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� Akadémiai Kiadó, Budapest, Hungary 2018

Abstract
Many theoretical and experimental studies on heat transfer and flow behavior of nanofluids have been conducted, and the

results show that nanofluids significantly enhance heat transfer. However, less attention has been paid to obtain the thermal

conductivity of nanofluids and their stability using molecular simulations which are applied by investigators to explain the

molecular mechanisms of nanoscale phenomena. In this work, the stability of water–ethylene glycol-based graphene oxide

(GO) nanofluids was investigated by classical molecular dynamics simulations in which the kinetic energy, radial dis-

tribution function and intensity diagrams were obtained. The obtained results confirmed the stability of nanofluids. Also,

the thermal conductivity of nanofluids was studied by reverse non-equilibrium molecular dynamics method at different

ratios of water–ethylene glycol as base fluids and various amounts of graphene oxide as nanoparticles. The results show

that the thermal conductivity of nanofluids increases with the amount of graphene oxide nanosheets. For example, the

thermal conductivity of water–ethylene glycol (75/25%)-based nanofluid containing 3, 4 and 5% of GO nanosheets was

increased by 24, 28 and 33%, respectively, at 46.7 �C. Finally, the theoretical models on heat transfer and flow behavior of

nanofluids were employed to validate the molecular simulation results. The obtained thermal conductivity results are in

good agreement with theoretical models.
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List of symbols
k Thermal conductivity (W (m K)-1)

kB Boltzmann constant

keff Effective thermal conductivity of nanofluid

Lx Width of simulation box in x-direction

Ly Width of simulation box in y-direction

LxLy The area through which heat transport takes place

m Particle mass

N Total number of system atoms

rij Distance between atom i and atom j

rcut Cutoff radius

t Simulation time

T System temperature

U Potential energy

V System volume

vc The velocity of the cold particle

vh The velocity of the hot particle

Greek symbols
e Dielectric constant

eij Energy parameter in L–J potential

b The ratio of the nanolayer thickness to the original

particle radius

u Particle volumetric concentration

rij Length parameter in L–J potential

Subscripts
bfm Base fluid mixture

eff Effective

i Space dimension

j Space dimension
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m Mixture

nf Nanofluid

s Solid nanoparticle

Introduction

Nanofluids are colloidal dispersions of nanoparticles in

liquid which have great potential as coolants due to their

improved thermophysical properties such as thermal con-

ductivity and viscosity [1–7]. Such enhancements are

attributed to addition of solid nanoparticles, rods, tubes or

nanosheets to the base fluid. However, nanofluids can

evade many serious flow characteristic problems such as

pressure drop and severe cloggings due to rapid settling of

millimeter- or micrometer-sized particles. In other words,

these limitations of effective heat transfer can be consid-

erably resolved by using nanofluids consist of nanoparticles

with \ 100 nm in diameter, suspended in base fluids

[8–11].

By the birth of newly engineered nanofluids, many

prevalent problems such as sedimentation of large parti-

cles, flow channels clogging, erosion of pipelines and

continuously happening pressure drop in heterogeneous

mediums gradually faded away. Nanoparticles in fluids

despite the milli- and micro-sized particle slurries are rel-

atively close in size to the molecules of the base fluid. As a

result, these nanofluid suspensions remain remarkably

stable with little gravitational settling over a long periods

of time [2, 12–14]. In a close meaning, due to higher sta-

bilization, according to the Stoke’s theory, particle sedi-

mentation fades away and clogging of the heat sink is

prevented [15].

Historically, nanofluid is a new dimensional fluid term

in heat transfer emerged after the pioneering work by Choi

[16] at Argonne National Laboratory of USA in 1995.

Nanofluids have allocated the major part of interests

because of the reports indicating the great enhancement in

not only heat transfer but also in other fields of engineering

such as mass transfer, wetting and spreading [17–19].

Also, other researchers [20–35] have been prepared

dispersion of nanometer-sized solid particles like metals,

oxides, polymeric particles, metallic oxide particles and

also carbon materials such as carbon nanotubes, exfoliated

graphite and graphene nanoribbons in base fluids. These

fluids are engineered colloidal suspensions of nanoparticles

in a base fluid [36–38]. By adding nanoparticles less than

1% volumetric concentration, sometimes thermal conduc-

tivity of the fluid may increase up to approximately two

times [39]. Worldwide researches that have been conducted

are clear evidence for this claim [3, 40]. Therefore, thermal

properties and stability have been a hotly debated topic

during the last two decades due to their promising heat

transfer applications in nanotechnology arena [41].

