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A B S T R A C T

Latent heat thermal energy storage (LHTES) systems play a critical role in renewable energy integration by 
providing high energy density and nearly isothermal operation during phase transitions. However, their per
formance is often limited by slow melting/charging rates, which motivates the search for enhanced heat transfer 
designs. This study investigates the melting behavior of RT-82 phase change material (PCM) using novel lotus- 
shaped fins combined with copper metal foam and conductive graphene nanoparticles and carbon nanotubes. A 
two-dimensional enthalpy–porosity model in ANSYS Fluent was developed to simulate the charging/melting 
process, capturing non-thermal equilibrium between the foam and PCM/nano-PCM. In this study, effects of fin 
geometry, nanoparticle concentration, and foam porosity on melting dynamics and cost-performance trade-offs 
were investigated. Results showed that natural convection accelerated melting by ~12% compared to 
conduction-only scenarios. Optimized lotus-shaped fins with higher fin density (T3F4 and T3F10) achieved up to 
63% faster melting relative to sparse configurations. Graphene nanoparticles improved thermal conductivity, 
with a 6% volume fraction, by reducing melting time by ~6.9%, while their combination with 75% porosity 
foam achieved a maximum reduction in the melting time of ~51% compared to pure PCM. Cost-performance 
analysis identified T3F4 as the most balanced design, offering rapid thermal response without excessive mate
rial costs, while moderate-density designs like T3S6 provided economical alternatives with acceptable perfor
mance. These results highlight the performance enhancement that can be achieved by integrating bio-inspired 
fins, nanoparticles, and foams, into compact and efficient LHTES for solar heating, building thermal manage
ment, and industrial waste-heat recovery applications.

1. Introduction

As global energy consumption continues to rise, there is a pressing 
need for innovative, effective, and resilient methods for storing energy. 
Thermal energy storage (TES) emerges as a promising technology 
among various methods for energy storage. Compared with electrical 
and electrochemical storage options, TES offers significant benefits, 
including extended operational lifespans, reduced technological costs, 
and higher storage density [1–3]. Generally, TES technologies are 
typically grouped into three primary categories: latent heat TES (LHTES) 
[4,5], chemical-TES (CTES) [6], and sensible heat-TES (SHTES) [7].

LHTES stands out as an efficient thermal storage technology/method 

because it can accumulate large amounts of energy within a compact 
volume and function at almost the constant temperatures during both 
charging and discharging, owing to the nearly isothermal characteristics 
of phase transitions. Additionally, LHTES provides notable chemical 
stability and operational safety, making it cost-effective and highly 
suitable for large-scale use in industrial processes and building energy 
systems [8–10]. Potential applications of LHTES have been increasingly 
highlighted in recent studies. For instance, in renewable energy systems, 
as a mean to store surplus solar thermal energy, particularly in 
concentrated solar power plants. In buildings, LHTES systems could 
provide heating and cooling flexibility, lowering peak electricity de
mand and improving energy efficiency. Industrial operations may 
benefit through the recovery and reuse of waste heat, thereby reducing 
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fuel consumption and emissions. Furthermore, their compactness and 
safety make them a promising alternative for coupling with district 
heating, thermal energy networks, and other large-scale energy systems.

LHTES systems utilizing phase change materials (PCMs) have 
garnered considerable attention because of their ability to store large 
amounts of energy while maintaining nearly uniform temperatures 
during phase transitions [11,12]. Despite their advantages, most PCMs 
have low thermal conductivity, which limits the overall heat transfer, 
reducing system performance. To address this drawback, scientists have 
examined different enhancement methods such as dispersing highly 
conductive nanoparticles, employing optimized fin geometries, and 
creating composites materials that integrate metal foams to boost ther
mal conductivity and efficiency [13,14]. Integrating innovative fins into 
LHTES systems is a widely adopted strategy, which significantly im
proves thermal performance [15]. Extensive research has been con
ducted in this area, focusing on design and optimization of various 
advanced fin configurations, including triangular fins [16], fractal fins 
[17,18], snowflake fins [19,20], reticular fins [21], tree-shaped fins [22,

23], and smoothed optimized flat-plate fins [24], among other innova
tive designs. These studies highlight the ongoing pursuit of enhanced 
thermal efficiency through novel fin geometries. Commercial LHTES 
units typically employ rectangular/annular straight fins; while manu
facturable, their gains, mainly from added conduction area, are often 
modest. For example, radial fins can raise average melting rate by 
~20%, and halving fin spacing can cut melting time by ~40% in 
shell-and-tube systems [18]. Moving beyond these baselines, 
tree-shaped/fractal fins improve temperature uniformity and accelerate 
phase change; a 3D vertical fins study reports 34.5% shorter melting and 
49.2% shorter solidification, with time-averaged storage/release rates 
up by 49.4%/96.4% versus conventional finned units [23]. Consistent 
with this trend, optimized Y-shaped (branched) fins increased dis
charging efficiency by ~24% relative to a baseline design under 
matched PCM volume [18]. In parallel, snowflake-type internal geom
etries coupled with hybrid nano-PCM have shown additional materi
al–geometry synergy; for example, an Al₂O₃–GO hybrid at a volumetric 
fraction of 0.04 achieved a 24.1% increase in solidification rate 

Nomenclature

Asf Surface area (m²)
Am Mushy zone numerical coefficient
B Boltzmann constant (1.381 × 10⁻²³ J/K)
Cf Inertial coefficient of porous resistance
Cmush Mushy zone constant
cp Specific heat capacity at constant pressure (J/kg⋅K)
(cp)f Specific heat capacity of nano-PCM (J/kg⋅K)
(cp)hnf Specific heat capacity of the hybrid nanoparticle (J/kg⋅K)
(cp)np Specific heat capacity of nanoparticles (J/kg⋅K)
(cp)PCM Specific heat capacity of PCM (J/kg⋅K)
(cp)s1 Specific heat capacity of nanoparticle 1 (J/kg⋅K)
(cp)s2 Specific heat capacity of nanoparticle 2 (J/kg⋅K)
dl Ligament diameter (m)
dnp Diameter of nanoparticle (m)
dp Pore diameter (m)
e Empirical structural correction factor
f (T,ϕ) Function of Brownian motion
f l Mean liquid fraction
h Specific enthalpy (J/kg)
hsf Interfacial heat transfer coefficient (W/m²⋅K)
K Permeability of the foam (m²)
L Latent heat of fusion (J/kg)
(L)f Latent heat of nano-PCM (J/kg)
Lhnf Latent heat of hybrid nanoparticle (J/kg)
p Pressure (Pa)
Pr Prandtl number
Red Reynolds number
Se Energy source term (W/m³)
sf Shape factor
Su Source term in x-momentum equation
Sv Source term in y-momentum equation
t Time (s)
T Temperature (K)
T0 Initial temperature (K)
Tf Temperature of liquid phase (K)
Tpl Liquidus temperature (K)
Tps Solidus temperature (K)
Tref Reference temperature (K)
Ts Temperature of solid phase (K)
Tw Wall temperature (K)
u Velocity in x-direction (m/s)
v Velocity in y-direction (m/s)

w Velocity in z-direction (m/s)

Greek symbols
βf Thermal expansion coefficient of nano-PCM (1/K)
βhnf Thermal expansion coefficient of hybrid nano-PCM
βk Brownian motion enhancement factor
βnp Thermal expansion coefficient of nanoparticles (1/K)
βPCM Thermal expansion coefficient of PCM (1/K)
Δh Latent heat component in energy source (J/kg)
ε Porosity of the metal foam
Γ Boundary surfaces
Γsh Shell boundary surface
Γtu Inner wall boundary
λ Thermal conductivity (W/m.K)
λbf Thermal conductivity of base fluid (W/m⋅K)
λf Thermal conductivity of nano-PCM (W/m⋅K)
λfe Effective thermal conductivity of fluid phase (W/m⋅K)
λhnf Thermal conductivity of hybrid nanoparticle (W/m⋅K)
λnp Thermal conductivity of nanoparticles (W/m⋅K)
λPCM Thermal conductivity of PCM (W/m⋅K)
λs1 Thermal conductivity of nanoparticle 1 (W/m⋅K)
λs2 Thermal conductivity of nanoparticle 2 (W/m⋅K)
λse Effective thermal conductivity of solid matrix (foam) (W/ 

m⋅K)
σ Standard deviation
ϕ Nanoparticle volume fraction
ϕ1 Volume fraction of nanoparticle 1
ϕ2 Volume fraction of nanoparticle 2
ξ Numerical fitting parameter
v Thermal expansion coefficient (1/K)

Acronyms
AMG Algebraic multigrid
CNT Carbon nanotube
CTES Chemical thermal energy storage
HTF Heat transfer fluid
HVAC Heating, ventilation, and air conditioning
LHTES Latent heat thermal energy storage
PCM Phase change material
PPI Pores per inch
SHTES Sensible heat thermal energy storage
TES Thermal energy storage
TTHE Triplex tube heat exchanger
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compared with pure PCM in a snowflake LHTESS [20]. While these 
geometries mimic fractal or branching principles, systematic explora
tion of designs inspired by lotus morphology has been undertaken. The 
lotus leaf distributed surface patterns and hierarchical branching, of
fering a unique pathway for simultaneously enhancing radial and axial 
heat transport in LHTES, is a concept not yet examined in the literature. 
To clarify the origin of this bio-inspired concept, Fig. 1 illustrates the 
natural lotus flower. In nature, the lotus leaf and flower exhibit a radial 
vein–petal structure extending outward from a central core. This ge
ometry ensures uniform transport of nutrients and mechanical stability 
across the surface. Translating this principle into fin design, the 
lotus-inspired arrangement provides multiple conduction pathways 
from the central tube to the PCM, reducing thermally inactive regions 
and promoting more uniform phase change. Thus, the lotus morphology 
offers a natural blueprint for achieving simultaneous radial and axial 
heat transport, which forms the foundation of the fin geometries 
explored in this study.

Pu et al. [25] observed that incorporating fins into LHTES systems 
significantly improved melting/charging efficiency, reducing the total 
melting/charging time by 44% in comparison to the systems lacking 
fins. Zhang et al. [26] found that a snowflake-shaped fin configuration 
accelerate the solidification/discharging process up to 35% compared to 
longitudinal fins, and a 50% improvement over systems without fins. 
Rozenfeld et al. [27] developed a helical fin structure used within a 
dual-tube setup, which effectively enhanced the PCM’s melting/charg
ing rate and supported more efficient system operation. Mao et al. [28] 
introduced a bifurcated fin design in an LHTES storage system, which 
showed a better melting/charging performance than traditional longi
tudinal fins. Further studies by Elmaazouzi et al. [29] and Nie et al. [30] 
emphasized that the thermal performance of such systems is strongly 
influenced by the number of fins and fin characteristics, including size 
and shape. Zonouzi and Dadvar [31] conducted a comparative analysis 
of helical and longitudinal fins, concluding that the use of helical fins led 
to an 18.25% reduction in total melting/charging time relative to lon
gitudinal fins. Similarly, He et al. [32] observed that helical fins caused 
minimal disruption to natural convection during the solidification phase 
and facilitated enhanced multi-directional circulation within the 
annular space, thereby improving heat transfer efficiency. Zhang et al. 
[33] assessed a vertical tube and shell LHTES system incorporating 
distinct fin geometries for such as annular, longitudinal, and helical 
types and reported that the helical fin design decreased the melting/
charging duration by 9.9% and 31% when compared to annular and 
longitudinal fins, respectively. In their study, Zarei et al. [34] assessed 
the effect of different fin characteristics, including fin size, its arrange
ment, and the angle formed between the tube wall and the longitudinal 
copper fins, to observe the discharging/solidification rate of PCMs. They 
concluded that a mixed fin design led to a substantially improved 

discharging/solidification process, reducing the total solid
ification/discharging time by about 42% in comparison to systems 
lacking fins. In the context of LHTES systems heated from the sidewalls, 
Nakhchi et al. [35] introduced a stepped fin configuration, which 
exhibited much faster melting/charging behavior than flat horizontal 
fins, achieving a 65.5% higher melt rate within 3600 seconds. Yang et al. 
[36] addressed the challenge of uneven PCM melting/charging by 
implementing annular fins with a non-uniform spatial distribution. This 
approach notably improved thermal response, resulting in a 62.8% 
shorter melting/charging time and a 34.4% improvement in thermal 
uniformity. To further reduce charging times in fin-enhanced LHTES 
units, Wang et al. [37] proposed a finned-plate architecture and exam
ined the effect of variations in fin designs on the melting/charging 
performance. They observed that advanced configurations such as 
rippled fins and fins of differing lengths, increasing fin thickness and 
length, significantly promoted paraffin melting/charging efficiency. 
Experiment performed by Baby and Balaji [38] assessed the perfor
mance of aluminum pin fins configuration in three quantities (33, 72, 
and 120 pin) and found the 72-pin setup provided the most efficient 
melting/charging, indicating optimal thermal interaction in PCM-pin fin 
systems.

