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ABSTRACT

The aim of this study is to perform a numerical analysis of the influence of the position of the tubes carrying the
heat transfer fluid on the charging and discharging processes of a thermal energy storage system with a phase
change material (PCM). The investigation was based on a three-dimensional numerical model of a repetitive sec-
tion of the storage unit, consisting of four copper tubes and an aluminium fin acting as a heat exchanger. The model
was implemented in the ANSYS Fluent environment using the built-in Solidification and Melting Model, which
accounts for heat conduction, natural convection in the liquid phase, and the phase change of the PCM. Several
configurations of tube placement were analysed with respect to the vertical position within the storage unit. The
study evaluated their impact on the charging and discharging time, the resulting heat fluxes, temperature distribu-
tion, and the evolution of the liquid phase fraction over time. In the simulations, a PCM with a relatively high
phase change temperature of approximately 78 °C was used, allowing the results to be applicable in the design of
thermal storage systems integrated with conventional central heating installations. The results indicate that tube
placement significantly affects the efficiency of the charging process. Lowering the tubes toward the bottom of the
storage tank reduced the melting time of the PCM by 23.2%, mainly due to the enhancement of natural convec-
tion. In contrast, during the discharging process, the tube arrangement had a significantly smaller impact on the
solidification time. The findings of this analysis may serve as a basis for designing more efficient stationary and
mobile PCM-based thermal energy storage systems, especially in applications where compactness and fast thermal
response are essential.

Keywords: phase change material, PCM, tube position optimisation, latent thermal energy storage, LHTES,
charging thermal energy storage, discharging thermal energy storage, tube arrangement.

INTRODUCTION

In the face of global challenges related to
reducing greenhouse gas emissions, the need to
improve energy efficiency, and the growing share
of renewable energy sources (RES), technologies
that enable efficient storage and utilisation of ther-
mal energy are gaining increasing importance.
One of the key directions in energy technology
development is the implementation of thermal en-
ergy storage (TES) systems, which balance heat
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supply and demand, enhance energy system reli-
ability, and improve the energy self-sufficiency of
buildings and industrial facilities [1, 2].

The use of phase change materials (PCMs) in
TES is highly promising, as they enable efficient
energy storage by using the latent heat of phase
transitions, typically melting and solidification
[3]. Compared to traditional sensible heat stor-
age systems, PCMs offer a significantly higher
energy density and facilitate temperature stabili-
sation during charging and discharging processes
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[4]. Phase change materials have found applica-
tions in HVAC systems, solar collectors, heat
pumps, heat recovery systems, and mobile en-
ergy sources [5]. One of the main challenges as-
sociated with their practical use is the inherently
low thermal conductivity of most PCMs, which
limits the heat transfer rate and prolongs the sys-
tem response time [6].

One way to enhance the heat transfer rate
in latent heat thermal energy storage (LHTES)
systems is by modifying phase change materials
(PCMs) to improve their thermal conductivity or
to increase the amount of energy stored per unit
mass. A comprehensive overview of these ap-
proaches can be found in [7].

Li et al. [8] demonstrated that carbon nano-
tubes can improve paraffin thermal conductivity
by up to 84.6%, while Ong et al. [9] reported
that surface modification of microencapsulated
PCMs using multiwalled carbon nanotubes in-
creased thermal conductivity by 87% with the
addition of only 5 wt.% [10]. In [I1], it was
shown that the addition of 30% wt. of expanded
graphite led to a 132% increase in thermal con-
ductivity. Similarly, in [12], the addition of 5%
wt. carbon fibres resulted in an 89% improve-
ment in paraffin’s thermal conductivity, while
[13] recorded a 40% increase with the addition
of 2% wt. carbon nanotubes.

Zhang et al. [14] prepared paraffin/graphene
acrogel/copper foam composite PCMs, where the
paraffin mass fraction in the composite PCM was
65% wt. and the pores density of the copper foam
was 40 pores per inch. As a result, the thermal
conductivity increased tenfold, from approxi-
mately 0.3 W/(m-K) to 3.0 W/(m-K).

