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Background: Using molecular dynamics simulation, this study investigates the effect of CuO nanoparticle addition
on the thermodynamic and atomic properties of an octadecane that was being utilized as a phase change material
within a circular tube.

Methods: The results indicate that the density (D) was greatest in the vicinity of the tube walls. At its peak, D was
0.0300 atoms per square centimeter. This behavior is due to the increased attractive force that is between the
structure’s boundaries and its particles. Particle velocity (V) values reached their utmost attainable values in the
intermediate regions of the tube, where movement was greatest. At its peak, V was 0.0078 A/fs. The tube exhibits
a maximum temperature (Max T) value of 754.43K at its midpoint.

Significant Findings: Due to the increased particle motion in the intermediate regions, the investigated structure
experienced a greater number of collisions in those areas. After 10 ns, the sample’s heat flux, thermal conduc-
tivity, and thermal stability converged to values of 3.94 W/mz, 1.38 W/mK, and 1821K, respectively. The
structure showed charging and discharging times of 6.41 and 7.15 ns, respectively.

constant in terms of T and material [1-3]. Researchers conducted many
studies on heat transfer (HT) enhancement of phase change materials
(PCMs) composited with nanoparticles (NP) to improve TES efficiency.
These materials, which change phases during charging or discharging,

1. Introduction

Thermal energy storage (TES) is an effective way to address differ-
ences in energy supply and demand over time, space, and intensity by
storing solar energy, recovering industrial waste heat, and using other
methods. The installation size, energy storage, D, and technical cost of
TES made it advantageous. Compared to sensible heat storage and
chemical TES, latent thermal energy storage was more dependable and

include organic, inorganic, and eutectic mixtures, which are used in
latent heat storage systems [4,5]. Experimental articles were reviewed
in this field, including Pasupathi et al.[6] studied thermo-physical
properties of SiOy/CeO, NPs/ paraffin. The results show that by
increasing the mass fraction of SiO5/CeO; from 0 % to 2 %, the thermal

Abbreviations: PCM,, Phase change material; TB,, Thermal behavior; MD,, Molecular Dynamics; HF,, Heat flux; TC,, Thermal conductivity; NPs,, Nanoparticles;
LJ,, Lennard-Jones; LAMMPS, large-scale atomic/molecular massively parallel simulation.
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Nomenclature

Ijj The distance between particles (m)

u; The potential of a particle (eV)

& Depth of the potential well (kcal/mol)

Gij The finite distance in which the potential is zero (A)
r The distance of the particles from each other
Uj The electric potential (eV)

A% The total volume of particles (1°\3)

kg Boltzmann constant (1.380649 x10722 J.K™1)
T The system temperature (K)

J The heat flux (W/m?)

m; The mass of the particle (g)

a; The acceleration of the particle (m-s™32)

