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Abstract

In this work, The Equilibrium Molecular Dynamics (EMD) is applied for computing the
thermal conductivity of aqueous nanofluids containing graphene nanosheets (aqueous
GNFs), through Green-Kubo framework and studying the effects of concentration
and temperature on thermal conductivity enhancement of aqueous GNFs. The SPC/E
water model was chosen and the interactions for water molecules have been modelled
by the Lennard-Jones (L-J) potential combined with Coulomb potential, as well as a
simple body (L-J) potential is used to model the interactions between graphene atoms.
The numerical calculations of thermal conductivity are performed in the temperature
range of 293-343K and for graphene nanosheets volume fraction 0.175%, 0.190%,
0.306%, 0.521% and 0.722%. Firstly, the molecular dynamics code and the Green-
Kubo framework are validated by comparing the thermal conductivity with the
previous experimental studies. The results have showed that the thermal conductivity
enhancement increases with increasing volume concentration and is substantial even
at lower concentrations. However, this enhancement has been not predicted by the
classical Maxwell’s model. Furthermore, the enhancement depends on temperature,
especially, the thermal conductivity of aqueous nanofluids containing graphene
nanosheets (aqueous GNFs) increases with increasing system temperature.
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Nomenclature

Ei, Total energy for atom i [J]; e, Elementary charge e
=1.6021x10—19[C]; Fij, Force between the pair atoms i and j[N];
GNFs, Nanofluids containing graphene nanosheet; ,Macroscopic
flux [J.m.s-1]; ,Microscopic flux[J.m.s-1]; ,Microscopic flux at step
0 [J.m.s-1]; ,Microscopic flux at time step n [J.m.s-1]; ,Microscopic
flux at time t [J.m.s-1]; hk, Average enthalpy of species k [J]; k,
Thermal conductivity [W.K-1.m-1]; L-J, Lennard-Jones; ri, Position
of atom i [m]; rij, Distance between atoms i and j[m]; qi, The partial
charge of atom i [C]; T, Temperature [K]; u, Pair potential [J]; V,
Volume [m3]; Vi, Velocity of atoms i[m.s-1]

Greek symbols

€,The depth of the Lennard-Jones potential well [J]; o, The
finite distance at which the inter-particle Lennard-Jones potential is
zero[m]; a, Kind; At, Time step[s]

Subscrips

f, Base fluid; c, Collision energy; k, Kinetic energy; nf, Nanofluid;
p,> Nanoparticle; P, Potential energy

Introduction

The nanofluid is a fluid containing nanometer-sized particles, with
sizes typically in the order of 1-100nm, which are called nanoparticles
(NPs).! This new class of fluids could be created by the addition of
nanoparticles in the base fluid.! Furthermore, the nanoparticles used in
nanofluids are typically made of metals, oxides, carbides, or Carbon
nanotubes (CNTs), they are useful in enhancing fluid’s properties,”*
this alteration is caused by the hybrid composition of fluid and NPs.
The base fluids include many kinds of liquids such as, water, ethylene

glycol, and oil. Several research projects of the late 1990s and the
first decade of the twenty-first century indicated that the addition
of very small amounts of nanoparticles in commonly used base
fluids increases significantly the effective thermal conductivity of
these mixtures. Masuda et al.’ reported that with low nanoparticles
concentrations (1-5Vol %), the effective thermal conductivity of the
suspensions increases more than 20%. As well as, Choi et al. (2001).6
measured the thermal conductivity of suspension multi-walled CNTs
in engine oil, they reported that the thermal conductivity of the base
fluid growth more than doubled even at the very low concentrations
of multi-walled CNTs in engine oil. Yulong Ding et al.” also studied
experimentally the heat transfer behaviour of aqueous suspensions of
multi-walled carbon nanotubes (CNT nanofluids), they also observed
very high enhancement of the effective thermal conductivity,
furthermore, viscosity and convective heat transfer coefficient, close
to 350%, for nanofluids containing 0.5% CNTs. In addition, Huaqing
Xie et al.® proposed a method to produce stable and homogeneous
suspensions of CNTs in distilled water (DW), Ethylene glycol (EG),
and decene (DE) and report enhanced thermal conductivities of these
nanofluids.

