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ABSTRACT: Traditionally water-ethylene glycol mixture based nanofluids are used in cold
regions as a coolant in the car radiators. In the present study, the rheological properties of water-
ethylene glycol based graphene oxide nanofluid are studied using Non-Equilibrium Molecular
Dynamics (NEMD) method at different temperatures, volume concentrations, and shear rates.
NEMD simulations are performed with considering 75/25, 60/40, and 40/60 ratios of water/ethylene
glycol as the base fluids at volume concentrations of 3%, 4%, and 5% graphene oxide nanosheets.
The results, which demonstrated good agreement with experimental data, show that the viscosity
and density of base fluids significantly decrease with temperature and increases with ethylene
glycol volume fraction. Also, the viscosity and density of nanofluids depends directly on the volume
concentrations of nanoparticles and decreases with increasing temperature. For example, at 289.85 K,
the viscosity of water (75%)-ethylene glycol (25%) based nanofluids containing 3%, 4% and 5%
volume concentrations of nanoparticles increased by 33%, 43%, and 56%, respectively. Similarly,
the density of the same nanofluids increased by 1%, 1.7%, and 2.2%, respectively. Moreover,
the theoretical models confirm the obtained results. According to the shear rate analysis, the water-
ethylene glycol based graphene oxide nanofluid behaves as a non-Newtonian fluid.
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INTRODUCTION

Nanofluids are two phase mixtures including solid
nanoparticles with sizes varying generally from 1 to 100 nm
suspended in liquids with the heat transfer application
such as water, ethylene glycol, light oil, and etc. [1, 2].
This term was coined by Choi [3] in 1995 at Argonne
National laboratory of USA [4, 5]. Nanofluid is more
stable and has acceptable viscosity and better wetting,
spreading and adhesion behavior on the solid surface [6-
9]. Using the dispersed nanoparticles can be considered

as a positive point to promote heat transfer efficiency of
lubricants and fluids [10-12]. On the other hand, friction
caused by metal contact between hard surfaces can be
a restriction for improving friction behavior of such fluids.
Thus, it is essential to confine friction properties by using
particles with idealized surfaces. Using such nanoparticles
can prevent erosion encountered in internal systems
by changing the sliding friction to rolling friction [13-16].

Ethylene glycol-water mixtures at different volume
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percentages are suitable to lower the freezing point of the
aqueous heat transfer medium. Therefore, in cold regions
of the world, it is common to utilize water-ethylene
glycol in varied volume fractions as heat transfer fluids
in heating systems such as automobile radiators and heat
exchangers [17-20].

Carbon nanostructures are well dispersed with respect
to metals and metal oxides in an aqueous medium due to
their low density [21]. Graphene oxide is a suitable case
which is a derivative of graphite. Graphite powder is
converted to graphene oxide nanosheets by some
chemical methods [22]. Graphene oxide’s water
dispersity and hydrophilicity has been mainly on account
of the ionizable groups (-COOH) at the edge [23-26]
and its low density is attributed to strong C—C covalent bonds
and phonon scattering [27].

In this work, the rheological properties such as
viscosity and density of water-ethylene glycol based fluid
in contact with graphene oxide nanosheets are studied
by Molecular Dynamics (MD) simulation method. Many
researchers have focused on the flow characteristics of
nanofluids using MD simulation. Recently, some
theoretical studies [28-30] were collaborated with molecular
dynamics simulation to get a better knowledge about
nanofluids. However, some theoretical models [2, 31-33]
are available on the rheological properties which were
validated with experimental data; but, there have not been
paid enough attention to the collaborative effort of MD
and theoretical approach. Mechanisms are all on the
ground of physical phenomena. These phenomena
are indicated by the simplified MD simulation method
on the basis of Newton’s second law [34]. The obtained
results from MD simulations need to be confirmed
by theoretical models. Theoretical models can go along
with MD results to evaluate the accuracy of the
simulation [35]. For the first time, Lu et al. [36]
compared Brinkman results with numerical data obtained
from MD results. They used Al,O; as the nanoparticle for
the system of water and ethylene glycol, separately.
In their work, shear viscosity was calculated as a function
of nanoparticle's diameter and then was validated
with Brinkman results. According to their results, theoretical
equations for calculating viscosity are not always accurate
because particle size effects were not considered in these
equations. Furthermore, as it has been mentioned in the
article, in addition to a larger ratio of surface area
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to volume, nanoparticles have better viscosity improvement
effects because of more excellent momentum exchange
between particles and fluid. So, when this value is greater
than an amount, shear viscosity becomes invariable and
the obtained MD simulation results show well agreement
with the results from theoretical correlations [36]. Since
carbon nanosheets have a larger ratio of surface area to
volume; hence, graphene oxide nanosheets can be
proposed as appropriate particles.

