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This study presents a novel three-dimensional (3D) numerical investigation of a finned diamond-shaped
multi-tube latent heat thermal energy storage (LHTES) unit for low-temperature industrial waste heat
recovery applications. Unlike existing studies that rely on simplified two-dimensional (2D) simulations and
square shaped tubes geometry, this work introduces an innovative diamond-shaped tube configuration with
longitudinal fins, enhancing both melting and solidification dynamics. The proposed heat storage unit is
compared at iso-volume of PCM to a finless multi-tube unit, considered a reference case. Using erythritol
as phase change material (PCM) and Hytherm 600 as heat transfer fluid (HTF), the study demonstrates
that the proposed design achieves reductions of 24.5 % and 45.5 % in the melting and solidification times,
respectively, compared to a finless reference case. Additionally, the influence of axial temperature gradients and
Reynolds number variations on phase change dynamics is thoroughly examined, revealing non-negligible three-
dimensional effects and significant improvements in heat transfer performance. The axial temperature gradient
in the tubes and the tridimensionality effect involved influence phase change dynamics with a difference
exceeding 17 % and 16.36 % in melting and solidification, respectively. Moreover, the Reynolds number
effect is more significant during the melting process and for the enhanced configuration. Up to 14 % and 8
% reductions in melting and solidification times is achieved for the improved configuration, compared with
12.1 % and only 3 % for the reference case when the Reynolds number was increased from 1000 to 2000.

1. Introduction fossil fuels. Until valorization, waste heat can be stored in sensible,

latent, or thermochemical forms. Among these, latent heat storage is a

Since the Industrial Revolution, the greenhouse effect and carbon
emissions have increased exponentially, resulting in a global environ-
mental emergency. Concurrently, the globe is facing an unprecedented
energy crisis driven by population growth, overproduction, consump-
tion, etc. Given the gravity of the situation, it is critical to implement
long-term and sustainable solutions to this problem. Waste heat re-
covery and valorization via heat storage constitute one of the most
promising approaches to addressing both issues. By capturing and
valorizing the massive amount of waste heat produced by indus-
tries, usually in the form of exhaust fumes, CO2 emission will be
reduced. This waste heat can be reused for various applications such
as heating, producing hot water, and supplying heat to other industrial
endothermic processes, lowering energy requirements and reliance on
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good compromise solution, with greater maturity than thermochemical
storage and higher energy density compared to sensible heat storage,
enabling the storage of a large amount of energy in a relatively small
volume [1]. However, a significant problem with this type of storage
is the low conductivity of phase change materials (PCMs). This leads
to limited heat exchange between the PCM and heat transfer fluid
(HTF) and, thus, longer charging and discharging times. It is, therefore,
problematic when used in processes that require faster charging and
discharging times, such as off-site heat valorization. To tackle this
problem, several studies with various enhancement techniques have
been suggested, which can be classified into two categories: thermal
conductivity and heat transfer enhancement. Thermal conductivity
enhancement techniques include the addition of nanoparticles [2,3],
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Nomenclature

Principle notations

C, Specific heat capacity (J kg™! K1)
D Diameter (m)
fi Liquid volume fraction -
fs Solid volume fraction -
Sensible enthalpy per unit mass (J kg™")
g Gravity acceleration (m s~2)
H Total enthalpy per unit mass (J kg™")
L Latent heat (J kg_l)
Re Reynolds number -
t Time (s)
T Temperature (°C)
vV Velocity vector (m s~!)
U Velocity magnitude (m s~!)
P Pressure (Pa)
Po Heat duty (W)
X,¥,Z Cartesian coordinates (m)

Greek symbols

B Thermal expansion coefficient (K~')

€ numerical coefficient (=)

A Thermal conductivity (W m~! K~1)

u Dynamic viscosity (Pa s)

p Density (kg m3)

Abbreviations

HTF Heat Transfer Fluid

PCM Phase Change Material

CFD Computational Fluid Dynamics

LHTES Latent Heat Thermal Energy Storage

MT-LHTES Multi-Tube Latent Heat Thermal Energy
Storage

FMT-LHTES Finned Multi-Tube Latent Heat Thermal
Energy Storage

Subscripts

ref Reference

1 Liquidus

s Solidus

0 Initial

full Full phase change

expanded graphite [4], metal foam [5,6] and encapsulation [7], whilst
heat transfer enhancement involve the use of multiple PCMs [8] or
extended heat transfer surfaces such as fins and multiple tubes, etc.
Among the enhancement methods, adding fins to latent heat ther-
mal energy storage (LHTES) units is considered one of the simplest
and most cost-effective approaches [9]. That makes it more appealing
to the scientific community, which has carried out numerous studies
with a wide variety of fin designs, such as longitudinal, annular,
helical, Y-shaped, and tree-shaped fins, etc [10-15]. These studies
have demonstrated the effectiveness of fins installation in heat transfer
enhancement. Yang et al. [10] conducted a 2D numerical study of
a shell-and-tube system with and without annular fins. Their results
showed that by using annular fins, melting time can be reduced by up to
65%. Kirincic et al. [11] presented a 3D numerical study investigating
the influence of adding longitudinal fins to a vertically oriented shell-
and-tube LHTES system. The total melting and solidification times were
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reduced by 52 and 43, respectively. Yuan et al. [12] evaluated the lon-
gitudinal fin arrangement effect by comparing five installation angles.
The findings indicated that the vertical orientation at an angle of 0°
has the quickest melting time and that increasing the fin’s angle above
45 °C has no significant effect. Liu et al. [13] proposed a novel structure
with ladder-shaped fins. Up to 52.2% in melting time was saved by us-
ing the ladder-shaped fins instead of straight fins. Yu et al. [14] carried
out a 2D numerical analysis to examine the performance of Y-shaped
fins in the solidification process. Compared to straight longitudinal fins,
Y-shaped fins provided a more uniform temperature field and shortened
solidification time by 50.9%. Furthermore, when optimizing design
parameters, this reduction was improved to 71.5%. Mahdi et al. [15]
compared the annular, longitudinal, and spiral fins in both vertical and
horizontal orientations for the melting process. The highest melting rate
was achieved by the annular fins unit in the vertical orientation and by
the longitudinal fins unit in the horizontal orientation.

