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Abstract: The mechanisms of thermal conductivity
enhancement and the factors influencing viscosity are of
great interest in the study of nanofluids, while molecular
dynamics (MD) simulations considering nanofluids provide
more accurate predictions of microscopic properties than
conventional experimental studies. MD simulations of non-
equilibrium molecular dynamics and reversing perturba-
tion non-equilibrium molecular dynamics methods were
used to study thermal conductivity and viscosity, taking
into account a variety of influencing factors, as well as
nanoparticle material and volume fraction. Through the
analysis of the number density distribution, radial distribu-
tion function (RDF), andmean square displacement (MSD),
the influences of different nanoparticles (Ag, Cu, Au, and
Fe) were described and investigated: Ag particles contri-
bute to 47.0% increase in thermal conductivity of 2.5 vol%
nanofluids; Au particles improved the viscosity of 2.5 vol%
nanofluids by 20.2%; the number density distribution
showed positive linear relationship with the atomic mass;
the results of MSD and RDF (mean square displacement
and radial distribution function) in combination indicated
a positive effect of interfacial nanolayer. The results of this
research provide important perspectives for compre-
hending the impacts of multiple nanoparticles on the
micro-thermal properties of nanofluids and also high-
light the simulation potential of Au–Ar nanofluids.

Keywords: molecular dynamics simulation, different nano-
particles, interfacial nanolayer

Nomenclature

A the cross-sectional area perpendicular to the
heat flux direction (m2)

J heat flow density (J m/s)
Lx the length of the X direction (m)
Ly the length of the Y direction (m)
L-J Lennard-Jones
MSD ( )R t mean square displacement
NEMD non-equilibrium molecular dynamics
N number of particles
P stress tensor (Pa)
RDF ( )g r radial distribution function
RNEMD reverse non-equilibrium molecular dynamics
rij the molecular spacing between particle i and

particle j (m)
vi velocity of atom i (m/s)
V the volume of the system (m3)

Greek symbols

ε the energy constant ( )eV
σ the length constant (Å)
η shear viscosity (Pa s)
k thermal conductivity (W/mK)
Δt time step (s)
T temperature (K)

Subscripts

f base fluid
i numbering of atom i
j numbering of atom j
nf nanofluids
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1 Introduction

Being defined as liquid colloidal solutions containing
nano-sized solid particles suspended in the base fluid,
nanofluids have been widely investigated by researchers
on account of their remarkable thermophysical properties
and countless potential applications [1,2]. Similarly, as
excellent heat transfer media, its high heat transfer capa-
city and potential applications have been widely applied
as heat exchange of devices and energy systems [3,4].

The viscosity of a nanofluids becomes as significant
as its thermal conductivity due to the fluids typically
involved in the applications mentioned above, as well
as drawing a great deal of research attention [5]. Based
on molecular dynamics (MD) simulations, these two prop-
erties have been investigated and discussed extensively.
After comparing the thermal conductivity values between
various nanoparticle shapes, Bhanushali et al. [6] con-
cluded that nanowire-shape particles reduce the detri-
mental impact of surface mechanical resistance on thermal
transfer because of their higher aspect ratio. Analogously,
nanoparticles with large aspect ratios enhance thermal
conductivity with increased heat transfer rates during
nanoparticle collisions, a conclusion noted by Ghosh
et al. [7] in their study. Zhou et al. [8] demonstrated a
comparison of the heat transfer behaviors of Cu–Ar
nanofluids by constructing a non-equilibrium molecular
dynamics (NEMD) simulation model. The thermal con-
ductivity simulations and their fraction calculations
were also presented to explore the relationship between
the energy transfer terms of molecular motion and the
agglomeration state of nanoparticles. Liao et al. [9] also
calculated the potential effects of different initial aggre-
gation structures on the thermal conductivity of various
volume fractions using the Cu–Ar nanofluids model,
which revealed the microscopic mechanism of the influ-
ence on thermal conductivity by nanoparticle structure.
Lou and Yang [10] investigated various factors affecting
the shear viscosity of Al2O3 water-based nanofluids,
namely, particle size, concentration, and temperature
through a combination of MD simulations and experi-
ments. Similarly, Jabbari et al. [11] contrasted the functions
of particle volume fraction and nanofluids temperature
by exploring physical phenomena of SWCNT/water
nanofluids employing Green–Kubo MD simulations,
which indicated that the volume fraction was the most
direct factor of viscosity increase. Zeroual et al. [12]
investigated the factors related to the influence of the
viscosity of Cu–Ar nanofluids and confirmed that the
appearance of compact nanolayers at the boundary
between the nanoparticles and the base fluid proved

to be the origin of the influence of the volume fraction
over the viscosity.

