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Abstract: The study reports on a series of numerical simulations conducted to assess how tube diameter affects charging (melting) and
discharging (solidification) performance in a shell-and-tube latent thermal energy storage (LTES) with longitudinal fins. In the investigated
LTES, water flows through the tubes and serves as the heat transfer fluid (HTF), while paraffin is used as the phase change material (PCM)
and fills the shell side. Employing an experimentally validated mathematical model and numerical procedure, LTES charging and
discharging performances were investigated for three tube diameters: 28/24, 38/34 and 48/44 mm. LTES performance for different tube
diameters was assessed by comparing melting and solidification times, as well as stored and released thermal energies in 8, 9 and 10 h of
charging and 12, 13 and 14 h of discharging for each configuration. Results show that larger tube diameters accelerate melting and
solidification processes due to increased conductive surface area, but also decrease LTES energy storing capacity as the amount of the PCM
reduces as a result of increased tube diameter. The results indicate that tube diameter greatly influences LTES thermal performance and

must be chosen carefully for the LTES to be effective.
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1. Introduction

Thermal energy storage (TES) plays a pivotal role in stabilizing
solar- driven thermal systems by storing excess heat during peak
irradiance and releasing it when the sun is unavailable, thereby
smoothing the mismatch between energy supply and demand.
Among TES technologies, latent thermal energy storage (LTES)
stands out for its high energy density and narrow operating
temperature window afforded by phase change materials (PCMs)
[1]. In LTES, a heat transfer fluid (HTF) transfers thermal energy
into the PCM during charging (melting) and retrieves it during
discharging (solidification).

Shell- and- tube configurations, where HTF flows through
tubes surrounded by PCM, account for roughly 70% [2] of LTES
research due to their superior heat- transfer rates and exergy
efficiencies compared to rectangular blocks [3]. Within these,
concentric- tube units, comprising an inner HTF tube and an outer
PCM annulus, serve as fundamental elements. A key geometry
parameter is the outer- to- inner tube diameter ratio. Ismail and
Melo [4] showed that reducing outer- to- inner tube diameter ratio
thins the PCM layer, shortening melting times but at the expense of
total storage mass. Seddegh et al. [5] experimentally confirmed that
larger ratios markedly prolong melting with negligible gains in
stored energy.

Beyond diameter ratios, tube layout parameters, such as tube
pitch, number of tubes, and aspect ratio (height to tube pitch ratio),
critically influence performance. Denser tube arrays raise surface
area but limit PCM volume; taller, narrower assemblies enhance
natural- convection effectiveness during melting. Optimal pitch and
aspect ratios balance these trade- offs, guiding design toward
maximal thermal power without undue capacity loss.

Enhanced configurations embed fins onto the HTF tubes to
further boost heat- transfer area. Longitudinal fins have been shown
to cut melting times by 25-52 % and solidification by up to 44 % in
vertical modules [6]. Radial fins achieve melting- time reductions
as high as 65 %, though overly numerous or thick fins can impede
natural convection and shrink PCM volume [7]. Spiral fins on
concentric tubes improve mid- and lower- tank performance,
reducing charge/discharge times by 41 % and 22 % respectively [8].
In horizontal configurations, elliptical fins in the annular space
elevate convective transfer across top and bottom regions,
delivering charging/discharging improvements up to 16.9 %/13.8 %
over baseline designs [9].

Tube diameter, tube count, pitch, and fin geometry collectively
determine the balance between charging power (through high
surface area and thin PCM layers) and storage capacity (through
PCM volume). Excessive tube sizing or fin addition can reduce
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PCM mass, capping total energy. Therefore, systematic
optimization, via response- surface methods or experimental
designs, identifies the most favorable combinations of diameters,
pitch, aspect ratio, and fin parameters for given HTF conditions and
PCM types. While HTF conditions offer marginal gains, tube
geometry, i.e. diameters, spacing, and fin enhancements, provides
the most effective route to high- performance LTES.