Other authors have directed their works towards multi-tube systems
for enhancing the heat transfer in shell-and-tube LHTES units [16-21].
Joybari et al. [16] experimentally compared the melting and solidi-
fication of RT60 in a single tube and multi-tube LHTES unit. Better
performance was observed in the multi-tube LHTES unit owing to the
increased surface area. Additionally, increasing the flow rate revealed
to have no significant enhancement as long as the flow remains tur-
bulent. Kousha et al. [17] experimentally studied the influence of tube
number on the melting and solidification of RT35. Four cases with one
to four inner tubes were compared. Increasing the number of tubes sig-
nificantly improved phase change dynamics and increased heat transfer
rate. Vikas et al. [18] focused their study on tube arrangement in a five-
tube and shell heat exchanger. A 2D numerical simulation was carried
out to analyze melting kinetics in ten different arrangements. It was
also suggested to place the lower tubes further into the poor melting
zone and the top tubes closer to the center. In their two-dimensional
numerical simulation of the melting process, Park et al. [19] evaluated
both the effect of number and tube arrangement. Their finding revealed
that melting time and tube number are not strongly correlated and
that increasing tube number is recommended for limited spaces as this
can increase energy density. Nevertheless, tube arrangement was found
to significantly impact the melting rate. Besides, it was found that
the diamond shape outperformed the rectangular shape for quadruple
tubes. Pourakabar et al. [20] performed a 2D numerical study on the
melting and solidification within a circular and elliptical enclosure with
different tube arrangements and numbers. The circular shell with a
vertical dual tube and diamond-shaped quadruple tube recorded the
lowest melting and solidification times, respectively. Sodhi et al. [21]
presented an experimental investigation of a high-temperature LHTES
module with 25 HTF tubes and evaluated the influence of operating
parameters on melting and solidification. They found that flow rate had
a considerable effect up to a threshold, beyond which the improvement
became minor. Besides, during solidification, the heat transfer varied
significantly along the length of the storage unit.

Agyenim et al. [22] recommended combining longitudinal fins and
multiple tubes to improve both charge and discharge dynamics, as
they found that multi-tube systems outperformed in melting, and lon-
gitudinal fins performed best in the solidification process. From this
perspective, Bouhal et al. [23] developed a 2D melting model to
compare multi-tube systems with and without fins. The addition of fins
has resulted in a 27.24% reduction in melting time. Johar et al. [24]
experimentally the performance of an LHTES unit comprising 45 finned
tubes for stationary C.I engine exhaust. The developed unit achieved a
charging efficiency, recovery efficiency, and energy saving of 69.53%,
38%, and 11.33%, respectively. Niyas et al. [25] developed a lab-
scale prototype with 25 finned tubes evaluated at varying operating
parameters. The HTF flow rate showed a lower effect on melting and
solidification than inlet temperature, and its influence was contingent
upon inlet temperature. Dandotiya et al. [26] evaluated in a 2D com-
putational simulation the effect of fin arrangement on PCM melting
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rate. The placement of fins vertically and horizontally between the
tubes demonstrated superior performance. Khan et al. [27] examined
experimentally solidification in a 21-finned tube. Increasing the flow
rate diminished discharge time by 24% and raised mean power up to
49.75%. Al-Mudhafar et al. [28] investigated the proposed “webbed
tube” heat exchanger’s performance using a two-dimensional numerical
method. The incorporation of fins into the multi-tube module notably
accelerated the melting process. Anish et al. [29] conducted an ex-
perimental study on the melting and solidification of erythritol in a
finned multi-tube unit with seven HTF tubes and longitudinal fins. They
also observed that the flow rate has a minor effect compared to HTF
inlet temperature, and its amplitude is inlet temperature dependent.
Subsequently, they analyzed in a 2D study [30] the influence of design
parameters on melting, which was found to have a significant impact.
Using a 3D numerical approach, Abreha et al. [31] evaluated a multi-
tube system with 19 pipes supported by four rectangular fins in each. It
was noticed that increasing the flow rate improves heat transfer during
melting and solidification. Song et al. [32] designed a novel multi-
tube latent heat storage system using tree-shaped fins. Their design
improved temperature uniformity in the unit and decreased melting
time by 80.2% and 34.4%, respectively, compared to fin-less and finned
rectangular-shaped multi-tube units. Similarly, Huang et al. [33], in
their 3D numerical study, found a reduction of 29.4% and 22.8% in
melting and solidification when using tree-fins instead of longitudinal
fins. It was noticed that increasing the flow rate improves heat transfer
during melting and solidification. In addition to the above studies, the
efficiency of the finned multi-tube units was tested by [34-37] but for
triplex heat exchanges.

The review of previous works highlights that the combination of
multi-tube configurations with various fin designs presents a promising
strategy for achieving high-performance latent heat thermal energy
storage (LHTES) units. However, the current body of research on
this approach remains limited, with insufficient exploration of diverse
geometrical configurations, leaving room for more effective and inno-
vative solutions. Specifically, all existing studies focusing on four-tube
arrangements [23,26,28,32,33] have been restricted to square-shaped
geometries, neglecting alternative configurations such as diamond-
shaped tubes. Yet, diamond-shaped configurations have demonstrated
superior thermal performance compared to square-shaped tubes in
previous investigations involving multiple finless tubes [19,20].

Furthermore, the literature review reveals that most numerical stud-
ies on heat transfer enhancement in LHTES units rely on simplified
two-dimensional (2D) simulations, overlooking the impact of the third
dimension associated with axial temperature gradients in the tubes.
To date, and the best of the authors’ knowledge, no 3D studies have
systematically quantified the effects of three-dimensionality on phase
change dynamics. This gap in the literature underscores the need to
assess the relevance of adopting a three-dimensional approach over
conventional 2D simulations.

To address these gaps, this study proposes a novel finned diamond-
shaped multi-tube LHTES unit to enhance heat transfer performance.
The study also seeks to quantify the influence of three-dimensional ef-
fects on melting and solidification processes, both locally and globally.
The proposed design is evaluated through a 3D numerical approach,
comparing its performance against a finless reference system under
iso-volume phase change material (PCM) conditions. Given the unit’s
intended application in low-temperature industrial waste heat recovery,
erythritol, recognized for its high energy density and widespread use
in this temperature range, is selected as the PCM. At the same time,
Hytherm 600 thermal oil is the heat transfer fluid (HTF).

