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This study investigates the effect of varying atomic ratios (1 %, 3 %, 6 %, and 10 %) of Al2Os nanoparticles on the
thermal performance of a hybrid paraffin-air nanostructure in a heat sink, using molecular dynamics simulations.
The primary objective is to enhance the thermal properties of phase change materials for efficient energy storage,
which is crucial for advancing thermal management systems. The purpose is to optimize nanoparticle concen-
tration and assess how altering the atomic ratio of Al-0Os nanoparticles can improve thermal conductivity and
heat flux within the phase change material matrix. The results demonstrate that after reaching equilibrium
within 20 ns, the total energy of the atomic sample converges to —5990.70 eV, indicating stable atomic oscil-
lations. Notably, increasing Al-0: nanoparticle concentration to 3 % significantly improves the heat flux and
thermal conductivity, reaching values of 354.11 W/m? and 405.42 W/m K, respectively. The radial distribution
function analysis shows a decrease in the maximum peak to 3.49 at the 3 % concentration, suggesting that a
higher concentration of oxygen atoms in the material could enhance thermal performance. Furthermore, the
maximum temperature within the system increases to 934.17 K at the 3 % atomic ratio. The aggregation time at
this concentration is 8.11 ns, which decreases to 6.83 ns at a 10 % atomic ratio, further supporting the detri-
mental impact of nanoparticle aggregation. Notably, a 3 % concentration is found to be optimal for improving
performance. These findings show the critical role of Al-0Os nanoparticles in enhancing the thermal performance
of phase change material-based systems, offering valuable insights into optimal nanoparticle concentration and
aggregation for effective thermal management in energy storage applications.

efficiency and reliability of energy systems while contributing to total
energy conservation [5]. One promising technology for future thermal

1. Introduction

Interest in renewable energy sources has grown significantly in
recent years, as nations seek to expand their economies while meeting
increasing energy demands [1]. Among various energy forms, thermal
energy, particularly solar energy, has garnered attention for its potential
to provide sustainable and efficient solutions [2]. A major challenge for
technology experts today is developing efficient energy storage methods
that facilitate the conversion into various forms as needed [3]. Energy
storage plays a crucial role in balancing supply and demand, ensuring
that the available energy meets consumption needs [4]. It enhances the
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energy storage is the use of phase change materials (PCMs) [6]. PCMs
have the unique ability to store heat without a significant temperature
(Temp) change [7]. Heat energy transfer occurs when a material un-
dergoes a phase change (PC), such as melting from solid to liquid or
freezing from liquid to solid [8]. Heat transfer (HT) occurs during phase
transitions, such as when materials change from solid to liquid or vice
versa. This process enables PCMs to store and release thermal energy
[9]. They are typically categorized into three groups: organic, inorganic,
and eutectic materials [10]. These materials can be tailored to function
across a wide range of Ts, depending on the application. Organic PCMs
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Abbreviations