In his study [15], Alizadeh examined the melt-
ing behaviour of a PCM enhanced with nanopar-
ticles. The findings revealed that increasing the
nanoparticle volume fraction improved thermal
conductivity and reduced latent heat, resulting in
a faster melting process and greater energy ab-
sorption. Based on an analysis of different volume
fractions, the study identified 3% as the optimal
concentration in terms of both energy storage and
melting rate. However, it was also noted that ex-
ceeding this concentration could lead to nanopar-
ticle agglomeration and sedimentation, thereby
reducing the overall efficiency of the system.

Another way to overcome the low thermal
conductivity of PCMs is to increase the heat ex-
change surface using various fins and extended
surfaces [16].

Sciacovelli et al. [17] analysed the impact of
Y-shaped fins with single and double branches.
The use of Y-fins with double branching improved
the thermal storage efficiency by 24%. Their op-
timisation analysis also revealed that Y-fins with
smaller branch angles were more favourable for
long-term operation, while fins with wider angles
between branches were more effective for shorter
operating periods.

Liu et al. [18] investigated the impact of two
innovative fin geometries (designated as types
B and C) on the PCM solidification process and
compared them with conventional rectangular
fins (type A). Their research showed that longi-
tudinal fins with triangular cross sections signifi-
cantly enhanced the solidification process. The
best performance was obtained for type C fins,
which featured a triangular cross section that de-
creased in size with increasing distance from the
tube axis. This configuration shortened the solidi-
fication time by 38.3% compared to the standard
rectangular type A fin.

In [19] the authors presented numerical sim-
ulation results for eight different configurations
of triplex tube heat exchangers (TTHX), com-
posed of three concentrically arranged tubes.
The working fluid (water) flowed through the
inner and outer tubes, while the space between
them was filled with PCM. The simulations
showed that the length of the fins had a much
greater impact on the intensification of the so-
lidification process than their thickness. The
variant G was identified as the most effective
configuration, achieving complete solidification
of the PCM 35% faster than other configurations
with the same 1mm fin thickness.

An important yet still insufficiently explored
issue is the effect of the vertical positioning of
heat transfer fluid (HTF) tubes within the TES
chamber. The arrangement of these tubes directly
influences the temperature distribution and the
dynamics of natural convection, which play a
crucial role in the melting process of the PCM. In
studies [20] and [21] the impact of heat transfer
tube configuration was investigated in TES sys-
tems, showing a significant reduction in charging
time. In both cases, only the charging process was
analysed, using a two-dimensional geometry with
smooth tubes (without fins). A related study on
sensible heat storage has shown that natural con-
vection induced by vertical electric heating ele-
ments of different diameters can also significantly
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influence temperature stratification and heating
dynamics in water storage tanks [22].

This article presents an evaluation of the ef-
fect of the vertical positioning of HTF tubes on
both the charging and discharging processes in a
LHTES unit. The analysis was carried out based
on a three-dimensional numerical model of a re-
petitive segment of the storage unit, consisting of
four copper tubes carrying HTF and an alumin-
ium fin serving as a heat exchanger. The model
was developed in ANSYS Fluent 2023 R2. Sev-
eral vertical tube placement configurations were
compared by analysing the melting and solidifica-
tion times, temperature distribution, evolution of
the liquid phase fraction, and the resulting heat
fluxes. The investigated storage system uses a
PCM with a relatively high phase change tem-
perature of approximately 78 °C. The selection
of this material allows the potential application
of the proposed storage unit in conventional cen-
tral heating systems operating in the temperature
range of 60-90 °C. The results obtained in this
study may serve as a basis for designing more
efficient LHTES systems, including mobile solu-
tions, where fast charging and compact design are
of key importance.

NUMERICAL MODEL

Geometry

To study how the vertical arrangement of
tubes affects the charging and discharging of a
latent heat thermal energy storage, a numerical
analysis was carried out. A 3D model of a repeat-
ing section of the storage unit was used, which in-
cluded four copper tubes and one aluminium fin.
The tubes had a fixed size of d =12.7 x 0.8 mm,
and the fin had dimensions of 127 x 127 x 1 mm.
All dimensions were given with respect to the
outer diameter d of the copper tubes, as shown
in Figure 1 and Table 1. The distance between
neighbouring fins was 63.5 mm, and due to sym-
metry, the thickness of the analysed section was
reduced by half to 31.75 mm. Four different

Table 1. Dimensions of individual geometries

vertical tube positions inside the storage unit
were analysed (Table 1 and Figure 1).

