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A B S T R A C T

This study explores the enhancement of charging performance in a triplex-tube latent heat thermal energy 
storage system (TTHX) by integrating longitudinal fins and alumina nanoparticles in phase change materials 
(PCMs). Numerical simulations are conducted to systematically examine the influence of fin length, thickness, 
number, and orientation, alongside the impact of nano-enhanced PCMs (NEPCMs) to identify optimal configu
rations for improved charging performance. The results show that incorporating fins accelerates the melting 
process, with thinner, more numerous fins providing the greatest enhancement. The optimal configuration, 
consisting of 64 fins with a reduced thickness of 125 µm, achieved an 86% reduction in charging time compared 
to the baseline case without fins. While adding nanoparticles to the PCM further improved heat transfer, con
centrations exceeding 4% led to a decline in the system’s overall thermal storage capacity. Among the PCMs 
studied, RT80-HC outperformed RT82 due to its higher latent heat of fusion and narrower phase-change tem
perature range. Additionally, horizontal fin configurations demonstrated a slight advantage by increasing the 
solid–liquid interface area, further enhancing melting efficiency. This study provides a comprehensive analysis of 
fin optimization and NEPCM integration in TTHXs, offering a better insight into maximizing thermal energy 
storage performance. The findings contribute to the development of more efficient latent heat thermal energy 
storage systems, supporting advancements in renewable energy utilization.

1. Introduction

Solar thermal energy holds great potential as a renewable energy 
source, however its intermittent nature poses challenges for consistent 
energy supply [1,2]. To address this issue, thermal energy storage sys
tems, particularly latent heat thermal energy storage systems (LHTESS), 
are attractive due to their high energy storage capacity and ability to 
maintain nearly constant temperatures during energy storage and 
release [3,4]. LHTESS relies on phase change materials (PCMs), which 
store and release energy through phase transitions, typically between 
solid and liquid states [5]. However, the widespread adoption of LHTESS 
is hampered by the inherently low thermal conductivity of most PCMs, 
which limits the efficiency of charging and discharging processes [5,6].

Organic PCMs are often preferred over inorganic alternatives due to 
their favorable properties, such as thermal stability, chemical inertness, 
non-corrosiveness, and cost-effectiveness [7]. They also exhibit high 
latent heat capacity, consistent melting behavior, minimal phase 

segregation, and negligible volume changes during phase transitions 
[6]. These characteristics make organic PCMs suitable for diverse ap
plications, including building energy storage, waste heat recovery, and 
battery thermal management [8]. Despite these advantages, the low 
thermal conductivity of PCMs remains a critical limitation that must be 
addressed to improve the performance of LHTESS.

To enhance the thermal conductivity of PCMs, various strategies 
such as the use of fins [9] and the dispersion of nanoparticles within 
PCM [10], have been explored. Fins are widely employed due to their 
simplicity, cost-effectiveness, and ability to improve heat transfer rates 
[11,12]. Similarly, the addition of nanoparticles, particularly metal 
oxides like alumina (Al2O3), has been shown to significantly enhance the 
thermal conductivity of PCMs [2]. Alumina nanoparticles are particu
larly favored due to their stability, availability, and superior thermo- 
physical properties [13,14]. Among the various configurations of 
LHTESS, triplex-tube heat exchangers (TTHXs) have gained attention for 
their ability to facilitate simultaneous charging and discharging, thereby 
improving overall system efficiency [15,16]. Previous studies have 
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attempted to optimize TTHXs by exploring different fin geometries, 
sizes, and materials, as well as the impact of nanoparticle-enhanced 
PCMs [17–21]. For instance, Liu and Tao [22] demonstrated that lon
gitudinal fins outperform annular fins in enhancing LHTESS perfor
mance, while Al-Abidi et al. [23,24] highlighted the significant 
influence of fin parameters (thickness, length, and number) on the 
charging rate of TTHXs.

Despite these advancements, several research gaps remain. While the 
benefits of fins and nanoparticles on LHTESS performance are well- 
documented, the specific effects of varying fin parameters (e.g., num
ber, length, and thickness) on the melting process in TTHXs have not 
been fully explored. Additionally, there is limited research on the 
optimal nanoparticle volume fraction for enhancing energy storage in 
TTHXs. Furthermore, new paraffin materials with higher latent heat of 
fusion, such as RT80-HC, and the impact of fin orientation (horizontal 
versus vertical) on system efficiency have not been thoroughly investi
gated. This study addresses these gaps by systematically examining the 
effects of fin incorporation and nanoparticle dispersion on the melting 
process in a triplex-tube thermal energy storage system. The influence of 
fin number, length, and thickness on system performance is investigated 
while maintaining a constant PCM volume. The optimal nanoparticle 
volume fraction for enhancing thermal conductivity is determined, and 
the performance of RT80-HC paraffin is compared with RT82 paraffin in 
terms of melting time and total thermal energy storage. Additionally, the 
impact of fin orientation on system efficiency is evaluated by comparing 
novel horizontal and vertical configurations with conventional designs. 
The novelty of this research lies in its comprehensive approach to 
optimizing fin parameters and nanoparticle dispersion within a TTHX, 
as well as its exploration of new PCM materials and fin orientations, 
which, to the best of the authors’ knowledge, have not been previously 
addressed in the literature. This work contributes to the advancement of 
LHTESS optimization and provides valuable insights for designing more 
efficient thermal energy storage systems, thereby supporting the 
broader goal of sustainable energy utilization.