The aim of this study is to reduce the high costs of
investigations by using computational and theoretical
methods besides experimental analysis. As mentioned
above, many theoretical [8, 9] and experimental [1-5]
studies have been done on heat transfer and flow behavior
of nanofluids which show that nanofluids significantly
enhance heat transfer. Nevertheless, the rheological
behavior of nanofluids has not been enough analyzed
using Non-Equilibrium Molecular Dynamics (NEMD)
method. The obtained NEMD results can be approved
by theoretical models which have not been paid enough
attention to this issue in the literature. Therefore,
confirmation of NEMD results by theoretical models
can be considered as the novelty of this work.

THEORETICAL SECTION
Molecular dynamics simulation

Molecular dynamics simulation method [37-39]
is a well-established method for predicting properties of
nanofluids. Prediction of the rheological properties such
as viscosity and density can be done either by equilibrium
or non-equilibrium molecular dynamics. Both methods
have their own advantages and disadvantages. In this
paper, Non-Equilibrium Molecular Dynamics (NEMD)
method is used to predict the rheological properties
of water-ethylene glycol based graphene oxide nanofluid.

The MD simulations are performed using LAMMPS
code [40]. 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 [41, 42].

In a MD 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
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structures, the Consistent Valence Force Feld (CVFF)
is chosen [43]. This force field 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 [34, 44, 45].

All the atoms in the simulation model are in Face
Centered Cubic (FCC) lattice with a periodic boundary
condition. In the present work, total simulation time is 2 ns
with a time-step of 1 fs. Canonical (NVT) and
isothermal-isobaric (NPT) ensembles were applied in the
simulation process. The simulation temperature and
pressure controlled by Nosé-Hoover thermostat [46] and
Berendsen barostat [47]. The Velocity Verlet algorithm is
used to integrate Newton’s equations of motion.

Non-Equilibrium  Molecular Dynamics (NEMD)
simulation of the shear viscosity of water and ethylene
glycol mixtures were performed at nine different
compositions of nanofluids (three different volume ratios
of water/ethylene glycol across three nanoparticle
concentrations) as discussed above. NEMD is a steady
state simulation that is achieved by applying an external
strain field to the fluid. This takes the system away from
the equilibrium. In order to apply an external field
SLLOD algorithm is used in conjunction with periodic
boundary condition. In the next section, the NEMD
results for the shear viscosity are compared with
the results of the theoretical models.

SLLOD algorithm
The equations of motion for a system containing
N molecules are [48]:

dar, _ p

—=—+r.Vu 1
o m 1)
dp;

d_tl =F —p.Vu-ip )

Where u is the streaming velocity given
by u=(yy,0,0) in which y is the strain rate, and also m;,
ri, pi, and F; are mass, the position of the center of mass,
peculiar translational momentum and force on the center
of mass for molecule i, respectively.
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L; represents angular momentum and the matrix A;
converts the laboratory frame coordinates of molecule i
to molecular frame coordinates. The g, j=1,...,4
are the quaternion orientations for molecule i [49].
For a homogeneous algorithm, boundary conditions must be
in agreement with the equation of motion. Thus, Lees-
Edwards periodic boundary condition [50] is employed
to solve the equations of motion.

