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Abstract: Phase-change materials have various applications across industries from thermal energy
storage through automotive battery temperature management systems to thermal stabilisation. Many
of these applications are shell and tube structures with different shell shapes. However, it is not
yet known how the shape of the shell affects the melting, solidification times, and heat transport
processes in such structures. To fill this research gap, seventeen shell shapes/orientations were
compared using a simulation study. The well-known and validated enthalpy porosity algorithm
implemented in the Fluent 2021R2 software was used. The numerical calculations were preceded by
the measurement of thermal conductivity, phase change enthalpy, and specific heat during melting
and solidification of the phase-change material. The shortest melting time was achieved for a semi-
circular shell shape in the downward position, which was 44% shorter than the reference circular case.
The shortest solidification times were recorded for an isosceles trapezium in an upward orientation
relative to the reference circular case. Therefore, it is possible to significantly reduce the melting time
in shell-and-tube systems as a result of the appropriate selection of the shell shape.

Keywords: LHTES; CFD; thermal energy storage; phase-change material; shell and tube

1. Introduction

The effective management and efficient storage of energy are crucial for maximising
the utilisation of renewable energy sources (RESs), which are inherently unpredictable. In
recent years, there has been a growing recognition of the importance of thermal energy
storage (TES) in both residential and industrial thermal systems. One promising technology
that allows for compact yet high-capacity energy storage, with a high energy density,
involves the simultaneous utilisation of sensible heat and latent heat through a solid–liquid
phase change. Phase-change materials (PCMs) have various applications across industries,
including automotive battery temperature management systems [1], spacecraft thermal
control [2], temperature stabilisation systems in buildings [3,4], electronic equipment,
pharmaceuticals, and food industries [5]. The main advantage of PCMs lies in their ability
to store a large amount of energy within a narrow temperature range. However, the low
thermal conductivity of these materials significantly hampers the rate of heat transfer
during the melting and solidification processes, which is the most significant drawback.
This limitation also restricts their potential applications. As a result, ongoing research efforts
are focused on developing techniques to enhance heat transfer and effectively overcome
this challenge [6].

There are three primary strategies for the passive enhancement of heat transfer rates
in PCM-based systems. The first approach involves increasing the surface area available
for heat transfer by incorporating fins [6–9] or encapsulations [10,11]. The second approach
focuses on enhancing the effective thermal conductivity of PCMs by introducing nanoparti-
cles [12–14] or porous media like metal foams [15]. The third approach aims to improve
process uniformity, which can be achieved by using multiple PCMs with different melting
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temperatures [16], enclosing PCMs in cavities or cells such as honeycomb structures [17],
or optimising the process parameters [18]. However, each of these methods for enhancing
heat transfer has its own drawbacks. A dense arrangement of fins reduces the energy
density of the system and limits the utilisation of convection currents [19]. Similarly, porous
structures face similar challenges. The addition of nanoparticles introduces difficulties in
achieving uniform dispersion and preventing sedimentation during phase-change cycles.
Additionally, this approach can be relatively expensive.

The PCM can mainly be enclosed in cylindrical [20], rectangular [21], spherical [22,23],
trapezate [24], shell-and-tube [25,26], triplex-tube [19,27,28], and parallelepiped [29,30] con-
tainers [31,32]. In recent years, researchers have focused on comparing various geometric
solutions and their impact on the heat transfer rate. Zivkovic and Fujii [21] investigated the
use of a rectangular shape for a PCM energy storage container, and they achieved half the
melting time compared to a cylindrical container with the same heat transfer surface area
and PCM volume. The studies were extended by Vyshak and Jilani [20], who demonstrated
the advantage of using a shell-and-tube design in terms of reducing the melting time. This
effect is further enhanced as the amount of PCM in the containers increases. Ding et al. [26]
developed interesting geometric variants for rectangular, cylindrical, and shell-and-tube
containers. The results of the research showed that, despite the fact that natural convec-
tion intensity is the highest in cylindrical storage, the shell-and-tube LHTES achieves the
highest heat transfer rate due to the lowest thermal resistance. In addition, shell-and-tube
construction allows the highest exergy efficiency to be achieved.