A major drawback of these considered methods is the added volume 
and/or weight, which restricts their use in designing compact and 
lightweight thermal storage systems. Additionally, these techniques can 
hinder the natural convection-driven fluid motion of the PCM during 
phase transitions, thereby diminishing its positive impact on heat 
transfer. An alternative to address this challenge involves dispersing 
highly conductive nanoparticles into the PCMs, which increases the 
overall thermal conductivity while preserving a more fluid-like behavior 
during the phase change [39–41]. The incorporation of nanoparticles 
into PCMs to improve their thermophysical properties was explored 
numerically by Khodadadi and Hosseinizadeh [42], who demonstrated 
that such additives can significantly increase thermal conductivity, 
making them promising for TES systems. Mahdi et al. [43] extended this 
investigation to triplex tube heat exchangers, revealing that a nano
particle concentration of just 0.05 volume fraction could reduce mel
ting/charging time by as much as 90%. However, despite these 
improvements, fins have proven to be more effective than nanoparticles 
in accelerating the charging/melting process when occupying the same 
volume within the PCM, as highlighted by Mahdi et al. [44] through 
computational fluid dynamics analysis. One major limitation of 
nano-PCMs is their tendency to inhibit natural and forced convection, 
which can adversely affect melting/charging efficiency. This phenom
enon was explored by Mohamad [45] through two-dimensional simu
lations, which showed that enhanced thermal conduction due to 
nanoparticles leads to a systematic temperature distribution within the 
liquid PCM. As a result, the reduced thermal gradient weakens the 

Fig. 1. (a) Lotus flower exhibiting radial petal arrangement in nature. (b) Lotus-inspired fin geometry derived from this morphology, which is designed to promote 
uniform heat distribution and accelerate phase change in LHTES systems.
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buoyancy-driven convection flow, thereby lowering the heat transfer 
contribution from the natural convection. Researchers have extended 
this approach by developing hybrid nanofluids and hybrid nano-PCMs 
that combine two or more types of nanoparticles to achieve better 
thermal performance and stability than single-particle systems. Hos
seinpour et al. [46] investigated single-walled carbon nano
tube–CuO/H₂O hybrid nanofluids in a helical-coil LHTES unit and 
reported 39.24% reduction in melting time. Hassan et al. [47] demon
strated that ZnO/Fe₂O₃ hybrid nano-PCMs dispersed in paraffin 
improved both melting/freezing efficiency and cycle stability. Similarly, 
Sadiq et al. [48] examined Al₂O₃/CuO hybrid nano-PCMs in triplex-tube 
configurations, showing charging-time reductions of up to 19%. 
Collectively, these studies highlight that hybrid formulations of 
nano-PMCs can mitigate some of the drawbacks of conventional 
nano-PCMs while providing enhanced heat transfer for TES applications.

In addition to using fins and nanoparticles for enhancing the rate of 
phase change, incorporating open-cell metal foams into PCMs has 
gained attention as a highly effective method to enhance thermal con
ductivity. Zhao and Tian [49] conducted experiments using paraffin 
RT58 integrated with copper foam, subjecting the system to a constant 
heat flux from the bottom. Their results demonstrated that incorporating 
copper foam markedly improved the melting/charging performance. In 
a separate experimental investigation, Chen et al. [50] explored the 
melting/charging characteristics of PCMs embedded in aluminum foam, 
utilizing both infrared imaging and optical microscopy to visualize 
melting/charging at the pore level. The study concludes a substantial 
enhancement in the melting/charging rate using high-porous metal 
foam. Li et al. [51] executed an experimental study to evaluate the 
thermal behavior of PCMs incorporated into copper foams with different 
porosities and pore dimensions. Their results demonstrated that the 
enhanced thermal conductivity due to the copper foam significantly 
accelerated the melting/charging process. Furthermore, they observed 
that foams with higher open porosity facilitated faster heat transfer due 
to increased PCM-copper contact area, while variations in pore di
mensions influenced the balance between conduction pathways and 
fluid movement during phase change. Zhou and Zhao [52] investigated 
the transient charging/melting performance of paraffin integrated with 
copper metal foam and found that the presence of the copper foam in
creases the phase transition rate by two times in comparison to pure 
paraffin. Additionally, Yang et al. [53] analyzed the impact of enclosure 
orientation on melting/charging behavior, comparing systems with and 
without metal foam under tilt angles of 90◦, 60◦, 30◦, and 0◦. Their re
sults revealed that inclination significantly influenced the melting/
charging performance of pure PCMs but had minimal effect when metal 
foam was used. In summary, the main primary mechanism behind heat 
transfer improvement using fins is increasing the effective convective 
surface area. Fins help transfer heat from the wall of the heat transfer 
fluid (HTF) channel to the inner regions of the PCM. While the PCM 
adjacent to the fins benefits from this conduction pathway, regions 
farther from the fins remain less thermally active because of the poor 
thermal conductivity of the PCM alone. To accelerate the phase change 
process, additional fins can be introduced; however, this comes with a 
cost of a reduction in the PCM volume, thereby lowering the system’s 
energy storage capacity. A more space-efficient solution with enhanced 
thermal performance involves using open-cell metal foam impregnated 
with nano-PCM. This porous structure allows for a more uniform heat 
distribution within the storage medium. Integrating highly conductive 
fins with metal foam creates a synergistic effect, where heat is initially 
transferred from the HTF wall through the fins and then evenly spread 
throughout the nano-PCM via the interconnected ligaments of the metal 
foam.

In addition to these design-oriented approaches, recent advances in 
numerical modeling have significantly improved the understanding of 
phase change dynamics using the enthalpy–porosity method. Ye and 
Arici [54] redefined the computational treatment of local and global 
interface errors and validated a 2D gallium melting simulation against 

experimental data. In a subsequent study, they extended this framework 
to a 3D enthalpy–porosity modeling [55], strictly analyzing the feasi
bility of replacing 3D simulations with simplified 2D approaches and 
developing improved correlations for liquid fraction and mean liquid 
layer thickness. They further examined the relationship between the 
mushy zone constant and driving temperature difference [56], estab
lishing correlations and validation results that aid parameter selection in 
phase change modeling. More recently, Ye and Arici [57] identified is
sues such as convective false diffusion and asymmetrical phase-change 
interfaces, linking them to equilibrium phase-change behavior through 
dimensionless correlations. Collectively, these studies highlight the 
strengths and limitations of enthalpy–porosity modeling and provide a 
solid theoretical foundation for applying this method to novel LHTES 
systems. The existing literature has made key contributions to improving 
LHTES performance. Advanced fin geometries have been shown to 
accelerate melting/charging by increasing heat transfer surfaces, though 
often at the cost of PCM volume. Nanoparticles enhance conductivity 
but may suppress natural convection at higher volume fractions. Metal 
foams provide effective conduction pathways and more uniform melting 
but reduce available PCM and energy density. Refined numerical models 
have validated enthalpy–porosity approaches and clarified the role of 
parameters such as the mushy zone constant. These contributions 
collectively highlight that while significant progress has been made in 
improving PCM melting/charging performance, a gap remains in inte
grating bio-inspired geometries with hybrid nanoparticles and foams in 
a single system, which is the focus of this study. Although previous 
studies have examined fractal and tree-like fins, nano-PCM composites, 
or metal-foam structures, these approaches have largely been consid
ered separately or in limited pairwise combinations. The present work is 
distinct becuase it integrates a lotus-inspired fin geometry together with 
hybrid nanoparticles and copper foam in a single LHTES system. The 
lotus fin arrangement is designed to improve both radial and axial heat 
transport while maintaining PCM volume, which helps reduce thermally 
inactive regions. When combined with the high-conductivity network of 
the metal foam and the tailored conductivity of hybrid nanoparticles, 
the system achieves a coordinated enhancement that has not been re
ported in earlier studies. To the best of our knowledge, this is the first 
attempt to adapt lotus-inspired branching and surface-distribution pat
terns into LHTES fin design. Unlike fractal, tree-like, or snowflake ge
ometries, which emphasize either symmetry or hierarchical spreading, 
the lotus morphology uniquely combines both features. Embedding this 
design within a hybrid nano-PCM/copper foam framework establishes a 
bio-inspired, multi-scale approach that goes beyond existing enhance
ment strategies.

In this work, nature-inspired fin designs are proposed and analyzed 
as they offer a promising pathway to improving the storage capacity and 
effectiveness of LHTES to enhance system thermal performance. These 
structures, mimicking efficient biological heat transfer structures, 
enhance conductive and convective mechanisms within the PCM matrix. 
Combining the lotus-shaped fin design, investigated in this study, 
maximizes heat transfer surface area and minimizes thermal resistance, 
leading to a more rapid PCM phase change process. While existing 
research has explored a range of fin geometries, including fractal and 
tree-like structures, further investigation is required to evaluate the most 
effective integration of bio-inspired fin designs with hybrid nano
particles and metal foams. This study aims to bridge that gap by 
analyzing the thermal behavior of a LHTES system incorporating a lotus- 
inspired fin structure alongside hybrid nanomaterials and porous metal 
frameworks. The key objectives include: (i) evaluating the influence of 
the non-standard fin geometry on PCM melting/charging, (ii) opti
mizing the best structural geometry to enhance overall system perfor
mance, and (iii) assessing the effect of hybrid nanoparticles and metal 
foams on thermal conductivity. By integrating bio-inspired fin struc
tures, hybrid nanoparticles, and metal foams, this study aims to advance 
the development of highly efficient LHTES systems suitable for multiple 
thermal energy conversion applications, industrial waste heat recovery, 
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and building thermal management. The conclusion will offer useful in
sights for future thermal energy storage solutions, fostering the inte
gration of innovative design strategies into practical energy systems.

2. Model and solution approach

2.1. Model formulation and description

This study investigates the melting (charging) behavior and the 
corresponding thermal efficiency of a LHTES system using a horizontal 
shell-and-tube configuration. The analysis accounts for the impacts of 
natural convection within the PCM. Various design modifications are 
explored, including changes in fin geometries and the integration of 
metal foams and nanoparticles to enhance heat transfer performance. As 
illustrated in Fig. 2 (a), the system consists of a central tube through 
which the hot HTF flows, while the PCM is placed in the annular region 
between the outer and inner tubes. Previous investigations [58,59] have 
indicated that for cylindrical PCM enclosures with circumferentially 
uniform wall temperature, conduction in the solid PCM is predomi
nantly radial, while the liquid PCM heat transfer is 
convection-dominated; axial variations exist but are weaker than radial 
ones over typical operating ranges. Therefore, a two-dimensional sym
metric was sufficient to capture the dominant physics of the melting 
mechanism, as illustrated in Fig. 2 (b). Fins are commonly used in 
thermal systems to increase the effective heat exchange surface area, 
particularly in space-constrained applications. Moreover, they are easier 
to fabricate and offer quicker thermal response [60]. The geometric 
configuration for this analysis is based on the model presented by 
Kazemi et al. [61] with modifications shown in Fig. 2 (a). The analysis 
assumes negligible shell and tube wall thickness. The inner and outer 
diameters are set at 16 mm and 70 mm, respectively, defining an annular 
gap of 54 mm. The storage unit’s length is considered to be 500 mm. 
Thermal insulation is assumed around the outer shell, mimicking 
real-world insulation practices to limit heat loss. The system is initially 
at 27 ◦C, below the PCM’s melting point, while the HTF is supplied at 90 
◦C with a mass flow rate of 0.01 kg/s. This temperature corresponds to 
low-temperature TES applications such as district heating, building 
thermal management, and recovery of low-grade industrial waste heat. 
Based on recommendations from earlier studies [58,59] the fin volume 
fraction is fixed at 10% to achieve optimal heat storage performance. Fin 
length remains unchanged throughout, while thickness is adjusted to 
examine its effect on melting dynamics. The PCM used is RT-82, selected 
for its reliability in practical applications, and copper is chosen as the 
fin’s material due to its excellent thermal conductivity and relatively 
low cost. The choice of RT-82 as PCM aligns with the operating range, 
where natural convection plays a dominant role in melting dynamics. 
Extending the framework to high-temperature systems (e.g., >400 ◦C for 
concentrated solar power or industrial processes) would require 
different PCM, and consideration of high-temperature material stability. 
The influence of nanoparticles, specifically graphite, carbon nanotube 
(CNT) and the hybrid nanoparticle (combination of both graphite and 
CNT), each with an average size of 29 nm is also explored to assess their 
potential in enhancing thermal performance. To minimize the compu
tational effort, only half of the system’s geometry is simulated, 
leveraging its symmetrical nature, as illustrated in Fig. 2 (c). The study 
proposes 15 distinct fin configurations aimed at improving melting and 
charging efficiency, and these are also compared against systems 
enhanced with metal foam and nanoparticles. These 15 distinct fin 
layouts are illustrated in Fig. 2 (d). In these designs, T denotes the ge
ometry type, NF refers to the no-fin configuration, S indicates a sym
metric fin arrangement, A represents an asymmetric fin arrangement, 
and the number represents the number of fins in the particular config
uration. This study employed cubic spline interpolation (i.e., Bezier 
curve) to design fins, generating continuous and smooth geometric 
profiles from design points defined by their spatial coordinates. Each 
design configuration, i.e., Type-1, Type-2, and Type-3 consists of four 

data points, denoted as p1 to p4, with corresponding x and y values 
representing the horizontal and vertical coordinates, respectively. These 
points serve as interpolation nodes for constructing a piecewise cubic 
function across three segments. 

y(x) = ai(x − xi)
3
+ bi(x − xi)

