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A B S T R A C T

A nanofluid (NF) is a mixture of metallic or non-metallic nanoparticles (NPs) suspended in a fluid. The high
activity and energy of the surface atoms of NPs cause them to stick together and aggregate in the base fluid (BF).
This leads to instability, changes in the NF concentration, and fouling and obstruction of the flow path, which
reduces the NF’s thermal conductivity (TC). In this study, the effect of copper oxide NPs on atomic behavior and
the aggregation procedure in a water/CuO NF flow in a microchannel was explained using a Molecular Dynamics
(MD) simulation procedure. For this purpose, various physical parameters, such as density, temperature, ve-
locity, aggregation time (AT), and potential energy (PE), were calculated. The results show that after 1 ns, the
temperature and PE converged to 300 K and − 553088 eV. By CuO NPs number increasing among H2O molecules,
the maximum ratio of density, temperature, and V profiles reached 1.60 g/cm3, 0.0122 Å/ps, and 303 values.
The aggregation process in simulated NF was varied by these atomic changes. From a numerical point of view, by
CuO NPs number increasing from 2 to 3 NPs, the AT reduced by 1.15 ns to 1.01 ns. Furthermore, this atomic
evolution was investigated by PE changed from − 652411 to − 660258 eV.

1. Introduction

A mixture of metallic or non-metallic NPs suspended in a BF is called
NF. According to the researcher’s experimental results, adding NPs, such
as CuO, Fe3O4, MgO, etc., improved the properties of the BF [1–5].
Fabricating stable, uniform, durable, and long-lasting NFs in small and
miniature equipment, such as microchannels, micro coolers, and micro-

radiators are key points to prepare NFs [6,7]. Among the NPs used in
NFs, research showed that CuO/water (0.698 W/m.K) NF [8], in terms
of their high TC compared to Fe3O4/water (0.7 W/m.K) [9], and MgO/
water (0.598 W/m.K) NF [10], improve the thermal behavior of base
layer. It had the advantage of using more eco-friendly materials, being
cheaper than chemical synthesis, simpler, more rapid and sustainable
[11].

MD simulation is a critical tool for studying the structure and

Abbreviations: NPs, Nanoparticles; NFs, Nanofluid; BF, Base fluid; TC, Thermal conductivity; AT, Aggregation time; PE, Potential energy; D, Molecular Dynamics;
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function of biological macromolecules. It is a computational simulation
framework in which particles and atoms interact with each other under
known laws of physics for a specific time, allowing for the observation of
the motion of atoms [12–14]. Studies showed that various factors,
including height, temperature, microchannel wall layers, type, size,
number of NPs, and electric field, can affect fluid flow [7,15–17].

In their study, Ahadian et al. [18] utilized the MD simulation
approach to investigate the flow through a microchannel. The results
indicate that the wall material and its interaction with BF had a signif-
icant effect on fluid flow in the microchannel. Platinum is a widely used
chemical element with the symbol Pt. It is an expensive, dense, flexible
metal that is largely inert. It can dissipate heat well which is resistant to
the effects of weather, allowing it to withstand high temperatures for
extended periods [19]. Platinum is one of the least reactive metals and
has significant corrosion resistance, even at high temperatures. For this
reason, it is considered a noble metal which is typically found in pure
form in nature. Noble metals are a group of metals that exhibit resistance

