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ARTICLE INFO ABSTRACT
Keywords: This study conducts an in-depth analysis of latent heat thermal energy storage (LHTES) in a uniquely designed
Wavy wall enclosure wavy enclosure filled with anisotropic copper metal foam saturated by paraffin wax. It is subjected to a high-

Anisotropic metal foams

Latent heat thermal energy storage
Neural networks aided design
Phase change materials

temperature fluid stream on its top and bottom wavy walls, with its side walls well-insulated. The enclosure
serves as a test bed to scrutinize the melting dynamics of paraffin wax as a Phase Change Material (PCM). The
primary relations for conservation of mass, momentum, and energy were written as partial differential equations
and solved using the finite element method. Among the novel aspects of this work is the exploration of wavy wall
topographies defined by wave amplitude and wave number. The investigation reveals that an increase in wave
amplitude generally boosts key parameters like melt volume fraction, stored thermal energy, and average
temperature in the LHTES system, albeit at the slight expense of reduced heat flux at the top wavy wall.
Furthermore, the study investigates the impact of anisotropic angles in the copper foam and uncovers that a 90°
anisotropic angle remarkably elevates all performance indicators without requiring additional material or
weight. Increasing the anisotropic angle from 0° to 90° reduces the melting duration from 3750 s to 2500 s,
representing a 33 % decrease in melting time. Leveraging high-accuracy neural network (NN) models, the
research also offers insights into the system’s response to variations in control variables like wave amplitude,
wave number, and porosity. This approach significantly reduces computational time, allowing for a compre-
hensive analysis of many design configurations that would otherwise be computationally prohibitive.

1. Introduction [1] to industrial waste heat recovery [2]. Among various TES methods,
Latent Heat Thermal Energy Storage (LHTES) units, which exploit phase

The ever-increasing demand for sustainable and efficient energy change materials (PCMs), have been lauded for their relatively stable
systems has elevated the significance of thermal energy storage (TES) as operating temperature and compact energy storage. However, the
a pivotal technology in fields ranging from renewable energy harvesting effectiveness of LHTES systems is often constrained by challenges such
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as poor thermal conductivity of PCMs and suboptimal heat transfer
mechanisms [3], limiting their real-world applications.

In this complex landscape, optimizing the design of LHTES units has
become a pressing concern. While robust, traditional analytical and
numerical methods often require simplifications that might not
adequately capture the intricate phenomena involved in phase-change
processes. Moreover, these techniques can be computationally inten-
sive and may not be feasible for design optimization involving multiple
variables and constraints. This is where machine learning techniques,
particularly neural networks, offer a transformative potential [4,5].
Neural networks can model complex, nonlinear relationships efficiently,
and their ability to learn from data makes them a suitable tool for pre-
dicting and optimizing LHTES performance. Another frontier of inno-
vation is in the enclosure’s design, which houses the PCM. Wavy channel
enclosures have shown promise in enhancing heat transfer rates by
increasing surface area and disrupting fluid flow, thus promoting higher
convective heat transfer coefficients. Combining the computational ca-
pabilities of neural networks with thermally efficient designs like wavy
channel enclosures could usher in a new era of LHTES systems that are
not only efficient but also optimized for a variety of applications.

Convection heat transfer within wavy enclosures, often referred to as
cavities, has garnered significant consideration due to its applicability in
a wide range of industrial processes and renewable energy systems.
These wavy configurations are particularly interesting because they
disrupt the laminar flow and increase heat transfer surface area, thus
encouraging enhanced heat transfer mechanisms [6,7]. Among the
various modes of heat transfer, natural convection stands out for its
passive feature, requiring no external work for the transfer of energy.
Studies utilizing hybrid nanofluids such as water-Cu-Al,O3 have
revealed that natural convection in wavy enclosures can lead to higher
Nusselt numbers when compared to pure fluids and other regular
nanofluids. These nanofluids offer thermal advantages by improving
heat transfer percentages by 5-13.7 % [6]. Investigations into mixed
convection in rectangular wavy enclosures with multiple solid fins found
that high-concentration nanofluids alone could boost the rate of heat
transfer even without applying magnetic fields. The optimal heat
mechanisms were found to occur under natural convection conditions
with high Richardson numbers [7]. The geometry and physical condi-
tions of the wavy enclosure also critically impact the convection heat
transfer. Research on porous cavities filled with hybrid nanofluids
showed that parameters like the Darcy number, Rayleigh number, and
amplitude of the wavy wall considerably impact convection flow [8].
For instance, conduction becomes the dominant heat transfer mecha-
nism at high Darcy numbers, overshadowing convection [9]. Similar
insights were found in studies investigating the effect of aspect ratios
and a partial heat source in wavy porous cavities [10].

Different modeling approaches, like the Galerkin finite element
method, have provided accurate heat transfer predictions in these
complex geometries [6,9,11]. These numerical methods have been
instrumental in understanding the impacts of such factors as inclination
angles and number of undulations on heat transfer rates [8,11,12].