Another, several studies are carried on graphene— water nanofluid.
Nizar Ahammed et al.” measured the thermal conductivity of
graphene—water nanofluid at below and above ambient temperature,
they reported that the thermal conductivity increases with increasing
the volume concentrations of graphene, and its enhancement is close
the 37.2% for 0.15% volume concentration of graphene at 50°C when
compared with that of the water at the same temperature. C. Selvam et
al.'? prepared the ethylene glycol and water based graphene fluids with
deoxy cholate surfactant and measured their thermal conductivities;
they observed that the thermal conductivity enhancement of graphene
nanofluid significantly increases with increasing particle volume
fraction and decreases with increasing base fluid thermal conductivity.

MOJ App Bio Biomech. 2018;2(6):313—-322.

”IIII Submit Manuscript | http://medcraveonline.com

313

@ @ @ © 2018 Zerradi et al. This is an open access article distributed under the terms of the Creative Commons Attribution License, which
oy NG permits unrestricted use, distribution, and build upon your work non-commercially.


https://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.15406/mojabb.2018.02.00087&domain=pdf

Numerical simulation of thermal conductivity of aqueous nanofluids containing graphene nanosheets

using molecular dynamics simulation

Hossein Akhavan-Zanjani et al."' investigated experimentally the
transport coefficients of nanofluids aqueous nanofluids containing
graphene nanosheets, they reported that the thermal conductivity
enhances considerably. Therefore, a number of physical mechanisms
have been proposed to explain the thermal conductivity enhancement
of a nanofluid. One of the mechanisms, Ya et al.,'”> Leong et al.’® &
keblinski et al.'"* proposed that the interfacial layering or formation
of a solid-like, which has a much higher thermal conductivity than
the bulk liquid itself, was the main parameter affecting the thermal
conductivity enhancement of nanofluid. This effect was later proved
to be nominal.”” As well as, Chon et al.'"® measured the thermal
conductivity in the temperature range of 20-70°C. They reported that
the increasing of the Brownian motion and the micro-convection are
the main factors for thermal conductivity enhancement of nanofluids.
The study was carried by Timofeev et al.'” that measured thermal
conductivity enhancement and nanoparticle sizes; they concluded that
the enhancement thermal conductivity of the suspension is significantly
affected by the formation of particle clusters and aggregates.

Due to their novel properties, the nanofluids are used in various
fluidic applications including heat transfer such as microelectronics,
fuel cells, pharmaceutical processes, and hybrid-powered engine,'>!#-1
tribology,® lubrication,”’ chemical mechanical planarization.?
Experimentally, nanofluids were studied by diverse experimental
procedures, which were expensive, as well as carrying out easy
experimentation required high level of material and equipment usage.
Furthermore, a major of experimental studies have been performed
on the transport properties of nanofluids. Numerically several
methods have been applied for calculating the thermal conductivity
of nanofluids, nanoparticles and bulk materials, one of the main of
these methods is the equilibrium molecular dynamics combined with
Green-Kubo method, for example the determination of nanofluid
(Ar-Cu) thermal conductivity, and its reliance on temperature and
volume fraction,”?* as well as, Equilibrium Molecular Dynamics
(EMD) through Green-Kubo formula and Einstein relation, and the
Nonequilibrium Molecular Dynamics (NEMD) using Einstein—
Smoluchowski relation methods, are developed to calculate the
rotational diffusion coefficient of a carbon nanotube in fluid,*
Viscosity and diffusion coefficient of nanofluid (CuO-water) were
calculated by Equilibrium Molecular Dynamics (EMD) with the
help of Green—Kubo formula.* In this present work, the Equilibrium
Molecular Dynamics (EMD) integrated with Green-Kubo method
is used systematically to calculate the thermal conductivity of
aqueous graphene Nanosheet nanofluids and investigate the effects of
temperature and volume fraction. The effect of temperature is studied
by analysing the temperature reliance of the kinetic energy and the
microscopic heat flux. Also, the effect of volume fraction is studied
by analysing the volume fraction dependence of the potential energy
and the microscopic heat flux. The results show that increasing system
temperature enhances the system thermal conductivity significantly.
Also, the increasing of volume fraction causes an increase in thermal
conductivity enhancement.