Geometry A (Figure 2) had the tubes arranged
in the most uniform manner, i.e., the spacing be-
tween adjacent tube axes was identical, and the
distance from the heat exchanger wall was equal
to half of this spacing. Geometry B (Figure 2)
also had equally spaced adjacent tube axes, but
the entire arrangement of tubes (upper and lower
rows) was shifted downward so that the distance
between the axes of the lower row and the bot-
tom of the heat storage tank was 14 = 12.7 mm.
Geometry C (Figure 2) has the upper row of
tubes positioned the same as in Geometry A (the
distance between the axes of the upper row and
the top of the tank is 2.5d = 31.75 mm), while
the lower row is arranged as in Geometry B. Ge-
ometry D (Figure 2) has the tubes with the great-
est vertical separation (y = 84 = 101.6 mm),
meaning that the axis of the lower row is located
1d = 12.7 mm from the bottom of the storage
tank, and the upper row is located the same dis-
tance from the top of the TES.

Properties of phase change material

The phase change material selected for the
analysis was RTS8OHC by Rubitherm. Due to
its relatively high phase change temperature
(77 °C to 80 °C), it is well suited to the oper-
ating temperature range of conventional heat-
ing systems. In addition, this material is char-
acterised by stable performance during phase
change cycles, a high thermal storage capacity
(220 kJ/kg), and nontoxicity [23]. Table 2 pres-
ents the physical properties of RTSOHC, while
Figure 3 shows the change in partial enthalpy
of RT8OHC as a function of temperature. In the
model, the apparent specific heat was defined
using piecewise linear functions based on the
discrete values provided by the PCM manufac-
turer (Figure 3). These point values were lin-
early interpolated to create continuous temper-
ature-dependent functions defined separately
for melting and solidification.

Dimensions, mm A C D
X 5d =63.5 5d =63.5 5d =63.5 5d =63.5
y 5d =63.5 5d =63.5 1.5d =19.05 8d=101.6
Yiep 2.5d =31.75 4d=50.8 2.5d =31.75 1d=12.7
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Figure 1. Characteristic dimensions of the geometry

Boundary and initial conditions

The numerical model was developed using
ANSYS Fluent 2023 R2. The simulations includ-
ed both the charging and discharging processes of
the thermal energy storage unit.

During the charging process, a constant tube
surface temperature of 95 °C was assumed, while
the initial temperature of the PCM (and the fin) was
set at 70°C. The charging process continued until
the entire volume of the phase change material had
melted. For the discharging process, the tube sur-
face temperature was fixed at 55 °C, and the ini-
tial temperature of the PCM (and the fin) was set
at 95°C. Discharging continued until the average
temperature of the PCM volume reached 70 °C.

All external surfaces, including the top
and bottom, were assigned adiabatic boundary

Geometry A Geometry B

conditions, while the front and rear walls were
defined as symmetry boundaries. A constant tem-
perature was applied to the surface of the heating
tubes: 95 °C during charging and 55 °C during
discharging of the thermal storage unit (Figure 4).

Solution methodology

In the simulations, phase change processes
were modelled using the Solidification and Melt-
ing Model implemented in ANSYS Fluent. The
model also accounts for laminar viscous flow and
energy transfer. Natural convection was modelled
by solving the full Navier—Stokes equations in the
laminar regime. The buoyancy forces were ac-
counted for by specifying the temperature-depen-
dent density of the liquid PCM as a continuous
function (calculated from the Boussinesq formu-
la) in the material properties. The enthalpy—po-
rosity technique was used to dampen velocities in
partially solidified regions. The system’s govern-
ing equations were solved using the SIMPLE al-
gorithm. To discretise the energy and momentum
equations, the Second Order Upwind scheme was
applied. The pressure equation was corrected us-
ing the PRESTO scheme, as in [21, 24]. To ensure
solution stability, underrelaxation factors were
employed, set to 0.3 for pressure, 0.7 for velocity,
1.0 for energy, and 0.9 for the volumetric liquid
fraction. The convergence criteria for the continu-
ity, momentum, and energy equations were set to
104, 10, and 10, respectively.