The literature review shows diverse finned structures characterized
by low thermal conductivity aimed at improving the efficiency of PCMs.
Significantly enhanced performance, up to 86.3 %, is observed in cy-
lindrical LHTES units utilizing topology-optimized fin designs derived
through radial and axial optimization. Paraffin RT35 serves as the PCM,
and water is the heat transfer fluid in these units [13]. Radially finned
structures are particularly effective for large-scale applications, which
occupy 20 % of the initial PCM volume. In the context of a rectangular
enclosure, research focuses on the impact of corrugated fins on the solid-
liquid phase transformation of PCM [14]. The study reveals that longer
and thicker fins contribute to improved melting rates, average temper-
atures, and thermal energy storage capacities. Corrugated fins, inducing
increased flow perturbations, further enhance melting performance.
Through a data-driven approach, an optimized corrugated fin geometry
demonstrates a 43 % increase in thermal energy storage per unit mass
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compared to planar fins [14]. A distinctive tree-pin-shaped fin is intro-
duced in a laboratory-scale shell-and-tube latent thermal energy storage
unit employing adipic acid as PCM [15]. In comparison to traditional
longitudinal fins, these tree-pin-shaped fins significantly accelerate
charging and discharging speeds, reducing charging time by 44.6 % and
discharge time by 50.6 %. Notably, these fins do not impede natural
convection at any orientation, indicating potential application versa-
tility [15].

The increasing demand for efficient TES systems has drawn signifi-
cant attention to integrating PCMs with high-conductive matrices like
metal foams. These hybrid systems are designed to optimize both the
heat transfer rate and the total stored energy, thereby addressing the
dual constraints of performance and storage capacity. Due to their high
thermal conductivity, metal foams are an excellent medium for
enhancing the heat transfer rate in PCMs [16,17]. Their porous structure
facilitates the convective melting of PCMs, resulting in accelerated
phase transitions and more efficient energy storage. The properties of
metal foam, such as porosity and pore density, are also affected by the
thermal performance. A study found that low-porosity metal foam could
significantly reduce temperature variation due to increased thermal
conductivity. However, higher heat fluxes led to local temperature dif-
ferentiations that could exceed 50 °C depending on pore density [16].
The spatial arrangement of metal foam within the storage system is
another optimization parameter. Research indicates that inserting the
foam layer diagonally from corner to corner led to minimal melting
time. The optimum porosity was 88 %, allowing almost the same stored
energy as pure PCM [17].

The pore-level study on PCMs integrated into metal foam architec-
tures featuring the Kelvin cells highlighted that such configurations
significantly increased the overall heat transfer rate and reduced melting
time [18]. This adds another dimension to our understanding by sug-
gesting that the pore-scale structure could be critical in influencing
melting dynamics and storage capacity. Random porosity distribution,
rather than uniform, has also been investigated. The former might
provide up to a 10 % lower rate of PCMs melting for a similar average
porosity [19]. Additionally, using anisotropic metal foams could offer
significant gains in thermal energy storage power, potentially saving up
to 20 % in charging time without affecting the unit’s weight or storage
capacity [20]. In practical applications, like domestic air heaters, using
PCM-metal foam composites effectively provides a uniform output
temperature, which is crucial for efficient space heating [21].

The shape of the enclosure or cavity that houses phase change mate-
rials (PCMs) in heat transfer applications is critical for optimizing the
system’s performance. Various studies have experimented with different
geometries, including annuli, wavy tubes, trapezoidal enclosures, and
more, to understand their impact on heat transfer efficiency and thermal
energy storage rate. An annular enclosure is commonly used for confining
PCM:s in applications that deal with conjugate solid-liquid phase change
heat transfer. This geometry effectively caters to pulse heat loads by
enhancing heat transfer at the hot surface, especially when the annuli are
filled with a composite of PCM and metal foam [22]. The shape allows the
enthalpy-porosity approach and Darcy-Brinkman model to be effectively
utilized, yielding promising results, particularly at low external cooling
power. Another intriguing geometry involves using wavy tubes filled with
nano-enhanced PCM and metal foams. The tubes’ wavy nature was
studied to understand their effect on thermal response time, stored en-
ergy, and heat transfer behavior. Interestingly, while adding complexity
to the design, like wavy tubes, may offer some advantages, a simple tube
structure with no wavy surface resulted in better charging power [23].
Trapezoidal cavities have also been researched, particularly focusing on
the orientation of the cavity and the impact of nanoparticle additives on
the PCM. For instance, embedding the PCM in a trapezoidal cavity filled
with paraffin wax showed that orientation could significantly affect the
performance [24]. Another study with a trapezoidal geometry utilized fin
extensions to improve thermal conductivity, thereby reducing the melting
time [25].
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(b)

Fig. 1. Diagram depicting the 2D model of the wavy enclosure featuring an anisotropic MF saturated by paraffin wax. (a) Detailed view of the enclosure; (b)

Explanation of anisotropic angle orientations.