Theoretical model

Equilibrium Molecular dynamics (EMD) is the numerical
integration of the classical equations of motion for a system of
interacting atoms over a certain period of time. In classical molecular
dynamics, the force acting on an atom can be calculated from the
muddling of its inter-atomic potentials with its neighbours, by
applying the Newton’s second law.?* As a result, the interaction
forces between atoms, the kinetic and potential energies of atoms are
calculated at each time step, from inter-atomic potentials between all
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atoms of system. In general, an accurate simulation of the nanofluid
takes all possible atomic interaction in system. Therefore, to simulate
the aqueous graphene Nanosheet nanofluids, the Lennard-Jones (L-J)
potential is used to model the carbon-carbon interaction,” is defined
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Where & is the depth of the potential well, o, is the finite distance
at which the pairwise potential is zero, their values are listed in Table
1, and r, is the distance between atoms i and j. The SPC/E (extended
simple point charge) model,?® is used to describe water molecules
interactions, its force field parameters are listed in Table 2. This model
SPC/E can be described as effective rigid pair potentials composed of
Lennard-Jones (L-J) and coulombic terms® ! is given as fellow
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Where q,is the partial charge of atom i, the values of parameters
that correspond to the expression in equation (2) are shown in Table 1.
Furthermore, the potential Lennard-Jones (L-J) used for modelling the
interaction between atoms of graphene Nanosheet and liquid water is
given by equation (1), the values of its parameters are listed in Table
1. The particle—particle particle-mesh (PPPM) technique was used to
compute the long-range coulombic forces and the SHAKE algorithm
was applied to keep the water molecules rigid.>*

Table | Interaction parameters of Lennard-Jones (L)) potential**

i-j g, keal.mol" o, A
O-O 0.1553 3.166
Oo-C 0.114 3.28
O-H 0.000 1.583
Cc-C 0.0684 3.407
C-H 0.025 3.280
H-H 0.000 2.058

Atomic charges: q(O)=-0.8476 e, q(H)=0.4238e.
The microscopic heat flux and thermal conductivity

In the macroscopic scale, the thermal conductivity is defined
as a linear coefficient relating the macroscopic heat flux J to the
temperature gradient (Fourier’s law), it is expressed as below.

J=k.grad(T) (3)

But, in the microscopic scale the thermal conductivity is as a
result of the nanofluid interactions, which are carried out nanofluid
at the molecular level. Therefore, it is necessary to have a simulation
technique which takes the interactions occurring at atomic level
for calculating the thermal conductivity of nanofluids. Another, the
molecular dynamics simulation an atomic scale simulation technique
has been proven to predict the static and dynamic properties of
nanofluids. It appears that the equilibrium molecular dynamics
combined with Green Kubo formula is the only approach for
calculating and explaining the thermal conductivity enhancement
of nanofluids at atomic level, in which the thermal conductivity is
computed according to equation (4). 2343¢

1 +oo

= j(t).
3VkT? 4)
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The parameters v, T, Ky and J are respectively the volume, the
temperature, the Boltzmann constant and the microscopic heat flux
vector, the last parameter is defined as fellow.