conductivity (TC) increased from 0.18 W/m.K to 0.298 W/m.K. Asl-
fattahi et al. [7] examined the effect of atomic ratio of Mxene on thermal
behavior (TB) of paraffin as PCM. The results show that by adding 0.3 %
of Mxene, the TC improved by 16 %. Xu et al.[8] examined the TB of
PEG/polyvinyl butyral/graphene nanoplates as PCM composite. At 5%
graphene nanoplates, the PCM composite 3 exhibited a TC of 2.04 W/m.
K, which was 8.87 times higher than that of pure PEG. Chen et al. [9]
investigated the TB of lauric acid/bentonite/carbon nanofiber compos-
ite phase-change materials. The results show that the TC increased from
0.25 W/m.K to 0.52 W/m.K. when the mass fraction of carbon nanofiber
was increased from 0% to 5%. In the presence of many NPs, an
analytical examination of the properties of the molecular system was not
feasible. Therefore, studying atomic structures may greatly benefit from
the use of the molecular dynamics (MD) simulation method [10,11].
Due to its effectiveness in exploring the mechanisms of atomic in-
teractions, MD simulations were an excellent computational method for
studying phase-transition issues at the nanoscale [12,13]. The MD
simulation method became more common for atomic structure analysis
as a result of advancements in computer programming and simulations
[14]. Henda et al. [15] employed MD to simulate perovskite solar cells to
suggest a configuration that improves efficiency in challenging envi-
ronments. The Chebyshev collocation method and a transverse magnetic
field were employed by Le et al. [16] to investigate MHD instability in
Hartmann flow within porous media. Potential applications in drug
delivery and photodynamic therapy were suggested by their findings on
nanofluid stability, which are influenced by Hartmann and Reynolds
numbers. Functionalized graphene was examined as a nanocarrier for
doxorubicin by AlDosari et al. [17] through MD simulations, which
demonstrated its efficacy in improving drug transmission to cancer cells.
In their investigation of the thermal effects of cross-nanofluids in bio-
convection, Aljaloud et al. [18] discovered that the V profile increased
with curvature parameters and decreased with the first-order slip
parameter, suggesting that the Biot number is a significant factor in the
enhanced HT. Banawas et al. [19] conducted a study on the thermal and
mechanical properties of reinforced calcium phosphate cement (CPC)
using MD simulations. Their findings indicated that the ultimate
strength and Young’s modulus reduced as the initial temperature rose
from 300K to 400 K, while the inter-atomic distance reduced and the
absorption forces among cement particles were strengthened as the
initial pressure was increased. Tafrishi et al. [20] emphasized the sig-
nificance of PCMs in thermal energy storage and transfer, demonstrating
that MD simulations effectively addressed thermo-physical challenges
and enhanced TC at the nanoscale through molecular orientation.
Tafrishi et al. [21] investigated pure tetracosane paraffin and its com-
pounds with graphene and carbon nanotubes. They found that both
additives enhanced TC, but they also diminished molecular mobility and
thermal capacity. In their investigation of surfactants (SDBS, SDS, Triton
X-100) in water/ethylene glycol-graphene nanofluids, Hassanloo et al.
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[22] discovered that 0.036 wt% surfactants significantly improved
thermophysical properties by increasing TC by 84 % and enhancing
viscosity up to 79.36 % with higher SDS levels. Hassanloo et al. [23]
developed a technique for stabilizing graphene nanofluids using mag-
netic NPs and electrohydrodynamic forces, thereby enhancing stability
without encountering thermal resistance issues. The settling rates were
improved as the graphene concentration increased, with optimal stabi-
lization occurring at an electric field of 0.05 V/A. Li et al. [24] used MD
simulation to investigate the thermal properties of n-octadecane/copper
nanofluids as a PCM. The results show that the fluid’s thermal properties
were improved by the inclusion of copper NPs. Yu et al. [25] utilized MD
to study the phase change in NaCl/SiO,. The simulation results indicated
that incorporating SiOy NPs resulted in enhanced thermal properties of
the PCM, including charging and discharging times, the most significant
improvement in TB was observed by adding 2-4 % NPs to the initial
structure. Quan et al.[26] studied the TB of ethylene glycol/ SiO plates
with MD simulation. The greatest D and V were 0.0628 atom/A® and
1.851 A/fs, respectively, according to the data. After 10 ns, TC and heat
flux (HF) were 0.85 W/m.K. and 8790.83 W/ mz, respectively. Zhao et al.
[10] studied the TB of silica-paraffin utilizing MD simulation. The re-
sults show that TC was 0.268 W/m.K. Singh et al. [27] studied the effects
of Al,03, MgO, and SiO3 NPs on the TB of PCM. The results show that the
inclusion of these NPs significantly increased charging and discharging
rates, but reduced TES capacity. Zhao et al.[28] investigated the effect of
adding CuO nanopraticle on thermal properties of paraffin. According to
the data, the TC values for paraffin and CuO/paraffin were 0.172 W/m.
K. and 0.152 W/m.K., respectively. TC increased as the proportion of
CuO increased from 0 % to 20 %. Although there were numerous studies
that investigated the improvement of thermal properties in PCMs
through the incorporation of NPs, this work specifically examined the
addition of CuO NPs in octadecane through MD simulation. It built upon
and expanded upon these investigations. This research endeavored to
offer innovative insights into the optimization of TB and energy storage
capabilities of PCM nanocomposites by conducting a systematic evalu-
ation of key parameters, including Max T, D, V, T coefficient, and heat
flux. The objective of this research was to enhance comprehension of
NP-enhanced PCMs, thereby facilitating the advancement of thermal
energy storage systems that are more efficient.

