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a b s t r a c t

Effective thermal conductivity of Ar–Cu nanofluid in shear field is calculated by equilibrium molecular
dynamics (EMD) simulation using Green–Kubo formula. The shear field is formed by imposing constant
shear rate Couette flow with modified Lees–Edwards periodic boundary condition. The nanoparticle in
the nanofluid in shear field rotates under the action of the velocity gradient. The rotation induces
enhanced ‘‘microconvection’’ effect which is the main reason for the linear increase in the effective ther-
mal conductivity of the shearing nanofluid with the shear rate increasing. The increase is more sharply
with lower volume fraction of nanoparticle than with higher volume fraction, because the ‘‘microconvec-
tion’’ effect is weakened in the nanofluid with higher volume fraction of nanoparticle resulted by the
slower nanoparticle rotation speed. The effective thermal conductivity obtained from the conventional
correlation which is proposed for the flowing suspensions containing micro-sized particles are signifi-
cantly lower than our numerical results. Moreover, the effect of nanoparticle volume fraction is more
obvious in our numerical results. Therefore, the conventional correlation is not suitable when the sizes
of the suspended particles are reduced to nanometers (nanofluid).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Nanofluid [1,2] containing nanometer sized particles or fibers
suspended in the base fluid has received considerable attentions
in last two decades, for its better heat transport performance than
ordinary fluid containing micro-sized particles. Nanofluid shows
great increase in thermal conductivity for a few additions of solid
particles [3] and exhibits higher heat transfer coefficient in laminar
flow [4,5] compared with the base fluid. Meanwhile, nanofluid is
more stable and has acceptable viscosity and better wetting,
spreading and adhesion behaviors on solid surface [6,7]. Among
these behaviors, the high heat transport characteristic attracts
extensive interests from scientists and more potential applications
of nanofluid appear in many heat transfer areas.

Much work has been devoted to the investigation on the en-
hanced thermal properties of nanofluid and its enhancement
mechanisms. Garg et al. [8] measured the thermal conductivity
of copper nanoparticles in ethylene glycol and found that the in-
crease in the thermal conductivity was twice the value predicted
by the Maxwell effective medium theory. Sankar et al. [9] esti-
mated the enhancement of the water–platinum nanofluid’s ther-
mal conductivity based on molecular dynamics simulation model
ll rights reserved.
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and compared the results with the existing experimental results
that indicated great enhancement in the thermal conductivity.
Keblinski et al. [10] suggested four possible explanations for the
anomalous enhancement in the thermal conductivity of nanofluid
and showed that the key factor in the understanding of the thermal
property of nanofluid is ballistic, rather than diffusive. In contrast,
some scholars indicated that the increase in the thermal conduc-
tivity of nanofluid was not anomalous and the thermal conductiv-
ity was consistent with the classical effective medium theory.
Buongiorno et al. [11] measured the thermal conductivity of vari-
ous nanofluids using a variety of experimental approaches and
concluded that no anomalous increase of thermal conductivity
was observed and the experimental data were good agreement
with the effective medium theory developed for dispersed parti-
cles. Vladkov and Barrat [12] simulated the thermal conductivity
of nanofluid by molecular dynamics simulation and showed that
in the absence of collective effects, the thermal conductivity of
the nanofluid was well described by the classical Maxwell–Garnet
equation mode.

Thermal property of nanofluid, a special kind of liquid–solid
two-phase fluid, is related to not only the flow process, but also
the heat transfer process. It is inadequate to replace the effective
thermal conductivity of flowing nanofluid with its static thermal
conductivity, which is often done before owing to the lack of rele-
vant research on the effective thermal conductivity [13,14]. Shear
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Nomenclature

rij distance between atom i and atom j
rcut cutoff distance
N total number of system atoms
V system volume
T system temperature
kB Boltzman constant
~J heat current vector
t time
Dt time step length
~I unit tensor
~v velocity of atom
h mean enthalpy
Vd boundary velocity in x-direction
Nfluid the total number of fluid atoms
mi mass of atom i
rzi z-direction component of position coordinate of atom i
~uðrÞ local flow velocity
Dx coordinate change in x-direction
Lx width of simulation box in x-direction
r radius of nanoparticle
Vol%, c volume fraction of nanoparticle/particles
Pep Peclet number
d diameter of particle
e velocity gradient

