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ABSTRACT: To enhance the efficiency of phase change heat storage, this study investigates the synergistic effects and
parameter interactions of a coupled strategy integrating fins, metal foam, and nanoparticles. A validated numerical
model is developed for a shell-and-tube heat storage unit. The influence of porosity and pore density of metal
foam, as well as Al2O3 nanoparticle concentration, on melting behavior, heat storage rate, and fluid flow features are
systematically analyzed. Results indicate that reducing porosity significantly enhances heat conduction, shortening the
complete melting time by up to 53.71%. Conversely, increasing pore density markedly suppresses natural convection,
reducing the average liquid velocity by 64.62% and consequently extending the melting duration. The incorporation of
nanoparticles consistently improves thermal performance; specifically, a 15% concentration reduces the melting time
by 25.49%. Notably, a strong synergistic interaction is revealed. The enhancement of nanoparticles is more pronounced
in metal foams with lower intrinsic conductivity, yielding an average additional enhancement of 17.24%. The optimal
configuration identified in this study comprises metal foam with a porosity of 0.98 and a pore density of 10 PPI, coupled
with 15% nanoparticles, achieving a heat storage rate 51.47% higher than the least efficient design. These findings
elucidate the underlying coupling mechanisms and provide practical guidelines for the multi-parameter optimization
of high-performance composite PCM-based thermal energy storage systems.
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1 Introduction
The extensive combustion of fossil fuels has exacerbated the global energy crisis and led to severe

environmental pollution [1]. Consequently, transitioning to renewable energy sources to replace fossil fuels
has become a pivotal trend for future sustainable development [2,3]. However, the inherent intermittency
and instability of clean energy sources pose significant challenges to stable energy supply [4,5]. Thermal
energy storage (TES) has garnered considerable attention as an effective solution to address the temporal and
spatial mismatches between energy supply and demand [6]. Conventional TES technologies are generally
categorized into sensible heat storage, latent heat storage, and thermochemical storage [7,8]. Among these,
Latent heat thermal energy storage (LHTES) utilizes phase change materials (PCMs) to absorb or release
heat while maintaining a nearly constant temperature, thereby enabling high-density energy storage [9].
Nevertheless, the intrinsically low thermal conductivity of most PCMs severely hinders heat transfer
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efficiency [10]. To mitigate this limitation, various enhancement strategies have been proposed, focusing on
expanding the heat transfer area and improving the heat transfer coefficient [11,12].

Extending the heat transfer surface area is a mature and widely adopted strategy for enhancing
thermal performance in various engineering applications. For instance, Li et al. [13] demonstrated that
double-grooved surfaces yield higher condensation heat transfer coefficients compared to single-grooved
counterparts, while comparative studies between finned and plain tubes have confirmed significant improve-
ments in heat transfer rates [14]. Although condensation phase change differs from solid-liquid phase change,
the concept of designing grooved surface provides a promising solution to enhancing phase change process.
In the context of LHTES, attaching fins remains one of the most effective methods to mitigate the low
conductivity of Phase Change Materials PCMs [15,16]. Extensive research has focused on optimizing fin
geometry and configuration [17,18]. Jaberi and Hossainpour [19] investigated a hybrid strategy replacing solid
fins with porous ones, identifying fin position and porosity as critical parameters; specifically, replacing lower
solid fins with porous ones reduced melting time by 21.2%, although decreased porosity tended to prolong
the process. Numerical simulations by Kim et al. [20] highlighted the influence of fin inclination, revealing
that an angle of −20○ minimized melting time under specific boundary conditions. Similarly, Abdellatif
et al. [21] reported that optimizing the number and thickness of L-shaped fins could reduce melting time by
up to 86.6%. Innovative designs have also been explored, Ali Khan et al. [22] proposed an arc-fin structure,
finding that slender fins with large semicircular arcs achieved the highest energy storage density and reduced
melting time by 71.75% compared to conventional longitudinal fins. Furthermore, Tang et al. [23] optimized
discontinuous vertical fins, determining that a configuration with 15 mm length, 54○ bifurcation angle, and
10 periods shortened the melting duration by 21.17%.

