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applications, for example, heating and cooling or power generation. The
heat energy that is saved is usually kept in the storage medium. This

Keywords study investigates how the performance of the TES tank is affected by
Thermal energy storage, phase the ratio of length to diameter. The research focuses on how the ratio
change material, computational fluid  affects the convergence test while the PCM0 (water-ice) used in TES
dynamics, convergence starts to release latent heat into the air. Five models were designed by

using CATIA software and the analysis was conducted in ANSYS CFD
software. Convergence tests were conducted to validate the accuracy of
the obtained simulation results. Two additional criteria, namely
temperature and ice mass fraction, were also analysed to evaluate the
performance of the TES tanks. The investigation of the TES tank using
five different models has shown that each model reaches a constant
temperature of 0°C during the melting phase, but at different time
intervals. Model 1 reaches this temperature the fastest, followed by
Model 2, Model 3, Model 4, and finally Model 5. A model that reached
the constant temperature first indicated a more efficient discharging
process, as it signified a faster rate of ice melting and thermal energy
release. In terms of ice mass fraction, Model 1 retained a significant
amount of solid ice (0.9968), with noticeable melting. Model 5, on the
other hand, showed minimal melting and better preservation of solid ice
(0.9992). Considering temperature, ice mass fraction and ease of
convergence, Model 1 performed the best, when the solidified PCMO
was melting faster while maintaining a substantial amount of solid ice in
the TES tank. The present study was successfully developed and
compared various TES configurations while satisfying the convergence
criteria set in the simulation. To conclude with, the results showcase the
performance differences based on pipe size. These discoveries
contribute to refining tube-type TES tanks and their design for thermal
energy storage systems.
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1. Introduction

Thermal energy storage (TES) is a method of acquiring and storing heat energy for later use in cooling, heating,
or power generation. TES systems ensure a more stable energy supply through its ability to store energy during
low demand and releasing the energy back throughout high demand periods [1]. Different materials with
different thermal properties can be used in the applications of TES, presenting versatility. These systems are
usually applied in both industrial and building sectors, resulting to an efficient energy management strategy [2].
The choice of phase change material (PCM) and heat storage container geometry is vital in thermal energy
storage systems. Extensive research has been made upon the investigation on effectiveness of the cylindrical,
shell-and-tube design. A lot of factors impacting the performance of this model, such as the heat transfer fluid,
physical dimensions, presence of natural convection, and inclusion of fins. The melting and solidifying process is
known to be affected by fluid’s flow rate and temperature. The dimensions of the TES system, including the ratio
of shell to tube radius, thickness, size, and tube radius, all contribute to the system's effectiveness [3][4].

The focus of research on low-heat thermal energy storage (LHTES) systems is primarily on efficient shell-
and-tube designs that capable of minimizing the heat loss. The cylindrical shell-and-tube configuration offers
greater heat transfer rates and faster energy storage. The ratio of efficient energy storage compares actual
stored heat to an ideal water storage tank. It influences the development of LHTES systems [5]. To analyze the
influence of different tube configurations on performance, a computational fluid dynamics (CFD) simulation was
conducted to deliver a dataset of the optimal length-to-diameter ratio in a thermal storage tank.

1.1 Research Background

Thermal energy storage is a popular method of storing energy for short-term use. Nevertheless, there is always
the case of redundant amount of PCM used in the system and low heat transfer in unoptimized TESs. To make
thermal energy storage in a good performance, many things need to be considered, such as the type of materials
in use, volume of PCM, number of the coil, length-to-diameter ratio in various sizes and much more. In this case,
it is unavoidable to improve the efficiency of the thermal energy storage for the TES design to be optimized, by
making sure the size.

Phase change materials are recognized for their capability of storing a considerable amount of thermal
energy during a phase change process typically between solid and liquid states, at a specific temperature [6].
The main benefits of systems that utilize phase change for storage are the significant capacity for heat storage
and the capability to keep a steady temperature throughout both the charging and discharging cycles [7][8]. This
paper studies the evolution of solid-liquid phase changes thermal energy storage and examines three key areas:
materials, heat transfer, and applications.