Greek symbols
u LJ potential
e energy parameter
r length parameter
s nondimensional time
k thermal conductivity
c shear rate
q liquid density
x rotation speed of nanoparticle
a thermal diffusivity

Superscript
⁄ nondimensional quantities

Subscripts
s solid nanoparticle
l liquid base fluid
0 zero shear rate/static state
j, k number of atoms
a, b kind of atoms
m, n time step
e effective
f suspending fluid
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field is often encountered in industrial applications, in which the
thermal property of two-phase fluid has been studied very early,
both experimentally and theoretically [15–17]. The shear-induced
enhanced microconvection is expected to be a common feature and
one of the main reasons for the enhancement in the effective ther-
mal conductivity in most disperse two-phase flow, such as bubbly
flow, mist flow and solid–fluid slurry. Shin and Lee [18] experi-
mentally measured the thermal conductivity of the suspension
containing micrometer sized particles in shear flow fields and
found that the thermal conductivity increased with the shear rate
increasing and displayed asymptotic plateau values at high shear
rate.

However, no work has been carried out on the thermal property
of nanofluid in shear field, as far as our knowledge. Therefore, the
purpose of our study is to investigate the influence of the flow
shear rate on the effective thermal conductivity of the shearing
nanofluid and probe the mechanisms of heat transfer enhance-
ment. In this paper, the thermal conductivity of the nanofluid in
shear field is calculated by molecular dynamics (MD) simulation
method.

MD simulation is a computational method that solves Newton’s
equation of motion for a system of particles interacting with a gi-
ven potential. As MD simulation directly and accurately calculates
the movement of particles at atomic level, it can afford scientists
and engineers ways to predict macroscopic properties based on
generated primary data via statistical mechanicals. Meanwhile,
there have been a number of methods devised to establish shear
flow by MD simulation [19–21]. Of these, the homogeneous-shear
(HS) method and the sliding-boundaries (SB) method have been
proved to be popular. The SB method first employed by Ashurst
and Hoover [19] was largely discarded due to the boundary effects,
minimization of which needs to use large system size. While, it has
been showed [22] that the results produced by the HS method
were relatively insensitive to the system size above 200 system
atoms. At the same time, in the homogeneous system all atoms
perceive a similar environment because physical walls are
eliminated.
Although there are many problems of the HS method such as
high value of shear rate for small sample needed to drive the mass
and heat flow, the shear viscosity has been computed widely with
this method using Lees–Edwards [20] periodic-boundary to impose
Couette flow on the sample by non-equilibrium molecular dynam-
ics (NEMD) simulation. In contrast, in this paper the Couette flow is
imposed to the nanofluid by equilibrium molecular dynamics
(EMD) simulation with modified Lees–Edwards periodic boundary.
In the EMD, transport properties are often calculated by Green–
Kubo formula. It is the first attempt, to our knowledge, to calculate
the thermal conductivity of shearing fluid in this way. It is ex-
pected that the calculation will be valuable both from methodolog-
ical and engineering point of view.
2. Molecular dynamics simulation model

In this paper, the simulation system consists of liquid argon (Ar)
base fluid and copper (Cu) nanoparticle. The widely accepted Len-
nard-Jones potential matches experimental data well for pure ar-
gon fluid and requires reasonable computation time. Although
the most accurate potential for modeling copper atoms is embed-
ded atom method (EAM) potential as it can take care of metallic
bonding, the LJ potential also can predict well the qualitative trend
of thermal conductivity enhancement [23]. In the simulation, the
interatomic interactions between base fluid argon atoms, solid
copper atoms, interactions between argon atoms and copper atoms
are all modeled by the well-known Lennard-Jones (LJ) 12-6 poten-
tial [24],

