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There are three main alternatives for the improvement of heat transfer in phase change materials (PCM) such
as the use of additives, support matrices and customized designs for heat exchangers. The first two alternatives
imply incurring additional material costs, as well as a decrease in the specific heat storage capacity by using
components that remain solid during the process. The present work therefore sought to study the effect of the
use of a coil shell heat exchanger with a square cross section on natural convection during the melting process
of hydrogenated palm stearin. Three different sections of the profile called square profile, U-profile, and L-profile
and two types of material, copper, and stainless steel, were studied. A test bench was built with a capacity of
5 kg of this PCM, implementing a hot water recirculation system with flow and temperature measurement and
including 9 temperature sensors inside the PCM. The melting process was conducted by recirculating water
with a temperature of 75° C and a flow rate of 2 L/min. The results show a marked effect of natural convection
on the melting process, presenting characteristic profiles for this phenomenon. It was found that the highest
temperatures are recorded in the upper part of the PCM and that the heat transfer in the solid material is
appreciably low. The results allow us to identify for each profile, the zones in which heat transfer is relatively
high because of natural convection and those zones that require the use of additives or support matrices. It is
therefore expected to contribute to the design of more efficient and lower commercial cost configurations.

1. Introduction

Solar energy can be harnessed to produce electricity or heat (Mohammad et al., 2022), however, natural factors
such as rain, wind, and day length, generate the need to implement storage systems (Mofijur et al., 2019). An
alternative for solar thermal energy storage is the use of contained phase change materials (PCMs) in heat
exchangers (Youssef et al., 2018). PCMs are materials that transform from solid to liquid state when they store
heat and then reverse when they release energy (Shen et al., 2022). For latent heat storage, PCMs must have
certain characteristics such as an appropriate melting temperature for the application, chemical stability, and
high thermal conductivity (Liu et al., 2021). Some of these characteristics are found in naturally derived organic
materials such as beeswax, palm stearin, or hydrogenated palm stearin. The latter stands out for its melting
temperature of 59 °C, suitable for heating or hot water supply applications (Lizcano-Gonzalez et al., 2023). The
design of these heat exchangers should seek to maximize the energy transfer rate so alternatives such as
support matrices, additives and modifications in the geometrical configuration are used (Momeni et al., 2023).
Regarding the latent heat storage system, different geometric configurations for PCM housings have been
proposed: spherical housings, tall rectangular housings, and cylindrical tubes (Sciacovelli et al., 2013). The most
studied geometric variants are the tube-shell heat exchanger with or without fins. Improvements in the lauric
acid fusion time have been reported for its use as PCM using a tube-shell heat exchanger system with four
different arrangements. In heat exchangers, the most common heat transfer mechanism is natural convection,
characterized by fluid movement due to buoyancy differences induced by temperature variations (Amoo, 2020).
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Natural convection played an important role in the lauric acid fusion, accelerating the process and reducing the
fusion time by approximately 70% in configurations where the tubes were located at the bottom of the housing
(Mahdi et al., 2021). The performance of palmitic acid as PCM has also been studied in a system of circular
tubes arranged vertically and horizontally. It was concluded that the fusion time was significantly reduced when
the tube containing the PCM was in a horizontal position. This improvement was since in this orientation, the
fusion front had to cover a shorter distance radially at the top of the tube, facilitating natural convection (Hasan,
1994). Only a few studies report the use of the shell-coil configuration. The coil-shell configuration has an
advantage in terms of construction costs due to its simplicity, lower number of components and shorter assembly
time. One of these conducted an experimental study on a PCM cold storage system with a tank coil. The study
demonstrated that using coils in storage unit designs is effective for transferring heat over large surfaces (Castell
etal., 2011). An experimental investigation of the performance of an energy storage system with xylitol as PCM
in a heat exchanger with a spiral coil was reported. The PCM stored 450 kJ of heat in 35 minutes during charging
and 345 kJ in 50 minutes for the discharging process. It was found that as the PCM melted, the lower density
liquid PCM created buoyancy forces resulting in natural convection. On the other hand, the discharge process
was primarily governed by conduction (Anish et al., 2021). Therefore, the main objective of this work is to
experimentally evaluate the melting process of hydrogenated palm stearin for its potential use as PCM in coll
shell systems. It is necessary to understand how the coil design and its construction material influence the
melting process of hydrogenated palm stearin using a U and square shaped coil. This is in order to quantify the
effect of natural convection on this recently reported new PCM, which will facilitate the future design of heat
exchangers.