Mesh independence test

For geometry A, four numerical meshes were
generated to perform a mesh independence test.
The test was carried out for the charging process

Geometry C Geometry D

Figure 2. Investigated geometries
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Table 2. Physical properties of RT8OHC [23]

Melting area 77°C+80°C
Congealing area 80°C+77°C
Heat storage capacity in a temperature range 70 °C to 85 °C 220 kJ/(kg K)
Solid density 900 kg/m?®
Liquid density 800 kg/m?®
Specific heat 2 kJ/(kg K)
Thermal conductivity 0.2 W/(m K)

Partial enthalpy, ki/kg

70 71 72 73

20 e
70
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40
30

16
20 7121215

66 65 7
10 33 43 3
1 2 12 12 12 12

E melting

M solidification

83 84 85

Temperature, °C

Figure 3. Change of RTS8OHC partial enthalpy as a function of temperature [23]

Il adiabatic boundary condition

B symmetry
[l constant temperature BC

Figure 4. Boundary conditions

of the thermal energy storage unit. Table 3 pres-
ents the parameters of the generated numerical
meshes. All meshes had minimum orthogonal
quality values and maximum skewness values
of approximately 0.5, indicating very good mesh
quality. The numerical meshes were generated
using polyhedral cells, and a wall-adjacent layer
was applied on the boundaries of the fluid domain.

Figure 5 illustrates the influence of differ-
ent mesh sizes on the liquid phase fraction of the
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PCM and the relative error of the liquid phase
fraction. The maximum error in determining the
liquid phase fraction for M3 mesh was 5.88%,
with an average error of 1.97%.

The error in determining the average PCM
temperature during the melting process was also
evaluated. The temperature errors were lower
than those in the liquid phase fraction. For mesh
M3, the maximum error in determining the av-
erage temperature was 1.2%, while the average
error was 0.37%.

Based on the mesh sensitivity analysis, the
mesh M3 with 253 799 cells was selected for
further simulations.

Model validation

The accuracy of the numerical model applied
in this study has been thoroughly verified and dis-
cussed in detail in a previous work [21]. In that
article, a comparative analysis was carried out
between the numerical results and the experimen-
tal data obtained by Jesumathy et al. [25], who
investigated a double-tube heat exchanger with
paraffin wax as the PCM in the annular space and
hot water flowing through the inner tube. The
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Table 3. Numerical mesh

Mesh Number of cells Min. orthggonal Ave. orthpgonal Max. skewness Ave. skewness
quality quality
M1 120 813 0.4849 0.8933 0.5151 0.1067
M2 181432 0.5000 0.9006 0.5000 0.0994
M3 253 799 0.5000 0.9213 0.5000 0.0787
M4 344 059 0.5000 0.9201 0.5000 0.0799
1 80
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Figure 5. Effect of the numerical mesh on: a) the liquid phase fraction;
b) the relative error of the liquid phase fraction

comparison, based on temperature measurements
at selected locations in the PCM domain, dem-
onstrated good agreement between the simulated
and experimental results, confirming the reliabil-
ity of the adopted modelling approach.

RESULTS AND DISCUSSION

Charging of the thermal storage unit

Figure 6 shows the distribution of the liquid
phase fraction of the PCM during the charging
process for the analysed storage geometries, at
selected times: 600 s, 1200 s, 1800 s, and 2400 s.
The legend is shown at the bottom of the figure.
For each time step, the liquid phase fraction and
the average temperature within the PCM volume
are also given.

At 600 s, all configurations show the initial
formation of molten regions around the heated
tubes and the aluminium fin (rear surface). At the
solid—liquid interface, isotherms appear concen-
trically around the heating tubes and parallel to
the fin surface, indicating that heat conduction is

the dominant mechanism. The onset of natural
convection is visible in the liquid phase region.
Similar observations in the initial stage of melting
were made by Vikas et al. [26] for paraffin wax.

At 1200 s, the molten PCM region has signifi-
cantly expanded due to intensified natural convec-
tion. Geometry B (with both rows of tubes low-
ered) shows the highest liquid fraction, f= 0.685,
while geometry D (with lowered tubes in the bot-
tom row and raised ones in the top row) shows
the lowest, f = 0.545. This is caused by limited
convective circulation in Geometry D, resulting
from the relatively high position of the top tubes.

