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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu Nanofluids (NFs) are nanoscale colloidal suspensions containing dense nanomaterials. They are
Keywords: two-phase systems with solid in liquid phase. Due to their high thermal conductivity, nano-
Brownian displacement particles increase the thermal conductivity (TC) of base fluids, one of the basic heat transfer
Thermophoresis parameters, when distributed in the base fluids. The present research investigates the thermal
Thermal behavior behavior, Brownian motion, and thermophoresis of water/graphene NF affected by different
Molecular dynamics simulation numbers of atomic wall layers (4, 5, 6 and 7) by molecular dynamics (MD) simulation. This
Graphene/ water nanofluid investigation reports changes in heat flux (HF), TC, average Brownian displacement, and ther-

mophoresis displacement. By raising the number of atomic wall layers from 4 to 7, the average
Brownian displacement and thermophoresis displacement increase from 3.06 A and 23.88 A to
3.62 and 25.05 A, respectively. Increasing the number of layers due to the decrease in temper-
ature increases the temperature difference between the hot and cold points along the channel. It
increases the Brownian motion and the maximum temperature. Additionally, by raising the
atomic layers of the channel wall, the values of HF and TC increase from 39.54 W/m? and 0.36
W/mK to 41.18 W/m? and 0.42 W/mK after 10 ns, respectively. The temperature rose from 1415
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to 1538 K. These results are useful in different industries, especially for improving the thermal
properties of different NFs.

Abbreviations

NFs Nanofluids

TC Thermal conductivity

MD Molecular Dynamics

HF Heat flux

RDF Radial distribution function
EAM Embedded-Atom Method
LJ Lennard-Jones

LAMMPS large-scale atomic/molecular massively parallel simulation

Nomenclature

I The distance between particles (m)

uj The potential of a particle (eV)

&jj Depth of the potential well (Kcal/mol)

Gij Finite distance in which the potential is zero(/o\)
r The distance of the particles from each other
Uj; The electric potential (eV)

A% The total volume of particles %)

kg Boltzmann constant (1.380649 x 10-22 J K1)
T The system temperature (K)

J The heat ﬂux(W/mz)

m; The mass of the particle(g)

aj The acceleration of the particle (m-s~2)

Nfg The number of degrees of freedom

Fo Constant coefficient between 0 and 1

Pp An attraction force caused by the presence of particles in the simulated box
op A repulsive force caused by atomic charge density

1. Introduction

Nanofluids are a new class of fluids engineered by dispersing nanometer-sized materials. To be more precise, NFs are nanoscale
colloidal suspensions containing dense nanomaterials [1,2]. It is known that NFs have increased thermophysical properties such as TC,
viscosity, and convective heat transfer coefficient [3]. Among the nanostructures used in NFs today, special attention is paid to gra-
phene. Each graphene layer comprises hexagonal carbon rings that create a honeycomb structure [4]. In short, this structure is strong
and thin, light, almost transparent, a very good thermal and electrical conductor, and has special electronic features [5]. Moreover, the
movement of particles immersed in a fluid after colliding with fast atoms or molecules is called Brownian motion or random motion
[6]. The reason why Brownian motion occurs is the application of force on particles. Many forces are applied to the particle in different
directions [7]. Thermophoresis force is applied to the particles to decrease the temperature. It is caused by the increase in the
movement of the molecules of the colliding fluid on the warmer side of the particle [8]. Due to the many advantages of NFs, especially
their properties in heat transfer, NFs and factors affecting their behavior have been the subject of many researches, such as Shei-
kholeslami et al. [9] investigated the influence of uniform magnetic force on the thermal behavior of water-based NF in a porous
container. The results indicate that the consideration of higher magnetic forces leads to a more conducive mechanism, and the
permeability can increase the temperature gradient. Alilat et al. [10] investigated the influence of the cavity’s inclination and aspect
ratio on the behavior of a conical antenna cooled with NF-saturated porous media. It was concluded that the ratio of dimensions and
slope of the cavity affects the thermal behavior of the active cone. Chattopadhyay et al. [11] simulated the magnetic mixed convective
flow and the hybrid NF’s thermal behavior in a partially heated wavy cavity. The simulations show a significant increase in thermal
performance with increasing magnetic orientation, corrugation, and solid concentration of nanoparticles. Li et al. [12] studied the
thermal behavior of pool boiling heat transfer of the water-based NF and the effect of the number of iron nanoparticles on it. Ruhani
et al. [13] investigated the thermal characteristics of a new NF with cerium oxide powder. It was observed that with increasing of ¢ and
temperature, the TC ratio of the NF increases. Zamen et al. [14] studied the application of Al;Os/water NF as a coolant in the new
design of photovoltaic/thermal system. The obtained results show that adding nanoparticles to pure water can significantly increase
the efficiency of the photovoltaic/thermal device. The researchers’ results show that the channel type affects the flow and movement of
atoms [15-19]. For example, Saeed et al. [20] investigated partial slip on double-diffusive convection on peristaltic waves of john-
son-segalman NFs under the impact of inclined magnetic field. The results show that the slip effect in the channel causes the fluid
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particles to stray, slowing the fluid velocity. Moreover, as thermophoretic effects and Brownian motion increase, nanoparticles rapidly
move from the wall into the fluid, significantly raising the temperature. Akram et al. [21] investigated the peristaltic motion of an
asymmetric channel carrying magneto-Prandtl NF under double-diffusive convection, including thermal and concentration gradients.
The findings of this investigation can be beneficial in improving gastrointestinal movements and pumping in various engineering
devices. Akram et al. [22] investigated the effect of magnetic field and double-diffusive convection on thermally radiative peristaltic
flow of Prandtl tilted magneto NF in an asymmetric channel with effects of partial slip and viscous dissipation. The results show that as
the Grashof number increases, the drag force decreases, increasing the axial velocity.

