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The low thermal conductivity of phase change materials (PCMs) remains the main challenge
for their widespread application in latent heat thermal energy storage systems. In the
present study, the effect of curved-shaped fins on improving the melting rate of RT35 PCM
in a triple-tube heat exchanger is numerically and two-dimensionally investigated.
Simulations are performed using ANSYS Fluent CFD software employing the enthalpy-
porosity method. The effects of two key parameters—the number of linear fins (3, 4, and 5)
and fin geometry (linear, parabolic, and radial)—on liquid fraction, temperature
distribution, and velocity field during the melting process are studied. The results
demonstrate that increasing the number of linear fins from 3 to 5 enhances the liquid
fraction by 27% and 41% at 600 seconds, respectively, and improves the PCM temperature
by up to 15 K. Comparing different fin shapes reveals that parabolic and radial fins increase
the liquid fraction by 13% compared to the linear configuration at 400 seconds. Moreover,
the complete melting time in the five-fin parabolic configuration decreases by 50%
compared to the five-fin linear case and by 68% compared to the three-fin linear case.
Overall, fins with greater curvature exhibit superior thermal performance due to enhanced
buoyancy forces and improved natural convection flow. The findings of this research can be
utilized in the optimal design of thermal energy storage heat exchangers for applications in
air conditioning systems, solar collectors, and industrial waste heat recovery.

Extended Abstract

1. Introduction

he increasing global energy demand and environmental concerns have motivated researchers to develop
T efficient energy storage technologies [ 1]. Latent heat thermal energy storage systems using phase change

materials offer high energy storage density and nearly isothermal phase transition. However, the low
thermal conductivity of PCMs (approximately 0.2 W/mK for RT35, as listed in Table 2) significantly limits their
charging and discharging rates. Various enhancement techniques have been proposed, among which fin installation
is one of the most effective approaches. Early studies by Lacroix and Benmadda [2] and Lamberg [3] demonstrated
the positive effect of fins on melting and solidification. Lamberg et al. [4] showed significant heat transfer
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enhancement with fins. Akhilesh et al. [5] found that increasing fins beyond a critical value does not yield
considerable improvement. Trp et al. [6] examined operating and geometric parameters, finding that Reynolds
number has negligible impact while temperature difference and length-to-diameter ratio linearly improve
performance. Gharebaghi and Sezai [7] showed that vertical heated walls with horizontal fins perform better.
Agyenim et al. [8] found that increased inlet temperature significantly reduces melting time. Al-Abidi et al. [9]
numerically showed melting time reduces to 34.7% of the finless case, and later confirmed experimentally [10]
that fluid temperature dominates the melting process. Alizadeh et al. [11] demonstrated significant improvement
in PCM solidification using V-shaped fins and nanoparticles in a triple-tube heat exchanger. Assari et al. [12] used
a sinusoidal inner tube, reducing melting time from 32.5 hours to 8 hours. Recently, Ismail et al. [ 14] showed that
vertical fins perform better for short durations while horizontal fins are more effective for longer durations. Liu et
al. [15] designed palm-vein mesh fins, reducing melting time to 1600 seconds. Chen et al. [16] developed V-
shaped serrated fins, reducing melting time by 37.33%. Chen et al. [17] proposed Y-shaped hierarchical fins,
reducing melting time by 68.6% compared to the finless case. Despite these advances, comparative studies on
curved fin geometries remain limited. In the present study, linear, parabolic, and radial fins in a triple-tube heat
exchanger using RT35 PCM are systematically compared, analyzing fin count and shape effects. Although
numerous studies exist on various fins, a comprehensive comparison of these three specific geometries has not
been reported thus far. The geometric details are illustrated in Figure 1.

