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Abstract: In the paper, geometry parameters of a longitudinally-finned vertical shell-and-tube latent thermal energy storage (LTES), which
uses paraffin as the phase change material (PCM) and water as the heat transfer fluid (HTF) have been optimized with the objective of
maximizing its storage capacity, i.e. the amount of stored and released thermal energy. Three objectives were set: maximization of stored
thermal energy in 8 h, maximization of released thermal energy in 12 h and a combination of the two, in which each objective was given
equal significance. There geometry parameters were optimized; fin number, fin width and tube diameter. Optimization has been performed
using response surface methodology and Box-Behnken approach. Responses have been obtained numerically, through an experimentally
validated modeling procedure and solver scheme. The responses for each objective were fitted with a regression polynomial function and the
fitness quality was evaluated through a coefficient R2. Optimization procedure offers different optimum values of analyzed parameters for
each objective and provides guidance for choosing the favorable values of LTES geometry parameters in order to enhance LTES thermal
performance.
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1. Introduction

The growing shift from fossil fuels to renewable energy hinges
on developing efficient systems that can store intermittently
available resources, like solar heat, for continuous operation.
Central to this challenge is thermal energy storage (TES), whose
type, capacity, geometry, and thermal behavior directly influence
overall system performance. Among TES technologies, latent
thermal energy storage (LTES) has gained considerable attention
due to its high energy density within narrow temperature ranges and
its ability to exploit latent heat during phase change [1]. In LTES,
heat is stored when a heat-transfer fluid (HTF), typically water,
melts a phase change material (PCM) under charging conditions
(daytime) and is released when the PCM solidifies during discharge
(nighttime). LTES finds applications across domestic HVAC,
refrigeration, and solar power plants [2].

Shell-and-tube configurations, where HTF circulates through
tubes surrounded by PCM, dominate both research and practice
owing to their superior heat-transfer rates and exergy efficiency [3].
Vertical orientations are particularly common [4]. PCM choice is
dictated by its melting point (matching system temperatures) and
material properties; organic PCMs, such as paraffins and fatty acids,
are preferred in low-temperature systems for their material
compatibility and corrosion resistance, despite low thermal
conductivities [5].

Enhancement strategies broadly fall into two categories:
modifying LTES geometry (tube length, diameter, aspect ratio [6],
tube arrangements [7], and fin additions) to increase surface area or
reduce PCM layer thickness, and improving PCM conductivity via
embedded nanoparticles [8], metal foams [9], or porous matrices
[10]. Fins are the most widely adopted enhancement due to their
cost-effectiveness and ease of fabrication [11]. Experimental and
numerical studies have demonstrated dramatic performance gains:
longitudinal fins cut melting times by up to 70% [12], while
optimized fin number, length, and thickness in triplex-tube designs
slashed melting durations by over 71% [13]. Even more complex
geometries; tree-shaped [14], spiral [15] and novel profile fins [16]

charging or discharging, overlooking that melting and solidification
involve distinct heat transfer mechanisms. This gap underscores the
need for designs that optimize geometry across the full cycle.

The present work addresses this by applying a Box-Behnken
design and response surface methodology to simultaneously
optimize three geometry parameters; fin number, fin width and tube
diameter in order to maximize LTES storing capacity during the
combined charging and discharging cycle. Results provide optimum
configurations for each phase and for the full cycle, providing
comprehensive design guidelines for high performance shell-and-
tube LTES units in sustainable thermal systems.

2. Problem description and mathematical modeling

A numerical investigation was carried out to assess PCM
melting and solidification behavior in a vertical shell-and-tube
LTES module during its charging and discharging phases. The unit,
standing 1.5 m tall, houses a central aluminum HTF tube outfitted
with evenly spaced longitudinal fins, surrounded by technical-grade
paraffin in the annulus with the fixed radius of 90 mm (Fig. 1). The
fins are 2 mm thick, while their number (N) and width (L) were
varied in the optimization procedure in ranges between 10 and 20,
and 15 and 65 mm, respectively. Tube diameter was also varied for
the optimization procedure, ranging between 28/24 mm and 48/44
mm. Water enters from the top as the HTF: it melts the PCM by day
to store energy, then carries away heat released by solidifying the
PCM at night.