PCM Phase change material

PC Phase change

MD Molecular dynamics

NP Nanoparticles

HF Heat Flux

TC Thermal conductivity

T Temperature

TP Thermal performance

LJ Lennard-Jones

EAM Embedded Atom Method
Max Maximum

AR Atomic Ratio

HN Hybrid nanostructure
HPAN  Hybrid paraffin-air nanostructure
HT Heat transfer

RDF Radial distribution function

include paraffin and non-paraffin compounds [11], are commonly used,
while inorganic PCMs include hydrated salts and metal salts [6].
Enhancing PCMs by incorporating additional elements can further
improve their capacity for storing and releasing thermal energy [12].
Unlike other metal oxides, Al,O3 offers a balance of cost-effectiveness,
availability, and high thermal conductivity (TC) to density ratio,
which is crucial for PC applications [13]. Additionally, the chemical
stability of Al.Os ensures that nanoparticles (NPs) remain inert and do
not react with PCM over time, which is essential for long-term thermal
energy storage [14]. Thus, Al;03-NPs are well-suited for improving TC
in hybrid nanostructures (HNs), especially in systems requiring robust
and efficient thermal management [15]. Heat sinks are commonly
employed in the production of electronic devices to manage heat [16].
They absorb heat and transfer it to a fluid by maximizing the contact
surface between the fluid and its surroundings [17]. Incorporating PCMs
into heat sinks has proven to be a promising method for enhancing
thermal performance (TP) [18] and improving the efficiency [19] of
heat dissipation systems. Numerous studies were conducted to explore
the TP of PCMs in such applications. For example, Zhao et al. [20]
investigated PCs in paraffin by incorporating metal NPs through mo-
lecular dynamics (MD) simulations. Their results demonstrated a sig-
nificant improvement in the TP of structure due to the addition of NPs.
Khodadadi and Hosseinizadeh [21] focused on the TP of used copper
NPs and observed that the base material’s TC increased. Furthermore,
researchers enhanced the heat release process of conventional PCMs by
incorporating NPs, enabling faster phase transitions due to their smaller
size and greater surface area. Song et al. [22] demonstrated that silver
NPs enhanced the TP of organic PCMs. Their findings indicated that the
incorporation of silver NPs not only improved heat management but also
stabilized the T of PCM. Venkitaraj et al. [23] discovered that the
addition of AlyO3-NPs to pentaerythritol significantly enhanced both
thermal resistance and chemical stability. They assessed the material’s
performance by subjecting it to repeated heating and cooling cycles and
analyzed the dispersion of nanoparticles within pentaerythritol using
energy-dispersive X-ray spectroscopy (EDX). Furthermore, various
concentrations of NPs were tested through thermogravimetric analysis
to evaluate their effects in combination with pentaerythritol. Bergles
et al. [24] examined HT in an oscillating heat pipe using MD simula-
tions. In their research, water served as the base fluid, enhanced by
adding aluminum, copper oxide, and silver NPs. The incorporation of
these NPs into the base fluid resulted in increased efficiency of the HT
simulation. Ameen et al. [25] found that the HT and time within the
simulation box increased with the addition of NPs. Their findings indi-
cated that incorporating NPs enhanced the TP of PCMs, resulting in
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improved charging and discharging times. Sharifpur et al. [26] investi-
gated the effect of Al-Os nanoparticle volume fraction, size, and T on the
TC of glycerol-based nanofluids, finding that these nanofluids signifi-
cantly enhanced TC compared to the base fluid. Ghanbarpour et al. [27]
studied the TC and viscosity of Al;O3/water nanofluids with concen-
trations ranging from 3 % to 50 %. They found that both properties
increased with concentration. Li et al. [28] studied the impact of adding
Al>03-NPs to paraffin wax on its thermal properties. They found that TC
increased by 40 % at a 0.01 % NP volume fraction. Altohamy et al. [29]
investigated the effect of different volume fractions of Al-Os NPs in
water-based nanofluids on the thermal properties of PCMs during
charging, finding that increased concentrations of Al20s-NPs signifi-
cantly reduced charging time and led to more efficient HT. Samara et al.
[30] investigated the effect of adding Al,O3-NPs to paraffin wax (Bio--
PCM) to improve TC. They found that the TC of nanofluids increased
nonlinearly with the NP volume fraction. Al;03-NPs offer distinct ad-
vantages in thermal management due to their high TC and ease of
incorporation into PCMs compared to many metallic NPs. Although the
TC of AlyOs is not as high as other metal oxides, it remains significantly
higher than conventional HT fluids by two orders of magnitude, making
it an effective candidate for enhancing the TP of PCMs [31,32]. These
nanoparticles improve heat transfer by enhancing the flow of heat
through PCM matrix, where their efficient dispersion minimizes thermal
resistance. As a result, the heat transfer process is accelerated, signifi-
cantly improving the TP of PCM.

Regarding the novelty of this work, the study distinguished itself
from previous efforts by focusing on how varying the atomic ratio (AR)
of Al-O3 NPs affects the TP of a hybrid paraffin-air nanostructure (HPAN)
in a heat sink. While prior research explored the role of NPs in enhancing
PCMs, our work offers a detailed atomic-level investigation using MD
simulation, providing insights that were not easily achievable through
experimental methods. MD simulation was ideal for this study due to its
ability to provide atomistic-level insights [33] and reduce the need for
costly experimental setups [34]. Additionally, MD simulations provided
insights into various properties at the molecular level, which were
crucial for understanding the efficiency of nanofluids and PCMs in
thermal applications. Using MD simulations, we can obtain detailed data
on atomic-scale interactions that influenced the macroscopic properties
of the system, thereby enhancing our understanding of how NPs, such as
Al20s, interacted with PCMs to improve TC and overall TP. This
approach enabled efficient exploration of material behavior, optimizing
the TP of PCMs and advancing renewable energy technologies. The
study systematically examined the effects of NP concentration on key
thermal properties, such as heat flux (HF), TC, RDF, and aggregation
time, thereby providing optimized solutions for applications in renew-
able energy, electronics cooling, and thermal management.

2. Molecular dynamics simulation

LAMMPS software was used to examine the effect of the AR of Al,O3-
NPs on the TP of HPAN in a heat sink. LAMMPS was chosen for this study
due to its powerful capabilities in simulating complex systems, including
NPs and PCMs [35]. It offered accurate modeling of atomic and mo-
lecular interactions, making it ideal for studying the effects of Al2Os NPs
on the thermal properties of PCMs. LAMMPS was highly flexible and
efficient, supporting a wide range of potential functions, time integra-
tion methods, and boundary conditions, which made it suitable for
simulating various materials and their interactions at the atomic level.
Additionally, LAMMPS can handle large-scale simulations, essential for
accurately representing the system’s behavior over extended simulation
times [36]. The simulation box was set to 100 A in all directions, with
aluminum walls simulated to model the heat sink, as shown in Fig. 1.
This size ensured that the system accurately represented the bulk
behavior of the materials while minimizing size effects that could distort
the physical properties under investigation. The selected system size was
validated by confirming that the dimensions were sufficiently large to
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Fig. 1. A schematic of simulated HPAN from a) front and b) perspective view.