/ðrijÞ ¼
4e r

rij

� �12
� r

rij

� �6
� �

ðrij < rcutÞ

0 ðrij P rcutÞ

8<
: ð1Þ

where rij is the distance between particles i and j, and r and e are
the energy parameter which governs the strength of the interaction
and the length scale, respectively. To improve the computational
efficiency, only the neighbouring atoms within a certain cutoff ra-



Fig. 1. A Couette flow set-up for constant shear rate and Lees–Edwards periodic
boundary condition.
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dius (rcut) are included in the force calculation because distant
atoms have a negligible contribution. In this calculation, the cutoff
distance rcut is set to 2.5r. For argon, the LJ parameters r and e
are equal to 0.3405 nm and 1.670 � 10�21 J, respectively. For cop-
per, the LJ parameters r and e are equal to 0.2338 nm and
65.625 � 10�21 J [23], respectively. To determine the parameters
between argon atoms and copper atoms, the common Berthlot mix-
ing rule is used [25]:

rsl ¼
rss þ rll

2
ð2aÞ

esl ¼
ffiffiffiffiffiffiffiffiffiffi
essell
p

ð2bÞ

Therefore, r and e between argon and copper are 0.2871 nm and
10.469 � 10�21 J, respectively.

The system atoms are originally arranged in a regular faced-
centred cubic (FCC) lattice. NVT ensemble is used in the simulation
where total number of system atoms N, system volume V, and sys-
tem temperature T are constant throughout the simulation. The
tracks of the atom motion are obtained by integrating the motion
equation with an effective Velocity-Verlet algorithm [26].

The EMD method can simulate transport coefficients, such as
self-diffusion, thermal conductivity and shear viscosity, based on
the linear response theory [27]. Thermal conductivity is obtained
by integrating the heat current autocorrelation function (HCACF)
through the Green–Kubo formula [28]

k ¼ 1
3VkBT2

Z 1

0
hJðtÞ
�!
� Jð0Þ
�!
idt ð3Þ

where k is the thermal conductivity, V the system volume, T the sys-
tem temperature, kB the Boltzman constant, J the heat current vec-
tor, and the angular brackets denote the ensemble average or the
average over time.

For a two-component system, the heat current is expressed as
the constitution of the kinetic part, the collision part, and the po-
tential part. Then, an extended form is used to calculate the heat
current vector [29,30]
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where the subscripts j, k are the number of atoms, and a, b denote
two different kinds of atoms. Na and Nb are the number of atoms of
a and b, respectively. ~v ja is the velocity of an atom j of a, ha stands
for the mean enthalpy per atom of a, and~I is the unit tensor. The
mean enthalpy is calculated as the sum of the average kinetic en-
ergy, potential energy, and virial terms per atom of each species
[24]. For a single-component system, the last term of Eq. (4) equals
zero.

Since the simulation is performed for discrete time steps, Eq. (3)
for the calculation of thermal conductivity is written as below
form.

kðtMÞ ¼
Dt

3kBVT2

XM

m¼1

1
N �m

XN�m

n¼1

ðJðmþ nÞ
�!

� JðnÞ
�!
Þ ð5Þ

where tM is given by M Dt and Jðmþ nÞ
�!

is the heat current vector at
MD time step m + n. The average heat current vector over time is
known as heat current autocorrelation function (HCACF).

In the model, the simulation box is considered as being
embedded in a fluid which has a constant velocity gradient in
the z-direction. Periodic boundary condition is imposed in the
x–y plane, while modified Lees–Edwards periodic boundary condi-
tion, which will be illustrated in the next section, is applied in the
z-direction to produce a constant shear rate Couette flow in the x-
direction. The shear rate c equals the velocity gradient c = oVx/oz.
As an input parameter, the nondimensional shear rate c⁄ = c/(1/
s), where s is the nondimensional time s ¼ r

ffiffiffiffiffiffiffiffiffi
m=e

p
, varies from

0.0 to 1.3 in this paper for the investigation of the influence on
the effective thermal conductivity of nanofluid. A typical simula-
tion requires 1,500,000–1,600,000 MD steps. The initial 100,000
time steps are used to allow the system to reach the temperature
equilibrium. After the equilibrium, an extra velocity is given to
the base fluid atoms and the modified Lees–Edwards periodic
boundary condition is applied to form a linear velocity profile. It
is necessary to control the temperature artificially in order to
achieve steady state. The most simple and intuitive velocity rescal-
ing [26] method is used to control the temperature, which changes
the velocities of atoms at t time by multiplying a factor determined
by the instantaneous temperature and the reference temperature.
In the presence of flow, any local flow must be subtracted from
the velocities before the evaluation of the temperature, which is
calculated from:

T ¼ 1
3NfluidkB

XNfluid

i¼1

mi ~v i �~uðriÞ½ �2 ð6Þ

where the local flow velocity profile is simply given by

~uðrÞ ¼ ðcrzi;0;0Þ ð7Þ

The time step in the simulation is chosen from 0.0001s to 0.0005s
depending on the value of shear rate. For large shear rate, a small
time step is applied. When the velocity profile keeps stable after
about 500,000 time steps, the data are collected to calculate the
thermal conductivity according to the Green–Kubo formula.

3. Modified Lees–Edwards periodic boundary

In the Lees–Edwards periodic boundary condition, the box un-
der consideration is surrounded by cyclic images of itself as in
the conventional periodic boundary condition. While the neigh-
bouring cells in the z-direction are made to drift with a specified
speed Vd in the x-direction with respect to the central cell. The
upper neighbouring cell is replaced with Vd, at the same time the
lower cell is replaced with �Vd.
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For the conventional periodic boundary condition, when an
atom A leaves the simulation box at point P with velocity ~V from
the lower boundary, as shown in Fig. 1, the atom will be reintro-
duced into the box at its symmetric point P0 in the upper boundary
with all three velocity components unaltered. While for the Lees–
Edwards periodic boundary condition, the fluid atoms have a linear
velocity profile and then the atom will be reintroduced into the box
at point P00 with velocity ~V 0, where

V 0x ¼ Vx þ 2Vd

V 0y ¼ Vy

V 0z ¼ Vz

ð8Þ

Meanwhile, there is a coordinate change Dx in the x-direction be-
tween the point P00 and the point P0, which is given by

Dx ¼ 2ntVd Dt � ½2ntVd Dt=Lx�Lx ð9Þ

where nt denotes the number of time step, and Lx is the width of the
simulation box in the x-direction.

In the calculation of the interactions between boundary atoms,
such as between atom A and atom B as shown in Fig. 1, the com-
mon method is Minimum Image Criterion [26], in which only the
closer one with the atom A between the atom B and its image B0

is considered. In the Lees–Edwards periodic boundary condition,
the image of atom B changes to B00, which have an offset value Dx

along the velocity direction compared with B0.
However, when first applies the standard Lees–Edwards peri-

odic boundary condition, the shear rate of the statistically obtained
velocity profile of the pure fluid argon is not consistent with the
imposed shear rate c⁄ = 0.5, as shown in Fig. 2 (solid circles). At
the same time, the region with linear velocity distribution is re-
duced to a small part of the central. The phenomenon is induced
by the interactions separated by the z-boundaries, such as the
interaction between the atom A and the image B00, because the
velocity change between the atom B and its image B00 is not in-
volved in the calculation of the interaction with Minimum Image
Criterion. Since the nature of the interaction is not really reflected,
the statistical average x-direction velocity of the atoms near the
z-boundaries is lower than the velocity translated from the
imposed shear rate. In order to obtain a constant shear rate veloc-
ity profile, the interaction must be modified. A straightforward
modification is used in this paper, i.e. directly ignores the x-
direction component of the interaction.