2. Problem statement and formulation

2.1. Physical model

The triplex-tube heat exchanger (TTHX) analyzed in this study 

consists of three concentric tubes, forming three distinct regions that 
facilitate efficient thermal energy storage and transfer. The middle re
gion, located between the inner and middle tubes, is filled with phase 
change material (PCM) and serves as the thermal energy storage me
dium. The inner and outer regions contain the heat transfer fluid (HTF) 
that transfers thermal energy to and from the PCM. The dimensions of 
the TTHX are based on the work of Al-Abidi et al. [24]. The inner, 
middle, and outer tubes have diameters of 50.8 mm, 150 mm, and 200 
mm, respectively, with corresponding thicknesses of 1.2 mm, 2 mm, and 
2 mm. The total length of the heat exchanger is 500 mm, and the system 
is oriented horizontally. Water is used as the HTF due to its cost- 
effectiveness and favorable thermophysical properties. In cases where 
nano-enhanced PCMs (NEPCMs) are considered, alumina nanoparticles 
are uniformly dispersed within the PCM to improve thermal conduc
tivity. The TTHX and fins are made of copper, selected for its high 
thermal conductivity. The thermophysical properties of the materials 
used in this study, including PCMs, nanoparticles, and TTHX materials, 
are assumed to be constant and temperature-independent [25]. These 

Nomenclature

b fins thickness (mm)

C mushy zone constant 
(

kg m− 2 s− 2
)

Cp specific heat 
(

J kg− 1 K− 1
)

d fins length (mm)
g gravity acceleration

h sensible enthalpy 
(

J kg− 1
)

H enthalpy 
(

J kg− 1
)

ΔH latent heat
k thermal conductivity 

(
W m− 1 K− 1)

L latent heat of fusion 
(

J kg− 1
)

P pressure (Pa)
T temperature of PCM (K)
ui fluid velocity in the i-direction

Greek letter
β Thermal expansion coefficient 

(
K− 1)

λ liquid fraction

μ Dynamic viscosity 
(
kg m− 1 s− 1)

ρ Density of PCM 
(
kg m− 3)

φ volume fraction (concentration)

Subscripts
f fin
l liquid state
m melting range
n Nanoparticles
ref At reference temperature
s solid state
t total

Abbreviation
HTF Heat Transfer Fluid
HC Higher latent heat Capacity
LHTESS latent heat thermal energy storage systems
NEPCM nano-enhanced PCM
PCM phase change material
RT Rubitherm
TTHX Triplex-Tube Heat Exchanger

Table 1 
Thermophysical properties of the materials used in the study, including PCMs, 
nanoparticles, and TTHX components. Data is taken from [24,26].

Property PCM 
(RT82)

PCM 
(RT80- 
HC)

Alumina 
(Al2O3)

Copper 
(Cu)

Density in solid 
state,ρs[kg m− 3]

950 900 3600 8978

Density in liquid 
state,ρl

[
kg m− 3]

770 800 − −

Specific heat,Cps,

Cpl

[
J kg− 1 K− 1

]
2000 2000 0.765 381

Melting temperature 
range,Tm[

◦C]
77–85 77–80 − −

Latent heat of 
fusion,L[kJ kg− 1]

176 220,000 − −

Thermal 
conductivity,k

[
W m− 1 K− 1]

0.2 0.2 36 387.6

Dynamic 
viscosity,μ[kg m− 1 s− 1]

0.03499 0.03499 − −

Thermal expansion 
coefficient,β

[
K− 1]

0.001 0.001 − −
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properties are summarized in Table 1. This study systematically in
vestigates the effects of various fin configurations, including fin length, 
thickness, number, and orientation, along with the impact of nano
particle dispersion and different PCM materials on the thermal perfor
mance of the TTHX. The specific parameters and variations examined 
are detailed in Table 2.