reduce the influence of boundary effects on properties of interest, such
as HF. Subsequently, the paraffin structure, as the PCM, was modeled
using Avogadro software [37]. Oxygen molecules (O2 particles) were
modeled using Avogadro software and packed with paraffin using
PACKMOL software [38]. Next, Al2Os NPs were modeled using Avogadro
software, which was expanded with different atomic ratios (ARs) of 1 %,
3 %, 6 %, and 10 % using PACKMOL software (see Fig. 1). Avogadro was
used to create Al20s-NPs utilizing a crystallographic file for aluminum,
which was expanded to achieve the desired size and configuration of
NPs. This software enabled manipulation of molecular structures, ge-
ometry adjustments, and optimization of atom arrangements, which
were crucial for accurately representing Al-Os-NPs in the simulation.
Subsequently, PACKMOL was used to assemble the complete structure of
the hybrid paraffin-NP system. PACKMOL facilitated the packing of
molecules into defined spaces, allowing the effective incorporation of
Al205-NPs into the paraffin matrix. This process ensured that Al-Os-NPs
were correctly positioned within the paraffin structure, preparing for
subsequent MD simulations.

The boundary conditions were set to periodic in the Y direction and
fixed in the Z and X-directions. The periodic boundary conditions
applied in the Y direction simulate an infinite system along that axis,
effectively mimicking a realistic HT scenario. Fixed boundary conditions
in X and Z-directions represented the constraints of aluminum heat sink
walls, ensuring a controlled and stable thermal environment. This
configuration reflected practical applications, such as confined PCM
systems in heat sinks, where the walls significantly influenced TP. After
initial modeling, T was set to 300 K, and the equilibration of the struc-
ture was assessed. To evaluate this, T and total energy changes were
monitored over 20 ns. In the next step, the TP of HPAN was evaluated
over 30 ns using HF, RDF, TC, T profile, and aggregation time. A time
step of 0.1 fs was used in the simulations. This smaller time step allowed
the simulation to track faster interactions with higher precision, which
was particularly important for systems with high-frequency vibrations
or small NPs, such as Al.Os, where atomic interactions occurred on very
short timescales. It helped prevent issues like atomic overlap or diver-
gence of the system’s energy, ensuring stability throughout the simu-
lation. The 0.1 fs time step was validated in numerous MD studies of
similar systems, particularly when modeling nanofluids or materials
undergoing rapid changes [39]. The embedded Atom Method (EAM)
was specifically employed for aluminum atoms. EAM accurately
described metallic bonding and realistically represented interactions
within the aluminum components of a heat sink, ensuring high preci-
sion, particularly in capturing many-body interactions inherent in
metallic systems. For other particles in the system, Lennard-Jones (LJ)
potential was used to model van der Waals interactions. Egs. (2) and (3)
define the combination of LJ parameters (6 and &) to represent in-
teractions among different species. LJ potential was a reliable method
for describing non-bonded interactions, particularly for organic mole-
cules like paraffin, where dispersive forces were significant. Moreover,
LJ potential was used in similar studies of PCMs and NPs, providing a
solid basis for comparison with existing literature [20]. The combination
of EAM for the aluminum and LJ for paraffin and NPs was selected to

ensure that metallic and non-metallic interactions were accurately
modeled. Furthermore, similar studies investigating the effect of NPs in
nanofluids employed EAM and LJ potential functions to model in-
teractions within their respective systems. This further validated the
appropriateness of these potential functions for the current study [40].
As shown in Fig. 1, the heat sink model used in this study included
separate layers for PCM, such as paraffin, and a gas represented by ox-
ygen molecules. This figure was created using OVITO, a powerful soft-
ware tool for visualizing, analyzing, and rendering atomic structures and
simulation data. It provided a clear and detailed representation of MD
results [41]. This intentional design aimed to enhance the overall HT
efficiency of the system. In many heat sink models, one section was
designed for the flow of PCM, such as paraffin, while another section
facilitated the passage of a fluid or gas, typically air [42]. This design
enhanced the HT efficiency of the system by leveraging the comple-
mentary roles of PCM and air. PCM absorbed and stored a significant
amount of heat during its phase transition from solid to liquid and vice
versa. Meanwhile, the air or another fluid in the adjacent layer facili-
tated the removal of excess heat through convection. This dual approach
utilized the strengths of conductive and convective heat transfer
mechanisms. All MD simulation settings are reported in Table 1.

