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A B S T R A C T

In this study, the effect of nanoparticle variation on water/Fe3O4 nanofluid manner in the presence of an
external electric field reported. The results of the physical properties of these structures were estimated by
LAMMPS software. The results of these simulations are used in the design of electronic equipment in which
nanofluids are used as refrigerants in their structures. Physically, for studying the nanofluid atomic manner, we
calculated parameters such as potential energy, density, velocity, and temperature profiles of atomic structures.
Our results showed that the nanoparticle is an important parameter to nanofluid movement in a microchannel.
Numerically, by increasing the nanoparticle number from 1 to 3, the maximum rate of density, velocity, and
temperature profiles increases to 1.675 g/cm3, 0.012 Å/ps, and 712 K rates, respectively. Moreover, by in-
creasing the nanoparticle radius, the number density, velocity, and temperature of water/Fe3O4 nanofluids in-
crease. So we conclude that, by adding nanoparticles to base fluid in the presence of the external electric field,
the heat transfer will occur with higher quality.

1. Introduction

Different fluids are commonly used as heat conductors in thermal
applications. Such applications, in which fluids have a significant role,
are heat conduction systems, cooling systems in electronic, air con-
ditioning systems, and many other important systems [1–4]. In all of
the common applications, the fluid thermal conductivity coefficient has
an important effect on the operation of the target system. For this
reason, engineers have worked on designing advanced heat transfer
fluids which have higher thermal conductivities than common fluids.
Many types of research were made on heat conduction enhancement of
fluids through the physical optimization of these structures. Histori-
cally, in 1995, Choi designed a surprising class of fluids that was de-
pended on suspending metallic nanoparticles. These nanoparticle sizes
are less than 100nm, which inserted into heat transfer fluids [5,6]. So,
the nanofluid term was used to define a mixture fluid that contains
nanoparticles. The idea of inserting solid substances in common fluids
was first designed by Maxwell's researches more than 100 years ago [7].
It was later used to disperse mm, and μm sized particles in fluids by
Ahuja in 1975, Liu et al. in 1988, and Argonne National Laboratory
researchers in 1992 [8–12]. These researches were depended on the

high thermal conductivity of metal substances at 300 K compared to
common fluids [13,14]. Therefore, by inserting metallic nanoparticles
in a common fluid, its thermal manner is expected to be improved.
Furthermore, the atomic manner of the nanofluid structure is a very
important factor in thermal behavior.

Today, understanding the atomic manner of fluid/nanofluid has an
important role in many applications [15]. Numerous academic re-
searches have been conducted to understand fluid’ nanofluid atomic
manner. Experimentally, various nanochannels/microchannels which
were made of different atoms have been examined [16–22]. More than
conventional experimental methods, the MD method is used to study
nanofluids [23]. MD method is the most important type of computer
simulation that is capable to predict the atomic behavior of a variety of
structures [24–26]. This computational method is widely used for
studying the thermal and atomic manner of structures [27–32]. This
computational method is capable of simulating and predicting atomic
structure phase transition and simulation thermal process such as
atomic boiling of liquids [33–38]. Furthermore, in numerous papers,
researchers tried to study the nano/microscale fluid displacement with
the MD approach. Fluids, which are simulated in nano/micro en-
vironment, possess different atomic manners in comparison with the
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fluids in macroscale samples. In nano/micro scales, the equilibration of
the interatomic forces involved in the nano/micro system does not
occur. The fluid velocity is appropriate to the wall velocity at the in-
terface of these structures, which is called no-slip boundary condition
and validated by several scientific reports in macroscale systems.
However, this condition is not valid in nanoscale structures. That is, the
velocity of nanofluid is not equal to the wall velocity in these structures,
and this manner is called the slip manner. Physically, Witharana et al.
and Chen et al. [39,40] showed that, knowledge of the atomic behavior
of nanofluids is an important parameter in deciding their performance
for thermodynamic applications. The previous studies showed appre-
ciable increases in nanofluid thermal properties over those of the base-
fluid, particularly the heat flux and heat transfer coefficient, have been
largely improved by this procedure. Furthermore, in fluid studies,
adding nanoparticles to base-fluid cause phase transition of the base-
fluid in a shorter time and with more reality. Therefore, by inserting
nanostructures in a common fluid, its thermal manner is expected to be
improved. For studying the fluid and nanofluid manner on large scale,
the continuum approach usually is used based on the continuum
structure rules [41–45]. However, this approach is not valid in nanos-
tructures, where the atomic free path is appropriate to the characteristic
size of the simulation box. Therefore, the atomic methods were defined.
The Molecular Dynamics (MD) method is a computational approach
that defines a view of the displacement of the atoms by estimating the
interatomic force of atoms over simulation time. With the extension of
nanofluid applications, the MD method has become an exact approach
for studying fluid flow in nano/microscale structures. So, in this com-
putational study, the effect of nanoparticle number variation on water/
Fe3O4 nanofluid manner is reported in the presence of an external
electric field. There is the electric field in lots of electrical equipment, so
this external factor is implemented in our simulation box and we study
the effect of this field on nanofluid atomic behavior. Furthermore, the
nanoparticle number variation is another important parameter in na-
nofluid atomic behavior, which has not been studied in previous re-
searches. The results of the physical properties of these structures were
estimated by LAMMPS software. Theoretically, to study the nanofluid
atomic manner, parameters such as potential energy, density, velocity,
and temperature profiles of atomic structures were calculated.