A comprehensive analysis of the melting and solidification processes
is performed, focusing on liquid/solid volume fractions, temperature
distributions, streamline patterns, and heat duty variations. This work
not only quantifies the impact of three-dimensional effects on phase
change kinetics but also provides insights into the interactions between
Reynolds number variations and finned geometrical enhancements. The
findings contribute a holistic and practical solution for industrial waste
heat recovery applications, offering valuable guidance for the design
and optimization of efficient LHTES systems.
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2. Physical and mathematical model
2.1. Physical model

Fig. 1 illustrates the LHTES unit investigated in this work. The first
configuration designated here as MT-LHTES unit serves as a reference
case. It consists of a horizontal multi-tube-and-shell heat exchanger, in
which the PCM (Erythriol) is enclosed in a 70 cm length shell with
an inner diameter of 14.43 cm and 2 mm thickness. In comparison,
the HTF (Hytherm 600) flows through four equidistant tubes diamond-
shaped measuring 2 cm in inner diameter and 2 mm in thickness,
positioned 5 cm from the center of the heat exchanger and forming
a 90° angle to one another.

In the second configuration, designated here as FMT-LHTES, 2 mm
thick longitudinal fins interconnecting the tubes and the shell are
added to increase the heat surface contact as illustrated in Fig. 1.b. To
compare the two configurations at an iso-volume of PCM, the shell’s
inner diameter is changed to 14.6 cm with a 2 mm thickness. The HTF
tubes’ dimensions and positions remain the same as in the reference
case. Aluminum is used for fins, tubes, and shells.

Owing to the symmetry of the configuration and the physical phe-
nomenon (including natural convection in the PCM) with respect to x
axis, only the vertical half of the geometry is simulated, thus saving
computational time and resources.

2.2. Physical formulation

In the present study, the 3D numerical simulations were carried
out using the commercial CFD code StarCCM+, where flow and heat
transfer in the LHTES nits are modeled through the conservation equa-
tions (mass and momentum) and the energy equation, respectively. To
simplify the problem resolution, various assumptions were considered

The HTF s assumed to be incompressible with a laminar flow.
The liquid PCM flow is laminar, incompressible and unsteady.
The Boussinesq approximation is considered to take into account
natural convection in the numerical model.

Heat radiation, heat loss to the environment, viscous dissipation,
and volume expansion are neglected.

Conjugate heat flux is considered between HTF, solid parts, and
the PCM.

Tube, shell, and fins are made of the same material, aluminum,
which has constant thermophysical properties in the temperature
range studied.

HTF and PCM have constant thermophysical properties, except
for PCM’s conductivity and heat capacity, which are temperature-
dependent as shown in Table 1.

Based on the above assumptions, the governing equations for the
PCM can be written as follows:
Mass conservation equation

V.-V=0 @

Momentum conservation equation

-

p%+p<I7~V)I7=—VP+MV217+§B+AI7 @

Energy equation

pa—H+pV<I7~H>=V R 3)
ot C,

The term H in the energy equation refers to the total enthalpy per unit

mass, calculated as the sum of the sensible heat h per unit mass and
the latent content AH :

H=nh+A4H G
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(a)

(b)

Fig. 1. 3D isometric views of the studied LHTES units : (a) Plain multi-tube configuration (MT-LHTES, reference case), (b) Finned multi-tube configuration (FMT-LHTES unit,

enhanced case).

Table 1
Thermophysical properties of PCM (Erythritol), HTF (Hytherm 600) and aluminum [38], [39].
» u A c, L T, T, p
kg m™? Pas W m™ K-! T kg™ K kJ kg™! °C °C K-!
1480 at 20 °C 0.01 0.733 at 20 °C solid : 1380 339.8 116.7 118.7 0.001014
PCM 0.326 at liquid : 2760
140 °C linear between
linear T, and T,
HTF 720.9 19.5x 1072 0.1161 3097.4 - - - -
Aluminum 2719 - 202.4 871 - - - -
T At the inlet, HTF is assumed to enter the tubes at a uniform temperature
h=h.,+ / C,dT () of ° C and velocities defined as a Poiseuille profile with bulk velocities
Tres of 2.7 m s™! and 1.35 m s~!, corresponding respectively to Reynolds
AH = f;- L 6) numbers of 2000 and 1000. At the outlet, pressure outlet boundary
) ) o ) i condition is imposed. As for the fluid-solid and solid-solid interfaces,
With f is the PCM liquid volume fraction defined as : conjugate heat flux is adopted. Besides, with heat loss being neglected,
. the outer wall of the heat exchanger is considered adiabatic. Symmetry
OT . ifT <T, boundary condition is used through a splitting vertical plane passing
fi= — s if T,<T<T, ) across the middle of the LHTES unit.
TI - Tr
1 €r>T, 2.3.2. Solidification process

To model natural convection, a buoyancy source term S s =
pgp (T,e =T ) was added to the momentum equation, as well as the
source term AI7, which enables modeling all PCM states, solid, liquid,
and the so-called mushy zone, characterized by the co-existence of the
solid and liquid phases and treated as a porous region. This term is
based on the Carman-Kozeny relation :

U= h?

A=
f13+€

(8)
Where C is the mushy zone constant, with recommended values be-
tween 10* and 107 [30]. Therefore, in this study, it is taken as 10°, the
default value in Star CCM+. ¢ is a numerical constant with a very small
value to avoid division by zero.

2.3. Initial and boundary conditions

2.3.1. Melting process
To model the melting process, the following initial and boundary
conditions are considered :

— Initial condition :

Aty = 0s, the PCM is totally solid, and the whole system is considered
to have a uniform temperature of 80 °C. This starting temperature is
below the melting temperature of the MCP, i.e., a preliminary sensible
phase is included in this study.

— Boundary condition :

To model the solidification process, the following initial and bound-
ary conditions are considered :

— Initial condition :

At 1y =0, the PCM is totally liquid, and the whole system is considered
to have a uniform temperature of 155 °C, enabling additional sensible
heat storage at the beginning. This temperature is chosen in such a
way that the difference between the initial temperature and the phase
change temperature remains the same in both processes.

- Boundary condition :

For solidification, all boundary conditions remain identical to those
corresponding to the above melting process, apart from the HTF inlet
temperature, which is brought down to 80 °C.