2.1. Equilibration process

The equilibration process is a fundamental step in MD simulations,
ensuring that the system reaches a stable state before any properties are
measured. This stage allows for the balance of kinetic and potential
energies, the proper distribution of atoms, and the avoidance of artificial
or unrealistic results. In the initial equilibration step, T changes in HPAN
were monitored over 20 ns. The stability of T indicates that the atomic
structure remained intact, with no disintegration, confirming the suit-
ability of the potential function employed in the simulation. Moreover,
the results validated that the simulation duration was sufficient, as the
system reached equilibrium within 20 ns, ensuring realistic interactions
and stable thermal conditions. These findings confirmed that the
modeled system was well-prepared for subsequent analyses, providing a
robust foundation for evaluating thermal properties. The total energy in

Table 1
Present Simulation details.

Simulation setting value

Simulation box Dimension 50 x 100 x 50 A®

Boundary Condition fpf
Ensemble NVT/NVE
Initial T 300 K
Simulation duration 50 ns

Time Steps 0.1fs
Thermostat Nose-Hoover

Equilibration process 20 ns

Number of Atoms (Pristine Sample) 13775

Subdomain of wall 50 x 100 x 50 A®
Subdomain of paraffin/Al,03 10 x 100 x 50 A3
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atomic structures, comprising kinetic and potential energies, reflected
the dynamic interactions and stability of the system. This parameter was
fundamental in MD simulations, providing insights into atomic in-
teractions, movements, and overall structural stability. As a key indi-
cator of the system’s energetic state, total energy enabled a
comprehensive evaluation of stability and equilibration throughout the
simulation. The results illustrate the variations in total energy for HN
during the simulation, demonstrating convergence to a constant value of
—5990.70 eV. This steady convergence indicated that the system suc-
cessfully achieved equilibrium, validating the accuracy of the applied
potential function and confirming the stability of atomic configurations.

3. Radial distribution function

RDF is a critical tool for analyzing the spatial arrangement of atoms
within molecular systems, providing valuable insights into their local
atomic structure and behavior. In this study, RDF calculations were
performed on the equilibrated atomic samples to validate the compu-
tational method employed. Specifically, RDF quantified the likelihood of
finding an atom at a specific distance from a reference atom, elucidating
the degree of atomic order or disorder present in the system. This metric
also facilitated comparisons between simulation results and experi-
mental or theoretical models, thereby assessing the accuracy and reli-

1 1 1
I=y =V =V

Sew S sm
i i

Zeivi — Z (fijvj ) Xjj
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ability of the MD approach. Fig. 2 illustrates carbon-carbon RDF for the
paraffin structure, revealing a pronounced peak at approximately 2 A.
This peak corresponded to the nearest-neighbor distances, indicating a
well-defined local atomic arrangement. Beyond this peak, the gradual
convergence of RDF values to unity reflected a transition to a homoge-
neous atomic distribution at larger distances, signifying that the system
exhibited short-range order while maintaining long-range isotropy.
These findings aligned well with experimental observations and prior
theoretical studies, reinforcing the validity of the computational tools
and simulation parameters used. Furthermore, the sharpness and

g (r)

r (Angstrom)

Fig. 2. Carbon-carbon RDF in paraffin structure defined after equilibration of
the aluminum-paraffin-oxygen sample.
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intensity of the RDF peak confirmed the stability and structural integrity
of HN, which was critical for ensuring the accuracy of subsequent
thermodynamic and physical analyses. The compatibility of these results
with earlier research on aluminum-paraffin-oxygen systems under-
scored the robustness of MD methodology, particularly in capturing
intricate interatomic interactions and predicting thermodynamic
behavior under similar conditions [43]. This comprehensive analysis
validated the reliability of the simulation framework, establishing a
robust foundation for investigating more complex systems and their
thermal properties.

4. Results

This section evaluated the TP of HN in the presence of different ARs
of Al20s NPs. The green-Kubo method, employed to calculate thermal
properties, was widely regarded as a reliable and accurate approach in
MD simulations, particularly for systems with complex interactions,
such as nanostructures [44]. It enabled the calculation of TC by inte-
grating the HF autocorrelation function over time, offering insights into
heat transport at the atomic level. This method was particularly suited
for systems where direct measurement of TC was difficult, such as HNs
involving PCMs and NPs. Green-Kubo represents in Egs. (1) and (2):

(fij-(Vi+Vj)Xij] (€]