Linear-3 Fins Linear-4 Fins Linear-5 Fins

Parabolic-5fins Radial -5 Fins
@) ®)

Figure 1. a) Schematic of the triple-tube heat exchanger with parabolic fins; b) Geometric details of different fin shapes (linear,
parabolic, radial)

2. Problem description and governing equations

The study is conducted on a triple-tube heat exchanger with an inner tube diameter (D;) of 20 mm and an outer
tube diameter (D,) of 80 mm, as shown schematically in Figure 1a. The annular space between the inner and outer
tubes is filled with RT35 PCM, and copper fins with a thickness of 0.2 mm and total length of 30 mm are attached
to the inner tube. Three fin geometries are examined: linear, parabolic, and radial, with 3, 4, and 5 fins for the
linear configuration and 5 fins for the parabolic and radial cases. The detailed geometric specifications of the
different fin shapes are presented in Figure 1b. The inner tube wall is maintained at a constant temperature of 350
K, while the outer wall is adiabatic. The initial temperature throughout the domain is 298 K, with zero liquid
fraction (fully solid state). The thermophysical properties of the PCM (RT35) and copper fins are provided in
Tables 1 and 2, respectively.

Table 1. Thermophysical properties of copper (fin material)

Property Value Unit
Density 8933 kg/m?
Thermal conductivity 401 W/m-K
Specific heat 385 J/kg-K
Table 2. Thermophysical properties of RT35 phase change material
Property Value Unit
Density 815 kg/m?
Thermal conductivity 0.2 W/m-K
Melting onset temperature 302 K
Melting complete temperature 309 K
Specific heat 2000 J/kg K
Dynamic viscosity 0.023 kg/m-'s
Thermal expansion coefficient 0.0006 1/K
Latent heat 170000 J/kg
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The enthalpy-porosity method is employed to model the phase change process. The governing equations for
mass, momentum, and energy conservation are as follows:

The continuity equation for incompressible flow is given by V-V=0. The momentum equation incorporates the
Boussinesq approximation for buoyancy effects and a source term to account for the mushy zone:
v o 1 - -
S VW= E(—VP+ W2V + pEB(T — Trer) ) + S, )
where Si=-C((1-L)*/(A*+€))V represents the Darcy-like damping term. The energy equation is expressed in
terms of sensible and latent enthalpy:

. LVh) 2)
pCp ¢

where H=h +AH and AH = AL. The liquid fraction A is defined as a function of temperature, varying from 0 at
T<TstolatT>T

Although natural convection is inherently 3D, similar studies have successfully used 2D approaches [2,5,9].
The 2D approach was selected for this comparative study, though it may slightly affect final melting time
predictions.

3. Numerical method and validation

The numerical simulations are performed using ANSYS Fluent 19 based on the finite volume method. The
pressure-based solver with an implicit transient formulation is employed. The SIMPLE algorithm is used for
pressure-velocity coupling. The QUICK scheme is applied for momentum and energy discretization, while
PRESTO is used for pressure correction. Under-relaxation factors of 0.7, 0.3, 1.0, and 0.9 are set for pressure,
velocity, energy, and liquid fraction, respectively. Convergence criteria of 1073 for continuity and momentum and
107¢ for energy are specified. A grid independence study is conducted using five mesh sizes ranging from 209,876
to 1,158,024 triangular elements. The mesh with 945,679 cells is selected, as further refinement results in less than
0.02% variation in liquid fraction. A time-step independence study is also performed with five different time steps
(0.1,0.2, 0.5, 1.0, and 2.0 s). The time step of 0.2 s is chosen as optimal, with further reduction causing less than
0.7% variation and unnecessary computational cost. The numerical model is validated against the experimental
work of Al-Abidi et al. [10] for a triple-tube heat exchanger with RT82 PCM. The comparison of average PCM
temperature over time, shown in Figure 2, demonstrates excellent agreement with a maximum deviation of
approximately 5%, confirming the accuracy of the present numerical approach for phase change heat transfer
simulations.
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Figure 2. Comparison of numerical results with experimental work of Al-Abidi et al. [10]

The enthalpy-porosity method is material-independent, and validation with RT82 confirms solution accuracy
for other materials with similar properties [18].

