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Abstract: The influence of nanoparticle shape, volume
fraction, and temperature on the thermal properties of
nanofluids plays a pivotal role in engineering applications.
However, there remains a considerable lack of systematic
research comprehensively considering these factors to study
the similarities and differences in the thermal properties of
nanofluids composed of metals and their oxides and to con-
duct in-depth analyses of their internal mechanisms and
characteristics. In this study, molecular dynamics simula-
tions were conducted, employing reversing perturbation
non-equilibrium molecular dynamics and non-equilibrium
molecular dynamics methods. The thermal conductivity and
viscosity of Al-Ar and Al,O3—Ar nanofluids were thoroughly
investigated under the various influencing factors. Results
reveal that under identical conditions, the thermal conduc-
tivity of Al-Ar nanofluid surpasses that of Al,O;—Ar nano-
fluid, exemplified by values such as 0.1832 W/m K (Al-Ar,
1.5%, cylinder, 86 K) versus 0.17745W/m K (Al,03-Ar, 1.5%,
cylinder, 86 K). Furthermore, the viscosity of Al-Ar nano-
fluid is lower than that of Al,0;—Ar nanofluid, demonstrated
by values such as 0.0004882Pa S (Al-Ar nanofluid, 86 K,
2.5%, platelets) compared to 0.008975Pa S (Al,0s—Ar nano-
fluid, 86 K, 2.5%, platelets). Subsequently, this study ana-
lyzed the difference in thermal conductivity between the
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two nanofluids from the perspective of microscale interface
heat conduction by comparing the phonon density of states
curves of Al, Ar, and Al,O3 in the two nanofluids for overlap.
Subsequently, through radial distribution function analysis,
the viscosity difference between Al-Ar and Al,03;—Ar nano-
fluids is explained based on nanofluid-solid interface and
microstructural considerations. This research addresses the
comprehensive lack of comparative studies on the thermal
properties of nanofluids formed by metals and their oxides.
The internal mechanisms underlying the thermal property
differences of nanofluids formed by metals and their oxides
were revealed from a microscopic perspective, which holds
significant implications for the engineering applications of
nanofluids.

Keywords: nanofluid, metals and their oxides, molecular
dynamics simulation, phonon density of states, radial dis-
tribution function

1 Introduction

Nanofluids are functional fluids formulated by dispersing
metal, metal oxide, or other non-metal nanoparticles (NPs)
with exceptional suspension capabilities into a base fluid (BF),
thereby achieving superior thermophysical properties. Due to
their outstanding thermal characteristics, nanofluids have
recently received widespread attention in fields requiring
high heat transfer efficiency, such as microelectronics cooling,
air conditioning, mechanical friction, and other related appli-
cations [1-5].

As mentioned earlier, nanofluids exhibit exceptional
thermophysical properties, among which the most notable
are their high thermal conductivity [6-9] and acceptable
viscosity characteristics compared to heat transfer fluids
formed with micrometer-sized particles in BFs. These
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thermophysical properties have been well studied in recent
years. Nanofluids, characterized by high thermal conduc-
tivity [6-9] and acceptable viscosity compared to heat
transfer fluids formed with microparticles in the base liquid,
have been extensively investigated for their outstanding
thermal properties. Minakov et al. [10] explored the thermal
conductivity of water-based Al,0; nanofluids at various
volume concentrations (1-6%). Results showed an increase
in thermal conductivity by up to 1.24 times.

Kanti et al. [11] investigated the effect of pH value on
the stability and thermal performance of hybrid nano-
fluids (HNFs) consisting of copper oxide (CuO) and gra-
phene oxide (GO) at different mixing ratios. This study
provides significant guidance for understanding the influ-
ence of pH value on the thermal properties and stability of
nanofluids. The researchers [12] employed molecular dynamics
to investigate the boiling flow characteristics of copper—water
nanofluids in nanochannels with varying roughness. Addition-
ally, they examined the influence of the Lennard-Jones (L-])
potential function on gas-liquid-phase equilibrium and con-
ducted molecular dynamics simulations of annular flow
boiling. Kanti et al. [13] investigated the specific heat,
dynamic viscosity, and thermal conductivity of water-
based Indian coal fly ash-stable nanofluid containing
0.1-0.5% volume concentration of Indian coal fly ash
NPs over the temperature range of 30-60°C. The study
found that the thermal conductivity and viscosity of the
fly ash nanofluid increased with increasing volume frac-
tion, while the specific heat capacity decreased with
increasing volume fraction. Both thermal conductivity
and specific heat were directly proportional to tempera-
ture, whereas viscosity was inversely proportional.

Agarwal et al. [14] employed the transient line heat
source method to investigate Al,0; nanofluids, finding a
13% increase in thermal conductivity at temperatures below
10°C and varying volume fractions (ranging from 0 to 2%).
Shinde et al [15] studied the thermal conductivity of water-
based Al,0; nanofluids, observing an increase with the rise
in NP volume concentration. Kanti et al [16] investigated the
dispersion stability and thermal properties of water-based
alumina (Al,03), GO, and their HNFs at various mixing ratios.
They also established a model using machine learning tech-
niques to accurately predict the thermal conductivity and
viscosity of the water-based alumina (Al,03) and GO HNFs.
Topal and Servantie [17] discovered that as the volume frac-
tion increased, the enhancement in thermal conductivity of
water-based Al,O; nanofluids gradually diminished. Hamid
et al. [18] studied the thermophysical properties of TiO,-Si0,
nanofluids with water and ethanol in different ratios. The
results showed that the optimal mixing ratios for TiO,-SiO,
nanofluids are 40:60 and 80:20, with greater improvements in
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thermal conductivity and dynamic viscosity compared to
other mixing.

In recent years, extensive research has been con-
ducted on the factors influencing the exceptional thermo-
physical properties of nanofluids. These factors primarily
include the aggregation of NPs within the nanofluids, the
shape of NPs, the volume fraction of the nanofluid, and
temperature conditions.

In recent years, numerous studies have demonstrated
that one of the key factors contributing to the enhanced
thermal conductivity of nanofluids is the aggregation of
NPs within the nanofluids [17,19-24]. Extensive research
has been conducted on this phenomenon. Guo and Zhao
[25] investigated the thermal conductivity of Cu—Ar nano-
fluid systems using the equilibrium molecular dynamics
method in molecular dynamics and explored the impact
of fractal dimension on the thermal conductivity of Cu-Ar
nanofluid systems. The findings indicate that with constant
NP volume fraction and size, the smaller the fractal dimen-
sion of the nanofluid, the greater its thermal conductivity.
Zhou et al. [26] studied the influence of NP aggregation on
the thermal conductivity and viscosity of oil-based nano-
fluids with metal NPs. Experimental studies on nanofluids
formed by magnetic iron oxide NPs [27] have shown that the
thermal conductivity significantly increases when the NPs
form chain-like aggregates within the nanofluid.

Feng et al [28] investigated the relationship between
NP size and thermal conductivity in nanofluids through an
NP aggregation model, demonstrating that thermal con-
ductivity increases as the size of NPs decreases. Hong
and Kim [22] and others, using molecular dynamics simu-
lations, found that the aggregation of NPs enhances the
thermal conductivity of nanofluids. For instance, Thajudeen
and Hogan [29] explored the thermal conductivity of nano-
fluids under different aggregation structures, finding that,
with a constant volume fraction, the thermal conductivity
of nanofluids could increase by 51% or decrease by 32%
depending on the aggregation structure.

However, the details of heat transfer in nanofluids
remain incompletely understood, and research on the
mechanisms controlling the enhanced thermal conduc-
tivity of nanofluids is limited. Therefore, it is necessary
to further investigate the underlying mechanisms of how
the internal properties of NPs, as well as various factors
such as volume fraction, shape, and temperature, affect
thermal conductivity, viscosity, and other thermal proper-
ties in specific nanofluids.

In the study of the thermal-physical properties of
nanofluids, the influence of NP shape factors on properties
such as thermal conductivity and viscosity has gradually
garnered widespread attention. In the study investigating
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the relationship between NP shape and the thermal-phy-
sical properties of nanofluids, the surface area-to-volume
ratio (S/V ratio) of NPs has increasingly attracted researchers’
attention. It primarily refers to the ratio of the surface area
value of NPs to the volume value of NPs, and in relevant
studies, its value is closely associated with the thermal con-
ductivity of nanofluids.

Main et al. [30] studied Al,05-1-butyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl) imide ((C4 mim) (NTf2))
nanofluids and found that the thermal conductivity varies
with different NP shapes, with needle-shaped NPs forming
nanofluids exhibiting the highest thermal conductivity due
to their higher S/V ratio. Zhang et al. [31] conducted a
detailed study on the influence of NP shape (S/V ratio) on
the thermal conductivity of Cu—Ar nanofluids. The results
indicate that the thermal conductivity of nanofluids increases
with the increase in the S/V ratio of NPs.

Zhu et al [32] explored the thermal conductivity of
CuO-dimethicone nanofluids with different shapes of NPs,
revealing that nanofluids composed of spherical NPs had
lower thermal conductivity compared to those formed by
linear NPs. Furthermore, the thermal conductivity increased
with an elevation in NP concentration. Kanti et al. [33] inves-
tigated the effect of NP size on the thermal conductivity and
dynamic viscosity of stable water-based Indian coal fly ash
nanofluid. The study revealed that the stability, thermal
conductivity, and dynamic viscosity of stable water-based
Indian coal fly ash nanofluid increased with decreasing
particle size, while viscosity decreased with increasing
temperature.