In line with the aforementioned statements, NFs with their many features and advantages, such as their features in heat transfer in
various industries, have been studied by many researchers. Many of these researches have dealt with NFs from different perspectives.
Also, some investigations have been done using the MD simulation [23-25]. In a recent essay, the influence of layers 4, 5, 6, and 7 on
graphene-water NF’s atomic and thermal behavior was investigated using MD simulation. For this investigation, the thermal behavior
of the samples, temperature profile, HF, TC, and changes in average Brownian displacement and thermophoresis displacement were
checked for atomic behavior. The obtained findings can be useful in different industries to achieve products with optimal thermal
capabilities.

2. Numerical method

2.1. Simulation detail

In this research, the copper channel is first simulated in three directions with periodic boundary conditions, and then the water/
graphene NF enters the channel. Fig. 1 shows the schematic and direction of fluid flow. It should be noted that the simulated graphene
is in the form of an armchair, as shown in Fig. 1. Then, by using Avogadro and Packmol softwares, the prototype of the structure was
prepared, and the desired structure was developed in three directions of the coordinate axes. The copper channel was modeled by
LAMMPS software. Fig. 1 depicts a view of the simulated sample. Then, the NPT ensemble and initial conditions (300 K and 1 bar) were
imposed. In the next stages, the NPT ensemble was replaced by the NVE ensemble, and thermal behavior and Brownian motion and
thermophoresis of water/graphene NF were investigated by reporting temperature profile, HF, TC, Brownian motion, and thermo-
phoresis. For more information about formulation of the problem, please see supporting information (See Appendix A).

3. Results

3.1. Equilibration process

First, the equilibrium was investigated in the atomic sample, including water/graphene NF and copper channels. Therefore, the
initial temperature of the structure was set at T=300 K and the simulation was run for 10 ns with the Nose-Hoover thermostat. Fig. 2
depicts the temperature changes. As can be seen, the temperature in the modeled sample converges to T=300 K after 10 ns. It is clear
that as more simulation time passed, the temperature fluctuations decrease, and the value of this quantity reaches to 300 K. This
behavior is the result of the reduction of the oscillation amplitude of the atoms with the progress of the simulation, which occurred as a
result of the proportionality of the simulated atomic structure and the defined force field.

Fluid Foy,

Cu wall layer «

H20 Fluid

Geraphene

Fig. 1. A view of the a) structure of water/graphene NF and b) graphene structure.
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Fig. 2. The temperature changes of the structure after 10 ns.