to corrosion and oxidation in humid air [20]. NF was promising in
various practical applications, and their behavior depends on the
dispersion of NPs in the NF arrangement [21–24]. Due to the high ac-
tivity and energy of the surface atoms of NPs, they tend to stick together
and aggregate in BF, resulting in instability, changes in the NF concen-
tration, fouling and obstruction of the flow path, and a reduction in the
NF’s TC [25,26]. The demand for enhanced coolants with higher per-
formance is driven by increasing global competition, faster operating
speeds, and device miniaturization [27]. The TC of NFs attracted
attention in the past decade due to their use in heat transfer. Numerous
studies demonstrated a significant improvement in TC in NFs. However,
some recent studies showed that the increase in TC was consistent with
the expectations of the effective medium theory [28]. Several possible
mechanisms were proposed to explain the extensive data spectrum.
Research suggests that an increase in aggregation can result in a sig-
nificant increase in TC. However, in some cases, an increase in aggre-
gation can lead to a decrease in TC. Shima et al. [29] investigated the
effect of aggregation on the TC of CuO and Fe3O4 NFs. The results show
that in the absence of stabilizers, the aggregation and subsequent
settling of CuO NF led to a decrease in TC over time. This is due to the
fact that aggregation caused channel clogging and an increase in thermal
resistance. Therefore, it was essential to investigate the aggregation and
TC in micro dimensions and microchannels. Various parameters, such as
NPs ratio and sizes, could be changed to properly dispersion NPs in BFs.
So, optimized NPs ratio performance was important for appropriate
dispersion and NF stability [30–32]. Kang et al. [33] utilized MD
modeling to study the effect of NP aggregation on the thermal properties
of NFs. Additional NPs were added to the simulation box to enable
modeling of NP aggregation. The results show that various NP cluster
arrangements resulted in different increases in TC and viscosity in the
NF. Investigating the effect of Fe3O4 NPs on NF aggregation was done by
Dehkordi et al. [34]. The results show that the maximum rates of den-
sity, velocity, and temperature profiles increased to 1.675 g/cm3, 0.012
Å/ps, and 712 K rates, respectively, by increasing the NP number from 1
to 3. Similarly, Shen et al. [35] investigated the effect of ferrite NPs on
the atomic behavior of H2O in a channel with platinum walls. The
findings suggest that as the number of NPs increased, the interaction
between the fluid particles and the walls led to the aggregation of fluid
particles in the vicinity of channel walls.

The addition of NPs to the BF was shown to improve its thermal and
atomic behavior, as observed from the review of articles. Additionally,
various factors, including NP size, type, and quantity, have an effect on
these properties. Increasing the size and number of NPs increased the
likelihood of aggregation.

In this study, MD was utilized to examine how the quantity of NPs
affected the atomic behavior and aggregation of NF consisting of CuO
and water. For this purpose, three NPs were used, and investigations
were conducted into how the number of NPs affected density, velocity,
temperature, potential energy, and clumping time.

2. Simulation details

MD simulation is a powerful tool for studying fluid flow in micro-
channels. The main principle of this method is to solve Newton’s
equations by considering the potential for interaction between mole-
cules and external factors. Compared to other nanoscale degradation
methods, MD simulations are effective and accurate methods for
studying flow behaviors in micro and nanochannels. The atomic
behavior of H2O/CuO NF in Pt microchannel in an external electric field
was examined using the MD simulation. The simulation box size was
considered to be 0.75 × 0.3 × 0.3 μm3. Increasing the size of the
simulation box while maintaining density results in an increase in the
number of particles in the system and, consequently, the number of
interactions to be calculated. Therefore, the size of the simulation box
should not be too big or too small. In this study, the size of the simulation
box was chosen based on previous references and to minimize the

Nomenclature

rij The distance between particles (m)
ui The potential of a particle (eV)
εij Depth of the potential well (Kcal/mol)
σij Finite distance in which the potential is zero(Å)
r The distance of the particles from each other
Uij The electric potential (eV)
V The total volume of particles (Å3)
kB Boltzmann constant (1.380649 × 10− 23 J⋅K− 1)
T The system temperature (K)
mi The mass of the particle (g)
ai The acceleration of the particle (m⋅s− 2)
Nfs The number of degrees of freedom
Fα Constant coefficient between 0 and 1
ρβ An attraction force caused by the presence of particles

in the simulated box
ϕβ A repulsive force caused by atomic charge density
kr Oscillator constant
r0 Oscillator’s bond length
kθ Angular oscillator’s constant
θ0 Equilibrium value of the oscillator’s angle
t MD simulation time

Table 1
The σij and εij constants for Lennard-Jones potential in various atoms simulation
using MD approach [54,55].

Atom σij (Å) εij (kcal/mol)

O 3.166 0.1553
H 0.000 0.000
Cu 3.495 0.005
Pt 2.754 0.008

Table 2
The all simulation parameters of this study.

Parameter Value

Initial Temperature 300 K
Initial Pressure 1 bar
External force 0.02 eV/Å
Number of atoms 1,889,321 atoms
Size of CuO 50 nm
Simulation box size 0.75 × 0.3 × 0.3 μm3

Simulation time 5 ns

L. Ze et al.
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number of simulation runs [34,36].
Then, the water flow was modeled by the simple point charge (SPC)

model, and the flow results were evaluated. Based on the researchers’
results to study the properties of water molecules using MD, the SPC
model’s simulation results were close to real and experimental data
[37–39]. Furthermore, sites performed for positive charges and

electrostatic interactions on hydrogen were equivalent to a properly
negative charge added to an oxygen atom [40]. Hence, the structure was
stable. SCP model provided a way to advance our understanding of the
microscopic mechanism which determined heat transfer in water.
Consequently, SPC method was used in this research.