Maheshwary et al. [34] conducted a study on water-
based nanofluids comprising NPs of different shapes such
as Al,03, CuO, TiOy, MgO, and ZrO,. The study results demon-
strated that the nanofluid with a volume fraction of 2.5% of
“U”-shaped AlL,0; exhibited the highest viscosity. Studies by
Wang et al [35] and Jin et al. [36] indicate a significant impact
of NP size on nanofluid viscosity, with changes in NP size
resulting in a 12.8% decrease in viscosity.

Based on the comprehensive analysis of the current
research status on nanofluids, it is evident that the current
focus in the study of the thermal properties of nanofluids
primarily centers around the influence of factors such as
thermal conductivity, viscosity, and various other aspects.

However, there are a limited number of studies that
provide a comprehensive comparison of nanofluids com-
posed of a particular metal and its corresponding metal oxide
in terms of thermal conductivity, viscosity, stability, etc.
Moreover, there is a notable lack of research that thoroughly
considers the impact of factors, such as NP shape, volume
fraction, and S/V ratio, on the differences in thermal conduc-
tivity, viscosity, stability, and other aspects of nanofluids
composed of a metal and its corresponding metal oxide.
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Additionally, there is a significant gap in studies that
provide explanations for these differences from the per-
spective of phonon heat transport. This has resulted in our
understanding of the thermal properties of nanofluids
composed of each metal and its corresponding metal oxide
individually, but it remains unclear why their thermal
properties differ. The internal mechanisms underlying
these differences have not been thoroughly investigated
from a microscopic perspective, and universal conclusions
have not been drawn. A deeper exploration of the micro-
scopic mechanisms could allow us to extend our conclu-
sions to all nanofluids composed of metals and their oxides
in the same type of BF, elucidating their similarities and
differences in thermal properties. Such insights would hold
significant theoretical and practical implications for the
engineering applications of nanofluids.

In this study, comprehensive molecular dynamics simu-
lations and analyses were performed on the nanofluidic
systems under investigation using the LAMMPS program.
The non-equilibrium molecular dynamics (NEMD) method,
along with the reversing perturbation non-equilibrium
molecular dynamics (RNEMD) method, was employed to
conduct detailed computational and analytical investiga-
tions. The primary objective of this article is to comprehen-
sively analyze the differences in thermal conductivity,
viscosity, and microscopic structures of nanofluids formed
by metallic NPs and their corresponding metal oxides.
Various factors, such as NP shape, S/V ratio, temperature,
and volume fraction, were systematically varied to elucidate
the comprehensive mechanism underlying the differences.
A phononic perspective was employed to analyze these dis-
tinctions. Furthermore, methods such as phonon density of
states (PDOS) and radial distribution functions (RDFs) have
been utilized to analyze these differences from a micro-
scopic perspective. To gain insights into the microscopic
mechanisms and structural characteristics of nanofluids
composed of metals and their oxides, molecular dynamics
simulation methods were further applied. The RDFs with
different shapes, temperatures, and volume fractions of
metallic and metal oxide NPs were thoroughly computed
and analyzed.

Given the representative nature of Al and Al,0; in
constructing nanofluids, owing to their excellent thermo-
dynamic properties, they are among the most common
heat transfer fluids. Therefore, Al and Al,0; were selected
as the metallic NPs in this study. Argon (Ar) was chosen as
the BF for the nanofluid. The reason for choosing Ar-based
nanofluids as the subject for our study is twofold: first, Ar-
based nanofluids are an ideal choice for investigating the
thermal-physical properties of various nanofluids using
molecular dynamics. Kang and colleagues described the
interatomic potential between Ar atoms using the well-



4 — Chenghang Li et al.

known L-] potential and employed the more accurate
embedded atom method potential to describe the interatomic
interactions between NP atoms. Therefore, the potential
energy parameters for Ar align very closely with experi-
mental data, making Ar-based nanofluids a suitable subject
for research. This choice facilitates the extension of theore-
tical models to experiments [23,31,37-43] and ensures a cer-
tain level of representativeness.

The second reason is that the computational burden is
significantly reduced when using the two-body L-J poten-
tial compared to multi-body potential. Furthermore, the
accuracy of thermal flow calculations using the two-body
potential exceeds that of multi-body potential [31,38,41,43].

2 Simulation methodology

2.1 Potential energy function and
parameters

In this study, nanofluidic systems were established with Ar
liquid as the BF and Al, as well as Al,03;, as the NPs.
Molecular dynamics simulations were carried out using
the LAMMPS package, and computational results were
observed and atomically visualized using Ovito [44].

In terms of model construction, the interatomic poten-
tials between all Ar atoms and between Al atoms and Ar
atoms in the Al-Ar nanofluid were described by the pair-
wise 12-6 L-J potential. This potential can be directly
applied to calculate the interatomic interactions between
Al-Ar and Ar-Ar in the nanofluidic system, with the com-
putational formula as follows [45]:

12
g g
T T

The mixed interatomic potential parameters between
Al and Ar atoms in the Al-Ar nanofluidic system were
calculated using the Lorentz—Berthelot rule, with the com-
putational formula as follows:

6

o(ry) = 4e r<rn). ()

EAl-Ar = /€Al X Ear, 2
O + O
OM-Ar = %], )

where ¢ represents the energy constant; o represents the
length constant; r; represents the distance between atoms i
and j; and r, represents the cutoff radius, typically where
I. > 2.50, and in this study, 1, = 11A. The specific L-] poten-
tial parameters are presented in Table 1.
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Table 1: L-] potential parameters used in this study
Atom £leV o/A
Ar-Ar 0.01051 3.405
Al-Al 0.39217 3.012
Al-Ar 0.0462 3.0125

Modeling of the Al,O3—Ar nanofluidic system was con-
ducted using Materials Studio. The crystalline structure of
Al,0; and the atomic model of Ar were established.
Subsequently, the Al,O3 structure was introduced into a
box filled with Ar atoms. The COMPASS II and consistent
valence force fields were employed, and the output was
formatted into an LAMMPS-recognizable data model file.
Harmonic potentials were used in this model to describe
bond angles and dihedral parameters. The generated
model files were then coupled with the LAMMPS program
for molecular dynamics simulation.

2.2 Thermal conductivity calculation
protocol

The most notable advantageous thermal property of nano-
fluids is their higher thermal conductivity compared to the
pure BF, making them ideal heat transfer fluids. Therefore,
this study aims to investigate the thermal conductivity of
Al-Ar nanofluids and Al,03-Ar nanofluids, exploring their
correlations and differences.

The NEMD method was employed in this study to
calculate the thermal conductivity of nanofluids [17]. In
applying this method, it is essential to define the direction
of heat flow. In this study, the heat flow was specified to
occur along the X-axis, and macroscopically, the heat
transfer phenomenon follows Fourier’s law. Subsequently,
temperature ranges were set within the simulation system
to generate an appropriate temperature difference, thereby
inducing a temperature gradient over a certain period and
allowing the system to reach a steady state. Finally, tempera-
ture data were computed by LAMMPS to determine the
temperature gradient. The thermal conductivity was then
calculated using the formula [46]:

J

= - 4

K AT 4)
oT

=2 5

= ®)
Ag

= 6

J A (6)
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In Eq. (4), K represents thermal conductivity, J denotes
the heat flux density in the system, A is the cross-sectional
area perpendicular to the direction of heat flow, and VT is
the temperature gradient along the X-axis.

In Eq. (5), X represents the direction of heat transfer.
During the simulation process, this aspect employed the
NEMD method proposed by Hafskjold and Ikeshoji. To induce
a temperature variation in the system and establish a tem-
perature gradient, the “fix ehex” command was applied to set
the heat flux density J.

In Eq. (6), A¢ represents the heat transferred in the
system, t signifies the designated time step. The factor of
2 in the denominator accounts for the periodic boundary
conditions set for the system. To avoid redundant calcula-
tions in both directions of heat flow, the entire formula is
divided by 2.

Figure 1 illustrates the detailed information about the
system’s heat flux, heat, and the subdivision rule. During
molecular dynamics simulation, the research divided the
simulation box into 20 blocks, with atoms uniformly dis-
tributed within each designated region. Subsequently, a
heat source area and a cold sink area were defined. The
“fix ehex” command was employed to input and extract
heat in the heat source and cold sink areas, thus creating a
heat source and sink. This process generated temperature
variations in the simulation system, establishing a tem-
perature gradient. The details of this process are depicted
in Figure 1.

Heat Source

) 4

Periodic boundary
conditions

Z
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2.3 Viscosity calculation protocol

In the research on the thermal properties of nanofluids
using molecular dynamics, the study of viscosity is essen-
tial [31,43].