3. Numerical procedure
3.1. Numerical scheme and solvers

The numerical model was built using the commercial code Star-
CCM+, where the governing equations were solved using finite volume
discretization and based on the enthalpy porosity method. The conser-
vation equations were consequentially solved by the Algebraic Multi-
grid (AMG) solver. A segregated flow model was employed using the
SIMPLE algorithm for pressure and velocity coupling. A second-order
discretization was adopted for convective terms of the momentum and
energy equations and temporal discretization.
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Fig. 2. Validation results : Liquid volume fraction comparison (a), convective cells comparison with Hannoun et al. [40] (b).

3.2. Code validation

A validation study was performed to assess the CFD code accuracy in
modeling phase change problems involving natural convection, and the
results obtained with the CFD code were compared to the benchmark
of Hannoun et al. [40]. The studied problem consists of tin melting
in a 0.1 x 0.1 m square cavity deferentially heated. The system is
initially at tin’s melting point T, then to start melting, the right wall
is heated to a temperature 7), > T,. The left wall temperature is kept at
T, = T;, while the top and bottom walls are considered adiabatic. Fig.
2.a compares the benchmark’s liquid volume fraction evolution over
time with our CFD code. The two studies agree well, with a maximum
relative difference of 0.31%.

As tin melts, rolling cells appear, testifying to the presence of natural
convection provoked by the temperature gradient between the cavity
sides in the presence of gravity. These cells vary in number and size
over time. Fig. 2.b shows the convective cells for the benchmark along
with our CFD code; where the buoyancy source term is introduced using
a field function; at two different times : 200 and 700 s.

The results show that the utilized CFD code reproduces the cell’s
shape and number, as well as the solid-liquid interface’s shape, thus
confirming its ability to correctly simulate natural convection in a
phase change problem. This was also confirmed previously by Dekhil
et al. [41,42] and Kabore et al. [1]. The latter further validated Star
CCM+’s accuracy by comparing their data with an experimental study
conducted by Longeon et al. [43].

3.3. Grid and time step independence analysis

A grid and time step independence analysis was conducted to
determine the optimal grid size and time step, offering a good trade-
off between precision and computational time. This was performed
for the solidification process on the more complex configuration, the
FMT-LHTES unit (the enhanced configuration), and with the highest
Reynolds value, 2000.

The trimmer cells meshes of Star CCM+ CFD code, which generates
hexahedral cells, were utilized for PCM and HTF tubes, whereas the
polyhedral mesh with a thin layer number of 2 was used for the metal
regions. Moreover, to perform the grid sensitivity, a selection of five
different grid numbers was used, ranging from the most refined, with
4.3 million cells, to the coarsest, with 1 million cells. Fig. 3.a displays
the obtained results of heat duty evolution for each cell number (left
axis) along with the relative error calculated with respect to the finest
cells, i.e., 4.3 million. Besides, Fig. 3.b compares the CFD calculated
friction factor in the HTF tubes with the theoretical factor in laminar
flow calculated as ;—t.

In this study, to maximize the reliability of our simulations, it was
decided that the number of grids to be selected should not exceed 1%
relative error with respect to the finest mesh. This applies to 3.5 and
2.6 million cells for both heat duty and friction factor, yet the mesh
configuration with 2.7 million cells was chosen to save computational
time and cost.

Following the above grid sensitivity study, a time-step independence
analysis was conducted using the mesh topology chosen earlier. To this
end, a set of six different time steps, 0.025 s, 0.05 s, 0.1 s, 0.2 s,
0.4 s, and 0.8 s, with a maximum inner iterations of 100 for each
time step. Based on this study, it was decided to adopt a variable step
time approach with 4t = 0.025 s for 0 s < ¢ < 100 s, 4t = 0.05 s for
100 s <t <150, &t = 0.2 s for 150 s < ¢t < 250 s and 4t = 0.4 s for
t > 250 s. This will allow to capture high temperature gradient at early
stages [42].

4. Results and discussions

This section will present and discuss results from the comparative
studies on MT-LHTES and FMT-LHTES units. We will start with a
local analysis of melting and solidification mechanisms in both LHTES
configurations through the melting/solidification front, streamlines,
and temperature evolutions at the transversal middle section. This
local analysis will then be extended to other positions to assess the
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three dimensionality effect related to axial temperature gradient in the
tubes. Afterward, a global analysis of liquid/solid volume fraction and
heat duty will be presented, allowing a global quantitative assessment
of the studied units. The impact of the third dimension will also be
quantitatively examined in the same section. This will be followed
by an investigation of Reynolds number impact on phase change dy-
namics. Lastly, further performance analysis will be presented through
melting/solidification kinetics and time-average heat duty.

4.1. Local analysis of the melting and solidification processes

4.1.1. Flow structure and temperature fields during the melting process

To visually represent melting dynamics in the plain and finned
tubes LHTES units, melting front and streamlines in the transversal
middle section are visualized in Fig. 4 at different times: 10, 33, 56,
and 73 min. The liquid volume fraction is displayed on the left side,
where red and blue colors represent respectively liquid and solid PCM,
while the right half shows the streamlines, with white areas referring to
solid PCM. In the early stages, a thin layer of liquid PCM forms close
to the tubes and fins in the FMT-LHTES unit. This is observed to be
symmetrical, indicating a mainly conductive heat transfer at this stage
of the melting process. As time passes, liquid proportion increases, and
vortices start to form, witnessing the development of natural convection
for heat transfer. This leads to an asymmetry in the melt’s shape, with
more liquid volume fraction in the upper section. This can be explained
by buoyancy effects, which, due to density difference, move the warmer
PCM upwards and the cooler downwards. Over time, vortices grow, and
natural convection becomes more intense, increasing thus the melting
speed inside the unit.

The contours overview shows a better distribution of vorticities
within the FMT-LHTES (finned configuration) unit. Accordingly, nat-
ural convection’s influence area expands, reducing total melting time
compared to the reference case. In the MT-LHTES unit, the central area
experienced a slow melting rate due to its distance from the heating
tubes. By installing and extending the fins into the center, this “dead
zone” becomes more accessible to the heat, facilitating liquid PCM
generation there from an early stage. Moreover, the contribution of fins
connecting the tubes to the shell in heat enhancement is not negligible,
as it helps to speed up melting around these fins and also enables
heating the outer conducting wall, which, by conduction, promotes
PCM melting in its vicinity.

