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Thermal conductivity pure paraffin. The melting temperature was raised by 2 °C due to Al,O3 nanoparticles, whereas

Paraffin CuO and MgO nanoparticles decreased it by 1.7 °C and 1.8 °C, respectively. Compared to pure
paraffin, Al;03-PW, MgO-PW, and CuO-PW exhibited improvements of 13 %, 39 %, and 48 % in
thermal conductivities, respectively. CuO-doped paraffin showed an 11.8 % decrease in discharge
time, suggesting its suitability for rapid heat transfer applications like defrosting systems or
thermal management in electronics. On the other hand, paraffin doped with MgO showed a
minimal 2.24 % reduction in discharge time, indicating its effectiveness in applications requiring
heat retention, particularly for improved thermal insulation in building materials. The results
highlighted the potential of nano-enhanced PCMs in energy storage and construction is under-
lined, offering a sustainable approach to improving energy efficiency in various sectors.

Nomenclature

T Temperature (°C)

Trg Thermal equilibrium temperature (°C)

Taif Difference between thermal equilibrium and initial temperature (°C)
Typ Upper surface temperature (°C)

Wr The overall uncertainty value of the experimental measurements
T Time constant (min)

Q Thermal energy (kJ)

w Electrical energy input (kJ)

A Surface area (m?)

d Thickness (m)

A% Voltage (V)

1 Current (A)

A Thermal conductivity (W/m°C)

Subscripts

0 Initial state

Out Outdoor

In Indoor

Dif Difference

1. Introduction

The importance of efficient energy utilization has steadily increased due to primary factors such as global warming caused by
conventional energy technologies, diminishing resources, and escalating environmental pollution from fossil fuel use. With the
advancement of technology, an increasing effort is being dedicated to addressing these challenges. In this context, utilizing the stored
energy helps to reduce energy consumption and promotes more efficient usage of the resources. Therefore, this supports environmental
sustainability and contributes to an extended lifespan for energy resources [1]. Recent studies have highlighted the advantages of
phase change materials (PCMs) in energy storage applications [2]. PCMs are organic and inorganic materials that change phase by
absorbing large amounts of heat energy. PCMs have many advantages, such as their high energy storage capacity, the capability to
function across a wide temperature range, and diverse applicability in various fields [3]. PCMs have been utilized in many studies
across various fields, including solar energy technology [4-71, building materials [8,9], and heat exchangers [10,11] in the literature.

The thermal performance of PCMs changes according to energy thermal conductivity, phase transition temperature, and storage
density. To increase the thermal energy performance of PCMs, different methods have been used, including the integration of fins
[12-15], micro and macro encapsulation [16,17], utilization of multiple PCMs [18,19], and addition of nanoparticles [20-22]. In
addition to increasing the thermal efficiency of phase change materials, microencapsulation is an effective way to prevent possible
interaction with the environment and leakage during the melting and solidification process [23,24]. Numerous studies focus on
improving thermophysical properties by mixing nanoparticles into the base material. However, many of these studies have remained
mainly at the mathematical modeling or property improvement level, with few showcasing practical application results. Paraffin, a
widely used organic PCM, has attracted attention in thermal energy storage applications due to its desirable properties such as
nontoxicity, cheap affordability, high latent heat storage capacity, and wide operating temperature range [25-27]. Understanding the
thermal behavior of PCMs during melting and solidification in these applications is very important for different designs [28]. The
thermal conductivity of paraffin material varies between 0.2 and 0.35 W/m°C. The low thermal conductivity of paraffin makes it
challenging for heat to be absorbed from its surroundings and released. Consequently, this also leads to extended heat absorption and
dissipation duration. The thermal performance of paraffin can be enhanced by incorporating nanoparticles with significantly higher
thermal conductivity [29-31]. Materials prepared in this manner are referred to as nano enhanced PCM. Nano-enhanced PCM
(NEPCM) facilitates heat storage, charging, and discharging due to increased conductivity.