Another primary approach involves improving the effective thermal conductivity of the PCM by incor-
porating high-conductivity additives, such as nanoparticles and porous media [24,25]. The enhancement
efficiency generally correlates positively with the thermal conductivity of the added materials including
nanoparticles or metal foams, and is limited between the upper and lower bounds formed by the parallel and
series arrangements of the two materials, as reported in the literature [26]. The dispersion of nanoparticles
has been extensively studied to enhance thermal conductivity [27,28], with particle type and concentration
being key influencing factors [29,30]. Daneshazarian et al. [31] observed that adding 0.5 wt% graphene
nanoplatelets to octadecane yielded the shortest melting time and maximum energy storage capacity.
Comparative studies by Abdolahimoghadam and Rahimi [32] evaluated Cu, CuO, TiO2, CNT, and GNP
nanoparticles. It was concluded that GNP offered superior enhancement, reducing melting time by 56.43%
at a 5 vol% fraction. Cost-effectiveness analyses by Sundriyal et al. [33] identified 2% Al2O3 concentration
as optimal, achieving a 21% reduction in melting time. Piroozmand and Ahmadi [34] further corroborated
the superiority of GNP over Al2O3. They argued that the strategy achieved a 78.1% reduction in melting
time with a 3 vol% GNP loading. In addition, porous media have become an effective method for enhancing
heat transfer due to their large specific surface area and high thermal conductivity [26,35]. Particularly,
metal foams (MF) have emerged as a potent solution due to their high specific surface area and intrinsic
thermal conductivity [36,37]. Experimental studies by Yao and Wu [38] indicated that lower porosity and
higher pore density significantly boost heat transfer efficiency. Recent efforts have shifted towards structural
optimization, such as gradient designs [39,40]. Zheng et al. [41] demonstrated that a 2D porosity-gradient
MF could reduce melting time by 12.07% compared to uniform structures, with optimal performance at
an aspect ratio of 2.5. Li et al. [42] utilized Taguchi and response surface methods to optimize gradient
porosity and pore density. The results showed that the optimal structural parameters obtained through
Taguchi method and response surface method increased the heat transfer rate by 14.61%. Filling strategy
also plays a crucial role. Liu et al. [43] experimentally investigated the melting performance of PCM under
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four different filling methods. Results showed that scheme with MF filled at bottom had the shortest melting
time, confirming the optimal filling strategy. Cheong et al. [44] explored the thermal performance of PCM
under five MF filling shapes and optimized the vertical shape for LHTES tank. Additionally, Pourfallah and
Languri [45] reported that copper MF (20 PPI) reduced melting time by 64%, noting that positive gradient
configurations outperformed negative ones. Conical storage tanks filled with MF have also been examined
to further enhance storage efficiency [46]. It was reported that the conical heat storage tanks with MF shaped
the optimal geometry gains 16.01% faster thermal energy charging speed.

Beyond single-enhancement strategies, recent research has increasingly focused on the synergistic
effects of coupled methods, particularly combinations of fins, metal foams, and nanoparticles [47,48]. Lu
et al. [49] developed a fin-foam synergy technology, where numerical simulations of a triple-tube system
with optimized fin distributions achieved a 59.7% reduction in charging time. Experimental work by Yang
et al. [50] on composite PCMs (paraffin/MF/nanoparticles) revealed a 72.61% reduction in melting time com-
pared to pure paraffin. Similarly, Yang et al. [51] designed a fin-MF integrated system that improved the heat
storage rate by 36.52%. Heyhat et al. [52] comparatively analyzed fins, MFs, and nanoparticles, concluding
that metal foams generally provide the most significant enhancement in phase change heat transfer.

Despite extensive investigations into individual and dual-enhancement strategies, a comprehensive
understanding of the triplet coupling mechanism involving fins, metal foams, and nanoparticles remains
elusive. Specifically, the interactive effects among these three components, i.e., how the intensity of one
parameter influences the efficacy of the others, are not yet fully quantified. This knowledge gap significantly
hinders the design of multi-parameter enhanced LHTES systems. To this end, this study systematically
investigates the synergistic coupling of fins, metal foams, and nanoparticles. The individual and combined
impacts of varying porosities, pore densities, and nanoparticle concentrations on melting behavior and heat
storage rates are analyzed. The findings aim to elucidate the underlying coupling mechanisms and provide
robust design guidelines for maximizing the performance of next-generation composite PCM-based thermal
energy storage systems.

2 Model Display

2.1 Model Description
A shell-and-tube heat storage tank is designed and studied. The system comprises two concentric tubes

with inner and outer diameters of 15 and 30 mm, respectively. Heat transfer fluid flows through the inner tube,
while the PCM fills the annular space between the tubes. To enhance phase change heat transfer, aluminum
fins were installed to create high-conductivity pathways within the tank. Subsequently, nickel MF were
incorporated to establish a global conductive network. Finally, nanoparticles were dispersed into the PCM to
further improve thermal performance. Fig. 1a illustrates the physical model of the proposed shell-and-tube
storage unit. Fig. 1b,c depicts configurations with metal foams of different pore sizes (larger and smaller pores,
respectively). Table 1 lists the thermophysical properties of the PCM, metal foams, and nanoparticles used in
this study. Fig. 1d presents the computational domain and boundary conditions for the numerical simulation.
Specifically, the inner wall is maintained at a constant temperature of 75○C, simulating the heat source. The
outer boundary is set as adiabatic to represent perfect insulation. Perfect thermal contact is assumed at the
interfaces between the fins, metal foams, and PCM. To evaluate the impact of design parameters on thermal
performance, various configurations with different structural parameters were simulated. These designs are
detailed in Table 2. The parameters investigated include porosity ranging from 0.980 to 0.995 (with intervals
of 0.005), pore density in the range of 10, 20, and 30 PPI, and nanoparticle volume fraction of 0%, 5%, 10%,
and 15%.
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Figure 1: Display of heat storage with (a) middle pores, (b) larger pores, (c) lower pores and (d) numerical model.