The shape of additional elements within the enclosure, such as metal
foams, also plays a crucial role. For instance, studies have shown that
forming metal foam layers could impact the thermal energy storage
power by up to 60 % [26]. Other techniques, like using internal and
external fins in an annular enclosure, have been studied to enhance the
melting rate of the PCM, reducing melting time by over 60 % when
optimized [26]. In applications like air-conditioning systems, it has been
observed that even the inlet velocity and PCM volume can affect the
shape and performance of the cavity. Higher inlet velocities lead to
shorter melting durations, thereby affecting the overall performance
[27].

ANNs have increasingly become essential tools in heat transfer,
particularly in predicting the behavior of PCMs, nanofluids, and thermal
systems. ANNs offer a robust computational methodology to model
complex relationships between variables, thereby facilitating more ac-
curate predictions and enabling more effective thermal management
solutions. In the domain of transient heat transfer, ANNs have been used
to model the characteristics of a PCM heat sink. A feedforward back-
propagation multilayer perceptron (MLP) was employed to predict the
transient heat transfer in a PCM heat sink under differing power con-
ditions. The ANN model demonstrated high accuracy in predicting the
Nusselt number during the melting of the PCM. The study confirmed that
using PCMs in heat sinks effectively reduces transient temperature,
providing valuable insights into the thermal management of electronics
[28].

ANNs are also applied to study the heat transfer properties of
nanofluids in channels. By considering various parameters like nano-
particle concentration, expansion ratio, and Reynolds number, neural
networks help to estimate the heat transfer rate more reliably than
traditional methods [29]. Further, ANNs have proven exceptionally
accurate in predicting the thermal conductivity of nanofluids. For
instance, using ANNs trained with the Levenberg-Marquardt algorithm

has yielded models with high confidence levels (Ry = 0.9987) when
compared to other methods like MARS (Rz = 0.9879) or GMDH (R =
0.9980) [30]. In another study focusing on nanofluids containing CuO
nanoparticles, ANNs outperformed polynomial models with remarkably
lower average absolute relative deviation values, thereby making them a
more reliable choice for predicting thermal conductivity [31].

The literature review shows phase change heat transfer and energy
storage in LHTES units is an important topic in renewable energy and
waste heat recovery. The shape of PCM enclosures and metal foams can
significantly impact the heat transfer rate and the efficiency of LHTES
units. The heat transfer in wavy wall enclosures has been the subject of
several recent studies [6-12]. A wavy wall delivers an extended heat
transfer surface and can also disrupt the fluid flow and enhance heat
transfer. Thus, the present study aims to address the phase change heat
transfer of PCMs in a wavy wall LHTES unit for the first time. An ANN
further analyzes the heat transfer behavior of the LHTES for design
parameters.

2. Model description

A wavy enclosure is filled by an anisotropic copper metal foam
saturated by paraffin wax. The top and bottom wavy walls are subject to
a hot fluid stream at a high temperature Th, while the left and right
borders are well insulated. A schematic view of the enclosure is illus-
trated in Fig. 1(a). The wavy shape of the top and bottom walls provides
an extended surface area for heat transfer. The wavy surfaces can also
provide effective structural mechanical stability. The paraffin is initially
at a super cold temperature Tc. The wavy surface is introduced using a
wave amplitude (A) and a wave number (c) as:

y = Asin(2n6x — 1/2) on bottom (1a)

y = L+ A sin(2n6x +1/2) on the top (1b)
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Table 1

An overview of the thermophysical properties of the materials under consideration.
Materials Cp U/kg.K) p (kg/m>) k (W/m.K) 1 (kJ/kg) T, (°C) £ (1/K) 4 (kg/m.s)
Copper foam [47] 386 8900 - - - -
Paraffin (solid/liquid) [48-50] 2700/2900 916/790 0.21/0.12 176 49-54 0.00091 0.0036

Paraffin was embedded in copper metal foam (MF) for better thermal
conductivity of the composite MF-paraffin. Paraffin inside MF can melt
at an average fusion temperature of T; ~ 51 °C [32]. Copper foam was
selected for its favorable thermal conductivity and ease of synthesis,
while paraffin wax was chosen for its cost-effectiveness and suitability
for temperature energy storage. Upon phase change, paraffin absorbs a
significant amount of latent heat and stores the thermal energy. The
temperature gradients inside the molten paraffin induce density gradi-
ents, which lead to buoyancy force and natural convection flows inside
the liquid-saturated regions of the metal foam.

For a fixed amount of mass and porosity, an anisotropic MF could be
engineered with thick and thin ligaments at orthogonal directions as
explained in [20,33,34], resulting in improved thermal conductivity in
one direction (direction of thick ligaments) and reduced thermal con-
ductivity at the orthogonal direction. The MF permeability can be
altered as well. The orthogonal directions of anisotropic MF can be
placed at an arbitrary angle () related to a fixed coordinate system of x
and y, as illustrated in Fig. 1(b). Besides, the enclosure size was set as L
= 15 cm. The following section provides the mathematical equations
pertaining to the physical behavior of the system during the energy
storage (melting process) of the paraffin wax.