With the motivation of NEPCM highlighted above, there are many reports in the literature. For instance, Shoeibi et al. combined
NEPCM to enhance the efficiency of a desalination system utilized for freshwater production from saline water. The authors conducted
analyses on a TES (Thermal Energy Storage) system merging paraffin wax with CuO and Al,O3 nanoparticles at concentrations of 0.1 %
and 0.3 %, respectively. The obtained results indicated that the NEPCM with 0.3 % CuO and Al;O3 concentrations led to a steam
efficiency increase of 55.8 % and 49.5 %, respectively. Additionally, at the 0.3 % concentration level, CuO and Al,03 NEPCM exhibited
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a decrease in melting temperature by 2.7 °C and 2.3 °C, respectively [21]. In another study, Zarma et al. investigated the performance
of a concentrator photovoltaic nanoparticle-phase change material hybrid system. The effect of Al;03, CuO, and SiO nanoparticles at
weight ratios of 1 % and 5 % on the overall efficiency of a concentrator photovoltaic system were examined. Nano-PCMs at a 1 %
weight ratio were shown melting times of 88 min, 78 min, 80 min, and 85 min for pure PCM, Al;03, CuO, and SiO2, respectively.
Besides, it was found that increasing the weight fraction of nanoparticles in PCM to 5 % resulted in complete melting times of 70 min,
76 min, and 84 min for Al,03, CuO, and SiO2, respectively. It is also informed that increasing the weight fraction of nanoparticles in
PCM led to improved thermal conductivity and decreased melting times for Al;O3 and CuO NEPCMs. In addition, the authors
concluded that a 5 % weight fraction produced excellent results [32]. Teng and Yu examined the heat conduction performance and
thermal storage features of NEPCMs through the direct-synthesis method. The paraffin wax was mixed with alumina (Al;O3), titania
(Ti02), silica (Si02), and zinc oxide (ZnO) at three different concentrations: 1.0 %, 2.0 %, and 3.0 % by weight. According to the results
obtained from differential scanning calorimetry (DSC) analysis, TiO2 was found to be more effective in enhancing thermal energy
storage performance compared to other additives. Furthermore, it was emphasized that when selecting the most suitable additive
material, consideration should also be given to the range between phase change temperature and phase change enthalpy. However,
However, the authors did not provide a complete assessment of the extent to which thermal conduction and charge-discharge times
were affected [33]. Additionally, Mahdi et al. combined a triplex-tube heat exchanger with PCM and numerically investigated its
thermal performance under different configurations (Al,03-PCM, fins). The results obtained from the modeling revealed that adding
Al,O3 to paraffin at concentrations of 0.1 % and 0.3 % mildly influenced the phase change rate. In contrast, the inclusion of the fin
structure yielded better results [34]. In another report, Bouguila et al. proposed NEPCMs and various fin-structured heat sink models
for the thermal balance of electronic devices and numerically examined them using CFD software. To identify the most effective
NEPCM, they utilized graphene, CuO, and Al,03 nanoparticles with 5-7% weight fractions. The numerical analyses indicated that fin
variations played a role in heat conduction, while NEPCMs exhibited insulating behavior. This study was conducted through numerical
modeling and required further experimental validation [35]. Approximately 40 % of the generated electricity is consumed in buildings,
with 14 % of this energy being used for space heating and cooling. PCM applications in building energy systems also hold significant
potential. Integrating PCMs in building walls, windows, roofs, and floors can help to reduce indoor temperature fluctuations and
energy consumption for climate control. Anter et al. examined the thermal behavior of a building’s wall by applying different types of
PCM materials. Their results found that the indoor wall temperature was closer to the desired levels when PCM was incorporated into
the wall structure. Where PCM was not used, the indoor wall temperature was 31 °C, while with PCM utilization, this value decreased
to 27.7 °C [36]. In another study, Alam et al. investigated the potential of PCMs to reduce energy consumption in residential buildings
using the EnergyPlus program. As a result, the authors found that buildings integrated with PCMs reduced annual heating/cooling
loads by approximately 17-23 % [37]. Ma et al. examined a PV/T integrated with Cu nanoparticle RT24 PCM. The study concluded
that NEPCM exhibited higher melting and solidification rates than pure PCM. Furthermore, the authors demonstrated that NEPCM
stored 8.3 % more heat than pure PCM, emphasizing the need for further research to examine the mechanisms behind this enhanced
performance [38]. Table 1 summarizes the changes in PCM thermal conductivity resulting from adding various nanoparticles, as
reported in the literature.