Table 1: Thermophysical properties.

Parameters Paraffin Aluminum Nickel Al2O3 Nanoparticle Unit
Density 785 2719 8907 3600 kg ⋅m−3

Specific heat capacity 2850 871 460 765 J ⋅ kg−1 ⋅K−1

Thermal conductivity 0.2/0.1 202.4 91.7 36 W ⋅m−1 ⋅K−1

Melting temperature 50–55 ○C
Latent heat 102.1 kJ ⋅ kg−1

Kinematic viscosity 3.65 × 10−3 m2 ⋅ s1

Thermal expansion coefficient 3.09 × 10−4 7.8 × 10−6 K−1

Table 2: Case matrix in this study.

Porosity Pore Density Nanoparticle
Concentration Porosity Pore Density Nanoparticle

Concentration

0.980

10

0%

0.990

10

0%
5% 5%
10% 10%
15% 15%

20

0%

20

0%
5% 5%
10% 10%
15% 15%

30

0%

30

0%
5% 5%
10% 10%
15% 15%

10 0% 10 0%
5% 5%
10% 10%
15% 15%

(Continued)
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Table 2 (continued)

Porosity Pore Density Nanoparticle
Concentration Porosity Pore Density Nanoparticle

Concentration

0.985

20

0%

0.995

20

0%
5% 5%
10% 10%
15% 15%

30

0%

30

0%
5% 5%
10% 10%
15% 15%

2.2 Mathematical Model
The thermal transport in the designed composite system follows a hierarchical pathway: heat is first

efficiently conducted via the high-conductivity fins; then distributed throughout the volume by the metal
foam skeleton; and ultimately transferred to the nanoparticle-enhanced PCM matrix. Specifically, the heat
transfer mechanism within the fins is purely conductive, described by the governing diffusion equation:

ρcp
∂T
∂t
= λ (∂2T

∂x2 +
∂2T
∂y2 ) (1)

To characterize heat transfer within the porous metal foam, the volume averaging theory is utilized to
formulate the macroscopic transport phenomenon. The mathematical formulation for the solid-liquid phase
change process is given by:

Continuity equation:

∂ ⟨u⟩
∂x
+ ∂ ⟨v⟩

∂y
= 0 (2)

Momentum equation:

ρf

φ
∂ ⟨u⟩

∂t
+ ρf

φ2 (⟨u⟩
∂ ⟨u⟩

∂x
+ ⟨v⟩ ∂ ⟨u⟩

∂y
) = −∂ ⟨P⟩

∂x
+ μf

φ
(∂2 ⟨u⟩

∂x2 +
∂2 ⟨u⟩

∂y2 ) − (
μf

K
+ ρf CE√

K
∣
→
U∣) ⟨u⟩

− (1 − fm)2

fm
3 + χ

ψ ⟨u⟩ (3)

ρf

φ
∂ ⟨v⟩

∂t
+ ρf

φ2 (⟨u⟩
∂ ⟨v⟩
∂x
+ ⟨v⟩ ∂ ⟨v⟩

∂y
) = −∂ ⟨P⟩

∂y
+ μf

φ
(∂2 ⟨v⟩

∂x2 +
∂2 ⟨v⟩
∂y2 ) − (

μf

K
+ ρf CE√

K
∣
→
U∣) ⟨v⟩

− (1 − fm)2

fm
3 + χ

ψ ⟨v⟩ + ρf gβ (⟨Tf⟩ − Tm1) (4)

where f m and φ are the volumetric melting fraction and melting fraction in pores of metal foam. ψ indicates
the mushy coefficient, taken as 105 [53]. For permeability and inertia coefficient of MF, the calculation
formulas are [54,55]:

K = 0.00073d2
p (1 − ε)−0.224 (df/dp)

−1.11 (5)



6 Front Heat Mass Transf. 2026;24(3):10
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(6)

where df is the fiber diameter, which is calculated by df/dp = 1.18
√
(1 − ε)

π
1

1 − e−25(1−ε) .

Heat transfer within MF involves complex interactions between the solid metal skeleton and the
saturated PCM. Consequently, separate energy governing equations for the solid and fluid phases are
presented as follows:

Energy equation of the MF:

(1 − ε) ρscps
∂ ⟨Ts⟩

∂t
= kse (

∂2 ⟨Ts⟩
∂x2 + ∂2 ⟨Ts⟩

∂y2 ) − hsf asf (⟨Ts⟩ − ⟨Tf⟩) (7)

Energy equation of the PCM:

ερf (cpf + L d fm

dt
) ∂ ⟨Tf⟩

∂t
+ ρf cpf (⟨u⟩

∂ ⟨Tf⟩
∂x

+ ⟨v⟩ ∂ ⟨Tf⟩
∂y
)

= (kfe + ktd)(
∂2 ⟨Tf⟩

∂x2 + ∂2 ⟨Tf⟩
∂y2 ) − hsf asf (⟨Tf⟩ − ⟨Ts⟩) (8)