In the Z-orientation, the boundary conditions is fixed and in the X

Fig. 1. Atomic representation of H2O/CuO NF and Pt microchannel a) befor and b) after 1 ns.

Fig. 2. Atomic representation of H2O/CuO NF and Pt microchannel in the presence of various numbers of NPs.

L. Ze et al.
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and Y orientations were considered to be periodic. The X direction
moved in the same direction as the fluid flow. As a result, for every
particle that exited the system, an identical particle entered from the
other side. Therefore, the total number of atoms remained constant until
the end of the simulation and the initial temperature was set to T0= 300
K. Finally, adding CuO NPs to the fluid structure, system evolution, and
flow in the microchannel were evaluated. (Copper oxide NPs were
simulated with a spherical structure with a radius of 50 nm). The size of
the NPs was selected based on the relevant literature [41,42]. Copper
oxide NPs can range in size from 50 nm to 80 nm. Choosing a larger NP
size may increase aggregation and clogging of the microchannel [43]. In
this study, NPs with a size of 50 nm were selected.

The simulated structure contained 1,889,321 atoms. After deter-
mining the number and initial positions of BF, the initial location, and
velocity of the particles were established. An external force with
magnitude of 0.02 eV/Å applied in X direction to the nanofluid to flow
inside the channel. The intermolecular forces were then calculated
based on the potential function, and the simulation conditions were
applied. The equations of motion were subsequently integrated, and the
new momentum and velocity of the particles were recorded at each
moment. This loop was continuously repeated until the system reached
equilibrium, and finally, the average values of thermodynamic quanti-
ties and the simulation outputs were checked. MD simulations proced-
ure was fulfilled using this law and Velocity-Verlet proposition to
coordinate Newton’s law [44–46].

Discover program offers a number of ways to regulate pressure, and
temperature. Different statistical ensembles may be produced depending
on which state variables (such as the energy (E), volume (V), tempera-
ture (T), pressure (P), and particle number (N)) were maintained con-
stant. The averages or changes of these values across the ensemble
created may then be used to compute a range of structural, energy, and
dynamic properties [47].

The available ensembles are:
Constant energy, constant volume (NVE).
Constant temperature, constant volume (NVT) (default).
Constant temperature, constant pressure (NPT).
In all ensembles, the number of particles is conserved.
The constant-temperature, constant-volume ensemble (NVT), also

known as the canonical ensemble, was the default ensemble used by the
Discover program. During the initialization step, direct temperature
scaling was used to regulate the temperature, and temperature-bath
coupling was used during the data collection stage to create the
ensemble [48]. The volume was maintained throughout the entire
simulation run.Whenmolecules were searched for their conformation in
a vacuum without periodic boundary requirements, the constant-
temperature constant-volume ensemble was the best option. Without
periodic boundary conditions, it was not possible to define volume,
pressure, and density. Constant pressure dynamics cannot be performed
in this case. The constant-temperature constant-volume ensemble had
the advantage of minimal trajectory disruption because it did not
require a connection to a pressure bath, even when periodic boundary
conditions were employed [49].

The simulation system was kept in volume and temperature. A Ca-
nonical (NVT) ensemble was used for this purpose. Nose-Hoover ther-
mostat had bridged temperature [50–52]. The system’s energy was
minimized and simulated for 1 ns (equilibration time) in thermody-
namic mode. This thermostat was executed for getting to the equilib-
rium phase for t = 1 ns. Still, MD simulations were accomplished till t =
4 ns afterward using a micro-canonical (NVE) ensemble to the time
evolution detection CuO NPs aggregation process in the MD box.
Therefore, the total duration of the simulation was equal to 5 ns, which
was enough to study and observe various atomic phenomena, such as
atomic behavior and aggregation in simulated NPs.s

Applying intermolecular potentials was one of the basic issues to
solve MD. The present study used Universal Force Field (UFF) for fluid,
NP, and wall molecules. Moreover, the potential of Embedded-Atom
Method (EAM) was used to estimate the internal interplay of metal
particles [37,53–55]. UFF force field was represented by Lennard-Jones
potential. Lennard-Jones equation used for non-bond interaction among
different atoms was shown as follows [56]:

ULJ = 4εij
[(σij

r

)12
−
(σij
r

)6
]

(1)

Fig. 3. a) Temperature and b) Total energy alteration of H2O/CuO NF at Pt microchannel at different CuO NPs.