2
+ ci(x − xi) + di 

The coefficients ai, bi, ci and di are determined such that the curve is 
C2 continuous, ensuring a smooth and physically realistic shape. For 
instance, in Type-1, the four points are interpolated sequentially, with 
continuity conditions ensuring C2 smoothness across segments. Due to 
non-monotonicity in the x-values, the interpolation is implemented in 
parametric form x(t), y(t), where t ∈ [0,1] represents a normalized 
parameter space, enabling accurate modeling of arbitrary spatial curves. 
Point t1 in Table 1 represents the location of the tip of the additional 
center-fin, as shown in designs (I) – (III) in Fig. 2 (e). Table 1 lists the X 
and Y coordinates (in mm) of key design points used to define the shape 
of an additional center-fin in three configurations: Type-1, Type-2, and 
Type-3. These points represent the outline of the fin’s shape and are used 
to generate a smooth curve using cubic spline interpolation. For each fin 
type, four control points (labeled p1 to p4) are defined, which determine 
the shape of the fin from base to near its tip. An extra point, labeled t1, 
marks the tip of the center-fin. These coordinates are used as input to 
create a smooth fin profile in a 2D plane. Table 2 compiles the ther
mophysical characteristics of all materials utilized in the simulation. 
Table 3 represents the 15 different geometric configurations with fins on 
the inner and outer cylinders of the LHTES system with their identifiers. 
Table 4 illustrates further study performed for the different scenarios 
with the best geometry configuration (i.e., T3F10) among the 15 geo
metric configurations as represented in Table 3. Each simulation in 
Table 4 is labeled with a unique identifier that encodes the type and 
composition of the PCM. The identifier follows a structured format to 
represent the presence of nanoparticle additives and metal foam. Spe
cifically, the letters "C" and "G" denote CNT and graphene nanoparticles, 
respectively, while the number following these letters indicates the 
volume fraction of the corresponding nanoparticle. The letter "M" fol
lowed by a number (e.g., M75, M95) signifies the inclusion of metal 
foam with the specified pore density in PPI. Composite identifiers such 
as "C4M85" or "G2M98" indicate hybrid configurations that combine 
CNT or graphene with metal foam, where, for example, "C4M85" cor
responds to 4% CNT and 85 PPI metal foam. Cases labeled as "M75", 
"M85", etc., contain only metal foam without nanoparticles. Identifiers 
starting with "H" (e.g., H1, H5) represent hybrid nano-enhanced PCM 
cases containing both CNT and graphene in varying proportions without 
metal foam. This naming convention provides a concise and systematic 
way to distinguish between the various PCM enhancement strategies 
considered in the study.

2.2. Numerical approach

The present work employs ANSYS Fluent 25 R1 to conduct numerical 
simulations. Heat transfer and phase change phenomena within the 
LHTES system are examined using a finite volume-based approach. To 
handle the coupling between pressure and velocity fields, the SIMPLE 
algorithm is adopted for numerical stability and convergence. For 
spatial discretization, a second-order upwind scheme was implemented 
to achieve higher numerical accuracy. The pressure field was corrected 
through the PRESTO! interpolation approach. To improve computa
tional performance and ensure faster convergence, the algebraic multi
grid (AMG) method was applied. The simulation employed under- 
relaxation factors of 0.7 for momentum, 0.3 for pressure, and 1.0 for 
both density and energy equations, which are consistent with the rec
ommended values in the ANSYS Fluent user’s guide for buoyancy-driven 
convective flows, ensuring numerical stability and convergence [62]. 
Convergence criteria were satisfied once all residuals dropped below 
10⁻⁸.
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Fig. 2. Design illustration of a nature-inspired-finned LHTES system (a) 3D illustration of a horizontal-axis shell-and-tube LHTESS with nature-inspired fins, (b) Two- 
dimensional finned LHTES system, (c) Two-dimensional symmetrical domain of the finned LHTES system, (d) 15 distinct fin configurations used in the current study, 
and (e) Bezier curves for Type-1 (T1), Type-2 (T2) and Type-3 (T3) fin designs.
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2.3. Governing equations used in the numerical model

To facilitate the mathematical modeling of the PCM charging/ 
melting and melting/charging behavior within the LHTES system, the 
analysis is based on the assumptions as mentioned below: In the present 
model, several assumptions are applied to simplify the numerical 
formulation. The PCM is considered to exist as solid, liquid, and mixed 
solid - liquid during phase transition. All thermophysical properties of 
PCM/nano‑PCM, except density, are assumed constant; this assumption 
is reasonable because paraffin-based PCMs exhibit only very small 
property variations in the studied range of 27 – 90 ◦C and the liquid PCM 
is treated as incompressible to simplify the continuity equation. Density 
variations due to temperature are incorporated using the Boussinesq 
approximation. Nanoparticles are uniformly dispersed within the PCM 
and are assumed to be in thermal equilibrium with the base PCM, with 
no relative motion between the two phases. A thermal non‑equilibrium 
approach is adopted between the metallic foam ligaments and PCM/ 
nano‑PCM, allowing them to have distinct temperatures (i.e., Tf ∕= Ts). 
The metallic foam is modeled as a homogeneous, isotropic, open‑cell 
porous structure fully saturated with PCM. Natural convection within 
the PCM during melting is considered laminar, while viscous dissipation 
and volume shrinkage due to phase transition are neglected. The 
movement of individual PCM solid chunks in the liquid phase is dis
regarded. Finally, no external heat sources or losses are included, and 
system boundaries are treated as adiabatic.

Two stages of modeling were performed in this work. In the first 
stage, PCM melting without any enhancement structure was studied by 
solving the full conservation equations in Cartesian coordinates (Eqs. 
(1–4)). In the second stage, metal foam was embedded in the PCM to 
accelerate the melting process. For this case, the porous medium is 
represented using the volume-averaged formulation (Eqs. (23–27)) 
following Saini et al. [16]. Thus, the governing equations are presented 
in two sets corresponding to the two physical situations.

The transient heat transfer associated with the melting/charging 
process for pure PCM in the LHTES system is governed by the following 
equations:

The continuity equation is given in Eq. (1): 

∂u
∂x

+
∂v
∂y

= 0 (1) 

The momentum equation is formulated as shown in Eq. (2): 

∂(ρu)
∂t

+ u
∂(ρu)

∂x
+ v

∂(ρu)
∂y

= −
∂p
∂x

+
∂

∂x

(

μ ∂u
∂x

)

+
∂
∂y

(

μ ∂u
∂y

)

+ Su (2) 

∂(ρv)
∂t

+ u
∂(ρv)

∂x
+ v

∂(ρv)
∂y

= −
∂p
∂y

+
∂

∂x

(

μ ∂v
∂x

)

+
∂
∂y

(

μ ∂v
∂y

)

+ Sv 

The energy equation is defined by Eq. (3) for the fins and (4) for the 
PCM as follows: 

ρcp(T)
∂T
∂t

=
∂

∂x

(

λ
∂T
∂x

)

+
∂
∂y

(

λ
∂T
∂y

)

(3) 

∂(ρh)
∂t

+
∂(ρhu)

∂x
+

∂(ρhv)
∂y

=
∂

∂x

(

λ
∂T
∂x

)

+
∂
∂y

(

λ
∂T
∂y

)

+ Se (4) 

In Eqs. (1) through (4), µ denotes the dynamic viscosity, t is the time 
variable, ρ stands for fluid density, T refers to temperature, u & v 
represent the velocity components in the x and y directions, x and y 
represent the spatial coordinates in the horizontal and vertical di
rections. The term h represents the total enthalpy, λ indicates thermal 
conductivity, and p corresponds to pressure. The source terms Se, Su, and 
Sv enter the energy and momentum equations and are given by Eqs. (5), 
(6), and (7) as outlined in reference [16]. 

Su = − uCmush⋅
(1 − β)2

β3 + ξ
(5) 

Sv = − vCmush⋅
(1 − β)2

β3 + ξ
+ ρβTg

(
h − href

)
(6) 

Se = ρL
∂β
∂t

(7) 

Table 1 
Spatial coordinates (in mm) of control points and tip for additional center fin 
designs.

Type-1 Type-2 Type-3

Point X Y X Y X Y

p1 0.5 9.25 0.5 9.25 0.5 9.25
p2 3 16 3 16 3.5 16
p3 2.5 25 2.5 25 2.5 25
p4 1.5 27 3 27 5.5 27
t1 0 29 0 29 0 29

Table 2 
Thermophysical characteristics of the various materials utilized in the study [16].

S. No. Thermophysical Property RT-82 (PCM) Copper HTF CNT Graphene

1. Fusion Enthalpy (J/kg) 176,000 - - - -
2. Phase Change Temperature Range (K) 350.15/358.16 - - - -
3. Specific Heat (J/kg⋅K) 2000 381 1745 9124 770
4. Density (Solid / Liquid) (kg/m³) 950 / 770 8978 864.05 2100 2200
5. Operating Temperature Reference Point (K) 355.15 - 373.15 - -
6. Dynamic Viscosity (kg/m⋅s) 0.03499 - 0.00299 - -
7. Thermal Conductivity (W/m⋅K) 0.200 387.6 0.1200 3007.40 5000
8. Thermal Expansion Coefficient (1/K) 0.001 - - 0.00002 -0.000005

Table 3 
Different geometric configurations with fins on the inner and outer cylinders of 
the LHTES system studied in the current analysis (see Fig. 2 (d)).

Cases Identifier Geometry # Fins 
on 
Inner 
wall

Inner 
central 
fin

Inner Fins- 
pattern

# Fins 
on 
outer 
wall

1 T1 type-1 10 Yes Symmetric -
2 T2 type-2 10 Yes Symmetric -
3 T3 type-3 10 Yes Symmetric -
4 T1NF type-1 10 No Symmetric -
5 T2NF type-2 10 No Symmetric -
6 T3NF type-3 10 No Symmetric -
7 T3S4 type-3 4 Yes Symmetric -
8 T3S6 type-3 6 Yes Symmetric -
9 T3S8 type-3 8 Yes Symmetric -
10 T3A4 type-3 4 Yes Asymmetric -
11 T3A6 type-3 6 Yes Asymmetric -
12 T3A8 type-3 8 Yes Asymmetric -
13 T3F2 type-3 10 Yes Symmetric 2
14 T3F4 type-3 10 Yes Symmetric 4
15 T3F10 type-3 10 Yes Symmetric 10

NF - No fin, S - Symmetric, A - Asymmetric
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The mushy zone coefficient Cmush appearing in Eqs. (6) and (7) is set 
to a value of 107 [16]. The variable β indicates the liquid fraction of the 
PCM, ξ indicates the correction factor, and g denotes the gravitational 
acceleration. The specific heat is represented by cp, while βT stands for 
the thermal expansion coefficient. The latent heat of fusion is L, Δh refers 
to the latent heat contribution in the energy source term. The term Tref 
illustrates the defined reference condition, which in this work is taken as 
30 ◦C. This value corresponds to typical ambient temperature used to 
mimic real-world conditions when initiating the charging/melting of the 
PCM.

Two complementary formulations are employed depending on the 
physical domain. Eqs. (1) – (4) describe the classical conservation 
equations (continuity, momentum with Boussinesq buoyancy and 
mushy damping, and energy) in Cartesian coordinates for pure PCM (no 
metal foam). When porous metal foam is present, additional hydrody
namic resistance and distinct thermal interactions between the PCM and 
the solid matrix arise. To represent these effects, the governing equa
tions are recast in a porous-medium framework (Eqs. (23) – (27)), which 
include Darcy–Forchheimer drag in momentum and separate energy 
balances for the solid matrix and the PCM under local thermal non- 
equilibrium. The two sets of equations therefore address different 
physical cases and are not redundant.

To simulate the melting or charging phase in the LHTES system, the 
enthalpy-porosity approach is applied. Within this framework, the 
evolution of the liquid fraction is computed using Eq. (8), as detailed in 
reference [16]. 

β =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0
(
T ≤ Tps

)

T − Tps

Tpl − Tps

(
Tps < T < Tpl

)

1
(
T ≥ Tpl

)

(8) 

β takes a value of 1 when the PCM is fully liquid and 0 when it is 
completely solid. The temperatures Tps and Tpl correspond to the solidus 
and liquidus temperature of the PCM, respectively. Within the mushy 
region, where the material is undergoing phase transition, β varies 
continuously between 0 and 1. The total enthalpy or the total heat of the 
PCM, which includes both sensible and latent heat contributions, is 
determined using its liquid fraction and latent heat, Eq. (9) [16]. 

T(x, y, 0) = T0 

T|Γtu
= Tω (9) 

− λ
∂T
∂n

⃒
⃒
⃒
⃒

Γsh

= 0 

where T0 is the initial PCM temperature, the variable Tw represents the 
temperature of the inner tube wall, which is maintained at a tempera
ture of 90 ◦C. The surfaces of the shell and inner wall are represented by 
Γsh and Γtu, respectively. ∂T

∂n represents the change in temperature of PCM 
in the normal direction.

The thermophysical characteristics of nano-enhanced PCM are 
evaluated through a series of empirical correlations as mentioned in Eqs. 
(10) to (15).

The effective density of the nano-PCM is determined using Eq. (10)
[16]. 

ρf = (1 − ϕ)ρPCM + ϕρnp (10) 

The specific heat capacity is estimated as follows using Eq. (11) [16]: 
(
ρcp

)

f = (1 − ϕ)
(
ρcp

)

PCM + ϕ
(
ρcp

)

np (11) 

The corresponding latent heat is calculated using Eq. (12) [16]: 

(ρL)f = (ρL)PCM(1 − ϕ) (12) 

The dynamic viscosity of the PCM infused with nanoparticle or nano- 
PCM is assessed via Eq. (13) [16]. 

μf = μPCM0.983e(12.959ϕ) (13) 

while Eq. (14) provides the formulation for the thermal expansion co
efficient [16]. 