Mechanics of Advanced and Smart Materials Journal 5(4) (2026) 482 — 503



485 Tahereh Hassani Jalilian, Ashkan Ghafouri

4. Results and discussion

4.1. Effect of Number of Linear Fins

Figure 3 presents liquid fraction contours for 3-, 4-, and 5-fin linear configurations at different times (10, 200,
400, and 600 s). At 10 seconds, melting begins near the fin surfaces primarily through conduction, with no
significant difference observed between configurations. By 600 seconds, the 5-fin case shows significantly more
melting, with large portions of the upper region liquefied, while the 3-fin case retains substantial solid PCM. The
liquid fraction evolution over time for these configurations is quantitatively presented in Figure 4. The results
demonstrate that increasing fins from 3 to 4 and 5 enhances the liquid fraction by 27% and 41% at 600 seconds,
respectively. The PCM average temperature improves by 6 K and 15 K for the 4- and 5-fin cases compared to the
3-fin case at the same time. After approximately 1000 seconds, the melting rate decreases in all cases as the system
approaches complete melting.
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Figure 3. Liquid fraction contours for 3-, 4-, and 5-fin linear configurations at different times (10, 200, 400, and 600 s)
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Figure 4. Liquid fraction evolution for linear fins (3, 4, and 5 fins)
4.2. Effect of Fin Geometry

The comparison of linear, parabolic, and radial fins (all with 5 fins) reveals significant performance differences.
The geometric configurations of these three fin shapes are illustrated in Figure 1b. The liquid fraction evolution
for the three fin geometries is quantitatively compared in Figure 5, indicating that parabolic and radial fins increase
the liquid fraction by 13% compared to the linear case at 400 seconds. This superiority is attributed to the curved
geometry, which reduces wake regions and enhances buoyancy-driven flow, promoting the formation of larger
and more stable convection cells.
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Figure 5. Liquid fraction evolution for different fin shapes (linear, parabolic, and radial)

The complete melting time for all configurations is compared in Figure 6. The five-fin parabolic configuration
decreases the melting time by 50% compared to the five-fin linear case and by 68% compared to the three-fin
linear case. The five-fin radial configuration also reduces melting time by 14% compared to the five-fin linear
case. Notably, curved fins exhibit faster melting in the early stages, but after 200 seconds, the linear fin shows
slightly higher temperature growth, attributed to the stabilization of convection cells around curved fins, which
lose some advantage as the melted region becomes more uniform.
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Figure 6. Complete melting time comparison for all configurations

5. Conclusion

The simultaneous effects of fin count and geometry on the melting performance of RT35 PCM in a triple-tube
heat exchanger were numerically investigated. The key findings are as follows: increasing the number of linear
fins from 3 to 5 enhances the liquid fraction by 27% and 41% at 600 seconds (Figure 4) and improves the PCM
temperature by up to 15 K, primarily due to increased heat transfer surface area and reduced conductive resistance.
Parabolic and radial fins increase the liquid fraction by 13% compared to linear fins at 400 seconds (Figure 5),
which is attributed to reduced wake regions and enhanced natural convection. Fins with greater curvature exhibit
superior thermal performance due to enhanced buoyancy forces and more stable convection cell formation. The
complete melting time in the five-fin parabolic configuration decreases by 50% compared to the five-fin linear
case and by 68% compared to the three-fin linear case (Figure 6). Conduction dominates the early melting stage,
while natural convection becomes the primary heat transfer mechanism as the liquid layer thickens. Curved fins
show faster early-stage melting; however, this advantage diminishes slightly after 200 seconds as the melted region
becomes more uniform. These findings provide valuable insights for the optimal design of latent heat thermal
energy storage heat exchangers in air conditioning, solar collector, and industrial waste heat recovery applications.
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    ∂  V →  ∂ t +  V → ⋅ ∇  V → =  1 ρ  ( − ∇ P + μ  ∇ 2  V → + ρ  g → β  ( T −  T ref ) ) +    S i →


    ∂ h  ∂ t +   ∂ H  ∂ t + ∇ ⋅  (  V → h ) = ∇ ⋅  (  k  ρ  C p ∇ h )


  ∇ ⋅   V → = 0


    ∂  V →  ∂ t +  V → ⋅ ∇  V → =  1 ρ  ( − ∇ P + μ  ∇ 2  V → + ρ  g → β  ( T −  T ref ) ) +    S i →


    ∂ h  ∂ t +   ∂ H  ∂ t + ∇ ⋅  (  V → h ) = ∇ ⋅  (  k  ρ  C p ∇ h )


  h =  h  r e f +   ∫    T  r e f  T    C  p d T


  Δ H   =   λ L


  H   =   h   +   Δ H


  λ = 0     i f   T <   T  s


      S  i → = −   C    ( 1 − λ ) 2   λ 3 + ε   V →