The presence of nanolayers around nanoparticles, as
extensively demonstrated in previous studies above, is an
essential factor that relates to the improved thermal con-
ductivity by means of the intermediate thermal resistance
that exists among the liquid and solid phases [13,14],
also, it is a recognized mechanism for thermal conduc-
tivity enhancement and viscosity increase [15]. Akiner
et al. [16] simulated the heat transport in Cu–H2O systems
employing individual copper particles in their study, and
the results can be explained brilliantly by interfacial
dynamics. Guo and Zhao [17] examined the interfacial
layer adsorption properties around the surface of Cu
nanoparticles and discovered that the particle–fluid
interfacial layer with thickness significantly depending
on the nanoparticle diameter was formed around the
nanoparticles, which might be exploited to explain the
variation in the thermal conductivity. Importantly, the
effects of various characteristics of nanoparticles in terms
of type, media, and volume density on thermal conduc-
tivity were investigated systematically by Cui et al. [18]
and the enhancement of thermal conductivity by Ag
nanoparticles was better than Cu, Au, and Fe.

In another report by Cui et al. [19], a study was con-
ducted for the liquid–solid interfacial absorption layer in
nanofluids that had been proven to exist, at the same
time, the impacts of different elements on the microstruc-
ture were concluded. The abovementioned simulation
studies on nanofluids contain different kinds of particles,
and several scholars have considered multiple nanopar-
ticle cases, but the combination of thermal conductivity
and viscosity studies is insufficient, besides the micro-
scopic laws of different nanoparticles have not been
further investigated.

In this study, NEMD based on NEMD and reversing per-
turbation non-equilibrium molecular dynamics (RNEMD)
methods will be used to perform the detailed MD simula-
tions and the main objective is to reveal the mechanisms
and comparisons in the thermal conductivity and visc-
osity strengthening of four types of nanofluids containing
different kinds of nanoparticles. In order to evaluate the
credibility of the simulations model, the results are pre-
sented in comparison with a series of theoretical and
experimental data published previously. In addition, the
microstructures of nanofluids are explored by the number
density studymethod to further understand themicroscopic
mechanisms of nanofluids. The number density distribu-
tion, mean square displacement (MSD), and radial distribu-
tion function (RDF) of atoms in nanofluids containing
different types ofmetal atoms are interpreted systematically.
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2 Simulation methodology

2.1 Choices of potential energy function and
parameters

In this research, simulations were established for pure Ar
and Cu/Au/Ag/Fe–Ar nanofluids, so as to say that the
nanofluid systems were formed by adding structures of
four types of nanoparticles in Ar liquid. Although Ar
liquid is not a real fluid, this fluid type requires less com-
putational time compared to other complex base fluids
such as water, more importantly, its interatomic potential
shows the same behavior as the actual base fluid, which
facilitates the extension of theoretical models to practical
experiments [20]. All simulations were performed by the
LAMMPS package (partial use of GPU acceleration) [21,22]
and the atomistic visualizations were observed using the
technique of Ovito [23].

The interatomic potentials between all the argon
atoms are modeled by the 12–6 Lennard-Jones potential,
which allows direct use in calculating the interactions of
Ar/Ar and Cu/Au/Ag/Fe–Ar in nanofluid systems [24]
and enables to improve the speed and computational
accuracy of LAMMPS runs with the aid of the latest GPU
acceleration capabilities [22]. The mathematical expression
is given below.
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The Lorentz Berthelot mixing rules [25] are applied
for computing the forces between various atoms.
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where ε denotes the energy constant, σ represents the
length constant, rij denotes the separation between i
with j particles, and rc expresses the cutoff radius
( ( ) =rφ 0ij for r ≥ rc), typically rc > 2.5σ, and in this
research, rc = 11 Å. The energy interactions among dif-
ferent atoms are presented in Table 1 [19].