Conventional fluids, such as water, ethylene glycol,

engine oil, have poor heat transfer performance, and

therefore, high compactness and effectiveness of heat

transfer systems are necessary to achieve the required heat

transfer [42]. Among the efforts for enhancement of heat

transfer, the application of additives to liquids is more

noticeable in recent years [43–46].

In this work, the application of graphene oxide

nanosheets in the mixture of water and ethylene glycol (as

the base fluid) is investigated, which is conventionally used

in the cars’ radiators. For this purpose, molecular dynamics

simulation is utilized. Molecular dynamics simulation

[47, 48] was established in order to estimate some vital

thermophysical properties in heat transfer, such as thermal

conductivity, thermal capacity, shear viscosity, thermal

diffusivity and density. Therefore, it can be applied to a

system that consists of graphene oxide nanosheets and

water–ethylene glycol-based fluid to obtain thermal prop-

erties. The reason for selection of graphene oxide as the

nanoparticle and the mixture of water–ethylene glycol as

the base fluid is briefly explained in the following.

In contrast to the theoretical studies on the heat transfer

properties of graphene-based materials, the experimental

works are rare about this issue. Graphene is a flat monolayer

of carbon atoms tightly packed in a 2D structure and has

exceptional thermophysical properties and mechanism in

comparison with other nanoparticles and carbon nanotubes

[23, 49]. Graphite is usual raw material for production of

graphene nanosheets by some chemical methods. Therefore,

graphite powder was applied to produce graphene oxide

nanosheets which are appropriate nanoparticles for water-

based nanofluids [49]. The small-sized conducting solid

particles will enhance the surface area per unit volume

(aspect ratio) and thereby cause an increase in heat transfer

performance. In the selection of GO as nanosheet, two fac-

tors are involved. The first one is thermal conductivity, and

the other more important factor is the dispersibility. GO is

not a high conductive material but has acceptable thermal

conductivity. Graphene oxide nanosheets are easily dis-

persed in used base fluid in this paper, and surfactants or

other materials are not required [50].

In cold regions, due to long winter climate conditions, it

is a common practice to use the mixture of ethylene glycol

and water in different volume ratios as heat transfer fluid in

building heating systems, industry coolants and automobile

radiators as heat exchangers [15, 38, 51, 52]. Due to

freezing of water at 0 �C, to avoid freezing of water,

ethylene glycol is added in suitable proportions. Com-

monly used ratios of ethylene glycol–water mixtures are

60/40 and 50/50 percentage by volume. Ethylene glycol

decreases the freezing point of water; thus, these fluids do

not freeze in very cold operating temperatures even if

temperature falls down to - 40 �C [53, 54]. Also, the
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addition of ethylene glycol to water elevates the boiling

point of water up to 120 �C, and therefore, it extends the

application of the fluid at wider operating temperature

ranges [42].

As mentioned above, the studied nanofluid is formed by

dispersion of graphene oxide nanosheets in water–ethylene

glycol mixture. In this paper, the stability of water–ethy-

lene glycol based graphene oxide nanofluids is investigated

by classical molecular dynamics. Also, the thermal con-

ductivity of nanofluids is studied via reverse non-equilib-

rium molecular dynamics (RNEMD) method. Finally, the

theoretical models are employed to validate the obtained

thermal conductivity results by molecular simulations.

Molecular dynamics (MD) simulation is a computa-

tional method that solves Newton’s equation of motion for

a system of particles interacting with a given potential

[55–59]. As molecular dynamics simulation directly and

accurately calculates the movement of particles at atomic

levels, it can afford scientists and engineers’ ways to pre-

dict macroscopic properties such as thermal conductivity

and viscosity [56, 60].

In the literature, less attention has been paid to obtain

the thermal conductivity of nanofluids and their stability at

molecular-scale. Therefore, in this study the stability and

thermal conductivity of nanofluid are investigated by

classical molecular dynamics simulation and reverse non-

equilibrium molecular dynamics simulation methods,

respectively. To investigate the stability of the nanofluid,

we tried to make a more comprehensive and different study

than other research projects. The method of the study and

using this combination of analyses (total energy, kinetic

energy, radial distribution function and the obtained dia-

grams for dispersion quality of the nanofluids in the sim-

ulated systems) are very unique and new to the study of

nanofluids stability, and no other similar research work

exists. In order to assess the stability of the nanofluid, the

simulation cases of this studies are investigated under

different conditions. For this purpose, first of all, the sim-

ulations are actually implemented for the case of graphene

oxide nanoparticles in the pure water and pure ethylene

glycol liquid mediums. Then, the same trend is repeated for

the mixtures of water–ethylene glycol with composition

ratios of 25/75 and 40/60. After that, the RNEMD simu-

lation method is performed at various volume ratios of

water–ethylene glycol mixtures and various concentrations

of graphene oxide nanosheets to investigate the nanofluids’