To characterize the energy transfer within the PCM-saturated metal foam, the effective thermal
conductivity (ke) is introduced into the governing energy equation. The formulation for calculating effective
thermal conductivity, based on established models [56], is given as follows:

ke =
√

2
2 (RA + RB + RC + RD)

(9)

RA =
4d

2 (2e2 + πd (1 − e)) ks + (4 − 2e2 − πd (1 − e)) kf)
(10)

RB =
(e − 2d)2

(e − 2d) e2ks + (2e − 4d − (e − 2d) e2) kf
(11)

RC =
(
√

2 − 2e)
√

2πd2ks + (2 −
√

2πd2) kf
(12)

RD =
2e

e2ks + (4 − e2) kf
(13)

where e = 0.16 and d =
√√

2(2− 3
√

2
4 e3−2ε

π(3−2
√

2e−e) . Convection heat transfer coefficient hsf and specific surface area asf

between MF and phase change material are calculated by [57],

hsf =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

(0.35 + 0.5Re0.5) k f /d f , 0 ≤ Re ≤ 1
0.76Re0.4 Pr0.37 k f /d f , 1 < Re ≤ 40
0.52Re0.5 Pr0.37 k f /d f , 40 < Re ≤ 1000
0.26Re0.6 Pr0.37 k f /d f , 1000 < Re ≤ 20000

(14)
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asf =
1.18ω

0.0224
√

3π (1 − ε) (15)

To further enhance heat transfer, nanoparticles are dispersed into the base fluid to form nanofluids. This
addition significantly alters the thermophysical properties of the resulting mixture. The nanofluid density is
calculated using the volume-weighted average model by:

ρnf = (1 − ξ) ρf + ξρs (16)

where ξ represents the nanoparticles concentration. Subsequently, the thermal expansion coefficient and
specific heat capacity of nanofluid can be determined by

(ρβ)nf = (1 − ξ) (ρβ)f + ξ (ρβ)s (17)
(ρcp)nf = (1 − ξ) (ρcp)f + ξ (ρcp)s (18)

The incorporation of nanoparticles also significantly alters the viscosity of the nanofluid. The property
is primarily governed by the volume fraction of the suspended particles, as described by

μnf =
μf

(1 − ξ)2.5 (19)

The thermal conductivity of nanofluids depends on the conductivities of both the nanoparticles and the
base fluid, as well as the nanoparticle volume fraction, as expressed in Eq. (20):

(k)nf0
kf
= ks + 2kf − 2ξ (kf − ks)

ks + 2kf + ξ (kf − ks)
(20)

Furthermore, to accurately calculate the effective thermal conductivity, the thermal dispersion effect
induced by fluid motion can be considered:

kd = C (ρcp)nf

√
u2 + v2 ξdp (21)

Here, the empirical coefficient C is adopted from literature [58]. Consequently, the final effective thermal
conductivity is formulated as keff = kd + keff0. It is important to note that nanoparticle sedimentation and
agglomeration are neglected in this simulation.

3 Numerical Model Setup and Verification

3.1 Solution Settings
The governing equations were solved using a pressure-based solver. The PRESTO! scheme was employed

for pressure interpolation, while the SIMPLE algorithm was utilized to handle the pressure-velocity coupling.
Spatial discretization of the gradients was performed using the least-squares cell-based method, and
temporal discretization was achieved using the second-order upwind scheme. The convergence criteria
were set to residuals of 10−6 for continuity and momentum equations, and 10−12 for the energy equation,
respectively. In addition to the numerical schemes, the following physical assumptions were adopted: (1) the
fluid is incompressible with temperature-independent properties; (2) buoyancy forces are modeled using
the Boussinesq approximation; and (3) volume changes associated with the solid-liquid phase change are
neglected. All simulations were conducted using the ANSYS 2021 platform.
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3.2 Independence Verification
To ensure the reliability of the numerical results, grid and temporal discretization independence tests are

performed prior to parametric study. Three computational grids with 23,466, 47,832, and 66,741 elements are
evaluated. As illustrated in Fig. 2a, the melting fraction profiles under 47,832 elements converge closely with
those of the finest mesh (66,741 cells). This indicates that further refinement yields marginal improvements at
the expense of excessive computational cost. Similarly, Fig. 2b presents the time-step sensitivity analysis for
intervals of 0.5, 0.2, and 0.05 s. The time step of 0.2 s is selected as it provides an optimal trade-off, delivering
accuracy comparable to the shorter time step (0.05 s) with substantially higher efficiency. Based on these
validations, all subsequent simulations are conducted using the grid of 47,832 cells and the time step of 0.2 s.

(a) (b)
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Figure 2: Comparison of melting fraction under different meshes (a) and different time steps (b).

3.3 Model Validation
3.3.1 Validation of Fin Enhanced Phase Change Heat Transfer Model

To verify the accuracy of the established numerical model, experimental and numerical data regarding
solid-liquid phase change heat transfer in a finned thermal energy storage tank from literature [59] are
utilized for comparison. In the reference, the system was initialized at 27○C and subsequently heated by
a heat transfer fluid at 90○C with a flow rate of 8.3 L/min. The present numerical model is configured
to replicate these exact operating conditions, and the comparative results are presented in Fig. 3. As
shown, the predictions from the current model show excellent agreement with both the numerical simu-
lations and experimental measurements reported in [59], thereby validating the accuracy of the proposed
numerical framework.