In this paper, a numerical study on how LTES tube diameter
affects charging and discharging processes in a vertically oriented,
longitudinally finned shell-and-tube LTES has been performed.
LTES thermal performance has been assessed by comparing stored
and released thermal energies in multiple charging and discharging
times, as well as melting and solidification times for different tube
diameters. This analysis offers guidelines for selecting the favorable
tube diameters for the described LTES configuration in order to
enhance its thermal performance.

2. Physical problem, mathematical model and
numerical solving

A numerical study examined PCM melting and solidification
within a vertically oriented shell-and-tube LTES tank during
charging and discharging processes. Water, as the HTF, enters from
the top and flows through the tubes, while technical-grade paraffin
fills the shell side. During charging (daytime), hot HTF melts the
PCM, storing heat, while during discharging (nighttime), solidifying
PCM releases heat back to cooler HTF. The LTES unit is 1.5 m
high and it consists of an aluminum HTF tube with 10 equidistant
longitudinal fins, 40 mm wide and 2 mm thick, and a corresponding
PCM annulus, as shown in Fig. 1. Three different tube diameters
were tested: 28/24, 38/34 and 48/44 mm.

Experimental data for low-temperature organic PCMs show
non-isothermal melting over a narrow range and near-isothermal
solidification. This has been taken into account in the present
investigation, with melting process beginning at a solidus
temperature of 18 °C and is completed at a liquidus temperature of
25 °C, while during solidification both the solidus and liquidus
occur at 25 °C. The PCM has a specific latent heat of 170 kJ/kg. Its
thermal expansion coefficient is 0.001 K™ !, dynamic viscosity is
0.0036 Pa-s, density is 820 kg/m?, and its specific heat capacity is 2
kJ/(kg-K). Finally, the PCM thermal conductivity is 0.2 W/(m-K).

To minimize computational cost, symmetry and geometric
repetition allow modeling just one-eighth of a single tube and its
PCM annulus. In multi-tube LTES units, each tube’s “region of
influence” is a circle whose diameter equals the tube pitch; thus,
simulating one tube with its surrounding PCM segment suffices
[10]. The computational domain is divided into HTF, tube wall/fins,
and PCM subdomains (also shown in Fig. 1).

YEAR XIX, ISSUE 9, P.P. 346-349 (2025)



INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS"

WEB ISSN 1314-507X; PRINT ISSN 1313-0226

g '\f(\/

g
N/

HTF

PCM

N

180 mm

Fig. 1 Top view of the LTES unit with selected domain and denoted
subdomains.

A three-dimensional model was developed to simulate the
transient, conjugate heat transfer problem; combining forced
convection, conduction, phase change, and natural convection in the
liquid PCM. An enthalpy-based formulation [11] governs melting
and solidification, using specific enthalpy rather than temperature in
the PCM energy equation. Natural convection markedly enhances
heat transfer during melting but has minimal effect during
solidification, as previous works suggest, so neglecting it during
solidification introduces only minor errors while greatly reducing
computational cost [12]. Accordingly, the present study includes
natural convection in the PCM only during melting.

Both liquid PCM and HTF are treated as incompressible,
Newtonian fluids, with laminar flow, and all materials are isotropic,
with constant and homogeneous thermophysical properties. Natural
convection in the molten PCM is modeled via the Boussinesq
approximation.

For HTF and PCM subdomains, continuity and momentum
equations are applied. Continuity equation is the mass conservation
equation, while three momentum equations are the Navier-Stokes
equations, which in the PCM subdomain during charging
investigations are expanded with buoyancy terms defined through
the Boussinesq approximation, as well as momentum sinks that
account for the lack of motion in fully solid or melting PCM.
Finally, energy equation is applied to all three subdomains. For the
HTF subdomain, it is a convection-diffusion equation for
temperature, while for the wall (tube and fins) subdomain, it is a
diffusion equation for temperature, describing pure conduction. In
the PCM subdomain, enthalpy is used as variable and temperatures
are obtained indirectly. In charging investigations, the PCM energy
equation is a convection-diffusion equation, while in discharging
investigations, it is a diffusion equation.