Literature overview reveals non-isothermal melting and near-
isothermal solidification for organic PCMs. Accordingly, the model
applies a melting onset at the solidus (18 °C) and completes at the
liquidus (25 °C), while solidification is considered isothermal with
both solidus and liquidus temperatures coinciding at 25 °C.
Thermophysical properties of the PCM used in the present
investigation have been provided in Table 1.

Table 1. Thermophysical properties of the PCM used in the present

regularly halve cycle times and significantly raise charging and investigation,
discharging rates. Meltin I:;?r?e:r{iture °C '1:’80 Z‘)
However, boosting heat transfer often compromises storage Solidiﬁca?ion t::)mperatl’lre, °C 25
capacity, making optimization critical. Taguchi and response — -
surface methods have been successfully used to identify optimal fin Spemﬁg heat capacity, J/kgLIK 2000
parameters in ice tanks [17] and paraffin systems [18]. Multi- Specific latent heat, ki/kg 170
objective approaches, targeting both cycle speed and stored energy, Thermal conductivity, W/mCOK 0.2
have optimized V-shaped [19], fractal tree-like [20], and Density, kg/m® 820
biomimetic fins [21], achieving up to 95.7% reduction in melting Dynamic viscosity, Palls 0.0036
time at the expense of modest capacity losses [22]. Despite this Thermal expansion coefficient, /K 0,001
progress, many optimizations focus on a single process, either - -
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Fig. 1 A 3D and top view of the computational domain containing
subdomains, investigated parameters and fixed dimensions.

By exploiting symmetry and the repetitive tube arrangement,
only 1/8 of a single tube and its surrounding PCM annulus need be
modeled to reduce computational effort. In multi-tube LTES arrays,
each tube’s “region of influence” can be defined as a circle with a
diameter equal to the tube pitch, so a single tube plus its PCM
segment accurately represents the entire LTES [23]. The resulting
computational domain is partitioned into HTF, tube wall and fins,
and PCM subdomains (as seen in Fig. 1).

For the purpose of solving the physical problem of transient,
conjugate heat transfer, combining forced convection, conduction,
phase change and natural convection in the liquid PCM, a three-
dimensional model was developed to simulate the physical
phenomena. PCM melting and solidification behavior was modeled
using an enthalpy-based approach [24], which uses specific
enthalpy rather than temperature as the variable in the PCM energy
equation. Natural convection significantly affects heat transfer
during melting but has a rather minor effect on solidification, as
demonstrated by previous research, so only a minor error occurs
when neglecting it during solidification, while computational cost is
greatly reduced [25]. Correspondingly, in the present investigation,
natural convection in the PCM is included only during melting.

All materials are treated as homogenous, isotropic and with
constant thermophysical properties. The flow is incompressible,
laminar and both HTF and liqguid PCM during melting are
considered Newtonian fluids. Natural convection in the molten
PCM is modeled via the Boussinesq approximation.

In the HTF and PCM subdomains, continuity and momentum
equations are used. Continuity equation describes the conservation
of mass, while three momentum equations are the Navier-Stokes
equations, which for the PCM (during charging) are expanded with
buoyancy terms described using the Boussinesq approximation, as
well as momentum sinks that take into consideration the absence of
flow in solidified or melting PCM. The energy equation is used for
all three subdomains. In the HTF subdomain, it is a convection-
diffusion equation, while for the wall (tube and fins) subdomain, it
is a diffusion equation describing pure conduction. In both
instances, the variable is temperature. For the PCM subdomain,
temperatures are obtained indirectly as enthalpy is used as the
variable. The PCM energy equation is a convection-diffusion
equation in charging calculations, while in discharging calculations,
diffusion equation is used.

393

Velocity inlet and pressure outlet conditions are defined on the
HTF inlet and outlet: the inlet specifies temperature and velocity,
while the outlet assumes fully developed flow, with no downstream
gradients. The LTES top and bottom are treated as adiabatic and,
during melting, enforce a no-slip condition. At all interfaces
between the HTF and wall, as well as between the wall and the
PCM, heat transfer through conduction and no-slip condition are
defined (only during melting on the PCM side). At all remaining
outer surfaces of the HTF, wall and PCM subdomains, symmetry
conditions are applied, ensuring mirrored flow and temperature
distributions across those boundaries.