In this study, we utilized the shear viscosity calculation
method based on (RNEMD), also known as the Miiller-
Plathe method [47]. Figure 2 illustrates the schematic dia-
gram of this method. The system is initially divided into 20
bins along the Z-axis, and the atomic velocity component
Vy in the X-direction is established. The velocity gradient of
V, is created by exchanging momentum components P, of
atoms in the X-direction between the first bin, the 20th bin,
and the 11th bin. This process forms a shear field and gener-
ates a momentum flux J,(P,) across the plane A (the plane
formed by the X- and Y-axes). The momentum exchange
values in the Z-direction are then recorded during the
momentum exchange process and used for viscosity calcula-
tion [48]. The calculation formula is as follows:

OVy
P)=- ) (7)
]Z( X) aZ
2(P1— Poun)
n=- . ()]
2AtLy Ly [0y /(0Z)]
In Eq. (7), n represents the shear viscosity, where % is

the velocity gradient of V, in the Z-direction. After a series
of transformations, Eq. (7) is converted to Eq. (8). Eq. (8) is
the primary formula used in LAMMPS simulation calculations

Heat Source

\Periodic boundary

conditions

Figure 1: Schematic diagram of the subdivision setting and distribution of the heat source and cold sink along the X-axis in the nanofluid simulation

system.
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Figure 2: Schematic diagram illustrating the principle of shear viscosity calculation using the MP method.

for shear viscosity, where P ; and B 1; correspond to the
momentum values in the first bin and the 11th bin.

2.4 Calculation of RDF

To gain a deeper understanding of the obtained thermal
conductivity and viscosity patterns of nanofluids, this study
calculated the RDF of the two nanofluids to explore their
microscopic mechanisms from the perspective of atomic
interactions [49]. In the RDF, g(r) represents the probability
of neighboring atoms occurring around a central atom at a
specified distance. The calculation formula is as follows [50]:

1% % na(r, Ar)

9
4Anr*Ar ©

(r)=

Naltp ;=

where Vrepresents the volume of the simulated system, n,

and n, denote the quantities of particles a and b, and

ng(r, Ar) represents the number of particles b within the
distance range from r to Ar.

2.5 Establishment of simulation model

To comprehensively investigate the correlations and differ-
ences in thermal properties such as thermal conductivity
and viscosity between metals and their oxides, this study
conducted molecular dynamics simulations. Prior to the

simulations, the models were established with the fol-
lowing details. Initially, simulation boxes were created
with dimensions of 100 A in the X-direction, 50 A in the
Y-direction, and 100A in the Z-direction. These boxes
were filled with Ar atoms, and different shapes (cylinder,
sphere, cube, platelets) and quantities (controlling the
volume fraction of the nanofluid system at 0.5, 1, 1.5, 2,
and 2.5%) of Al NPs and Al,03; NPs were subsequently intro-
duced into the Ar-filled systems. This process resulted in
the formation of AlI-Ar nanofluids and Al,O;—Ar nanofluids
with varying NP shapes and volume fractions. The details
of NP shapes and sizes are illustrated in Figure 3 and Table
2. The rules for heat transfer and subdivision are described
in Section 2.2 and detailed in Figure 1.

2.6 Simulation model verification

To validate the correctness of the established simulation model,
this study conducted simulation calculations. Initially, thermal
conductivity simulations were performed on the Al-Ar nano-
fluid system at 85 K. The thermal conductivity calculations in
this study followed the following procedure: 1) “fix ehex” com-
mand was used to apply input and output heat flows to create
heat sources and sinks in the system. 2) The system simulation
box was divided into 20 layers along the X-axis, each with a
thickness of 5 A. The heat source was set in the 1st layer, and
the cold sink was set in the 11th layer. The entire system’s
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Figure 3: Schematic diagram depicting the details of NP shapes and simulation box dimensions.

boundary conditions were set as periodic boundary conditions,
enabling uniform heat transfer along the X-axis. For the
thermal conductivity calculations of the Al-Ar nanofluid
system at 86 K and a volume fraction of 1%, the procedure
was as follows: first, the temperature was set to 86 K. Then,
the “fix ehex” command was used to set the input and output
energy to 0.05 ev/ps (following the metal unit system in
LAMMPS). Subsequently, under the conditions of a time step
of 2 fs, 300,000 relaxation steps (0.6 ns) were performed in the
canonical ensemble (NVT) to stabilize the temperature at 86 K.
Then, the NEMD method was applied in the microcanonical
ensemble (NVE) for thermal conductivity calculations.

During the calculation process, the temperature varia-
tion across the 20 layers was monitored. The monitoring
results, shown by the orange curve in Figure 4, indicate
that when the simulation steps reached 300,000, the tem-
perature gradient represented by the orange temperature
curve approached a V-shaped segment. This indicates that the
simulation system we established is scientifically sound and has
achieved excellent NEMD simulation. Ultimately, the obtained

Table 2: Details of NP size parameters

thermal conductivity was 0.1828 W/m K. Comparing this with
the value of 0.183 W/m K calculated in the study by Li et al. [51],
the error is 0.00109%. This negligible difference demonstrates
the stability and reliability of our simulation system. This com-
parative result is presented in Figure 5.

After validating the thermal conductivity calculation
method, we proceeded to verify the rationality of the visc-
osity calculation method. First, following the scheme illu-
strated in Figure 2, the simulation system was divided into
20 bins along the Z-axis. By exchanging the momentum
components P, of atoms in the X-direction between the
first bin, the 20th bin, and the 11th bin, a velocity gradient
for V, was established, forming a shear field. The viscosity
was eventually calculated as outlined in Section 2.4 and
depicted in Figure 2. In this part of the study, due to limited
viscosity data available for reference in the case of Al-Ar,
we chose to validate the viscosity calculation method using
the Cu-Ar nanofluid system at 90 K and a volume fraction
0f 1.29%. Initially, after multiple linear calculations of velo-
city gradients with a momentum exchange frequency of

NPs Cylinder Sphere Cube Platelets
S/V value 0.31746 0.357 0.441176 0.805
Dimension 204%6.34 8.44 3.64 28.94%34
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Figure 4: Temperature and velocity gradient within the 20 layers of the
simulation system.
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Figure 5: Comparison of thermal conductivity of Al-Ar nanofluid with
existing research results [51].

N =5, the NPT ensemble was employed to run 300,000
steps, maintaining the temperature at 90 K with a time
step of 2 fs. Subsequently, 300,000 steps were run in the
NVT, monitoring the system’s velocity distribution along the
X-axis to obtain the velocity distribution curve (depicted as
the green curve in Figure 4). The observed V-shaped velocity
curve indicates that a stable and rational velocity gradient
was achieved in the X-direction. The calculated viscosity
value for the Cu—Ar nanofluid system at 90 K and a volume
fraction of 1.29% was 2.91 x 10~* Pa S. Comparing this with
the existing research value of 2.92 x 107 Pa S [43], the error
is 0.00342%, demonstrating the stability and reliability of
our simulation system. This comparative result is illustrated
in Figure 6.
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Figure 6: Comparison of viscosity of Cu-Ar nanofluid with existing
research results [43].

We further conducted a series of model and code correct-
ness validations. Initially, we validated the thermal conductivity
of Al-Ar nanofluid at different volume fractions at 86 K, as
shown in Figure 5. The results indicated a high similarity
between our calculated values and existing research, with an
overall trend of increasing thermal conductivity with higher
volume fractions of Al-Ar nanofluid. Subsequently, we vali-
dated the viscosity of Cu—Ar nanofluid under different tempera-
tures and volume fractions, as depicted in Figure 6. The results
demonstrated a close resemblance between our study’s out-
comes and existing calculations, with a general trend
of decreasing viscosity as the temperature increased and
increasing viscosity with higher volume fractions. Finally, we
validated the thermal conductivity of Cu—Ar nanofluid at var-
ious volume fractions, as presented in Figure 7. The results
indicated a high similarity between our calculated values and
existing research, with an overall trend of increasing thermal
conductivity at higher volume fractions. This series of valida-
tions concludes that the simulation system established in this
study is stable, reliable, and trustworthy.

3 Simulation results and analysis

3.1 Effect of NP shape and temperature on
the thermal conductivity and viscosity of
Al-Ar nanofluid

This section investigates the influence of four different NP
shapes (cylinder, sphere, cube, and platelets) along with
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different temperatures on the thermal conductivity and
viscosity of Al-Ar nanofluid.

We present the research findings on the influence of
NP shape and different temperatures on the thermal con-
ductivity of Al-Ar nanofluid in the form of bar graphs in
Figure 8. From Figure 8(a—e), it is visually evident that the
thermal conductivity of Al-Ar nanofluid increases with
rising temperatures. Moreover, nanofluids formed by NPs
with higher shape factors (S/V values) exhibit higher thermal
conductivity. Specifically, the nanofluid with plate-like NPs (a
maximum S/V value of 0.805) achieves the highest thermal
conductivity at each volume fraction. The corresponding
values are 0.162 W/m K (0.5%, 106 K, platelets), 0.198 W/m K
(1%, 106 K, platelets), 0.20997 W/m K (1.5%, 106 K, platelets),
0.237W/m K (2%, 106 K, platelets), and 0.248 W/m K (2.5%,
106 K, platelets). Previous studies suggest that the increase
in nanofluid thermal conductivity is primarily due to the
random motion of NPs within the nanofluid, known as Brow-
nian motion [52]. According to this theory, an increase in the
intensity of Brownian motion of NPs in the nanofluid leads to
more nanofluid base liquid molecules flowing from the high-
temperature region to the low-temperature region. This, in
turn, enhances the temperature transfer efficiency within the
nanofluid, resulting in higher thermal conductivity [33]. Koo
and Kleinstreuer’s research indicates that the Brownian
motion of NPs in nanofluid significantly intensifies as the
temperature rises. Therefore, nanofluid thermal conduc-
tivity increases with the elevated environmental tempera-
ture [53]. Thus, our study’s results also indicate that the
increase in nanofluid thermal conductivity with rising
environmental temperature is attributed to the more
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Figure 7: Comparison of thermal conductivity of Cu-Ar nanofluid with
existing research results [31].
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intense Brownian motion of NPs at higher temperatures,
leading to a higher nanofluid thermal conductivity.