=44fe(s)]

Where Ei - <E1> refers to the excess of total energy E, andr; is
the position of atom 1. Taking the time derivative of equation (5) gives
the following result for the microscopic heat flux.’’
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V¥ indicates the velocity of atoms i of kind k, h* indicates the
average enthalpy of species k, N, is the number of atoms of kind

k, the parameters "

i u(ri}(j) and Fi;d are the distance, the interaction
potential and interacting force between two atoms i of kind k and
atoms j of kind I, respectively. The mean partial enthalpy h, is always
zero for single component system. However, it is not zero for multi-
component system, and can be computed as the sum of the mean
kinetic and potential energies, and the virial.*® Therefore, the mean

partial enthalpy of species o can be calculated as equation (7).
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Where F(ry) is the interaction force between atom i and k of kind o

The microscopic heat flux vector is the addition of three terms,
i .7 and | that are created by the kinetic, potential and collision
energy respectively. However, the partial enthalpy flux doesn’t

contribute to the heat flux.** Thus, the heat flux can be written as

=i ®)

The three heat flux are defined as bellow.
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Physically, the heat flux ]° and ]  represent the energy
transported across an imaginary plane. The heat flux jc originates
from the work done by the virial or the shear stress tensor which
results from collision between the constituent atoms.

Simulation details
Bulk water

The molecular dynamics simulations of bulk water were carried
out using the SPC/E water model, its parameters are presented in
Table 1 & Table 2. Water molecules were initialized in a simple
cubic lattice for preventing the overlapping in a random placement of
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molecules as shown in Figure 1, the size of box of molecules of pure
water was related to the number of molecules in box, 1000 molecules
of water was chosen to achieve the density of about 950kg/m?. As well
as, periodic boundary condition (PBC) is realised in three dimensional
of the simulation system of pure water, it permits the modelling of
very large system. Also, the particle—particle particle-mesh (PPPM)
technique was used to compute the long-range coulombic forces and
the SHAKE algorithm was applied to keep the water molecules.?
A cut-off radius at 9A is used for the Lennard-Jones pair-style with
long-range coulomb interactions. The simulation was executed for
calculating the thermal conductivity of pure water for various system
temperatures ranging from 293 to 343K at pressure latm. A time step
of 2fs was used in all simulations. The system was equilibrated in
the NVT ensemble for 2.5x10° steps and the system temperature was
maintained by using the Berendsen thermostat. After the equilibration
period, the temperature constraint was removed and the system was
allowed to evolve in the NVE ensemble for 1x10° steps. Furthermore,
in this period the position, the velocity and force of each atom are
calculated at each time step. Next, all other properties of the system
kinetic energy, potential energy, temperature are calculated from
the velocity and position of each atom. The data provided by the
programme of molecular dynamics is used for computing the total
energy and the thermal conductivity of pure water. In this situation,
the thermal conductivity was computed by the discretization of the
right-hand side of the equation (4) in At time steps as following,?’

At M 1 Nz':m',( )'( )
=— j(n+m)j(n
3VkBTZ m=l(N_m) n=1

(12)

The parameters ](m+n) is the microscopic heat at step m+n of
molecular dynamics simulation and N is the number total of steps
after equilibration system and M is the number of steps in which
the time average is computed. The LAMMPS software,” is used
for conducting the molecular dynamics simulations. As well as the
visualizing and manipulating data provided by LAMMPS software is
realised by using the Open Visualization Tool (OVITO)* and visual
molecular dynamics (VMD).4!

Table 2 Bond parameters for force field water model (SPC/E)*

Bond

Speciei  Speciej Speciek  7),OH KbOH (kcal.mol_l.ff_z)
H (@] H 1.000 554.1349

Angle

Speciei Speciej Specie k 6, HOH (deg) K?OH (kcalmol_l.rad_z)
H (o] H 109.47 45.7696

Figure | Initial system configuration for a 1000 molecules of water, is
visualised by OVITO.%
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Graphene nanofluid