(βρ)f = (βρ)npϕ + (βρ)pcm(1 − ϕ) (14) 

The effective thermal conductivity of nano-PCM is determined using 
Eq. (15) [16]. 

Table 4 
Study performed for the different scenarios with the best geometry configuration (i.e., T3F10) (see Fig. 2 (d)).

Case Identifier CNT 
(%)

Graphene 
(%)

Metal Foam 
(PPI) 
(%)

Case Identifier CNT 
(%)

Graphene 
(%)

Metal Foam  
(PPI) (%)

16 C2 2 0 0 38 G2M75 0 2 75
17 C4 4 0 0 39 G4M75 0 4 75
18 C6 6 0 0 40 G6M75 0 6 75
19 G2 0 2 0 41 G2M85 0 2 85
20 G6 0 4 0 42 G4M85 0 4 85
21 G6 0 6 0 43 G6M85 0 6 85
22 M75 0 0 75 44 G2M95 0 2 95
23 M85 0 0 85 45 G4M95 0 4 95
24 M95 0 0 95 46 G6M95 0 6 95
25 M98 0 0 98 47 G2M98 0 2 98
26 C2M75 2 0 75 48 G4M98 0 4 98
27 C4M75 4 0 75 49 G6M98 0 6 98
28 C6M75 6 0 75 50 H1 0.5 1.5 0
29 C2M85 2 0 85 51 H2 1 1 0
30 C4M85 4 0 85 52 H3 1.5 0.5 0
31 C6M85 6 0 85 53 H4 1 3 0
32 C2M95 2 0 95 54 H5 2 2 0
33 C4M95 4 0 95 55 H6 3 1 0
34 C6M95 6 0 95 56 H7 1.5 4.5 0
35 C2M98 2 0 98 57 H8 3 3 0
36 C4M98 4 0 98 58 H9 4.5 1.5 0
37 C6M98 6 0 98 ​ ​ ​ ​ ​

C - CNT, M - Metal foam, G - Graphene, H - Hybrid
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λf =
λnp − 2

(
λPCM − λnp

)
ϕ + 2λPCM

2λPCM + λnp +
(
λPCM − λnp

)
ϕ

λPCM + 5

× 104βkξρPCMϕcp,PCM

̅̅̅̅̅̅̅̅̅̅̅̅
BT

dnpρnp

√

f(T,ϕ) (15) 

In Eq. (15), the first term represents the classical Maxwell-type 
contribution for nanoparticle suspensions, while the second term ac
counts for thermal enhancement due to Brownian motion of nano
particles. To incorporate the influence of both temperature and 
nanoparticle concentration, the function f (T, φ) is employed, Eq. (16), 
based on the relation given in Ref. [16]. 

f(T, ϕ) =
(
ϕ × 2.8217 × 10− 2 + 3.917 × 10− 3

)

Tl +
(
− 3.0669 × 10− 2ϕ − 3.91123 × 10− 3

) (16) 

The factor βk, which contributes to the Brownian motion enhance
ment factor, is calculated using an additional relation from Ref. [16]. 

βk = 8.4407(100ϕ)− 1.07304 (17) 

Eqs. (10) through (17) utilize the following notations: T represents 
the temperature, dnp denotes the diameter of the nanoparticle, B (i.e., the 
Boltzmann constant) has a value of 1.381 × 10⁻²³ J/K and the empirical 
constant ξ accounts for particle–fluid interactions. ϕ represents the 
volume fraction of the nanoparticles. (Cp)f represents the specific heat 
capacity of nano-PCM, while (L)f, (µ)f, (µ)PCM are used to indicate latent 
heat capacity of nano-PCM, dynamic viscosity of nano-PCM and PCM. 
The symbol (β)f, (β)PCM, (β)np corresponds to the thermal expansion 
coefficient of nano-PCM, PCM and nanoparticles, and (ρ)f, (ρ)PCM, (ρ)np 
signifies the densities of nano-PCM, PCM and nanoparticles. λf, λPCM, & 
λnp represent the thermal conductivity of nano-PCM, PCM and 
nanoparticles.

Table 2 presents the thermophysical characteristics properties of the 
base PCM (i.e., RT-82) along with the hybrid nanoparticles (i.e., 
graphite and CNT). Key properties such as thermal conductivity, latent 
heat of fusion, density, and specific heat capacity of the hybrid nano- 
enhanced PCM are estimated utilizing a simplified theoretical mixing 
model, as described in Refs. [63,64]. 

ρhnf = ϕ2ρs2 +

[

(1 − ϕ1)+ϕ1

(
ρs1

ρf

)]

(1 − ϕ2)ρf (18) 

(
ρcp

)

hnf = ϕ2
(
ρcp

)

s2 +
(
ρcp

)

f (1 − ϕ2)

[

(1 − ϕ1)+ϕ1

(
ρcp

)

s1(
ρcp

)

f

]

(19) 

(
ρLf

)

hnf = (1 − ϕ1)(1 − ϕ2)
(
ρLf

)

f (20) 

λhnf

λbf
=

(sf − 1)λbf + λs2 − ϕ2
(
λbf − λs2

)
(sf − 1)

λs1 + λbf (sf − 1) + ϕ2
(
λbf − λs2

) (21) 

λbf = λf
λs1 + λf (sf − 1) − ϕ1

(
λf − λs1

)
(sf − 1)

λs1 + λf (sf − 1) + ϕ1
(
λf − λs1

)
(sf − 1)

(22) 

In Eqs. (18)-(22), (cp)hnf, (cp)s1, (cp)s2, and (cp)f, corresponds to the 
specific heat capacity of hybrid nanofluid, nanoparticles s1 & s2, and 
base fluid, (ρ)hnf, (ρ)s1, (ρ)s2, and (ρ)f stands for densities of hybrid 
nanofluid, nanoparticles 1 & 2, and base fluid, and (L)hnf, (L)f represents 
latent heat of hybrid nano-PCM and pure PCM. λhnf, λbf, λs1, and λs2 
represent the thermal conductivity of hybrid nanofluid, base fluid, and 
nanoparticles 1 & 2. ϕ1 and ϕ2 represents the volume fraction of the 
nanoparticles 1 & 2. sf is the shape factor.

This study employs a thermal conductivity model that captures the 
influence of nanoparticle-induced Brownian motion, incorporating fac
tors such as particle diameter, concentration, and temperature. A 
correction factor, represented by ζ, is derived to reflect the thermal 
contribution from Brownian motion. Since such motion is limited to the 
liquid state of the PCM, ζ is applied exclusively within the liquid phase. 

To improve thermal performance, copper-based metal foam with a pore 
density of 40 PPI (pores per inch) is used.

The governing equations for the fluid flow and heat transfer within 
the PCM along with the porous medium are formulated in line with the 
framework provided by Saini et al. [16,44]. In the porous region con
taining metal foam, momentum transport is modeled using the Brink
man–Forchheimer extension of Darcy’s law with a mushy-zone damping 
term to capture phase change effects. The superficial velocity vector is 
defined as u→→ = (u,v), where u and v are the x- and y-components of the 
volume-averaged velocity, respectively, and are scalar fields. The 
magnitude of the velocity vector is defined as | u→→| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√
. The x- 

and y-momentum balances are given in Eqs. (23) and (24). Thermal 
transport is treated under local thermal non-equilibrium, with separate 
solid and fluid energy equations coupled by an interfacial heat transfer 
coefficient hsf and specific area Asf, as shown in Eqs. (25) and (26). The 
effective conductivities λse and λfe are defined in Eqs. (33) and (34). Mass 
conservation for incompressible flow with constant porosity is given by 
Eq. (27).

The conservation of momentum in the vertical (y) and horizontal (x) 
directions are formulated using Eqs. (23) and (24) as outlined in the 
references [16,44]. 

ρf

(
∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

)

= −
∂p
∂y

+ μeff

(
∂2v
∂x2 +

∂2v
∂y2

)

−
μf

K
v

−
CFρf

̅̅̅̅
K

√ | u→→|v − Cmush
(1 − β)2

β3 + ξ
v + ρf βTg

(
Tf − Tref

)

(23) 

ρf

(
∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

)

= −
∂p
∂x

+ μeff

(
∂2u
∂x2 +

∂2u
∂y2

)

−
μf

K
u

−
CFρf

̅̅̅̅
K

√ | u→→|u − Cmush
(1 − β)2

β3 + ξ
u (24) 

where | u→→| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√

To represent the thermal characteristics of the system under local 
thermal non-equilibrium conditions, the energy balance is modeled 
using Eqs. (25) and (26), following the methodology described in 
reference [16]. 

(1 − ε)
(
ρcp

)

s

(
∂Ts

∂t

)

= ∇⋅(λse∇Ts) + Asf hsf
(
Tf − Ts

)
(25) 

ερf cp,f

(

u
∂Tf

∂x
+ v

∂Tf

∂y
+

∂Tf

∂t

)

= ∇⋅
(
λfe∇Tf

)
+ hsf Asf

(
Ts − Tf

)
+ ερf L

∂β
∂t

(26) 

The continuity equation for the porous domain of the metal foam is 
defined by Eq. (27): 

∂u
∂x

+
∂v
∂y

= 0 (27) 

In Eqs. (23) – (27), T represents the temperature, CF denotes the 
inertial coefficient related to flow resistance in the porous medium, L is 
the latent heat associated with the phase transition of the PCM, the 
effective thermal conductivity of the solid and fluid phases within the 
foam is denoted by λse and λfe, the symbol hsf denotes the interfacial heat 
transfer coefficient between the PCM and the metal foam structure and μ 
is used for dynamic viscosity. The superficial velocity vector is defined 
as as u→→ = (u,v), where u and v are the x- and y-components, respec
tively. Subscripts s and f refer to the solid matrix (i.e., metal foam) and 
the PCM (in both solid and liquid states). The porosity of the foam is 
given by ε, while Am is a numerical coefficient used for modeling the 
mushy zone during phase change, with a value of 107 used in this study. 
In Eqs. (23) and (24), λ does not appear as these are momentum equa
tions; only μ (dynamic viscosity), K (permeability), and CF (inertial co
efficient) are relevant. In Eqs. (25) and (26), λse and λfe denote the 
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effective thermal conductivities of the solid and fluid phases of the 
porous medium, respectively. These terms are defined in Eqs. (33) and 
(34).

The liquid fraction, denoted by βPCM, is calculated using Eq. (28), as 
outlined in [16]. 

βPCM =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 T ≤ Ts

T − Ts

Tl − Ts
Ts < T < Tl

1 T ≥ Tl

(28) 

The structural configuration of the metallic foam, characterized by 
features such as overall porosity, ligament diameter and the pore den
sity, plays a key role in influencing both thermal conductivity and fluid 
flow behavior. These parameters are illustrated below [16]: 

dl

dp
= 1.18

̅̅̅̅̅̅̅̅̅̅̅
1 − ε
3π

√
⎛

⎜
⎜
⎝

1

1 − e−
(1− ε)
0.04

⎞

⎟
⎟
⎠ (29) 

where 

dp =
0.0254

ω (30) 

Other important parameters, including inertial coefficient (CF) and 
permeability (K), are estimated using empirical models proposed by 
Calmidi and Mahajan [65]. 

K
d2

p
= 0.00073(1 − ε)

− 0.224

(
dl
dp

)− 1.11

(31) 

CF = 0.00212(1 − ε)
− 0.132

(
dl
dp

)− 1.63

(32) 

The effective thermal conductivity of the copper foam is evaluated 
using expressions provided in Eqs. (33) and (34) based on the approach 
described in [16]. 

λse =

̅̅̅
2

√

2(MB + MA + MD + MC)

⃒
⃒
⃒
⃒

λf=0

(33) 

λfe =

̅̅̅
2

√

2(MB + MA + MD + MC)

⃒
⃒
⃒
⃒

λs=0

(34) 

MA =
4σ

λf ( − 2e2 + 4 − σπ(− e + 1))

MB =
(− 2σ + e)2

λs(− 2σ + e)e2 + ( − 4σ + 2e − (− 2σ + e)e2)λf 

MC =

(
− 2e +

̅̅̅
2

√ )2

σ22π
(
− 2e

̅̅̅
2

√
+ 1

)
λs + 2

(
− 2e +

̅̅̅
2

√
− σ2π

(
− 2e

̅̅̅
2

√
+ 1

))
λf 

MD =
2e

λse2 + (− e2 + 4)λf 

σ =
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In these calculations, a structural correction factor e is taken as 
0.339.

Metal foams and PCMs do not inherently exhibit a defined interfacial 
thermal resistance, an empirical method developed by Zhukauskas [66] 
is employed in the current investigation to estimate the heat transfer 

coefficient (hsf) between the metal foam and the PCM. 

hsf =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.76Re0.4
d Pr0.37

λf
dl 1 ≤ Red ≤ 40

0.52Re0.5
d Pr0.37

λf
dl 40 ≤ Red ≤ 103

0.26Re0.6
d Pr0.37

λf
dl 103 ≤ Red ≤ 2 × 105

(35) 

Red =
ρf dl |u|

μf 

Pr =
cp,f μf

λf 

The metal foam’s geometry and structure determine its specific co
efficient surface area (Asf) for thermal interaction; this is typical for 
open-cell foams and is calculated using Eq. (36). 