In order to delve deeper into the influence of NP shape
(S/V ratio) on the thermal conductivity of nanofluids, this
study further investigates the relationship between the
growth rate of thermal conductivity and the S/V ratio.
Liao et al. [41] have determined the thermal conductivity
of pure Ar fluid to be 0.129 W/m K. This study calculates the
growth rate of thermal conductivity relative to pure Ar
fluid for Al-Ar nanofluid at a volume fraction of 0.5%
and a temperature of 106 K. The growth rate of thermal
conductivity is as follows: 9.15% (cylinder, S/V = 0.31746),
12.4% (sphere, S/V = 0.357), 16.4% (cube, S/V = 0.441176), and
25.6% (platelets, S/V = 0.805). We visually present the
results in Figure 8(f). From Figure 8(f), it can be observed
that under the same simulation conditions, as the S/V ratio
of NPs increases (indicated by the black portion in the
figure), the growth rate of thermal conductivity of nano-
fluids gradually increases (indicated by the green portion
in the figure). Previous studies suggest that the main reason
for the variation in thermal conductivity with the S/V ratio is
due to the surface effects of NPs [54]. Maheshwary et al. [55],
in their study on the thermal conductivity of TiO,~H,0 nano-
fluids, emphasized the crucial role of the surface area of TiO,
NPs in influencing the thermal conductivity of TiO,—H,0
nanofluids. Therefore, NPs with different shapes and hence
different surface areas have a significant impact on the
thermal conductivity of nanofluids. Cui et al [56], in their
research on the thermal conductivity of NPs, indicated that
the ratio of energy atoms in NPs (E) is a standard for assessing
the influence of NPs on nanofluid thermal conductivity. As E
increases with the increase in the S/V ratio of NPs, the growth
rate of thermal conductivity in this study increases with the
larger S/V ratio of NPs.

We present the research results on the influence of NP
shape and different temperatures on the viscosity of Al-Ar
nanofluids in the form of bar charts in Figure 9. From
Figure 9(a—e), it can be visually observed that the viscosity
of Al-Ar nanofluids decreases with increasing tempera-
ture. Moreover, the viscosity of Al-Ar nanofluids is mini-
mally affected by changes in NP shape, exhibiting only
slight fluctuations without significant variation. From the
figure, we observe a gradual decrease in viscosity with
increasing temperature. For each volume fraction, the
highest and lowest viscosity values are as follows: for an
NP volume fraction of 0.5%: highest value: 0.0003096 Pa S
(0.5%, 86 K, cube), lowest value: 0.0002045 Pa S (0.5%, 106 K,
platelets). For an NP volume fraction of 1%: highest value:
0.0003592 Pa S (1%, 86 K, cube), lowest value: 0.000242 Pa S
(1%, 106 K, platelets). For an NP volume fraction of 1.5%:
highest value: 0.0003893 Pa S (1.5%, 86 K, sphere), lowest



10 — Chenghang Li et al. DE GRUYTER

value: 0.00027 Pa S (1.5%, 86 K, platelets). For an NP volume (2.5%, 86 K, platelets), lowest value: 0.000325Pa S (2.5%,
fraction of 2%: highest value: 0.000435887Pa S (2%, 86 K, 106 K, cube).

platelets), lowest value: 0.0002731 Pa S(2%, 106 K, platelets). For The phenomenon of decreasing viscosity with increasing
an NP volume fraction of 2.5%: highest value: 0.0004882Pa S  temperature aligns with numerous existing study results [57].
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Prior studies have investigated the patterns of viscosity varia-
tion with temperature and established theoretical models. For
instance, Masoumi et al [58] developed a theoretical model
based on the Brownian motion of NPs in nanofluids, predicting
nanofluid viscosity under conditions such as average particle
diameter, NP density, BF properties, and environmental tem-
perature. The predicted results from this model align with the
findings of our study, indicating a decrease in nanofluid visc-
osity with increasing temperature. Ranjbarzadeh et al [59]
demonstrated that, in fluids, molecules can overcome adhesive
forces within the fluid with increasing thermal energy, leading
to a decrease in fluid viscosity with rising temperature. Addi-
tionally, temperature increase results in an expansion of gaps
between the BF and NPs in nanofluids, reducing the resistance
to nanofluid flow and consequently lowering viscosity.
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3.2 Effect of NP volume fraction on the
thermal conductivity and viscosity of
Al-Ar nanofluids

In this section, we investigate the impact of different NP
shapes and volume fractions on the thermal conductivity
and viscosity of Al-Ar nanofluids. Similar to the previous
section, the NP shapes considered are cylinder, sphere,
cube, and platelets.

The study results on the influence of different volume
fractions of NPs on the thermal conductivity of Al-Ar
nanofluids are presented in Figure 10. From Figure
10(a—d), the variations in Al-Ar nanofluid thermal con-
ductivity with volume fraction and temperature are
visually depicted.
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Figure 10: Variation patterns of thermal conductivity in Al-Ar nanofluids with volume fraction. (a) Cylinder, (b) sphere, (c) cube, and (d) platelets.
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It is observed from the figures that the thermal con-
ductivity of nanofluids steadily increases with the rise in
volume fraction. The maximum thermal conductivity values
for each NP shape occur at a volume fraction of 2.5% and a
temperature of 106 K, specifically: 0.22766 W/m K (2.5%,
106 K, cylinder), 0.23W/m K (2.5%, 106 K, sphere), 0.2336
W/m K (2.5%, 106 K, cube), and 0.243 W/m K (2.5%, 106 K,
platelets). The increase in nanofluid thermal conductivity
with the increase in NP volume fraction is mainly attributed
to the amplification of the interface NP ball effect due to
the increased concentration of NPs, leading to enhanced
thermal conductivity of the nanofluid [60]. The conclusion
of this study further demonstrates that the increase in nano-
fluid thermal conductivity due to the increase in NP volume
fraction is primarily attributed to the NP ball effect rather
than the Brownian motion effect [54], which is distinct from
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the increase observed with elevated temperature, aligning
with previous research findings [61,62].

The study results investigating the influence of dif-
ferent volume fractions of NPs on the viscosity of Al-Ar
nanofluids are presented in the form of a bar graph in
Figure 11. From Figure 11(a—d), it is evident that the visc-
osity of Al-Ar nanofluids increases with the rise in NP volume
fraction. For each NP shape condition, the maximum and
minimum viscosity values are as follows: cylinder shape:
the maximum viscosity is 0.00046923 Pa S (2.5%, 86 K), and
the minimum viscosity is 0.0002523 Pa S (0.5%, 106 K). Sphere
shape: the maximum viscosity is 0.00046499 Pa S (2.5%, 86 K),
and the minimum viscosity is 0.000230161Pa S (0.5%, 106 K).
Cube shape: the maximum viscosity is 0.000477Pa S (2.5%,
86K), and the minimum viscosity is 0.000208 Pa S (0.5%,
106 K). Platelet shape: the maximum viscosity is 0.0004882 Pa
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Figure 11: Variation trends of viscosity in Al-Ar nanofluids with volume fraction. (a) Cylinder, (b) sphere, (c) cube, and (d) platelets.
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S (25%, 86 K), and the minimum viscosity is 0.0002045Pa S
(0.5%, 106 K).

In contrast to the significant increase in thermal con-
ductivity with an increase in NP volume fraction, viscosity
steadily rises with the increase in NP volume fraction.
These results indicate that NP volume fraction is a crucial
factor influencing nanofluid viscosity, particularly due to
the formation of an ordered liquid layer at the solid-liquid
interface between NPs and the BF [43]. Specifically, the
stronger interaction between Ar atoms and metal atoms
in the nanofluid leads to a higher attraction of Ar atoms
by metal NPs, resulting in the formation of an ordered
liquid layer at the interface between the liquid and metal
NPs. This phenomenon significantly increases the effective
volume fraction of NPs in the nanofluid, ultimately leading
to an increase in viscosity [63].

3.3 Effect of NP shape and temperature on
thermal conductivity and viscosity in
Al,03-Ar nanofluids

This section investigates the influence of four different NP
shapes — cylinder, sphere, cube, and platelets — and varying
temperatures on the thermal conductivity and viscosity of
Al,05—Ar nanofluids.