The most prevalent shell shape found in shell-and-tube designs is typically circular.
The primary reason a circular shape is preferred over other geometric variants is due to its
minimal perimeter. Consequently, for the same volume of the PCM, circular cylindrical
shells exhibit the smallest surface area, resulting in minimal thermal energy loss to the
surroundings during melting [33]. Evaluations of the thermal performance of LHTES units
with circular shells were presented in, among others [25,34]. While circular shapes are
commonly employed in shell-and-tube constructions, numerous studies have explored
the utilisation of alternative shell shapes. Faghani et al. [35] conducted an analysis of the
melting process for both circular and elliptical shapes of the shell and central tube in
various configurations. The findings indicate that, regardless of the tube shape, the best
configuration for the shell is a horizontally oriented ellipse. This particular arrangement
enhances heat absorption and reduces the melting time. However, while such a shape
may be effective for structures serving as heat exchangers, it would not be practical for
large periodic arrangements. Pourakabar and Rabienataj Darzi [36] conducted a compari-
son study of circularly and elliptically shaped shells in the context of multi-tube thermal
energy storage. The study revealed that the highest melting and solidification rates are
achieved with the circular shape of the shell. However, it is important to emphasise that the
charging and discharging efficiency primarily depends on the number and arrangement of
the inner tubes. In [37], it was demonstrated that the use of a vertically oriented elliptical
tube instead of a circular one reduces the melting time. Nevertheless, it was found to be
ineffective in the solidification process. Khillarkar et al. [38] presented a numerical study
on the free-convection-dominated melting of a pure PCM within a horizontal, square,
annular container. Thermal stratification was achieved in the upper part of the enclosure
as a result of the energy supplied to the system being primarily carried upward by the
free convective flow within the liquid fraction of the PCM. Mao et al. [39] examined the
influence of the length-to-diameter ratio for a rectangular container in a shell-and-tube
construction. They presented design and optimisation guidelines for rectangular LHTES
systems. Bouzennada et al. [40] undertook a three-dimensional numerical investigation
of a PCM enhanced with nanoparticles. The PCM was enclosed within a cubic container,
incorporating an inner tube located in the lower section. The study unveiled a substan-
tial improvement in the melting speed and stored energy, attributed to the heightened
thermal conductivity resulting from the presence of nanoparticles. The utilisation of a
three-dimensional model facilitated the observation of the impact of irregular thermal
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conditions on the molten zone surrounding the heat transfer fluid (HTF) tube. Investi-
gations on a rectangular capsule were carried out in the study [41]. The results indicate
that incorporating fins in the lower section of the PCM capsule enhances the heat transfer
area, particularly in regions where conduction is the predominant mode of heat transfer.
In [42], the authors demonstrated that the use of two eccentric tubes with a rectangular
shell reduced the melting time compared to concentric tubes with a circular shell. A rect-
angular shell may lead to faster solidification relative to the circular shape, but this is
primarily due to the increased heat loss rate resulting from the larger surface area of the
shell. Additional findings regarding the utilisation of multi-tube designs in rectangular
containers are described in [43]. Tabassum et al. [44] conducted a numerical study using
the boundary-fitted coordinate (BFC) technique to simulate the melting process of PCMs in
a horizontal, inverse triangular annulus. Based on the obtained results, it was found that in
the bottom apex region, the melting process progresses very slowly after a specific time.
The vertically eccentric position of the inner tube provides the maximum storage capacity.
Another performance enhancement of a multi-tube LHTES unit with triangular shell was
discussed in [45].

A unique semi-circular shell shape in a shell-and-tube construction was presented
in [33]. It was found that the melting rate enhancement was greater when the inner tube
was positioned closer to the bottom surface of the outer shell. The semi-circular LHTES
system melted the PCM completely in nearly half the time compared to the circular design.
Additionally, for an equal PCM volume and a melting time duration of 80 min, the thermal
energy stored in the PCM was 12% higher in the case of the semi-circular design compared
to the circular variant. Li et al. [46] conducted a numerical investigation on the solidification
process of a hexagonal shell-and-tube LHTES unit. The research focused on analysing
the dynamic response of temperature and heat release, as well as the evolution of the
solidification front in construction with Koch-fractal fins. Another triplex-tube design,
featuring hexagonal tubes, was presented in [47]. Maneengam et al. [48] analysed the
system entropy and the optimisation of irreversibility for an octagonal shell-and-tube
thermal energy storage microsystem. Alizadeh et al. [49] developed a triplex-tube design
for an octagonal storage unit. None of the aforementioned papers that contain hexagonal
or octagonal designs discuss the obtained results in relation to the used shell shape or
reference circular unit with an equivalent PCM volume and convective heat transfer area.
Shahsavar et al. [50] presented a vertical double-pipe with a sinusoidal wavy wall. They
examined various parameters, including wavelength and wave amplitude, to determine
the optimal geometry for both the melting and solidification processes. The solidification
and melting times decrease with an increase in wave amplitude and Reynolds number,
and a decrease in wavelength. The triplex-tube variant with sinusoidal wavy walls was
discussed in [51]. Alizadeh et al. [52] conducted an optimisation study of a wavy shell
unit with curved fins. The appropriate geometric parameters of the fins enhance the
thermal penetration depth towards the outer wavy wall, resulting in an increased rate of
heat transfer and reduced the full solidification time. A three-dimensional verging shell
shape was analysed in our previous research [53,54]. It was found that helical-coiled shell
structures and spiral fins significantly reduce PCM melting and solidification times.

There are only a few studies that compare different shell shapes under the same
conditions. Qaiser et al. [55] investigated the enhancement in melting performance in
multi-tube thermal energy storage systems using only circular, elliptical, and triangle shells.
Both elliptical and triangle designs had the potential to reduce the PCM melting time
by up to 50% compared to the base case. Unfortunately, the study did not examine the
solidification process. A comparison of different shapes of shells in the LHTES system was
also presented by Hekmat et al. [56]. The authors limited their investigation to research
on the impact of circular, elliptical, square, triangular, and trapezate shell geometries on
the melting and solidification phenomena. The best performance in terms of melting was
achieved with a downward trapezate shape, while a horizontal ellipse was the optimal
choice for the solidification process.
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Based on the state of the art presented here, it is evident that investigating shell shapes
in shell-and-tube structures represents an interesting research activity for enhancing the
heat transfer process in LHTES units. However, to the best of our knowledge, this particular
topic has not received extensive discussion, and a comprehensive comparison of proposed
shell shapes is lacking. It remains unclear how different shapes and orientations of the shell
impact melting and solidification times, as well as heat transport processes. Therefore, we
propose to fill this research gap. In this study, the novelty lies in the extended thermal per-
formance comparative analysis of seventeen shell shape cases. We calculated and compared
melting and solidification times, liquid fraction, temperature distributions, average heat
flux, and specific enthalpy for various shell shapes, including circular, semi-circular, square,
rectangular, ellipse, triangle, hexagonal, octagonal, and trapezium, each in two orientations.
It is also necessary to study both the melting and solidification processes because some heat
transfer enhancement techniques shorten the melting time but significantly prolong the
solidification time. This comparison analysis is also crucial for building compact modular
systems with high energy density.

2. Research Objects and Computational Domains

The subject of the research is shell-and-tube LHTES units, with a focus on exploring
different shell shapes to address their thermal performance. The shell-and-tube construction
comprises an inner tube and an insulated outer shell, with a space between these walls
filled with a PCM. The inner tube facilitates the flow of heat transfer fluid (HTF), which,
based on its temperature, induces the melting or solidification of the PCM, consequently
enabling the charging or discharging of the TES.