2. MD simulation details

First, a tube with carbon particles was modelled in the simulation
box with 50 x 100 x 100 A3 dimensions. Next, the octadecane as PCMs,
water molecules, and CuO NPs with a 1 % atomic ratio were modelled
using Avogadro software [29] and packed using Packmol software [30].
In a designed atom-based system, HoO molecules number set to 200, and
the number of PCM molecules is set to 40. Water molecules were
modeled by the TIP3P model. A schematic of the structure under study is
shown in Fig. 1. A tube model was used to explore this subject. Octa-
decane was the HT fluid, while PCM was the PCM. Initially, Avogadro
software was used to simulate the examined nanostructures. Water
molecules were modeled by the TIP3P model. An atomic arrangement
was characterized by periodic boundary conditions in the z direction
and a fixed boundary condition in the x and y-directions. The use of fixed
boundaries in the x and y directions enabled more realistic simulations
of macroscopic properties, as the finite character of the tube’s length and
the interactions with the material were essential to the study’s objec-
tives. The configuration was therefore more suitable for the investiga-
tion of confined PCM systems, where the thermodynamic behavior was
substantially influenced by structural constraints, thereby rendering the
results more relevant to practical scenarios. The initial T was estimated
to be 300 K. In addition, the time phase was 1 fs, and the simulation
duration was 10 ns. Once the investigated structure was modeled, the
equilibration of the model was examined. During this phase, the NVT
ensemble was used. Once equilibrium was achieved, the NVE ensemble
was implemented.
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Fig. 1. The arrangement of the structure after observing thermal equilibrium from a) front and b) perspective view at 300 K.

2.1. Equilibration

The TB of simulated samples was thoroughly examined throughout
the equilibration stage, leading to the reporting of T and kinetic energy
(KE) changes in the atomic samples. In this stage, equilibrium values
were computed for samples that did not include NPs. T readings in every
sample converged to 300 K as the simulation period increased to 10 ns,
suggesting that the atomic structure was in thermodynamic equilibrium.
The stability of the structure was validated by the oscillation frequency
of structures throughout the simulation box not diverging, which was
caused by the T equilibrium in the sample. The stability of atomic
samples was suggested by the thermodynamic behavior, which indi-
cated that T fluctuations would eventually become less noticeable. The
sample’s minimum energy locations caused this process, which guar-
anteed the system’s stability in real-world applications. The results of
MD simulations will be trustworthy only if the simulation sample rea-
ches thermodynamic equilibrium. However, the T equilibrium inside the
atomic sample indicated that a 10 ns simulation duration was suitable
for this study. This part of the study examined the KE changes within the
samples. The analysis of KE changes in simulated samples could describe
the overall behavior and sustainability of structures. According to the
results, KE reached 1.47 kcal/mol. The TB of structure exhibited sta-
bility after 10 ns, mirroring the KE behavior observed in the specified
sample. KE convergence in atomic structures led to the correlation of
oscillatory amplitudes within the structures with particular values as a
result of reduced motion of the samples. The number of oscillations
decreased due to decreased atom movement inside the simulation box,
resulting in a more physically stable structure. This equilibrium was
simulated as a result of various components in the structure and the
attraction force among NPs. This convergence showed the precise
atomic modeling process used, along with the appropriate simulation
settings, including the selective force field. These parameters demon-
strated that the system reached equilibrium within the specified time
frame, further validating the stability of the octadecane shell.

3. Results and discussion

The atomic stability of the sample can be observed via the incorpo-
ration of NPs into the phase change structure, as depicted in the atomic
image in Fig. 2. In the final phase of the present investigation, the atomic
arrangement of PCM in the presence of CuO NPs is illustrated in Fig. 2.

CuO particle’s D profile is seen in Fig. 3. As seen in Fig. 3, the highest
D was observed close to the channel walls. CuO NPs increased D to a Max
of 0.0300 atoms/A3. The enhanced interaction and attraction force
among the particles of the investigated structure and the atomic channel
wall was the cause of the highest D in the vicinity of the walls.
Confinement effects encouraging aggregation and alignment occurred
for NPs as they moved closer to the channel borders, hence increasing
the local Den. This effect improved the thermal characteristics of PCM
and helped to general system stability and performance. The closeness of

e O Particles

e C Particles

Fig. 2. Atomic arrangement of simulated samples.
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Fig. 3. D profile of octadecane/CuO NPs.

CuO NPs to the walls emphasized the important part of structural design
in maximizing thermal management systems by enabling more efficient
HT between PCM and the surrounding fluid.

V profile in the simulated atomic sample with PCM and CuO NPs is
shown in Fig. 4. Max V value was determined in the central areas of the
atomic channel based on Fig. 4. When CuO NPs were present, the highest
V value was equivalent to 0.0078 A/fs. The simulated structure’s par-
ticle movement increased in the middle sections of the channel because
there was a reduction in the attraction force and an increase in the
distance among the particles. The increased inter-particle distance in the
middle sections of the channel resulted in less hindrance to the particle
flow, facilitating enhanced kinetic activity. The incorporation of CuO
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Fig. 4. V profile of octadecane/CuO NPs.