thermal conductivities. The nanofluids are simulated by

considering both 75/25, 60/40 and 40/60 water–ethylene

glycol mixtures as a base fluid and volume concentrations

of 3, 4 and 5% of graphene oxide as a nanoparticle. The

stability of the nanofluid is investigated in a composition of

less than 2% of the graphene oxide nanosheets in the base

fluid which can be done experimentally. Using high

concentrations of GO nanofluids to investigate the thermal

conductivity of the nanofluids has been performed to

demonstrate clearly the positive impact of GO nanosheet in

the thermal conductivity of the base fluid. Also, using low

concentration of the GO nanosheets leads to increase in the

number of atoms in the simulation box; thereby, the

required time increases to perform the molecular dynamics

simulations. Because the molecular dynamics simulations

need a long time for processing.

Theoretical background

Classical molecular dynamics simulation
for nanofluid stability

In the present work, the study on the stability of nanofluid

was performed with the molecular dynamics simulation

method. The simulations are performed under NVT (con-

stant number, constant volume, constant temperature), NPT

(constant number, constant pressure, constant temperature)

and NVE (constant number, constant volume, constant

energy) ensembles with the periodic boundary condition

[61]. All the molecules are assumed to be arranged in the

FCC lattice.

The simulations temperature is fixed at 26.7 �C con-

trolled by Nosé-Hoover thermostat, and the pressure is set

at 1.013 9 105 Pa [62]. Long-range electrostatic interac-

tions are calculated by Ewald summation method [63]. All

the simulation boxes were 44.5 9 44.5 9 44.5 Å3 in the x,

y, z directions, respectively. The simulated systems consist

of graphene oxide nanosheets dispersed in base fluids. The

studied base fluids are defined as pure and mixtures of

water and ethylene glycol liquids. The systems are initially

equilibrated in the NPT ensemble to get the correct density.

The time length of simulation is 2.5 ns. The next step is to

reach the equilibrium with a NVT ensemble for the 2.5-ns

simulation time. And finally the simulation is performed

2.5 ns using microcanonical (NVE) ensemble to calculate

the structural and diffusion properties of the nanofluid

components.

The stability of nanofluids is studied through the

obtained kinetic energy, radial distribution functions and

intensity diagrams.

RNEMD simulation for thermal conductivity
of nanofluids

Prediction of the transport coefficients such as thermal

conductivity can be done either by equilibrium or by non-

equilibrium molecular dynamics. Both methods have their

own advantages and disadvantages. Equilibrium molecular

dynamics (EMD) calculates transfer coefficients using
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Einstein or Green–Kubo relations [64, 65]. In this

approach, the system will remain at equilibrium condition.

But, in reverse non-equilibrium molecular dynamics

(RNEMD), a driving force (or field) is generated in the

system by applying a perturbation. Then, the ensemble

average of the resulting flux will be measured. Finally,

transfer coefficients are calculated by dividing the flux by

driving force [66].

There are many approaches that use RNEMD simula-

tions. In most of them, a field is applied and a flux is

measured. In RNEMD, the process is reversed. It means

that a flux is imposed and a field is calculated. Müller-

Plathe [67] proposed a simple and fast converging method

in which the total energy and total linear momentum are

conserved. In this method, the simulation box is divided

into a number of slabs in the z direction with the same

thickness. In order to impose a heat flux into the system, at

first, two slabs are considered as hot and cold slabs. Then,

an energy flux is produced through the velocity exchange

between the coldest atom in the hot slab and the hottest

atom in the cold slab. This mechanism leads to an energy

transfer between the two slabs and creates a temperature

gradient in the system. The instantaneous local kinetics

temperature in slabs is calculated by the following

equation:

Tk ¼
1

3nkkB

Xnk

i2k
miv

2
i ð1Þ

where mi and vi are the mass and velocity of the atom i, nk
is the number of the atoms in the slab k and kB is the

Boltzmann’s constant.

After reaching the equilibrium, the thermal conductivity

k is calculated by dividing the energy flux by temperature

gradient:

k ¼ �
P

transfers
m
2

v2h � v2c
� �

2tLxLyoT=oz
ð2Þ

where the vh and vc refer to the velocities of the hot and

cold particles, the product of Lx and Ly is the area per-

pendicular to the heat transfer direction, t is the simulation

time and m is the particle mass.