The basic design is a horizontal shell-and-tube LHTES unit with a circular shell (S01a
Figure 1). It will be used as a reference structure for literature research, model validation,
and comparative analysis of results with other shapes that will undergo evaluation. The
external diameter of the inner copper tube is 22 mm, and its thickness is 1 mm. To ensure
an equal heat transfer surface area, the dimensions of the inner tube remain identical
across all the considered models. According to the studies presented in [25], the most
suitable shell-to-tube diameter ratio for a horizontal circular LHTES unit, considering both
melting and solidification processes, is 4. Therefore, the external diameter of the shell was
determined to be 88 mm. Additionally, the 2D domain was assumed as a compromise to
reduce computation time.

The other examined shell shapes are depicted in Figure 1. Due to the equal annulus
surface area (57.04 ±0.02 cm2) in the cross-sectional profile, each LHTES unit contains the
same mass of PCM. The geometric models S01b and S01c pertain to semi-circular shell
shapes in the upward and downward positions, respectively. Model S02a is a square shape
that is also considered in a rotated position by an angle of 45 degrees (S02b). The ratio
of the lengths of the edges of the rectangular shapes (S03a, S03b), and the semi-axes of
the ellipses (S04a, S04b) is 1.64 based on the research presented in [55]. The shapes based
on an equilateral triangle with rounded corners are presented in the upward (S05a) and
downward (S05b) positions, respectively. The centre of the inner tube is located at the
centroid of the triangle. The next shell shapes are hexagonal (S06a, S06b) and octagonal
(S07a, S07b), oriented with a corner or an edge facing upward. The last shape to be analysed
is an isosceles trapezium in both the upward (S08a) and downward (S08b) orientations. The
dimensional proportions for the trapezium shape were sourced from [56]. The geometric
parameters for all cases are compiled in Table 1.

We addressed shell shapes that have the potential for constructing compact modular
systems with high energy density and we also considered shapes that were previously
proposed as thermally efficient but were not compared with others. The shell shapes like a
square (S02a,b), rectangle (S03a,b), hexagon (S06a,b), triangle with alternating orientation
(S05a,b), and isosceles trapezium with alternating orientation were identified as potentially
efficient for constructing compact modular systems.
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Figure 1. Different shell shapes and orientations of the analysed shell-and-tube structures.

Table 1. Geometric parameters of the analysed shell shapes.

Model S01a S01b S01c S02a S02b S03a S03b S04a S04b

Dsi mm 88 124.5 124.5 - - - - - -
a mm - - - 78 78 100 60.8 112.7 68.7
b mm - 31.1 31.1 - - 60.8 100 68.7 112.7

Model S05a S05b S06a S06b S07a S07b S08a S08b

a mm 120.5 120.5 48.4 48.4 35.5 35.5 105.2 76.2
b mm 34.8 34.8 - - - - 76.2 105.2
h mm - - - - - - 67.1 67.1
r mm 10 10 - - - -

The dimensions of the tube are the same for each model: outer diameter dto = 22 mm, and wall thickness
w = 1 mm.

3. Thermophysical Property Measurements

The material selected for the research was a commercially available organic PCM
designated as RT54HC (Rubitherm Technologies GmbH, Berlin, Germany). It is charac-
terised by a narrow phase-change temperature range during heating and cooling, high
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phase-change enthalpy, limitation of supercooling effects, non-toxicity, low volumetric
expansion, and stable performance throughout the phase-change cycles.

3.1. Differential Scanning Calorimetry Measurements

We conducted measurements using differential scanning calorimetry (DSC) for the
melting and solidification processes (Figure 2). The TA Instruments Q2000 V24.11 device
was used with a temperature rate of 5 K/min in the range of 20–70 ◦C, employing two
heating and cooling cycles. The protective gas was helium, the calibration was carried
out using a metallic standard indium and the reference material was sapphire. According
to the manufacturer’s specifications, the temperature measurement uncertainty is ±1 ◦C.
As a result, the heat flow versus temperature charts, the specific heat, the phase-change
temperature, and the phase-change enthalpy were determined. Temperature-modulated
DSC was employed to determine the specific heat for the solid and liquid states. The
measurements were carried out several times in order to determine the average values of
phase-change enthalpy and phase-change temperature.

Figure 2. Heat flow versus temperature from DSC measurements.

3.2. Thermal Conductivity Measurements

The transient line heat source method was employed for measuring thermal conduc-
tivity. This transient method enables measurement during both the solid and liquid states
of a PCM. The measurements were conducted under controlled temperature conditions
for both the solid and liquid PCM. We employed a TEMPOS thermal properties analyser
(METER Group, Inc., Pullman, WD, USA) equipped with a specialised measurement needle
(KS-3) that generates only a small amount of heat. This allows a significant reduction in the
influence of free convection (in the liquid state) during measurement, that could alter the
reading. The measurement uncertainty was ±10% from 0.2–2.0 W/(m·K). The mean value
from a series of measurements was assumed (Table 2).

The complete thermophysical properties of the organic PCM (RT54HC—Rubitherm)
are presented in Table 2. Quantities such as the dynamic viscosity, density of solid/liquid
phase, and thermal expansion coefficient were obtained from [57]. The RT54HC material
was characterised by slight supercooling, hence different solidus/liquidus temperatures
were used in the numerical calculations for melting and solidification.
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Table 2. Thermophysical properties of organic PCM (RT54HC—Rubitherm).