Fig. 5 illustrates temperature fields in both MT-LHTES and FMT-
LHTES units simultaneously. Heat is transferred from the HTF to the
PCM during the melting process due to the temperature gradient. This
results in an increase in the temperature of the PCM, followed by a
phase change from solid to liquid when its melting temperature is
reached. The comparison of the studied LHTES units shows that the
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specific fins arrangement proposed in this study minimizes the disparity
between the upper and lower parts. Additionally, it can be noticed that
the FMT-LHTES unit has a higher capacity for storing sensible heat
compared to the MT-LHTES unit. This is attributed to extra sensible
heat near the fins but primarily to storing sensible heat beneath the
splitting horizontal fins, as seen in g and f contours.

Following the local analysis of the melting process and a detailed
examination of the underlying physical phenomena using a transversal
mid-section, this section explores the longitudinal evolution of the
melting process. The objective is to identify potential variations along
the third dimension, thereby evaluating the three-dimensional (3D)
effects on phase change dynamics. Fig. 6 illustrates the liquid volume
fraction contours at three positions along the FMT-LHTES unit: 5, 35
(middle section), and 56 cm and for two different melting times: 56 min
and 73 min. The comparison of the liquid volume fraction contours
shows a notable difference between the three positions and that for
both melting times:

» Att = 73 min, in the section close to the HTF inlet (z=5 cm), only
a small amount of PCM remains to be melted which is located at
the bottom of the storage unit;

+ At a position 30 cm further away (z=35 cm), a larger volume
of solid PCM persists in the lower region, indicating a delay in
melting compared to the inlet section;

» At z=65 cm, the upper region of the PCM remains partially solid,
while the lower region shows an even greater amount of unmelted
PCM than the previous sections.

This melting offset between the three positions is attributed to the
axial temperature gradient of the HTF, which influences the thermal
energy distribution along the unit. However, despite these quantitative
differences, the global shape of the melting front remains consistent
across the observed sections.

These findings suggest that, while a 2D simplification may provide
a reasonable qualitative estimation of the melting front geometry, it
would likely result in an inaccurate determination of the liquid volume
fraction. The extent of this inaccuracy is expected to increase with the
length of the storage unit. In this study, the quantitative impact of
these 3D effects will be further analyzed and discussed in a subsequent
section.

4.1.2. Flow structure and temperature fields during the solidification process

Fig. 7 presents a combined visualization of liquid volume fraction
(left side) and streamlines (right side) within the transversal middle
cross-section of both MT-LHTES and FMT-LHTES units at different
times (17, 50, 83, and 133 min). The blue and red colors in the
liquid volume fraction maps represent the solid and liquid phases,
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Fig. 4. Liquid volume fraction contours (left half) and flow streamlines (right half) in the PCM for the plain configuration, MT-LHTES unit (a, b, ¢, d) and the enhanced

configuration, FMT-LHTES unit (e, f, g, h) at different instants of melting process.
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Fig. 5. Temperature fields in the PCM for the plain configuration, MT-LHTES unit (a, b, ¢, d) and the enhanced configuration, FMT-LHTES unit (e, f, g, h) at different instants

of melting process.

respectively. The white areas in the streamlines symbolize the solid
phase. In the first stage of the solidification process, natural convection
predominates in the heat transfer process, creating an asymmetric
solidification front. Buoyancy effects cause the hot PCM to rise and
the cold PCM to fall, resulting in a greater amount of solid PCM in
the bottom of tubes and the bottom section. As the solidified PCM
proportion grows, the natural convection effect decreases along with
the vortices size, which relocate far away from cooling sources. This

allows conduction to take over as the primary heat transfer mechanism,
thus slowing down the solidification rate.

Upon examination of the LHTES units under study, it is clear that
solidification is much faster in the FMT-LHTES configuration. Including
fins increases the heat exchange surface area, improves heat transfer,
and accelerates solidification. Furthermore, by extending fins to the
unit center, PCM solidification in this area starts early on, whereas,
in the reference case, the center region constitutes a “dead zone”
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Fig. 6. Liquid volume fraction contours at different positions of the FMT-LHTES unit during melting process.
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Fig. 7. Liquid volume fraction contours (left half) and flow streamlines (right half) in the PCM for the plain configuration, MT-LHTES unit (a, b, ¢, d) and the enhanced

configuration, FMT-LHTES unit (e, f, g, h) at different instants of solidification process.

requiring considerable time to solidify due to its distance from the
tubes. The insertion of fins connecting the tubes and the shell metal
surface also contributed to boost solidification in the finned system.
Along with extending heat surface contact, the fins also cools down
the shell metallic surface, which, through conduction accelerates the
solidification in its surrounding.

Fig. 8 illustrates temperature fields during solidification process for
the studied LHTES units at different times. During the solidification
process, heat is released by the PCM, causing its temperature to drop
until it reaches the phase change temperature, after which PCM starts
to transform from liquid to solid state. The examination of temperature
contours reveals that fins improves temperature uniformity and reduces
the temperature gradient between the top and the bottom of the storage
unit. Moreover, it can be observed that FMT-LHTES unit not only stores
sensible heat around the HTF tubes, but also stores additional sensible
heat in the vicinity of the fins and the conducting wall. This results

in a higher total stored heat in the FMT-LHTES unit compared to the
MT-LHTES unit.

Similar to the melting process analysis, the three-dimensionality
effect is now evaluated during the discharge (solidification) process.
Fig. 9 presents the liquid volume fraction contours at three longitudinal
positions along the FMT-LHTES unit: z = 5 cm, z = 35 cm, and z =
65 cm, at two distinct time points: 83 min and 133 min. For both
time instances, it is evident that the axial temperature gradient of the
heat transfer fluid (HTF) along the storage unit significantly affects the
solidification rate:

» Near the HTF inlet (z = 5 cm), the solidification process occurs
more rapidly than in downstream sections. This faster solidifi-
cation is attributed to the lower HTF temperature at the inlet,
which creates a higher thermal gradient and thus intensifies heat
exchange with the phase change material (PCM).
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Fig. 9. Liquid volume fraction contours at different positions of the FMT-LHTES unit during solidification process.