Fig. 3 shows the changes in kinetic energy in terms of simulation time. Due to the direct relationship between temperature and
kinetic energy, changes in kinetic energy in the atomic sample with respect to time also display the similar results. In other words, as
more simulation time passes, the kinetic energy converges to 430 eV. This behavior was the result of the decrease in the mobility of the
atomic sample over time and indicates the lack of increase in the structural disorder within the defined channel. This convergence in
kinetic energy and temperature resulted from proper simulation settings, which is considered a kind of validation of the present
calculation method.

After observing the balance in the structure, the calculation method was validated. For this purpose, the radial distribution function
(RDF) between oxygen-oxygen in water molecules in the defined aqueous medium was calculated and reported. The obtained results
for this quantity are presented in Fig. 4. In this part, the RDF of O, was calculated to validate the results of MD simulations. Physically,
the RDF in an atomic structure represents particles’ relative arrangement. Calculating the RDF was a compelling way to recognize
between different atomic structures, agreeing with the basic concepts of the MD simulation. The atomic neighbors of the core atom are
represented by the peaks formed in the RDF of an atomic sample from a physical perspective. As a result, this function had a distinct
peak for various gas-phase structures, after which its numerical value tended to be constant.

On the other hand, the RDF for atomic structures in the liquid phase shows a clear peak and multiple subsidiary peaks. Similar peaks
of approximately equal size were expected for RDF of solid structures. The pattern of this RDF was not changed over time in atomic
samples, and consequently, it could be compared with previous results. Comparing this quantity shows an acceptable correspondence
between the simulations performed and previous studies [35,36], which shows the scientific validity of the results obtained from MD
simulations. Based on the diagram, the initial peak was occurred after 10 ns near the 2.5 A point.

3.2. The atomic wall layers
Changes in the initial conditions of atomic structures can directly affect their performance. One of the ways to change the HF in the
designed structures is to change the thickness of the atomic channel walls. At this stage, the process described with the number of
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Fig. 3. The changes in kinetic energy of the structure versus simulation time at the initial temperature of 300 K.
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Fig. 4. RDF of oxygen-oxygen in water molecules at an initial temperature of 300 K.

atomic layers of the channel wall) 4, 5, 6, and 7 (was investigated. Fig. 5 depicts the changes in average Brownian displacement versus
the number of atomic layers after 10 ns. In line with the mentioned diagram, by raising the layers from 4 layers to 7 layers, the average
Brownian displacement rose from 3.06 to 3.62 A. As the number of layers of the structure increases, the temperature decreases. This
decrease in temperature causes a more significant temperature difference between the hot and cold areas. A more significant tem-
perature difference causes the movement of more molecules. As a result, by increasing the number of layers, heat transfer is done faster
and better. Finally, the number of layers increases the average atomic displacements, and the average Brownian displacement of the
final sample increases significantly.

Fig. 6 displays the changes in the average displacement of thermophoresis versus the number of atomic layers after 10 ns. Ther-
mophoresis is a phenomenon observed when a mixture of two or more moving particles is subjected to the force of a temperature
gradient. This phenomenon is essential in the free movement process, where the flow is based on buoyancy force and temperature.
Particles move in the direction of decreasing temperature. Due to the effect of temperature gradient on the displacement of ther-
mophoresis, with the increase of atomic layers and the subsequent increase in the movement of atoms, the temperature gradient
increases along the channel in the flow direction. As a result, due to the rise of the temperature gradient, the displacement of ther-
mophoresis increases. Finally, increasing the atomic channel wall layers increases the average thermophoresis displacement.
Apparently, by raising the layers from 4 layers to 7 layers, the average thermophoresis displacement rises from 23.88 to 25.05 A. In
other words, by raising the number of atomic layers, the design structure is done, the temperature increase created in the cold area is
increased for the hot area, and finally, this process causes more mobility of the simulated atoms and optimal heat transfer inside the
simulated atomic channel. Finally, increasing the number of atomic channel wall layers increases the average thermophoresis
displacement.