2.2 Heat flux calculation and thermal
conductivity formula

One of the prominent properties of nanofluids is thermal
conductivity, and the method used to calculate thermal
conductivity is predicated on NEMD [26]. This approach

supposes that the transport direction occurs along the
specific axis (the transport heat flow is set in the x-axis),
while the macroscopic behavior of the heat transfer phe-
nomenon is characterized by Fourier’s law [27]. In this
approach, a temperature gradient needs to be established
for a suitable time period first, from which the system
attains a steady state [28]. Afterwards, the uniformly
varying temperature gradient of the system is measured
based on the obtained data, then the thermal conduc-
tivity k of the system expressed is as follows:

= −

× ∇

k J
A T

, (4)

where∇T is the temperature gradient value, A denotes the
area of system cross section orientated perpendicular to
heat flow conduction, the value of negative reflects the
direction of the temperature gradient, and J suggests the
heat flow density value.

The temperature gradient ∇T is obtainable on the
basis of the formula given below.

∇ =

∂

∂

T T
x

, (5)

where x denotes the translation in the direction of heat
conduction, and T denotes the temperature.

Concretely, the speed-heavy criterion NEMD method
presented by Ikeshoji and Hafskjold [29] is applied in this
part of the study rationally, while the most important heat
flow density J is set up using the “Fix Ehex” command.

For a given t∆ , J is calculated using the following
equation:

=

∈J
t

∆
2∆

. (6)

Dividing by two for the whole system avoids double
counting of the heat outflow and inflow directions, which
is due to the fact that the system is governed by a periodic
boundary condition A, so that t∆ denotes a time step. ∈∆

Table 1: L-J potential energy parameters for Cu/Au/Ag/Fe/Ar
interactions

Atom pair ε eV( ) σ Å( )

Ar–Ar 0.0104 3.405
Cu–Cu 0.4096 2.338
Au–Au 0.4447 2.637
Au–Ar 0.0680 3.021
Cu–Ar 0.0650 2.871
Ag–Ag 0.3447 2.644
Ag–Ar 0.0598 3.025
Fe–Fe 0.5300 2.321
Fe–Ar 0.0740 2.863
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represents the variation in the incremental atomic energy
from the heat source. Figure 1 displays the fluxes from
both sides of the heat source, which will be explained in
detail during the following validation section.

2.3 Stress tensors and viscosity

The physical quantity that measures the internal friction
that impedes the flow of a fluid is called viscosity of a

fluid [11]. The analysis of fluid transport properties and
thermal properties in MD research relies on the calcula-
tion of viscosity, and the calculation of system viscosity is
essential in the field of nanofluids research [12].

The calculation of shear viscosity used in this section
is based on RNEMD, namely, the MP method [30,31]. The
gradient of vx is instituted in the Z-direction by clipping
the liquid as shown in Figure 2, resulting in the X
momentum flows along the Z-direction, generating a
flux of momentum ( )j pz x traveling across the xy-plane
of area A. In other words, the MP method calculates

Figure 1: The distribution of the heat source (red) and heat sink (blue) along the x-axis in the simulated nanofluids.

Figure 2: Geometry of the non-equilibrium in the simulated nanofluids.
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viscosity by constructing a shear field and combining it
with a transverse linear momentum flux [30]. Specifi-
cally, the momentum flux ( )j pz x represents the x compo-
nent of the momentum px transmitted along the interface
parallel to the direction of flux Z with area A (A = LxLy) in
a time period t, as shown by the following formula [31]:

( ) = −

∂

∂

j p η v
z

,z x
x (7)

where η is the shear viscosity, ∂ /∂v zx represents the gra-
dient of the speed in the X-direction over the Z-direction.
In order to simplify the understanding and calculation,
Eq. (7) is transformed to obtain Eq. (8), which is the for-
mula used in LAMMPS to calculate shear viscosity. In the
present research, we divided the momentum in the Z-direc-
tion into 20 parts, Px,1 and Px,11 represented the momentum
values of part 1 and part 11, respectively. In metal units, the
unit of the viscosity is Pa s.