Additionally, the thermophysical properties of materials commonly used as potential PCM are discussed [9].
There are many different types of PCMs, with the main distinction being between inorganic and organic
materials. Some of the Phase Change Materials that are most typically utilised in technical applications are
paraffins (organic), fatty acids (organic) and salt hydrates (inorganic).

Paraffins are a group of pure alkanes that have varying phase change temperatures. However, the small
thermal conductivity of paraffins in comparison to inorganic materials restricts the number of paraffins that can
be employed in practical solar energy applications [9]. To improve the thermal performance of the LHTES unit, a
composite PCM is employed [10], this is achieved by incorporating copper foam into pure paraffin. A low-heat
thermal energy storage systems (LHTES) capacity to function effectively is closely related to the utilised phase
change material's (PCM) thermal properties. According to Banogqitah et al. [11], in the investigation on the
nanocomposite stability embedded in the organic PCM (paraffin wax) alongside its properties’ augmentation, a
few numbers of nanoparticle types were used found to improve paraffin wax properties which included
nanotubes [12], zinc oxide [13], graphene oxide [14], titanium (III) oxide [15] and titanium dioxide [16]. Due to
its advantageous thermo-physical characteristics, pure paraffin is a common PCM because of its high latent heat,
thermal and chemical stability, and environmentally friendly nature, making it suitable for LHTES systems that
operate in the 10 to 90°C temperature range [17].

A commercially available salt-hydrate phase change material (PCM) to create a commercial storage method
for cold thermal energy is studied [18]. This article examines the process of charging, the amount of cold given
for each setup, as well as the time required for the systems to keep indoor temperatures within an acceptable
range. Particularly, salt-hydrates are viewed as a promising material and are consequently widely used in
industry. Salt hydrates experience issues with phase segregation and subcooling at low temperatures because
they begin to crystallize at a temperature significantly below the melting point, rather than immediately solidify
when cooled below the melting point. This is known as subcooling. Without nucleation, the material will only
retain perceptible heat and the latent heat will not be released [18].

In a comprehensive review, Du et al. [19] investigated the applications of PCMs for energy generation,
heating, and cooling. They came to the following conclusions: The majority of PCMs are organic chemicals
suitable for low temperature ranges (20 to 5°C). Salt hydrates and organic compounds are often the PCMs
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chosen for the medium low temperature range (5 to 40°C). The main organic PCMs used for medium
temperature range (40 to 80°C) are paraffin and fatty acids, and their use as a TES cooling system for electric
devices increased their lifespan and operating efficiency by up to 26% and 300%, respectively. And lastly,
molten salt has long dominated the TES sector in the high temperature range (80 to 200°C) because of its
durability and economic benefits [19].

2. Methodology

In this project, the TES tank model comprises the tube for heat transfer fluid delivery was prepared with various
tube diameters and lengths. Basically, based on Figure 1, two types of pipes were utilized, the U-tube pipe and a
pipe with three elbows combined into a single configuration. These pipe arrangements were chosen based on
their compatibility with the project's specifications. CAD software was utilized to create these complex
structures. After that, the models were assembled to create a single model. All models’ generation and assembly
are done in CATIA.

These five models including the tank, U-tube pipe, and three elbow pipes were designed and remained
consistent, while the diameter and length of the pipe’s dimensions were varied as details shown in Table 1.
These individual models were then combined into one integrated model, representing the complete system. This
approach allowed for a comprehensive analysis and evaluation of the thermal energy storage system's
performance.

To initiate the meshing process, the assembled model comprising the TES tank, U-tube pipe, and the pipe
with three elbows were combined and imported into the ANSYS software. Prior preparations were made on this
model to ensure suitability for meshing. The size of the meshing elements in the model was adjusted by changing
the resolution setting to 2, selected from the preset settings available, resulting in a finer mesh. Additionally, the
span angle ‘centre’ was set for a coarser resolution. Using these settings, the nodes and elements were generated
accordingly as example shown in Figure 2, forming the mesh structure. This approach allows for control over the
density and distribution of nodes and elements, influencing the accuracy and efficiency of the mesh in capturing
the desired physics during the simulation.