2.1. Governing equations

The equations that govern the heat transfer in the melting process of
paraffin wax consist of those for conserving energy, mass, and mo-
mentum. To separately account for the local temperatures of both the
copper MF and the paraffin wax, a dual-temperature equation was
employed [23,35,36]:

Mass conservation:

Vu=0 )

Momentum conservation:

9 ) i
Praraffin O +Ppaer;rﬂnv_(u ®u)=-Vp +”Pa;afth.(vu)_

e ot

Hparaftin Cr (1-¢(1))’ ~

: Kff u-— [)Parufﬁn7’; [ufu + Amu.\hm U+ &PpurattinBparatiin (T — To)J
3

Energy conservation in paraffin:
aT araffin
e(p CP)Pamfﬁn Pa[ =+ (Cy) parattin W V L Paratfin =

C)]

op(T
V-(keff‘PﬂmfﬁHVT) + l’lv (TCopper - TParafﬁn) - eﬂpamfﬁanamfﬁn%

Energy conservation in copper MF:

oT, opper
(1 - 6) (/)Cp) Copper (;)tpp

=V. (keff,CopperVTCnpper) - hv (TC()pper - TParafﬁn)

)

In the equations under discussion, several parameters are incorpo-
rated, including the porous permeability («), the Forchheimer parameter
(Cp), the coefficient for volume expansion due to thermal effects (), the
acceleration due to gravity (g), and the latent heat associated with fusion
(D. The model also includes the volumetric form of the interstitial heat
transfer coefficient (h,), derived from the pore-scale Nusselt number,
which can be computed from [37]. The abbreviations ‘Copper,’
‘Paraffin,” and ‘eff’ are indicative of copper metal foam, phase-change

materials of paraffin, and effective properties, respectively. Besides,
the source term parameters were put as Apush = 10'° Pa-s/m? and 1 =
0.001. As discussed in [38-40], the permeability coefficient (Apusn)
value can influence the solution accuracy. Here, the value of Apysh was
adopted higher than its typical value for clear flow (10°-107) since the
flow velocities for free convection in porous metal foams are pretty slow,
and the permeability of metal foam is small. Thus, as adopted in current
research, a fairly large value of Apsn for metal foams is essential.

According to the information in reference [41], the influence of pore
architecture on thermal conductivities has been accounted for by
incorporating the effective thermal conductivities for both copper (kef,
Copper) and paraffin (Kef, paraffin)- Further information on effective ther-
mal conductivities can be found in [35,41]. In reference [42], further
clarification is provided regarding the melting volume fraction influ-
enced by temperature, denoted as ¢:

1
T<T - EAT[ (Solid phase)

0
1 (T-T) 1 1 o .
¢(T)= 7t a7, T,—EATIgTgT,+§AT1(L1qu1d-So]1dmushyreglon)
1

1
T>T, +§A T, (Liquid phase)

©

where eight degrees was selected for the phase change temperature
range. In an anisotropic metal foam (AMF), both thermal conductivity
and permeability exhibit directional variations introduced as [43]:

_ K (sinw)* + ky (cosw)®  (k; — ky) (cosw) (sinw)
hetaae [(kl — ky)(cosw) (sinw) ki (sinw)* + ky(cosw)’ } )
= K (sinw)” + k1 (cosw)’ (k) — K, )(sinw)(cosw)

|:(K1 — ko) (sinw) (cosw) Ky (cosw)” + k| (sinw)” } ®)

In terms of thermal conductivity and permeability for copper metal
foam, k; and k5 are calculated as k; = (1 + 2) x ky, and ko = (1 — 2) X
km, respectively. Similarly, for permeability, x; = (1 — ) X x, and k3 =
(1 + 2) x k. Here, ky, and «y, signify the average values for thermal
conductivity and permeability in copper MF, which can be computed
using [35,41,44], while Q represents the factor for anisotropy. Besides, a
linear weight average was adopted to calculate the thermophysical
properties in the mushy region. The thermophysical properties of
paraffin wax and copper foam were adopted from [32,45,46]. Table 1
provides the thermophysical properties of paraffin and copper foam.

The enclosure is initially at To = T — 15 °C (36 °C), and the wavy
walls are at T; = T¢ + 15 °C (66 °C). The vertical walls are also insulated
with zero heat flux. The zero velocity was also applied on all surfaces.

The melting volume fraction denotes the average quantity of PCM
that has melted and is computed using a specified equation:

©)

where dV refers to the elemental volume of the shell domain. The total
thermal energy storage is obtained by adding up both latent heat and
sensible heat:
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Table 2

Examined meshes with various mesh parameters Nm and the corresponding

computational time for each case.