Property Dimension Value

Melting/solidification latent heat kJ/kg 200/207
Solidus/liquidus temperature for melting ◦C 50/60
Solidus/liquidus temperature for solidification ◦C 47/53
Specific heat kJ/(kg·K) 2.1
Thermal conductivity W/(m·K) 0.2
Dynamic viscosity Pa·s 0.00365 [57]
The density of solid/liquid kg/m3 800/850
Thermal expansion coefficient 1/K 0.000308 [57]

4. Methods and Mathematical Description

The solution of the heat and mass transport phenomenon in the considered LHTES
systems is a strongly coupled problem. The computation of the conjugate problem of
heat transfer is further complicated by the presence of a moving boundary during the
melting and solidification processes. In the initial phase of the melting process, conduc-
tion is the dominant phenomenon, followed by natural convection in the liquid PCM.
However, during the solidification process, convection initially dominates but quickly
gives way to conduction. The commonly known and widely used mathematical model
describing these fundamental phenomena consists of a set of differential equations known
as governing equations.

4.1. The Heat and Mass Transport Equations and Assumptions

The solution of the conjugate heat transfer problem coupled with a moving interface
between the liquid and solid phase within a reasonable time but with good accuracy re-
quires the introduction of reasonable simplifications. First of all, the flow is modelled as
incompressible Newtonian flow. The PCM’s thermal expansion during melting and contrac-
tion during solidification, thermal radiative, and viscous dissipation are neglected. Natural
convection is modelled using the Boussinesq approximation, wherein the density is treated
as a constant value in all solved equations, except for the buoyancy term in the momentum
equation. The buoyancy term is linearised according to Equation (3). The Rayleigh number
spans from 0.65× 106 to 11× 106 across all cases, with no occurrences beyond the critical
Rayleigh number threshold of Ra < 108 [58,59]. Consequently, a laminar flow assumption
is made for the liquid PCM. The well-known enthalpy–porosity approach [60,61] is used to
model the mushy zone as a porous medium that operates as a partially solidified region.
The PCM’s thermophysical properties are isotropic and constant vs. time and temperature
variations. The governing equations are as follows:

• The continuity equation:
∇ ·~v = 0 (1)

• The momentum equation:

∂~v
∂t

+∇ · (~v~v) = 1
ρ re f

(−∇p + µ∇2~v + ρ~g) + S~v (2)

where
ρ = ρre f (1− β(T − Tre f )) (3)

and ρre f = 825 kg
m3 , Tre f = 54.55 ◦C for melting, Tre f = 52.37 ◦C for solidification, and

g = 9.81 m/s2.
• The momentum source term S:

S = Amush
(1− α)2

(α3 + ε)
(4)



Energies 2023, 16, 7822 8 of 26

where Amush = 105, ε = 0.001
• The thermal energy equation:

ρre f
∂h
∂t

+ ρre f∇ · (~vh) = ∇ · (k∇T) (5)

where

h = hre f +
∫ T

Tre f

cpdT + αl (6)

and the liquid fraction α:

α =


0 if T < Ts
1 if T > Tl

T−Ts
Tl−Ts

if Ts < T < Tl

(7)

The assumed mathematical model allows for the determination of spatial and time dis-
tributions of the velocity, temperature, and liquid fraction in the presence of a moving
solid–liquid interface.

4.2. Initial and Boundary Conditions

In all of the analysed cases, the initial temperature of the entire domain is Tm(t=0) = 30 ◦C
during melting and Ts(t=0) = 75 ◦C during solidification. The PCM has initial velocities
of 0 m/s for both the melting and solidification processes. The boundary conditions
were the same for all cases. The heat transfer fluid (HTF) is water, featuring a dynamic
viscosity, density, and thermal conductivity that varies based on inlet temperature. The
other thermophysical properties of water are maintained at constant values. To simulate
heat transfer from HTF to the tube and through the tube, the convective boundary condition
was assumed as in Equation (8):

−kht f
∂T
∂n

= bht f ,t(Twall − Tht f ) (8)

where
bht f ,t =

1
Rht f ,t2πrto

(9)

In order to determine the heat transfer coefficients between the HTF and PCM, the thermal
resistance was calculated. The thermal resistance between the HTF and the outer tube
wall is defined by the advection of the HTF within the tube element as well as the heat
conduction through the tube material (Equation (10)).

Rht f ,t = Rht f + Rt (10)

Thermal resistance as a result of advection within a tube element is described by the
following Equation (11):

Rht f =
1

bht f 2πrti
(11)

and

bht f =
Nukht f

dti
(12)

where the Nusselt number changes depending on the type of flow and HTF temperature
(Tht f ,m = 75 ◦C for melting and Tht f ,s = 30 ◦C) for solidification), and was defined in accor-
dance with Petukhov–Gnielinski correlation for turbulent flow (Re > 2300) in tubes [59] in
the following way (13):
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Nu =
f /8 · (Re− 1000) · Pr

1 + 12.7 ·
√

f /8 · (Pr2/3 − 1)
(13)

where
f = (0.79 · ln(Re)− 1.64)−2 (14)

Pr represents the Prandtl number, and the Reynolds number (Re) was determined as follows:

Pr =
cht f µht f

kht f
, Re =

ρht f udti

µht f
(15)

where cht f = 4180 J/(kg · K), µht f = 0.000408 Pa · s, ρht f = 975 kg/m3, kht f = 0.665 for
Tht f ,m, and µht f = 0.000797 Pa · s, ρht f = 995 kg/m3, kht f = 0.619 for Tht f ,s. The thermal
resistance as a result of conduction within the tube material is determined by the following
relation (16):

Rt =
ln
(

rto
rti

)
2πkt

(16)

The HTF mass flow during melting and solidification was assumed to be 3.15 l
min . Based

on these data and calculations the heat transfer coefficients bht f ,t (9) were determined to be
1511 W

m2K and 938 W
m2K for the melting and solidification processes, respectively. The walls

restricting the flow were subject to the no-slip boundary condition. The adiabatic boundary
condition was assumed at the outer shell edge. The symmetry boundary condition was
assumed at the inner vertical edge due to the symmetry of the geometrical model, boundary
conditions, and the phenomenon (Figure 3).