» Moving downstream, at z = 35 cm and z = 65 cm, the HTF tem-
perature gradually increases, leading to a reduced thermal gra-
dient and, consequently, slower solidification rates. The amount
of solidified PCM decreases further from the inlet, reflecting the
diminishing heat transfer efficiency along the unit’s length.

Interestingly, despite these variations in solidification rates, the overall
shape of the solidification front remains consistent across all positions.
This observation indicates that while the axial temperature gradient
influences the speed of solidification, it does not alter the geometric
profile of the solidification front.

To quantitatively assess the impact of the third dimension, a de-
tailed analysis will be presented in a subsequent section, providing
insights into the significance of 3D effects on the solidification process
within the FMT-LHTES unit.

4.2. Global analysis of the melting and solidification processes

4.2.1. Melting process

To quantify the phase change during the melting process, the vol-
ume average liquid volume fraction variation over time for the MT-
LHTES and FMT-LHTES units are illustrated in Fig. 10. In the first nine
minutes, PCM melts faster in the reference case, MT-LHTES unit. Fins
efficiency is not instantaneous as they must be heated first, utilizing a
portion of the heat for this purpose. This reduces the amount of heat
transferred to the PCM, hence, delaying its melting. However, once
heated, the fins’ efficiency starts to show through accelerating PCM
melting. In the finned-tube configuration FMT-LHTES unit, complete
melting is reached at 106.87 min (1h 46 min) rather than 124.3 min (2h
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Fig. 10. Temporal evolution of liquid volume fraction during the melting process in
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Fig. 11. Temporal evolution of heat duty during the melting process in both MT-LHTES
and FMT-LHTES units.

22 min) in the reference case without fins, leading to a 24.5% reduction
in melting time.

A heat-duty over time comparison between finned and fin-less
systems is depicted in Fig. 11. It is worth noting that the represented
heat duty is the sum of all tubes calculated at the HTF interface. Due
to the high temperature gradient at the beginning, a sharp increase of
heat duty is observed, reaching maximum values of 3.46 and 3.4 kW
for the FMT-LHTES and MT-LHTES, respectively. As melting proceeds,
the temperature gradient between the PCM and the HTF decreases,
resulting in a drop in the exchanged heat duty. It can be observed that
the heat transfer is more efficient when fins are installed, explaining
faster melting in this case. When melting reaches an advanced stage,
the amount of heat exchanged decreases considerably. This explains the
lower heat duty after 70 min in the enhanced configuration (already at
85% melting) compared to the reference case, which is still at a less
advanced stage of melting (71%).

To quantitatively evaluate the axial temperature gradient effect on
the melting process, the temporal evolution of the transversal surface
average liquid volume fraction in two different positions on the length
of the FMT-LHTES unit is illustrated in Fig. 12. For this study, positions
are chosen as 5 cm from the HTF inlet (z=5 cm) and 5 cm away from
the HTF outlet (z=65 cm). A significant difference can be observed in
the evolution of the surface average liquid volume fraction between
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Fig. 12. Transient liquid volume fraction during the melting at two positions from the
HTF inlet of the FMT-LHTES unit.
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Fig. 13. Temporal evolution of solid volume fraction during the solidification process
in both MT-LHTES and FMT-LHTES units.

these positions. As expected and as observed in the local liquid volume
fraction contours, PCM near the HTF inlet melts faster than that near
the outlet. An 18.2 min difference is recorded in the full melting time,
with 88.64 min (1h 29 min) at z=5 ¢m and 106.84 min (1h 47 min) at
z=65 cm. This demonstrates that axial temperature gradient effect on
melting dynamics is not negligible (in this case study with a 70 cm
length and in which the HTF flow is also modeled) and is clearly
important to the unit’s performance.

4.2.2. Solidification process

To compare solidification dynamics between MT-LHTES and FMT-
LHTES units on a global point of view throughout the entire unit,
variation over time of volume average solid volume fraction is plotted
in Fig. 13, with solid volume fraction f, = 1 — f;. The obtained results
show a pronounced disparity in solid volume fraction evolution be-
tween both configurations. The FMT-LHTES unit starts slightly slower
than the MT-LHTES unit, owing to the required cooling of the fins,
but its performance increases thereafter and exhibits considerably faster
solidification. Complete solidification occurs after 353 min (5h 53 min)
in the MT-LHTES unit. However, adding fins shorten this time to
192.44 min (3h 12 min), indicating a 45.5% reduction in solidification
time.
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Fig. 14. Temporal evolution of heat duty during the solidification process in the MT-
LHTES and FMT-LHTES units.

For a more in-depth comparison, the heat duty temporal evolution
of both configurations during solidification is depicted in Fig. 14. The
represented heat duty is determined at the HTF interface by sum-
ming the values of each tube. A peak is observed at the beginning
owing to the significant temperature gradient between the PCM and
the HTF. After reaching peak values of 3.46 and 3.4 kW for FMT-
LHTES and MT-LHTES units, the exchanged heat gradually decreases
due to temperature gradient drop. The results from Figs. 13 and 14,
confirm the correlation between adding fins, increasing heat transfer,
and accelerating PCM solidification. This is supported by the fact that
the FMT-LHTES unit has higher heat duty and faster solidification when
compared to the MT-LHTES unit.

Fig. 15 illustrates solid volume fraction evolution over time in
the FMT-LHTES unit at two positions from the HTF inlet z=5 cm
and z=65 cm. This enables the evaluation of the impact of the axial
temperature gradient on the solidification process and the assessment
of the relevance of adopting a 3D model instead of a 2D modeling
approach. As can be seen, there is a noticeable difference between
the curves, with faster solidification at all times near the inlet, as
predicted. 16.36% difference is noted between the two positions when
complete solidification in these planes is reached, giving that PCM in
the transversal plane located at z=5 cm fully solidifies after 159.66 min
(2h 40 min), while in the plane located at z=65 cm it takes 190.9 min
(8h 11 min). This difference is not negligible, especially if a proper
estimation of solidification dynamics is desired, in which case a 3D
approach should be adopted.

4.3. Effect of Reynolds number on the melting and solidification processes

This section is devoted to examining the effect of Re number on
melting and solidification dynamics. To this end, numerical simulations
have been performed using two Reynolds numbers: 1000 and 2000,
respectively, corresponding to 2.7 and 1.35 m/s HTF bulk velocities
in the Poiseuille flow imposed at the inlet. Reynolds number defined
as:

xU X D
Re=22"22
U

With U the HTF bulk velocity and D the internal tube diameter.