At 1800 s, the melting front progresses to-
wards the lower part of the PCM container.
Geometry B again exhibits the highest liquid
fraction (f' = 0.941), and Geometry D the low-
est (f = 0.846). A similar value is observed
for Geometry A (f = 0.855). The average tem-
perature in the PCM is highest in Geometry
B (¢,, = 89.3°C) and lowest in Geometry D
(t,. = 84.5 °C). Despite the similar liquid frac-
tion in geometries A and D, geometry A has a
higher average temperature (¢ = 88.7 °C), and
a more distinct phase boundary.
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At2400s, almost complete melting of the PCM
occurs in Geometry B (= 0.999), with the high-
est average temperature reached (7, = 93.3 °C).
The lowest liquid fraction is observed in Geom-
etry A (f=0.938), with unmelted PCM remaining
in the bottom part of the container.

Figure 7 shows the distribution of the PCM
temperature during the charging process for the
analysed storage geometries, at 2400 s. In all ge-
ometries, the isotherms are arranged horizontally.
Higher temperatures are observed in the upper
part of the TES, while lower temperatures ap-
pear in the lower part, which confirms that heat
transfer occurs mainly through natural convec-
tion rather than conduction. Moreover, the high-
est temperatures are observed near of the heating
tubes. At 2400 s, this is visible only near the tubes
in the lower row. In geometries C and D, charac-
teristic convection plumes can also be seen above
the tubes in the lower row.

Although the liquid phase fraction is already
high in all geometries at 2400 s (Figure 6), the
temperature fields for the individual configura-
tions still show clear differences. At this stage, the
most uniform PCM temperature is found in ge-
ometry B, where both rows of tubes are lowered.
In geometries C and D, temperature stratification
reaches approximately halfway up the TES, indi-
cating that the upper row of tubes did not effec-
tively transfer heat during the entire PCM melting
process. The most pronounced temperature strati-
fication occurs in geometry A (with the lower row
of tubes placed highest among all geometries) be-
low the lower row of tubes. However, above the
lower row, the PCM temperature is high and uni-
form, indicating that the tube spacing of 5d used
in this configuration is appropriate. A similar ef-
fect is observed in geometry B.

Figure 8 shows the liquid phase fraction
during the melting process of the PCM in the
thermal storage unit for four different tube lay-
out configurations (geometries A, B, C, and D).
The dotted lines indicate the time at which full
melting of the PCM (liquid phase fraction = 1) is
achieved for each geometry.

At the beginning of the process, up to around
400 seconds, all geometries display a very simi-
lar melting trend, indicating that heat conduction
dominates in the early stage of TES charging.
After this period, an acceleration in the melting
process is observed in geometries A, B, and C,
while in geometry D, the melting rate remains
relatively unchanged. This is due to the higher
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position of the top row of tubes in geometry D,
which limits the development of natural convec-
tion and thus hinders the intensification of heat
transfer. In the other geometries, the top row is
placed lower, which promotes more effective
convective heat exchange.

After approximately 800 s, geometry B shows
the highest melting rate, which is associated with
the lowest position of the top tubes, facilitating
stronger natural convection. Around 1500 s, a
noticeable slowdown is observed in geometry A,
which is related to the position of the bottom row
of tubes. At this stage, the PCM above the lower
tubes has already melted (Figure 6) and further
melting occurs mainly through heat conduction.

For the charging process of the LHTES, the
tubes arrangement in geometry B (with both the
upper and lower rows lowered) proves to be the
most efficient. The full melting time for geometry
B is 2477 s, while for geometry A (with equal
spacing from all TES walls) it is 3224 s. This
means that geometry B shortens the charging time
by 23.2% compared to geometry A.

Figure 9 shows the change of the instanta-
neous heat flux (HF) during the charging process
of'the TES unit for four different tube arrangement
configurations: A, B, C, and D. The dashed lines
represent the average heat flux values for each
configuration over the entire charging period.

At the beginning of the process, all geome-
tries exhibit very high instantaneous HF values,
exceeding 300 kW/(m?* PCM), due to the initially
large temperature gradient between the tube sur-
faces and the PCM. Shortly after, the HF values
drop rapidly and reach a local minimum of about
120 kW/(m* PCM). Next, in configuration D
(with the upper row of tubes located the highest),
the HF decreases gradually. In configurations
A—C, a secondary increase in HF is observed, in-
dicating that the lower position of the upper row
of tubes enhances heat transfer due to intensified
natural convection. This effect persists the lon-
gest in geometry B, which has the upper row of
tubes located the lowest. This trend is also clearly
shown in Figure 6, especially around 600 s. As
the charging continues, a gradual decline in HF is
observed, resulting from the decreasing temper-
ature difference and the ongoing melting of the
PCM, which reduces heat transfer efficiency. In
configuration B, the heat flux remains at the high-
est level for most of the charging period, confirm-
ing the favourable effect of tube placement on the
intensification of heat transfer.
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Figure 6. Distribution of the liquid phase during the charging of heat storage units (geometries A, B, C, and D)