In this work, a nanofluid system consisting of single nanosheet of
graphene surrounding by water molecules, were placed in a simple
cubic arrangement around de nanosheet (Figure 2). The nanosheet
graphene is the carbon nano-layer where the carbon atoms are arranged
in hexagonal pattern (Figure 3). The interatomic distance between
the adjacent carbon atoms is 1.42A, and the associated atomistic
interaction is covalently bonded by sp2 hybridized electrons.*
As well as, the SPC/E water model was chosen in the nanofluid
simulations for various volumes fraction 0.175%, 0.190%, 0.306%,
0.521% and 0.722%, in temperature range of 283K<T<343K. The
periodic boundary condition(PBC) is realised in three dimensional
of the simulation system aqueous nanofluids containing graphene
nanosheets (aqueous GNFs). A cut-off radius at 9A is used for the
Lennard-Jones pair-style with long-range coulomb interactions,
and a time step of 0.1fs was used in all cases of simulation. Also,
the simulation domain size was varied proportionally with number
of water molecules to maintain a density of 950 kg/m>. In this part,
the molecular dynamics simulations were conducted according to the
previous procedures used in the simulation of water bulk.

Figure 2 The initial configuration of one nanosheet in water-based nanofluids

at 0.175 % volume concentration is visualised by OVITO.

Figure 3 The initial configuration of nanosheet graphene contenting 136
atoms of carbon is visualised by VMD.

Thermal conductivity of pure water

Initially, the internal energy and the thermal conductivity of pure
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water is calculated for temperatures ranging from 283 to 345K to
validate molecular dynamics simulation code, using the Green-Kubo
formula for thermal conductivity and the SPC/E (extended simple
point charge) water model. The Figure 4 shows the internal energy
evolution of pure water inside in simulation domain, during the
relaxation at temperatures 293, 303 and 333K. It is observed that after
50ps the internal energy of simulation system of pure water is close to
the stability. Therefore, the system is in equilibrium state after 50ps the
relaxation. Thus, the subsequent results after 50ps are able to be used
for analysis. The Figure 5 shows the variation of thermal conductivity
of pure water at various temperatures which range in 283 < T < 345K
, it is observed from this figure that the thermal conductivity of pure
water increases with the increase in temperature, and it varies between
0.5699 and 0.64589(w/K.m). Consequently, the thermal conductivity
of pure water depends on temperature. Since, increasing the
temperature induced the collision between pure water molecules due
to random motion of molecules. As a result, these collisions physically
represent the thermal conductivity of pure water.* For validating the
accuracy and performance of this simulation’s technique and SPC/E
model of pure water, same thermal conductivity values of pure water
were compared with the existing values measured experimentally.*
The Figure 6 shows the comparison between the results obtained
from the simulation technique MD through Green-Kubo formula,
and the experimental measurements. From the experimental and
numerical values of thermal conductivity that are depicted in Figure
6, it can easily be understood that the measured thermal conductivities
of distilled water are very close to the experimental data with a
maximum uncertainty is 4% at 298K. Hence, the present results
validate our simulation of thermal conductivity for pure water. As a
result, this study was extended to calculate the thermal conductivity of
the nanofluid system with water as the base fluid.

-4.0 -
Temperure 333k
= 4.5+ Temperture 303k
= Temperture 293k
PR
=
554 l . '
6.0 l .
| R
6.5 T - T T T T T T T
0 100 200 300 400 500
Time (ps)

Figure 4The evolution of internal energy of pure water during MD simulation.
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Figure 5 Variation of thermal conductivity of water in the temperature range
of 283-345K..
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Figure 6 Comparison between the numerical values of thermal conductivity
of pure water and the experimental* at various temperatures.