2.2. Mathematical model

To model the melting process of the PCM in TTHX, several simpli
fying assumptions were made. The PCM flow was considered incom
pressible, transient, and laminar, with negligible viscous dissipation 
effects. The influence of natural convection was accounted for using the 
Boussinesq approximation in the energy equation, which incorporates 
buoyancy forces due to density variations. The thermophysical proper
ties of the PCM were assumed to be constant, and heat transfer between 
the TTHX and its surroundings was neglected. Additionally, volume 
changes in the PCM during phase transition were not considered. 
Accordingly, the governing equations for mass, momentum, and energy 
conservation in the PCM region were formulated, respectively, as shown 
in Eq. (1) to (3) [27]: 

∂i(ρui) = 0 (1) 

∂t(ρui) + ∂i
(
ρuiuj

)
= μ∂jjui − ∂ip + ρgi + Si (2) 

∂t(ρh) + ∂t(ρΔH) + ∂i(ρuih) = ∂i(k∂iT) (3) 

where ui is the fluid velocity in the i-direction, ρ is the density of PCM, μ 
is the dynamic viscosity, p is the pressure, g is the gravity acceleration, h 
is the sensible heat, ΔH is the latent heat and k is the thermal conduc
tivity of PCM.

The sensible heat of the PCM was defined as a function of tempera
ture, while the total enthalpy was expressed as the sum of sensible and 
latent heat components. Eq. (4) determines the total enthalpy of PCM 
defined as [28]: 

H = h + ΔH (4) 

where, the sensible heat (h) can be expressed as Eq. (5) [29]: 

h = href +

∫ T

Tref

cpdT. (5) 

The latent heat can be expressed by Eq. (6) [30,31]: 

ΔH = λ⋅L (6) 

where href is reference enthalpy at reference temperature (Tref), cp is the 
specific heat capacity of PCM at constant pressure L is the latent heat of 
fusion and λ is the liquid fraction of PCM that ranges between 0 (for 
solid) to 1 (for liquid) and can be computed by Eq. (7) [12,32]: 

λ =

⎛

⎜
⎜
⎜
⎜
⎝

0 if T < Ts

1 if T > Tl

T − Ts

Tl − Ts
if Tl > T > Ts

⎞

⎟
⎟
⎟
⎟
⎠

(7) 

Eqs. (8) and (9) showed how to calculate the density of PCM [30]: 

ρ = ρm⋅(1 − β⋅(T − Tm) ) (8) 

Tm =
Tl + Ts

2
. (9) 

where, ρm is the density of PCM in the liquid phase, β is the thermal 
expansion coefficient and Tm is the average temperature of PCM [33].

The enthalpy-porosity technique [27] was used to model solidifica
tion and melting in the simulations. Hence, the following source term 
(Eq. (10) was added to the momentum equation to suppress fluid ve
locities in solid regions [34]: 

Si = C⋅(1 − λ)2⋅
ui

λ3 + ε
(10) 

here, C is the mushy-zone constant, which is 105 based on the criterion 
defined by Ebrahimi et al. [35]. ε is a small constant (10-3) to avoid 
division by zero.

For nano-enhanced PCMs (NEPCMs), the effective density, specific 
heat capacity, and latent heat were calculated using equilibrium mixture 
models. The dynamic viscosity and thermal conductivity were estimated 
based on established correlations 11 to 13 that incorporate the effects of 
nanoparticle Brownian motion. Accordingly, the effective density, spe
cific heat capacity and latent heat were approximated using the 
following expressions, respectively [36,37]: 

ρnpcm = φn⋅ρnp + (1 − φn)⋅ρpcm (11) 

(
ρ⋅cp

)

npcm = φn⋅
(
ρ⋅cp

)

np + (1 − φn)⋅
(
ρ⋅cp

)

pcm (12) 

(
ρ⋅Lf

)

npcm = (1 − φn)⋅
(
ρ⋅Lf

)

pcm (13) 

The dynamic viscosity and thermal conductivity of the NEPCMs were 
modeled using expressions developed by Vajjha et al. [36], incorpo
rating the effects of Brownian motion of nanoparticles. φs is the per
centage of occupied volume by solids (fins or nanoparticles) [25] and 
can resulted in: 

φs =
Vs

Vt
(14) 

In the simulations, the heat transfer fluid (HTF) was maintained at a 
constant inlet temperature of 90◦C throughout the melting process, 
while the PCM was initially set at 27◦C in its solid state. The use of a 
constant HTF temperature as a boundary condition has been validated 
by showing good agreement with empirical model results [25]. The 
boundary conditions applied were as follows: at the inner radius (r = R1) 
and outer radius (r = R2) of the PCM region, the temperature was fixed at 
90◦C. Additionally, at the initial time (t = t0), the temperature of the HTF 

Table 2 
Summary of studied cases, detailing variations in fin length, thickness, number, 
orientation, nanoparticle dispersion, and PCM selection in the TTHX.