To improve clarity, Figure 10 presents the
average heat flux for the different LHTES ge-
ometries during the charging process in the form
of a bar chart. The highest average heat flux was
observed for geometry B — 90.05 kW/(m* PCM),
followed by geometry C — 86.63 kW/(m* PCM),
geometry D — 81.89 kW/(m* PCM), and geom-
etry A — 69.11 kW/(m* PCM). This indicates that
the configuration with lowered tubes in both the
upper and lower rows (geometry B) allows for

approximately 30.3% higher average heat flux
compared to geometry A.

Figure 11 shows the stored energy per unit
volume of PCM for the different thermal stor-
age geometries. The highest value of stored en-
ergy was obtained for geometry B (57.18 kWh/
(m* PCM)). Slightly lower values were recorded
for geometries A and C, while the lowest was ob-
served for geometry D — 56.88 kWh/(m* PCM).
The differences between the geometries are very
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Figure 7. Temperature distribution of the PCM during the charging process in heat storage units
with geometries A, B, C, and D

0.9
08
07 -
o
E 0.6 -
o
go05 -
S04 -
3
go03 -
-
0.2
0.1

O 0 m >

0 I I
0 500 1000

1500
Time, s

I | I

2000 2500 3000 3500

Figure 8. Liquid fraction of PCM during the TES charging process for different geometries

small (below 1%), which indicates that the total
energy storage capacity does not significantly de-
pend on the tube arrangement, but rather on the
total PCM volume and the boundary conditions
of the process.

Discharging of the thermal storage unit

Figure 12 presents the distribution of the
liquid phase fraction of the PCM during the dis-
charging (solidification) process in the analysed
thermal storage geometries for selected time in-
tervals: 600 s, 1200 s, 1800 s and 2400 s.

At 600 s all geometries still show relatively
large volumes of the liquid phase. The solid phase
is mainly concentrated around the cooling tubes
and parallel to the surface of the fin, indicating
heat conduction. The phase distribution follows
a layered pattern, with the upper part of the tank
containing the most liquefied material.
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In the following time steps, the solidifica-
tion process progresses similarly across all con-
figurations and the obtained values of the liquid
phase fraction and average PCM temperature
differ only slightly.

After 2400 s the lowest liquid phase fraction
(f=10.105) and the lowest average PCM tempera-
ture (¢, = 70.2 °C) were obtained for geometry
A. In contrast, geometry B shows the highest lig-
uid phase fraction (f=0.135), and geometry D the
highest average temperature (¢, = 71.1 °C).

Although the differences are small, they con-
firm that heat transfer during solidification is
mainly governed by conduction. The most solidi-
fied material is concentrically distributed around
the tubes, perpendicular to the fin, and in the low-
er part of the thermal storage unit.

It can be concluded that the arrangement of
the tubes in the thermal storage does not signifi-
cantly affect the discharging efficiency, and the
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Figure 9. Heat flux for various LHTES geometries during the charging process
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Figure 10. Average heat flux for various LHTES
geometries during the charging process

most favourable solidification behaviour was
observed for the geometry with evenly spaced
tubes (geometry A)

Figure 13 shows the temperature distribution
in the PCM after 2400 s of the discharging process
for the four analysed geometries (A—D). Lower
PCM temperatures are concentrated near the tubes
and fins as well as in the lower part of the TES do-
main. In all configurations, concentric zones with
densely packed isotherms are observed around the
tubes, indicating intense cooling by conduction.
Configuration A (with evenly distributed tubes)
exhibits the lowest liquid phase fraction and the
lowest average PCM temperature. This results
from the uniform arrangement of the tubes in the
TES, where the concentric isotherms around the