2. Computational method

In our research, we used the MD approach to study water/Fe3O4
nanofluid atomic manner inside a Cu microchannel. MD computational
method is an approach for predicting the dynamical movement of
particles. In this approach, the particles interacted and moved to other
coordination with new velocity. In this method, the position ri(t) and
the momentum pi(t)are obtained by solving Newton's equation [24],
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The momentum pi can be defined as the following equation [24],
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Also, the interatomic forces are related to the potential function as
(3) equation [24],
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Finally, in MD simulations, the motion equations can be calculated
by the Verlet algorithm [46,47],
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The temperature of atoms in our MD simulation is another im-
portant physical parameter. For estimating this parameter, the average
kinetic energy is calculated in this equation [24],
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Base on Eq. (6), the instantaneous temperature fluctuant is obtained
by the following equation [24],
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where N is the number of degrees of freedom of the atomic system. In
this computational study, all simulations were done with a Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package
released by Sandia National Laboratories (SNL) [48–50]. Historically,
this MD simulation package designed in the 1990s. To use this simu-
lation package for studying water/Fe3O4 nanofluid physical manner,
the first Cu ideal microchannel with 0.75*0.3*0.3 μm3 was simulated at
initial temperature (T = 300 K). Cu atoms in definition regions are
rigid. In the next step, water/Fe3O4 nanofluid with one Fe3O4 nano-
particle simulated. In nanofluid atomic structure, water molecules
displacement rather each other is a function of simulation time, but
Fe3O4 nanoparticles are rigid and don't move rather than each other. In
the nanofluid structure, Fe3O4 nanoparticle fixed in the middle of the
microchannel. This initial atomic arrangement depicted in Fig. 1. This
figure shows the simulation box, which was visualized by Open Vi-
sualization Tool (OVITO) software [51].

In our MD simulations, periodic conditions were implemented in x
and y directions and fixed one used for z-direction. Furthermore, for
setting the initial temperature (T = 300 K), the Nose-Hoover thermo-
stat was used on all atoms with a 0.01 K temperature damping rate in
the simulation box [52–54]. The Nose–Hoover thermostat is a de-
terministic algorithm for constant temperature molecular dynamics si-
mulations. It was originally developed by Nos and was improved fur-
ther by Hoover. In the second step, external force equals 0.002 eV/Å

Nomenclature

Fij Intermolecular force on molecule i by molecule j
FR Replusive force
FA Attraction force
m Atom mass
rc Cutoff distance
ri Position of atom i
t Time step
T Temperature
vi Velocity of atom i
ai acceleration of atom i
U Interaction potential

kB Boltzman constant
N Number of atoms
Kr Oscillator constant
kθ Oscillator constant
r0 Equilibrium rate of atomic bond
θ0 Equilibrium rate of atomic angle