Increasing the intensity of NF particle transfer for atomic channel walls with more layers made thermal energy transfer more
intensively into the designed structure. This physical claim can be evaluated by examining the HF transferred inside the atomic
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Fig. 5. Changes in Brownian average displacement versus atomic wall layers after 10 ns.
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Fig. 6. Changes in average thermophoresis displacement versus the atomic wall layers after 10 ns.

channel. For this purpose, calculations related to the HF inside the simulation box were performed, and the results are presented in
Fig. 7. Numerically, by raising the number of atomic layers of the channel wall, the HF increases from 39.54 W/m? to 41.18 W/m? after
10 ns. This process was due to the expansion of the hot areas inside the channel by increasing the number of atomic layers of the wall of
a microchannel, which led to an increase in thermal conductivity (TC) of the entire atomic structure.

Fig. 8 shows the TC of the structure with increasing atomic layers. It is clear that by raising the atomic layers from 4 to 7, the TC
increases from 0.36 W/mK to 0.42 W/mK. The increase in atomic layers, atomic fluctuations, average Brownian displacement, and
thermophoresis increase the heat transfer rate.

Fig. 9 depicts the temperature profile in the atomic channel according to the number of layers of the atomic channel. The results
indicate the maximum temperature value at the maximum distance from the channel walls. In other words, by increasing the number
of atomic layers from 4 layers to 7 layers, the maximum temperature increases from 1415 K to 1538 K and improves the temperature
profile. In the fully developed region, the diffusion due to thermophoresis is greater than the diffusion due to the Brownian motion of
the nanoparticles. Hence, the accumulation of nanoparticles in the central regions of the channel is higher. However, a more uniform
distribution of nanoparticles is observed in the entrance area. As a result, the peak can be seen in the middle of the channel. At the peak,
the maximum temperature increases as the number of layers increases.

All numerical results obtained are presented in Table 1. The existence of equilibrium in this stage of simulations and the non-
destruction of the atomic structure of the simulated NF guaranteed the use of defined atomic samples in laboratory conditions. To
ensure the existence of balance in the atomic structures, the composition of these samples from a close-up view and in different
numbers of layers is presented in Fig. 10.

4. Conclusion

Since the increase of heat transfer is always required for modern industrial applications, conventional methods alone are not the
answer, and the methods of increasing heat transfer are of serious interest to researchers in this regard. One of the new methods is the
use of NFs. The movement of nanoparticles in base fluids is caused by seven sliding mechanisms: inertia, Brownian motion, ther-
mophoresis, Magnes effects, gravity effect, diaphoresis effect, and fluid discharge effect. Of the above seven mechanisms, only
Brownian motion and thermophoresis are necessary for the sliding mechanism in NF. As a result, in this research, the Brownian motion,
and thermal behavior of water/graphene NF affected by the atomic wall layers (4, 5, 6 and 7) were studied using MD method. To
conduct this investigation, the designed NF was first simulated inside a copper nanochannel and then was evaluated in equilibrium and
structural/thermal transformation. The most eminent results are listed as follows:

e With the passing of the simulation time in the defined atomic sample, the atomic oscillations inside the simulation box decrease,
and the values of kinetic energy and temperature in the final sample converge to 430 eV and 300 K, respectively.

e Increasing the number of layers due to the decrease in temperature increases the temperature difference between the hot and cold
points along the channel. It improves the Brownian motion and the maximum temperature.

¢ Raising the atomic layers from 4 to 7 increases the average Brownian displacement and thermophoresis displacement from 3.06 A
and 23.88 A to 3.62 and 25.05 A, respectively.

e Raising the channel wall’s atomic layers increases the HF and TC values from 39.54 W/m? and 0.36 W/mK to 41.18 W/m? and 0.42
W/mK after 10 ns, respectively.

e By rising the number of atomic layers, from 4 to 7, the maximum temperature rose from 1415 K to 1538 K.

¢ Increasing the atomic layers of the wall improves the thermal behavior of the structure.
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Table 1

Changes in average Brownian displacement, average thermophoresis displacement, HF, TC, and maximum temperature in the structure after 10 ns versus the number of
atomic wall layers.

