
Tt fusion temperature, K
Th hot temperature, K
tmr MFL thickness, m
u r-velocity component, m/s
1% volume, m?
X,y coordinate system, m

Greek Symbols

a

B

€

e

°

Q

Ymush

Kior

thermal diffusivity, m?/s

volume expansion, 1/K

porosity

porous permeability, m?

dynamic viscosity, Pa-s

anisotropy angle, °

density, kg/m3

dummy parameter

mushy source term constant value, 0.001

pore flow tortuosity
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e artificial dynamic viscosity, 10° Pa-s
@(T) melt fraction

Subscripts

AMFL  anisotropic metal foam layer

eff effective property
HTF heat transfer fluid

LHTES latent heat thermal energy storage
MF metal foam

PCM phase change materials

PPI pore per inch
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