Greek symbols

ε Energy parameter in Lennard-Jones (LJ) potential
σ Length parameter of LJ potential
Δ Delta deviation
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magnitude inserted to water/ Fe3O4 nanofluid, and the NVE ensemble
was used to estimate the atomic manner of water/Fe3O4 nanofluid in Cu
microchannel. The electric field is another external force source in our
MD simulation. This external parameter inserted to water/Fe3O4 na-
nofluid atoms in flow direction and by below equation:

=F qE cos t( ) (8)

In Eq. (1), q is the electric charge, E is the electric field magnitude,
and ω is the external filed frequency. Furthermore, empirical models
were used for computational studies of water molecules. SPC, SPC/E,
TIP3P, and TIP4P are useful models for MD simulation of water atomic
structure. In these common models, 3–5 interaction sites were used. In
SPC/E one, three sites were used for the electrostatic interactions, and
the positive charges on the H atoms were equilibrated by a negative
charge which defined to the O atom [55,56]. Furthermore, the non-
bonding interactions between two water molecules were simulated by
Lennard-Jones (LJ) equation with just a single interaction point per
molecule centered on the oxygen atom. The LJ equation is a basic
equation that describes the interaction between particles. A form of this
equation was first defined by John Lennard-Jones in 1924 [57]. The
common equation of LJ formalism is [57],

=U r
r r

r r( ) 4
ij ij

12 6

(9)

In Eq. (9), ε is the depth of the potential well, σ is the distance at
which the potential is zero, and rij is the distance between the atoms. In
MD simulations, both ε and σ parameters depend on the type of the
particles, which arranged in the simulation box. Furthermore, the bond
and angle strength stretch in the SPC/E model is defined by harmonic
oscillator equations as [55]:
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In Eqs. (10) and (11), Kr and Kθ are oscillator constants. r0 and θ0 are
the equilibrium rate of atomic bond and angle, respectively. In SPC/E
model, the r0 of OH bond is equal 1.0 Å and θ0 of HOH angle is equal
109.47°. In this common model, all atomic interactions which involve
the hydrogen atoms are neglected. The other parameter of the SPC/E
model represented in Table 1 [55].

As mentioned before, the water/Fe3O4 nanofluid was simulated in
our MD study. The atomic structure of water/Fe3O4 nanofluid with
various numbers of Fe3O4 nanoparticles is depicted in Fig. 2. For MD
simulation of Fe3O4 nanoparticles, there are several interatomic po-
tentials such as Deriding, Universal Force Field (UFF), and Tersoff.
Among these force fields, Tersoff is the best choice. The most common
expression of the Tersoff potential is [58],

=U V1
2 i i j

ij
(12)

= +V f r f r b f r( )[ ( ) ( )]ij C ij R ij ij A ij (13)

In Eq. (13), fR is a two-body term, and fA includes three-body in-
teractions. The summations in the formula are over all neighbor's j, and
k of atom i within a distance rc = R + D. rc is a cut off distance which
determines the effect range of the atomic interaction. Finally, other
atomic interactions between atoms in our MD simulations were defined
by Dreiding potential [59]. After atomic modeling and interatomic
potentials defining, to investigate the water/Fe3O4 nanofluid atomic
manner in Cu microchannel, the density, velocity and temperature
profiles are reported. The schematic of our MD simulation with various
numbers of Fe3O4 nanoparticles and various radius of this nanoparticle
depicted in Figs. 2 and 3, respectively. In our simulated atomic struc-
tures, the number of atoms in the simulation box and the accuracy of
atomic interaction are the main limitations in which, by these para-
meters increasing, the simulation time increases, too.