( )

⎡⎣ ⎤⎦

= −

∑ −

∂

∂

η
P P

tL L2Δ
.x x

x y
v
Z

,1 ,11
x (8)

2.4 Calculation of RDF

The RDF method is typically used to provide insight into
the atomic interactions between two similar or different
species [32], where g(r) denotes the probability of disco-
vering adjacent atoms at a specified distance from the
central atom. In the present study, the following formula
is used for the purpose of exploring the microstructural
features of nanofluids [33]:
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where na and nb stand for the amounts of particles; nib (r,
∆r) represents the total number of particles within the
effective radius (r to ∆r) of the specified particle b; and
V indicates the capacity of the system.

2.5 Calculation of MSD

The MSD analysis technique allows for a specific study of
nanofluid dynamics properties and also infers reinforced
heat transfer principle by nanofluids [34] by the following
formula:

( ) 〈| ( ) ( )| 〉= =
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where ( ) ( )
→

−

→r t r 0i i stands for the range vector of the
motion at time t of the particle in question, and ( )

→r ti
stands for the parameter space of the particle i at moment
t. In order to better understand the thermal properties of
liquids with nanofluids associated with MSD, the diffu-
sion coefficient (D) is computed at long time intervals
according to Einstein’s equation as below [35].
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3 Validation of the MD simulation
model

3.1 Thermal conductivity

In the present simulation calculations, a simulation box
of 108 Å × 55 Å × 55 Å (x, y, and z directions) was struc-
tured, and the absorbed energy value of the system was
determined by applying the “Fix Ehex” command to the
heat source and the heat sink. Before simulating the
Cu/Au/Ag/Fe–Ar nanofluids, an effective calculation of
the thermal conductivity of pure Ar was performed at 85 K
to verify the accuracy of the simulation [35], with the
power value of the process set to 0.05 eV/ps (with the
metal units in LAMMPS). First of all, the entire simulation
system (the box of 7,039 pure Ar atoms) was equilibrated
for 0.8 ns to obtain a consistent temperature of 85 K in the
regular system synthesis (constant volume and tempera-
ture, NVT), which used the Nose–Hoover thermostat with
2 fs time steps. Subsequently, the NEMD running in the
microcanonical ensemble (constant energy and volume,
NVE) was employed to calculate the thermal conductivity.

During the temperature equilibrium relaxation, 20
layers with the thickness of δL = 5.4 Å in the X-direction
were set up. The heat source and heat sink regions were
set up near the first and eleventh layers, respectively,
which allowed the simulated heat flow to be transported
uniformly in the x-axis direction for up to 54 Å. As shown
in Figure 3, the temperature variation in the 20 layers has
been monitored, and the temperature gradient of each
region approached a V-shaped line segment when they
reached 600,000 steps, indicating that the overall simu-
lated system has reached a well-balanced NEMD simula-
tions. Finally, the computed thermal conductivity turned
out to be 0.1298, which has an error of 0.006% compared
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to the announced 0.1290 [9], indicating that the system
established is stable and reliable.

In Figure 4, The Cu–Ar nanofluids simulation results
from this study are employed for verification with pre-
vious studies, and the similarity of the simulation results
is indicated by the similar fold lines and data points
[9,28,36,37]. The phenomenon of steady increment of
the heat conductivity with volume fraction, as well as
the reciprocal proximity of the simulation results, indi-
cates that the established system has excellent simula-
tion value.

3.2 Viscosity

In this study, a faster and easier MP method than the
Green–Kubo method was applied, and the use of intera-
tomic potential and the application of the RNEMD method
were validated gradually [30,31]. Comparedwith the NEMD
method for calculating thermal conductivity, in the MP
method, the system has been separated into 20 bins
according to the Z-direction (any coordinate direction is
possible), and the velocity gradient was constructed by
exchanging the momentum components in the Z-direction
of atoms in bins 1, 20, and 11, and then forming a shear
field, while exchanging and counting the momentum
exchange in the Z-direction for calculation (Figure 2). Among
them, the choice of the momentum exchange frequency N
has a certain influence on the results of the system viscosity
calculation, and after several calculations of the linearity in
the velocity gradient, N = 5 was selected in this study.