tubes enable unobstructed heat transfer by conduc-
tion. In the case of the other geometries, the con-
centric shape of the isotherms is distorted by the
proximity of the lower row of tubes to the bottom
of the heat storage, which limits heat conduction.
Figure 14 shows the liquid fraction of the
PCM during the TES discharging process for ge-
ometries A, B, C and D. The dashed lines indicate
the moment of complete LHTES discharging, de-
fined as the point at which the average tempera-
ture within the PCM volume decreases to 70 °C.
The trends for all geometries are very simi-
lar, indicating the dominant role of heat conduc-
tion in the PCM solidification process. Geometry
A (with equal spacing between the tubes and all
TES walls) shows a slightly faster decrease in
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Figure 11. Stored energy for different
LHTES geometries
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Figure 12. Distribution of the liquid phase during the discharging of heat storage units
(geometries A, B, C, and D)

the liquid phase fraction compared to the other
configurations. The shortest discharging time was
obtained for geometry A (2474 s), followed by
geometry C (with lower positioned bottom tubes
compared to geometry A) — 2538 s (i.e. 2.5% lon-
ger than A), geometry B — 2603 s (approximate-
ly 5% longer than A), and geometry D — 2772 s
(10.8% longer than A).
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These differences suggest that the tube ar-
rangement within the TES also affects the heat
transfer efficiency during the discharging process,
although this effect is less pronounced than during
charging. A uniform tube distribution in the ther-
mal storage unit (that is, equal spacing between
tubes and half that spacing between the tubes and
TES walls) helps to shorten the discharging time.
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Figure 13. Temperature distribution of the PCM during the discharging process in heat storage units
with geometries A, B, C, and D
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Figure 14. Liquid fraction of PCM during the TES discharging process for different geometries

Figure 15 presents the average heat flux for
various LHTES geometries during the discharg-
ing process. The highest value was obtained for
geometry A — 72.48 kW/(m* PCM), while the

A B o D

Figure 15. Average heat flux for various LHTES
geometries during the discharging process

lowest was for geometry D — 64.2 kW/(m* PCM),
which is approximately 11.4% lower than for ge-
ometry A. Geometry B, which performed best
during the charging process, achieved 67.72 kW/
(m* PCM) during discharging, which is about
7.5% lower than geometry A.
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ME 60 ficient heat transfer during the discharging pro-

g cess. However, the impact of tube arrangement

E 50 is more significant during TES charging than
- during discharging.
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oo This paper presents an analysis of the impact of
o 10 the vertical arrangement of heat exchanger tubes on

2 o N e the charging and discharging processes of a ther-

mal energy storage system containing phase change
material. Four different geometric configurations
(A-D) were investigated in terms of liquid phase
distribution, heat flux density, and stored energy.
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During the charging process, conduction was
the dominant heat transfer mechanism at the be-
ginning, followed by natural convection. Geom-
etry B, featuring lowered tubes in both the upper
and lower rows, demonstrated the highest effi-
ciency: the fastest melting progression, the high-
est instantaneous and average heat flux densities,
and the shortest full charging time for the TES
(23.2% shorter than for geometry A). The total
stored energy was similar across all variants (dif-
ferences below 1%).

During discharging, the differences between
geometries were smaller, with conduction being
the prevailing mechanism. Geometry A (with uni-
formly spaced tubes) provided the shortest dis-
charging time and the highest average heat flux
density. The difference in discharging time be-
tween geometries A and B (which had the shortest
charging time) was only 5%.

Based on the analysis of the obtained results,
the following conclusions were drawn:

e The arrangement of the tubes significantly in-
fluences the efficiency of the charging process,
mainly through the enhancement of natural
convection.

e Geometry B, with lowered tubes in both the
lower and upper rows, is the most efficient
during charging and allows a significant re-
duction in charging time (by 23.2% compared
to geometry A).

e During discharging, the effect of tube arrange-
ment is smaller, with conduction playing the
dominant role.

e The best discharging performance was
achieved with geometry A, featuring a uni-
form tube distribution (its discharging time
was 5% shorter compared to geometry B).

e Awell design tube system increases heat trans-
fer efficiency in the LHTES, especially during
charging, without the need for additional ma-
terial costs.

e The tube layout design process should consid-
er the differences in the dominant heat transfer
mechanisms during melting (convection) and
solidification (conduction) of the PCM.

e Geometry B can be considered optimal, as it
ensures by far the shortest TES charging time
and a relatively short discharging time (only
5% longer than for geometry A). It there-
fore represents the best compromise between
charging speed and discharging efficiency.
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