The initialization process in ANSYS CFX involves setting the initial values for different parameters to
establish a starting point for the simulation. In this case, the values of U (velocity in the x-direction), V (velocity
in the y-direction), and W (velocity in the z-direction) are set to 0 m/s, indicating no initial flow or motion. The
static pressure was set as 0 Pa since there is no initial pressure difference in the system. The global initial
temperature was set as -2°C, representing the condition of the overall starting temperature. Additionally, the
mass fraction was set to 1, indicating a fully saturated condition (as for fully solidified PCMO or ice) for the
specific component being simulated. These initial values provide a consistent starting point for the simulation
and a constant baseline for the analysis.

(a) (b) (0)
Fig. 1 Separated 3D model of tube typed TES (a) TES tank; (b) U-tube pipe; (c) Three elbow pipes

Table 1 The dimension of the models

Model U-tube pipe TES tank 3 elbow pipes

First 6.8cm x 60cm
Length 1 - 10cm

Second 5.8cm x 65cm
) Length 2 - 30cm

Third 5.0cm x 70cm 58cm x 90cm

Length 3 - 60cm

Fourth 4.4cmx 75cm
] Length 4 - 30cm

Fifth 3.8cm x 80cm
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Fig. 2 Statistic structure for Model 2 (a) TES tank mesh structure; (b) Mesh statistics of the model

3. Results and Discussions

One hundred maximum iterations for each simulation was set, providing a limit for the solver to converge and
find a solution. The residual target or the convergence criteria was defined as 1x10-4 for the project based on
Aziz et al. [6] indicating the desired level of accuracy [20]. The solver continues iterating until the residuals
reach or fall below this target, ensuring the solution meets the desired accuracy. These settings play a crucial
role in controlling the convergence of the solver and ensuring reliable results for the simulation. After
completing the simulation, the obtained results were assessed to determine whether the solution had
converged. Convergence in this context refers to the state where the solution has reached a desired level of
accuracy and stability. Figure 3 shows the example of convergence results for each ANSYS simulation. Model 2 is
almost not to reach convergence when compared to the other models that can easily satisfy the convergence
criteria.

The investigation of the TES tank involved five different models, each exhibiting a constant temperature at a
specific point during the discharging process. The graph shown in Figure 4 reveals that all five models
experienced a very minor increase in temperature before reaching a certain point where the temperature
stabilized and remained constant. This is explained as at the start of each simulation all errors are higher at the
earlier time steps as shown in Figure 3. Based on Figure 4, the behaviour of each model during the melting phase
can be analysed. The data shows that all the models ultimately reach a constant temperature of 0°C, indicating
the melting phase. Yet, each model exhibits different time intervals required to reach this steady state. Model 1
reaches the steady temperature the fastest, taking 2044 seconds, followed closely by Model 2 at 2178 seconds,
while Model 3 takes a bit longer at 2355 seconds. Meanwhile, Model 4 needs even more time, reaching the
steady temperature at 2622 seconds, then Model 5 takes the longest at 2755 seconds.

Figure 5 shows the ice mass fraction and the temperature in the TES tank for the Models 1 to 5. For Model 1,
the overall ice mass fraction in the tank is 0.9968, which is close to 1, meaning that 99.68% of the material is still
in solid ice condition. The remaining 0.32% had a phase change and turned into liquid water. Based on these
results, it can be said that, for Model 1, only a little amount of ice has melted during the allotted simulation time,
and there is still a significant portion of ice remaining to be melted. For the temperature, the model shows a
colour change that it reaches 276.0 K (2.85 °C) all around the pipe in the TES tank. This indicates that the
temperature in the tank has increased, which leads to the melting of the ice. The ice mass fraction for Model 2 is
0.997, as shown in Figure 5 (b), meaning that 99.7% of the substance in the tank is still in the form of solid ice.
The remaining 0.3% is the fraction of the mixture that has changed phases and turned into liquid water. This
implies that this model’s melting percentage is lower than Model 1’s. Additionally, the tank’s temperature, which
remains at 271.1 K (-2.05 °C), shows that there has not been a major rise in temperature that would have
allowed for considerable ice melting.