3.3.2 Validation of Metal Foam Enhanced Phase Change Heat Transfer Model
Numerical validation is conducted for phase change heat transfer enhanced by MF, benchmarking

against the experimental study [60]. The computational domain replicates a 100 mm × 100 mm × 30
mm rectangular enclosure containing a PCM with a melting range of 48.4○C–63.6○C and a latent heat
of 148.8 kJ/kg. The system incorporates an MF matrix with a porosity of 0.95 and a pore density of 5
PPI. As illustrated in Fig. 4, the numerical results exhibit a similar variation trend with the experimental
measurements. This close alignment confirms the fidelity and reliability of the proposed model in predicting
MF-enhanced phase change process.
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Figure 3: Comparison of simulation results and experimental results [59].
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Figure 4: Comparison of simulation results and experimental results [60].

3.3.3 Validation of Nanoparticle Enhanced Phase Change Heat Transfer Model
To validate the numerical model for nanoparticle-enhanced phase change process, a case study involving

a nanofluid with a 20 vol% nanoparticle concentration [61] is selected for replication. The established model
is employed to simulate the transient liquid fraction evolution under these specific conditions. The numerical
predictions are then compared with the reference data, as illustrated in Fig. 5. The results demonstrate an
excellent agreement between the current simulation and the values in reference [61], thereby confirming the
accuracy of the proposed numerical approach for modeling nano-enhanced phase change processes.
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Figure 5: Comparison of simulation results and experimental results [61].

3.3.4 Validation of Metal Foam and Nanoparticle Enhanced Phase Change Heat Transfer Model
To validate the numerical model for phase change heat transfer enhanced by the synergistic effect

of metal foams and nanoparticles, experimental results in reference [62] are selected for comparison. The
reference study utilized a composite structure consisting of porous foam with a porosity of 0.98 embedded
with 2 wt% graphite nanoparticles. Paraffin wax served as PCM with a melting point of 60○C. The system
was initialized at 20○C and heated to a boundary temperature of 70○C. Fig. 6 compares the experimental
data with the predictions from the current model. As shown, the proposed model accurately reproduces both
the experimental measurements and numerical results reported in [62], thereby validating its accuracy in
simulating hybrid-enhanced phase change processes.
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20

30
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70

T

t / min

This study
Experiment in reference
Simulation in reference

Figure 6: Comparison of simulation results and experimental results [62].
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4 Results and Discussion

4.1 Comparison of the Enhancement
Fig. 7 compares the transient liquid fraction and total melting time for the thermal energy storage

unit containing: pure PCM, fin, fin-foam composite, and fin-foam-nanoparticle hybrid structure. As shown
in Fig. 7a, the pure PCM case exhibits the lowest liquid fraction evolution. The melting rate progressively
accelerates with the incorporation of fins, metal foams, and nanoparticles. Consequently, the hybrid structure
(fins + foam + nanoparticles) achieves the highest liquid fraction during the whole melting process. Fig. 7b
quantitatively evaluates the total melting time and the corresponding heat transfer enhancement. The pure
PCM requires 1986 s to fully melt. The addition of fins reduces this time to 913 s, representing a 54.03%
reduction. Integrating metal foam further shortens the melting time to 553 s, increasing the total time
savings to 72.16% relative to the pure PCM case, i.e., an additional 18.13% improvement over the fin-
only scenario is achieved. Finally, dispersing 15 vol% nanoparticles into the matrix reduces the melting
time to 412 s, yielding a total reduction of 79.25% (an additional 7.09%). This comparative analysis clearly
demonstrates the synergistic heat transfer enhancement achieved by the sequential addition of fins, metal
foams, and nanoparticles.
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Figure 7: Comparison of the (a) transient melting fraction and (b) complete melting time for heat storage with pure
PCM, fin, fin-metal foam, and fin-foam-nanoparticle hybrid.

4.2 Influence of Porosity
4.2.1 Transient Melting Fraction and Complete Melting Time

Fig. 8 depicts the influence of metal foam porosity on the transient liquid fraction and total melting
duration. Fig. 8a reveals a clear inverse correlation between porosity and melting kinetics: systems with lower
porosity exhibit markedly faster phase change rates. The configuration with ε = 0.98 demonstrates the most
rapid melting progression. This behavior is driven by the enhanced effective thermal conductivity associated
with a denser metal matrix (lower ε), which facilitates more efficient heat diffusion into the PCM. Notably, the
discrepancies in liquid fraction among different porosities diverge progressively over time. This divergence
stems from the cumulative effect of superior heat flux penetration in low-porosity foams, which sustains a
larger driving temperature difference, thereby accelerating the melting front propagation relative to high-
porosity cases. Quantitative analysis in Fig. 8b confirms these trends. The baseline case with high porosity
(ε = 0.995) requires 553 s for complete melting. A reduction in porosity to 0.99 decreases this duration to
397 s, i.e., a 28.2% improvement. The most significant enhancement is observed at ε = 0.98, where the melting
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time is minimized to 256 s, achieving a substantial 53.7% reduction relative to the one with a porosity of
0.995. These results underscore that optimizing metal foam porosity towards lower values is a highly effective
strategy for intensifying heat transfer in latent heat storage systems, primarily by maximizing the conductive
thermal pathway.
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Figure 8: Comparison of the (a) melting fraction and (b) melting time for different porosity designs.