3. Results and discussion

3.1. Total energy of simulated atomic structures

In the first step of our MD simulation, the total energy of the si-
mulated structures is investigated. Fig. 4 shows this parameter variation
for 1,000,000 time steps. From this figure, we can see the stability of
our MD simulations. Physically, stability in atomic structures arises
from the appropriate choice of atomic structure and interatomic force-
fields. We can say that, by adding nanoparticle to water molecules, the
total energy and atomic stability of simulated structures increases. Base
on the fact that the total energy is equal to the sum of the potential and
kinetic energy of the atomic structures, it can be concluded that the
potential energy (negative quantity) is larger than the kinetic energy
(positive quantity) in our simulated systems, which indicates the ther-
modynamic equilibrium of these structures. Furthermore, the maximum
rate of the atomic system energy reported in Table 2 as a function of the
Fe3O4 nanoparticles number. By increasing the number and radius of
Fe3O4 nanoparticle, the total energy of atomic structure increases, and
the maximum rate of this parameter reaches −753,366 eV from
−681,027 eV (Table 3). This manner shows that, by adding nano-
particles to base fluid, the attraction force in fluid atomic structure
rises, and so the stability of these structures improves. In the next steps
of our theoretical study, we report the density, velocity, and tempera-
ture profiles of water/ Fe3O4 nanofluid.

3.2. Density profile of simulated atomic structures

The density profile of nanofluid particles shows the atomic manner
of these structures in an ideal microchannel. So this physical parameter
has high importance for atomic analysis of these structures. In order to
compute the density profile of water/ Fe3O4 nanofluid in Cu micro-
channel, the microchannel divided into 1888 identical bins.
Geometrically, in our simulated structures, each bin has Lx × Lz × ∆y
volume, where Lx and Lz are the microchannel lengths in x and z di-
rections, and ∆y is equal to Ly/Nbin, which Nbin is the number of bins.
Fig. 5 shows the distribution of water/ Fe3O4 nanofluid atoms in the
microchannel as a function of nanoparticle's number in the base fluid

Fig. 1. Schematic of Cu microchannel and water/ Fe3O4 nanofluid simulated
with LAMMPS package.

Table 1
The ε and σ parameters for LJ interaction for SPC/E model of water molecules
[55].

Element σ(Å) ε (kcal/mol)

O 3.166 0.1553
H 0.0 0.0
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(water). From this figure, it can be seen that the fluid atoms absorbed
by microchannel walls and so the atomic density rate of nanofluid has a
maximum rate in these areas. Furthermore, the atomic density rate of
water/ Fe3O4 nanofluid decreases in the middle bins of Cu micro-
channel. By increasing the Fe3O4 nanoparticles, which added to water
fluid, the density profile of simulated structures rises. Numerically, by
increasing nanoparticles number from 1 to 3, the maximum rate of
nanofluid density changes from 1.396 g/cm3 to 1.675 g/cm3 (Table 4).
Furthermore, base on Fig. 6 and Table 5, by increasing the radius of
Fe3O4 nanoparticle from 25 nm to 75 nm, the maximum rate of density
reached to 1.396 g/cm3 and 1.508 g/cm3, respectively. Physically, by
adding nanoparticle to base fluid, the interatomic potentials go to a
negative rate and so attraction force between microchannel and nano-
fluid increases. So, we can conclude that, by increasing Fe and O atoms
in simulated nanofluid, density of this atomic structure in Cu micro-
channel increased, and it should be considered in practical applications.

3.3. Velocity profile of simulated atomic structures

The velocity of water/ Fe3O4 nanofluids atoms shows the dynamical
manner of these atoms as a function of MD simulation time. To report
the velocity distribution of water/ Fe3O4 nanofluid atoms in ideal Cu
microchannel, the velocity of each particle calculated, and the time
averaging of these calculations, are reported in Fig. 7. This figure shows
the velocity distribution of nanofluid with various numbers of nano-
particles in a microchannel. From this figure, we can say that the ve-
locity rate is maximum in the middle bins of the microchannel. In these
bins, the interaction between Cu atoms and nanofluid particles has the
minimum rate, and so the water/ Fe3O4 nanofluid is moving arbitrarily.

Fig. 2. Schematic of water/Fe3O4 nanofluid with various number of Fe3O4

nanoparticles, a) 1, b) 2, and c) 3 nanoparticles.

Fig. 3. Schematic of water/Fe3O4 nanofluid with various nanoparticle radius,
a) 25 nm, b) 50 nm, and c) 75 nm.
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Fig. 4. Total energy of water/Fe3O4 nanofluid with various number of Fe3O4

nanoparticles as a function of simulation time step.