Nm Quads Edge elements Computational time (hours)
2 7200 360 2.36
3 16,471 540 6.55
4 29,161 720 12.21
5 45,451 900 18.18
6 64,800 1080 12.77
1.00
0.75
§ -
0.50 -
> i
025 / Nm =4
I / Nm=5
: / ---------- Nm =6
0.00 i L | L | L | L |
0 800 1600 2400 3200

t(s)

Fig. 2. The impact of mesh resolution parameter (Nm) on the melting and
solidification process.

(2) (®)

Fig. 3. A mesh view with Nm = 4 for (a) the entire geometry and (b) a zoomed
view at the bottom left.

0 = [ 7€ ( /T :g(pc,,)mfﬁn(r)drmﬁn)dv}r

(T = T0) (pCo)cope 7€ (1 - e)av+ a0

€ f Praraftin ¢ lParalTin dv
\4

Local heat transfer rates at the top and bottom heated walls are ob-
tained as:
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1
0.75F
E |
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> |
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i Present study
| A - Kamkari and Amlashi (Numeric)
< Kamkari et al. (Experiment)
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00 60 120 180 240
t (min)

Fig. 4. Comparison between energy storage data from our present simulation
and the measured values reported in the melting study from references [55,56].

, OT parari 0T
Giop = ekeff,Parafﬁn% + (1 — &)kefr.copper ‘;pper
n top n top ( 1 1)
aTl’ara('ﬁn aTCopper

+ (1 — &)ketr.Copper

bottom

,
Dportom = EKefi Paraffin p)

on

bottom

where n is the wall normal vector, and the average heat transfer rate is
obtained as:

" "
q” _ f;qmpds q” _ fyqban‘amds
avgitop ’ avg.bottom
[.ds J.ds

12)

where s is the heated wall length. The average temperature was also
obtained as:

$,(T = To)av

AT, =
“ $,dV

13)

3. Solution method and model verification
3.1. Finite element method (FEM)

Fundamental equations, along with their boundary and initial con-
ditions, were solved by leveraging FEM. The method effectively handled
the nonlinear variables related to phase transitions [41,42]. Utilizing the
weak formulation of the governing equations and opting for a second-
order discretization for thermal and momentum equations, a series of
residual algebraic equations were generated via Gauss quadrature inte-
gration on an element-by-element basis. These sets of equations under-
went iterative solutions using the Newton method [51,52], with a
damping coefficient of 0.9 to expedite convergence. The PARDISO
parallel computational solver, working alongside the Newton method,
facilitated the performance of calculations across multiple CPU cores in
parallel [53,54]. Automatic adjustments were made in the solution
timing and convergence to maintain a relative solution accuracy below
10~*, applying a backward differential formula of first and second order.
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Fig. 5. MVF, total heat transfer (Q,), average temperature difference (AT,yg), and the top wall average heat flux (q”avg, top) OVer the melting time for different wave

amplitude (A).

The advantages of FEM include high precision, uniformity, and
smooth results over the discretized mesh, qualities that align well with
the goals of this research. Computations began from the initial condi-
tions and subsequently explored energy storage and phase change
characteristics. The equations for thermal balance and mass continuity
y, along with the phase field variable ¢, were considered fully coupled
and were solved in an iterative manner. The algorithm was designed to
stop once a completely melted state was reached, as evidenced by a
melting volume fraction (MVF) greater than or equal to 0.99, which
served as the halting conditions.

3.2. Mesh sensitivity analysis

During the phase change of PCM, the impact of grid refinement on
numerical precision was evaluated using a scenario characterized by Q2
=0.3, » =45°, A =1.125 mm, 6 = 3, and ¢ = 0.95.

Table 2 and Fig. 2 present a focused study on the impact of varying
the mesh parameter Nm on computational simulations, explicitly
examining the number of quadrilateral elements (Quads), edge ele-
ments, and computational time. A salient observation is the increase in
mesh density, reflected by a higher number of Quads and edge elements,
as Nm grows. While a denser mesh typically yields more accurate results,

it also generally increases computational time. However, this relation-
ship is not strictly linear. For example, the computational time for Nm =
6 is actually less than for Nm = 5, which is due to the backward dif-
ferentiation formula (PDF) for the automatic time step. A suitably fine
mesh provides a better convergence in capturing the melting interface. It
leads to a reduced overall computational time by allowing the selection
of larger time steps while maintaining the relative computational error
low. Here, as a balance between computational cost and accuracy, the
mesh control parameter Nm = 4 was adopted for computations. Fig. 3
shows a view of the adopted mesh.