In this section, the system was warmed to 94.4 K using
NPT ensemble in order to guarantee the presence of a stable
liquid argon phase, where the time step Δt = 2 fs and cutoff
radius rc = 13 Å. The ensemble NVT was sufficient to bring
the system to balance state after being equilibrated for
50,000 steps. Similar to the NEMD method, the uniformly
distributed speed distribution (Figure 5) was got for 0.4 ns
under the canonical ensemble NVT (constant volume and
temperature), which indicated that a stable velocity gra-
dient was obtained in the X direction, and the final reliable
viscosity results were obtained by applying Eq. (8).

The system was generated by creating argon atoms
arranged into a simulation box of 55 Å × 55 Å × 55 Å (4,000
pure Ar atoms), and the final result was 2.78 × 10−4 Pa s.
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Under the identical selected temperature of 94.4 K, the
error of these data was 0.006% compared to the value
of 2.79 × 10−4 Pa s [12]. Also, our simulation data were
close to the previous experimental value of 2.80 × 10−4 Pa s
[38], which demonstrated the stability and availability of
the current numerical methods. As shown in Figure 6, the
simulated Cu–Ar nanofluids viscosity values rise steadily
with increasing volume fraction, which are very close to
the simulated values given by Zeroual et al. [12], indi-
cating that the established system possesses excellent
simulation stability.

4 Results and discussion

4.1 Influence of volume fraction and particle
type on thermal conductivity

In this section, the impact of the volume fraction of var-
ious particles and the influence on the thermal conduc-
tivity of nanofluids were investigated systematically. The
simulation box used in MD for studying was a cubic box
of 108 Å × 55 Å × 55 Å in the X, Y, and Z directions con-
taining a single nanoparticle surrounded by the Ar atoms
inside the box, due to the heat flow transfer as shown in
Figure 1, which was conducted from the leftmost end of
the box to the middle, we chose the left half of the box as
the total volume of the nanofluids. In Figure 7, the spe-
cific four particles based on the actual size of the atoms
(1.5% particle volume fraction and diameter of 16.82 Å)
are demonstrated in equal scale.

After calculating the corresponding volume fraction
of nanoparticles, spherical atom clusters were filled into
the box based on the corresponding radius. After the NVE
process, the stability of temperature gradient was observed,
and then the temperature difference value corresponding
to the most stable temperature gradient was selected and
substituted in Eq. (4) for calculation, to obtain the final
accurate value of thermal conductivity.

Significantly, an influence of volume fraction on heat
conductivity could be observed analytically by the three-
dimensional smoothed surface plot of Figure 8, which
indicates that the heat conductivity of Cu/Au/Ag/Fe–Ar
nanofluids increase with the increase in the volume frac-
tion of nanoparticles. For comparison purposes, the rela-
tively varying heat conductivity is admitted, that is, the
proportion (knf/kf) between the heat conductivity of the
nanofluids (knf) and base fluids (kf) [13]. As can be
visualized from the smooth surface in the figure, Ag–Ar
nanofluids has the highest average relative thermal con-
ductivity value, followed by Cu–Ar and Au–Ar, while
Fe–Ar nanofluids have the lowest value. Ag particles
achieve the highest relative thermal conductivity of 1.47
at 2.5% volume fraction, while Fe particles obtain the
lowest of 1.02 at 0.5%. In general, the increment of
nanoparticle concentration leads to the enhancement of
the interfacial effect and is ultimately manifested by the
increase in knf/kf value with volume fraction [27]. The
simulation results in this section further confirm the sig-
nificant enhancement effect of interfacial layer function
for the thermal conductivity [13], as well as in agreement
with the previous findings of nanofluids [14,39].