Inlet and outlet conditions are imposed on the HTF: the inlet
specifies temperature and velocity, while the outlet assumes fully
developed flow (no downstream gradients). The tank’s top and
bottom walls are treated as adiabatic and, during melting, enforce a
no-slip condition (zero fluid velocity). At all HTF—wall and wall—
PCM interfaces, conductive heat transfer and no-slip conditions
apply (for the PCM side only during melting). All remaining outer
faces of the HTF, wall, and PCM subdomains use symmetry
conditions, reflecting identical flow and temperature profiles across
these boundaries.

Numerical solving was performed using the finite volume
method [13] and ANSYS Fluent numerical solver. SIMPLE
algorithm was used for pressure-velocity coupling and the
PRESTO! scheme for pressure correction. Coupling of temperatures
and enthalpies at the wall-PCM interface was done through self-
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written user-defined functions. Convective terms in the momentum
and energy equations were discretized with the QUICK scheme, and
time stepping was fully implicit with a timestep of 0.1 s. Under-
relaxation factors of 0.6 (momentum), 0.3 (pressure), and 1.0
(energy) ensured stability, and each timestep was deemed
converged when residuals fell below 10~ 3 (continuity) and 10~ ©
(momentum and energy). Mesh independency has been performed
and the most suitable mesh has been selected.

3. Experimental validation and numerical analysis
results

Validation of the model and numerical procedure was
performed by comparing numerically obtained time-wise
temperature variations of the PCM with those obtained
experimentally by Longeon et al. [14] and the comparison is shown
in Fig. 2. From Fig. 2, it can be observed that time-wise temperature
variations of the PCM obtained numerically are in good agreement
with those compared from the literature, thus indicating that the
defined mathematical model and numerical procedure can be used
to accurately simulate phase change behavior in shell-and-tube
LTES.
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Fig. 2 Experimental validation.

The effect of tube diameter ratio (d,/d;) on heat transfer during
PCM melting and solidification was examined by comparing three
LTES configurations with do/di values of 28/24, 38/34 and 48/44
mm. All simulations used an HTF inlet velocity of 0.02 m/s; the
HTF inlet temperature was 42 °C for melting and 7 °C for
solidification, with a uniform initial PCM temperature of 13 °C and
42 °C, respectively. The slightly larger initial AT in the
solidification runs yields about 5% higher discharging capacity.

Performance metrics included melting and solidification rates,
evaluated via temperature and liquid fraction contours, graphical
representations of melting and solidification times and amounts of
thermal energy stored or released over charging times of 8, 9 and 10
h and discharging times of 12, 13 and 14 h.

Contours of temperatures and liquid fractions in the
computational domain middle section, i.e. equidistant from HTF
inlet and outlet, at calculation time of 4 h during charging and 6 h
during discharging calculations for different tube diameters have
been shown in Figs 3 and 4.

A comparison of temperature and liquid fraction contours at
selected simulation times shows that both melting and solidification
rates are most intense with the largest tube diameter (48/44 mm)
and least intense with the smallest (28/24 mm). The liquid fraction
contours reveal that the phase change front advances more rapidly
in the large- diameter case.