The current study calculates the thermal conductivity of

nanofluid by using a reverse non-equilibrium molecular

dynamics simulation in a periodic boundary conditions

[67]. The RNEMD simulations are performed using

LAMMPS simulation software [68]. LAMMPS integrates

Newton’s equations of motion for collections of atoms,

molecules, or macroscopic particles that interact via short-

or long-range forces with a variety of initial and/or

boundary conditions.

In a RNEMD simulation, a force field which includes

the functional form and parameter sets needs to be

specified in order to describe the interaction between atoms

or molecules, which is also called the potential energy of a

system of particles. Therefore, to model the nanofluid

structures, the consistent valence force field (CVFF) is

chosen [69]. It has been widely used to predict the behavior

of small molecules and macromolecules. The CVFF uses

Morse potential to calculate bond-stretching interactions.

Also, the non-bonded terms describe the van der Waals

(vdW) and long-range electrostatic interactions. Lennard-

Jones (LJ) potential is used to explain the van der Waals

(vdW) interactions between base fluid atoms and graphene

oxide [47, 48, 57].

U rij
� �

¼ 4eij
rij
rij

� �12

� rij
rij

� �6
" #

; when rij\rcut
� �

0 ; when rij � rcut
� �

8
><

>:

ð3Þ

where eij is the depth of the potential well and rij is the

distance at which the inter-atomic potential is zero and rij is

the distance between atoms i and j, respectively [47, 48].

To improve the computational efficiency, only the neigh-

boring atoms within a certain cutoff radius (rcut) are

included in the force calculation because distant atoms

have a negligible contribution. A cutoff radius of 18.5 Å is

used to truncate the vdW interactions. The standard Lor-

entz–Berthelot combination rules [70], eij = (eiiejj)
1/2 and

rij = (rii ? rjj)/2, are used to derive the Lennard–Jones

potential parameters between unlike atom-type force cen-

ters i and j from the values of the parameters between

similar atom types.

The electrostatic interactions [47, 48] are represented by

the following equation in which the dielectric constant, e, is
a function of distances between atoms.

Ucoulomb
ij ¼

X qiqj

erij
ð4Þ

where qi and qj are the effective charges on the charged

atoms i and j, rij is the distance between atoms, and e is the
dielectric constant.

The system atoms are originally arranged in a tetragonal

crystal system lattice. Simulations are performed in NVT

ensemble where the total number of atoms N, the system

volume V and temperature T are constant throughout the

simulation [47, 48]. The simulation temperature is con-

trolled by Nosé–Hoover thermostat [62].

The trajectories of the atom motion are generated by

integrating the equation of motion using velocity Ver-

let algorithm [71]. The integration time step of 1 fs, and the

periodic boundary conditions are applied in all directions.

The total simulation time for each case is set on 2 ns in

which first 1 ns is equilibration step and next 1 ns is to

calculate the thermal conductivity. This simulation time is
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sufficient for obtaining converged simulation energies. The

Ewald summation method [63] is used for long-range

electrostatic interactions with a precision of 1 9 10-4, and

all inter-molecular interactions in the simulation box are

calculated within a cutoff distance of 18.5 Å.

All RNEMD simulations are performed at different

compositions of water–ethylene glycol mixtures (75/25,

60/40 and 40/60) and volume concentrations of graphene

oxide nanosheets (3, 4 and 5%). After 42 simulations, the

thermal conductivity of nanofluids is obtained for each

case.

Theoretical models

The theoretical relations are used for calculation of thermal

conductivity of nanofluids in order to be compared with the

trend of the results obtained by the molecular dynamics

simulations.

The theoretical models to predict the thermal conduc-

tivity of solid suspension, which are suitable for water-

based nanofluids containing less than 5% nanoparticles

with a satisfactory precision, are given as follows:

a. Wasp’s model [72]

knf ¼ kbfm
ks þ 2kbfm � 2 kbfm � ksð Þu
ks þ 2kbfm þ kbfm � ksð Þu

� �
ð5Þ

b. Yu and Choi’s model [73]

knf ¼ kbfm
ks þ 2kbfm þ 2 ks � kbfmð Þ 1þ bð Þ3u
ks þ 2kbfm � ks � kbfmð Þ 1þ bð Þ3u

" #
ð6Þ

c. Bruggeman’s model [74]

u
ks � keff

ks þ 2keff

� �
þ 1� uð Þ kbfm � keff

kbfm þ 2keff

� �
¼ 0 ð7Þ

where u is the particle volume concentration, ks, kbfm and

knf are the thermal conductivity of the solid particles, base

fluid mixture and nanofluid, respectively. b is the ratio of

the nanolayer thickness to the original particle radius.