K:kBLTZ/Ow (JX(O)Jx(t))dt:$/om (J(0).J(¢))dt @

In these equations, e; is the total particle energy of the system, S; is the
system’s entropy, V represents the sample volume, kg is Boltzmann’s
constant, T is the system’s T, and J is the HF. Figuring out the solution to
this equation helps us ascertain the extent of HF in the system. Then, it
can find the TC by solving Eq. (2).
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Fig. 3. Changes in HF of the HN according to the simulation time and the AR of
Al;03-NPs.
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HF measures the rate of heat transfer in a system and provides
important insights into the system’s response to heat. Incorporating
Al20s NPs into HN alters the atomic distribution within the simulation
box. This change in arrangement directly affects the structure of the
samples and their TP. Various concentrations of Al2Os-NPs, 1 %, 3 %, 6
%, and 10 %, were added to the HN. Fig. 3 illustrates the differences in
HF resulting from increased concentrations of Alo0s-NPs. The results
indicate that increasing the concentration of Al-0s-NPs up to 3 %
enhanced HF. The addition of a small concentration of Al-Os-NPs (up to
3 %) improved HT due to their high TC. NPs served as conductive
pathways, facilitating heat transfer from hotter to cooler regions of the
system. Additionally, NPs increased the surface area available for heat
exchange, thereby enhancing heat transfer efficiency. However,
increasing the concentration of Al-0s-NPs beyond 3 % resulted in
decreased HF. Higher NP concentrations raised the likelihood of ag-
gregation, which hindered fluid flow and created thermal barriers,
reducing heat transfer efficiency. The concentration of Al>Os-NPs in the
simulation box altered HF between 331.98 W/m? and 354.11 W/m?.
This behavior of HF output in the designed system in the presence of
various ratios of AlpO3-based NPs detected in previous research [45]. In
this research, the HF parameter increased by NP ratio increasing, but
this parameter get to lesser values by NPs ratio increasing. This pro-
cedure predicted the disturbed mechanism such as NPs aggregation
process decreased the thermal transfer volume (HF) in designed systems.

The following section investigated the changes in atomic structure as
the concentration of Al-Os NPs increases. Fig. 4 shows the variations in
the maximum (Max) peak of the RDF curve over the simulation time,
illustrating the effects of increasing Al20s-NP concentration. The results
indicate that the maximum peak of RDF with 3 % Al-0s-NPs was 3.49. As
the concentration of Al>0s-NPs increased further, the Max peak of the
RDF curve decreased. This decrease signified changes in the spatial
arrangement of atoms in the material as the concentration of Al>Os-NPs
increased. These alterations may affect the material’s TP, including its
TC and heat capacity.

The analysis of the structure’s TC under varying concentrations of
Al20s NPs revealed critical trends that provide insights into the behavior
of nanostructured systems. Fig. 5 demonstrates the dependence of TC on
AlzO3-NP concentration, with a clear enhancement observed as the
concentration increased up to 3 %. At this optimal concentration, TC
reached a maximum value of 405.42 W/m-K, highlighting the effective
role of Al20s-NPs in facilitating thermal transport. However, beyond this

45—
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i —@— 10%ALO,

33

Maximum of the Radial Distribution Function

Time (ns)

Fig. 4. The changes in the HN’s Max peak of the RDF curve according to the AR
of Al,O3-NPs.
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Fig. 5. The changes of the TC in the HN according to the AR of Al,03-NPs.
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Fig. 6. T profile in the HN according to the AR of Al,O3-NPs.

threshold, a decline in TC was evident as the NP concentration exceeded
3 %.

Fig. 6 illustrates how the T profile changes by increasing concen-
trations of Al-Os NPs. The data reveal that increasing NP concentration
up to 3 % led to a notable rise in Max T, reaching 934.17 K. This peak
performance at 3 % was attributed to well-dispersed NPs, which formed
efficient thermal pathways within the paraffin matrix. However, beyond
3 % concentration, a distinct shift in the T profile was observed. As the
NP concentration increased, the aggregation propensity increased
significantly. This aggregation disrupted the TC network established at
lower concentrations by creating clusters of NPs that acted as thermal
barriers. Consequently, T began to decline, illustrating the detrimental
impact of excessive NP concentrations on the system’s HT capability. At
optimal concentrations, NPs were sufficiently spaced to maximize their
surface area and contribute effectively to heat transfer. In contrast, at
higher concentrations, reduced inter-particle distance fostered aggre-
gation, which decreased the exposed surface area and disrupted the
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Fig. 7. Changes in aggregation time in the HN according to the AR of
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Table 2
Changes in HF, TC, RDF, T profile, and aggregation time in the HN according to
the AR of Al,O3-NPs.

AR of Al,03- HF W/ RDF T.C(W/ Max-T Aggregation time
NPs (%) m?) &) m.K) ) (ns)
1 323.99 3.55 391.34 890.65 6.95
3 354.11 3.41 405.42 897.32 8.11
5 348.08 3.48 397.3 934.32 7.26
10 331.98 3.58 383.29 872.35 6.83

continuity of conductive pathways. These findings underscored the
critical threshold at 3 %, where the benefits of Al.Os-NPs maximized
without incurring the negative effects of aggregation.

Fig. 7 illustrates how the aggregation time of particles changed by
increasing the concentrations of Al2Os NPs. The results indicate that
adding more Al-0s-NPs to the system increased the aggregation time.
Specifically, at a concentration of 3 %, aggregation time was approxi-
mately 8.11 ns. However, increasing the concentration to 10 % reduced
the aggregation time about 6.83 ns. Numerical results are summarized in
Table 2.