PCMs can contribute to sustainability goals by improving performance and energy efficiency in areas as diverse as buildings, heat
exchangers, electronic devices, and thermal energy storage. Therefore, this study aims to develop an innovative thermal energy storage
material based on organic PCM, paraffin, by adding different nanoparticles to provide higher thermal conductivity and faster
charging/discharging properties. The novelty of our study lies in its comprehensive experimental investigation of paraffin-based
NEPCMs using three distinct nanoparticles: Al;03, MgO, and CuO. While previous studies have focused on the theoretical modeling
of nano-enhanced PCMs, this work advances the field by providing practical, experimental insights into how different nanoparticles

Table 1
Paraffin thermal conductivity changes by the addition of nanoparticles.
Phase change materials Nanometer-sized materials
References  Material Phase change Materials used Fraction Size findings
used temperature
[39] Paraffin 58-60 °C Copper particles 2 wt% 25 nm Thermal conductivity increased by 14 % in the solid
state.
[40] Paraffin 28.81 °C Graphite particles 1, 4,7, and 35 nm The thermal conductivity found an increase ranging
10 wt% from 4 % to 167 %.
[41] Paraffin 52-64 °C Carbon nanofibers 1, 2,5,and  Average outer Exhibited an increase in thermal conductivity by
(CNFs) 10 wt% diameter: 200 24-40 %
nm
[42] Paraffin 58.2°C CuO 2, 5, and 40 nm the thermal conductivity enhances 6-7.8 % in the
10 wt% liquid state.
[43] Paraffin 20-25°C alumina (Al,03) 1 wt% 10-170 nm The thermal conductivity decreased by around 7-8%
and Carbon Black with alumina nanoparticles, while it increased by
(CB) 24-34 % with carbon black nanoparticles.
[44] Paraffin 60.42 °C Cu 0.5,1, 1.5, 20 nm The thermal conductivity of Cu—PCM nanocomposites
and 2 wt% increased by 14.0 %, 23.9 %, 42.5 %, and 46.3 % with

the dispersion of 0.5 %, 1.0 %, 1.5 %, and 2.0 % weight
of nano Cu in the PCM, respectively.
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affect thermal conductivity, melting points, and charge/discharge times. While Al;03 and CuO nanoparticles have been extensively
studied, using MgO nanoparticles in paraffin-based PCMs has been less investigated. Our work includes MgO nanoparticles, providing
new insights into their potential benefits and performance characteristics in thermal energy storage applications. Samples prepared by
adding 5 % by weight of AloO3, CuO, and the relatively less-utilized MgO nanoparticles to paraffin with a melting temperature of
around 52 °C have been experimentally investigated. In this context, analyses have been conducted to reveal the differences between
NEPCMs and pure paraffin. Furthermore, comprehensive comparisons were conducted by subjecting the obtained NEPCMs to
discharge processes under constant environmental conditions. By introducing MgO nanoparticles, which have been relatively less
investigated, our study provides new insights into their potential benefits and performance characteristics in thermal energy storage
applications. The development of these materials aims to contribute to the development of efficient energy storage solutions while
minimizing environmental impacts.

2. Materials and methods
2.1. Materials

This study chose paraffin as the reference material due to its easy availability, non-toxic nature, and organic composition. However,
the low thermal conductivity of paraffin presents a disadvantage. High thermal conductivity nanoparticles, Al;03, CuO, and MgO,
were added in a weight ratio of 5 % to enhance PCM thermal conductivity. The selection of the 5 % additive ratio was made to
significantly raise paraffin’s thermal conductivity while simultaneously preserving the energy storage capacity of the phase change
material. Higher proportions of additives could potentially lead to agglomeration, induce defects in the lattice structure, and risk the
energy storage capacity. Thus, the 5 % ratio can be considered an effective balance point for enhancing thermal conductivity without
compromising energy storage capabilities. Research has indicated that higher proportions of additives may lead to a trade-off between
enhanced thermal conductivity and energy storage capabilities [29,45-47]. Therefore, the 5 % weight ratio was knowingly chosen to
optimize the thermal performance of the paraffin-based PCM while preserving its energy storage characteristics. The reasons for the
selection of Al,O3, CuO, and MgO are based on their various physical and chemical properties. AloO3 is known for its high thermal
conductivity and chemical stability [29,48]. CuO, in addition to having high thermal conductivity, possesses an appropriate energy
storage capacity [32,49,50]. MgO offers both high thermal conductivity and a favorable price-performance balance [51,52]. The
choice of these nanoparticles was made carefully to ensure the best balance between high thermal conductivity and suitable energy
storage capacity. In other words, Al,O3, CuO, and MgO were selected as suitable options for achieving the best balance in terms of both
thermal conductivity and energy storage capacity.