Asf =
3πdl

(
1 − e

− (1− ε)
0.04

)

(
0.59dp

)2 (36) 

Table 5 illustrates constants and variables used in the study along 
with their corresponding values. The mushy-zone constant controls the 
damping of velocity as it approaches zero when the PCM solidifies. In 
this study, a value of Cmush = 107 was selected, as it provided the closest 
match to the experimental melting/charging data reported by Al-Abidi 
et al. [67] and the numerical study performed by Palmer et al. [68], 
who also used RT-82 as the PCM, consistent with the present work. 
Previous numerical studies have shown that while the precise value of 
Cmush affects the sharpness of the phase interface, values between 105 

and 107 yield stable results without significantly altering global melting 
times [69–71]. The selected value therefore ensures reliable capture of 
the phase-change front while maintaining consistency with both 
experimental and established modeling practices.

2.4. Time-step and grid independence study

The computational model uses a quadrilateral mesh to discretize the 
2D cross-section of LHTES system, as depicted in Fig. 3. To ensure that 
mesh resolution does not significantly influence the numerical accuracy, 
a mesh independence study is carried out. Three grid densities are 
considered: coarse (35,000 cells), medium (69,000 cells), and fine 
(120,000 cells). The effect of mesh resolution and time-step size on the 
melting behavior of the PCM in the LHTES system with T3F10 config
uration is illustrated in Fig. 3 (a) and (b). The inner tube of LHTES 
system is fixed at 90 ◦C throughout the simulations. Fig. 3 (a) demon
strates that the PCM’s liquid fraction varies slightly across different 
mesh densities, but these differences become negligible with mesh 
refinement. The influence of time-step size is also analyzed using three 
values of time steps i.e., 0.5 s, 1 s, and 2 s as illustrated in Fig. 3 (b). 

Table 5 
Constant or variables with their values used in the current analysis.

S. No. Constants/Variables Values

1. Cmush 107

2. В 0 (liquid PCM), 1 (Solid PCM)
3. Tw 90 ◦C
4. B 1.381 × 10− 23 J/K
5. βk 8.4407(100φ)− 1.07304

6. Φ 2 percent, 4 percent, 6 percent
9. В 0, 1
10. Am 107

11. ε 75 percent, 85 percent, 95 percent, 98 percent
12. dp dp = 0.0254 (m)/ω (PPI)
13. E 0.339
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Based on a balance between solution accuracy and computational cost, 
the mesh with 69,000 elements and a 0.5 s time step is adopted for 
subsequent simulations. A schematic of the computational mesh is 
shown in Fig. 3 (c) to illustrate the unstructured mesh distribution used 
in simulation.

2.5. Validation

The present model was validated/compared using experimental re
sults published by Zhao et al. [49] as illustrated in Fig. 4 (a). Their study 
used a test configuration involving a 120 × 200 × 25 mm copper foam 
(95% porosity) infused with PCM (i.e., paraffin wax or RT-58). A copper 
plate was sintered to the foam, and a uniform heat flux was applied via 
an electric heating film attached to the plate’s bottom surface. Tem
perature measurements were taken at a height of 8 mm from the heated 
wall. For the numerical simulation, a domain of same dimensions was 
discretized using a 250 × 100 uniform grid, replicating the experimental 
boundary conditions, initial condition and the material properties. The 

numerical results were then evaluated by comparing the average tem
perature along the y = 8 mm line to the corresponding experimental 
data. The close agreement between simulations and experiment supports 
the reliability of the developed model for further analysis.

To evaluate the reliability of the current mathematical model, the 
results are validated by comparing with data from an independent 
experimental investigation. A study conducted by Al-Abidi et al. [72], 
focused on analyzing the thermal behavior of a triplex-tube heat 
exchanger (TTHE). In their setup, the outer, middle, and inner tubes had 
radii of 100 mm, 75 mm, and 25.4 mm, respectively, as illustrated in 
Fig. 4 (b). Copper was selected for both the tubing and the fins due to its 
high thermal conductivity. The fins were strategically positioned to 
connect the inner and middle tubes, forming an enclosed region to 
contain the PCM. Paraffin wax (i.e., RT-82) served as PCM, with its 
thermal characteristics detailed in Table 2. At the start of the experi
ment, the PCM was completely solid at a temperature of 27 ◦C. Melting 
commenced when hot water at 90 ◦C was circulated through both the 
inner and outer tubes. For validation, the numerical model was modified 

Fig. 3. (a) Grid-independence and (b) Time-step independence study for T3F10 fin configuration and PCM with 6% Graphene and metal foam with 75% porosity, 
and (c) Unstructured mesh with 69,000 cells for T3F10 fin design configuration.
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to match the experimental geometry and boundary conditions, ensuring 
an accurate comparison of the results.

The boundary conditions utilized in the experimental study for the 
TTHE are consistently applied to the current numerical model used for 
validation, and the boundary conditions are as follows: 

At r = ri→T = THTF (37) 

At r = rm→T = THTF (38) 

Additionally, the initial temperature conditions of the mathematical 
model matched those of the experimental scenario, which is as follows: 

At t = 0→T = Tini (39) 

A comparison of temperature measurements obtained from experi
mental thermocouples with the corresponding numerical predictions is 
illustrated in Fig. 4 (b). This comparison demonstrates excellent agree
ment, with a maximum deviation between the experimental and nu
merical temperatures remaining below 5%. Slight differences between 

experimental and simulation results are attributed primarily to inherent 
limitations of numerical modeling, such as the inability to fully repre
sent complex phenomena, including the gravitational settling of solid 
PCM within liquid PCM.

The numerical model is further validated against the study by Mahdi 
et al. [43] as represented in Fig. 4 (c), who investigated melting of RT-82 
PCM in a triplex-tube geometry (inner tube diameter of 50.8 mm, middle 
tube diameter of 150 mm, outer tube diameter of 200 mm, and length of 
500 mm) with porous metal foam and nanoparticles. Validation was 
carried out for the case of 98% porosity copper foam with 5% nano
particle (Al2O3) volume fraction. The predicted liquid fraction – time 
profiles from the present simulations showed good agreement with the 
numerical study performed by Mahdi et al. [43], confirming the reli
ability of the model.

3. Results & discussions

The phase transition process of PCMs in LHTES system involves a 

Fig. 4. Comparison of the current mathematical model results with the experimental studies conducted by Zhao et al. [49], Al-Abidi et al. [72] and Mahdi et al. [43].
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complex interaction between natural convection and heat conduction. 
Understanding this combined mechanism is essential for enhancing the 
melting/charging efficiency of PCMs. This study explores how natural 
convection, non-conventional fin design configurations, and the addi
tion of metal foams, nanoparticles and incorporating hybrid nano
particles influence the heat transfer behavior during the melting/ 
charging phase of LHTES system.

3.1. Effect of natural convection on melting/charging of LHTES system

The melting or charging performance of an LHTES system is strongly 
influenced by natural convection. As illustrated in Fig. 5 (a), T3 fin 
design configuration (see Fig. 2 (d)) is compared for two scenarios: one 
accounting for natural convection and another neglecting it. Fig. 5 (b) 
presents the corresponding liquid fraction of PCM in T3 fin configura
tion (see Fig. 2 (d)). The results indicate that natural convection alone 
significantly enhances the melting/charging process, leading to com
plete melting/charging approximately 1.14 times faster than in the 
absence of convection. This corresponds to an improvement of about 
12.3% in the overall melting/charging rate. The combined influence of 
conduction and natural convection on the finned LHTES system is thus 
clearly evident from these results.

Although the fundamental roles of conduction and natural convec
tion in PCM melting are well-established in the literature, this analysis is 
included to establish a baseline for the lotus-inspired fin configuration. It 
quantifies the specific contributions of each mechanism in this geometry 
and serves as a reference point for subsequent comparisons involving 
nanoparticles, metal foam, and hybrid systems.

Fig. 5 (b) illustrates the variation in the heat flux at the interfaces 
between the PCM and fins, as well as the PCM and inner pipe. The heat 
flux drops from nearly 60kW/m2 to around 12 kW/m2 within the initial 
300 s, followed by a steady reduction throughout the remaining 
melting/charging process (i.e., from 300 s to 1440 s). The effective heat 
transfer coefficient between the PCM in its mushy, solid and liquid states 
and the heat wall, along with the temperature difference, provides an 
estimate of this instantaneous heat flux. Due to the low thermal con
ductivity of the PCM in both liquid and solid phases and the small 
Reynolds number of liquid PCM, and also minimum temperature gra
dients can substantially influence the heat flux. Furthermore, as the 
melting progresses, the convective flow retains some inertia, which 

leads to a progressive diminishing of the heat flux values over time.
Fig. 6 (a) demonstrates that the presence of natural convection 

significantly enhances the melting/charging rate of the PCM, especially 
in the upper section or region of the LHTES unit (see Fig. 5 (a) at t =
1200 s & t = 1500 s). This occurs because the direction of heat transfer 
opposes gravity in the upper region along with the liquid PCM moves 
upwards, promoting stronger convective currents. In contrast, in the 
lower region, where both gravity and movement of the solid PCM act in 
the same direction, heat conduction becomes dominant. Vortex struc
tures emerge within the liquid PCM near the fins due to substantial 
temperature gradients between the fins and surrounding PCM, as illus
trated in Fig. 6 (c). Initially, these vortices are very small due to high 
viscosity of the PCM but grow larger as the melting progresses (see Fig. 6
(a) at t = 1200 s & t = 1500 s). The vortices formed in the upper region of 
the liquid PCM portion tend to be larger than those in the lower region. 
Over time, these vortices expand and merge, further intensifying 
convective motion. Therefore, the upper region of the LHTES system is 
primarily influenced by natural convection, while the lower section is 
governed by mainly conduction and also by convection at t = 1200 s and 
1500 s. Enhancing the melting or charging efficiency of LHTES systems 
thus requires an optimized balance between conduction and convective 
heat transfer mechanisms.

Fig. 6 (b) illustrates the influence of natural convection on the 
temperature distribution within the LHTES system. When natural con
vection is active, temperature gradients are more uniformly distributed, 
resulting in a higher overall heat transfer rate compared to purely 
conductive conditions. This improvement occurs because buoyancy- 
driven flow enhances the circulation of molten PCM, which acceler
ates energy transport away from the heated walls and toward the un- 
melted regions. The increased fluid motion and increase in the liquid 
PCM also strengthen the temperature gradient at the solid-liquid inter
face, which reduces the effective thermal resistance between the fins and 
the PCM. As melting progresses, this mechanism leads to faster heat 
penetration, particularly in the upper part of the storage unit where 
convective currents rise and dominate the transport process. Conversely, 
the lower region remains more conduction-controlled due to the align
ment of gravity and solid PCM, which restricts convective circulation. A 
more uniform melting behavior can be achieved by designing the fin 
arrangement and thermal pathways to maximize the beneficial effects of 
natural convection while complementing it with conduction where 

Fig. 5. Impact of natural convection in the LHTES system (a) Effect of convection on the melting/charging behavior of PCM for T3 fin configuration (b) Variation of 
the heat flux in PCM during melting/charging.
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Fig. 6. (a) Liquid fraction contour of T3 fin design configuration including natural convection, (b) Effect of natural convection on the temperature distribution in T3 
configuration, and (c) Velocity and stream line for T3 fin design configuration at different time steps.
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convective flow is limited. Such optimization is crucial for improving 
both the charging rate and the discharging rate along with the thermal 
efficiency of LHTES systems. Fig. 6 (c) represents the velocity contours 
with superimposed streamlines showing natural convection flow struc
tures during PCM melting for the T3 configuration. Low-velocity zones 
(blue) dominate near the solid PCM, while higher velocity recirculations 
(green - yellow) develop in the melted regions adjacent to the heated 
walls and fins. As melting progresses, buoyancy-driven vortices form 
near fin tips and grow in size and strength, particularly in the upper 
region, where opposing gravity enhances upward liquid motion. These 
vortices merge and intensify with time, indicating that convection 
increasingly governs heat transfer in the upper PCM domain, while 
conduction remains dominant in the lower region.

3.2. Impact of different non-standard fin design configurations on 
melting/charging

Fig. 7 (a) illustrates the melting/charging performance of the LHTES 
system analyzed for various fin configurations with natural convection. 
The total melting times ranged from 1747 s to 4727 s, with the slowest 
melting/charging occurring in configuration T3S4 (i.e., (4727 s)), which 
employed sparsely spaced fins; this configuration is used in this study as 
the baseline for comparison. High-density fin design configurations, 
such as T3F4 and T3F10, completed melting/charging in 1747 s, rep
resenting an improvement of approximately 63% relative to T3S4. 
Similarly, T3F2, with a melting/charging time of 1772 s, achieved a 
62.5% reduction in melting/charging time, while the uniform fin design 
configuration (i.e., T3) showed a 60.6% reduction, corresponding to 
1864 s. Moderately improved designs such as T1 & T2 reduced melting/ 
charging time by approximately 54% (2159 s) - 55% (2207 s) compared 
to T3S4, whereas T1NF (having a melting/charging time of 2507 s), 
T2NF (with melting/charging time of 2618 s) and T3NF (took 2181s to 
fully melt) achieved 47% - 44% improvements. Designs with angular 
fins (i.e., T3A4 (4401 s), T3A6 (3226 s), T3A8 (2276 s) and sparse fins 
(T3S6 (3086 s), T3S8 (2218 s) showed moderate to least performance, 
with approximately 6% - 52% improvements over the baseline (i.e., 
T3S4). The results indicate that configurations with densely distributed 
fins maximize conduction heat pathways, while designs with sparse or 
angular fins exhibit thermal non-uniformities and suppressed convective 
circulation, prolonging the melting/charging process. Comparisons be
tween natural convection enabled designs (T1 - T3) and the same fin 
design configuration without fins (i.e., T1NF–T3NF) further confirm that 
buoyancy-driven flow significantly accelerates melting/charging, with 
T3 outperforming T3NF by approximately 14.5%. These findings 
demonstrate that coordinated enhancement of conduction (via fin den
sity) and convection (via buoyancy effects) can substantially reduce 
melting/charging time.