5. Discussion

The results indicate that adding Al2Os-NPs up to 3 % enhanced HF,
primarily by serving as conductive pathways. This enhancement can be
attributed to the improved TC of the system with the introduction of
NPs. Al20s-NPs, having a higher TC than paraffin, function as localized
heat conductors within HN. The TC of aluminum was reported to be in
the range of 230-300 W/m-K [46,47], while paraffin’s TC varied be-
tween 0.2 and 0.3 W/m-K [48]. The TC of air was 0.0265 W/m-K [49].
As the concentration of NPs increased, thermal energy was transferred
more efficiently from hotter to cooler areas. Additionally, NPs enhanced
the effective surface area for heat exchange by creating more interfaces
for thermal energy absorption and transfer [12]. This enhanced heat
dissipation throughout the structure, particularly at lower NP concen-
trations (up to 3 %), where the NPs remained well-dispersed within the
paraffin matrix, facilitating smooth heat transfer. The uniform disper-
sion of NPs facilitated the formation of continuous heat conduction
pathways, allowing thermal energy to be transferred efficiently across
the material. The local movement of heat, aided by the NPs, resulted in a
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more effective energy distribution throughout the system, enhancing
overall thermal conductivity. Aldossary et al. [50] investigated the
thermal behavior of PCMs in the presence of NPs, particularly CuO.
Their results revealed that with the addition of 3 CuO NPs, HF increased
significantly, which was consistent with our findings. However, when
the concentration of Al;03-NPs exceeded 3 %, the likelihood of NP ag-
gregation increased. At higher concentrations, the interparticle distance
decreased, leading to the formation of NP clusters. These clusters dis-
rupted the uniform distribution of NPs, creating local hot spots and
thermal barriers that impeded heat transfer. As these aggregated regions
acted as insulating zones, they blocked continuous heat flow between
hot and cold areas, increasing thermal resistance. Microscopically, NP
aggregation increased interfacial resistance between the NPs and the
paraffin matrix and among the NPs themselves, reducing the overall
thermal conductivity of the composite. These localized high-resistance
regions served as barriers that hindered efficient heat transmission
through the material. Consequently, heat flow began to decrease at
higher NP concentrations, as observed in the simulations. This behavior
highlighted the delicate balance between NP concentration and heat
transfer efficiency. While NPs enhanced thermal conductivity and heat
flow at lower concentrations, excessive amounts led to aggregation,
undermining these benefits by introducing thermal resistance. Thus,
there was a threshold concentration where the benefits of enhanced heat
conduction were overshadowed by the negative effects of aggregation,
highlighting the importance of maintaining an optimal NP concentra-
tion for efficient thermal management.

RDF analysis provided valuable insights into how the spatial
arrangement of atoms evolved with different NP concentrations. Inves-
tigating the changes in atomic structure as the AR of Al2Os NPs increases
was crucial for understanding the behavior of nanostructures. At an AR
of 3 %, the maximum peak of the RDF curve reached a value of 3.49,
indicating a relatively well-ordered atomic structure. This suggested
that NPs were well-dispersed throughout the paraffin matrix, main-
taining a regular spatial arrangement that promoted efficient heat
transfer and enhanced the thermal conductivity of the system. At this
concentration, NPs acted as effective conductive pathways, facilitating
smooth energy transfer among atoms without disrupting structural
integrity. The regular atomic arrangement at this concentration facili-
tated the efficient transmission of kinetic energy among neighboring
atoms, enhancing the TC of the system. The smooth dispersion of NPs
ensured efficient energy transfer through a matrix, minimizing disrup-
tions in atomic-level interactions that facilitated heat flow. As the AR of
Al20s NPs increased beyond 3 %, the maximum peak of the RDF curve
decreased. This reduction signified significant changes in the spatial
arrangement of atoms, indicating the onset of NP aggregation. The
decrease in the RDF peak highlighted that the atomic structure became
less ordered as NPs clustered together. This clustering disrupted the
regular atomic arrangement, increasing the distance between some atom
pairs and reducing the overall coherence of the system. The aggregation
of NPs resulted in regions where the atomic structure became less
cohesive, leading to a reduction in effective atomic interactions. This
clustering disrupted previously efficient pathways for thermal energy
transfer, as energy transfer among atoms in these regions became less
effective due to increased atomic separation and the formation of ther-
mal barriers [51]. These barriers increased thermal resistance, impeding
heat movement through the material. When NPs cluster, they create
isolated regions where energy is trapped and cannot be efficiently
transferred to neighboring atoms. These regions introduced significant
thermal resistance, limiting overall heat flow within the material. This
behavior was particularly evident at higher NP concentrations, where
NP aggregation became more pronounced, leading to increased thermal
resistance that outweighs the benefits of additional NPs. The loss of
atomic order, indicated by the decrease in the RDF peak, correlated with
a decline in TC and heat capacity. Specifically, NP aggregation reduced
available surface area for effective heat transfer, undermining the ben-
efits provided by NPs at lower concentrations. The reduced atomic order
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and increased NP aggregation led to fewer interfaces for effective heat
transfer between the paraffin matrix and NPs, significantly diminishing
heat conduction efficiency. As NP aggregation progressed, effective
thermal pathways became fragmented, decreasing the overall heat
transfer rate and, consequently, the TC of the system.