Lees-Edwards periodic boundary

In the Lees-Edwards periodic boundary condition
the box is surrounded by the same boxes. The neighboring
cells are forced to move with a specific speed Vq in the
opposite direction of x—axis path line. In Lees-Edwards
periodic boundary condition the fluid atoms will be
reintroduced in to the box at non-symmetric points
with a linear velocity profile. When an atom A leaves the box

at point P with velocity V  from the lower boundary,
the atom will be reintroduced in to the box at non-symmetric

point P~ with velocity V' (Fig. 1) [50, 51].

V, =V, +2V, O]
Vv, =V,
V, =V,

Theoretical models

Since there is no exact available theory to find out
density and viscosity of nanofluids as yet, the classical
theoretical models for the solid-liquid suspensions are
used to be compared with the measured density and
viscosity. In this work, the theoretical relations for
calculation of density and viscosity of nanofluids
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Fig. 1: Lees-Edwards periodic boundary condition box.

were used in order to compare with the results obtained
by the molecular dynamics simulations.

In this work, the equation suggested by Pak and Cho [52]
is used to calculate the density of nanofluid.

Prt = L= 0)pps +ps (8)

where o, ps and ¢ are the density of the base fluid
mixture, the density of solid nanoparticle and solid
volume fraction, respectively.

Theoretical relations used to calculate the value of the
nanofluid viscosity are as follows:

a) In 1999, Wang et al. [31] suggested a model
calculate the viscosity of nanofluids as the following:

Hpp = M (L+7.30+123¢%) )

b) Batchelor [53] model is:

where 4, ,u, and ¢ are the viscosity of the base

fluid mixture and nanofluid, and the solid volume
fraction, respectively.

RESULTS AND DISCUSSION

In the present work, a monolayer structure of graphene
oxide nanosheet is used. In order to build the structure of
graphene oxide nanosheet, the graphite supercell
was designed and then, the functional groups were added
on the structure. The functional groups are hydroxyls,
carbonyls, epoxides and carboxyls [26, 54]. Fig. 2 shows
one of the simulation cells used in the current work.
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Fig. 2: The simulation cell for studying the rheological properties.

The first step of the simulation is the equilibration stage.
This equilibration stage was run for 1 ns with a typical
time-step of 1 fs. The interactions among the constituent
molecules of the nanofluid lead to increasing of the
energy level. This action puts the system out of the
balance. Hence, the system tries to balance the simulation
cell. At the second step, the model was calculated for 1 ns
to obtain viscosity and density of nanofluids.

Figs. 3 and 4 show the experimental [55] and NEMD
results for density and viscosity of water-ethylene glycol
mixtures at different volume ratios of water/ethylene
glycol, respectively.

The molecular dynamics simulation results indicate that
the density and viscosity of the base fluids significantly
decrease by increasing both temperature and ethylene glycol
volume fraction. The experimental data verify
the obtained NEMD results.

The effect of the graphene oxide nanosheets on the
density and viscosity of the nanofluids was examined
with theoretical models and molecular dynamics
simulation method. The nanofluids were simulated at
three different volume ratios of water/ethylene glycol
(75/25, 60/40 and 40/60) as the base fluids and three
volume concentrations of graphene oxide nanoparticles
(3%, 4%, and 5%) at several temperatures. The obtained
results for the density of nanofluids by molecular
dynamics and Pak and Cho [52] correlation were compared
in Fig. 5.

As illustrated, the deviation in the predicted values of
density decreases with increasing of the graphene oxide
concentration. This concludes that the Pak and Cho
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Fig. 3: Experimental and NEMD results for the density of
water-ethylene glycol mixtures.

correlation can predict the density of the nanofluids
containing graphene oxide nanosheets [52]. The obtained
results indicated that the density of nanofluids increases
with increasing the concentration of GO nanosheets. The
molecular dynamics simulations results show that
the density of the nanofluids containing water (75%)-
ethylene glycol (25%) as the base fluid increases by 1%,
1.7% and 2.2% for the volume fractions of 3%, 4% and
5% GO nanosheets, respectively at 289.85 K. Similarly,
the density of the nanofluids containing water (60%)-
ethylene glycol (40%) as the base fluid increases
by 2.6%, 3.5% and 4.5% for the volume fractions of 3%, 4%
and 5% GO nanosheets, respectively at 289.85 K. Also,
at the same temperature, the density of the nanofluids
containing water (40%)-ethylene glycol (60%) as the base
fluid increases by 1.1%, 2.2% and 3.3% for the volume
fractions of 3%, 4%, and 5% GO nanosheets, respectively.
The density of nanofluids significantly decreases with
increasing the temperature. Because the particles speed up
and spread out due to adding heat to the fluid. Therefore,
the fluid expands and the density decreases.