Normally, to calculate the thermal conductivity of the

nanofluid, it is used as b = 0.1 [73]. Also, Bruggeman’s

model [74] gives the effective thermal conductivity of

nanofluid (keff), and the solution of above quadratic equa-

tion (Eq. 7) is given as [75]:

keff ¼ 3u� 1ð Þks þ 3 1� uð Þ � 1½ �kbfm þ
ffiffiffiffi
D

p
ð8Þ

D ¼ 3u� 1ð Þ2k2s þ 3 1� uð Þ � 1½ �2k2bfm
þ 2 2þ 9u 1� uð Þ½ �kskbfm ð9Þ

Results and discussion

Stability

Molecular dynamics simulations are carried out to assess

the stability of the nanofluid. As shown in Fig. 1, the

graphene oxide that used in the simulations is designed

according to relevant references [76–78] and has func-

tionalized. In order to build the structure of graphene oxide

nanosheet, the graphite supercell is designed and functional

groups composed on that. The functional groups that are

used include hydroxyls, carbonyls, epoxides and carboxyls.

The results obtained from the energy convergence step

of the simulations are presented in Fig. 2a–d. The key

results of this section are about the considerable differences

of the total energy values in different cases of nanofluids.

For the case of pure ethylene glycol as the base fluid and

also in cases that ethylene glycol content in the base fluid

has higher proportions, the total energy of the system is

positive and is in the highest value. This aspect can be

obviously seen in ethylene glycol-based graphene oxide

nanofluid. However, in the cases in which the base fluid is

pure water or the water content in the base fluid overcomes,

the total energy of the system would be negative. The more

explanations in this regard will be presented in the

upcoming results.

Fig. 1 Simulation box
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For more investigation of the system energy, the results

of the third step of the simulations are studied. The total

kinetic energy diagrams for different conditions of the

nanofluid are illustrated in Fig. 3a–d. Figure 3a, b shows

the results of water/graphene oxide and ethylene gly-

col/graphene oxide nanofluid, respectively. The results

obtained for the total kinetic energy of water–ethylene

glycol in contact with graphene oxide nanosheet for the

cases of 75/25 and 40/60 proportions of water to ethylene

glycol are shown in Fig. 3c, d, respectively. The study of

total kinetic energy in different conditions and the com-

parisons of the profiles obtained from the simulations and

also the comparison of the average results of the simulation

which is related to the most stable state of the total kinetic

energy for each nanofluid in its relevant diagram indicates

that when the base fluid is pure water these two curves are

close to each other which implies the stability of water/-

graphene oxide nanofluid. Vice versa in the case of pure

ethylene glycol as the base fluid, the gap between these two

curves increases and consequently the stability of the

nanofluid becomes weak. However, when the mixture of

water and ethylene glycol was used as the base fluid, in the

case of 25% ethylene glycol content the nanofluid is most

stable in comparison with the case of 60% of the ethylene

glycol content. In order to choose the most stable nanofluid

between these two cases, it needs more scrutiny which is

explained in the coming parts of the article.

Radial distribution function diagrams are another aspect

of the work which could be used in the analysis to inves-

tigate the stability of the nanofluids. Figure 4a, b shows the

mentioned radial distribution function for water/graphene

oxide and ethylene glycol/graphene oxide nanofluids,

respectively. In the same manner, radial distribution func-

tions for the cases of the mixture of water and ethylene

glycol as the base fluid with proportions of 75/25 and 40/60

of water to ethylene glycol containing fully dispersed

graphene oxide nanoparticles are illustrated in Fig. 4c, d,

respectively. Radial distribution functions are the primary

linkage between macroscopic thermodynamics properties

and inter-molecular interactions of fluids and fluid mixtures

[79] and indicate the probability of presence of particles in

specific distances. The first peak of radial distribution
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Fig. 2 Energy convergence for water/graphene oxide nanofluid at

26.7 �C (a), energy convergence for ethylene glycol/graphene oxide

nanofluid at 26.7 �C (b), energy convergence for water–ethylene

glycol (75/25) mixture containing graphene oxide at 26.7 �C, (c) and
energy convergence for water–ethylene glycol (40/60) mixture

containing graphene oxide at 26.7 �C (d)
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function is a sharp and highly elevated peak in the liquids

that follows by a limited number of dissipating peaks

which converges into horizontal line at the end. In contrast

to liquids, solids have a regular structures with long-range

order and therefore, the number of these peaks increases

significantly. In the liquids suspended with fully dispersed

particles, the radial distribution function diagrams are

similar to those of the pure liquids. However, any clogging

or precipitation of particles leads to increasing the number

of peaks in the diagrams. As can be seen from the obtained

radial distribution function diagrams, the water-ethylene

glycol based graphene oxide nanofluid with ratio of 75/25

behaves similar to pure liquids which shows a good sta-

bility; while, for the cases of pure ethylene glycol or 60%

ethylene glycol as the base fluids, numerous peaks appear

in the radial distribution function diagrams which shows

the poor stability of those nanofluids. Therefore, in contrast

to water, ethylene glycol increases the instability of

nanofluids.