Model Case 
#

Number of 
fins

φf φn b 
[mm]

d 
[mm]

Fin length 1 0 0.0 − 1 0
2 8 0.005 − 1 10
3 8 0.01 − 1 20
4 8 0.015 − 1 30
5 8 0.02 − 1 40
6 8 0.024 − 1 48.4

Fin thickness 7 8 0.04 − 2 40
8 8 0.06 − 3 40
9 8 0.08 − 4 40

Fin numbers 10 4 0.01 − 1 40
11 6 0.015 − 1 40

Nanoparticles 
concentration

12 0 − 0.02 − −

13 0 − 0.04 − −

14 0 − 0.08 − −

PCMs 15 8 0.02 − − 40
(PCM RT80-HC)
Fin contact angle ​ ​ ​ ​ ​ ​
Horizontal fins 16 8 0.02 − 1 40
Vertical fins 17 8 0.02 − 1 40
Fin thickness and 

number
18 16 0.02 − 0.5 40
19 32 0.02 − 0.25 40
20 64 0.02 − 0.125 40

Fin length and 
number

21 12 0.02 − 1 26.6
22 16 0.02 − 1 20
23 20 0.02 − 1 16.8
24 32 0.02 − 1 10
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was set to 90◦C. The applied boundary conditions were consistent with 
those used in previous studies [24], ensuring reliable comparisons with 
experimental data.

2.3. Numerical implementation

The phase change process in the triplex-tube heat exchanger (TTHX) 
was simulated using ANSYS Fluent 16.0, a computational fluid dynamics 
(CFD) software based on the finite-volume method. A pressure-based 
solver with double precision was employed to ensure numerical accu
racy. The Quadratic Upstream Interpolation for Convective Kinematics 
(QUICK) scheme was used to discretize the governing equations, while 
the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) al
gorithm was applied to couple the pressure and velocity fields. The 
Pressure Staggered Option (PRESTO) scheme was selected for pressure 
interpolation, and second-order upwind schemes were used for the 
momentum and energy equations. To maintain numerical stability, 
under-relaxation factors were set to 0.3 for pressure, 0.4 for velocity, 1.0 
for energy, and 0.4 for the liquid fraction. Convergence criteria required 
scaled residuals to reach 10-3 for continuity and momentum equations 
and 10-6 for the energy equation at each time step. To optimize 
computational resources, a half-section model of the TTHX was used for 
most simulations, except in cases involving six fins, where the full ge
ometry was necessary to accurately capture flow dynamics (Fig. 1).

3. Model verification

3.1. Grid independence and time step independence analysis

To ensure the accuracy and efficiency of the numerical model, a grid 
independence and time step independence analysis was conducted for 
Case 6, and the results are presented in Fig. 2. (a) Three different grid 
resolutions (with 13,718, 17,006, and 22,000 cells) were examined to 
determine the optimal grid size. The liquid fraction during the melting 
process was analyzed for each grid size. The difference in liquid fraction 
between the 17,006 and 22,000 grid cases was minimal, at just 0.52%, 
indicating that further refinement beyond 17,006 grids offers negligible 
improvements. In contrast, the difference between the 13,718 and 

17,006 grid cases was more pronounced at 4%. To balance computa
tional efficiency with accuracy, the grid size of 17,006 was selected for 
subsequent simulations.

The impact of different time steps (0.01, 0.05, 0.1, and 0.5 s) on the 
results was also evaluated for Case 6. The analysis showed that the 
difference in liquid fraction values predicted using time steps of 0.05 and 
0.1 s was only 0.005%, which is negligible. Therefore, a time step of 0.1 s 
was chosen. This choice ensures that the model is both accurate and 
computationally efficient. The results of the grid size and time step in
dependence analyses are illustrated in Fig. 2, which shows the variation 
in liquid fraction during the PCM melting process under the different 
conditions tested.

3.2. Model validation

The numerical model developed for the TTHX was validated against 
both experimental and numerical results reported by Al-Abidi et al. [24]. 
The same boundary conditions, initial conditions, and material proper
ties were used to ensure a consistent comparison. Fig. 3 shows the 
present numerical predictions in comparison to the data reported by Al- 
Abidi et al. [38]. During the initial phase of the simulation, up to 500 s, 
the temperatures obtained from the model showed some discrepancies 
compared to the experimental data. This deviation was primarily 
observed in the regions near the tube walls, where temperature rise was 
more pronounced in the numerical predictions. In Al-Abidi’s experi
ments, thermocouples were not in direct contact with the tube walls, 
which explains the absence of this initial temperature rise in their 
experimental results. Consequently, the higher average temperature 
observed in the numerical simulation is considered reasonable. After the 
initial 500 s, the numerical results aligned more closely with both Al- 
Abidi’s experimental and numerical data, as shown in Fig. 3 The higher 
average temperatures predicted by the numerical model are reasonable 
given the absence of environmental heat losses in the simulations. This 
validation confirms that the model accurately represents the thermal 
behavior of the TTHX system, particularly after the initial phase of the 
melting process.

4. Results and discussion

4.1. The influence of conjugated heat transfer

At the start of the melting process in the triplex-tube heat exchanger 
(TTHX), heat transfer within the phase change material (PCM) is pri
marily governed by thermal conduction [39]. This is due to the limited 
amount of molten PCM, which restricts the effects of natural convection. 
As the melting process progresses and more liquid PCM forms, natural 
convection becomes increasingly dominant, significantly enhancing 
heat transfer. However, in the lower regions of the TTHX, where molten 
material movement is minimal, conduction remains the primary heat 
transfer mechanism. To improve heat transfer in these conduction- 
dominated regions, the use of extended surfaces, such as fins, is partic
ularly effective. Fins enhance heat transfer by increasing the contact 
area between the PCM and the heat exchanger walls. A symmetrical fin 
arrangement is preferred to ensure balanced thermal performance dur
ing both the charging (melting) and discharging (solidification) phases 
of the thermal cycle [40,41].