Table 3
The PE value of H2O/CuO NF and Pt microchannel system in the presence of
various CuO NPs after t = 1 ns.

Number of NPs Temperature (k) PE(eV)

1 299.65 − 533791
2 299.66 − 542811
3 300.37 − 553088

L. Ze et al.
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The σij and εij constants for different atoms are detailed in Table 1
[54,55].

A basic oscillator with taking after formalism was performed to
define these types of interactions [57],

Er =
1
2
kr(r − r0)

2 (2)

In Eq. (2), kr is a simple constant of an oscillator, and r0 defines the
oscillator’s band length in the equilibrium state. Moreover, a simple
angular oscillator was applied to the definition of bond-angle interaction
in structures based on Eq.3 [58],

Eθ =
1
2
kθ(θ − θ0)

2 (3)

Fig. 4. A) the changes in the rdf with the change in the phase of the simulated samples [65]:, b) The radial distribution function of O atom in H2O, and c) The radial
distribution function of Cu-O.

L. Ze et al.
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kθ shows the angular constant of an oscillator, and θ0 defines the equi-
librium of the oscillator’s angle. We used the harmonic formalism with
atomic constants reported in SPC and UFF force fields for the dihedral
interaction description. Eq. (4) describes the potential of EAM [12,59].

Ui = Fα

(
∑

i∕=j

ρβ
(
rij
)
)

+
1
2
∑

i∕=j

ϕβ
(
rij
)

(4)

In above equation,ϕβ
(
rij
)
represents the a repulsive force caused by

atomic charge density, and Fα function shows the potential bounded.
Finally, the total energy of the atomic structure was calculated by
Hamilton with this formula [44],

H(r,P) =
1

2m
∑

i
P2
i +V(r1 + r2 + … + rn) = E (5)

where V is a potential energy function, E is total energy, P is momentum.
Table 2 shows the all simulation parameters of this study.

3. Results and discussion

3.1. Equilibration procedure

Firstly, H2O/CuO NF and Pt microchannel system equilibrated at T0
= 300 K for t = 1 ns. This atomic system in different numbers of NPs is
shown in Figs. 1 and 2. Fig. 1 shows the direction of force and the
presence of NPs in the microchannel after 1 ns. According to the shape
and presence of NPs, the results show that the NPs were stable after 1 ns
in the microchannel, which indicated the correct selection of potentials
(EAM and SPC/UFF) in the previous stage [34,36].

Fig. 3 (a, b) show the temperature, and total energy changes over MD
time and the number of CuO NPs. According to Fig. 3, we can say the
energy equilibrated after t = 1 ns. Moreover, total energy converged to
− 533791 eV, − 542811 eV, and − 553088 eV in the presence of 1, 2, and
3 NPs (see Fig. 3 and Table 3). In examining the temperature, according
to equation (6), the temperature depended on the kinetic energy, which
also depended on the velocity of atoms [60].

Average Kinetic Energy =
1
2
mv2 =

3
2
KBT (6)

Based on the results obtained, for 1 and 2 NPs, the level of kinetic energy
did not increase significantly because the two atoms were far apart in the
channel. However, when there were three atoms in the nanochannel,
atomic oscillations increased, and more attractive and repulsive forces

Fig. 5. Density profile of H2O/CuO NF over the number of NPs.

Fig. 6. Density profile of H2O/CuO NF particles versus CuO NPs number after t
= 1 ns.

Table 4
The Highest value of density, temperature, and velocity in H2O/CuO NF by the
different numbers of CuO NPs.

Number of
NPs

Maximum Density
(atom/Å 3)

Maximum
Temperature (K)

Maximum
Velocity (Å/fs)

1 1.35 274 0.0073
2 1.50 285 0.0110
3 1.60 303 0.0122

L. Ze et al.
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were established among three atoms. Consequently, the level of kinetic
energy increased, and this led to a significant temperature increase
compared to the previous two states.

Since the total energy was equal to the sum of the kinetic energy and
the potential energy, and the potential energy in the state of three atoms
was less than that of two atoms, as a result, the total energy of three NPs
will be less than that of two particles and one particle [61,62].

This atomic behavior showed decreasing atoms’ oscillation adequacy
by simulation time passing and by adding CuO NPs to H2Omolecules. By
occurring this phenomenon, atomic stability was recognized.