In order to confirm the accuracy of the simulation

results, the diagram for dispersion quality of the nanofluids

in the simulated systems was obtained (Fig. 5). As shown

in Fig. 5, the intensity curves for nanofluids consisting of

pure water and/or 75% water as the base fluids, are close

together which show good stability. Also, a similar

behavior is observed for nanofluids containing pure ethy-

lene glycol and/or 60 % ethylene glycol as the base fluids

which indicate poor stability. Therefore, in contrast to pure

ethylene glycol based GO nanofluid, the pure water based

GO nanofluid yields the highly stable nanofluid.

Thermal conductivity

Molecular dynamics simulations were performed in two

main stages; the first was equilibration stage. Given a

typical time step of 1 fs equilibration was run for 1 ns. As

regards the constituent molecules of the nanofluid when put

together, the interactions between these particles are per-

formed that it causes an increasing in the level of energy

and gets the system out of the balance. So, it should be

tried to balance the simulation cell. After reaching the

equilibrium, a 0.5 ns RNEMD simulation was performed
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Fig. 3 The total kinetic energy diagrams for water/graphene oxide

nanofluid (a), the total kinetic energy diagrams for ethylene

glycol/graphene oxide nanofluid (b), the total kinetic energy diagrams

for water–ethylene glycol (75/25) mixture containing graphene oxide

(c), and the total kinetic energy diagrams for water–ethylene glycol

(40/60) mixture containing graphene oxide (d)
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with a time step of 1 fs to produce the z-component of the

thermal conductivity under NVE-ensemble (second stage

of the simulation).

As explained before, in RNEMD method, the simulation

box is divided into subdivisions in the z direction. In this

research, the number of subdivided slabs is set to 50 so that

the first slab is assigned to hot zone and the 26th slab to

cold one, as depicted in Fig. 6. The thermal gradients

results for nanofluid are presented in Fig. 7. The obtained

thermal gradients in the interior of the simulation cells by

molecular dynamics simulations were investigated.

According to the simulation method, a thermal gradient

between the side slabs and the middle slabs is going on,

indicating the selection of the type of slab and moreover
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the selection of hot and cold slabs regarding the simulation

method.

The obtained thermal conductivity by RNEMD simu-

lations and experimental data [80] is compared in Fig. 8 for

pure water and pure ethylene glycol. Also, similar results

from RNEMD simulation and experimental data [80] for

the base fluid (water–ethylene glycol) in three distinctive

volume percentages are presented in Fig. 9. The results

show that increasing rate of thermal conductivity versus

temperature for water dominates the falling rate of thermal

conductivity of ethylene glycol versus temperature. The

increasing rate of the thermal conductivity of water and

ethylene glycol was 2–3% with increasing 10� of

temperature.

The thermal conductivity of nanofluids is estimated by

theoretical models (as mentioned in ‘‘RNEMD simulation

for thermal conductivity of nanofluids’’ section) with

considering that the thermal conductivity of base fluid

mixture (kbfm) is utilized from experimental data [80]. And,

the obtained results by RNEMD simulations for thermal

conductivity of nanofluids (with different compositions)

are depicted in Fig. 10. The selection of simulation tem-

peratures is made according to the used applications. This

type of nanofluid is considered for a temperature lower

than 70 �C. At temperatures nearby 80 �C, graphene oxide
is reduced to graphene and sedimentation occurs. There-

fore, the nanofluid loses its stability. As a result, by

increasing the graphene oxide concentration, the deviation

in the predicted value decreases as well. It is concluded that

the Wasp’s, Yu and Choi’s and Bruggeman’s correlations

could predict the thermal conductivity of the graphene

oxide nanofluids. Results indicated that the thermal
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conductivity of nanofluids increases by increasing the