Melting and solidification times for each configuration have
been shown in Fig. 5. Additionally, for the single LTES unit (as
shown in Fig. 1), the amounts of thermal energy stored in 8, 9 and
10 h, as well as released thermal energy in 12, 13 and 14 h for
different tube diameters have been shown in Figs. 6 and 7.
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Fig. 3 Contours of temperature and liquid fraction during charging in
the computational domain middle section at calculation time of 4 h for

different tube diameters.
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Fig. 4 Contours of temperature and liquid fraction during discharging
in the computational domain middle section at calculation time of 6 h for

different tube diameters.
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Fig. 7 Comparison of released thermal energies for different tube
diameters in discharging times of 12, 13 and 14 h

As can be seen from Fig. 5, melting times for LTES
configurations with 28/24, 38/34 and 48/44 mm tube diameter,
melting times are 10.1, 7.74 and 6.26 h, respectively. Solidification
times for LTES configuration featuring different tube diameters are
14.36, 10.84 and 8.65 h for tube diameters of 28/24, 38/34 and
48/44 mm, respectively. It can be observed that both melting and
solidification times are shorter for larger tube diameters as
increasing the tube diameter increases heat transfer surface area of
the tube. It also reduces the amount of the PCM in radial direction,
effectively reducing its thermal resistance. Both of these features
are beneficial for promoting heat transfer.

From Figs. 6 and 7, it can be observed that the amount of stored
and released thermal energy increases with the duration of charging
and discharging time. However, the rate of energy storing and
release varies depending on the configuration.

In 8 h of charging, LTES configurations with tube diameters of
28/24, 38/34 and 48/44 mm store 6542.6, 6295.2 and 6431.4 kJ of
thermal energy, respectively. In 9 h of charging, 6581.7, 6542 and
6447.5 kJ of thermal energy is stored in LTES configurations with
tube diameters of 28/24, 38/34 and 48/44 mm, respectively. In 10 h
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of charging, LTES variations with tube diameters of 28/24, 38/34
and 48/44 mm store 6590.5, 6678.2 and 6451.8 kJ of thermal
energy, respectively.

In 12 h of discharging, LTES variations with tube diameters of
28/24, 38/34 and 48/44 mm release 6758.7, 6129.6 and 6759.4 kJ of
thermal energy, respectively. In 13 h of discharging, LTES
configurations with tube diameters of 28/24, 38/34 and 48/44 mm
release 6819.5, 62749 and 6777.5 kJ of thermal energy,
respectively. In 14 h of discharging, 6860.1, 6398.2 and 6785.9 kJ
of thermal energy is released in LTES configurations with tube
diameters of 28/24, 38/34 and 48/44 mm, respectively.

The results for both charging and discharging processes are
analogous; the amount of stored and released thermal energy for the
configuration with tube diameter of 28/24 mm does not increase
much with time as the heat transfer is not intense because of its
reduced heat transfer surface area and increased PCM radial
thickness. For the configuration with tube diameter of 38/34 mm, a
steady increase in both stored and released thermal energy can be
observed with time. For the configuration with tube diameter of
48/44 mm, the variation in stored and released energy is not
significant for different charging and discharging times as the LTES
thermal energy storing capacity is nearly reached. Even though
increased heat transfer surface area benefits heat transfer, it also
reduces the amount of the PCM that can be stored inside the LTES
so selection of this parameter is significant for efficient LTES
operation.

4. Conclusion

In this paper, the influence of tube diameter on charging and
discharging performance in a vertically oriented, longitudinally
finned shell-and-tube LTES unit has been numerically quantified.
Three tube configurations (28/24 mm, 38/34 mm, and 48/44 mm)
were evaluated via a validated, transient 3D enthalpy- based model
that incorporates natural convection during melting and neglects it
during solidification. Results indicate that increasing tube diameter
reduces both melting and solidification times by enlarging the
heat- transfer surface area and thinning the PCM layer. However,
increasing the tube diameter beyond the 38/34 mm was shown to be
ineffective as the LTES energy storing capacity was significantly
reduced. The 38/34 mm tube configuration thus represents the most
favorable balance between stored/released thermal energy and
melting/solidification rate. However, in order to find the optimum
value of tube diameter, as well as other geometry parameters, an
optimization procedure should be undertaken for desired objective
or a set of objectives. Nevertheless, the findings of this investigation
offer practical guidance for selecting tube diameters to optimize
LTES heat transfer rate and usable energy in shell- and- tube LTES
systems.
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