Based on the contours of the bottom surface in the
figure, a significant elevation in their relative thermal
conductivity values around 1.5% volume fraction is
obvious, especially for Cu–Ar nanofluid, while Au–Ar
and Fe–Ar nanofluids show relatively flat thermal con-
ductivity with the increase in the volume fraction. The
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Figure 7: Snapshot of the four particles in nanofluids simula-
tion box.
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fraction with the most significant thermal conductivity
properties deserves in-depth research, and the 1.5%
volume fraction, which possesses a relatively large
improvement in thermal conductivity, provides a good
opportunity for this investigation. And it is worthy of a
subsequent comprehensive analysis in conjunction with
the viscosity performances.

4.2 Impact of particle type and volume
fraction on viscosity

In this section, the influence of various particle types and
volume fractions on the thermal conductivity of nanofluids
were investigated systematically, and for this reason, we
simulated the viscosity of four different types of nano-
fluids. The simulation box used in MD for studying was
a cubic box of 55 Å × 55 Å × 55 Å containing a single nano-
particle surrounded by the Ar atoms. During the NVE
calculation, the stability of the velocity gradient was mon-
itored, the most stable velocity gradient was selected, and
substituted in Eq. (8) for calculation, with the final visc-
osity value obtained in the LAMMPS program.

In the absence of simulation work for viscosity com-
parison of multiple nanofluids, our results compare the
viscosity values of nanofluids composed of four particles,
respectively. Similarly, the relative viscosity values are
used for the convenience of comparing various nano-
fluids viscosity values, which is the proportion (ηnf/ηf)

between the viscosity value of the nanofluids (ηnf) and
base fluids (ηf) [11]. The influence of the nanofluids
volume fraction on viscosity is obtained from the 3D
smoothed surface plot of Figure 9, which shows that
the ηnf/ηf of Cu/Au/Ag/Fe–Ar nanofluids increase with
the increase in the volume fraction of multiple nanopar-
ticles. As can be visualized from the smooth surface in the
figure, Au–Ar nanofluids have the highest average rela-
tive viscosity value, followed by Ag–Ar and Cu–Ar, while
Fe–Ar nanofluids have the lowest value. Au particles
achieve the highest relative viscosity of 1.20269 at 2.5%
volume fraction, while Fe particles obtain the lowest of
1.00084 at 0.5%.

From the above experimental data, it can be seen that
the enhancement of the viscosity of the nanofluids strongly
depends on the volume fraction of the nanoparticles, in
agreement with the principle of the thermal conductivity
enhancement effect, of which the solid–liquid interfacial
layer between the liquid and the nanoparticles is consid-
ered to be the critical factor [12]. Specifically, since the
forces between the nanoparticles and the liquid are much
larger than the effects between the atoms of the liquid (as
also evident from the L-J potentials in Table 1), a large
amount of argon atoms are attracted around the nanopar-
ticles after the formulation of the nanofluids and the
adsorption is enhanced as the volume fraction of the par-
ticles becomes larger, which leads to the appearance of
an ordered liquid layer eventually [40,41]. The analytical
demonstration of the improvement of nanofluids visc-
osity is presented above, followed by a study of the

Figure 8: 3D smoothed surface plot of nanofluids volume fraction on thermal conductivity.
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microscopic mechanism using the density distribution
method.

4.3 Number density distribution

In this work, the number density distribution of nanofluids
was computed to evaluate the microscopic mechanism of
heat transfer and viscosity enhancement, which means
density/number is computed for each chunk (number/
volume). A better comparison of the density properties of
different types of atoms is achieved by dividing the spa-
tially averaged distribution of 20 equally spaced blocks
along the X-axis in the simulation box. The number of
atoms ΔN in the chunk spaces ΔV can be figured out and
used to calculate the number density n, written as follows:

=n N
V

∆
∆

. (12)

The number density distribution curves of the repre-
sentative four nanofluids from 0.5 to 2.5% volume
fraction under the thermal conductivity simulation con-
ditions are shown in Figure 10, and obviously they have
similar characteristics. As the distance along the X-axis
increases, the curves converge to a steady value, sug-
gesting that the degree of density influenced by the
aggregation of nanoparticles decreases with the change
in position gradually; while a clear wave peak appear in
the vicinity of the spherical center of the metal particles
at the beginning of the simulation (sixth bin), indicating

that the argon atoms in the vicinity the nanoparticles are
attracted vigorously by the solid interface, which formed
the interface nanolayer with great influence. In parti-
cular, Au–Ar and Ag–Ar nanofluids behave more or less
the same, with the highest value of number density
increasing with the volume concentration. The wave
range of Cu–Ar nanofluids fluctuate widely, but the
starting value of the wave start from the fifth bin basi-
cally, and the peak value of 2% volume concentration is
around the seventh bin. The performance of Fe–Ar nano-
fluids is consistent with the wave range concentrated
between 2.5th bin and 8.5th bin, and the highest value
of number density increases with the volume concentra-
tion, showing a linear correlation.