According to Model 3 as shown in Figure 5 (c), the ice mass fraction of 0.9984, around 99.84% of the
substance in the tank is still in the solid ice state. About 0.16% of the total has undergone a phase change and
became liquid water. This shows that this model’s melting is slightly less extensive than that of earlier models.
The tank’s constant temperature reading of 271.1K (-2.05 °C) shows that there is not a considerable change in
temperature that would allow for major ice melting.

In Model 4 (Figure 5 (d)), the ice mass fraction is 0.9983, indicating that most of the material (about
99.83%) in the tank remains in the solid ice state. An approximate 0.17% of the material has melted around the
pipe, undergoing a phase change to liquid water. This level of melting is similar to what has been observed in the
previous model. The temperature around the pipe in the tank was recorded as 272.7K (-0.45 °C), which shows a
slight improvement compared to the previous models. This temperature rise may contribute to the ongoing
melting process, gradually transforming more ice into liquid water.
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Figure 5 (e) shows that the temperature distributions for Model 5. The ice mass fraction is measured at
0.9992, indicating that most of the tank’s contents, approximately 99.92%, remain as ice, with only a small
portion, about 0.08%, has transitioned into liquid water through the phase change process. The temperature
was recorded around the pipe inside the tank at 272.6K (-0.55 °C), maintaining the same range as the previous
model. These temperature conditions help sustaining the frozen part of PCM, thus extensive melting is avoided
while system stability is secured.

These results suggest the differences in the melting performance and energy transfer effectiveness between
all the models. A more inclusive analysis is needed to find the specific factors contributing to these variations,
including the model geometry, material properties, and mechanism of heat transfer. The temperature versus
time step data provides a useful insight into the dynamic behaviour of the models during the phase of melting,
enabling further investigation and optimization of the system for an efficient energy storage.
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Fig. 5 Ice mass fractions and the temperature distributions for (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4;
(e) Model 5 (contd.)

4. Conclusion

Convergence test was conducted for all five models to confirm the results attained via ANSYS simulation. The
temperature and ice mass fraction are the two important criteria involved in the TES tank performance
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assessment. The investigation of the TES tank utilizing five different models has shown that each model reaches
a constant temperature of 0°C during the melting phase, however during different time intervals. Model 1
reaches this temperature first, followed by Model 2, Model 3, Model 4, and finally Model 5.

These variations denote differences in melting performance and energy transfer efficiency among the
models. A model that reached the constant temperature first signalled a more efficient discharging process, as it
indicates a much faster rate of ice melting and thermal energy release. In regard of the ice mass fraction, which
represented by the percentage of the remaining solid ice in the tank, Model 1 had the lowest ice mass fraction of
0.9968, signifying that a significant amount of ice persisted but with some noticeable melting. Conversely, Model
5 had the highest ice mass fraction of 0.9992, indicating minimal melting and a greater retention of solid ice.
Considering both criteria Model 1 outperformed the others by reaching the constant temperature faster and
securing a quite significant amount of solid ice in the TES tank. This means that Model 1 melted the ice faster
while still retaining a substantial portion of it. Therefore, Model 1 can be considered the most efficient in terms
of energy storage, as it efficiently used the thermal energy and preserved quite a substantial amount of ice in the
tank. The faster temperature rise suggested a more effective utilization of thermal energy and a quicker melting
rate of the ice. Thus, Model 1 stood out as the superior configuration amongst the model when taking the
constant temperature and the ice mass fraction and ease of convergence factors into consideration.

To conclude, the procedures run in this study is managed to assess the performance of TES tanks with
different size of the pipe with the fixed volume of cylindrical tank. Simulations were conducted to identify the
model that demonstrated the best performance among the five models based on the ease of convergence in
simulation.
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