3.3. Model verification

To evaluate the model’s accuracy, we mimicked the conditions
outlined by Kamkari et al. [55], focusing on phase change heat transfer
coupled with natural convection (Fig. 4). The study in [55] utilized
lauric acid as the PCM and conducted the melting experiments in a
chamber with dimensions of 120 mm in height and 50 mm width. The
chamber’s left wall was maintained at an isothermal heat condition of
70 °C, starting from an initial ambient temperature of 25 °C. Lauric
acid’s average melting point was noted to be 46 °C. For a detailed list of
lauric acid’s thermophysical properties, one can consult Table 1 in [55].
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Fig. 6. Isotherms and the melting interface at selected melting time for different amplitudes A. The first row of each set shows the temperature difference contours
(T-Typ) in °C, and the second row depicts the melting interface.
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The results of the numerical study of Kamkari and Amlashi [56] have
also been plotted in Fig. 6. Our model’s calculated energy storage during
the charging phase was closely aligned with the data presented in
[43,56], as illustrated in Fig. 6.

4. Results and discussion

The anisotropic angle (0° < w < 90°), wave number 1 < ¢ < 4, the
wave amplitude 0.01125 m < A < 0.01875 m, and the anisotropy factor
0 < Q2 < 0.3 was investigated. The parameters’ values used in the mesh
study section serve as a reference. Unless otherwise noted, these values
remain consistent; any deviations will be explicitly reported. Fig. 5 il-
lustrates the temporal evolution of the melting volume fraction, the
stored thermal energy, the average temperature difference in the LHTES
unit, and the mean heat flux at the apex of the wavy wall, all as functions
of varying the amplitudes of the wavy walls. It can be observed that
increasing the wave amplitude enhances MVF, stored thermal energy,
and average temperature within the LHTES unit. However, this inversely
affects the average heat flux at the top wavy wall. The rise in MVF is
explained by the enlarged surface area available for heat transfer due to
larger wave amplitudes, thereby resulting in an accelerated melting rate
and enhanced energy storage. This increase in stored energy conse-
quently elevates the average temperature differential across the LHTES
unit. The reduction in the average heat flux is primarily a consequence of
its definitional parameter, as per Eq. (12), which averages the heat flux
over the extended length of the undulating wall. As the wall length
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increases with greater wave amplitude, the temperature gradients
become slightly less steep, thereby causing a modest decline in the
average heat flux. Besides, since the model is 2D, the energy is computed
per unit of length.

Fig. 6 displays the isotherms of temperature difference (T-Tp) and
MVF contours for various wave amplitudes at four distinct time in-
tervals. Henceforth, these temperature difference isotherms will be
simply referred to as temperature for brevity. The figure illustrates that
an increase in the wave amplitude expands the height of the wavy walls,
allowing the heated surfaces to penetrate further into the solid PCM
domain. Initial isotherms (t = 120 s) closely mimic the contours of the
heated top and bottom wavy walls, suggesting a dominant role of pure
conduction at this phase. Melting is noticeable only as a thin layer over
these heated surfaces for all amplitudes A. Within the solid regions, the
isotherms are primarily linear as the heat is predominantly absorbed in
the melting interface, allowing only a minimal thermal gradient be-
tween the melting interface temperature (T;) and the initial PCM tem-
perature (Tp). As time progresses, a greater volume of PCM adjacent to
the top and bottom walls undergoes phase transition. Natural convec-
tion patterns emerge within the isotherms in the molten regions at the
lower part of the unit, whereas the upper sections display stratified re-
gions without conspicuous temperature line distortions. Natural strati-
fication occurs in the top region because the warmer melted PCM
remains buoyant near the top heated wall, while the colder PCM near
the melting interface stays at the bottom, thereby suppressing free
convection currents in the upper region.
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Additionally, the contours of the melting interface reveal a broader
melting zone at the bottom compared to the top, which is the result of o
convective heat transfer on the bottom zone. It is also evident that an
increase in wave amplitude significantly expands the molten region,
which is clearly noticeable at the time t = 3000 s. This finding corrob-
orates the observations made in Fig. 5. An increase in wave amplitude
(A) from 3.75 mm to 18.75 mm reduces the full melting time from 3600 s
to 2700 s, rendering a 25 % reduction in the melting time.

Fig. 7 presents a comprehensive analysis of the LHTES unit’s key
performance indicators, such as melting time and energy storage rate, in
relation to varying anisotropic angles (w). A larger anisotropic angle
yields significant improvements in all critical metrics. Specifically, an
anisotropic angle of 1.571 rad (or 90°) results in the shortest melting
time and the highest rate of energy storage. An increase of anisotropic
angle from 0° to 90°, reduces the full melting time from 3750 s to 2500 s,
resulting in a 33 % reduction in melting time. According to Eq. (7), this
angle maximizes thermal conductivity in the y-direction, which is
aligned with the primary heat transfer path between the heated wall and
the solid PCM domain. Consequently, it optimizes conduction-based
heat transfer. Simultaneously, high permeability in the x-direction en-
hances convective flow along the wavy wall, making this configuration
particularly advantageous for LHTES unit design. Importantly, varying
the anisotropic angle neither adds weight nor material to the system nor
diminishes the unit’s energy storage capacity. Enhanced thermal con-
ductivity in the y-direction due to a higher anisotropic angle boosts the
heat flux at the top wall and elevates the unit’s average temperature.