3. Numerical procedure and model validation

ANSYS Fluent’s finite volume [26] solver implements the
SIMPLE algorithm for pressure-velocity coupling and PRESTO!
for pressure correction. Wall-PCM coupling uses custom UDFs.
Convective terms employ the QUICK scheme, with fully implicit
time stepping (using the timestep of 0.1s). Under-relaxation factors
of 0.6 (momentum), 0.3 (pressure), and 1.0 (energy) stabilize the
solution. Convergence is declared when residuals drop below 10~ 3
(continuity) and 10~ ¢ (momentum, energy). A mesh independency
study determined the optimal grid.

The model and numerical approach were validated by
comparing the simulated PCM temperature-time profiles with
experimental data from Longeon et al. [27], as shown in Fig. 2. The
close match between the numerical and literature results
demonstrates that the developed mathematical model and
simulation procedure accurately capture phase-change behavior in
shell-and-tube LTES units.
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Fig. 2 Validation of developed numerical model.

4. Optimization procedure

Geometry- parameter optimization employed response surface
methodology (RSM) [28], a standard approach in LTES design.
RSM builds a surrogate model, typically a second- order
polynomial with linear, quadratic, and interaction terms, that links
design variables to one or more objective functions. Coefficients are
determined by fitting simulation data via least squares, and model
fidelity is judged by the coefficient of determination, R?; values
above 0.9 indicate excellent fit [29].

To limit computational expense, a Box—Behnken design was
chosen. This three- level, three- factor design requires only 15
simulation runs (13 unique combinations plus two replicates at the
center point) and avoids experiments where all factors are
simultaneously at their extremes. Each variable; fin number (N), fin
width (L) and tube outer diameter (d,) is assigned three levels (1, 0,
1) corresponding to its minimum, reference, and maximum values
(10, 15 and 20 fins, 15, 40 and 65 mm fin width, 28, 38 and 48 mm
tube outer diameter).

The objective set for the present optimization procedure was
maximizing the LTES storing capacity, i.e. maximizing the amounts
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of thermal energy stored in 8 h of charging and released in 12 h of
discharging inside the LTES unit, as well as maximizing the
combination of the two, in which each objective was given equal
significance. Separate RSM models were built for melting and
solidification, then combined by averaging their predicted
performance. Values of each investigated parameter, as well as
corresponding responses per each run, are given in Table 2.

Table 2. Combinations of investigated parameters and their responses
obtained for the region around the tube (one LTES unit).

Optimum values of fin number, fin width and tube outer
diameter for objectives of maximizing LTES charging capacity,
maximizing LTES discharging capacity and maximizing combined
charging-discharging cycle, with equal significance given to both
objectives, have been given in Table 6.

Table 6. Optimum values of investigated parameters for investigated
objectives

Parameter Charging Discharging d(i:sr::i?rlgi%-g
N [-] 16 10 10
L [mm] 19.04 51.87 50.35
do [mm] 44.16 39.71 39.92

No. N L do Qm QS Qm'QS
[] [mm] [mm] [kl [kl [
1 10 15 38 6295.2 | 6129.6 | 0.9445
2 10 40 28 6154.8 | 6495 [ 0.9609
3 10 40 48 6400.8 | 6693.6 [ 0.9948
4 10 65 38 6431.4 | 6759.4 | 1.0021
5 15 15 28 5846.8 | 5890.8 | 0.892
6 15 15 48 6480.1 | 6374.2 | 0.9771
7 15 40 38 6457.6 | 6704.6 1
8 15 40 38 6457.6 | 6704.6 1
9 15 40 38 6457.6 | 6704.6 1
10 15 65 28 6208.7 | 6532.3 | 0.9679
11 15 65 48 6081 6401 | 0.9482
12 20 15 38 6435.5 | 6201.9 | 0.9608
13 20 40 28 6169.2 | 6449.8 | 0.9587
14 20 40 48 6179.1 | 6491.6 | 0.9626
15 20 65 38 6080.1 | 6400.3 [ 0.9481

5. Optimization results and discussion

An HTF inlet velocity of 0.02 m/s was applied in all
simulations. The HTF entered at 42 °C during melting cases and at
7 °C for solidification, while the PCM began uniformly at 13 °C
and 42 °C, respectively. The greater initial temperature difference in
the solidification scenarios produces roughly a 5% increase in
discharging capacity. Set objectives have approximated by second
order polynomials with interactions between the variables and the
coefficients and values of R? for each function have been given in
Tables 3, 4 and 5.