In the final step of this part, the radial distribution function of the
simulated fluid sample was investigated. RDF changed as the phase of
the simulated samples varied, as can be observed in Fig. 4a. It is possible
to infer from Fig. 4(a) that structures with a solid phase had many

repeated peaks in the RDF. The RDF for atomic structures with a gas
phase exhibited a peak at small distances and no peak at longer dis-
tances, and the value of g(r) converged to a constant [63]. The RDF of a
liquid was intermediate between the solid and gas phases, with a small
number of peaks at short distances superimposed on a steady decay to a
constant value at longer distances [64]. RDF was calculated via the
following equation [65]:

gi(r)dr =
1
N
∑N

i=1
gi(r)dr (7)

RDF of atomic samples showed how the atoms were arranged in nano-
structures and offered exact information on where two distinct atoms
were in respect to one another in the simulation box. The radial distri-
bution function indicated how the atoms in a structure were arranged
relative to each other [66,67]. In the analysis of the result obtained in
this part, the presence of a distinct peak, as well as several repeated
peaks indicated the liquid phase in the simulated BF sample. Therefore,
it is expected that using an external force on the simulated fluid, it is
possible to flow and transfer heat inside the aluminum nanochannel.

3.2. Atomic behavior of simulated atomic structures

Fig. 5 shows the repartition of NPs inside Pt microchannel over the
number of NPs in H2Omolecules. MD results in this section indicated NF
particles attracted by Pt atoms as microchannel walls. Therefore, the
density value of NF particles had the highest ratio in these sections.
Furthermore, the density value of H2O/CuO NF particles decreased in
the middle bins of the Pt channel. Moreover, we can say that by
enhancing CuO NPs from one to three numbers, the highest value of
density varied from 1.35 g/cm3 to 1.60 g/cm3, as reported in Fig. 6 and
Table 4. From these listed numerous results, we conclude the NPs
numbers affected NF particle arrangement, and the density of the final
structure increased by NPs numbers.

The velocity of the simulated H2O/CuO NF is another parameter that
can describe the atomic behavior of the NF structure. The velocity
profile of H2O/CuO NF particles changed as a function of the number of
CuO NPs in this computational study. Fig. 7 illustrates the distribution of
velocity of NF particles as a function of the number of CuO NPs in the
MD box. This numerical analysis concluded that the highest velocity

Fig. 7. The velocity profile of H2O/CuO NF particles due to CuO NPs number.

Fig. 8. The velocity profile of H2O/CuO NF at the different number of CuO NPs
number after t = 1 ns.

L. Ze et al.
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value was located in the middle region of the MD box. In this region, the
interaction among H2O/CuO NF particles and Pt atoms, as simulated in
the microchannel, converged to a minimum ratio. As a result, H2O/CuO
NF particles were freely displaced.

Thus, this atomic parameter became minimum ratios in the initial
and final area of box. It indicated the poiseuille flow of simulated NF
particles in Pt ideal microchannel. As shown in Fig. 8, by CuO NPs
numbers increasing in microchannel, the velocity of H2O/CuO NF
improved. The expansion of NPs into the fluid increased the atomic
movement in this sample. Therefore, the amount of velocity increased.
By increasing movement of atomic structures, the amount of their cor-
responding oscillations increased, and aggregation in these atomic
structures occurred in a shorter period. According to Table 4, the highest

velocity value of simulated NF with one NP is 0.0073 Å/ps. By inserting
3 atoms of CuO NPs into the BF, velocity converged to 0.0122 Å/ps. This
atomic behavior emerged from external force increasing in simulated NF
particles by increasing NP numbers.

The atomic temperature of H2O/CuO NF is shown in Figs. 9 and 10 as
a function of NP numbers. Physically, this parameter can show the time
progress of simulated NPs. MD simulation results show the temperature
attains the maximal amount in the center area of box. This atomic factor
attained the least amount in the initial/final MD package. The highest
H2O/CuO NF temperature was 274 K, 385 K, and 303 K in the presence
of 1, 2, and 3 NPs, respectively (see Table 4). The simulated movement
had the same behavior as shown in Fig. 8. This parameter attained the
highest value in the center area of MD simulation box which was
focalized to the minimum proportion in the vicinity of Pt atoms. From
our results from this section of our MD study, we conclude that CuO NPs
numbers increased in H2O BF, and the final NF’s atomic movement was
appreciable.