In LAMMPS, the T profile referred to the variation of T across
different regions of the system, providing insight into how heat was
distributed within the material during simulation. This profile was
crucial for understanding the thermal properties of the system, as it
highlighted the transfer and diffusion of thermal energy across the
modeled space. T profile was typically generated by calculating the T of
particles or atoms within specific regions, known as ’bins,” within the
MD simulation box. These bins allowed for spatially resolved analysis of
T distribution, enhancing our understanding of thermal behaviors in
different components of system. T profile was calculated by considering
the center-of-mass velocity of atoms within each bin, and this data was
used to obtain the overall T distribution [52]. The optimal dispersion at
3 % concentration resulted in the system’s highest thermal efficiency
and maximum observed T. In this state, well-dispersed NPs facilitated
heat movement and played a crucial role in maintaining thermal sta-
bility by promoting a more uniform T distribution across the material.
However, as the concentration of Al-2Os NPs increased beyond 3 %, NP
aggregation occurred due to their proximity. This aggregation formed
clustered that disrupted previously efficient thermal pathways by
creating thermal barriers within the material. Instead of aiding heat
transfer, the aggregated NPs formed isolated pockets that hindered
conduction, leading to a reduction in the overall thermal efficiency of
the system. Consequently, the system’s ability to heat transfer dimin-
ished and the total T decreased, illustrating the negative impact of
excessive NP concentration on heat transfer performance. This behavior
underscored the importance of maintaining an optimal concentration of
NPs in the composite material. The observed trend in this study revealed
that as the concentration of Al-Os NPs increased, aggregation time
notably decreased, underscoring the critical role of particle interactions
and dispersion in determining the system’s thermal and structural
behavior. At an optimal NP concentration of 3 %, the aggregation time
was approximately 8.11 ns, indicating that the particles remained
well-dispersed for a longer duration. This extended aggregation time
reflected the stability of dispersion at this concentration, where
inter-particle distances were sufficient to minimize attractive forces,
such as van der Waals interactions, that drive clustering. However, as
the concentration of Al-Os NPs increased beyond 3 %, aggregation time
significantly decreased, reaching 6.83 ns at a 10 % concentration. This
reduction can be attributed to shorter inter-particle distances at higher
NP concentrations, which increase the frequency and intensity of par-
ticle collisions. The closer proximity of NPs fosters stronger
inter-particle interactions, leading to a more rapid onset of aggregation.
Physically, this shift can be understood as a competition between the
thermal motion of particles, promoting dispersion, and the attractive
forces driving aggregation. At higher concentrations, the attractive
forces dominate, overwhelming the stabilizing effects of thermal motion
and leading to faster cluster formation. The implications of this behavior
are significant for the thermal management properties of the composite.
At lower NP concentrations, the extended aggregation time allowed NPs
to remain dispersed, maintaining a larger effective surface area for
thermal exchange and forming a continuous network of conductive
pathways. This distribution facilitates efficient heat transfer, optimizing
the system’s thermal performance. Conversely, the rapid aggregation
observed at higher NP concentrations disrupted this network, as clus-
tered particles reduced effective surface area and acted as localized
thermal barriers. These clusters hindered the uniform dissipation of
heat, resulting in decreased TC and compromised thermal efficiency.
From a materials design perspective, these findings emphasized the
importance of optimizing NP concentration to balance dispersion and
aggregation dynamics. While a higher NP concentration might intui-
tively seem advantageous for improving thermal properties, the
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accompanying increase in aggregation rate undermines these benefits.
This underscored the need to carefully optimize NP concentration to
maximize the performance of NP-based composites in thermal applica-
tions. Fine-tuning this balance was essential for ensuring the compos-
ite’s continued effectiveness in efficiently managing heat transfer. At an
AR of 3 %, particle distribution and T profile were optimal, resulting in
Max thermal efficiency. In contrast, higher concentrations resulted in
rapid aggregation, diminishing the system’s HT capabilities.

6. Conclusion

This study utilized computer models and techniques to examine
changes in atomic structures and T within a unique heat sink made of
paraffin as a PCM and air. The study was divided into two primary
segments. The first segment focused on ensuring the proper distribution
of atomic samples for equilibration. The second segment involved
analyzing the T profile of samples over time. The main results can be
categorized as follows.

e The simulated samples reached T = 300K, and it was estimated that
the atomic samples reached equilibrium within 20 ns.

e After a duration of 20 ns, the atomic sample’s total energy reached
—5990.70 eV. This indicated the convergence of atomic oscillations
to a certain value at the end of the equilibration stage.