Table 3. Polynomial regression function coefficients for the objective of
maximizing LTES charging capacity.

R?=0.977 1 N L do
1 464 - - -
N 118.9 -1.5 - -
L 56.39 -0.983 -0.1751 -
do 205.1 -1.18 -0.761 -1.94

Table 4. Polynomial regression function coefficients for the objective of

maximizing LTES discharging capacity.

R? = 0.994 1 N L do
1 1486 - - -
N 110.3 -1.978 - -
L 79.93 -0.863 -0.4518 -
do 137 -0.784 -0.6147 -1.227

Table 5. Polynomial regression function coefficients for the objective of
maximizing combined charging and discharging capacity, with equal

significance given to both objectives.

R®=0.992 1 N L do
1 0.1468 - - -
N 0.01743 -0.00026 - -
L 0.010327 | -0.00014 | -0.00005 -
do 0.0261 0.00015 -0.00011 [ -0.00024

From the optimization procedure results, it can be observed
that the maximum thermal energy storage capacity during charging
is achieved with 16 fins, fin width of 19.04 mm and tube outer
diameter of 44.16 mm. Maximizing this objective favors a large
number of closely- spaced, relatively narrow fins on a fairly large
tube. Sixteen fins boost conduction into the PCM, while a 19.04
mm fin width maintains room for natural convection. The 44.16 mm
outer diameter balances surface area against PCM volume.

Maximum thermal energy storage capacity during discharging
is achieved with 10 fins, fin width of 51.87 mm and tube outer
diameter of 39.71 mm. When the influence of natural convection is
negligible and the driving heat transfer mechanism is conduction,
fewer, wider fins on a slightly smaller tube are preferable due in
order to reduce the PCM radial thermal resistance. Ten fins give
enough surface area without overly fragmenting the PCM and 51.87
mm wide fins bolster conduction into the PCM. A 39.71 mm tube
maximizes storage mass while still providing sufficient thermal
contact.

Maximum thermal energy storage capacity for the combined
charging-discharging cycle, with equal significance given to both
objectives, is achieved with 10 fins, fin width of 50.35 mm and tube
outer diameter of 39.92 mm. It can be seen that when charging and
discharging are weighted equally, the best compromise mirrors the
discharging optimum: ten wide fins on a roughly 40 mm tube. This
configuration delivers strong performance in both melting and
solidification with minimal loss in either metric.

Overall, more, but narrower fins speed up melting, whereas
fewer, broader fins and a somewhat smaller tube diameter yield the
best discharge or overall performance.

6. Conclusion

In this work, a Box-Behnken design and response surface
methodology were applied to optimize three geometry parameters;
fin number, fin width and tube outer diameter, in a vertically
oriented, longitudinally finned shell- and- tube latent thermal
energy storage unit. Transient 3D simulations, validated against
experimental data, quantified how these parameters influence LTES
energy storing capacity during charging (melting) and discharging
(solidification) processes, as well as during the combined charging
and discharging cycle, with equal significance given to both
objectives. Optimizing for maximum charging capacity yields 16
fins of 19.04 mm width on a 44.16 mm tube, which enhances
conduction and preserves natural convection by maintaining a
moderate PCM layer thickness. For discharging, a configuration of
10 fins at 51.87 mm width on a 39.71 mm tube delivers the highest
solidification performance by minimizing radial thermal resistance.
A balanced, combined- cycle optimum, also featuring 10 fins of
50.35 mm width on a 39.92 mm tube, provides the best compromise
between rapid phase change and storage mass.
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These results underscore the critical role of LTES geometry in
overcoming the low thermal conductivity of organic PCMs. More,
narrower fins improve charging power, while fewer, broader fins
favor discharging and overall cycle efficiency. The identified
optimum configurations serve as clear design guidelines for
shell- and- tube LTES systems, enabling enhanced power density
without undue loss of storage capacity.
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