9

4.3.1. Effect of re number on the melting process
Fig. 16 presents the evolution of the liquid volume fraction for both
Reynolds numbers: Re = 2000 (solid lines) and Re = 1000 (dashed
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Fig. 15. Transient solid volume fraction during solidification at two positions from the
HTF inlet of the FMT-LHTES unit.
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Fig. 16. Evolution with respect to time of the liquid volume fraction during melting
for Reynolds numbers of 1000 and 2000 in both configurations.

lines) and for both MT-LHTES and FMT-LHTES units. It can be observed
from these results that, for both configurations, the higher Re number
exhibits a shorter melting time at all times, with a noteworthy differ-
ence from the lower Re number. This difference for full melting time is
slightly higher in the enhanced case, and it is on the order of 14% and
12.1% for FMT-LHTES and MT-LHTES units, respectively. The complete
melting time for each case is reported in the Table 2.

The acceleration of the melting process when increasing the
Reynolds number results from the heat transfer enhancement as shown
in Fig. 17 representing heat duty evolution. A higher heat transfer
rate is observed with a higher Re number for both configurations. The
relationship between Re number and heat duty can be explained by the
fact that increasing Reynolds number leads to an increase of convective
heat transfer coefficient inside the HTF tube, this in return induces a
higher heat transfer rate at the wall interface and accelerate melting
process. It should be noted that this proportionality is not linear. In
simpler terms, doubling the Reynolds number does not necessarily
result in a doubling of heat transfer. For instance, when considering the
maximum heat duty (see Table 2), a Reynolds number ratio of 2 leads
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Complete melting time and maximum heat duty for both FMT-LHTES and MT-LHTES units during melting process.

FMT-LHTES unit

MT-LHTES unit

Re = 2000 Re = 1000 Re = 2000 Re = 1000
Complete melting time (min) 106.87 124.31 141.6 161.08
Maximum heat duty (kW) 3.46 2.7 3.39 2.63
Table 3
Complete solidification time for both FMT-LHTES and MT-LHTES units.
FMT-LHTES unit MT-LHTES unit
Re = 2000 Re = 1000 Re = 2000 Re = 1000
Complete solidification time (min) 192.44 209.31 353.04 364.08
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Fig. 17. Evolution with respect to time of the heat duty during melting for Reynolds
numbers of 1000 and 2000 in both configurations.

to nearly similar heat duty ratios of 1.28 and 1.29 for both FMT-LHTES
and MT-LHTES units, respectively.

4.3.2. Effect of Re number on the solidification process

To examine the Re numbers effect on solidification dynamics, solid
volume fraction evolution over time for the enhanced and reference
cases and for Reynolds numbers 2000 (solid lines) and 1000 (dashed
lines) is displayed in Fig. 18. A difference in phase change evolution is
also noted between both Reynolds numbers during the solidification
process, with higher values of solid volume fraction at higher Re
number. Yet, this difference is minor in the MT-LHTES unit and is
of the order of 3% when considering the complete solidification time
(see Table 3), compared with 8% for the FMT-LHTES unit. Thus, in
the solidification process, the effect of the Reynolds number is highly
dependent on the intensification in the PCM side.

For a more comprehensive analysis, heat duty evolution during
solidification is represented in Fig. 19. For the FMT-LHTES unit, the
increase in Reynolds number leads to an increase in heat duty and,
consequently, a relevant reduction in solidification time. However, in
the MT-LHTES unit, there is no significant difference between the two
Reynolds numbers, resulting in close values of total solidification time
for Re=2000 and Re=1000.

During solidification, where conduction controls heat transfer on
the shell side, the limited heat exchange surface area in the reference
unit reduces the influence of the intensified convection on the HTF
side. So, even with a higher Reynolds number, the improvement in
heat transfer remains limited. In contrast, in the FMT-LHTES unit, the
increase in the heat exchange surface created by adding fins makes
the influence of Reynolds number — and therefore the improvement in
convection in the tubes — more pronounced.
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Fig. 18. Transient solid volume fraction during solidification for Reynolds numbers of
1000 and 2000 in both configurations.
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Fig. 19. Evolution with respect to time of the heat duty during solidification for
Reynolds numbers 1000 and 2000 in both configurations.

4.4. Performance analysis of the LHTES unit

This section uses the melting/solidification kinetics and the time-
average heat duty as performance indicators to further evaluate the
proposed LHTES unit. Its performance is also compared with that of
the reference case for Reynolds numbers 1000 and 2000.
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Fig. 20. Melting kinetic evolution in both configurations for Reynolds numbers of 1000
and 2000.

The melting/solidification kinetic represents the phase change ve-
locity at each time step and is computed as follows:

dfy,
Vigs =~ (10)

As for the time-average heat duty, it is determined from the start
of the process to total melting/solidification. It, therefore, includes the
preliminary sensible heat and latent heat. The average heat duty is
calculated as follows:

1 Lfull
= / Po(t)dt
Lrun — Yo Ju,

4.4.1. Melting process

Fig. 20 displays the time melting kinetic with respect to time for
both MT-LHTES and FMT-LHTES units with Reynolds values of 1000
and 2000. Overall, the different cases first show an increase in melting
kinetic due to the acceleration of natural convection over time. This
increase continues until reaching a peak value, at which point the melt-
ing rate starts to decrease as the end of the phase change approaches.
This deceleration is attributed to the minimum temperature difference
between PCM and HTF at this final melting stage. While the general
patterns are similar in all cases, they differ in terms of their level of vari-
ation. With the same Reynolds number, a sharper increase with higher
melting kinetic values is observed in the FMT-LHTES compared to the
MT-LHTES unit. This reflects higher natural convection intensity and
rapid melting in the first case. Furthermore, the analysis of Reynolds
number indicates that liquid PCM development occurs more rapidly
and at higher speeds with greater Reynolds numbers. This figure also
demonstrates that the enhancement from the PCM side using fins has
a more significant effect than the enhancement from the HTF side by
increasing the Reynolds number.