Figure 3. Assumed numerical mesh and boundary conditions for selected case (M01).

4.3. Computational Methods and Algorithms

The set of differential equations with assumed initial and boundary conditions was
solved using the finite volume method. The ANSYS Fluent 2021R1 software, utilising
the pressure-base solver, was employed for the calculation. To couple the continuity
and momentum equations, the well-known semi-implicit method for pressure linked
equations (SIMPLE) procedure was utilised. The discretisation scheme employed for
pressure was PRESTO!, while for momentum and energy, the third-order MUSCL scheme
was employed. Gradients were computed using the least squares cell-based method, as
it is less computationally expensive compared to node-based gradient computation. The



Energies 2023, 16, 7822 10 of 26

convergence criteria for the continuity equation and velocity components were set at 10−5,
while for the energy equation the criterion was set to 10−8. Temporal discretisation was
achieved using a second-order implicit time integration algorithm, which offers stability
with respect to the time step. The specific time step used varied between 0.05 and 0.1 s,
depending on the analysed cases. The simulation covered 30,000 s (18,000 s for S01c,
36,000 s for S02b and 48,000 s for S03b, S04b, S05a,b) of the charging process (PCM melting)
and 50,000 s (56,000 s for S03b, S04b, S05a and 62,000 for S01c) of discharging (PCM
solidification). The supercomputer “ARES” from ACK Cyfronet Krakow was used. The
most computationally expensive task was solved using an Intel Xeon Platinum-8268 with
24 cores and lasted 194 h.

4.4. Verification and Validation

The grid independence study was conducted as a verification procedure. Based on
Figure 4 we can observe that there are slight differences in the liquid fraction distribution,
and the maximum relative error in the liquid fraction for the compared meshes does not
exceed 2%. However, later in the research, we compare the melting and solidification times
so the melting time was compared as a parameter in grid independence analysis. The
melting time for the mesh with 80,000 cells (S3) was 29,643 s, 28,800 cells (S2) was 29,610 s,
and 7200 cells (S1) was 29,485 s. The S1 and S2 domains reached a liquid fraction value
of α = 0.98 185 s and 33 s faster than S3, respectively. As such, the S2 mesh is sufficient to
perform the calculations. This grid independence test procedure was conducted for each
analysed LHTES unit. For all domains, the density of the grid increased towards the tube,
and the quality of the cells was also controlled so as to remain within the minimum and
maximum values of the quality factors: aspect ratio < 5 and orthogonal quality > 0.5.
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Figure 4. Grid independence test for S01 domain.

To ensure the correctness of the simulation approach, the numerical results were
compared with the experimental data presented by Kousha et al. [62]. The model valida-
tion was performed for the circular shell-and-tube LHTES unit in the horizontal position.
Consistency was maintained across both studies in terms of the geometric and material
parameters, as well as the boundary and initial conditions. The fluid dynamics solver
settings were adjusted based on the information provided in [62].

As the melting process commences, the HTF exhibits an initial temperature of 80 ◦C
while maintaining a flow rate of 0.4 L/min. A Stefan number of Ste = 0.59 was employed
in the simulation. The melting process of PCM RT35 within the shell-and-tube LHTES unit
is visualised in Figure 5a, showing the average temperature in section A. The results of both
studies exhibit a strong correlation, with the preheating process and melting period aligning
closely with the experimental curve. Additionally, the heating stage for the liquid PCM
follows a consistent trend with the experimental results. In this study, the numerical data
for the melting process reveals an average error of 5.1% when compared to the experimental
results of Kousha et al. [62].
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Once the PCM is completely melted, the solidification process starts by introducing the
HTF with a temperature of 10 ◦C into the inlet of the inner pipe of the thermal energy storage
unit. Figure 5b presents the average PCM temperature in section B during solidification,
revealing a strong correlation between numerical and experimental research. Especially
during the first 100 min, the simulation results align closely with the measurement data.
The solidification process exhibits an average discrepancy of 2.4% between the numerical
results in this study and the experimental findings of Kousha et al. [62].

The validation process attests to the reliability of the established numerical model,
demonstrating that the results obtained with it for both the melting and solidification
processes align well with the findings from experimental studies.
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Figure 5. Numerical model validation by comparing simulation results with experimental data
featured by Kousha et al. [62] for (a) average temperature in section A during the melting process
and (b) average temperature in section B during the solidification process.

5. Results and Discussion of the Numerical Calculations

The simulation results are presented for the comparison of melting times both overall
and for different liquid fraction stages (Figure 6). To gain a better understanding of the
ongoing phenomena, the temperature, liquid fraction, and velocity distributions were anal-
ysed at three different time points for all the examined shells (Figures 7–10). The simulation
results are also presented for the comparison of the solidification process (Figures 11–15).

The temperature and liquid fraction distributions obtained in this study exhibit similar-
ities when compared to findings from prior published research [33,35,55]. This qualitative
comparison could be performed because of the same simplifications, similar shell-to-tube
ratio, and shell shape.

5.1. Melting Time Comparison

In Figure 6, the melting times at four different stages and the melting time differences
in relation to the reference S01a circular shell are presented. It is noteworthy that it takes an
approximately equal amount of time (36–37 min) to reach 25% liquid PCM regardless of the
case. This uniformity arises because the melting phenomena occur at the same surface area
and under identical conditions. During the second stage, when the liquid fraction reaches
up to 50%, convection continues to dominate, resulting in minimal time differences across
various shell structures. In the third and fourth stages, as the liquid fraction approaches 99%,
the longest times are observed for vertical rectangular (S03b), vertical ellipse (S04b), and
triangle downward (S05b) shell shapes. This extended duration is attributed to conduction
prevailing in the bottom part of the shell, where these configurations have a significant
distance between the tube and the bottom of the shell. Conversely, in these same stages
(third and fourth), the shortest times are recorded for a semi-circular shell shape in the
downward position (S01c), horizontal rectangular (S03a), and horizontal ellipse (S04a).
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This is due to convection dominating in the wide upper section of the shell, and these
configurations have short distances from the tube to the bottom of the shell.