Notably, the position of the mountain peak in the
figure denotes the position of the spherical center; the
height of the peak reflects the degree of aggregation [28];
and the left and right displacements of the peak indicate
the degree of displacement of the spherical particles after
the simulation based on the method in this study [42]. As
can be seen, the number density distribution is highly
related to the atomic masses. For Au and Ag, which have
larger atomic masses, the location of the number density
peak is relatively fixed, indicating that the atomic clusters
do not undergo large vibrations, while for Cu and Fe,
which have smaller atomic masses, larger peaks can be
observed and there is a larger shift in the position of the
peaks as the volume fraction increases. Larger peaks can
be observed and the location of the peak has a large shift
with the increase in the volume fraction [12].

Figure 9: 3D smoothed surface plot of nanofluids volume fraction on viscosity.
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Figure 11 displays a comparison of the number density
distribution curves of four nanofluids with 1.5% volume
fraction. Intuitively, the different types of nanofluids pos-
sess similar curve characteristics, with distinct peaks near
the sixth bin position, followed by the curve returning to a
mean density value. As can be seen, the number density
distribution correlates highly with the type of particle
atoms, with the peak size of Fe > Cu > Ag > Au (0.02881,
0.02689, 0.02439, 0.02432, respectively), which shows
positive linear relationship with the atomic mass. In com-
bination with the above analysis, there is a strong correla-
tion between the degree of agglomeration in nanofluid
particles and the type of added atoms.

4.4 RDF and MSD

In an attempt to further investigate that how the thermal
conductivity and viscosity vary with nanofluids particle

Figure 10: The number density distribution curves of four types of nanofluids from 0.5 to 2.5% volume fraction: (1) Au–Ar, (2) Cu–Ar,
(3) Ag–Ar, and (4) Fe–Ar.
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Figure 11: The number density distribution curves of four nanofluids
with 1.5% volume fraction.
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type and volume fraction, it is important to calculate the
RDF and MSD [39]. For this purpose, the MD simulation
conditions studied above were used to derive the corre-
sponding data under the thermal conductivity simulation
conditions.

The comparative plots of RDF in the nanofluids
containing pure Ar and 1.5% volume fraction of metal
particles are presented in Figure 12. Intuitively, the
deployment of Ar–Ar RDF explains the liquid properties
of “short-range order” (observation from the first peak at
4 Å) and “long-range disorder” (observation from the
second peak at 7 Å). The first peak position is shifted to
the left in the nanofluids compared to the RDF curve of
the pure Ar fluid, and the position of the subsequent
peaks are distributed evenly, which demonstrates that
the microstructure of nanofluids exhibits both “short-
range ordered and long-range disordered” liquid charac-
teristics and “long-range ordered” solid characteristics
[43]. The RDF curve exhibits a high and narrow feature
in the first peak followed by a broad and flattened feature
in the second peak, which further demonstrates that
many argon atoms are clustered around the metal parti-
cles [36]. The above phenomenon indicates that an even
denser nanosphere structure is developed around the
nanoparticles. As confirmed by the small detail image,
the Au–Ar and Ag–Ar curves match essentially, and all
curves are more to the left. The Cu–Ar and Fe–Ar peaks
are essentially close to each other, which are consistent
with the conclusion of the number density distribution
plots for 1.5% particle volume fraction in Figure 11,
further indicating the significant effect of different atomic

masses on the interfacial nanolayer. Specifically, the
nanolayer around the nanoparticles is recognized as an
essential factor to promote thermal conductivity through
the presence of interstitial thermal resistance between
the liquid and solid states [44], and the main factor for
the improvement in thermal conductivity is the increase
in density, partly driven by the more organized structure.