NPs significantly enhanced particle mobility and thermal dynamics
within the system by influencing the thermal gradient and HT properties
of PCM.

The T profile of the simulated atomic sample in the presence of CuO
NPs is depicted in Fig. 5. The results indicate that the highest T was
found in the intermediate sections of the atomic channel. When CuO NPs
were present, the highest T recorded was 754.43 K. As indicated by the
findings presented in the preceding sections, particle collisions
increased as V in the intermediate regions of the atomic channel
increased. Elevated movement, fluctuations, and particle collisions
resulted in a greater number of thermal shocks, which increased the
overall temperature of the structure. Though the system was first
equilibrated around 300 K, the rise to 754.43 K suggested thermal ef-
fects from intensified particle interactions and collisions under CuO NPs.
In the intermediate areas, increasing particle collision frequency causes
more kinetic energy and corresponding thermal shocks, which explain
the higher T. The improved HT dynamics resulting from the presence of
CuO NPs, which increased the general thermal responsiveness of PCM,
directly cause this phenomenon. The natural result of MD simulation,
where particle interactions, thermal fluctuations, and the improved
motion of NPs pushed the system towards higher Ts as they collided and
exchanged energy, was the rise in T.

In the following, to investigate the TB of the samples as accurately as
possible, the HF value and the TC of the final sample were studied. Fig. 6
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Fig. 5. T profile of octadecane/CuO NPs.
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Fig. 6. HF changes by simulation time in the present study.

shows the HF changes over the simulation time in the presence of 1 %
CuO NPs. Based on the results presented in this part, the numerical re-
sults show the improvement of the TB of CuO NPs. HF was equal to
3.94 W/m? after 10 ns. Therefore, CuO NPs led to the improvement and
increase of the TB of the studied structure. NPs functioning as efficient
thermal bridges helped to improve energy transmission between the
octadecane PCM and the surrounding water molecules. Increased colli-
sion frequency and particle kinetic energy brought on by NPs cause more
effective thermal exchanges, hence hastening the HT process [31].
Therefore, this improvement guaranteed higher stability during phase
transitions, as well as better thermal reaction time of PCM, which was
vital for uses in thermal energy storage systems.

TC changes in the sample with time when CuO NPs are present are
shown in Fig. 7. Taking into account the direct correlation between HF
and TC, TC increased as HF increased and improved. According to the
findings in this part, the presence of CuO NPs improved TB. For this
sample, the highest TC was 1.38 W/m.K. The dynamic character of
molecular interactions and energy transfer within the system accounted
for the observed rise in TC during the duration of the simulation, as seen
in Figure. Although the system was first equilibrated under the NVT
ensemble at 300 K, moving to the NVE ensemble let the particles freely
interchange energy and momentum. Accurately recording the real-time
variations in TC as the system matures depends on this transition. The

Thermal Conductivity (W/m.K)

Time (ns)

Fig. 7. Changes in the TC by simulation time in the present study.
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Table 1
The present simulation details.

Simulation setting value

Simulation box Dimension 50 x 100 x 100 A3

Boundary Condition ffp
Ensemble NVT/NVE
Initial T 300 K

Number of H,O Molecules 2000

CuO Nanoparticles Atomic Ratio 1%

Number of PCM Molecules 40 Molecules
Thermostat Nose-Hoover
Time step 1fs
Equilibration process 10 ns
Simulation duration 20 ns

addition of CuO NPs during the simulations caused more particle con-
tact, which in turn raises TC with time. TC naturally increased when
particle collisions became more common and energy transfer was
enabled by these interactions. The ongoing disturbance of particles,
particularly in the presence of NPs, helped to drive this increasing ten-
dency in TC.

This TB resulted from an expansion of the transformation and
oscillation ranges of the phase change structure’s particles, which
increased HT to the target fluid (water molecules). It is expected that this
procedure would affect the charging time of the specimen, with a
reduction in charging time observed in the presence of NPs and in the
final structure. To be more precise, the phase transition process
increased when TB was enhanced in the presence of NPs. Thus, the
charging period was reduced as the phase transition procedure was
completed in a reduced amount of time. The charging time was the
duration of time necessary for PCM to absorb heat and transition from a
solid to a liquid state [32]. The rate at which the PCM can store heat
energy from the surrounding environment was determined by this pro-
cess, which was essential for thermal energy storage applications. The
enhanced TB within PCM was the direct cause of the observed reduction
in charging time in the presence of CuO NPs. The incorporation of NPs
improved the TC, which in turn facilitated a more efficient HT to the
PCM. Consequently, this increase in HT resulted in a more rapid phase
transition, which enabled the PCM to achieve its liquid state more
quickly. The obtained numerical results for this section are presented in

Appendix A. MD simulation method
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Table 1. The charge and discharge times for CuO NPs were 6.41 and
15.7 ns, respectively, as shown in Table 1.