2. Materials and Methods

The experimental study system consists of a test bench made of acrylic material (see Figure 1), specifically
designed to evaluate PCM melting processes. The test rig was equipped with a total of nine DS18B20-type
sensors, positioned to measure the temperature of the PCM. The spatial arrangement of these sensors within
the test bench is described in Figure 1. A Hall effect flow meter and two extra temperature sensors were used
for measurement conditions of heat transfer fluid (HTF). To maintain a constant temperature of the HTF between
74-75 °C with a flow rate of 2.5 + 0.5 L min', a thermal bath with a water recirculation system was employed.
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Figure 1:Test bench and sensor locations.

The experimental tests consisted of subjecting hydrogenated palm stearin to melting processes, using copper
coils with two different geometric configurations: one square-shaped and the other U-shaped (see Figure 2).
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Figure 2: Square-shaped coil geometry (left) and U-shaped coil geometry (right).

The system was insulated using 1.5 cm thick expanded polystyrene. Additionally, the setup was installed inside
a closed chamber to prevent the presence of air currents. Subsequently, data processing was conducted using
an algorithm programmed in MATLAB (MathWorks, Inc.).
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The heat transferred from the heat transfer fluid to the PCM was calculated using the formula:
Q =m-Cyr- AT (1)

m represents the mass flow, Cpr the heat capacity and AT the temperature difference between the fluid inlet
and outlet. The convective heat transfer coefficient h was calculated as follows (Pakalka et al., 2021):

Q 2

" Apem - (Tux — Tpem)

Where Q denotes the heat transferred during the process, Arcm corresponds to heat transfer area, is Trcm the
sensor temperature, Tux represents the average of the fluid inlet and outlet temperatures. The evaluation of this
coefficient provided essential information on how the geometry of the system affects heat transfer, thus providing
key insight into the specific characteristics of the experimental process studied.

3. Results and Discussion

Table 1: Time in which the first heat transfer coefficients appear for the square and U-shaped coil casing
geometries, as well as for the tube and fin configuration found in the literature.

Geometry h (W m™2 K?) Time (min) References
Square coil casing 578 120 Authors
Coil casing U 533 120 Authors
Fin and tube 50 8 Pakalka et al., 2021