Compared with conventional straight fins, the lotus-shaped fin 
structure offers significant advantages. Straight fins or conventional fins 
generally accelerate PCM melting/charging by extending conduction 
paths, but their simple geometry produces localized thermal dead zones, 
limited surface area, and restricted natural convection, which collec
tively slow down the overall melting–solidification process. As a result, 
the enhancement achieved with straight fins typically falls in the range 
of 25% – 40%, depending on fin spacing and orientation [18,73,74]. 
More advanced but still standard geometries, such as multi-branch or 
tree-shaped fins, have been reported to reduce melting/charging time by 
~ 34 – 45 % relative to rectangular plain fins [21,73]. Other optimized 
arrangements, such as longitudinal fins in triplex-tube LHTES units, 
have shown 59–86% faster charging/melting when combined with 
nanoparticles [75], while corrugated fin designs have demonstrated 
superior melting/charging uniformity compared with rectangular plain 
fins under similar conditions [76]. In contrast, the lotus-shaped fin 
design was chosen for this study because its radially distributed 
branches increase the effective heat transfer surface, eliminate thermal 
dead zones by distributing heat more uniformly, provide a higher 

surface-to-volume ratio that enlarges the effective conduction pathways, 
and enhance buoyancy-driven circulation rather than suppressing it. 
Consequently, the lotus-shaped fins design reduced melting/charging 
time up to ~ 45% – 63%, with the best cases (T3F4 and T3F10) 
achieving 1747 s compared with 4727 s for the sparse-fin baseline 
(T3S4). These results demonstrate that the lotus-shaped design not only 
overcomes the inherent limitations of conventional straight fins but also 
achieves quantitatively superior performance compared with values 
reported in the literature.

Fig. 7 (c) and 7 (d) present the average temperature increase and 
total energy stored profiles of PCM for the 15 different fin configurations 
during the melting/charging process. The total energy stored in PCM as 
presented in Fig. 7 (d) shows a monotonic increase, with the slope 
indicating the charging/melting rate and the plateau corresponding to 
complete melting/charging. Using 80% of the total energy (≈ 2.4 × 10⁵ 
J/kg) as a benchmark, high dense fin design configurations (i.e., T3F4, 
T3F10) reach this threshold in approximately 1747 s, which is nearly 55 
- 60% faster than sparse fin arrangements (i.e., T3S4), which require 
roughly 4727 s. Fin design configurations, i.e., T3F2 and T3, achieve 
80% melting in 1772 s – 1864 s, representing an improvement of about 
45% over the slowest configuration (i.e., T3S4 fin design configuration). 
Basic uniformly spaced fins, T1 and T2, fall in the intermediate range, 
achieving the benchmark of melting of PCM in approximately 2159 – 
2207 s, while sparse or angular configurations, T3S4 and T3A4 extend 
beyond 4401 – 4727 s, reflecting the lowest melting/charging efficiency. 
The trends in Fig. 7 (c) demonstrated that higher fin density produces a 
steeper temperature rise, indicating enhanced conductive heat transfer 
and improved synergy with buoyancy-driven convection in the upper 
portion of the PCM domain. Conversely, sparse or angular fins promote 
non-uniform thermal fields and slower heat transfer towards the PCM in 
the solid phase. These results confirm that increasing the number of fins 
and optimizing their distribution significantly reduces charging/melting 
time and improves thermal performance, achieving up to a 60% 
reduction in melting/charging duration compared to suboptimal de
signs, such as T3S4, T3S6, T3A4 and T3A6.

Fig. 8 illustrates the liquid fraction distributions for different fin 
configurations in the LHTES system at 1200 seconds, providing insight 
into the intermediate stage of melting/charging progression. During the 
initial melting/charging phase, all configurations exhibit similar liquid 
fractions (~ 0.25 - 0.30) except for T3S4, T3A4, T3S6 and T3A6 since 
conduction through the fins dominates heat transfer and natural con
vection effects remain limited. As melting proceeds, differences emerge; 
i.e., high-fin-density configurations such as T3F4 and T3F10 achieve 
liquid fractions of approximately 0.75 – 0.80, indicating rapid heat 
transfer and improved uniformity. Other fin design configurations, 
including T3 and T3F2, reach liquid fractions of about 0.60 - 0.65, 
reflecting balanced contributions from conduction and buoyancy-driven 
convection. Basic uniformly spaced fin configurations (T1, T2, T1NF and 
T2NF) achieve around 0.50 - 0.55, while sparse or angular fin configu
rations (T3S4, T3A4, T3S6 and T3A6) trails with liquid fractions near 
0.40 - 0.45, illustrating slower melting/charging and localized heat 
transfer near the heated PCM. These results confirm that fin density and 
geometry critically influence the transition from conduction-controlled 
to convection-enhanced melting/charging, with denser fin layouts 
enabling more uniform and accelerated phase change throughout the 
PCM domain.

The comparative melting/charging times in Fig. 7 (b) highlight how 
fin thickness, orientation, and density influence thermal performance. 
Among the baseline sets, T3 (1864 s) performed best compared to T1 
(2159 s) and T2 (2207 s), as its geometry provides shorter conduction 
pathways and promotes stronger buoyancy-driven circulation. When the 
fins were removed, performance worsened, measured as melting/ 
charging time in this case, (T1NF = 2507 s, T2NF = 2618 s, T3NF =
2181 s), since these variants reduced fin perimeter and weakened 
convective interaction. Sparse fin layouts (T3S4 = 4727 s) and low-angle 
geometries (T3A4 = 4401 s) had the slowest melting/charging due to 
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Fig. 7. (a) Liquid fraction of PCM, (b) Total melting time of PCM for different fin configurations, (c) Average temperature, and (d) Total energy of the PCM.
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wide spacing that left large PCM volumes conduction-dominated. 
Increasing fin number improved results: T3S6 (3086 s) and T3S8 
(2218 s) shortened melting/charging time as more surfaces enhanced 
conduction and triggered stronger circulation. Similarly, angled fins at 
moderate density (T3A6 = 3226 s, T3A8 = 2276 s) improved perfor
mance relative to T3A4, as better orientation distributed heat more 
evenly and coupled with natural convection. The highest-performance 
designs were high-perimeter fins (T3F2 = 1772 s, T3F4 = 1747 s, 
T3F10 = 1747 s), which reduced melting/charging times by ~63% 
relative to T3S4. These designs provided multiple thin conduction 
pathways and encouraged the formation of multiple convection zones. 
However, the similarity in melting/charging time between T3F4 and 
T3F10 indicates diminishing returns at high fin density due to PCM 
displacement, which reduces energy storage capacity. Overall, these 
results demonstrate that geometric optimization requires balancing be
tween increased fin perimeter and density with preserved PCM volume. 
Optimal fin designs, such as T3F4, maximize perimeter-to-volume ratio 
while maintaining strong conduction–convection coupling without 
excessive PCM loss.

While it is well established that increasing the number of fins en
hances conductive pathways and accelerates PCM melting/charging, 
this improvement comes at the expense of reduced PCM volume and 
increased material cost. For a fairer comparison, optimized designs 
should also be evaluated under the same number of fins. In this context, 
the results show that even when fin number is fixed, the geometry and 
distribution strongly impacts the performance. For example, designs 
such as T3F4 and T3F10 (high perimeter, optimized layouts) achieved 
melting times of 1747 s, which are significantly shorter than alternative 
layouts with comparable fin counts but less effective orientations (e.g., 

T3S6 or T3A6, 3086–3226 s). This indicates that fin orientation, thick
ness, and perimeter distribution play a decisive role in optimization 
beyond simply increasing the number of fins.

3.3. Effect of nanoparticles and hybrid nanoparticles on the melting/ 
charging performance

Based on the melting/charging time and influence of natural con
vection, T3F10 fin design configuration sees T3F10 LHTES system in 
Fig. 2 (d) was selected to analyze the impact of nanoparticles at varying 
volume fractions. Fig. 9 (a) and (e) respectively compare the liquid 
fraction and total energy during melting/charging for CNT and gra
phene nanoparticles at 2%, 4%, and 6% volume fractions. The liquid 
fraction graphs in Fig. 9 (a) indicate progressive melting/charging for all 
cases, with graphene-based nano-PCM consistently achieving faster 
melting/charging than CNT-based nano-PCM due to graphene’s higher 
thermal conductivity. The melting time data in Fig. 9 (c) shows this 
improvement. Using 2% CNT as a baseline leads to a melting/charging 
time of approximately 1734 s, whereas graphene with a volume fraction 
of 2% reduces the melting/charging time to 1678 s, corresponding to a 
3.2% improvement. Increasing graphene concentration further lowers 
melting/charging times to 1647 s at 4% (~5% improvement) and 1614 s 
at 6% (~6.9% improvement). In comparison, CNT shows negligible 
improvement with increasing concentration. The melting/charging 
times for 4% CNT (1760 s) and 6% CNT (1783 s) are slightly longer than 
the 2% CNT baseline (1734 s), indicating a delayed rather than an 
accelerated melting/charging. This slower melting/charging can be 
attributed to CNT agglomeration and increased viscosity at higher vol
ume fractions, which suppress natural convection and reduce overall 

Fig. 8. Liquid fraction contours with streamline during the melting/charging process of PCM for the 15 different non-standard fin design configurations at 
1200 seconds.
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Fig. 9. Effect of nanoparticles (left) and hybrid nanoparticles (right) on the melting behavior of PCM under the T3F10 fin configuration (a) Liquid fraction with 
single nanoparticle (b) Liquid fraction with hybrid nanoparticles, (c) Total melting time of PCM with different concentrations of individual CNT and graphene 
nanoparticles, (d) Total melting time of PCM with hybrid nanoparticles (CNT + graphene), (e) Total energy versus time for various concentrations of individual CNT 
and graphene nanoparticles in PCM, (f) Total energy versus time for hybrid nanoparticles (combinations of CNT and graphene) in PCM, (g) Average temperature of 
the PCM versus time with different volume fractions of individual nanoparticles, and (h) Average temperature of the PCM versus time with different for hybrid 
nanoparticles (combinations of CNT and graphene).
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heat transfer efficiency. Energy profiles in Fig. 9 (e) confirm this trend, 
where graphene-based PCMs reach higher stored energy levels earlier 
during melting/charging. The superior performance of graphene is 
attributed to its higher thermal conductivity-to-size ratio, which en
hances heat transfer at equivalent volume fractions. This observation is 
consistent with the theoretical relationship described in Eq. (15), which 
predicts that the thermal conductivity of nano-enhanced PCMs is 
inversely proportional to particle diameter, and aligns with experi
mental findings reported by Ravikanth et al. [77]. Overall, graphene 
nanoparticles achieve melting/charging rates approximately 1.03 times 
faster at 2% concentration, 1.07 times faster at 4% concentration, and 
1.08 times faster at 6% concentration compared to CNT, making them a 
more effective option for enhancing the charging/melting process in 
LHTES systems.

Fig. 9 (b) illustrates the performance of hybrid CNT–graphene 
nanoparticles on PCM melting/charging behavior at total nanoparticle 
volume fractions of 2%, 4%, and 6%. The liquid fraction trends in Fig. 9
(b) indicate a gradual increase across all hybrid ratios, with only minor 
variations among different CNT-to-graphene proportions. Unlike gra
phene systems, which demonstrated faster melting/charging rates, the 
hybrid configurations exhibit slightly lower performance than both CNT 
and graphene cases at equivalent volume fractions. The melting/ 
charging time results in Fig. 9 (d) confirm this observation. At a 2% 
volume fraction, the hybrid proportion of CNT and graphene requires 
1771 – 1798 s to fully melt the PCM, while pure CNT and graphene 
systems complete melting in approximately 1734 s and 1678 s, respec
tively. At a 4% concentration, hybrids’ proportion of CNT and graphene 
takes 1754 – 1809 s, compared to 1760 s for CNT and 1647 s for gra
phene. A similar trend is observed at 6% concentration, where hybrids 
melt in the range of 1736 - 1818 s, while CNT and graphene take 1783 s 
and 1614 s, respectively. This clearly shows that hybrids consistently 
exhibit slower melting/charging than either single nanoparticle. The 
slower performance of hybrids is attributed to the non-additive thermal 
conductivity behavior when CNT and graphene are combined. The 
different morphologies and aspect ratios of CNT (tubular) and graphene 
(planar) result in inefficient percolation pathways and reduced interfa
cial contact networks, which limit conductive heat transfer improve
ments. Additionally, hybrid dispersions are more prone to 
agglomeration, reducing the effective heat transfer surface area. As a 
result, even when graphene is present in the hybrid mixture, the overall 
thermal conductivity remains lower than that of pure graphene, leading 
to longer melting/charging times. The total energy graph in Fig. 9 (f) 
also supports this conclusion. Hybrid CNT–graphene nanoparticles in 
PCM exhibit a noticeably lower energy charging/melting rate 
throughout the melting/charging process, as evidenced by the reduced 
slope of their total energy time curves compared to pure nanoparticles. 
This reduction in slope reflects a slower heat absorption rate, consistent 
with their delayed liquid fraction growth. Even hybrids with higher 
graphene content fail to achieve the early energy rise and rapid satu
ration observed in pure graphene-enhanced PCMs, which reach peak 
energy storage more quickly due to superior thermal conductivity and 
stronger convective–conductive coupling. The indicates that the com
bination of CNT and graphene does not create synergistic thermal 
pathways; instead, mismatched particle geometries and interfacial re
sistances disrupt percolation networks and limit effective heat transfer. 
Consequently, hybrid nanoparticle dispersions provide diminished en
ergy storage kinetics relative to single-nanoPCM, particularly graphene- 
based PCMs. Figs. 9 (g) and (h) show the temporal evolution of the 
average PCM temperature for CNT-, graphene-, and hybrid-enhanced 
systems under the T3F10 fin configuration. Across all cases, three 
stages can be observed: (i) an initial rapid temperature rise during the 
early melting/charging period (0–300 s), (ii) a slower growth region 
where latent heat absorption dominates (300–1200 s), and (iii) a final 
saturation stage as the PCM approaches complete melting/charging 
(beyond 1200 s). In the early stage, conduction through the fins governs 
heat transfer. Graphene-enhanced PCMs exhibit a faster initial rise 