amount of nanosheet’s volume concentration. Increasing

thermal conductivity is desirable because of the enhance-

ment in heat transfer capability. At the same time, this

feature shows great potential and could widely be applied

to enhance thermal efficiency in industrial heat transfer

fluids. The molecular dynamics simulations results show

that at 6.7 �C, the thermal conductivities of the nanofluids

(water (75%)–ethylene glycol (25%) base fluid) with vol-

ume fraction of 3, 4 and 5% of nanosheets were increased

by 14, 19 and 23%, respectively. Also, at 6.7 �C, the

thermal conductivities of nanofluids (water (60%)–ethylene

glycol (40%) base fluid) with volume fraction of 3, 4 and

5% of nanosheets were increased by 10, 25 and 28%,

respectively. For the same temperature, the thermal con-

ductivities of nanofluids (water (40%)–ethylene glycol

(60%) base fluid) with volume fraction of 3, 4 and 5% of

nanosheets were increased by 13, 17 and 30%, respec-

tively. At 26.7 �C, the thermal conductivities of the

nanofluids (water (75%)–ethylene glycol (25%) base fluid)

with volume fraction of 3, 4 and 5% of nanosheets were

increased by 26, 29 and 33%, respectively. Also, at

26.7 �C, the thermal conductivities of nanofluids (water

(60%)–ethylene glycol (40%) base fluid) with volume

fraction of 3, 4 and 5% of nanosheets were increased by 17,

33 and 37%, respectively. For the same temperature, the

thermal conductivities of nanofluids (water (40%)–ethylene

glycol (60%) base fluid) with volume fraction of 3, 4 and

5% of nanosheets were increased by 19, 22 and 37%,

respectively. At 46.7 �C, the thermal conductivities of the

nanofluids (water (75%)–ethylene glycol (25%) base fluid)

with volume fraction of 3, 4 and 5% of nanosheets were

increased by 24, 28 and 33%, respectively. Also, at

46.7 �C, the thermal conductivities of nanofluids (water

(60%)–ethylene glycol (40%) base fluid) with volume

fraction of 3, 4 and 5% of nanosheets were increased by 27,

37 and 40%, respectively. For the same temperature, the

thermal conductivities of nanofluids (water (40%)–ethylene

glycol (60%) base fluid) with volume fraction of 3, 4 and

5% of nanosheets were increased by 32, 40 and 47%,

respectively. The thermal conductivity of nanofluids sig-

nificantly increases with increasing of the temperature. The

reason for increasing in the value of thermal conductivity

through the increasing of the graphene oxide volume per-

cent is clear. The addition of nanoparticles gives a better

enhancement with temperature. As previously mentioned,

some authors explain the enhancement of thermal con-

ductivity of nanofluids with the temperature by Brownian

motion typically; an increase in temperature increases the

Brownian motion of particles [81]. Nanofluids should have

important effects on both the particle Brownian motion and

the diffusive heat conduction due to the difference in the

particles’ aspect ratio [82]. The results include both

RNEMD and theoretical model data. All the results are

collected in Fig. 11a–c in order to evaluate data confir-

mation. In a close meaning, from Fig. 11a–c, it can be seen

that the RNEMD results were compared with the results of

theoretical models for thermal conductivity of nanofluids.

It is possible to give a general correlation for thermal

conductivity of nanofluids in terms of concentration, tem-

perature, and thermal conductivity of base fluid, based on

simulation results, but so many simulations is required, and

because of long-time processing of molecular dynamics

simulations, it was not available in this paper; nevertheless,

it is proposed to conduct the mentioned procedure to

achieve theoretical correlation.

The obtained thermal conductivity by RNEMD simu-

lations and experimental data [83] is compared in Fig. 12

for pure ethylene glycol based nanofluid containing 2%

GO. The results indicate that the RNEMD results have less

than 6.6% deviation from the experimental data [83].
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Conclusions

In the present work, classical molecular dynamics simu-

lation and RNEMD simulation methods are used to

investigate the stability and thermal conductivity of the

water–ethylene glycol based graphene oxide nanofluid,

respectively. The obtained results confirm the stability of

water/graphene oxide nanofluid while with adding the

ethylene glycol to the base fluids and increasing its content,

the stability of nanofluids decreases.

Also, the obtained results indicated that the thermal

conductivity of nanofluids increases by increasing the

amount of nanosheet’s volume concentration. The thermal

conductivity enhanced by a 47% at 46.7 �C for water

(40%)-ethylene glycol (60%) based GO (5%) nanofluid.

The heat transfer mechanism between nanofluid compo-

nents is very complex. More studies are needed to find the

effects of types of nanoparticles on the improvement of the

thermal conductivity of nanofluids.

Molecular dynamics simulation method, due to its novel

capabilities in the field of simulation of material properties,

could play a constructive role in providing the cost-effec-

tive and accurate solutions for investigators. With respect

to the importance of heat transfer capability for the men-

tioned fluids, it is beneficial to use nanofluid as an alter-

native to improve the heat transfer characteristics of the

base fluid. The studied nanofluids can be used in industral

applications as the heat transfer fluid in cold regions.
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62. Nosé SI. A molecular dynamics method for simulations in the

canonical ensemble. Mol Phys. 2002;100(1):191–8.