After observing the equilibrium in the atomic samples, the TP of
structures was investigated, and the following results were obtained
after 30 ns.

Increasing the concentration of Al-20s NPs to 3 % enhanced HF in
HPAN. However, further increases in NP concentration led to a
decrease in HF. Higher NP concentrations heightened the likelihood
of aggregation, which can obstruct fluid flow and create thermal
barriers, thereby reducing heat transfer efficiency.

Increasing the concentration of Al2Os NPs to 3 % resulted in a
decrease in the maximum peak of RDF to 3.49. However, as the
concentration of Al-Os NPs increased further, the higher concentra-
tion of oxygen atoms in the material could affect its thermal
properties.

TC increased to 405.42 W/m-K when the AR of Al;03-NPs increased
to 3 %. But, with further increase of these Al,O3-NPs, TC decreased.
Increasing the concentration of Al;O3-NPs to 3 % increased the
maximum T to 934.17 K. However, at higher concentrations of
Al»03-NPs, the likelihood of particle aggregation increased, which
may reduce their effectiveness in enhancing TC.

The duration of aggregation time at a concentration of 3 % Al-0Os NPs
was estimated to be 8.11 ns. With an increase to 10 % Al>Os NPs, this
duration decreased to 6.83 ns. At higher concentrations, the likelihood
of particle aggregation increases.

7. Future perspectives

This study provided detailed insights into the TP of HPANS, revealing
how the concentration of Al2Os NPs influenced HT efficiency. Building
on these findings, future research should explore the effects of other NP
types, such as CuO, ZnO, or composite NPs that combine metallic and
ceramic properties, to identify the most effective configurations for
enhancing TC. Investigating NP shapes, surface functionalization, and
synergistic effects within PCM matrices could also yield a more
comprehensive understanding of TP optimization. Long-term stability
testing under varying thermal cycles and operational conditions, such as
high-T fluctuations or continuous phase-change operations, should be
conducted to ensure the durability and reliability of PCM-NP systems.
Addressing real-world challenges, such as NP aggregation over time and
chemical compatibility with surrounding materials, was essential.
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Finally, integrating optimized hybrid structures into practical thermal
management systems, such as heat sinks for electronic devices or energy
storage units, will require examining scalability, manufacturing feasi-
bility, and cost-efficiency. Advanced experimental and simulation
techniques can further explore how PCM-NP systems perform in dy-
namic environments, ensuring that the insights from this study translate
into effective applications for industrial and commercial thermal
management.
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Appendix
A. MD Simulation

In investigating the TP of HPAN in a heat sink, MD simulation is a valuable tool for studying the system’s atomic behavior. It enables a detailed
examination of how different NP ARs affect thermal resistance, TC, and aggregation kinetics. The advantages of MD simulation, such as atomistic
detail, flexibility, and predictive capabilities, make it suitable for studying complex materials and microstructures, providing valuable insights for
further research and development. Potential functions are mathematical models used in MD simulation to describe interactions between atoms and
molecules. They are essential for accurately predicting material behavior and simulating properties. The choice of potential function depends on the
specific material and the required accuracy, making it a crucial consideration in MD simulation. This study employed a combination of LJ and EAM
potentials to calculate particle energy. The form of LJ function is as follows [53]:

vy =de[ (5) ()| r < @)

The potential well depth is represented by €, while ¢ denotes the distance at which the potential function became zero. It also measured the distance
among particles, and r. sets Max allowed radius for calculations. Table a-1 shows the information about LJ potential function for the particles in the
MD simulations. Using this information and Egs. (a-2) and (a-3), we can find the values of ¢ and ¢ for each particle interaction [54,55].

Table a-1. LJ potential function parameters are used in molec-
ular dynamic simulation [54].

Particles c (10\) ¢ (kcal/mol)
C 3.851 0.105
H 2.886 0.044
Al 4.499 0.505
(@] 3.50 0.06
= V&g (@2)

gi+0;
2

oj = (a-3) EAM non-bonding potential function is to show how metal particles in heat sink walls interact. It can express using Eq. (a-4) [56]:
U; =F, <Zl 4P (T3) ) +3 Yijthas (1) (a-4) Fy is a constant value in the range of 0-1 within this equation. The density of atomic charges causes py

and ¢,p is caused by the presence of particles in the simulation box. In statistical mechanics, the RDF in a particle system explains how the density
changes as a function of distance among the particles. The RDF of structures can be calculated using Eq. (a-5) [57]:

N
g(Ndr=~ > g(rdr @-5)
i=1

2/~

In Eq. (a-5), g(r) is RDF, N is the number of particles, and r is the distance among particles. A flowchart illustrating the current simulation process is
provided in Fig. a-1.
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