The technical specifications of the nanoparticles used are presented in Table 2. The comparison was conducted in order to evaluate
the effects of these additives. For the production of Nano-Enhanced Phase Change Materials, the additives were combined with paraffin
through the direct synthesis method. The procedure of this process is illustrated in Fig. 1.

2.2. Preparation of the NEPCM

The nanoparticles, surfactants, and PCM material were weighed with +0.01 g accuracy on a sensitive balance. Subsequently, the
PCM material was melted on a heating plate at 70 °C. After melting the PCM, nanoparticles were introduced into the molten material at
a concentration of 5 wt%. In addition, surfactants were added in quantities proportional to the nanoparticle mass. Following this step,
the nanoparticle-PCM mixture was thoroughly stirred on the heated plate using a mixer set at 70 °C and 550 rpm for 1 h. Then, the
mixer was replaced with an ultrasonic homogenizer, and the mixture was processed at 20 kHz for 1 h. It is essential to note that
excessive heating of the mixture should be avoided. For further enhancement of the features, the mixture was exposed to a power of
260 W and a frequency of 40 kHz in an ultrasonic bath at 60 °C for 3 h. Subsequently, a PCM material containing stable nanoparticles
was obtained. At this stage, the sample remained in the liquid phase, allowing the prepared nano-FDM sample to be injected into the
mold made of a metal plate. In the final step, the sample was allowed to solidify within the mold under laboratory conditions (~20 °C).
A portion of the remaining sample was used for DSC measurements. A PCM material containing stable nanoparticles was obtained for
the experiments. Images of the obtained samples, sized at 10x15, removed from the mold, are shown in Fig. 2.

2.3. DSC analysis

The prepared samples undergo thermal analysis through Differential Scanning Calorimetry (DSC) measurements. The DSC tech-
nique is commonly employed for determining quantitative energy changes [53]. The fundamental principle of DSC analysis is to

Table 2
Technical properties of nanoparticles.
Nanoparticle  Purity Average Particle Specific Surface True Density Thermal conductivity Heat capacity Density (kg/
(%) Size (nm) Area (mz/g) (g/cm3) (W/m K) (kJ/kg K) m3)
Al,03 99.5 78 >20 3.9 40 765 3970
CuO 99.99 45 15.0 6.5 18 540 6510
MgO 99.95 45 >45 3.6 42 877 3580
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Fig. 1. Preparation of NEPCM using the direct synthesis method.

Fig. 2. Samples of pure paraffin and nanoparticle-enhanced paraffin.

prevent temperature differences between the sample and the reference. Therefore, DSC measures the energy applied to the sample or
reference to ensure their temperatures remain identical. The technical specifications and analysis conditions of the employed DSC
apparatus are presented in Table 3.

The graphs of DSC measurements for the reference sample, paraffin, and the Al,03, CuO, and MgO-doped NEPCMs are illustrated in
Fig. 3. Furthermore, the thermal findings derived from these curves are presented in Table 4.

As shown in the graph, the first peak temperatures for pure paraffin, Al,0O3-doped paraffin, CuO-doped paraffin, and MgO-doped
paraffin were determined as 31.79 °C, 32.72 °C, 32.64 °C, and 34.06 °C, respectively. Solid-solid phase transitions occurred here, and
latent heat energies of 97.9 kJ/kg, 95.1 kJ/kg, 77.3 kJ/kg, and 62.1 kJ/kg were respectively observed. While the second peak tem-
perature for pure paraffin was 50.95 °C, for Al,O3-doped paraffin, CuO-doped paraffin, and MgO-doped paraffin, it was determined as

Table 3
Technical specifications of the DSC Analyzer and thermal analysis
conditions.