We present the study findings on the impact of NP
shape and temperature on the thermal conductivity of
Al,0s—Ar nanofluids in the form of 3D surface plots in
Figure 12. Figure 12(a—e) visually depicts that the thermal
conductivity of Al,0;—Ar nanofluids increases with tem-
perature, and nanofluids formed by NPs with higher shape
factors (S/V values) exhibit higher thermal conductivity.
The nanofluid with platelet-shaped NPs at 106 K, where
the §/V value is maximum (0.805), shows the highest thermal
conductivity for each volume fraction, with values of 0.1573
W/m K (0.5%, 106 K, platelets), 0.1973 W/m K (1%, 106 K, plate-
lets), 0.2075 W/m K (1.5%, 106 K, platelets), 0.234 W/m K (2%,
106 K, platelets), and 0.2366 W/m K (2.5%, 106 K, platelets).

The observed increase in thermal conductivity of
Al,Os-Ar nanofluids with rising temperature aligns with
previous research findings. This consistency with the trends
in thermal conductivity observed in Section 3.1 for Al-Ar
nanofluids indicates the scientific reliability of these results.
Furthermore, the internal mechanisms leading to this out-
come align with those discussed in detail in Section 3.1 for
the thermal conductivity trend of Al-Ar nanofluids with
temperature. The increased intensity of Brownian motion
of NPs in nanofluids leads to faster internal heat transfer
efficiency, thereby exhibiting higher thermal conductivity of
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nanofluids [52]. Moreover, the degree of Brownian motion of
NPs in nanofluids increases with temperature, resulting in
an increase in thermal conductivity of nanofluids with
increasing environmental temperature [53].

Regarding the shape factor (S/V value), we observed
that the influence of S/V value on the thermal conductivity
of Al,0;—Ar nanofluids follows a pattern similar to its effect
on Al-Ar nanofluids. Specifically, the thermal conductivity
of Al,03-Ar nanofluids increases with the augmentation of
the S/V value. We calculated the growth rates of thermal
conductivity relative to pure Ar fluid for Al;0s—Ar nano-
fluids with a volume fraction of 0.5% at a temperature of
106 K. The results are as follows: 4.6% (cylinder, S/V =
0.31746), 11.6% (sphere, S/V = 0.357), 16.1% (cube, S/V =
0.441176), and 21.9% (platelets, S/V = 0.805). These findings
indicate that the growth rate of thermal conductivity in
Al,05—-Ar nanofluids increases with the rise of S/V values.
This trend is consistent with the observed behavior in
Al-Ar nanofluids. Additionally, the internal mechanisms
leading to this outcome align with those discussed in detail
in Section 3.1 for the thermal conductivity trend of Al-Ar
nanofluids with temperature. The crucial role of NP sur-
face area in the thermal conductivity of nanofluids [55] is
primarily attributed to the different shapes (S/V ratio) of
NPs, resulting in various surface effects [54], hence leading
to different thermal conductivities of nanofluids with dif-
ferent shapes (S/V ratio) of NPs. Additionally, it was found
in the study that the criterion for determining the extent to
which the thermal conductivity of nanofluids is affected by
NPs is the ratio of energy atoms in NPs, denoted as E. As the
S/V ratio of NPs increases, E also increases [56]. Therefore,
in this study, the growth rate of thermal conductivity of
nanofluids increases with the increase in the S/V ratio
of NPs.

We present the research results of NP shape and tem-
perature effects on the viscosity of Al,0;—Ar nanofluids in
the form of bar graphs in Figure 13. From Figure 13(a—e), it
is visually evident that the viscosity of Al,03—-Ar nanofluids
decreases with an increase in temperature. The influence
of NP shape on the viscosity of Al-Ar nanofluids is rela-
tively small. For each volume fraction, the highest and
lowest viscosity values are as follows: when the NP volume
fraction is 0.5%, the highest value is 0.006891Pa S (0.5%,
86 K, cylinder), and the lowest value is 0.0041Pa S (0.5%,
106 K, sphere). When the NP volume fraction is 1%, the
highest value is 0.007462Pa S (1%, 86 K, cylinder), and
the lowest value is 0.00541Pa S (1%, 106 K, sphere). When
the NP volume fraction is 1.5%, the highest value is 0.00809 Pa S
(1.5%, 86 K, cube), and the lowest value is 0.00626 Pa S (1.5%,
106 K, sphere). When the NP volume fraction is 2%, the highest
value is 0.008387 Pa S (2%, 86 K, platelets), and the lowest value is
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Figure 12: Variation trends of thermal conductivity in Al,05-Ar nanofluids with temperature and shape factor (5/V value). (a) 0.5%, (b) 1%, (c) 1.5%,

(d) 2%, (e) 2.5%.

0.0071Pa S (2%, 106 K, sphere). When the NP volume frac-
tion is 2.5%, the highest value is 0.008975 Pa S (2.5%, 86 K,
platelets), and the lowest value is 0.007355Pa S (2.5%, 86 K,
cube). The results indicate that the viscosity of Al,03—Ar
nanofluids decreases with an increase in temperature,

which is consistent with the trend observed in the viscosity
of Al-Ar nanofluids. Additionally, the internal mechanism
leading to this result aligns with the internal mechanism
of viscosity variation with temperature observed in
Al-Ar nanofluids. Since the adhesive forces within the fluid
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are overcome by the thermal energy of fluid molecules, the in nanofluids increase with temperature, reducing the

viscosity of the fluid decreases with increasing tem- resistance to nanofluid flow and thus decreasing its
perature. Moreover, the gaps between the BF and NPs  viscosity [59].
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viscosity of Al,Os—Ar nanofluid is investigated. Similar to

3.4 Effect of NP volume fraction on the
thermal conductivity and viscosity of the previous section, the NP shapes considered are cylinder,
Al,0s-Ar nanofluid sphere, cube, and platelets.

The research results on the influence of different volume
In this section, the impact of NPs with different volume fractions of NPs on the thermal conductivity of AL,O3-Ar nano-
fractions and shapes on the thermal conductivity and uid are presented in bar charts in Figure 14. Figure 14(a-f)
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visually demonstrates the variation of Al,O3—Ar nanofluid
thermal conductivity with volume fraction and temperature.
While the previous section discussed the temperature-depen-
dent behavior, this section emphasizes the variation trend
with volume fraction. It is observed that the thermal conduc-
tivity of the nanofluid steadily increases with the rise in NP
volume fraction. The maximum thermal conductivity for
each NP shape is achieved at a volume fraction of 2.5% and
a temperature of 106K, with values of 0.2259 W/m K
(cylinder), 0.227 W/m K (sphere), 0.2335W/m K (cube), and
0.2366 W/m K (platelets).

The results indicate that the thermal conductivity of
Al,03-Ar nanofluid increases with the growth of NP volume
fraction, exhibiting a similar trend to the findings for Al-Ar
nanofluid. Moreover, the internal mechanisms causing this
outcome align with the internal mechanisms governing the
variation of thermal conductivity with NP volume fraction
in Al-Ar nanofluid. The main reason is that the interface NP

a 0.5% 1% 1.5%

0.009 2% 2.5%

0.000 T T T T T T
86 90 94 98 102 106

Temperature (K)
0.010

'y 0.5% 1%
2% 2.5%

1.5%

0.008

e

=

S

x
1

Viscosity (Pa-S)
g

0.002

0.000 T T T T T T
86 90 94 98 102 106

Temperature (K)

DE GRUYTER

clustering effect of nanofluids amplifies with increasing NP
concentration, leading to an enhancement in thermal con-
ductivity [60]. The conclusions of this study further demon-
strate that unlike the increase in thermal conductivity of
nanofluids due to temperature elevation, the primary reason
for the increase in thermal conductivity with the increase in
NP volume fraction is the NP clustering effect rather than the
Brownian motion effect [54,61,62].

The research results on the impact of different volume
fractions of NPs on the viscosity of Al,0;—Ar nanofluid are
presented in the form of bar charts (Figure 15(a—d)). The
charts provide a visual representation showing that the
viscosity of Al,0s;—Ar nanofluid increases with the rise in
NP volume fraction. For each NP shape condition, the max-
imum and minimum viscosity values are as follows: for
cylindrical NPs: the maximum viscosity is 0.008192Pa S
(2.5%, 86 K), and the minimum viscosity is 0.005057 Pa S
(0.5%, 106 K). For spherical NPs: the maximum viscosity
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Figure 15: Variation pattern of viscosity in Al,03-Ar nanofluid with respect to volume fraction. (a) Cylinder, (b) sphere, (c) cube, and (d) platelets.
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is 0.00864 Pa S (2.5%, 86 K), and the minimum viscosity is
0.0041Pa S (0.5%, 106 K). For cubic NPs: the maximum
viscosity is 0.0088996 Pa S (2.5%, 86 K), and the minimum
viscosity is 0.005076 Pa S (0.5%, 106 K). For platelet-shaped
NPs: the maximum viscosity is 0.008975Pa S (2.5%, 86 K),
and the minimum viscosity is 0.004356 Pa S (0.5%, 106 K).

Unlike the sharp increase observed in thermal conduc-
tivity with the increase in NP volume fraction, viscosity
steadily rises as the NP volume fraction increases. This
study aligns with the trends observed in the influence of
NP volume fraction on the viscosity of Al-Ar nanofluid.
The internal mechanisms leading to these results are con-
sistent with the internal mechanisms governing the visc-
osity of Al-Ar nanofluid with varying NP volume fractions.
This is associated with the solid-like liquid layer at the
interface between the base liquid and NPs in nanofluids
[43], specifically because the interaction between the base
liquid atoms (Ar atoms) and the metal atoms is stronger
than their interaction with their own atoms (Ar atoms),
resulting in the formation of an ordered liquid layer at
the interface between the liquid and metal NPs. This leads
to a significant increase in the effective volume fraction of
NPs in the nanofluid, ultimately resulting in an increase in
viscosity [63].