compared to CNT and hybrid cases, owing to graphene’s higher intrinsic 
thermal conductivity and smaller particle size, which improve thermal 
diffusion pathways. During the intermediate phase, as liquid PCM ac
cumulates around the fins, buoyancy-driven convection strengthens. 
Graphene systems sustain steeper temperature growth, confirming that 
higher effective conductivity also enhances natural convection. By 
contrast, CNT-based PCMs, particularly at higher concentrations 
(4–6%), show slower temperature increases and ultimately increases the 
melting time. This delay is again attributed to particle agglomeration 
and increased viscosity, which suppress convective circulation and re
duces heat transfer efficiency. In the final stage, the temperature 
asymptotically approaches equilibrium. Graphene PCMs consistently 
reach this plateau earlier than CNT and hybrid mixtures, which lag due 
to weaker conductive and convective coupling. The results align with 
the melting/charging time and energy storage data in Figs. 8 (a–f), 
reinforcing that graphene nanoparticles provide the most effective 
enhancement in finned LHTES systems.

Fig. 10 presents the liquid fraction contours for the T3F10 configu
ration with 6% graphene nanoparticles at different time intervals during 
melting/charging. The contours demonstrate a clear progression from 
conduction-dominated melting/charging in the early stage (blue to 
green regions) to convection-enhanced melting/charging in the later 
stage (yellow to red regions). Initially, melting/charging begins uni
formly around the fin surfaces due to high local thermal gradients, with 
the liquid fraction concentrated near the fin–PCM interfaces. As 
melting/charging progresses, buoyancy-driven natural convection be
comes more pronounced, forming distinct plume-like flow structures 
between adjacent fins, which accelerate heat transfer toward the central 
PCM region. By the final stage, nearly complete melting/charging (i.e., 
liquid fraction ≈ 1.0) is achieved, with a uniform red color signifying a 
fully liquid state. When compared to other configurations and nano
particle enhancements, this T3F10 with 6% graphene exhibits the 
highest melting/charging rate and energy storage performance. The 
high fin density (i.e., T3F10 fin design configuration) maximizes 
conductive pathways, while graphene nanoparticles significantly 
enhance the thermal conductivity and convective heat transfer by 
reducing the PCM’s thermal resistance.

3.4. Effect of metal foam on melting/charging performance

Fig. 11 illustrates the effect of metal foam porosity combined with 
varying graphene nanoparticle volume fractions of 2%, 4%, and 6% on 
the melting/charging characteristics of the PCM. As can be appreciated 
in Fig. 11 (a), for pure PCM, the influence of foam porosity is clear: at a 
porosity of 0.75, the liquid fraction reaches full melting/charging in 
approximately 17 minutes, whereas at 0.98 porosity, the same process 
takes around 1860 s. Lower porosity reduces the void space within the 
foam and increases the available surface area for conduction, enabling 
heat to transfer more efficiently from the foam to the PCM. Since copper 
foam possesses significantly higher thermal conductivity than the PCM, 
decreasing porosity enhances heat transfer pathways and accelerates 
melting/charging. Fig. 11 (b) to 11 (d) demonstrates that introducing 
graphene nanoparticles into the PCM further improves melting/ 
charging performance at each porosity level. At 2%, 4%, and 6% 
nanoparticle volume fractions, the liquid fraction curves consistently 
shift upward, indicating faster melting/charging than pure PCM. Among 
the porosity levels, ε = 75% achieves the fastest melting/charging for all 
nanoparticle loadings, whereas ε = 98% remains the slowest in terms of 
melting/charging time due to reduced conductive pathways and higher 
PCM volume within the voids but it shows that a small fraction of high 
conductivity material produces a high benefit (when compared with 
pure PCM). Increasing the nanoparticle volume fraction from 2% to 6% 
reduces total melting/charging time because graphene nanoparticles 
raise the effective thermal conductivity of the PCM and improve con
vective–conductive coupling during melting/charging. The combined 
effect of lower porosity and higher nanoparticle concentration yields a 
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reduction in the melting/charging time, nearly halving the duration 
compared to pure PCM without foam. These results align with earlier 
findings and validate the role of nanoparticle size: smaller graphene 
particles, with their larger surface area-to-volume ratio, enhance heat 
transfer more effectively than larger particles. This behavior agrees with 
Eq. (15), which predicts an inverse relationship between nanoparticle 
diameter and effective thermal conductivity, and is consistent with the 
experimental observations reported by Ravikanth et al. [77], where 
larger nanoparticles tend to settle faster, reducing uniformity and heat 
transfer efficiency. Fig. 11 (e) shows the heat flux variation during the 
melting/charging process for the LHTES system using 98% porosity 
metal foam combined with graphene-enhanced PCM in T3F10 fin 
configuration. The melting/charging behavior transitions through three 
regimes: pure conduction (0 – 250 s), conduction-convection transition 
(250 – 850 s), and weak convection (850 – 1250 s). In the initial con
duction phase, heat flux peaks at around 6 × 10⁴ W/m² due to high 
thermal gradients at the solid - liquid interface. Although the foam im
proves heat transfer compared to pure PCM, the high porosity (98%) 
limits solid contact between foam struts and PCM, reducing conductive 
pathways and slowing heat transfer relative to low-porosity foams (e.g., 
75%). During the conduction - convection phase, melting accelerates as 
buoyancy-driven plumes develop in the liquid PCM, assisted by the high 
thermal conductivity of graphene nanoparticles. However, the large 
void volume at 98% porosity means more PCM will be melt/charge, 
prolonging the process despite enhanced convective mixing. In the final 
weak convection stage, heat flux decreases to low values (<0.5 × 10⁴ 
W/m²) as nearly all PCM becomes liquid and thermal gradients 
diminish. This behavior highlights the trade-off at 98% porosity: greater 
PCM volume is preserved for energy storage, but melting/charging is 
slower due to reduced foam conduction and higher PCM content 
compared to lower-porosity designs. Fig. 12 (a) presents the temporal 
evolution of the liquid fraction for the LHTES system using metal foam 
with 98% porosity and 6% graphene-enhanced PCM for the T3F10 fin 
configuration. The contours illustrate the melting/charging front pro
gression at successive time intervals, transitioning from 
conduction-dominated behavior to convection-enhanced melting. At the 
early stage (t = 300 s), melting/charging initiates at the fin–PCM in
terfaces, where heat flux is the highest, leading to localized liquid zones 
(blue transitioning to green). The high porosity of 98% results in a larger 
void volume filled with PCM, which limits solid–solid contact between 
the foam and PCM and reduces conductive heat transfer pathways. 
Consequently, melting/charging progresses slowly in the initial phase, 
and natural convection currents are weakly developed due to insuffi
cient liquid fraction. After t = 600 seconds, as the melt fraction increases 
(green to yellow zones), buoyancy-driven convection intensifies within 
the PCM, forming plume-like patterns illustrated between fins. These 
plumes enhance mixing in the upper portions of the storage domain, 
accelerating melting/charging in localized regions but leaving the lower 

section governed by conduction. In the later stages (t = 900 s), the 
majority of the PCM transitions to the liquid phase, with residual solid 
pockets persisting near the core due to the reduced thermal conductivity 
of high-porosity foam and the longer conduction path required for 
complete melting/charging. Full melting/charging is achieved signifi
cantly later compared to low-porosity cases (e.g., 75%), despite the 
presence of graphene nanoparticles, because the increased void fraction 
diminishes the conductive benefit of the foam. This highlights the 
trade-off between maximizing PCM volume (high porosity) and ensuring 
efficient heat conduction (low porosity) in optimizing LHTES system 
performance. The velocity contours with streamlines shown in Fig. 12
(b) correspond to the T3F10 fin configuration integrated with 6 % 
graphene-enhanced copper foam at 98 % porosity. The velocity field 
indicates the presence of multiple, symmetric recirculating vortices 
established between adjacent fins, which arise from localized 
buoyancy-driven motion and fluid–solid interactions within the porous 
medium. Although the absolute velocity magnitudes remain low, the 
formation of coherent vortex structures demonstrate enhanced fluid 
mixing within the inter-fin region. This dynamic behavior is particularly 
important in such highly porous metal foams, where conduction through 
the solid copper–graphene matrix dominates heat transfer, but second
ary convective contributions provided by weak vortex circulation 
further accelerate energy transport and thermal homogenization. The 
addition of graphene increases the intrinsic thermal conductivity of the 
solid network, while the high porosity of the foam ensures minimal flow 
resistance and preserves open channels for recirculatory motion. 
Collectively, this hybrid conduction–convection mechanism improves 
overall thermal performance, reduces localized thermal resistance, and 
promotes uniform temperature distribution across the finned domain, 
which is critical in compact heat exchanger and latent heat thermal 
energy storage applications, (Table 6).

3.5. Performance enhancement

Beyond faster melting/charging, the optimized lotus-inspired fins 
improve spatial uniformity of the phase change. We quantified unifor
mity by computing the standard deviation (σ) of liquid fraction (σLF) and 
temperature (σT) across monitoring points distributed in the PCM 
domain (see Fig. 13 for probe locations). At matched intermediate 
charging/melting stages, the lotus design T3F10 yields σLF = 0.0095 at t 
= 600 s (mean liquid fraction (f l)=0.274), whereas the sparse straight- 
fin baseline T3S4 shows σLF = 0.10 at t = 2280 s (mean f l = 0.304), 
corresponding to an ~ 90% reduction in spatial variability. Temperature 
statistics follow the same trend, with consistently lower σT values for 
lotus fins at the same global melt/charge progression. These results 
confirm that lotus-inspired fins suppress stagnation zones and promote a 
more homogeneous phase-change process compared to conventional 
straight-fin geometries.

Fig. 10. Liquid fraction contours of T3F10 fin design configuration with 6% graphene.
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Fig. 11. Effect of (a) Metal foam porosity, (b – d) the combined use of metal foam and nanoparticles in PCM, (e) Change in heat flux during the melting/charging of 
PCM with both 6% graphene and metal foam of 98% porosity for T3F10 fin design configuration.
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Fig. 14 illustrates the melting/charging durations of pure PCM for a 
LHTES system with a T3F10 fin design and other enhanced configura
tions. The T3F10 fin design configuration with pure PCM required 
approximately 1747 s to complete melting/charging. It serves as the 
reference as its performance is the best among all the other non-standard 
fin design configurations. The addition of 6 wt.% graphene reduced the 
melting/charging time to 1614 s, representing an 8% improvement. 
Introducing metal foam with 98% porosity resulted in a further reduc
tion to 1286 s (26% improvement relative to the baseline case with 
having PCM only), attributed to the conductive network formed by the 
foam structure. When 6 wt.% graphene was combined with 98% porous 
metal foam, the melting/charging time decreased to 1143 s, achieving a 
35% reduction. Reducing the foam porosity to 75% provided an even 

denser conductive pathway, yielding 941 s for PCM with metal foam 
alone (46% reduction) and 855 s for the combined graphene - metal 
foam system (51% reduction). This progressive decrease underscores the 
synergistic role of nanoparticle enhancement and metal foam integra
tion, demonstrating their combined potential to accelerate phase tran
sition and improve thermal energy storage efficiency.

To better quantify the relative contributions of natural convection, 
fin geometry, nanoparticles, and metal foam, the melting/charging 
times across different cases were compared. Natural convection alone 
reduced melting/charging time by ~12% compared to conduction-only 
(Fig. 5). Optimized lotus-inspired fins provided the largest effect, 
reducing melting/charging time by up to ~63% relative to sparse de
signs (T3S4, Fig. 7). Adding 6% graphene nanoparticles to the optimized 

Fig. 12. (a) Liquid fraction contours of T3F10 fin design configuration with 6% graphene and copper foam with 98% porosity, and (b) Velocity contours with 
streamlines of T3F10 fin configuration with 6% graphene and copper foam with 98% porosity.

Table 6 
Effect of nanoparticles and the porosity on charging/melting time saving in LHTES system.