Figure 6. Melting process (a) timestamps for liquid fraction values of α = {0.25, 0.5, 0.75, 0.99} and
(b) percentage difference in melting time compared to reference circular shape S01a.

The shortest overall melting time was achieved for a semi-circular shell shape in
the downward position (S01c), which was 44% shorter than the reference circular case.
Additionally, noteworthy reductions in melting times were observed for other shell shapes,
such as horizontal ellipse (S04a), horizontal rectangle (S03a), semi-circular in the upward
position (S01b), and downward-oriented isosceles trapezium (S08b), with melting time
reductions of 31.8%, 30.9%, 24.4%, and 23.2%, respectively. The obtained results differ
slightly compared to the results presented in [56], where the melting time was shorter for
the downward trapezium compared to the shape of a horizontal ellipse. This difference
arises because, in Hekmat et al. [56], a shell-to-tube diameter ratio of 3 was assumed for
the horizontal circular LHTES unit, while in our study, this ratio is 4. This means that
for all shell shapes, the proportion of the total exchanger cross-sectional area to the tube
cross-sectional area is greater in our case.

When comparing S01b and S01c (semi-circle) with the same distance from the tube
to the bottom of the shell, it becomes evident that the upper flat area of the shell (S01c) is
advantageous when melting occurs. This is due to a higher PCM area in the upper than
in the lower part of the exchanger. In the upper part, convection dominates and the PCM
melts faster than in the lower part where conduction is dominant. This same observation
applies when comparing cases S08a and S08b (trapezium).
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5.2. Temperature and Liquid Fraction Distributions during Melting

In Figures 7–10, the temperature and liquid fraction distributions during melting
and selected time points are presented. The black line represents the isoline of 50% PCM
liquid fraction. We also marked the streamlines coloured by velocity to better visualise the
convection currents.

Figure 7. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S01a,b,c and S02a,b during melting.

From the beginning of the melting process up to 30 min, there are similar shapes of
the liquid–solid interface except in the S01b case, where the liquid PCM reaches the top
boundary of the shell. There are also similar convection currents, that have a beginning
at the top surface of the tube, near 45◦ from the vertical axis. For the S01c, S03a, and S04a
configurations with a wide-top shell in comparison to the rest of the cases, we can see that
the liquid PCM moves to the side zones of the container, clearly away from the heat source
(t = 60 min). In addition, due to the fact that there is less PCM under the tube, the melting
process is shorter, especially in the fourth stage. The S05b case up to 75% liquid fraction
behaves the same; however, due to the greater distance of the heat source from the bottom
and the dominance of conduction, the longest time was obtained in the fourth stage of the
melting process.

The highest velocity values can be seen in the time range from 40 to 80 min of melting
for all cases. Slender configurations, such as S03b, S04b, and S05a, are characterised by the
highest velocities. The developed convection currents promote melting but only in a short
period of time. While such configurations as S01c, S03a, and S04a have lower velocities in
the wide time period, they are therefore ultimately more efficient during melting.
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At a time of 260 min, all of the configurations are characterised by a stratified PCM
temperature, which could be beneficial in the case of the multi-module arrangement of
rectangular (S02a,b, S03a,b, S08a,b), polygonal (S06a,b), or triangular (S05a,b) shell shape
units. The highest PCM temperature was achieved for the S01c configuration because all
the solid PCM melted in a time below 260 min, leading to sensible heat thermal energy
storage up to the HTF temperature. We can also observe small liquid PCM velocities, which
are obvious at this stage due to the small temperature difference between the liquid PCM
and HTF.

In Figure 8, we can see that the flat shell shape configurations like rectangular S03a or
elliptical S04a have higher temperatures of the solid PCM than configurations S03b and
S04b. This is especially visible at times of 60 min and 260 min. The enlarged solid–liquid
interface surface is responsible for this condition. It is also visible in Figure 9 for the S05a
and S05b configurations, but in t = 60 min, S05b has a larger solid–liquid interface surface
than S05a, resulting in faster melting (Figure 6a up to 75% LF). At time t = 260 min, we can
see that for S05b the solid–liquid interface surface decreased and the melting process was
significantly extended.

A slight difference exists in the melting times, temperature distributions, and liquid
fraction when we compare the reference configuration (S01a—circular) with the square
(S02a), hexagonal (S06a, S06b), and octagonal (S07a, S07b) configurations. This is due to
the fact that these configurations are similar in shape to the reference configuration. In
Figure 6, we can see only up to a 3% difference in the melting times for these configurations.
However, the advantage of the square and hexagonal configurations lies in the potential
for denser arrangements in comparison to circular ones. The interesting configurations,
with low melting times and possible dense arrangements, are the isosceles trapezium shell
shapes (S08a,b).

Figure 8. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S03a,b and S04a,b during melting.
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Figure 9. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S05a,b and S08a,b during melting.

Figure 10. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S06a,b and S07a,b during melting.

5.3. Solidification Time Comparison

In Figure 11, solidification times at four different stages and the time differences in
relation to the reference S01a circular shell are presented. Similar to melting, and for the
same reason, it takes an approximately equal amount of time (73–82 min) to reach 75%
liquid PCM regardless of the case. During the second stage, when the liquid fraction
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reaches up to 50%, conduction continues to dominate. The times for this stage are longer
in comparison to the first stage due to the expanding phase-change interface area. In
the third and fourth stages, as the liquid fraction approaches 0.01%, the longest times
are observed for the semi-circular shell shape in the downward position (S01c), vertical
rectangle (S03b), vertical ellipse (S04b), and upward triangle (S05a). The solidification time
for these shell shapes is over 800 min. This occurs because at the beginning of solidification
convection currents transport colder PCM downward, and cases with high upper shell-
to-tube distances and wide upper sections have more PCM in the upper part of the unit,
where conduction strongly dominates.