3.5 Comparison of thermal conductivity
between Al-Ar nanofluid and Al,05-Ar
nanofluid

In this section, a comparative analysis of the thermal con-
ductivity of Al-Ar nanofluid and Al,Os-Ar nanofluid is
conducted from the perspectives of temperature, shape,
and volume fraction. The research results, depicted in
Figures 16 and 17, showcase the thermal conductivity of
nanofluids formed by both metal and metal oxide NPs in
the same type of BF, considering variations in temperature,
shape factors (S/V ratio), and volume fractions.

As observed from Figures 16 and 17, and in alignment
with the conclusions drawn in previous sections, it is evi-
dent that the thermal conductivity of both Al-Ar nanofluid
and Al,03-Ar nanofluid increases with rising temperature.
Additionally, the conductivity rises with higher shape fac-
tors (S/V ratios), and the growth rate of conductivity is
directly proportional to the increase in S/V ratio. Further-
more, both nanofluids exhibit an increase in thermal con-
ductivity with higher volume fractions.

While sharing these common characteristics, this study
reveals that there exists a numerical difference in the
thermal conductivity of nanofluids formed by metal and
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metal oxide NPs in the same type of BF. In general, nano-
fluids formed by metal NPs demonstrate higher thermal
conductivity compared to those formed by their metal oxide
counterparts in the same type of BF.

For instance, at a volume fraction of 1.5% and with
cylindrical-shaped NPs, the thermal conductivity of Al-Ar
nanofluid and Al,Os—Ar nanofluid is as follows: Al-Ar: 0.1832
W/m K (1.5%, cylinder, 86 K), 0.1847 W/m K (1.5%, cylinder,
90 K), 0.1871 W/m K (1.5%, cylinder, 94 K), 0.18886 W/m K
(1.5%, cylinder, 98 K), 0.19549 W/m K (1.5%, cylinder, 102 K),
0.19579 W/m K (1.5%, cylinder, 106 K). Al,0s-Ar: 0.17745 W/m
K (1.5%, cylinder, 86 K), 0.1811 W/m K (1.5%, cylinder, 90 K),
0.1836 W/m K (1.5%, cylinder, 94K), 0.1873 W/m K (1.5%,
cylinder, 98K), 0.1876 W/m K (1.5%, cylinder, 102K), and
0.1919 W/m K (1.5%, cylinder, 102 K). In our study, we com-
pared our findings with existing research results. Milanese
et al [64] discussed the stratification phenomena in nano-
fluids, noting the differences in thermal conductivity between
Cu-H,0 and CuO-H,0. Their simulation and experimental
results closely align with ours, indicating that nanofluids com-
posed of metals have higher thermal conductivity than those
composed of the same metals’ oxides mixed with the same
type of BE.

Similarly, Jamal-Abad et al. [65] examined the thermal
conductivity of Al-H,0 nanofluids, Ruvo et al. [66] investi-
gated the thermal conductivity of Al,03-H,0 nanofluids
using a mathematical model, while El Hadoui and Kaddiri
[67] employed the lattice Boltzmann method combined
with volume fraction to study the thermal conductivity
and viscosity of Al,03—-H,O nanofluids, and Huang et al.
[68] studied the thermal conductivity of Al,0s—H,0 nano-
fluids. Comparing their findings with ours provides a
robust analogy. Furthermore, Liu et al. [51] investigated
the thermal conductivity of Al-Ar nanofluids, and their
results match ours very well.

These comparisons with current studies demonstrate
the scientific reliability and validity of our results.

This study provides a comprehensive analysis of the
results depicted in Figures 16 and 17. The observed differ-
ences in thermal conductivity between nanofluids formed
by metal and metal oxide NPs in the same type of BF are
attributed to variations in interfacial thermal conduction.
A detailed examination, utilizing PDOS, was conducted to
investigate this phenomenon. Given that all results in this
study consistently show higher thermal conductivity for
Al-Ar nanofluid compared to Al,0s;—Ar nanofluid, we ran-
domly selected six data points for PDOS calculations. These
points include cylindrical-shaped NPs at 2.5% volume frac-
tion and 86 K, plate-shaped NPs at 0.5% volume fraction
and 90K, cube-shaped NPs at 0.5% volume fraction and
94K, cylindrical-shaped NPs at 2% volume fraction and
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Figure 16: Disparities and similarities in thermal conductivity between Al-Ar nanofluid and Al,05-Ar nanofluid under constant volume fraction with
varied temperature and NP shape factor (S/V ratio). (a) 0.5%, (b) 1%, (c) 1.5%, (d) 2%, (e) 2.5%.

94 K, spherical-shaped NPs at 1.5% volume fraction and higher thermal conductivity for the entire nanofluid system
102K, and plate-shaped NPs at 2% volume fraction [69]. Figure 18(a—f) demonstrates that the overlap between
and 106 K. Al and Ar PDOS is greater than that between Al,0; and Ar.

The overlap between the PDOS curves for Al and Ar,as To quantify this conclusion, a code was developed to calcu-
well as Al,05 and Ar, was observed at these data points, as late the percentage of overlap between the PDOS curves,
shown in Figure 18. Higher overlap indicates the increased and MATLAB was employed for computation. The results
interfacial thermal conduction, consequently resulting in for the six data points are as follows: 99.991% overlap at
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Figure 18: Comparative PDOS curves for Al, Ar, and Al,05 in nanofluids under varied temperature, volume fraction, and NP shape conditions. (a) 86 K
2.5% cylinder, (b) 90 K 0.5% platelets, (c) 94 K 0.5% cube, (d) 94 K 2% cylinder, (e) 102 K 1.5% sphere, and (f) 106 K 2% platelets.

86 K, 2.5%, platelets (Al and Ar), 99.313% at 86 K, 2.5%, plate-
lets (Al,O3 and Ar); 99.98% at 90 K, 0.5%, platelets (Al and Ar),
99.847% at 90K, 0.5%, platelets (Al,03 and Ar); 99.976% at
94K, 0.5%, cube (Al and Ar), 98.477% at 94K, 0.5%, cube
(Al,O05 and Ar); 99.991% at 94K, 2%, cylinder (Al and Ar),
99.406% at 94K, 2%, cylinder (Al,03 and Ar); 99.99% at
102 K, 1.5%, sphere (Al and Ar), 98.641% at 102 K, 1.5%, sphere
(Al,05 and Ar); 99.995% at 106 K, 2%, platelets (Al and Ar);
and 99.837% at 106 K, 2%, platelets (Al,03 and Ar).

The consistent observation across all data points is that
the overlap percentage for Al and Ar is greater than that

for Al,O3; and Ar. This deeper-level analysis from the per-
spectives of phonon transport and interfacial thermal con-
duction explains the obtained result in this study, where
the thermal conductivity of Al-Ar nanofluid is higher than
that of Al,O;—Ar nanofluid.

In this study, we have used the degree of overlap of the
areas enclosed by the PDOS curves of different types of
atoms with the coordinate axes to explain the differences
in thermal conductivity of nanofluids from a microscopic
perspective. The order of the PDOS overlap closely matches
the order of thermal conductivities observed in our
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nanofluids. This method of using PDOS overlap to compare
thermal conductivities has also been employed in other
studies. For example, Jin et al. [36] investigated the thermal
conductivity of nanofluids composed of different metal NPs
and calculated the PDOS overlap for these nanofluids. They
found that nanofluids with greater PDOS overlap exhibit
higher thermal conductivities, which corroborates the relia-
bility and scientific validity of our results.
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3.6 Contrastive analysis of viscosity between
Al-Ar nanofluid and Al,03-Ar nanofluid

In this section, a meticulous comparison of viscosity is
conducted between Al-Ar nanofluid and Al,O;—Ar nano-
fluid, focusing on temperature, shape, and volume fraction.
The viscosity research results comparing the nanofluid
formed with a metal and the nanofluid formed with the

0.00050
0.00045 Cytmder D Spheroid(A) 0.008 Cylinder(Al) Spheroid(A) | o 009
a Cube(Al) Platelets(Al) 0.00045 - b Cube(Al) Platelets(Al) .
0.00040 Cylinder(ALO,)" 1 Spheroid(ALO;) |- 0.007 ’ Cylinder(ALOy)" I Spheroid(ALOy)| 00
[ 1 Cube(AlLO;) Platelets(Al,O;) ~ d [ 1Cube(AL0;) Platelets(Al,0;) : ~
105 203 ) 0.00040 &
= 0.00035 w S = o
Z F0.006 Q I 0.007 ~&
g ~= Z 0.00035 =
= 0.00030 - < = L0005 <
@ I 0.005 = ‘g 0.00030 - e
S 0.00025 / i /
& L0004 & & 0.00025 0005 &