Atomic wall layers Brownian displacement @A) Thermophoresis displacement A) HF (W/m?) TC (W/m.K) Maximum temperature (K)
4 3.06 23.88 39.54 0.36 1415
5 3.18 23.90 39.88 0.38 1421
6 2.51 24.15 40.12 0.40 1532
7 2.62 25.05 41.18 0.42 1538

Fig. 10. The atomic structure defined in the present research in the final stage of MD at atomic wall layers a) 4, b) 5, ¢) 6, and d) 7 layers.
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Appendix A

A-1. MD simulation

Computer simulation is one of the greatest methods for examining materials’ structure and behavior. MD is one of them; it is a
multidisciplinary approach that investigates the connections between molecule structure, motion, and functions. In MD simulation,
atoms and molecules may interact for a predetermined amount of time while following the accepted principles of physics, providing
insight into particle motion. The basis of MD simulation lies in solving Newton’s equations of motion [26,27].

du
F,-:m,»ai = 7V,U = — (a- 1)
dr,»

In this simulation, the velocity Verlet algorithm can be used as an efficient method for integrating the equations of motion of the
algorithm [28,29].

_ d*r; )
r (t+A)=2rt) — r(t— A1)+ i (Ar) (a-2)

At (a (t) + a(t + Ar))

v(t+ Ar)=v(t) + At v(r) + >

(a-3)

The functional form and its parameters must be specified to define a force field. The non-bonded potential function occurs due to
particles in space and has different types [30]. Tersoff, Lennard-Jones, EAM, and Coulomb’s potentials were used in this article. In MD
simulation, an essential concept is introduced: the concept of total energy in the system. Total energy, denoted as total energy, assumes
a pivotal role in MD simulations, serving as a comprehensive measure encompassing the cumulative sum of all interactions manifesting
within the system. These interactions encompass diverse forces and energy contributions, spanning the gamut from covalent and
non-covalent bonds to electrostatic and van der Waals forces. Consequently, calculating total energy necessitates meticulously
considering all these intricate interactions that collectively govern the system’s behavior. For clarity and precision, the governing
equation encapsulating this fundamental concept is presented [27].

Eotat = Evondea + Enonbonded (a-4)

In MD simulation, the direct computation of forces emanating from an infinite multitude of particles constitutes a formidable and
exceedingly time-consuming challenge. Given the impracticality of resorting to qualitative methods, resolving these complex
computational challenges necessitates the judicious utilization of mathematical functions and potential models. Within the context of
this research, the intricate dynamics of particle interactions are mathematically modeled through the adoption of specific potential
functions. In non-bonded interactions, all pairs of particles i and j, which are placed at a distance r;; from each other, interact with each
other on the effect of the Lennard-Jones (LJ) potential [31]:

12 6
[
ij ij

&jj, 6jj, and r are the depth of particle potential well, the finite distance in which the potential was zero, and the distance
among the particles. The Lennard-Jones potential coefficients for the particles present in the upcoming simulation are re-
ported in Table 1.

Table a-1

Lennard-Jones potential parameters of present particles [29,32].
Atom & (kcal/mol) o5 (&)
C 0.105 3.851
H 0.044 2.886
(0] 0.060 3.500
CU 0.005 3.495

EAM potential is used to simulate the interplays of metal systems. Johnson and Dow first introduced this potential in 1988 and
1989. One of the features of this potential is the ability to describe bonds that deal with certain complexities. This complexity in this
type of system is the creation of bonds when the metal atom is placed in the electron cloud of the host atom. Such interactions are
described as an experimental function of submerged energy. This function describes interactions by considering many binary and
polyatomic effects. The total energy of such a system is written as Eq.a-6 [33]:
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Un=Gu S 00) ) +3 5 0r) (@-6)
J#i J#i
Based on the above equation, the potential is defined as the energy required to place atom i in the superelectronic space of atom j.
Gy is the latent energy or force of the i atom (type o) in the electron space of other atoms. Uy is a function of the interatomic potential,
pJ[5 is the average electron density of the host atom j, and r;; is the interval between the atoms i and j.
The attraction potential is a three-particle potential and is very suitable for simulating atoms bound together by covalent bonds.

This potential is a very good approximation for simulating carbon structures such as graphene sheets, carbon tubes, porous carbon, etc.
[341:

E:% SNV (a-7)

i A

Finally, electric potential energy is obtained from Coulomb’s constant forces. This energy determines the force of static electric
charges of the particles of a system that repel or attract each other [34]:

-1 g

= -8
47'[80 )’ijz (a )

Uy(r)
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