3.3. Aggregation process of simulated atomic structures

Fig. 11 shows atomic exhibition of CuO NPs aggregation process in
H2O/CuO NF flow in Pt microchannel at different time. Based on Fig. 11,
at the beginning of the simulation, two atoms were far apart from each
other. After 0.5 ns, two atoms start to approach each other due to the
attractive forces, and the intermolecular distance decreased over the
course of 1 ns. After 1 ns, the two atoms stuck together, and according to
the energy level diagram, their energy levels reached their lowest value,
indicating the aggregation process. NPs’ aggregation procedure was
another parameter in NFs structures. This process can be affected by NP
number changes. According to results of Table 5, aggregation at T0 =

300 K, AT achieved t= 1.15 ns and t= 1.01 ns in the presence of 2 and 3
numbers CuO NPs. This process happened because the atomic oscillation
amplitude increased by the number of NPs increasing in the MD simu-
lation box. The atomic movement of different NPs of H2O/CuO NF
increased by NPs number increasing, and NPs aggregation phenomenon
was recognized faster. CuO NPs aggregation procedure is shown in
Fig. 11.

Moreover, the PE of simulated structures increased by increasing the

Fig. 9. Temperature profile of H2O/CuO NF particles in terms of CuO NPs number.

Fig. 10. Temperature profile of H2O/CuO NF particles in terms of CuO NPs
number after t = 1 ns.

L. Ze et al.
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number of NPs. From the numerical point of view, the PE in the last
point of simulations changed from − 652411 to − 660258 eV (see
Fig. 12).

The main reason for the NP aggregation phenomenon observed in
this study was the applied external force, which caused the NPs to move
and get closer to each other. When the NPs approached each other
closely due to the high intensity of their interaction compared to the BF
particles, aggregation occurred. As the NPs stuck to each other, the fluid-
NP interface decreased, leading to a reduction in the number of colli-
sions among the NPs and the BF. As the collisions decreased, PE and
enthalpy of the system decreased. Therefore, in the time steps related to
the aggregation of NPs, the system was momentarily out of equilibrium,
and the system’s energy level decreased step by step. The system energy
was then rebalanced until the next aggregation. This process continued
until all the NPs adhered so that the system eventually reached the
minimum energy level, and fluctuations in the system increased.

4. Conclusion

In summary, the atomic behavior of structure and the effect of the
number of CuO NPs on the aggregation process in H2O/CuO NF in a Pt
microchannel was performed using the MD simulation. Various physical
factors, such as density, temperature, velocity, AT, and PE were calcu-
lated. This simulation was done with LAMMPS software. In these esti-
mations, H2O molecules were defined as a BF in which 1, 2, and 3
numbers of CuO NPs with a spherical shape were appended to the BF.
The simulation time was 5 ns. The results of MD calculations were
as takes after:

By enhancing CuO NPs from one to three numbers, the highest value
of density varied from 1.35 g/cm3 to 1.60 g/cm3. The NPs numbers
affected NF particle arrangement, and the density of the final structure
increased by NPs numbers.

The highest velocity value was located in the middle region of the
MD box. In this region, the interaction among H2O/CuONF particles and
Pt atoms, as simulated in the microchannel, converged to a minimum
ratio. By inserting 3 atoms of CuO NPs into the BF, velocity converged to
0.0122 Å/ps.

The highest H2O/CuO NF temperature was 274 K, 385 K, and 303 K
in the presence of 1, 2, and 3 NPs, respectively.

A significant decrease in the potential energy diagram indicates the
occurrence of the lumping process. This process can be prevented by
checking the potential energy.

NPs’ aggregation procedure was another parameter in NFs

Fig. 11. Atomic exhibition of CuO NPs aggregation process in H2O/CuO NF flow in Pt microchannel at different time.

Table 5
The changes of AT and PE of H2O-CuO NF in terms of NPs number.

Number of NPs AT (ns) PE (eV)

2 1.15 − 652411
3 1.01 − 660258

L. Ze et al.
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structures. This process can be affected by NP number changes. Ac-
cording to results of Table 5, aggregation at T0 = 300 K, AT achieved t=
1.15 ns and t = 1.01 ns in the presence of 2 and 3 numbers CuO NPs.

5. Suggestions

It was suggested that the effect of an external field on the amount of
aggregation be studied. It is possible to consider the effect of aggregation
of NPs on the TC and viscosity of NFs. It investigated the effect of pa-
rameters like the size of NPs, particle volume fraction, and the intensity
of the fluid-NP interface at the aggregation rate.
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