0.00020 ~ L ~
-‘E 0003 2 *E’ 0.00020 0004 5,
=) _ Y o= =) =
3 0.00015 § 2 0.00015 4 I 0.003 8
4 R

F0.002 = @
> 0.00010 2 2 0.000104 Fo0.002 2
0.00005 - 0.001 0.00005 - I 0.001
0.00000 T T T T T T 0.000 0.00000 T T T T T T 0.000
86 90 94 98 102 106 86 90 94 98 102 106
Temperature (K) Temperature (K)
0.0007 0.010
0.00055 Cylinder(Al) Spheroid(Al) 0010 Cylinder(Al) Spheroid(Al)
0.00050 1 C Cube(Al) Platelets(A) | 009 d Cube(AD Platelets(A)
Cylinder(ALO,)! 1 Spheroid(ALO;)| 0.0006 Cylinder(ALO;)! ' Spheroid(Al,05)

0.00045 I 1 Cube(AL,O,) Platelets(ALOy) | 0 008 [ 1 Cube(ALO,) Platelets(Al,09 | 0 008 —
= o = =)
< 0-00040 7 L o.007 = L 0.0005 -~
& 0.00035 - - 7 ~

4 F0.006 ~ I 0.006 —~
S 0.00030 o s 00004 i
& Fo00s & < &

0.00025 = ] <

-*E F0.004 5 00003 L0.004 2
Z 0.00020 - = 8 =
8 F0.003 @ g 0.0002 | =}
; 0.00015 S s X | S
0.00010 [0.002 F0.002 i3
0.0001
0.00005 - I 0.001
0.00000 T T T T T T 0.000 0.0000 T — T T T T 0.000
86 90 94 98 102 106 86 90 94 98 102 106
Temperature (K) Temperature (K)
0.0007 0.011
Cylinder(Al) Spheroid(Al)
e Cube(Al) Platelets(A) |- 0.010
0.0006 - Cylinder(Al,05) Spheroid(Al,0;)
I 1 Cube(ALO,) Platelets(Al,O;,) o
N =}
< 0.0005 - 0.008 e
= <
n =
& 0.0004 »n
- 0.006
& &
> &
£ 0.0003 g
4 - 0.004 2
= .004 =
1>9 [72]
2 0.0002 59
> &
- 0.002 >
0.0001
0.0000 T T T T T T 0.000
86 90 94 98 102 106

Temperature (K)

Figure 19: Viscosity of Al-Ar nanofluid and Al,0s-Ar nanofluid under variations in temperature and NP shape factor (5/V value) at a constant NP

volume fraction. (a) 0.5%, (b) 1%, (c) 1.5%, (d) 2%, (e) 2.5%.
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oxide of this metal under temperature and shape varia-
tions are shown in Figure 19. Similarly, the viscosity
research results comparing the nanofluid formed with a
metal and the nanofluid formed with the oxide of this
metal under variations in NP volume fraction are shown
in Figure 20.

From Figures 19 and 20, and the conclusions drawn in
the preceding sections, it is evident that the viscosity of
both Al-Ar nanofluid and Al,0s—Ar nanofluid decreases
with an increase in temperature, increases with an increase
in volume fraction, and exhibits a minimal variation with
changes in nanofluid particle shape (S/V ratio). Beyond these
similarities, this study also observes numerical differences
in viscosity between nanofluid formed with a metal and the
nanofluid formed with the oxide of this metal. Generally,
nanofluids formed with metallic NPs exhibit lower viscosity
compared to nanofluids formed with their oxide counter-
parts. This research outcome is visually demonstrated in
Figures 19 and 20.
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To exemplify, six data points are extracted from all
data for illustration: 0.0004882Pa S (Al-Ar nanofluid, 86K,
2.5%, platelets), 0.008975Pa S (AL,Os—Ar nanofluid, 86 K, 2.5%,
platelets); 0.0002936 Pa S (Al-Ar nanofluid, 90 K, 0.5%, plate-
lets), 0.006173 Pa S (AL,Os—Ar nanofluid, 90 K, 0.5%, platelets);
0.0002852 Pa S (Al-Ar nanofluid, 94 K, 0.5%, cube), 0.005832 Pa
S (Al,Os-Ar nanofluid, 94 K, 0.5%, cube); 0.00037Pa S (Al-Ar
nanofluid, 94 K, 2%, cylinder), 0.007652Pa S (Al,Os-Ar nano-
fluid, 94K, 2%, cylinder); 0.0003047Pa S (Al-Ar nanofluid,
102 K, 1.5%, sphere), 0.00645Pa S (AL,O3—Ar nanofluid, 102K,
1.5%, sphere); 0.0002731 Pa S (Al-Ar nanofluid, 106 K, 2%, plate-
lets), 0.00721 Pa S (Al,Os—Ar nanofluid, 106 K, 2%, platelets). All
the data points indicate that nanofluids formed with metallic
NPs have lower viscosity than those formed with their oxide
counterparts. This is attributed to the more complex internal
structure of metal oxides compared to metals, resulting in a
larger internal surface area. Consequently, metal oxide nano-
fluids exhibit higher viscosity than metal nanofluids due to
stronger interactions with BF molecules [59].
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Figure 20: Differences and similarities in viscosity of Al-Ar nanofluid and Al,03-Ar nanofluid with variations in volume fraction. (a) Cylinder,
(b) sphere, (c) cube, and (d) platelets.
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3.7 RDF study of Al-Ar nanofluid and
Al,03-Ar nanofluid

In order to further analyze the thermal conductivity and
viscosity of Al-Ar nanofluid and Al,0s-Ar nanofluid from a
microscopic perspective, and to understand the internal
mechanisms related to temperature, NP shape, and volume
fraction variations, as well as to compare the similarities
and differences revealed by their microscopic structures, we
computed the RDF for both Al-Ar nanofluid and Al,O;—Ar
nanofluid [54]. The molecular dynamics simulation environ-
ment employed in the previous sections, dedicated to studying
thermal conductivity, was utilized to derive the necessary data
for RDF calculations.

The same setup we used before to simulate how heat
moves through materials was also used to gather the infor-
mation we needed for calculating RDF.

Figures 21 and 22 show us the curves that represent
how atoms are arranged in the Al-Ar nanofluid and
Al,05—Ar nanofluid when we use NPs of different shapes.
We can see how these curves change as we add more NPs
to the fluid in both cases. First, there are noticeable differ-
ences in the RDF curves of NPs with different shapes in both
nanofluids. However, the overall trends are consistent: the
RDF curves of both Al-Ar nanofluid and Al,0;—Ar nanofluid
reach their peaks at an NP volume fraction of 0.5%. As the
volume fraction decreases, the peaks gradually shift to the
left and decrease in magnitude. Additionally, in Figures 21
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Figure 22: RDF curves of Al,03-Ar nanofluid with different shapes of NPs at 86 K under various volume fractions.(a) 2% 86 K, (b) 2% 90 K, (c) 2% 94 K,
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Figure 23: RDF curves of Al-Ar nanofluid with different shapes of NPs at a volume fraction of 2% under various temperatures. (a) 86 K cylinder,

(b) 86 K sphere, (c) 86 K cube, and (d) 86 K platelets.

and 23, the RDF curve in (d) is more uniform than the curves
in (a), (b), and (c). This indicates that nanofluids containing
NPs with higher S/V values exhibit a more balanced density
change in the internal solid-liquid interface layer, demon-
strating excellent research and experimental properties.
Furthermore, we observe that the peak positions of the
RDF curves in Al-Ar nanofluid are more evenly distributed.
This suggests that the microstructure of Al-Ar nanofluid
(metal nanofluid) exhibits more “short-range order and
long-range disorder” liquid characteristics and “long-range
order” solid characteristics compared to Al,0s—Ar nanofluid
(metal oxide nanofluid). This explanation aligns with the
research result that the thermal conductivity of Al-Ar nano-
fluid (metal nanofluid) is higher than that of Al,03-Ar nano-
fluid (metal oxide nanofluid) [39].

Figures 23 and 24, respectively, illustrate the RDF
curves of Al-Ar nanofluid and Al,0;—-Ar nanofluid with
different-shaped NPs at a volume fraction of 2% under
varying temperatures. From the graphs, it is observed
that the RDF curves of both nanofluids exhibit narrow
and tall peaks at their highest points, followed by broader
and flatter features in the subsequent peaks. This further
indicates the formation of a uniform solid-liquid interface
layer around NPs in nanofluids, facilitating the aggregation
of numerous BF atoms around the NPs [70]. In this study,
the RDF curve of Al,0s-Ar nanofluid shows a more pro-
nounced manifestation of this feature compared to the RDF
curve of Al-Ar nanofluid, signifying a greater accumula-
tion of Ar atoms around the NPs in Al,0;—Ar nanofluid.
This deeper interpretation aligns with the observation
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Figure 24: RDF curves of Al,03-Ar nanofluid with different shapes of NPs at 2% volume fraction under various temperatures. (a) 2% 86 K, (b) 2% 90 K,
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that the viscosity of Al,O3—Ar nanofluid is greater than that
of Al-Ar nanofluid, providing further insight into the
underlying mechanisms of lower viscosity in nanofluids
formed by metallic NPs compared to those formed by their
metal oxide counterparts with the same BF. This is consis-
tent with the research conducted by Chen et al. [70], who
studied the thermal conductivity and viscosity of Cu-Ar
nanofluids. By incorporating RDF curves, they explained
the order of magnitude of nanofluid viscosity values. This
consistency with our findings underscores the scientific
validity and reliability of our results.