The numerical simulations show the critical role of solid compo
nents, including the TTHX walls and fins, in influencing the heat transfer 
process. The results shown in Fig. 4 demonstrate that when conjugate 
heat transfer is considered in the model, a reduction in PCM melting 
time is observed compared to simulations that neglect heat transfer 
through solid regions. Specifically, neglecting heat conduction in the 
solid components results in an 11.39% underestimation of the melting 
time. This underscores the importance of accurately modeling heat 
conduction within the TTHX structure to obtain realistic predictions of 
system performance.

Fig. 1. Schematic of the triplex-tube heat exchanger (TTHX) with eight lon
gitudinal fins.
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4.2. Cases with variable PCM volume in the system

4.2.1. The effect of fin length
The impact of fin length on the charging performance of the TTHX 

was analyzed by varying the fin length while keeping the number of fins 
constant at eight. The tested fin lengths were 10 mm, 20 mm, 30 mm, 
42 mm, and 48.4 mm. Longer fins increase the surface area for heat 
transfer, improving energy distribution within the PCM and accelerating 
the melting process.

The results in Fig. 5 indicate that increasing the fin length signifi
cantly reduces the charging time, but with diminishing returns at greater 
lengths. For instance, the charging time for the system with 42 mm fins 
was 6.28% shorter than that of the 30 mm fin configuration. Extending 
the fins to 48.4 mm further reduced the melting time by 9.61% 
compared to the 42 mm case. However, longer fins also increase system 
weight and manufacturing complexity, which must be considered in 
practical applications.

The results presented in Fig. 6 show that the melting times for the 
tested fin lengths were 6990 s (10 mm), 5540 s (20 mm), 4480 s (30 
mm), 3950 s (42 mm), and 3000 s (48.4 mm). Corresponding heat flux 
values were 245.8 W/m2, 306.8 W/m2, 377.5 W/m2, 423.3 W/m2, and 
460.5 W/m2, respectively. These findings confirm that increasing fin 
length enhances heat transfer and reduces melting time, but practical 
trade-offs related to weight, complexity, and structural integrity must be 
considered when optimizing fin design.

4.2.2. The effect of fin thickness
Fig. 7 shows the effect of fin thickness on the charging time in a 

TTHX equipped with eight fins. While increasing the thickness of the fins 
leads to a reduction in the charging, the impact is insignificant when 
compared with the effect of fin length. Specifically, the total melting 
times for Cases 5, 7, 8, and 9, corresponding to fin thicknesses of 1 mm, 

Fig. 2. (a) Effect of grid size on the predicted liquid fraction. (b) Influence of time-step size on the numerical simulation results.

Fig. 3. Validation of the present numerical model against experimental and 
numerical data from Al-Abidi et al. [14].

Fig. 4. Influence of conjugate heat transfer on the PCM melting process, 
highlighting the effect of solid components in the TTHX.
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2 mm, 3 mm, and 4 mm, are 3950 s, 3680 s, 3450 s, and 3130 s, 
respectively. These results represent improvements in melting time of 
6.8%, 12.6%, and 20.7% for the thicker fins when compared to Case 5. 
However, despite these gains, the overall enhancement achieved by 
increasing fin thickness is insubstantial. This suggests that while thicker 
fins can contribute to faster charging, their impact is relatively limited 
compared to other factors, such as fin length, in optimizing the melting 
process in the TTHX system.

4.2.3. The effect of fin numbers
The impact of changing the number of fins in a TTHX was studied by 

increasing the number of fins from 0 to 8 while keeping their length and 
thickness constant. The results, shown in Fig. 8(a), indicate that 
increasing the number of fins leads to a reduction in the charging time. 
Specifically, the melting times for configurations with 0, 4, 6, and 8 fins 
are 9500 s, 5900 s, 4800 s, and 3950 s, respectively. However, as the 
number of fins increases, the rate of improvement in melting 

performance decreases. For instance, the improvements in charging time 
for cases with 4, 6, and 8 fins are 38.21%, 49.73%, and 59.37%, 
respectively, compared to the case with no fins.

Fig. 8(b) demonstrates that adding more fins reduces the volume of 
PCM available, which in turn decreases the overall energy storage ca
pacity of the TTHX system. The energy stored in cases with 4, 6, and 8 
fins is 1.752 MJ, 1.675 MJ, and 1.672 MJ, respectively. Despite this 
reduction in energy storage capacity, the increase in the number of fins 
enhances the heat flux from the heat transfer fluid to the PCM, making 
the addition of fins a logical choice to improve the system’s charging 
performance. The findings suggest that a design with fewer and longer 
fins is more effective at reducing charging time than one with a greater 
number of shorter fins for a system with a fixed PCM volume. This 
finding indicates that optimizing fin length might be more beneficial 
than increasing the number of fins for improving the overall efficiency of 
the thermal energy storage system.