4. Conclusion

Numerous studies focused on enhancing the HT efficiency of PCMs
using NPs, which included organic, inorganic, and eutectic mixtures in
latent heat storage systems. This study employed MD simulations to
investigate the effects of CuO NP addition on the thermal and atomic
properties of octadecane, analyzing key parameters, such as Max T, D, V,
HF, and TC. A summary of numerical results follows:

e Max D near the tube walls was recorded at 0.0300 atom/A® due to
the increased attractive forces between the boundaries and particles.
Particle V peaked at 0.0078 A/fs within the central regions of the
tube, where movement was most pronounced.

The highest T observed was 754.43 K at the tube center, correlating
with increased particle movement and collision frequency.

After 10 ns, the HF, TC, and thermal stability stabilized at 3.94 W/
m?, 1.38 W/m-K, and 1821 K, respectively.

The structure demonstrated charging and discharging times of
6.41 ns and 7.15 ns.
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Besides, MD simulations can help researchers in obtaining a better understanding of the fundamental principles that govern the behavior of matter
at the atomic and molecular levels, with significant implications for various fields, including materials science and biophysics. Newton’s second law of

motion is expressed as follows:

du
Fi =ma; = 7V1U: _—
dri

(a-1)

Over the years, this algorithm was extensively studied and optimized, making it a standard tool in the field of computational physics. Using the V-
Verlet algorithm in computer simulations, researchers can gain insights into the behavior of complex systems and develop new materials and tech-
nologies with a wide range of applications. This algorithm is expressed as follows [33,34]:

r; (t+dt) = ri(t) + vi(t)de + (@) (dt)?

2m;
dt
Vil t +§ = Vi(f) +

Table 2

dt Fi(t)
2 m;

(a-2)

(a-3)

Numerical results were achieved from the thermal and atomic transformation of the simulated sample for Octadecane/ CuO.

Physical quantity Max HF (W/m?) TC (W/m.K) Time (ns) Thermal stability (K)
D (atom/A%) V (A/fs) T (K) Charge Discharge
Octadecane/ CuO 0.0300 0.0078 754.43 3.94 1.38 6.41 7.15 1821
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dt dt Fi(t+ dt

vi(t+dt) = v t+=) + deFi(e+ dr) (a-4)
2 2 m;

The potential function defines the energy of the system based on the positions of atoms, and its choice greatly affects the accuracy and reliability of
simulation results. The potential function of Lennard-Jones was used to simulate the interaction of particles. This function was used for the in-
teractions between two neutral particles or molecules. The typical representation of the Lennard-Jones potential function is expressed as Eq. (a-5) [ 35,
361:

o= sl ()" (]

The ¢;; and o of each particle in the simulation are reported in Table (a-1) and Egs. (a-6 and a-7)[37]:

Table a-1
Parameters of the Lennard-Jones potential function for this simulation
[38,39]
Particle type &;j (kcal/mol) Gij A)
C 0.105 3.851
H 0.044 2.886
H (H20) 0.046 0.4
O (H20) 0.1521 3.1507
Sij = Eié‘j (3-6)
oi+0
o == @7)

The equilibrium dynamics method was used to investigate the thermal properties in MD in this research Green-Kubo equation was applied to
calculate the TC of modeled structures, as outlined in reference [40].

14 \4

k=em /0 i Wx(0)())dt = -5 /0 ) (J(0).J(t))dt @8)

In the x-direction, J,(0)and J,(t) show the heat HF currents at every time and the simulation’s initial moment. On the other hand, the sentence
inside the integral referred to the average HF function. The HF vector was obtained from the following equation:

J= \1—[ Zeivi - Zsivi
i i

1
= V Zeivi — Z fijvj Xij
i i<j
1 1
=y Zeivi — EZ fis. | vi+ vy | x5 (a-9)
i i<j
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X X X nanoparticles on thermal behavior of sodium sulfate/magnesium chloride
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