4.2.2 Melting Front
Fig. 9 compares the transient evolution of the melting interface in metal foams with varying porosities.

At 50 s, no significant differences are observed among the cases, as the system has not yet developed distinct
thermal gradients driven by the foam structure. However, by 100 s, the influence of porosity becomes
apparent, and the disparities in the melting front morphology further widen at 150 s. For the high porosity
case (ε = 0.995), the melting front in the upper region exhibits a highly distorted and curved profile. As
porosity decreases, this curvature diminishes, resulting in a progressively flatter and more uniform interface.
This phenomenon is attributed to the fact that lower porosity reduces the pore diameter, thereby increasing
flow resistance and suppressing natural convection. Consequently, heat transfer shifts towards a conduction-
dominated regime, which promotes a more uniform melting front. Specifically, in the case with ε = 0.995, the
pronounced curvature is confined to the upper PCM region where natural convection is vigorous. In contrast,
the region below the lower fins remains relatively flat because heat transfer there is primarily governed by
conduction, with limited convective activity. By 200 s, substantial unmelted PCM remains in the case with a
porosity of 0.995, whereas the case with ε = 0.98 has already achieved complete melting. This confirms that
lower porosity facilitates more efficient heat diffusion, accelerating the phase change process. At 250 s, when
the porosity takes a value of 0.98, the configuration is nearly fully melted, while significant solid regions
persist in the one with ε = 0.995.

4.2.3 Temperature Distribution
Spatial temperature distribution provides insights into the underlying heat transfer dynamics. Fig. 10

illustrates the transient thermal contours across varying metal foam porosities, revealing the mechanism
by which pore structure governs melting kinetics. At the early stage (50 s), notable deviations appear along
the solid-liquid interface. Specifically, the low-porosity configuration displays a more extensive and uniform
high-temperature zone, demonstrating its superior capacity to conduct heat across the phase boundary into
the solid core. As the process evolves to 100 s, a stark contrast emerges: the PCM in low-porosity tanks
uniformly exceeds 30○C, while substantial regions in the high-porosity tank (ε = 0.995) remain thermally
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lagging (<30○C). This thermal homogenization in the low-porosity case is achieved much earlier, whereas
the high-porosity system requires up to 200 s to elevate the entire domain above 30○C. By 250 s, the case
with ε = 0.980 exhibits advanced thermal saturation in the upper region, approaching the heating source
temperature, with only minimal solid remnants persisting at the bottom. Conversely, the high-porosity case
still struggles with thermal uniformity. These results underscore that reducing porosity enhances effective
thermal conductivity, thereby accelerating thermal propagation and ensuring a more rapid and uniform
phase change process.

Figure 9: Comparison of melting front in LHTES with different porosity designs.

Figure 10: Comparison of the temperature distribution inside tank with different porosity designs.

4.3 The Influence of Pore Density
4.3.1 Transient Melting Fraction and Complete Melting Time

Fig. 11 illustrates the impact of metal foam pore density on the melting performance of the thermal
energy storage unit. Fig. 11a depicts the transient liquid fraction for different PPI values. The configuration
with 10 PPI consistently exhibits the highest liquid fraction throughout the process. Notably, the 20 PPI case
outperforms the 30 PPI case. This trend is primarily attributed to the fact that increasing pore density reduces
the pore size, thereby significantly increasing internal flow resistance. This heightened resistance strongly
inhibits natural convection, which is a critical heat transfer mechanism during the melting phase. Fig. 11b
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quantitatively compares the total melting times. The case with metal foam of 10 PPI achieves the shortest
complete melting time of 553 s, whereas the one with 30 PPI requires the longest time of 596 s. Consequently,
the higher pore density (30 PPI) results in a 7.78% increase in melting time compared to the optimal case
(10 PPI). These results indicate that lower pore densities are more favorable for enhancing heat transfer by
facilitating stronger natural convection currents.
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Figure 11: Comparison of transient (a) melting fraction and (b) melting time in tank with different pore density designs.