In Table 1 we observe the time at which the first heat transfer coefficients (h) appear for the two configurations
studied and for a tube and fin geometry found in the literature. The heat transfer coefficient is applicable to any
geometry, depending on the physical properties of the PCM, the configuration of the heat transfer surface and
the surrounding flow conditions. In the fin and tube geometry, the first heat transfer coefficients (h) appeared
after 8 minutes of the test, averaging 50 (W m=2 K1), In the square coil shell geometry, the first heat transfer
coefficients (h) were observed after 120 minutes, with an average value of 578 (W m2 K-1). Finally, in the U-
shaped coil casing geometry, the heat transfer coefficients (h) showed an average of 533 (W m=2 K1), after 120
min. Figure 3 shows the time and temperature values recorded during the 24 hours of testing at the nine
measurement points for the square copper geometry. The convective heat transfer coefficients (h) were
calculated once the sensor recorded a temperature higher than 48.5 °C (TF), the temperature at which the PCM
melts. According to the data recorded, the times to reach the melting temperature (TF) in the sensors were: T7
and T9, 2 hours; T8, three hours; T1 and T4, 4 hours; T3, 5 hours; T6, 6 hours; T2, 9 hours; T5, 13 hours. It
should be noted that the sensor that took the longest time to reach TF is the one located right in the middle of
the test bench, being far away from all the pipe sections. The fast response of the T7 and T9 sensors can be
attributed to the location near the lower corners of the coil. It is inferred that by being located close to two
sections of the coil and having an upward heat flow, heat transfer is higher compared to other sensors. There
was heating from the bottom of the PCM maximizing natural convection and consequently heat transfer (Hasan,
1994). In the case of T8, heating from the bottom of the sensor is also present. Regarding the h values, these
were analyzed by time intervals, corresponding to hour 0 to 12 and from hour 12 to 24. It was evidenced that
h7, h8 and h9 presented an accelerated growth after the first 2 hours due to the horizontally oriented pipe section
that was located just below the sensors and promoted the melting of the material. The rapid increase ceased at
hour 8 as temperatures stabilized. From hour 12 to 24 they maintained values above 1000 W m-2 K-* with small
fluctuations. This behavior is explained by the location of the sensors close to a pipe section placed below it. In
contrast, hl and h3 in the first-time interval presented a slow growth due to low convection because of the
location of the heat transfer fluid inlet. However, both coefficients experienced an increase during the second
time interval. It should be noted that, at the end of the second time interval, the highest values of h were
calculated with respect to all the measurement points. These high values of h are mainly explained by the less
dense PCM that creates buoyancy forces that generate an upward movement favoring the natural convection
that affects the upper part of the test bench unit (Seddegh et al., 2016). Regarding h2, in the first part of the test
it grows slowly compared to the surrounding sensors. However, in the second time section it presents the highest
h values of the whole test, this is explained by it was in the middle of two zones that presented a large amount
of molten material.
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Figure 3:Temperature variation and local heat transfer coefficient at different measurement points for the square
coil geometry are presented. The evolution of temperature in the nine sensors, along with the corresponding
values of the coefficient h, is shown once the sensor reaches a temperature of 48.5°C.
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Figure 4:Temperature variation and local heat transfer coefficient at different measurement points for the U coil
geometry are presented. The evolution of temperature in the nine sensors, along with the corresponding values
of the coefficient 'h," is shown once the sensor reaches a temperature of 48.5 °C.
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During the first 12 hours of testing, h4 and h6 grew slowly. But, in the second period they presented values
greater than 500 W m-2 K-1. The h5 coefficient presented values only in the second time interval, which were
the lowest in comparison to all the calculated h values. It is relevant to note that, for this section (h4, h5, h6) the
location did not favor convection due to the orientation of the nearby pipe, as previously mentioned.
Consequently, the PCM remained in solid state for a large amount of time and in that state of aggregation it did
not conduct heat adequately. Heating from the bottom of the PCM maximized natural convection, which resulted
in higher heat transfer (Mahdi et al., 2019). Likewise, in the case of T8, heating from the bottom of the sensor
was also observed. In general terms, it is concluded that heat transfer occurs at a higher rate in the upward
vertical direction (See Figure 5). Figure 4 presents the time and temperature values recorded during the 24-
hour test period at the nine measurement points for the copper U-shaped geometry. The convective heat transfer
coefficients (h) were calculated when the sensor registered a temperature above 48.5 °C, the melting
temperature of the PCM. Regarding the h values (convective heat transfer coefficients), they were analyzed at
two-time intervals: from hour 0 to 12 and from hour 12 to 24. It was revealed that h7, h8 and h9 showed an
accelerated growth after the first 2 hours due to the horizontally oriented tube section located just below the
sensors, which favored the melting of the material. The increase in h values stabilized around hour 4, when the
temperatures reached equilibrium. From hour 12 to 24, h values remained above 1000 W m-2 K-1 with slight
fluctuations. This behavior is explained by the specific location of the sensors, as previously reported by other
authors (Anish et al., 2021). On the other hand, hl and h3 showed slow growth during the first-time interval.
Like the h coefficients mentioned in the previous paragraph, there was a slight decrease in their values that
coincided with the stabilization of temperatures. However, both coefficients increased remarkably during the
second time interval. It is important to highlight that, at the end of the second time interval, the highest values of
h were calculated compared to all other measurement points (Mahdi et al., 2019). As for h2, it showed slower
growth during the initial phase of the test compared to the surrounding sensors. Moreover, in the second time
interval, it showed the lowest h values among all measurement points throughout the entire test. This can be
explained by the fact that h2 had no nearby pipe and, despite being located between two zones with significant
melting activity, it was not sufficient for the PCM to melt at that point.
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Figure 5:Temperature distribution in the melting process for U (left) and square (right) geometry at t=5h,
t=10h, t=15h, and t=20h.

4. Conclusions

In conclusion, the two configurations were able to achieve PCM melting within 24 hours of the experiment.
However, they presented significant differences in terms of heat transfer and homogeneity of the process. The
square geometry showed a more complete and uniform melting, with all sensors reaching the melting
temperature (TF) of 60 °C at the end of the test. This suggests a more uniform distribution throughout the PCM
volume. In contrast, the U-shaped geometry exhibited less uniform melting, with only five sensors reaching
temperatures above 60 °C. Four sensors (T2, T4, T5, T6) failed to reach the PCM melting temperature,
indicating that heat transfer was less homogeneous at certain locations in the system. This behavior shows the
positive effect that the rapid melting of the upper layer of the PCM has on the heat transfer rate, because it
creates a free movement zone for the liquid PCM, which allows high values of natural convection.

Although the complete fusion of the PCM with the U-shaped geometry was not achieved, this configuration
showed high heat transfer coefficients (h), which added to a 25% saving of the material used, could be used as
a basis for the development of minimum cost heat exchangers.
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