4.2.4. The effect of dispersing nanoparticles in the PCM
Fig. 9 shows the effect of incorporating different concentrations (2%, 

4%, and 8%) of alumina (Al2O3) nanoparticles on the performance of 
NEPCMs in the thermal energy storage system. Alumina nanoparticles 
were selected for this investigation due to their frequent use compared 
to other nanomaterials. In Fig. 9(a), two distinct melting fronts (solid
–liquid interface) are visible in the TTHX, positioned near the inner and 
middle tubes. The melting front above the inner tube and below the 
middle tube shows a higher growth rate, primarily due to the dominance 
of natural convection. This leads to the formation of significant dead 
zones in the lower right and lower left regions of the TTHX, resulting in 
an increased charging time.

The addition of nanoparticles to the PCM reduces the total charging 
time. However, increasing the nanoparticle concentration beyond 4% 
leads to a noticeable decline in the system’s overall energy storage ca
pacity, as depicted in Fig. 9(b). The heat flux values recorded for the 
NEPCM cases are 196 W m− 2 for the 2% nanoparticle case (Case 12), 229 
W m− 2 for the 4% case (Case 13), and 241 W m− 2 for the 8% case (Case 
14), with corresponding total energy storage values of 1.78 MJ, 1.917 
MJ, and 1.65 MJ, respectively. Case 13, which contains 4% nano
particles, demonstrates a 10% improvement in charging time compared 
to the baseline case with pure PCM (Case 1). However, while higher 
concentrations of nanoparticles in the PCM enhance heat flux and 
reduce charging time, they also lead to a decrease in total energy 

Fig. 5. Effect of fin length on melting time, showing the relationship between 
fin extension and heat transfer efficiency.

Fig. 6. Influence of fin length on melting time in the TTHX.

Fig. 7. Effect of fin thickness on the melting fraction, demonstrating the limited 
impact of thickness variations.
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Fig. 8. (a) Contours of liquid fraction (left) and velocity magnitude (right) during the melting process for different fin numbers. (b) Liquid fraction variation with 
increasing fin count.
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storage. The data indicates that incorporating more than 4% nano
particles into the PCM does not provide additional benefits and may 
even adversely influence the charging time. Furthermore, when 
comparing the effects of nanoparticles with those of fins, the influence of 
nanoparticles on charging time is relatively limited. In Cases 12–14, the 
melting time is improved by 4.9%, 12.3%, and 28.27%, respectively, 
relative to Case 1. The 4.9% enhancement achieved with 2% NEPCM 
(Case 12) is minimal compared to the substantial improvements gained 
by adding fins, making the benefits of nanoparticle incorporation in 
phase transition systems somewhat insignificant. Nonetheless, in cases 
where attaching fins is impractical, dispersing nanoparticles in the PCM 
offers a viable alternative. Fig. 9(c) depicts the melting fraction of all 
NEPCM cases throughout the melting process. At the first 2000 s of 
melting process due to conduction domination and temperature 

difference reduction near of hot walls melting rate decrease through the 
time. Nanoparticles addition helps in both conduction and convection 
heat transfer, but limitation of total energy storage is the main challenge 
in usage of nanoparticles.

4.3. Cases with a fixed PCM volume in the system

4.3.1. The effect of fin contact angle
Fig. 10 illustrates the temperature and liquid fraction distribution 

contours for three different cases involving horizontal (Case 16), normal 
(Case 5), and vertical (Case 17) fin configurations. These models 
implement right-left symmetry in the arrangement of fins. There is a 
noticeable observation from Fig. 10 that, unlike variations in other pa
rameters of fins, changes in fin angles do not lead to desirable alterations 

Fig. 9. (a) Liquid fraction (left) and temperature distribution (right) for different NEPCM concentrations. (b) Effect of nanoparticle concentration on total thermal 
energy storage. (c) Liquid fraction evolution during the melting process for various NEPCM cases.
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in the melting process. In the vertical fin configuration, the liquid PCM 
exhibits higher values during the melting process. However, towards the 
end of the process, all the hot PCM liquids accumulate in the upper half 
of the thermal energy storage system. This accumulation makes the 
melting of dead zones more challenging and consequently increases the 
melting time of Case 17. The melting times for Cases 16, 17, and 5 are 
3825 s, 3950 s, and 3950 s, respectively, without any significant dif
ference compared to case 5. It is possible that optimizing the angle of fins 
may slightly increase the melting rate. Furthermore, Case 16 demon
strates a better enhancement in melting time (3.16% improvement) due 
to the horizontal configuration of fins, which provides a greater area of 
unstable liquid–solid interface, resulting in a decrease in melting time 
[42]. Ultimately, the results indicate that using horizontal fins is more 
advantageous than employing the conventional fin configuration.