Figure 11. Solidification process (a) timestamps for liquid fraction values of α = {0.75, 0.5, 0.25, 0.01}
and (b) percentage difference in solidification time compared to reference circular shape S01a.

Conversely, in these same stages, the shortest times are recorded for an isosceles
trapezium in the upward orientation (S08a), horizontal ellipse (S04a), and circular shell
shape (S01a). This is due to low shell-to-tube distances and narrow upper sections meaning
there is less PCM to solidify. Similar to the melting process, the results for the trapezoid and
horizontal ellipse show slight variations compared to the findings presented in [56]. This
demonstrates that not only the shell shape but also the mutual proportions of the LHTES
cross-sectional dimensions influence the melting and solidification times.

In comparison to melting, the solidification time reductions are not so spectacular due
to conduction domination for a longer period of time.

When comparing S01b and S01c (semi-circle) with the same distance from the tube to
the top of the shell, it becomes evident that the upper flat area of the shell (S01c) is disad-
vantageous when solidification occurs. This same observation applies when comparing
cases S08a and S08b (trapezium).
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5.4. Temperature and Liquid Fraction Distributions during Solidification

In Figures 12–15, the temperature and liquid fraction distributions during solidification
and selected time points are presented. The black line represents the isoline of 50% PCM
liquid fraction. We have also marked the streamlines coloured by velocity to better visualise
the convection currents at the beginning of the process.

For all cases, the liquid–solid interface at the beginning of the solidification process is
the same shape. The PCM first solidified in the closest vicinity of the tube, with a narrow
solid PCM layer above the pipe and a wider layer below the tube. This is attributed to
the cold convection current, which moves liquid PCM from the top of the tube toward the
bottom of the shell. Similar convection currents are present for all cases, but their velocity
rapidly decreases, and conduction becomes the dominant heat transfer mechanism. The
temperature distribution is stratified for all of the analysed cases.

On temperature distribution figures at a time of 200 min, we can observe that the high
temperature values are for the S03b, S04b, and S05a configurations (Figures 12–15). This is
due to higher shell-to-tube distances and accumulation of more liquid PCM in the upper
shell part than the rest of the configurations.

When we compare the S01b and S01c configurations, it can be seen that at the time
500 min there is more liquid PCM in the S01c configuration due to the wide-top shell shape.
A similar situation appears for the S08a and S08b configurations. A narrow upper shell
shape and central tube placement are beneficial for reducing the solidification time. This is
due to downward convection currents at the beginning of the solidification process and a
lower amount of PCM in the upper part of the exchanger.

Figure 12. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S01a,b,c and S02a,b during solidification.
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Figure 13. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S03a,b and S04a,b during solidification.

Figure 14. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S05a,b and S08a,b during solidification.
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Figure 15. Liquid fraction and temperature spatial distribution, with streamlines coloured by velocity
value for S06a,b and S07a,b during solidification.

When we compare the S05a and S05b configurations, it can be observed that at the time
500 min there is more liquid PCM in the S05b configuration but with a lower temperature
than in S05a. The S05b configuration has a tube placed closer to the top, a larger solid–liquid
interface, and, despite the much wider upper shell, solidification occurs faster.

A slight difference exists in solidification times, temperature distributions, and liquid
fraction when we compare the reference configuration (S01a—circular) with the hexagonal
(S06a, S06b), and octagonal (S07a, S07b) configurations. This is due to the fact that these
configurations are similar in shape to the reference configuration. In Figure 11, we can see
only up to 1% difference in the solidification time for these configurations. Nevertheless,
the advantage of rectangular and hexagonal configurations is the possibility of denser
arrangements in comparison to circular ones. The interesting configuration with low
solidification times and possible dense arrangements are the isosceles trapezium shell
shapes (S08a,b).

5.5. Heat Flux Comparison

A large number of simulation data need reduction, so the facet average of heat flux
on a tube surface was computed (17) and reported every 1 s of the simulation. Next, the
averages over 10 min were calculated (18) and are presented in Figures 16 and 17.

qavg(t)|t =

num
∑

i=1
qi(t)

num
(17)

qavg,time=10 min =

600
∑

t=1
qavg

num
(18)

where num—number of the cell surface, qi—heat flux at the i-th cell surface, and t—time.
The maximum values of the heat flux in the first 10 min for all structures are the

result of the adopted initial conditions and the start of the melting process. These values
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are also the result of the large temperature difference between the pipe wall and the
surrounding PCM. In some cases, and within the time range of 40–60 min, we can clearly
notice the second extreme due to the development of convection currents, especially for
slender structures.

In Figure 16, we can see that the semi-circular shell shape in the downward position
(S01c), and the horizontal rectangular (S03a) and elliptical (S04a) shell shapes are charac-
terised by a long period of high average heat flux at the tube surface (up to time equal
120 min). Therefore, it can be said that for these configurations the heat transport process
occurs moderately, and not as in the case of the S03b structure where we can observe local
maxima of the heat flux and its rapid decline. A greater distance between the tube wall
and the top surface of the shell (like S03b, S04b) promotes the achievement of high heat
flux values due to convective heat transfer and the mixing of the liquid PCM. However, in
a relatively short time, the liquid PCM reaches the pipe level, the temperature difference
between the pipe wall and the PCM is no longer so large, and the entire process quickly
slows down.