Also, in the present study, the viscosity of nanofluids
was obtained by both NEMD method and theoretical
models at various GO concentrations and several shear
rates. Figs. 6(a) and 6(b) show the obtained viscosity
results versus temperature by theoretical models and
NEMD method for the shear rate of 1 s,

It is clear that the obtained viscosity of nanofluids
by NEMD simulations are in agreement with the results
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Fig. 4: Experimental and NEMD results for the viscosity of
water-ethylene glycol mixtures.

of theoretical models. This implies that Wang et al. [31] and
Batchelor [53] correlations are appropriate to predict the
viscosity of the nanofluids containing GO nanosheets.
The viscosity of nanofluids increases with increasing of
the GO concentration and decreases with increasing of
the temperature.

The molecular dynamics simulations results show that
the viscosity of the nanofluids containing water (75%)-
ethylene glycol (25%) as the base fluid increases by 33%,
43% and 56% for the volume fractions of 3%, 4%, and
5% GO nanosheets, respectively at 289.85 K. Similarly,
the viscosity of the nanofluids containing water (60%)-
ethylene glycol (40%) as the base fluid increases by 22%,
47% and 72% for the volume fractions of 3%, 4% and
5% GO nanosheets, respectively at 289.85 K. Also, at the
same temperature, the viscosity of the nanofluids
containing water (40%)-ethylene glycol (60%) as the base
fluid increases by 24%, 53% and 81% for the volume
fractions of 3%, 4%, and 5% GO nanosheets,
respectively. As the GO nanosheets are well dispersed in
the base fluids, the interfacial interactions are increased.
Increasing the interfacial interactions in nanofluids due to
the addition of the GO nanosheets leads to increasing
the viscosity of nanofluids and the internal friction forces.
The friction force in the mentioned fluid arises from
the cohesion and momentum interchange between molecules.
Furthermore, there are strong attractions between liquid
and solid molecules which enhances the cohesion
in the nanofluid. Also, the different velocities of nanoparticles

181



Iran. J. Chem. Chem. Eng.

&GO 3% in Wa (75%) EG (25%) = GO 3% in Wa
HGO 4% in Wa (75%) EG (25%) & GO 4% in Wa
LGO 5% in Wa (75%) EG (25%)  + GO 5% in Wa

( (40%) EG (60%
(
(
# GO 3% in Wa (60%) EG (40%)
(
(

(40%) EG (60%,
(40%) EG (60%)
75%) EG (25%)
75%) EG (25%)
75%) EG (25%)

-*-GO 3% in Wa (60%) EG (40%

GO 4% in Wa (60%) EG (40%)

GO 5% in Wa (60%) EG (40%)

M 7 GO 3% in Wa (40%) EG (60%;
M = GO 4% in Wa (40%) EG (60%)
M & GO 5% in Wa (40%) EG (60%)

"GO 3% in Wa
GO 4% in Wa
“~GO 5% in Wa

=GO 4% in Wa (60%) EG (40%)
&GO 5% in Wa (60%) EG (40%)

) )M
) )M
) )M
) )M
) )M
) ) M

Izadkhah M.Sh. et al.