63. Ewald PP. Ewald summation. Ann Phys. 1921;64:253–371.

64. Green HS. The quantum mechanics of assemblies of interacting

particles. J Chem Phys. 1951;19(7):955–62.

65. Kubo R. Statistical–mechanical theory of irreversible processes.

I. General theory and simple applications to magnetic and con-

duction problems. J Phys Soc Jpn. 1957;12(6):570–86.

66. Müller-Plathe F. Reversing the perturbation in nonequilibrium

molecular dynamics: an easy way to calculate the shear viscosity

of fluids. Phys Rev E. 1999;59(5):4894.

67. Müller-Plathe F. A simple nonequilibrium molecular dynamics

method for calculating the thermal conductivity. J Chem Phys.

1997;106(14):6082–5.

68. Plimpton S. Fast parallel algorithms for short-range molecular

dynamics. J Comput Phys. 1995;117(1):1–19.

69. Dauber-Osguthorpe P, Roberts VA, Osguthorpe DJ, Wolff J,

Genest M, Hagler AT. Structure and energetics of ligand binding

to proteins: Escherichia coli dihydrofolate reductase-trimetho-

prim, a drug–receptor system. Proteins Struct Funct Bioinform.

1988;4(1):31–47.

70. Reid RC, Prausnitz JM, Poling BE. The properties of gases and

liquids. New York: McGraw-Hill; 1987.

71. Swope WC, Andersen HC, Berens PH, Wilson KR. A computer

simulation method for the calculation of equilibrium constants for

the formation of physical clusters of molecules: application to

small water clusters. J Chem Phys. 1982;76(1):637–49.

72. Wasp EJ, Kenny JP, Gandhi RL. Solid–liquid flow: slurry pipe-

line transportation.[Pumps, valves, mechanical equipment, eco-

nomics]. Ser. Bulk Mater. Handl., vol 4. Clausthal: Trans. Tech.

Publ.; 1977.

73. Yu W, Choi S. The role of interfacial layers in the enhanced

thermal conductivity of nanofluids: a renovated Maxwell model.

J Nanoparticle Res. 2003;5(1–2):167–71.

74. Bruggeman D. Calculation of various physics constants in

heterogenous substances I: dielectricity constants and conduc-

tivity of mixed bodies from isotropic substances. Ann Phys.

1935;24(7):636–64.

75. Wang B-X, Zhou L-P, Peng X-F. A fractal model for predicting

the effective thermal conductivity of liquid with suspension of

nanoparticles. Int J Heat Mass Transf. 2003;46(14):2665–72.

76. Shen X, Lin X, Yousefi N, Jia J, Kim J-K. Wrinkling in graphene

sheets and graphene oxide papers. Carbon. 2014;66:84–92.

77. Bagri A, Mattevi C, Acik M, Chabal YJ, Chhowalla M, Shenoy

VB. Structural evolution during the reduction of chemically

derived graphene oxide. Nat Chem. 2010;2(7):581–7.

78. Zhang J, Jiang D. Molecular dynamics simulation of mechanical

performance of graphene/graphene oxide paper based polymer

composites. Carbon. 2014;67:784–91.

79. Mansoori GA. Radial distribution functions and their role in

modeling of mixtures behavior. Fluid Phase Equilibr. 1993;

87(1):1–22.

80. ASHRAE. ASHRAE Handbook—fundamentals. Atlanta: Amer-

ican Society of Heating, Refrigerating and Air-Conditioning

Engineers, Inc.; 2009.

81. Mintsa HA, Roy G, Nguyen CT, Doucet D. New temperature

dependent thermal conductivity data for water-based nanofluids.

Int J Therm Sci. 2009;48(2):363–71.

82. Han Z. Nanofluids with enhanced thermal transport properties.

University of Maryland at College Park: Ph.D. thesis; 2008.

83. Wei Y. Enhanced thermal conductivities of nanofluids containing

graphene oxide nanosheets. Nanotechnology. 2010;21:055705.

Influence of graphene oxide nanosheets on the stability and thermal... 595

123


	Influence of graphene oxide nanosheets on the stability and thermal conductivity of nanofluids
	Insights from molecular dynamics simulations
	Abstract
	Introduction
	Theoretical background
	Classical molecular dynamics simulation for nanofluid stability
	RNEMD simulation for thermal conductivity of nanofluids
	Theoretical models

	Results and discussion
	Stability
	Thermal conductivity

	Conclusions
	References