Thermal conductivity of aqueous graphene nanosheet
nanofluids

In this part, firstly the internal energy of aqueous nanofluids
containing graphene nanosheet (aqueous GNFs) is calculated for
volume concentration 0.190% at different temperatures ranging from
293 to 343K. The Figure 7 shows the evolution of internal energy
during simulation of nanofluid. It could be found in this figure
that after 10 ps the simulation system is in equilibrium state after
relaxation, therefore the subsequent results after 10 ps is able to be
used for calculating the macroscopic properties of nanofluids such
as transport coefficients (thermal conductivity, viscosity, coefficient
diffusion). As well as, it is observed that the internal energy of the
aqueous GNFs increases with increasing the system temperature.
This strong temperature dependence on internal energy of nanofluids
is because of the enhanced of solid and liquid atoms at molecular
level due to the increasing the system temperature. The thermal
conductivity values calculated by our molecular dynamics for aqueous
nanofluids containing graphene nanosheets (aqueous GNFs) with
0.190% volume fraction, that are showed in Figure 8 and is compared
with the values measured experimentally by Xing Li et al.* They
reported that the thermal conductivity of the aqueous GNFs is linearly
increased with nanofluid temperature. It is observed that the trend is
almost similar for the predicted values by simulation MD and that
measured experimentally by Xing Li et al.,* the thermal conductivity
which enhances with increase in temperature. The small discrepancies
between both values experimental and numerical could be originated
from the surfactants used for stabilizing the nanofluid during the
experiments. Furthermore, in the experiments other possible factors
could be the reason of these deviations, such as the defects in the
graphene nanosheets resulted from the strong oxidization of graphite
and the incomplete reduction of the oxygen-containing functional
groups in the reduced graphene. But these factors aren’t taken into
account when the thermal conductivity is calculated numerically.
Figure 9 depicts the variation of thermal conductivity of aqueous
GNFs as a function of temperature which ranges in 292 < T < 343K
for different volume concentration that are 0.175%, 0.190%, 0.306%,
0.521% and 0.722%. It is observed from Figure 9 that increasing
system temperature enhances the thermal conductivity significantly
of graphene—water nanofluid. This enhancement can be explained
by the atomic dynamics combined with the Green— Kubo formula,
in which the transport coefficients are calculated from equilibrium
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molecular dynamics (EMD), via the fluctuation dissipation theorem.
In the Green— Kubo approach, the thermal conductivity is computed
as the time integral of the microscopic heat flux autocorrelation
function (j(t).j(0)) . In addition, the microscopic heat flux is a addition
of three modes equation (8), the flux carried by the kinetic energy
i* equation(9), flux carried by the potential energy i equation (10)
and the flux carried by the collisions or the work done by the stress
tensor j< equation(11). At high system temperature, the velocities of
particles are increasing and by the way the kinetic energy increases
as showing in the Figure 10, where the kinetic energy of nanofluid
increases with increasing the system temperature. Therefore, the
increasing of system temperature leads to increase the flux j* carried
by the kinetic energy, in microscopic heat flux equation (8). Thus, the
microscopic heat flux is increased, consequently based on equation (4),
the thermal conductivity of aqueous GNFs increases with increasing
the system temperature. Figure 11 shows the thermal conductivity
values which are calculated numerically by molecular dynamics
simulation through the Green-Kubo formula, and are compared with
that predicted by Maxwell’s effective medium theory,* which is given
as bellow.

Ky Kp+2ky=20(ks—kp)
Ky o Kp+2kf+¢z(kf—kp)

(13)