Technical specifications of the DSC analyzer

Manufacturer HITACHI DSC7020
Temperature range —150-725 °C
Crucible Alumina

Heat range +350 mW
Accuracy 0.2 pW

Ramp rate 0.01-100 °C

Thermal Analysis Conditions

Quantity of sample 7-8 mg
heating rate 2 °C/min.
Temperature range 25-80 °C
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Fig. 3. DSC curves of the prepared samples.
Table 4
Paraffin wax and NEPCMs thermal properties.
Parameter Paraffin wax Al;03-NEPCM CuO-NEPCM MgO-NEPCM
the first peak, °C 31.79 32.72 32.64 34.06
the second peak, °C 50.95 52.05 50.08 50.02
The total latent heat (L), (kJ/kg) 360 339 322 310

52°C, 50.08 °C, and 50.02 °C, respectively. A solid-liquid phase transition (melting) occurred here, resulting in latent heat energies of
262 kJ/kg, 244 kJ/kg, 245 kJ/kg, and 248 kJ/kg, respectively. Adding Al;03, CuO, and MgO nanoparticles to paraffin led to changes in
melting points. While AloO3 nanoparticles caused a 2 % increase in melting temperature, CuO and MgO nanoparticles caused re-
ductions of 1.7 % and 1.8 %, respectively. The total latent heat storage capacities of pure paraffin and Al;03, CuO, and MgO nano-
particle doped NEPCMs were found to be 360 kJ/kg, 339 kJ/kg, 322 kJ/kg, and 310 kJ/kg, respectively. Incorporating Al;0O3, CuO,
and MgO nanoparticles reduced thermal energy storage capacities by 5.8 %, 10.4 %, and 13.8 %, respectively.

3. Experimental analysis
3.1. Thermal conductivity analysis

The obtained samples underwent the single-plate method analysis to calculate the thermal conductivity and performance tests were
conducted in a sample application. The single-plane method is a heat transfer experiment used to determine a material’s thermal

conductivity, which indicates its ability to heat transfer [54]. This characteristic is crucial for energy efficiency and thermal storage. In
this experiment, one side of the specimen is heated by heat source, while the other surface is maintained at a lower temperature. Heat

Tout

Fig. 4. System for determining the thermal conductivity of materials using the single plate method.
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flows from the hot lower plate to the colder upper plate. The sample’s thermal conductivity can be calculated by measuring the
temperature difference of the sample and knowing its dimensions and applied heat.

For these experiments, an open-top chamber with dimensions of 28x28 x 20 cm was utilized. This chamber is a double-walled
insulated box with suitable insulation material between the walls. Temperature measurements were conducted within the chamber
in order to assess the performances of pure paraffin and NEPCMs. In this setup, the prepared samples were placed on the upper side,
and an electric heater was connected inside the box to provide heat. The schematic representation of the experiment is shown in Fig. 4.
In order to assess the reliability of the experimental setup, a conductivity check was performed using a well-known material, Fermacell
(gypsum). The thermal conductivity value of Fermacell, obtained from the manufacturer, was approximately 0.27 W/m°C. The
experimental result yielded a thermal conductivity of 0.28 W/m°C. Consequently, the error margin of the experimental system was
determined to be 3.7 %. The conducted validation process using a known material has established the accuracy and precision of the
experimental apparatus, thereby ensuring the reliability of the obtained results. The equipment specifications are shown in Table 5.

The temperature T, represents the temperature of the upper side of the sample placed in the experimental system, T, is the
temperature of the underside of the sample placed in the experimental system, and T;, represents the temperature of the sample’s
interior placed in the experimental system. Toy temperature was attempted to be maintained within the range of —2 to +4 °C
throughout the experiment. The system is not in thermal equilibrium immediately after the heater inside the chamber is turned on. In
order to obtain the temperature difference at thermal equilibrium, the temperatures are monitored and recorded for 1 h.