The global melting performance evaluation through average heat
duty is illustrated in Fig. 21. It can be observed that from the beginning
of the PCM heating process, where the heat is first transferred in
sensible form followed by the latent form until the full-time melting,
a time-average heat duty of 1.13 kW was exchanged in the FMT-
LHTES unit with a Reynolds number of 2000, which is the highest in
all cases. Lowering the Reynolds number to 1000 in the FMT-LHTES
unit decreases the time-average heat duty by 15%. This reduction is
much more significant for the FMT-LHTES unit and Re=2000 when
no fins are used (MT-LHTES unit), with a difference of 24.77 for a
Reynolds number of 2000 and 34.51 for a Reynolds number of 1000.
It is, therefore, of great interest to combine the improvement in heat
transfer on the PCM and HTF sides by using fins with high values of
Reynolds numbers to significantly improve heat transfer.
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Fig. 21. Time-average heat duty for both FMT-LHTES and MT-LHTES units with
Reynolds numbers of 1000 and 2000 during melting process.

4.4.2. Solidification process

Fig. 22 depicts the time-average solidification kinetic evolution over
time for both MT-LHTES and FMT-LHTES units and Reynolds numbers
of 1000 and 2000. Initially, it can be seen that the solidification kinetic
increases until it reaches a maximum value, owing to the natural
convection that predominates heat transfer at the early stages of the so-
lidification process and increases over time until a maximum value. The
solidification kinetic decreases as conduction becomes predominant in
the heat transfer process, and the thermal resistance of the solidified
layer becomes higher. When comparing the FMT-LHTES and MT-LHTES
units, the latter exhibits lower solidification kinetic as PCM solidifies
slowly. Besides, higher solidification speed values are observed with a
Reynolds number of 2000 for the FMT-LHTES unit and closed values
between the two Reynolds numbers for the MT-LHTES unit.

For an overall assessment of the solidification Kkinetic, the time-
averaged solidification kinetic were calculated. It reaches values of
0.86x107* s~1 and 0.47 x 10~* s~ respectively for FMT-LHTES and MT-
LHTES units for Reynolds of 2000, while lower values of 0.79x 10~* s~1
and 0.45x 10~* s~1, respectively are reached for the Reynolds of 1000.
This confirms that the influence of the Reynolds number is dependent
on the studied configuration. Moreover, as with the melting process, the
enhancement is much more significant from the PCM than the HTF side.
Fig. 23 presents the time-average heat duty during the solidification
process for both configurations and Reynolds numbers. It should be
noted that the given values correspond to average values from the
beginning of the PCM solidification process, where the heat is first
extracted from the PCM in sensible form, followed by the latent form
until the full-time solidification. The highest time-average heat duty is
observed in the enhanced case (FMT-LHTES unit) from both PCM and
HTF sides by installing fins and using a high Reynolds number of 2000,
leading to a value of 0.66 kW. The reduction of the Reynolds number to
1000 decreases the time-average heat duty by 9.1%, while the absence
of fins results to more significant decrease of 46.9% and 48.5% for
Reynolds number of 2000 and 1000 respectively, with respect to the
FMT-LHTES unit with Reynolds number of 2000.

5. Conclusions

This paper presented a comprehensive 3D numerical study evalu-
ating the performance of a novel finned diamond-shaped multi-tube
latent heat thermal energy storage (LHTES) unit during melting and
solidification processes. Unlike conventional square-shaped designs, the
proposed configuration introduces a diamond-shaped multi-tube ar-
rangement embedded with longitudinal fins, providing a new approach
to enhancing heat transfer efficiency.
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Fig. 23. Time-average heat duty for both FMT-LHTES and MT-LHTES units with
Reynolds numbers of 1000 and 2000 during the solidification process.

A comparative analysis was conducted using an iso-volume phase
change material (PCM) reference case without fins to assess the im-
pact of the innovative geometry and fin integration. Additionally, the
axial temperature gradient was examined to establish the necessity
of a three-dimensional (3D) modeling approach over the traditionally
employed two-dimensional (2D) methods. A parametric study on the
Reynolds number (Re) was also performed to explore its influence
on phase change dynamics. The following key findings and original
contributions were identified:

» The proposed finned diamond-shaped multi-tube LHTES unit
demonstrated superior performance compared to the reference
case without fins. The unique diamond-shaped configuration,
combined with deeper fin embedding in the PCM, resulted in sig-
nificant reductions in melting and solidification times by 24.5%
and 45.5%, respectively. This confirms that geometric optimiza-
tion, particularly diamond-shaped arrangements, enhances phase
change kinetics and improves thermal performance.

For the 70 cm long 3D unit, the axial temperature gradient
was found to have a non-negligible impact on phase change
processes. Differences exceeding 17% for melting and 16.36%
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for solidification were observed, emphasizing that 3D modeling
is crucial for achieving accurate simulation results, particularly
for elongated LHTES units. This study provides quantitative evi-
dence supporting the adoption of 3D approaches in future LHTES
designs.

The effect of the Reynolds number is dependent on the phase
change (melting or solidification) and the geometrical configu-
ration. - During the melting process, in which convection drives
heat transfer, the influence of Reynolds number was slightly
greater in the enhanced unit, with a 14% reduction in melting
time when the Reynolds number was increased from 1000 to
2000, compared with 12.1% for the reference unit. - During
solidification, heat transfer is primarily by conduction, reducing
the Reynolds number’s impact compared to the melting process.
The effect of increasing the Reynolds number was only significant
in the enhanced configuration through surface extension using
fins. In the FMT-LHTES unit, an 8% reduction in solidification
time was achieved by raising the Reynolds number from 1000
to 2000. In contrast, in the MT-LHTES configuration, the limited
exchange surface restricted the impact of the Reynolds number to
only 3%.

A synergistic enhancement was achieved by combining heat trans-
fer improvements from the PCM side (via fin integration) with
HTF-side enhancements (through increased Reynolds number).
This dual strategy substantially improved average heat duty by
34.51% during melting and 48.5% during solidification.

Building upon these findings, the study proposes the integration of
vortex generators in the finned multi-tube LHTES unit (FMT-LHTES)
as a future research direction. Such integration is expected to further
enhance heat transfer on the HTF side, providing a more compre-
hensive solution for industrial waste heat recovery applications. This
work offers a scalable and high-performance LHTES solution and lays
the foundation for future innovations in geometry optimization, 3D
modeling, and combined enhancement techniques for thermal energy
storage systems.
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