In Figure 17, we can observe the heat flux average values during solidification. The
negative values result from the fact that heat flows from the PCM to the HTF pipe. The
maximum heat flux values in the first 10 min for all structures are the result of the adopted
initial conditions and the start of the solidification process. At 20 min it can be seen that the
S08a configuration is characterised by the highest average heat flux, leading to the greatest
reduction in the solidification time. However, in all configurations, the heat flux on the
pipe wall tends to zero quickly due to the fact that heat conduction dominates.
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Figure 16. Heat flux average values during melting for all configurations.
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Figure 17. Heat flux average values during solidification for all configurations.

5.6. Specific Enthalpy during Melting and Solidification

Figures 18 and 19 present the specific enthalpy of the PCM during the melting and
solidification processes, respectively. For better clarity, the curves were divided into
four charts. In every chart, the reference curves for models S01a (melting) and S08a
(solidification) are present. The vertical line at 241 min refers to the shortest melting
time for a semi-circular shell shape in the downward position (S01c). The vertical line at
668 min refers to the shortest solidification time for an isosceles trapezium in the upward
orientation (S08b).

In Figure 18, we can observe that the PCM specific enthalpy increases linearly up to
75 min, with the same slope coefficient for all cases. This confirms previous conclusions
about the same heat transport process and mechanism regardless of the shape of the shell.
After 75 min, the rate of enthalpy increase slows down, with different rates depending
on the case. This is due to conduction being dominant for the rest of the process. A high
enthalpy in a relatively short time was achieved for the semi-circular shell shape in the
downward position (S01c), horizontal rectangular (S03a), horizontal elliptical (S04a), and
isosceles trapezium in the upward orientation (S08b) structures. All this confirms previous
conclusions. For the hexagonal (S06a,b) and octagonal (S07a,b) shell shapes, the enthalpy
changes over time were almost identical to the reference circular shape. Therefore, the
circular shell shape could be successfully replaced by hexagonal for compact modular
systems with high energy density.

In Figure 19, we can observe that the PCM specific enthalpy up to 200 min decreases
with the same rate in all cases. This confirms previous conclusions about the same heat
transport process and mechanism regardless of the shape of the shell. None of the anal-
ysed shell shapes allow for significantly faster energy reception compared to the reference
shape (S01a). However, it should be noted that shapes such as S01c extend the solidifica-
tion process, and the amount of received energy up to time 668 min is smaller than the
reference case.
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Figure 18. Specific enthalpy of the PCM over time during melting process.
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Figure 19. Specific enthalpy of the PCM over time during solidification process.
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6. Conclusions

In this research, we conducted a comprehensive comparison of melting and solidifica-
tion times, liquid fraction and temperature distributions, and heat flux for various shell
shapes, including circular, semi-circular, square, rectangular, ellipse, triangle, hexagonal,
octagonal, and trapezium, each with two orientations. We utilised the enthalpy–porosity
numerical model and the Boussinesq approximation to solve heat transfer problems during
the melting and solidification processes. Prior to numerical calculations, measurements of
thermal conductivity, phase-change enthalpy, and specific heat for the phase-change mate-
rial were presented. Below, we provide a summary of the key findings from the research:

• The shortest melting time was achieved for a semi-circular shell shape in the down-
ward position (S01c), which is 44% shorter than the reference circular case (S01a).

• The horizontal rectangle (S03a) shell shape had a 30.9% shorter melting time than the
circular (S01a) case. This structure has the highest melting time reduction from the
polygonal shapes.

• In the initial stage of the melting process, up to 25% of the liquid fraction melts; the
shape of the shell does not influence melting time.

• A high enthalpy in a relatively short time during melting was achieved for the semi-
circular shell shape in the downward position (S01c), horizontal rectangular (S03a),
horizontal elliptical (S04a), and isosceles trapezium in the upward orientation (S08b).

• The shortest solidification time was recorded for the isosceles trapezium in the upward
orientation (S08a).

• Only the isosceles trapezium (S08a) and horizontal ellipse (S04a) shell shapes reduced
the solidification time in comparison to circular (S01a).

• The semi-circular shell shape in the downward position (S01c), horizontal rectangular
(S03a), and horizontal elliptical (S04a) were characterised by a long period of high
average heat flux during melting. This is beneficial for fast PCM melting.

The authors of this study propose to extend the research by simulating different tube
placements and by an analysis of the thermal interactions in a polygonal multi-module
LHTES. All polygonal shell shapes have the potential for further research as multi-module
LHTES systems due to their potentially higher energy density. Economic, feasibility, and
melting/solidification cycle analyses are also important in the context of TES construction
and shape stability.
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Abbreviations
The following abbreviations are used in this manuscript:

DSC Differential scanning calorimetry
HTF Heat transfer fluid
LF Liquid fraction
LHTES Latent heat thermal energy storage
PCM Phase-change material
RES Renewable energy source
TES Thermal energy storage
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Nomenclature
Amush Mushy zone
b Heat transfer coefficient, W/(m2· K)
cp Specific heat capacity, J/(kg · K)
g Gravitational acceleration, m/s2

h Specific enthalpy, J/kg
k Thermal conductivity, W/(m · K)
l Latent heat, J/kg
n Normal vector
Nu Nusselt number
p Pressure, Pa
Pr Prandtl number
r Radius, m
R Thermal resistance, (m · K)/W
Ra Rayleigh number
Re Reynolds number
S Momentum source term
Ste Stefan number
T Temperature, ◦C
t Time, s
v Fluid flow velocity, m/s
Greek symbols
α Liquid fraction
β Expansion coefficient, 1/K
µ Dynamic viscosity, Pa · s
ρ Density, kg/m3

Subscripts
avg Average
ht f Fluid, heat transfer fluid (HTF)
i Particular control volume
re f Reference
si Shell inner
t Tube domain
ti Tube inner
to Tube outer
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