4.3.2. The effect of variations in the fin thickness and number
Fig. 11 illustrates the combined effects of increasing the number of 

fins and decreasing their thickness on the melting time. Four cases 
(Cases 5, 18, 19, and 20) are considered, with a varying number of fins: 8 
(b = 1 mm), 16 (b = 0.5 mm), 32 (b = 0.25 mm), and 64 (b = 0.125 
mm), respectively. All cases maintain a constant fins volume fraction of 
2% throughout the changes in fin numbers. It’s worth noting that fins 
with smaller thickness are sometimes referred to as foils, which can be 
utilized for enhancing heat transfer in (PCMs) [43].

As it can be seen in Fig. 11(a), these cases have a significant impact 
on the melting time. Compared to Case 1 (no fins), the complete melting 
time is enhanced by 59.37%, 73.29%, 82.93%, and 86.38% for Cases 5, 
18, 19, and 20, respectively, as reported in Fig. 12c. Interestingly, Cases 
18 (2550 s), 19 (1630 s), and 20 (1300 s) exhibit significant reductions 
in melting time. Fortunately, due to the constant volume of PCM in each 

Fig. 10. Liquid fraction (left) and temperature distribution (right) for horizontal, conventional, and vertical fin orientations.
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case, the energy storage remains nearly the same.
Varying the thickness and number of fins offers several advantages. 

One key benefit is a significant increase in the melting rate compared to 
other designs. Moreover, the volume of the phase change material 
(PCM) remains the same, ensuring consistent energy storage. However, 
this approach comes with some challenges. Thinner fins can become 
fragile and may break during manufacturing or use. Another issue in
volves how the fins are connected to the tubes. Additionally, enhancing 
the efficiency of the phase change process requires enlarging the weld
ing area, which can introduce further complications. These challenges 
pose practical limitations on the utilization of thin and ultra-thin fins. 
Nevertheless, this model has a profound effect on the PCM melting rate. 
The increase in the number of fins extends the contact area between 
PCM and the thermal energy storage system, thereby enhancing heat 

transfer through conduction. It is important to note that the improve
ment in complete melting time diminishes as more fins are added. 
Fig. 11(b) and (c) demonstrates that the addition of 32 fins in Case 19 to 
Case 20 results in a decrease of 3.4% in melting time compared to Case 1.

4.3.3. The effect of variations in the fin length and number
The combined influence of fin length and the number of fins on the 

thermal performance of the triplex-tube heat exchanger (TTHX) was 
examined to determine the optimal configuration for enhancing heat 
transfer while maintaining energy storage capacity. Unlike previous 
analyses that investigated fin length and number independently, this 
section explores their combined effect, providing a more comprehensive 
understanding of their role in optimizing the melting process. In this 
analysis, multiple fin configurations were studied, with variations in 

Fig. 11. (a) Liquid fraction (left) and temperature (right) distributions for different fin numbers. (b) The influence of fin thickness-number on the liquid fraction 
evolution over time. (c) Comparison of the charging time for different fin numbers.
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Fig. 12. (a) Liquid fraction (left half contour) and temperature (right half contour) distributions for varying fin length-number configurations. (b) Comparison of 
melting times for different cases.
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both the number and length of fins while keeping the total PCM volume 
constant. The results presented in Fig. 12. show that increasing the 
number of fins improves heat transfer by expanding the contact area 
between the PCM and the fins. However, this enhancement is not purely 
linear, as excessive fin numbers can lead to diminishing returns. Simi
larly, longer fins improve conduction-based heat transfer but also reduce 
the volume of PCM available for thermal storage, introducing a trade-off 
between heat transfer efficiency and overall energy storage capacity.

The results indicate that an optimal balance exists between fin length 
and fin count. Configurations with moderate fin numbers and lengths 
tend to provide the best performance in terms of melting time reduction 
without significantly sacrificing energy storage capacity. The cases with 
16 and 20 fins demonstrated the most effective reduction in melting 
time, with only minor differences between them, suggesting that beyond 
a certain threshold, increasing the number of fins does not significantly 
enhance performance. One important observation is that the positioning 
and attachment of fins also play a crucial role in heat transfer efficiency. 
In the optimized designs, the lowest fin in the TTHX was attached to the 
outer tube, while the remaining fins were symmetrically distributed. 
This symmetrical arrangement ensured uniform heat transfer and 
improved melting uniformity across the PCM region. From a thermal 
management perspective, the study highlights that while adding more 
fins can enhance melting performance, a limit exists beyond which 
additional fins provide negligible benefits. Excessively increasing the 
number of fins can lead to manufacturing challenges, increased material 
costs, and potential structural issues, particularly if the fins become too 

thin. The results suggest that for a fixed PCM volume, optimizing both 
the number and length of fins is more effective than simply maximizing 
either parameter independently.