ϕ Total duration required for complete melting of the PCM (in seconds) Improvement in melting time (%) with nanoparticles or copper metal foam

Non-porous ε Non-porous ε
0.98 0.95 0.85 0.75 0.98 0.95 0.85 0.75

0.00 1747 1286 1073 996 941 - 26% 39% 43% 46%
0.02 1678 1236 1032 960 911 4% 29% 41% 45% 48%
0.04 1647 1188 993 923 882 6% 32% 43% 47% 50%
0.06 1614 1143 956 891 855 8% 35% 45% 49% 51%

P. Saini et al.                                                                                                                                                                                                                                    International Journal of Heat and Mass Transfer 255 (2026) 127897 

22 



fin case further reduced melting/charging time by ~7%, while CNT 
nanoparticles showed negligible or adverse effects at higher volume 
fractions (Fig. 9). Metal foams had a stronger impact, lowering melting/ 
charging times by ~26% at 98% porosity and ~46% at 75% porosity 
relative to the fin-only case. The combined system (fins + 6% graphene 
+ 75% porosity foam) achieved the shortest melting/charging time of 
855 s, corresponding to a ~51% improvement compared to the fin-only 
baseline (1747 s). These results indicate that fin geometry is the domi
nant factor, foam provides major additional acceleration, and nano
particles offer incremental gains. Natural convection, though modest 
alone, synergizes with fins and the metal foam to further enhance 
performance.

3.6. Cost analysis

Cost score =
1

Melting/Charging time0.5 price2 volume0.5 (41) 

Combined score = Melting/Charging Performance score × Cost score
(42) 

Eqs. (40) – (42) are composite performance metrics proposed in this 
study to provide a balanced evaluation of different fin geometries by 
simultaneously accounting for thermal behavior, cost, and PCM volume. 
In Eq. (40), the melting/charging performance score penalizes longer 
melting/charging times (melting/charging time² term) while also 
incorporating the penalty of larger copper mass (through cost) and 
reduced PCM storage capacity (through volume). Conversely, Eq. (41), 
the cost score, emphasizes economic efficiency by penalizing expensive 
or copper-heavy designs more strongly (price² term) while giving a 
lower weight to melting/charging time and volume. The combined score 
in Eq. (42) integrates both aspects to identify designs that balance rapid 
thermal response with cost and volume considerations. Although these 
equations are not a standard convention in LHTES literature. This 
approach avoids bias toward any single factor and allows for a consistent 
comparison of geometries under different applications. These equations 

enable a fair comparison across diverse fin geometries and enhancement 
strategies (nanoparticles, foams, etc.), which otherwise differ widely in 
both thermal performance and cost implications. The non- 
dimensionalized form ensures that no single unit dominates; instead, 

Fig. 13. Standard deviation of liquid fraction in PCM for lotus-inspired (a) T3F10 fin configuration at t = 600 s and (b) T3S4 fin configuration at t = 2280 s.

Melting/Charging Performance score =
1

Melting/Charging time2 price0.5 volume0.5 (40) 
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the metrics express trade-offs in relative terms. The proposed perfor
mance, cost, and combined scores translate these competing objectives 
into non-dimensional indices, allowing systematic comparison across 
diverse configurations.

The correlation between fin perimeter and melting/charging time 
demonstrated a clear negative trend, with increased perimeter yielding 
shorter melting times. When all fifteen fin geometries were included, the 
regression model achieved an R2 of 0.777, indicating that perimeter 
alone explained nearly 78% of the variation in melting/charging 

performance. However, five designs; T1NF, T2NF, T3NF, T3S4, and 
T3A4; exhibited anomalous behavior. The NF fin configuration lacks the 
central bridging rib observed in other designs, reducing conductive 
pathways, and resulting in melting/charging times between 2181 and 
2618 seconds despite moderate or medium perimeters and can be 
considered outliers due to inherent design differences to the other 12 
models. T3S4 and T3A4 combined very low perimeters (~0.548 m) with 
disproportionately high melting/charging times (4727 s and 4401 s, 
respectively). After excluding these outliers, the regression fit improved 

Fig. 14. The total melting time was evaluated for six cases for the T3F10 fin configuration: i) pure PCM, ii) PCM with 6% graphene, iii) PCM with a metal foam of 
98% porosity, iv) PCM with both 6% graphene and metal foam with 98% porosity, v) PCM with a metal foam with 75% porosity, and vi) PCM with both 6% graphene 
and metal foam with 75% porosity.

Fig. 15. Linear regression of melting time as a function of fin perimeter for all fifteen designs (black line) and the filtered dataset excluding NF variants (T1NF, T2NF, 
T3NF) and low-perimeter outliers (T3S4, T3A4) (dashed line). Shaded regions represent 95% confidence intervals for each fit.
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markedly to an R2 of 0.914 (Fig. 15), confirming that perimeter is a 
strong and consistent predictor for the remaining geometries. The 
regression equations quantify this trend: for the full dataset, melting 
time (Y) in seconds is described by Y = 5382.750− 2789.528X, and for 
the filtered dataset by Y = 4770.721− 2216.390X, where X is the 
perimeter in meters. The filtered slope indicates that each additional 
meter of perimeter reduces melting/charging time by approximately 
2216 s. This refinement also narrows the 95% confidence interval, 
evident in the lighter shaded band in Fig. 15, underscoring improved 
predictive accuracy for practical design ranges. Ranking of the designs 
(Table 7) was performed using three composite metrics: Melting/ 
Charging Performance Score, Cost Score, and their product, the Com
bined Score. Each one is described by Eq. 40 - 42. The Melting/Charging 
Performance Score heavily penalizes long melting/charging times, while 
the Cost Score emphasizes low price. The Combined Score identifies 
designs that balance rapid melting/charging with cost efficiency. This 
dual framework avoids bias toward a single objective and provides 
flexibility for applications prioritizing either speed or economy.

High-perimeter fin designs T3F4 and T3F10 consistently ranked first 
and second in melting/charging performance, achieving melt times of 
1747 s with perimeters exceeding 1.35 m. Their Combined Scores were 
also dominant, reflecting their ability to deliver fast response without 
extreme penalties in cost or volume. T3F2, with slightly lower perimeter 
(1.32 m) and a melt time of 1772 s, ranked third in Combined Score. In 
contrast, designs like T3S6 and T3A6, with perimeters near 0.79 m and 
melt/charge times around 3086 – 3226 s, performed modestly in 
Melting/Charging Performance but excelled in Cost Score due to 
significantly lower material volumes and prices. This contrast illustrates 
how cost-driven rankings favor moderate geometries that reduce copper 
mass without severely compromising melting/charging behavior. Split- 
fin variants such as T3S8 and T3A8 occupy mid-rank positions, offering 
balanced melting and cost characteristics but lacking the extremes of the 
F-series. The improved R2 of 0.914 for filtered data demonstrates the 
robustness of perimeter as a predictive metric for early-stage fin opti
mization. Hence, perimeter alone provides a physically grounded and 
easily measurable design variable. Coupled with the multi-metric 
scoring framework, this approach facilitates rapid identification of de
signs tailored to application priorities, enabling either high-performance 
thermal response (T3F4/T3F10) or cost-sensitive storage solutions 
(T3S6/T3A6). Physically, the strong correlation between perimeter and 
melting/charging time reflects that a higher perimeter reduces the 
effective conduction distance within the PCM and promotes earlier onset 
of buoyancy-driven convection near fin surfaces. However, increasing 
the perimeter comes with some penalties, as it directly increases copper 
mass, cost, and reduces available PCM volume, thereby lowering energy 
density. Thus, perimeter serves as a robust early-stage optimization 
metric, but practical design requires balancing thermal gains against 
cost and storage capacity to identify geometries such as T3F4 (thermal 
priority) or T3S6 (cost priority).

The enhanced melting/charging rates demonstrated in this study 

have direct relevance for real-world systems where fast thermal 
response and compact storage are critical. In solar thermal collectors, a 
quicker PCM response reduces the mismatch between fluctuating solar 
input and storage uptake, thereby improving dispatchability and system 
reliability. In building applications, compact LHTES units can be inte
grated into HVAC and domestic hot water systems to shift peak loads, 
improve energy efficiency, and lower electricity costs during high- 
demand periods. In electronics cooling, rapid PCM charging/melting 
can prevent overheating during transient power spikes, extending de
vice life and maintaining performance stability. In industrial waste heat 
recovery, hybrid fins and foams allow efficient capture and reuse of 
intermittent high-flux heat streams, improving overall process efficiency 
and reducing wasted energy.

4. Conclusion

This study presented a comprehensive numerical investigation of 
LHTES systems that integrate lotus-inspired fins, nanoparticles, hybrid 
nanoparticles, and copper metal foam to enhance charging/melting 
performance. The analysis examined the interplay of natural convection 
and conduction in paraffin wax (RT 82) under various fin configura
tions, nanoparticle concentrations, and foam porosities. The key find
ings are summarized as follows: 

1. Natural convection reduced the total melting/charging time by 
~12% compared to the conduction-only case. The effect was the 
strongest in the upper region of the PCM domain, while conduction 
dominated in the lower region, highlighting the need to balance both 
mechanisms through coordinated fin design strategies.

2. Among the 15 lotus-inspired fin design configurations analyzed in 
this study, higher fin density configurations (T3F10 and T3F4) along 
with natural convection, reduced melting/charging time by up to 
63% compared to sparsely finned designs. The direct correlation of 
the fin perimeter with faster melting/charging established it as a key 
optimization parameter.

3. Graphene nano-PCM reduced melting/charging time by up to 6.9%, 
outperforming CNT-based nano-PCM due to higher conductivity. 
Hybrid mixtures of CNT and graphene did not yield additional ben
efits, and in some cases slowed melting/charging.

4. Copper foam accelerated melting/charging substantially, with the 
effect most pronounced at a lower porosity level of 75% due to dense 
conductive pathways. When combined with nanoparticles, the 
charging/melting time was reduced by more than 50%. An optimal 
balance was achieved with 6% graphene and 98% porosity foam, 
which maximize PCM’s volume while maintaining a substantial 
improvement in the charging/melting rate.

5. The combination of lotus-inspired high perimeter fins, graphene 
nanoparticles, and copper foam achieved roughly a 51% reduction in 
melting/charging time, while also improving storage density and 
ensuring uniform phase-change behavior.

Table 7 
Ranked performance of fin designs based on cost, melting performance, and combined metrics. The melting performance score prioritizes rapid melting/charging, 
while the cost score emphasizes economic efficiency. The combined score identifies designs that balance melting/charging speed and cost.

Model Melting time (s) Cost score Rank by cost Melting Performance score Rank by Melting 
performance

Combined Score Combined Ranking

T1 2159 3.8 6 12.3 5 46.2 7
T2 2207 3.2 9 6.3 7 19.9 10
T3 1864 4.2 5 19.2 4 80.6 6
T3S6 3086 42.5 1 6.7 6 284.7 3
T3S8 2218 5.7 3 6.2 8 35.1 8
T3A6 3226 40.8 2 5.7 9 233.1 4
T3A8 2276 5.3 4 4.9 10 26.2 9
T3F2 1772 3.2 8 28.8 3 92.2 5
T3F4 1747 3.8 7 107.1 1 402.6 1
T3F10 1747 3.2 10 100.0 2 316.2 2
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6. High-perimeter fins (T3F4, T3F10) achieved the fastest melting/ 
charging (~1747 s) but at a higher material cost. Moderate perimeter 
designs (T3S6, T3A6) reduced material use by 40 –45% and achieved 
melting/charging times of ~3086 – 3226 s, making them a cost- 
effective alternative for cost-sensitive applications.

Overall, the results demonstrate that nature-inspired lotus-shaped fin 
designs, particularly when combined with graphene nanoparticles and 
copper foam, can effectively enhance the compactness, thermal 
response, and operational efficiency of LHTES systems. Such improve
ments are directly relevant to solar thermal technologies, building 
thermal management, and industrial waste-heat recovery, where faster 
charging/melting and higher energy density improve overall system 
performance and reduce costs.

5. Drawbacks

The present simulations and results are subject to several assump
tions. Thermophysical properties of PCMs/nano-PCMs were assumed 
constant (except density), natural convection was modeled as laminar, 
and viscous dissipation, volume shrinkage during phase change, and 
radiative heat transfer were neglected. Nanoparticles were considered to 
be uniformly dispersed without agglomeration, and the metallic foams 
were treated as homogeneous isotropic porous structures. Furthermore, 
a two-dimensional model was employed to reduce computational cost 
and capture dominant radial melting/charging behavior; however, this 
approach cannot fully represent three-dimensional effects such as 
complex convective flow structures and vortex formation. These aspects 
represent limitations of the current study and highlight important di
rections for future work, including extension to fully 3D simulations and 
experimental validation, beyond model-to-model validations. In addi
tion, while the present work emphasizes thermal performance, future 
studies will need to evaluate pressure-drop impacts, manufacturing 
feasibility, and life-cycle costs to establish the full techno-economic 
potential of lotus-inspired fin designs.

6. Future work

To build on the present study, future research will extend the model 
to three-dimensional simulations to capture more detailed natural con
vection effects and complex flow structures that cannot be fully repre
sented in two dimensions. Experimental validation of lotus-shaped fin 
configurations will also be undertaken to corroborate the numerical 
predictions and assess practical manufacturability. In addition, future 
studies will incorporate exergy efficiency and thermal effectiveness 
analyses to evaluate not only the melting/charging rate but also the 
overall thermodynamic performance of the system. This broader 
perspective will provide a more comprehensive assessment of how 
geometric and material modifications influence both the speed and ef
ficiency of latent heat thermal energy storage.
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