Table 2
The total energy rate of water/Fe3O4 nanofluid as a function of
Fe3O4 nanoparticle number in 1,000,000 time step.

Number of nanoparticles Energy(eV)

1 NP −681,027
2 NP −749,130
3 NP −817,232

R.B. Dehkordi, et al. International Communications in Heat and Mass Transfer 116 (2020) 104653

4



Furthermore, this dynamical parameter is minimized in the first and
final bins of a microchannel. This manner shows the Poiseuille flow
manner of water/ Fe3O4 nanofluid atoms in ideal Cu microchannel. By
adding Fe3O4 nanoparticles to base fluid, the velocity of water/ Fe3O4

nanofluid increases. From Table 6, the maximum velocity rate of water/
Fe3O4 nanofluid with one nanoparticle is 0.0068 Å/ps, by adding two
more Fe3O4 nanoparticles to initial nanofluid, the velocity rises to
0.0117 Å/ps. Fe3O4 nanoparticle radius increasing has a similar effect
on the velocity profile of water/ Fe3O4 nanofluid. By nanoparticle ra-
dius increasing from 25 nm to 75 nm, the mobility of the atomic
structure increases. From Fig. 8 and Table 7, the maximum rate of
atomic velocity increases from 0.0068 Å/ps to 0.0089 Å/ps by in-
creasing Fe3O4 nanoparticle's radius. Physically, according to these
results, we can say that, by increasing the Fe3O4 atom numbers in
water/ Fe3O4 nanofluid, the effective force which is implemented to
nanofluid atoms from microchannel walls decreases and so the atomic
velocity of water/ Fe3O4 nanofluids increases. In other words, by
adding nanoparticles to base fluid, the attraction between microchannel
atoms and their adjacent nanofluid atoms increases. By this attraction
force increasing, the mobility of middle nanofluid atoms increases, and
these particles can freely move.

3.4. Temperature profile of simulated atomic structures

The thermodynamic properties of nanofluid structures have im-
portant effects on their function in industrial applications. In the final
section of our research, we report that how the temperature of water/

Table 3
The total energy rate of water/Fe3O4 nanofluid as a function of
Fe3O4 nanoparticle radius in 1,000,000 time step.

Radius of nanoparticles(nm) Energy(eV)

25 −681,027
50 −712,369
75 −753,366
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Fig. 5. Density profile of water/ Fe3O4 nanofluid as a function of Fe3O4 na-
noparticle's number.

Table 4
Maximum rate of density in water/ Fe3O4 nanofluid by various
number of Fe3O4 nanoparticles.

Number of nanoparticles Density(gram/cm3)

1 NP 1.396
2 NP 1.536
3 NP 1.675
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Fig. 6. Density profile of water/Fe3O4 nanofluid as a function of Fe3O4 nano-
particle's radius.

Table 5
Maximum rate of density in water/ Fe3O4 nanofluid by various radiuses
of Fe3O4 nanoparticles.

Radius of nanoparticles(nm) Density(gram/cm3)

25 1.396
50 1.452
75 1.508
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Fig. 7. Velocity profile of water/ Fe3O4 nanofluid as a function of Fe3O4 na-
noparticle's number.
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Fe3O4 nanofluid atoms is distributed in an ideal microchannel. To ob-
tain the temperature profile, similar to velocity section, the average
temperature of water/ Fe3O4 nanofluid atoms is calculated in every
1888 bins and in every 1000 time steps. Fig. 9 shows the number of
Fe3O4 nanoparticle effects on the water/ Fe3O4 nanofluid temperature
profile. As depicted in this figure, the Poiseuille flow has a quadratic
temperature profile, and the maximum rate of temperature occurs in
the middle bins of an ideal microchannel. From Fig. 10, we can say that
the atomic temperature of water/ Fe3O4 nanofluid atoms increases by
Fe3O4 adding nanoparticle to fluid atoms. Numerically, the maximum
rate of temperature varies from 593 K to 712 K by increasing the
number of nanoparticles from 1 to 3 as reported in Table 8. These
phenomena occur because the nanoparticles have high temperatures
rather than base fluid atoms. The radius of Fe3O4 nanoparticles has an
identical effect on water/ Fe3O4 nanofluid temperature as depicted in
Fig. 10. By increasing the radius of Fe3O4 nanoparticles from 25 nm to
75 nm, the maximum rate of water/ Fe3O4 nanofluid maximum tem-
perature increases from 593 K to 641 K (Table 9). The maximum
temperature increasing of water/ Fe3O4 nanofluid from 593 K to 712 K
physically arises from inserting force to atoms. This external parameter
causes more movements of nanofluid atoms, and from ½ mv2 = 3/2
kBT, the temperature of nanofluid increases. Physically, by adding