When a temperature difference is applied across a material, heat flow occurs, and this phenomenon is referred to as thermal
conduction. Thermal conductivity is a property that indicates a material’s ability to conduct heat. The single-plate method determines
thermal conductivity by measuring a material’s direct temperature difference and thermal flux AQ/At of a material with thickness d,
surface area A, and thermal conductivity (A). In other words, according to Fourier’s Law of Heat Conduction, the equation for heat flux
passing through a single plane is shown in equation (1):

AQ A AQ d 1

—=A—= ATori=—

At d At A AT M

The homogeneous passage of heat through the sample and prevention of heat dissipation through other means (heat transfer to the
environment) is critical for accurate measurements. The chamber is well insulated for the experiment to prevent heat loss to the
environment. An electric heater is employed within the chamber to facilitate heat flow through the prepared TES materials. At the
same time, a piece of ice is placed directly on the upper surface of the sample.

AQ
P=—orPt=W= 2
At N @

Where W represents the inlet electrical energy, and Q is the flow of thermal energy in the sample. Thus, the thermal conductivity of

the prepared sample can be calculated using Equation (3).

Pdl

A=P 4 AT

3
The change in the temperature of the bottom surface of the sample over time, which corresponds to an increase in temperature, is
directly proportional to a constant, and this relationship is shown in Equation (4) as follows.

AT
—— —aT+B
A4 + 4)

This equation is a function of temperature regarding time and can be calculated as shown below.
t
T (t) = TTE — Tdif- er (5)

Where Tyz , Tgy and 7 represent the internal temperature at thermal equilibrium, the difference between the thermal equilibrium
temperature and the initial temperature of the sample (Ty = Tz — TO), and the time constant. This equation can be written as

Table 5
The equipment used in the system.
Equipment Name Properties
Thermocouple Device Leybold Mobile-CASSY 2 WiFi

Measuring range Temp: —200 ... +200 °C/—-200 ... +1200 °C

Sampling rate: max. 500,000 values/second

Resolution: 12 bit

Dimensions: 75 mm x 95 mm x 40 mm
Temperature Probe NiCr-Ni Type K

Measuring range: —50 °C ... 1100 °C

Reaction time: 0.9 s

Precision: /2 DIN IEC 584 class 2 (+1.25 %)

Probe length: 190 mm

Probe diameter: 1.5 mm, flat tip

Cable length: 2 m
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equation (6) below by adapting the time-dependent sub temperature graph recorded throughout the experiment.

f(x)=A —Bec ©

Parameter A in this adapted equation corresponds to the thermal equilibrium temperature (Trz) value we want to obtain. Ice placed
on the top of the sample keeps the outside temperature low and as constant as possible. Since there may still be small temperature
fluctuations, the Upper-temperature values are averaged and included in calculating this average temperature difference. The thermal
conductivity coefficient can be calculated using equation (3).

AT= (T — Typ) %)

The experiments were conducted by placing flat, homogeneous specimens between two temperature-controlled plates. The
experiment is conducted under steady conditions, and the single plate heat transfer changes over time in lower specimen temperatures
are shown in Fig. 5. The results obtained by adapting the temperature-time graph to obtain the thermal equilibrium temperature are
presented in Table 6. The thermal equilibrium temperature for pure paraffin was calculated as 24.57 °C, while the thermal equilibrium
temperatures for Al,O3, MgO, and CuO for NEPCMs were calculated as 22.12 °C, 17.8 °C and 16.1 °C, respectively.

The thermal conductivity of the TES materials was calculated by obtaining the thermal equilibrium temperature from the underside
temperature curves and averaging the upper temperature values. Besides, the results are shown in Table 7. As seen from the table, the
thermal conductivities of Pure-PW, Al,03-PW, MgO-PW, and CuO-PW were calculated 0.22 W/m°C, 0.26 W/m°C, 0.34 W/m°C, and
0.36 W/m°C, respectively. It is observed that Al,O3, MgO, and CuO nanoparticle-doped kinds of paraffin have thermal conductivities
of 13 %, 39 %, and 48 % higher than pure paraffin, respectively.

Table 1 summarizes the changes in PCM thermal conductivity resulting from adding various nanoparticles, as reported in the
literature. While there is no direct resemblance between the current study and those found in the literature, a certain parallelism exists.
This differentiation may stem from various factors, such as variations in the type of paraffin employed, preparation procedures for the
mixture, and differences in the size and characteristics of the nanoparticles utilized. In this study, compared to pure paraffin, paraffin
with Al;03, MgO, and CuO nanoparticle additives exhibited respective improvements of 13 %, 39 %, and 48 % in thermal conductivity.