Fig. 8 visualizes isotherms and melting interfaces for anisotropic
angles of 0° and 90° at different stages of the melting process. Increasing
the anisotropic angle (w) broadens the molten region, especially

o (rad) 20s 850s
0.00
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noticeable in the upper portions where thermal conductivity in the y-
direction is maximized. However, convective heat transfer is virtually
non-existent because of the stratified layering of the liquid PCM in the
upper regions. Therefore, the improved permeability in the x-direction
does not contribute to advection mechanisms there. Conversely, the
impact of a larger anisotropic angle (w = 90°) is more pronounced at the
bottom region, enhancing both conduction and convection heat transfer
mechanisms and thus significantly boosting the overall heat transfer
efficiency.

Fig. 9 illustrates the temporal evolution of crucial parameters during
the melting phase as a function of varying wave numbers (c). Elevating
the wave number enhances most key parameters but adversely impacts
the average heat flux. This trend mirrors the findings in Fig. 5. The
augmentation in wave number expands the surface area of the heated
wall, thereby diminishing temperature gradients and consequently
lowering the average heat flux. Nonetheless, it’s important to emphasize
that heat transfer involves a complex interplay between surface area and
heat flux. Thus, the product of the expanded surface area and the heat
flux can increase with a higher wave number.

Insightfully, the data plots for 6 = 3 and ¢ = 4 demonstrate a close
correlation in terms of both MVF and stored thermal energy. Therefore,
elevating the wave number beyond ¢ = 3 offers limited advantages. As
such, the LHTES unit with ¢ = 3 could be a preferable option, as it not
only simplifies manufacturing complexities but also minimizes the
consumption of wavy wall material. Concurrently, the mean tempera-
ture also ascends with the wave number, indicative of enhanced heat
transfer and thermal energy storage capabilities.

Fig. 10 reveals the isotherms and contours of the melting interface at
different wave numbers. A rise in wave number noticeably improves

2,300s

3,000s

1.57

Fig. 8. Isotherms in the form of T-Ty in °C (first row) and the melting interface (second row) at selected melting times for = 0 rad and w = 1.57 rad.
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Fig. 9. MVF, total heat transfer (Qo), average temperature difference (AT,yg), and the top wall Nusselt number over the melting time for different o.

isotherm deflections in the lower region, suggesting robust convective
circulation. Additionally, greater wave numbers lead to an expansion of
the molten zones at both the top and bottom regions, signifying an
improved melting process. The isotherm patterns in the upper region
closely follow the contours of the heated wavy wall, reflecting the
stratified nature of heat transfer in that specific zone.

5. Heat transfer analysis by using the neural networks

Calculating heat transfer during phase changes demands significant
computational resources. As shown in Table 2, the selected mesh
configuration with Nm = 4 takes approximately 733 min to compute. To
better understand the impact of different design parameters on physical
systems, neural networks (NNs) are utilized to examine the correlation
between control variables and heat transfer rates. The network under
consideration features three interconnected hidden layers, each
comprising 20 neurons with sigmoid activation functions, as illustrated
in Fig. 11. Experimenting with various network architectures deter-
mined the configuration of the neural network’s layers and neurons. The
final selected architecture, also shown in Fig. 11, has demonstrated
effective training and testing performance.

Thus, the adopted neural network architecture resulted from
methodical testing and evaluation aimed at achieving a balance between
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complexity and performance tailored to the specific characteristics of
our dataset. This architecture demonstrated the best performance
regarding learning ability and prediction accuracy for the range of pa-
rameters we investigated.

The training dataset includes 48 distinct cases, resulting in 5048
samples that cover a broad spectrum of parameters. These are elabo-
rated on in the results section. Table 3 lists the input and output vari-
ables handled by the neural network and details the range of each input
parameter.

Before initiating the training phase, the dataset underwent
randomization, designating 70 % for training while equally partitioning
the remaining 30 % for testing and validation. The primary objective
during the training regimen was to curtail the Mean Squared Error
(MSE) using the Adam optimizer [57]. With batch sizes of 4, the neural
network underwent 1000 epochs. Data normalization was carried out
using the StandardScaler technique [58]. The resulting training and
validation loss metrics both reached an impressively low value of 8.05 x
107*

Fig. 12 tracks the declining trend of MSE for both training and
validation datasets over multiple epochs, indicating a consistent
improvement. Fig. 13 contrasts the projected test data with the actual
figures, corroborating the model’s strong alignment with reality. Uti-
lizing the high accuracy of this ANN, contour plots were generated to
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Fig. 11. A diagram of the employed neural network for learning the physical
behavior of the LHTES unit.