nanoparticles to base fluid, the mobility and so temperature of middle
nanofluid atoms increases. In this section, we note that maximum
temperature of the particles is 712 K, and many of the nanofluid atoms
have lesser temperature according to Figs. 9 and 10.

Table 6
Maximum rate of velocity in water/ Fe3O4 nanofluid by various
number of Fe3O4 nanoparticle.

Number of nanoparticles Velocity(A/ps)

1 NP 0.0068
2 NP 0.0102
3 NP 0.0116
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Fig. 8. Velocity profile of water/ Fe3O4 nanofluid as a function of Fe3O4 na-
noparticle's radius.

Table 7
Maximum rate of velocity in water/ Fe3O4 nanofluid by various ra-
dius of Fe3O4 nanoparticle.

Radius of nanoparticles(nm) Velocity(A/ps)

25 0.0068
50 0.0082
75 0.0089
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Fig. 9. Temperature profile of water/ Fe3O4 nanofluid as a function of Fe3O4

nanoparticle's number.
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Fig. 10. Temperature profile of water/ Fe3O4 nanofluid as a function of Fe3O4

nanoparticle's radius.

Table 8
Maximum rate of temperature in water/ Fe3O4 nanofluid by var-
ious number of Fe3O4 nanoparticle.

Number of nanoparticles Temperature(K)

1 NP 593
2 NP 653
3 NP 712
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4. Conclusion

In the actual electronic apparatus, the electric field presence in
structure and so this parameter affects different parts of the apparatus.
One of the most important parts of an electronic apparatus is its cooling
system, which today, nanofluids implemented for these parts. In this
computational study, we use a molecular dynamics approach to cal-
culate the atomic manner of water/Fe3O4 nanofluid in ideal Cu mi-
crochannel at 300 K in the presence of an external electric field. In our
simulations, the number of Fe3O4 nanoparticles varies from 1 to 3 na-
noparticles. Furthermore, Fe3O4 nanoparticle radius increasing has
identical effects. Finally, our conclusions from our computational study
are as following:

A. Number of Fe3O4 nanoparticles within the water fluid is an im-
portant factor in water/ Fe3O4 nanofluid density. In our molecular
dynamics simulations, the maximum rate of density was calculated
for nanofluid by 3 nanoparticles with 1.675 g/cm3 rate.

B. Molecular dynamics results showed that the Fe3O4 nanoparticle size
increasing, affected on the total density of water/ Fe3O4 nanofluid.

C. In simulated structures, atomic velocity of water/ Fe3O4 nanofluid
has a direct relation with Fe3O4 nanoparticle number. Maximum
rate of velocity in water/ Fe3O4 nanofluid rises to 0.0116 Å/ps by
adding three nanoparticles to base fluid.

D. Maximum velocity rate of water/ Fe3O4 nanofluid increases from
0.0068 Å /ps to 0.0089 Å/ps by radius of nanoparticle increasing
from 25 nm to 75 nm.

E. By adding Fe3O4 nanoparticle to water fluid, the atomic temperature
of nanofluid increases. Numerically, maximum temperature of na-
nofluid is calculated for atomic structure by 3 nanoparicle with
712 K rate.

F. Increasing Fe3O4 nanoparticle radius changes the temperature of
water/ Fe3O4 nanofluid from 593 K to 641 K.
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