+R?0.966 #R°0.987 4R%0.984 wR%0.930 #R0.931 4R%0.939 =R0.971 =R%0.952 4R%0.930

1150
1130
& 1110 .
£ . .
> 1090 :
< - .
2 1070| » ~ A - "
2 - .
$ 1050 .
o)
1030
1010

990
277 282 287 292 297 302 307 312 317 322
Temperature (K)

Fig. 5: The obtained density of water-ethylene glycol based
GO nanofluids by Pak and Cho [52] equation and NEMD
simulations.

and base fluid results in momentum exchange. The reason
for increasing of the viscosity of nanofluids with
increasing of GO concentration is related to the fact that
nanofluids need to consume energy due to the molecular
motion of nanoparticles in the base fluid. Therefore, more
nanoparticles result in more internal energy consumption
and viscosity increases. Moreover, as the temperature of
nanofluid increases, the viscosity decreases. In other
words, hot liquids have less viscosity than cold ones.
Therefore, when energy is added to a liquid, the
movements of molecules are intensified to slide past each
other with greater ease. In a close meaning, as particles
speed up and move apart, viscosity is negatively affected
due to the easier movement of molecules. Increasing of
the viscosity is desirable because of the enhancement in heat
transfer capability. At the same time, this feature shows
a great potential that can widely be applied to enhance
thermal efficiency in industrial heat transfer fluids.

The molecular dynamics results for the viscosity of
the nanofluids at shear rates of 0.5 and 0.05 s were
shown in Figs. 7 (2) and (b).

The value of 0.05 s indicates the low shear rate and
the viscosity at low shear rates is defined as the zero-shear
viscosity. The zero-shear viscosity is an important scaling
parameter; because, it is difficult to be measured.
However, NEMD method has an easy procedure to
calculate the mentioned value.
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The effects of shear rates on the viscosity of the
nanofluids were presented in Figs. 8(a)-(c) at low,
medium and high temperatures.

The results show that the viscosity of nanofluids
decreases with the increase of shear rate. Therefore,
the water-ethylene glycol based GO nanofluid behaves
as a non-Newtonian shear thinning fluid.

Shear thinning of well-dispersed suspensions
can be related to the modifications in the structure and
arrangement of interacting particles. Shearing may cause
the orientation of particles in the direction of flow
proportional to its gradient. This can break agglomerates
and hence reduce the amount of solvent immobilized
by the particles. The interaction forces may then decrease
and change the flow resistance and the apparent viscosity
of the system. This is the structural and molecular reason
for non-Newtonian shear thinning behavior of the water-
ethylene glycol based GO nanofluid.

CONCLUSIONS

The effect of adding graphene oxide nanosheets
on the viscosity and density of the base fluid (water +
ethylene glycol) with different volume, concentrations were
investigated by molecular dynamics simulation method
and some theoretical models. The obtained results
demonstrated that the viscosity and density of nanofluids
increases with increasing the volume concentration
of GO nanosheets. Increasing the viscosity is related
to improve the heat transfer capability. Therefore,
it can be concluded that GO nanosheets have great potential
to improve the thermal efficiency in industrial heat transfer
fluids. Also, as the temperature increases, the viscosity,
and density of the base fluid and nanofluid decreases.
In order to validate the molecular dynamics results,
the theoretical models were employed to calculate the density
and viscosity of nanofluids. There was a good agreement
between the obtained results by both NEMD method and
theoretical models. According to the shear rate analysis,
water-ethylene glycol based GO nanofluids behave
as a non-Newtonian fluid. Also, the calculated errors
in MD simulations were not more than 6% for density
and 7% for the viscosity. Therefore, molecular dynamics
method can play a constructive role in providing the cost
effective and accurate solutions for investigators in the
field of simulation of material properties due to its novel
capabilities.
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Fig. 6: a) The obtained viscosity of water-ethylene glycol based GO nanofluids by Wang et al. [31] equation and NEMD
simulations for a shear rate of 1 s™%. b) The obtained viscosity of water-ethylene glycol based GO nanofluids by Batchelor [53]
equation and NEMD simulations for a shear rate of 1 s
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b) The obtained viscosity of water-ethylene glycol based GO nanofluids by NEMD simulations for the shear rate of 0.05 s

Nomenclature

F Force on the center of mass of molecule
L Angular momentum
m Mass of the molecule
p Translational momentum
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r Position of center of mass of the molecule
T Temperature, K
\% Velocity, m/s
1) Viscosity, kg/m.s
P Density, kg/m?®
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of water-ethylene glycol based GO nanofluids as a function of shear-rate by NEMD simulations
at a high temperature of 319.85 K.
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