4.3.2 Melting Front and Streamline
To elucidate the effect of metal foam pore density on natural convection, Fig. 12 presents the evolution of

phase interfaces and streamlines for different PPI configurations. Comparisons of the melting front contours
and streamline distributions at 80, 160, and 240 s reveal that increasing pore density results in a progressively
flatter melting front in the upper PCM region. This morphological change is attributed to the increased flow
resistance caused by reduced pore sizes, which significantly weakens internal natural convection. The velocity
contours in the figure further corroborate this mechanism. As pore density increases, the flow velocity of
the liquid PCM markedly decreases. Specifically, the case with a pore density of 10 PPI exhibits high-velocity
flow zones (indicated by red), whereas the 20 PPI case shows reduced velocities (green). At 30 PPI, the flow
velocity is minimal, with the field dominated by low-velocity regions (blue). This suppression of natural
convection leads to a noticeable lag in the melting progress of the upper PCM. By 320 s, the upper PCM in
the tank with low pore density (10 PPI) has completely melted, whereas significant unmelted regions persist
in the upper section of the tank with high pore density (30 PPI).

4.3.3 Average Velocity
While Fig. 12 qualitatively illustrates the streamline patterns at characteristic moments, Fig. 13 provides

a quantitative comparison of the average fluid velocity to assess the impact of pore density on convective
intensity. Fig. 13a depicts the evolution of the instantaneous average velocity. The 10 PPI configuration
consistently exhibits the highest velocity throughout the melting process, whereas the 30 PPI case shows
the lowest. Notably, the 10 PPI foam maintains a significantly stronger flow field compared to higher pore
densities. Fig. 13b summarizes the time-averaged velocities over the entire melting duration. The 10 PPI tank
achieves an average velocity of 0.05091 m/s. As the pore density increases to 20 PPI, the average velocity
drops to 0.02965 m/s, representing a 41.76% reduction. A further increase to 30 PPI causes the velocity to
decrease to 0.01801 m/s, corresponding to a substantial 64.62% decrease relative to the 10 PPI baseline. These
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results quantitatively confirm that increasing pore density severely suppresses natural convection within the
metal foam matrix.

Figure 12: Comparison of complete melting front and streamlines under different pore density designs.
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Figure 13: Comparison of (a) transient velocity and (b) integral average velocity under different pore density designs.

4.4 The Influence of Nanoparticle Concentration
Fig. 14 compares the transient liquid fraction for different nanoparticle concentrations. The results

indicate a positive correlation: at any given time, higher nanoparticle concentrations yield higher liquid
fractions. This enhancement is attributed to the increased effective thermal conductivity of the nanofluid-
PCM hybrid, which accelerates heat diffusion during phase change. Within the concentration range studied
(0%–15%), no decline in melting performance is observed. However, it is important to note that this trend is
specific to the tested range. At significantly higher concentrations, the consequent rise in dynamic viscosity
would suppress natural convection. If this convective inhibition outweighs the conductive enhancement,
the overall melting rate would decrease. Fig. 15 presents the velocity contours, confirming that increasing
nanoparticle concentration leads to a reduction in fluid velocity within the tank due to higher viscosity.
Despite this, the net effect in this study remains positive. Fig. 14b quantifies the total melting time. The
baseline case (0% nanoparticles) required 553 s. Adding 5% nanoparticles reduces the time to 505 s (an
8.68% reduction). Further increases to 10% and 15% shorten the melting time to 456 s (17.54% reduction) and
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412 s (25.49% reduction), respectively. These results demonstrate that, within the investigated range, thermal
conductivity enhancement dominates over the viscous damping of natural convection.
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Figure 14: Comparison of (a) transient melting fraction and (b) melting time in tank with different nanoparticle
concentrations.

Figure 15: Comparison of velocity distribution under different nanoparticle additions.

4.5 The Interaction Effect of Metal Foams on the Filling of Nanoparticles
Fig. 16a compares the complete melting time under varying porosities and pore densities. The results

show that increasing porosity leads to a longer melting time, primarily due to the reduced volume fraction
of the high-conductivity metal matrix. However, the relative enhancement ratio provided by nanoparticles
increases with porosity. Specifically, as porosity rises from 0.980 to 0.985 and 0.995, the average enhancement
ratio increases from 10.54% to 11.90% and 17.24%, respectively. This trend occurs since higher porosity
weakens the intrinsic heat conduction of the foam, the conductive bridge formed by nanoparticles becomes
the decisive factor for heat diffusion. A similar synergistic mechanism operates with pore density. As
pore density increases, natural convection is increasingly suppressed, shifting the dominant heat transfer
mode towards conduction. Consequently, adding nanoparticles yields a greater marginal gain in high-PPI
configurations. For 10 PPI, the average enhancement is 13.36%; this rises to 13.68% for 20 PPI and 14.08%
for 30 PPI. The maximum enhancement (14.08%) is observed at the combination of highest porosity (0.995)
and highest pore density (30 PPI), where both conduction and fluid convection are weakest, maximizing
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the relative contribution of nanoparticle-enhanced conductivity. Fig. 16b illustrates the interaction effects
of these three factors on melting time. Sensitivity analysis reveals that porosity exerts the most significant
influence on the response, followed by nanoparticle concentration, while pore density has the relatively
smallest impact.
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Figure 16: (a) Comparison of complete melting time and changing ratio under different porosities, pore densities and
nanoparticle additions and (b) Interaction diagram.
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4.6 The Heat Storage Characteristic
Heat storage capacity is a critical metric for evaluating thermal energy storage performance. This section

conducts a comparative calculation and analysis of the total heat storage capacity and heat storage rate. The
calculations are carried out using the following formulas respectively.