The parameters k is thermal conductivity and ¢ is particle volume
fraction, as well as the subscripts nf, p and f, respectively represent
the nanofluid, nanoparticle and base fluid.In the system static in
which the Maxwell model is based, the particles are supposed to be
in a stationary state and non-interacting. The effective medium theory
predicts the thermal conductivity of aqueous nanofluids containing
graphene nanosheets with the thermal conductivity of a single-layer
grapheme,*”  (kp~3000 WK.m) . It is observed from Figure 11 that
the enhancement of thermal conductivity calculated numerically
increases proportionally with temperature. However, the enhancement
of the thermal conductivity predicted theoretically from Maxwell’s
effective medium theory isn’t influenced by the temperature
variations. Generally, the augmentation is significantly negligible
than the prediction with molecular dynamics simulation. Hence, the
Maxwell’s effective medium theory cannot predict the enhancement
in thermal conductivity of nanofluids compared with the experimental
data that shown in Figure 8.% Since, it does not include the effect of
nanoparticle’s size and system temperature, which have been explored
to enhance the thermal conductivity of nanofluids. Particularly, it
does not take into account various important parameters affecting the
heat transport in the nanofluids that is occurred at Nano-scale which
is causing the thermal conductivity enhancement. Nevertheless, the
molecular dynamics simulation integrated with Green-Kubo method
could be an appropriate method to calculate thermal conductivity
and study the effect of system temperature on thermal conductivity
enhancement at atomic size length scales. Figure 12 shows the
variation of the percentage enhancement of the thermal conductivity
of graphene—water nanofluid as a function of volume concentration
for various temperatures 293, 303 and 323K. It is observed that the
enhancement of thermal conductivity increases with increasing
volume concentration, this trend is observed also in Figure 9.Where,
the volume fraction of graphene nanosheets increases the distance
between graphene nanosheets decreases in water. Due to, the carbon-
carbon interaction increases and the potential energy increases, which
is confirmed in Figure 13, showing the variation of potential energy
of aqueous nanofluid containing graphene nanosheets. It is observed
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that the potential energy increased with increasing the volume fraction
of graphene nanosheets. The approach Green-Kubo theory relates the
microscopic heat flux autocorrelation function (j(t).j(0)) to the thermal
conductivity equation (4). Consequently, the increasing potential
energy leads to increasing the heat flux J* according the equation (10).
Next, it leads to increasing the microscopic heat flux equation (8),
therefore based on equation (4), the thermal conductivity of nanofluid
increases with the increasing the volume fraction of graphene
nanosheets. Also, this result is explained in our previous study.”
In which the influence of solid—solid inter-atomic potential type on
thermal conductivity of nanofluids is analyse by MD simulations. It is
found that the thermal conductivity enhancement of (Ar—Cu) nanofluid
increases with increasing the interaction potential in nanoparticles.

8-
o * — Temp 293K
i Aqueous GNFs, with 0.190 vol% Temp 303K
~ .|n_. —+—Temp 313K
= Temp 323K
:}3 . Temp 333K
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Figure 7 The evolution of internal energy of aqueous GNFs (concentration
0.190%) during MD simulation.
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Figure 11 Comparison of numerical values of thermal conductivity of aqueous GNFs with that predicted by Maxwell’s model at different concentrations:
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temperature (293,303 and 323K).
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Conclusion

In summary, the molecular dynamics simulations combined with
Green-Kubo formula is employed to calculate the thermal conductivity
of aqueous GNFs and to investigate the effects of temperature and
volume fraction on thermal conductivity enhancement of aqueous
GNFs. The SPC/E (extended simple point charge) water model was
used to describe water molecules interactions and the interactions for
water molecules have been treated as a combination of Lennard-Jones
(L-J) interactions and a coulomb term for electrostatic interactions,
and the Lennard-Jones (L-J) potential is used to model the interactions

nanofluids containing graphene nanosheets
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peratures (293, 303, 313, 323 and 333K) for various volume fractions (0.175%,

between graphene atoms. The molecular dynamic tool is validated by
comparing the thermal conductivity of pure water and aqueous GNFs
(volume fraction 0.190%) with the previous experimental studies. The
effect of temperature is studied by analysing the temperature reliance
of the kinetic energy and the microscopic heat flux. Furthermore,
the effect of volume fraction is studied by analysing the volume
fraction reliance of the potential energy and the microscopic heat
flux. It has been found that increasing volume concentration of
graphene nanosheets in pure water increases the thermal conductivity
enhancement of aqueous GNFs. As well as, the increasing system
temperature enhances thermal conductivity enhancement significantly.
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