4.3.4. The effect of PCM
The choice of phase change material (PCM) plays a critical role in 

determining the thermal performance of a latent heat thermal energy 
storage system. In the present study, two different PCMs, RT80-HC and 
RT82, were compared to evaluate their influence on the melting process 
within the triplex-tube heat exchanger (TTHX). These materials differ 
primarily in their latent heat of fusion and melting temperature range, 
both of which significantly affect heat absorption, storage capacity, and 
phase transition behavior. The results shown in Fig. 13 indicate that 
RT80-HC exhibits a higher latent heat of fusion compared to RT82, 
meaning it can store and release more thermal energy per unit mass. 
Additionally, RT80-HC has a narrower melting temperature range 
(77–80 ◦C) compared to RT82 (77–85 ◦C), which contributes to a more 
uniform and efficient phase change process. The narrower melting range 
allows for a more concentrated heat transfer rate, improving energy 
absorption efficiency and reducing thermal losses during phase transi
tion. Despite these advantages, the simulation results show that RT80- 
HC leads to a slight increase in melting time compared to RT82, with 
a recorded difference of 1.6%. This counterintuitive result can be 
attributed to the fact that, while RT80-HC absorbs more energy due to its 
higher latent heat, the increased energy demand slightly slows down the 
complete melting process. However, the higher energy storage capacity 

Fig. 13. (a) Liquid fraction (left) and temperature (right) distributions for RT82 and RT80-HC PCMs. (b) Liquid fraction evolution during the melting process for 
both PCMs.
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of RT80-HC remains beneficial for applications where maximizing 
stored thermal energy is a priority.

The heat flux analysis further supports these findings, showing that 
RT80-HC achieves higher heat flux values than RT82, particularly in the 
early stages of melting. This behavior is linked to the proximity of the 
solid–liquid interface to the heat exchanger walls at the beginning of the 
melting process, which enhances conductive heat transfer. Over time, as 
natural convection becomes the dominant heat transfer mechanism, 
both PCMs exhibit similar melting patterns, but the higher energy ab
sorption capacity of RT80-HC slightly extends the total melting dura
tion. The total thermal energy stored during the charging process was 
found to be 1.724 MJ for RT80-HC and 1.672 MJ for RT82. While the 
difference in melting time is minimal, the superior energy storage ca
pacity of RT80-HC makes it the preferable choice for applications where 
maximizing stored heat is essential. However, in cases where rapid 
charging is a priority, RT82 may offer a slight advantage due to its 
marginally faster melting rate.

5. Conclusions

The enhancement of charging performance in a triplex-tube thermal 
energy storage system by incorporating longitudinal fins and dispersing 
alumina (Al2O3) nanoparticles in phase change materials (PCMs) was 
numerically investigated in the present study. A two-dimensional model 
based on the finite-volume method was used to study the influence of fin 
parameters, including length, thickness, number, and orientation, as 
well as the effects of nanoparticle concentration and different PCM 
materials on the system’s thermal response. The findings provide in
sights into optimizing latent heat thermal energy storage (LHTES) sys
tems to improve energy efficiency and reduce charging time.

The results demonstrated that the addition of fins significantly en
hances the charging process by improving heat transfer in the PCM re
gion. Increasing the fin length and number proved to be the most 
effective strategy for reducing melting time, while variations in fin 
thickness and orientation had a comparatively minor effect. The best 
performance was observed in configurations with a large number of 
thinner fins, where the melting time was reduced by over 86% compared 
to the baseline case without fins. However, practical considerations such 
as structural integrity and manufacturing challenges must be accounted 
for when designing systems with ultra-thin fins.

The incorporation of nanoparticles into the PCM also contributed to 
faster melting by enhancing thermal conductivity. However, excessive 
nanoparticle concentrations (more than 4%) reduced the overall ther
mal storage capacity of the system, highlighting the trade-off between 
improved heat transfer and diminished latent heat storage. Among the 
PCMs studied, RT80-HC exhibited superior performance compared to 
RT82 due to its higher latent heat of fusion and narrower phase change 
temperature range.

The study also demonstrated that horizontal fin configurations 
slightly outperformed conventional designs by increasing the solid
–liquid interface area, whereas the impact of fin orientation remained 
limited. Furthermore, the conjugate heat transfer effects in solid com
ponents were found to play a crucial role in accurately predicting the 
system’s thermal behavior, emphasizing the importance of accounting 
for heat conduction in numerical models.

These findings provide a deeper understanding of the interplay be
tween fin geometry, nanoparticle dispersion, and PCM selection in 
optimizing LHTES systems. Future research should explore advanced fin 
designs, such as perforated or porous structures, to further enhance 
melting performance while maintaining mechanical stability. Addi
tionally, experimental validation of the proposed configurations would 
strengthen the reliability of numerical predictions. Investigating the 
long-term stability of nano-enhanced PCMs and their potential appli
cations in large-scale thermal energy storage systems could also 
contribute to the development of more efficient and sustainable energy 
solutions.
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