Figure 13 shows the specific RDF plots for the four
nanofluids, which reveals that the RDF curves vary with
the particle volume fraction. The peaks of Au–Ar and
Ag–Ar decrease gently with the volume fraction, while
the peaks of Cu–Ar and Fe–Ar have a large drop-off
and decrease drastically with the addition of volume frac-
tion, which indicates that the aggregation of the nano-
interfacial layer does not follow a linear relationship.
Combined with the research in this study, it could be
inferred that there is a close relationship between the
change in RDF peak and the change in thermal conduc-
tivity. In addition, besides the positive effect of the nano-
sphere, the thermal boundary resistance (also known as
Kapitza resistance) is considered as an obstacle for enhan-
cing thermal conductivity. To be more specific, owing to
the different vibrational properties of the base liquid and
the nanoparticles, the phonon scattering occurs at their
interface and restricts the heat flow into the nanoparticles
resulting in the heat transfer resistance [45]. It is most
probably the reason behind the insignificant thermal con-
ductivity enhancement of Fe nanoparticles. In general, the
Cu–Ar curve has the most obvious variation, while Au–Ar
is the flattest of all, which corresponds with the previous
characteristics of thermal conductivity and viscosity com-
pletely. Indirectly, it also reflects the better regularity and
stability of Au as simulated atom in nanofluids.

To investigate the impact of granular motion on the
heat conductivity, we calculated the MSD functions for
pure argon and four types of nanofluids under the same
simulation conditions. Figure 14 displays the MSD com-
parison plots for four melt particles with 1.5% volume
fraction and the pure Ar at 0–50,000 steps, where the
MSD function approximates the straight line increasing
with time and the slope of the line is 6D according to
Eq. (11).

Therefore, for the purpose of studying the relative
movement degree of the four nanoparticles in the nano-
fluids, the gradients of the lines in Figure 14 were utilized
for matching and research. On analyzing the MSD of
argon-based fluids, we find that our simulation result
(the diffusion coefficient D = 2.11 × 10−9 m2/s) agrees fairly
well with the literature values (D = 2.10 × 10−9 m2/s) [19].
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Figure 12: The comparison of RDF curves in different nanofluids.
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The sequences of the lines slopes of the four nanoparti-
cles in the figure show that Ag and Au are almost the
same, larger than Cu, and Fe is the smallest, this
sequence is also the rank of their diffusion rate in the
nanofluids. The gradient of the pure argon fluid line seg-
ment is higher than the gradient of the metal particles in
the nanofluids suggesting that the diffusion rate of the Ar
base fluid will be higher than the nanoparticles, these
results correspond to the earlier investigations [8,46].
Collectively, the appearance of the interfacial layer itself
provides the foundation for the enhanced thermal con-
ductivity effect [47,48], while the movement of Ar atoms
on the interfacial nanosphere is restricted by the nano-
particles, further enhancing the resistance to fluid slip-
page and leading to an increase in nanofluids viscosity
ultimately.
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Figure 13: The RDF curves of four types of nanofluids from 0.5 to 2.5% volume fraction: (1) Au–Ar, (2) Cu–Ar, (3) Ag–Ar, and (4) Fe–Ar.
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5 Conclusion

Throughout the study, the influences of different nanopar-
ticles properties on thermal conductivity and viscosity of
the nanofluids were investigated, and NEMD and RNEMD
calculations were employed to research the impacts of
nanoparticle type and volume fraction on the perfor-
mances of nanofluids. The Au–Ar and Ag–Ar nanofluids
showed the largest relative thermal conductivity and visc-
osity under the same condition comparison, and exhibited
superior stability in number density distribution than
Cu–Ar and Fe–Ar nanofluids. The combined experi-
mental data suggest that the viscosity enhancement cor-
responds to the principle of the thermal conductivity
strengthening effects, where the solid–liquid interfacial
layer between the liquid and the nanoparticles consid-
ered to be the key factor. The simulation results showed
that Au nanoparticle performed with excellent stability
and regularity in RDF and MSD, which was the expected
candidate for nanofluids simulation.
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