The total heat storage:

Qtotal (t) = cp f m (Tave (t) − Tinitial) +mL fl (t) (22)

The heat storage rate:

qave =
Qtotal (tfull)

tfull
(23)

Fig. 17 compares the transient cumulative heat storage for metal foam tanks infused with 15% nanoparti-
cles. The results indicate that at any given time, the configuration with 0.980 porosity achieves the highest heat
storage. Increasing the porosity leads to a progressive decline in cumulative heat storage. The curves primarily
cluster based on porosity, with minor variations observed between similar porosity values. Furthermore,
under constant porosity, increasing the pore density also reduces the transient heat storage. This degradation
is attributed to the suppression of natural convection caused by higher flow resistance in finer pores, which
significantly lowers the heat absorption rate. Consequently, the metal foam with a porosity of 0.980 and a
pore density of 10 PPI demonstrates the most rapid heat accumulation, achieving the highest energy uptake
throughout the melting process.
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Figure 17: Comparison of transient heat storage under different porosities, pore densities, and nanoparticle additions.
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To quantitatively evaluate performance, the average heat storage rate is calculated for twelve structural
designs. Fig. 18a compares the total heat storage capacity. The results show that the configuration with the
porosity of 0.995, the pore density of 10 PPI, and the nanoparticle concentration of 15% achieves the highest
total capacity. This is attributed to its prolonged melting duration and higher final average temperature.
However, maximum capacity does not equate to the fastest charging speed. Fig. 18b reveals that the average
heat storage rate declines significantly as porosity increases. For the case with a pore density of 10 PPI,
increasing porosity from 0.980 to 0.985 reduces the rate from 1.322 to 1.124 kW (a 14.96% drop). A further
increase to 0.995 causes a drastic fall to 0.709 kW, representing a 46.37% reduction. In contrast, the impact of
pore density is less pronounced. At constant porosity, increasing pore density from 10 PPI to 20 PPI lowers the
rate by only 3.92% (from 1.322 to 1.270 kW), and to 30 PPI by 4.65% (to 1.260 kW). Consequently, the optimal
design for power density is the tank with the porosity of 0.980, pore density of 10 PPI, and nanoparticle
concentration of 15%, achieving a peak average rate of 1.322 kW. Conversely, the slowest performance is
observed in the configuration (porosity = 0.995, pore density = 30 PPI), with a power density of 0.641 kW.
Comparing these extremes, the fastest design outperforms the slowest by 51.47%, highlighting the critical
influence of structural parameters on charging efficiency.
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Figure 18: Comparison of (a) total heat storage and (b) average heat storage rate under different porosities, pore
densities, and nanoparticle additions.

5 Conclusion
This paper investigates the transient solid-liquid phase change in a hybrid that comprises PCM, fin, MF,

and nanoparticles. The synergistic influence of the three thermal spreaders has been examined using a well-
verified numerical model. A set of numerical simulations have been performed. Based on the comprehensive
numerical investigations into the coupled enhancement effects of fin, MF, and nanoparticles on solid-liquid
phase change, the following conclusions are drawn:

(1) Porosity is the dominant factor governing the melting rate. Reducing porosity significantly enhances
the heat transfer rate and shortens the melting time. Specifically, decreasing porosity from 0.995 to
0.980 reduces the melting time by 53.71%.

(2) Increasing pore density suppresses natural convection, thereby decelerating the melting process. A rise
in pore density from 10 PPI to 30 PPI results in a 64.62% decrease in average liquid velocity, extending
the complete melting time by 7.78%. This highlights the inherent trade-off between conductive
enhancement and convective restriction in metal foam structures.

(3) Nanoparticle addition improves thermal conductivity and accelerates phase change in a concentration-
dependent manner. Incorporating nanoparticles up to a 15% concentration reduces the melting
time by 25.49%, as the conductive enhancement outweighs the minor suppression of natural con-
vection. Higher concentration consistently improves transient melting fractions and overall energy
storage performance.

(4) A synergistic interaction exists between metal foam and nanoparticles, where the enhancement effect
of nanoparticles is more pronounced under conditions of weaker intrinsic conduction. The maximum
heat transfer enhancement from nanoparticles occurs in metal foam with a porosity of 0.995 and a
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pore density of 30 PPI, where the conductive network is the least effective. Consequently, the optimal
design in this study achieves a 51.47% higher heat storage rate compared to the worst-case scenario.

These findings provide critical guidance for the multi-parameter design of thermal energy storage
systems and underscore the importance of coupled enhancement strategies. While this study considers
nanoparticle concentrations up to 15%, achieving such high loadings presents challenges in practical
applications due to aggregation. To address this, future engineering implementations should incorporate
surfactants to ensure uniform dispersion, thereby enabling higher stable nanoparticle concentrations and
maximizing thermal performance.
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