Table 3
Inventory of neural network input and output variables.
Input parameters Interval
Note Symbol
Porosity € 0.9 <e£<0.975
Time (s) t 0 < t< 6840
Wave amplitude (m) A 0.01125 < A < 0.0225
Wave number 4 0<o<4
Output parameters Interval
Note Symbol
Stored energy (MJ/m) Q; 0<Q<6.7
Melting volume fraction MVF 0<MVF<1

10°
—— Training Data
—— Validation Data
1071 4
N 10-2
v
£
10—3 4
1074 4

600 800 1000

Epoch

400
Fig. 12. Training and validation data over multiple epochs.

clarify the impact of various control parameters on the MVF.

Figs. 14 and 15 examine how porosity and wave amplitude influence
MVF under two conditions: ¢ = 2 and ¢ = 3, respectively. For each
scenario, snapshots are captured at two distinct times: t = 1000 (s) and t
= 1500 (s). Fig. 14 reveals that as time elapses, the overall MVF tends to
rise. Specifically, at ¢ = 2, MVF generally diminishes with increased
porosity. On the flip side, keeping porosity constant while elevating
wave amplitude leads to a higher MVF. Nevertheless, when porosity
exceeds 92.5 (¢ > 92.5), augmenting the wave amplitude beyond 0.025
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Fig. 13. Comparison between the actual and forecasted test data values.

(m) ceases to enhance MVF. In scenarios where ¢ = 0.9, elevating the
wave amplitude to 0.03 (m) still yields benefits at t = 1500 (s).

Fig. 15 mirrors the trends observed in Fig. 14 when t = 1000 (s).
However, as melting progresses to t = 1500 (s), elevating the wave
amplitude seems to be consistently beneficial, irrespective of the
porosity levels. Furthermore, a ¢ = 3 scenario (Fig. 15) consistently
results in a higher MVF than its 0 = 2 counterpart (Fig. 14).

These visualizations offer critical insights into the LHTES unit’s re-
sponses to varying control parameters. They are the outcomes of
extensive model simulations for numerous design configurations facili-
tated by the trained NNs. Performing direct simulations for such a
multitude of design scenarios would demand several months of
computational resources. Therefore, NNs serve as an invaluable asset for
deeper analyses and simulations concerning LHTES design.

6. Conclusions

This study presented a comprehensive analysis of LHTES within a
wavy enclosure filled with anisotropic copper metal foam saturated by
paraffin wax. The top and bottom wavy walls of the enclosure are sub-
jected to a high-temperature fluid stream, while the side walls are well-
insulated. This configuration was modeled to examine the melting
process of paraffin wax, which serves as the PCM. The model employed a
set of control equations for the conservation of energy, mass, and mo-
mentum, solved through the FEM for both paraffin and metal foam.

One of the distinctive aspects of the study is the introduction of wavy
wall topographies characterized by wave amplitude and wave number.
The results are presented in the form of characteristic curves (key pa-
rameters) and contours. Augmenting the wave amplitude (A) from 3.75
mm to 18.75 mm diminishes the complete melting duration from 3600 s
to 2700 s, resulting in a 25 % reduction in the melting time.

Additionally, this research incorporates NN models to scrutinize re-
lationships between control variables and heat transfer rates. Utilizing a
high-accuracy ANN model, contour plots are generated that offer critical
insights into the system’s response to varying parameters such as wave
amplitude, wave number, and porosity. This methodology significantly
reduces the computational time, enabling the analysis of extensive
design configurations that would otherwise demand months of compu-
tational resources. The results showed that an increasing wave ampli-
tude generally augments the MVF, stored thermal energy, and average
temperature within the LHTES unit but slightly reduces the average heat
flux at the top wavy wall.

The study also explores the effects of anisotropic angles in the metal
foam, demonstrating that a 90° anisotropic angle significantly enhances
all key performance indicators without adding any material or weight to
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the system. Elevating the anisotropic angle from 0° to 90° decreases the
entire melting duration from 3750 s to 2500 s, culminating in a 33 %
reduction in melting time. Thus, using a well-designed anisotropic MF
can reduce the size and weight of LHTES units or increase their power
rate.

Elevating the wave number beyond a certain limit (¢ = 3 in this
study) offers limited advantages in terms of MVF and stored thermal
energy. NN stands out as an effective instrument for unraveling intricate
relationships among diverse control parameters. This leads to a signifi-
cant reduction in the computational time required to analyze extensive
design scenarios.

The findings of this study highlight the notable effects of wavy wall
configurations and anisotropic media on phase change heat transfer.
Optimizing the anisotropic angle can decrease melting time by 33 %
without the need for additional weight or materials. By tailoring the
directional properties of metal foam, energy storage duration can be
reduced by 33 %. Additionally, incorporating a wavy structure can lead
to a 25 % reduction in melting time. These enhancements are particu-
larly beneficial for domestic solar energy storage systems, enabling
faster storage of surplus heat. Moreover, such significant decreases in
melting time are also valuable in managing the temperature of vehicle
batteries, where weight is a crucial consideration. Therefore, future
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research should explore the impact of anisotropic metal foams and wavy
structures on the thermal management of vehicle batteries.
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