3.2. Uncertainty analysis

The overall uncertainty value of the experimental investigation was computed using the subsequent equations. This formulation
signifies the overall uncertainty of the study in terms of percentage, while and represents the uncertainty function and the dimensional
factor, respectively. Additionally, within the same equation, denotes the uncertainties expresses in the independent variables [55].

R \> /orR \? R \?
W= Ka*xlwl) * (W) e (a?cnw") } ®

The overall uncertainty associated with this research, as determined from measurements obtained using thermocouples, was found
to be 1.50 %. The total uncertainty value being below 5 % highlights the reliability and acceptability of the tests conducted.

3.3. Thermal energy storage analysis

The prepared materials were subjected to a practical application to assess their thermal energy storage performance. In this
experiment, using the same chamber, the prepared samples were heated to 70 °C to transition into the liquid phase, followed by

30

[— - Pure- PW

- - - ALOPW

= =MgO-PW

(— - cuo-PW

[——Fit Curve of Pure- PW

|——Fit Curve of ALO, PW

——Fit Curve of MgO-PW
Fit Curve of CuO-PW

Temperature (°C)
3
1
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Fig. 5. Time-dependent graph of temperatures of the underside of the pure paraffin and NEPCMs samples.



M.O. Karaagag

Case Studies in Thermal Engineering 64 (2024) 105412

Table 6
Curve fitting results of temperature time graph.
Equation y = Al*exp(-x/t1) + yO
Plot Pure- PW Al,03-PW MgO-PW CuO-PW
y0 24.5759 + 0.1731 22.1277 £ 0.1269 18.8037 + 0.1579 17.1055 + 0.0254
Al —14.9631 + 0.1458 —14.2910 £+ 0.1150 —8.5788 + 0.1466 —7.8441 + 0.0247
tl 37.1803 + 0.8875 53.4369 + 0.8020 62.5289 + 1.8124 64.2182 + 0.3382
R-Square (COD) 0.9945 0.9988 0.9969 0.9991
Table 7
Heat conduction calculation.
Pure- PW Al,03-PW MgO-PW CuO-PW
A (m2) 0.0225
d (m) 0.01
vV 12
1(A) 1
Tg (°C) 24.50 22.10 18.80 17.10
T, (°C) 1.76 1.53 2.15 1.44
AT (°C) 22.74 20.57 16.65 15.66
A (W/m°C) 0.23 0.26 0.32 0.34

monitoring the temperature changes of both the sample and the chamber. These experiments were conducted in a cold room at a
constant temperature of 5 °C. The solidification curve obtained from these experiments is illustrated in Fig. 6, while the temperature
variation of the chamber throughout this process is depicted in Fig. 7. The internal temperature shown in Fig. 6 represents the tem-
perature of the paraffin, while the outdoor temperature in Fig. 7 represents the temperature of the closed chamber where the paraffin is
located. In the thermal energy storage experiment, two thermocouples were used: one to measure the temperature of the paraffin,
placed at the center of the sample, and the other to measure the temperature of the insulated chamber, positioned 4 cm above the
sample surface.

In this experiment, conducted to test the time taken by paraffin and NEPCM samples to release the absorbed thermal energy, the
durations for the temperature to drop from 70 °C to 35 °C were examined. While pure paraffin takes 312 min to drop from 70 °C to
35 °C, the paraffin doped with Al,03, CuO, and MgO nanoparticles exhibited 285 min, 275 min, and 305 min, respectively. These
results demonstrate that adding 5 wt% Al;03, MgO, and CuO nanoparticles to pure paraffin material reduces the discharging time.
Compared to pure paraffin, the reduction in discharging times for Alo03-PW, CuO-PW, and MgO-PW was determined as 8.6 %, 11.8 %,
and 2.24 %, respectively. Besides, it was found that the fastest discharging rate was achieved with CuO nanoparticle-doped paraffin.