The peak magnitudes in both nanofluids follow the
order: platelets > cube > sphere > cylinder, consistent
with the decreasing sequence of S/V values for NPs of dif-
ferent shapes. This phenomenon further underscores the
correlation between the density of the solid-liquid inter-
face layer and the NP shape factor S/V. This observation is
highly consistent with the results of Essajai et al. [54] and Cui
et al. [55,56], indicating that the enhancement of thermal
conductivity in nanofluids depends more on the increase
in the S/V values of NPs. This is primarily attributed to the
significant increase in the density of the nanolayer within
nanofluids, as evident in the RDF analysis conducted in this
study.

4 Conclusions

This study comprehensively investigates, for the first time
at the microscopic level, the similarities and differences in
the thermal-physical properties of nanofluids composed of
metals and their oxides in the same type of BF. By inte-
grating the effects of NP shape (S/V ratio), temperature, NP
volume fraction, and employing research methods such as
NEMD, RNEMD, RDF, and PDOS, we unveil, for the first
time, the microscopic mechanisms underlying the simila-
rities and differences in the thermal-physical properties of
nanofluids composed of metals and their oxides in the
same type of BF.

The research findings indicate that the thermal con-
ductivity of Al,0;-Ar nanofluids and Al-Ar nanofluids both
generally increases with rising temperature, NP volume
fraction, and NP S/V ratio. However, under identical condi-
tions of temperature, NP volume fraction, and shape, the
thermal conductivity of Al-Ar nanofluids is higher than
that of Al,0;—Ar nanofluids. Regarding viscosity, the overall
trend for both Al,0;—Ar nanofluids and Al-Ar nanofluids is
a decrease with increasing temperature and an increase
with increasing NP volume fraction, with minimal influence
from the S/V ratio. However, under identical conditions of
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temperature, NP volume fraction, and shape, the viscosity of
Al,03-Ar nanofluids is higher than that of Al-Ar nanofluids.

In response to the observed phenomena regarding the
thermal conductivity of the nanofluids mentioned earlier,
this study reveals the underlying mechanisms at the micro-
scopic level. We investigated the PDOS of Al, Ar, and Al,03
in nanofluids under different temperature conditions, NP
volume fractions, and NP shapes. The results indicate that
the percentage overlap of PDOS curves between Al and Ar
is as follows: Group 1: 99.991%, Group 2: 99.98%, Group 3:
99.976%, Group 4: 99.991%, Group 5: 99.99%, Group 6:
99.995%. The percentage overlap of PDOS curves between
Al,0; and Ar is as follows: Group 1: 99.313%, Group 2:
99.847%, Group 3: 98.477%, Group 4: 99.406%, Group 5:
98.641%, Group 6: 99.837%. Overall, the percentage overlap
of PDOS curves between Al and Ar is higher than that
between Al,03; and Ar, suggesting that the phonon trans-
port at the microscopic level and interfacial thermal con-
ductance explains the obtained results where the thermal
conductivity of Al-Ar nanofluids is higher than that of
Al,05—-Ar nanofluids. This study also elucidates, for the first
time, the microscopic mechanisms underlying the simila-
rities and differences in thermal conductivity of nanofluids
composed of metals and their oxides.

Furthermore, we compared the RDF curves of Al-Ar
nanofluids and Al,0s;—Ar nanofluids under constant tem-
perature conditions, considering different NP shapes and
volume fractions. The study reveals that the RDF curve
peaks in Al-Ar nanofluids are more evenly distributed,
indicating that the microstructure of Al-Ar nanofluids
(metal nanofluids) exhibits more characteristics of “short-
range order and long-range disorder” typical of liquids, as
well as “long-range order” characteristics typical of solids,
compared to Al,0s—-Ar nanofluids (metal oxide nanofluids).
This finding also explains why the thermal conductivity of
Al-Ar nanofluids is higher than that of Al,05—Ar nanofluids,
providing novel insights into the microscopic mechanisms
underlying the similarities and differences in the thermal
conductivity of nanofluids composed of metals and their
oxides.

Regarding the observed phenomena of viscosity in the
aforementioned nanofluids, this study delves into the internal
mechanisms from a microscopic structural perspective. We
compared the RDF curves of Al-Ar nanofluids and Al,O;-Ar
nanofluids under different temperature conditions, NP
volume fractions, and shapes. The study reveals that the
RDF curve of Al,Os—Ar nanofluids exhibits narrower and
higher peak features, followed by broader and flatter sub-
sequent peaks, compared to the RDF curve of Al-Ar nano-
fluids. This suggests that in Al,O3—Ar nanofluids, a more
uniform solid-liquid interface layer forms around the
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NPs, attracting more Ar atoms. This deeper understanding
elucidates why the viscosity of Al,0s—Ar nanofluids is greater
than that of Al-Ar nanofluids and provides unprecedented
insights into the microscopic mechanisms underlying the
similarities and differences in the viscosity of nanofluids com-
posed of metals and their oxides.

This study, starting from factors such as temperature,
NP shape (S/V ratio), and NP volume fraction, investigates
for the first time the similarities and differences in the
thermal-physical properties of nanofluids composed of
metals and their oxides, represented by Al,0s—Ar nano-
fluids and Al-Ar nanofluids. In future research, we plan
to extend these findings to a broader range of nanofluids
and employ additional methods to analyze from a micro-
scopic perspective. Our goal is to develop universal conclu-
sions about the thermal conductivity of nanofluids composed
of metals and their oxides in the same type of BF, providing
guidance for the selection and application of nanofluids in
industrial settings.

The findings of this study have significant implications
for the selection of nanofluids in specific engineering appli-
cations. For instance, in the field of thermal management
of electronic devices, maximizing the cooling efficiency of
electronic chips is crucial. This requires the cooling medium
in microchannels to have excellent thermal conductivity
and other thermal properties. Nanofluids are ideal cooling
media, but selecting the most cost-effective type of nanofluid
is a challenge. Our comparative study on the thermal prop-
erties of nanofluids composed of metals and metal oxides
with the same BF provides valuable guidance. For applica-
tions in electronic device thermal management, where high
thermal conductivity and superior physical properties are
needed, metal NP-based nanofluids can be directly chosen
over metal oxide NP-based nanofluids. Conversely, for engi-
neering applications that require a higher viscosity fluid
medium, metal oxide NP-based nanofluids can be selected.
This research provides important theoretical and practical
guidance for the selection of nanofluids in engineering
applications.

Similarly, in the fields of battery design and preven-
tion of thermal runaway, temperature management of bat-
teries is a critical area. Many researchers incorporate
nanofluids into battery designs to prevent thermal run-
away. However, determining the most suitable nanofluid
for battery thermal management is a challenging question.
Our study on the differences in thermal properties between
nanofluids formed by metal NPs and metal oxide NPs can
provide guidance on the integration of thermal conductivity,
viscosity, and other thermal properties into battery thermal
management. When selecting a nanofluid as the cooling
medium for battery thermal management, our research
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can guide the choice of nanofluid type that offers optimal
cooling performance. Additionally, our research can help
researchers select appropriate NP shapes and volume fraction
parameters. Furthermore, our study can assist researchers in
choosing nanofluids with higher thermal conductivity from
those formed by metal and metal oxide NPs for use as cooling
media in battery thermal management.

Overall, our research provides highly valuable gui-
dance on the selection of nanofluids for engineering appli-
cations. We have conducted a detailed microlevel analysis
of the differences in thermal properties between nano-
fluids composed of metal NPs and those composed of metal
oxide NPs. This analysis reveals the internal mechanisms
underlying these differences. Our findings hold significant
research and practical implications in the fields of nano-
fluid research and engineering, offering crucial insights for
both theoretical studies and real-world applications.

This study investigates the differences in thermophy-
sical properties and internal microscopic mechanisms of
nanofluids when the NPs are metal versus metal oxide.
Serving as a preliminary research topic for the selection
of cooling fluids in electronic chip thermal management,
this study utilized Ar-based nanofluids, which offer rela-
tively convenient simulation conditions. In our future
research, we plan to extend our conclusions to the thermo-
physical properties of water-based nanofluids containing
metal and metal oxide NPs. This will allow us to derive
general conclusions applicable to various nanofluids, pro-
viding theoretical and practical guidance for selecting
nanofluid types in engineering applications requiring nano-
fluids as heat transfer media.

As previously mentioned, this study offers both theo-
retical and practical guidance for selecting cooling fluids in
electronic chip thermal management. Additionally, it can
provide guidance for all engineering applications aiming to
enhance heat transfer using nanofluids, such as battery
design and prevention of thermal runaway, microchannel
heat exchange, photothermal conversion, and energy sto-
rage. This research holds significant theoretical signifi-
cance for the practical application of nanofluids, offering
convenience and indispensable guidance for their use in
real-world applications.

Furthermore, it explains the internal mechanisms
underlying the discovered patterns from a microscopic
structural perspective. This research extends the study
of thermal properties of nanofluids and provides valuable
insights into the investigation of nanofluids composed of
metals and their oxides with the same base liquid, thereby
offering guidance for further research in this field. Moreover,
it holds significant implications for the study of the micro-
scopic mechanisms of nanofluids.
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