When examining the temperature change graph of the chamber during the cooling of the prepared samples, the highest outdoor
temperature was observed in the case of the pure paraffin material throughout the experiment. Following the Pure-PW, the outdoor
temperature for MgO-PW, Al;03-PW, and CuO-PW samples was observed. Pure-PW decreased to 22 °C at the end of the experiment,
while the temperature changes observed at the end of the experiment for MgO, Al,03, and CuO were 20.2 °C, 19.8 °C, and 20.2 °C,
respectively. Since Pure-PW has a significantly higher thermal energy storage capacity compared to other samples, it maintained a
higher chamber temperature. Additionally, MgO-PW presented a higher chamber temperature progression than Al;03-doped paraffin
despite its lower energy storage capacity and higher thermal conductivity. The phase change for MgO-PW was shorter than pure
paraffin, followed by a rapid decrease.

4. Conclusions

In this study, organic PCM paraffin was chosen as the reference sample, and NEPCMs were experimentally investigated for their
thermal energy performance by adding AloO3, MgO, and CuO nanoparticles to enhance thermal conductivity. Accordingly, some
analyses were conducted to reveal the differences between the obtained NEPCMs and pure paraffin. The results obtained from the
study are summarized below.

e The melting temperatures of pure paraffin, Al;03-doped paraffin, CuO-doped paraffin, and MgO-doped paraffin were determined
as 50.95 °C, 52 °C, 50.08 °C, and 50.02 °C, respectively. The addition of Al;03 nanoparticles increased the melting temperature of
the paraffin material, while CuO and MgO nanoparticles caused a decrease in the melting temperature.

o The total latent heat storage capacities of pure paraffin and Al;03, CuO, and MgO nanoparticle doped NEPCMs were found to be
360 kJ/kg, 339 kJ/kg, 322 kJ/kg, and 310 kJ/kg, respectively. The addition of Al;03, CuO, and MgO nanoparticles to paraffin
resulted in decreases in thermal energy storage capacities by 5.8 %, 10.4 %, and 13.8 %, respectively.

e In the conducted single-plate heat transfer experiment, the thermal conductivity values for Pure-PW, Al;03-PW, MgO-PW, and
CuO-PW were calculated as 0.22 W/m°C, 0.26 W/m°C, 0.34 W/m°C, and 0.36 W/m°C, respectively. Compared to pure paraffin,
paraffin doped with Al,03, MgO, and CuO nanoparticles exhibited 13 %, 39 %, and 48 % higher thermal conductivity, respectively.
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Fig. 6. Experimental solidification profile of PW and NEPCMs.

44

42 Pure- PW
401 — ALO,-PW
38—- — MgO-PW

— CuO-PW

Outdoor Temperature (°C)
(S
1

T T
0 50 100

T - T E T . T
150 200 250 300
Time (min)

Fig. 7. Outdoor temperature variations of PW and NEPCMs.

As a result, these doped paraffins can absorb thermal energy from an external source more rapidly, enabling faster charging and
discharging processes.

e Another TES experiment revealed the potential use of doped paraffins in applications requiring faster heat transfer. A comparison
with pure paraffin showed that the reduction in discharge times for Al;03-PW, CuO-PW, and MgO-PW were 8.6 %, 11.8 %, and
2.24 %, respectively. As a result, doped paraffins reached more rapid discharge rates than pure paraffin.

In short, this study investigated the thermal energy performance of NEPCMs created by incorporating Al;03, MgO, and CuO
nanoparticles into organic PCM paraffin. The results demonstrated significant alterations in the melting temperatures, thermal energy
storage capacity, and thermal conductivity of paraffins doped with Al,03, MgO, and CuO nanoparticles. It has been revealed that
nanoparticle-doped paraffins have the potential to be used, especially in applications that require rapid heat transfer. Notably, CuO-
PW substantially reduced charge and discharge times, making it promising for defrost and PVT applications. On the other hand, MgO-
doped PCM might be more suitable for applications where heat preservation is crucial, such as building insulation. These findings offer
insights into future developments in energy storage and thermal management. Furthermore, materials of this nature may possess
higher heat storage capacities than traditional insulation materials. Adding Al,03, MgO, and CuO nanoparticles can enhance heat
absorption, improving thermal comfort. The results could contribute to advancing sustainable and efficient insulation solutions in the
construction sector.
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