When the modified Lees–Edwards periodic boundary condition
is applied to the same case of imposed shear rate c⁄ = 0.5, linear
velocity profile corresponding to the imposed shear rate is
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Fig. 2. Velocity profile of the pure fluid argon as imposing shear rate c⁄ = 0.5.
obtained as shown in Fig. 2 (solid squares). This demonstrates that
our modification is effective to form constant high shear rate
Couette flow.
4. Results and discussion

4.1. Validation of the simulation model

Prior to the calculation of the thermal conductivity of nanofluid,
a validation of the computer code and the simulation model is con-
ducted with the base fluid argon. It was observed by Sarkar and
Selvam [23] that the thermal conductivity of argon base fluid is
independent on the total number of system atoms above 500
atoms compared with 1372 atoms for nanofluid system. Hence,
the thermal conductivity of liquid argon in the shear flow is calcu-
lated with 500 system atoms at its state point T⁄ = 0.71 and
q⁄ = 0.844(r�3). Fig. 3 shows the HCACF diagrams and the thermal
conductivity integrals of liquid argon with time step m (in Eq. (5))
for the shear rate c⁄ = 0.0 (no shear flow) and c⁄ = 0.5. It can be
found that the thermal conductivity of the liquid argon in the shear
flow nearly converges to the same value as that without shear flow.
For a better understanding of the variation of the thermal conduc-
tivity with the shear rate, thermal conductivity of pure argon at
various shear rates are further calculated.
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Fig. 3. HCACF and thermal conductivity of liquid argon as shear rate c⁄ = 0.0 and
c⁄ = 0.5.
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Fig. 5. Temperature equilibrium structure of the nanofluid with Vol% = 1% (green:
copper nanoparticle; red: argon atoms). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Rotation of the nanoparticle in the x–z plane under different shear rates (green:
copper nanoparticle; blue: selected copper atoms).

c⁄ t (ps)

0 20 40

0.0

0.2

0.4

Table 2
Rotation speed x (rad/s) of the nanoparticle in the nanofluid with different volume
fraction of nanoparticle for the shear rate c⁄ = 0.2 and c⁄ = 0.4.

c⁄ Vol%

1% 3% 5%

0.2 3.92 � 1010 3.11 � 1010 1.91 � 1010

0.4 8.26 � 1010 6.50 � 1010 4.08 � 1010
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Fig. 4 presents the thermal conductivity of argon vs. the nondi-
mensional shear rate ranges from 0.0 to 1.3. The results demon-
strate that there is no effect of the shear rate on the thermal
conductivity and the constant value of the fitted line
k = 0.138 W m�1 K�1 agrees well with the experimental value
[23] k = 0.132 W m�1 K�1 at static state within 5%. The phenome-
non is in accordance with the experimental conclusion by Sohn
and Chen [17] and Shin and Lee [18] that the thermal conductivity
of pure fluid has no dependence on the flow shear rate. Hence, our
simulation results are proved to be accurate and the computer
code and simulation model (including the modified Lees–Edwards
periodic boundary condition) are validated.

4.2. Modeling the nanofluid and rotation of the nanoparticle

After the validation using pure argon, nanoparticle is suspended
into the base fluid to form the nanofluid. The nanofluid system is
modeled by replacing the same volume argon atoms with copper
atoms according to the volume fraction of the nanoparticle
(Vol%). The initial number of argon atoms is 1372, which is large
enough to ensure that the results are independent from the num-
ber of atoms. Because the difference between the density of argon
and copper is taken into account during the MD simulation, the so-
lid nanoparticle is formed by carving sphere out of anther FCC lat-
tice of copper atoms. Only a single solid nanoparticle is considered
in the simulation. The temperature equilibrium structure of the
nanofluid with Vol% = 1% appears as in Fig. 5.

Rotation of the copper nanoparticle is observed when the nano-
fluid is imposed a shear flow. A serial of figures which show the
rotation of the nanoparticle for the shear rate c⁄ = 0.0, 0.2 and 0.4
are provided in Table 1. When the flow reaches stable after
500,000 time step (t = 0), five copper atoms which located in the
left of the x–z plane are selected to demonstrate the rotation. After
20 ps, for c⁄ = 0.0 the nanoparticle nearly has no movement, while
for c⁄ = 0.2 and c⁄ = 0.4 the nanoparticle appears a rotation along
clockwise direction which can be observed from the location of
the selected copper atoms. The higher the shear rate, the faster
the rotation of the nanoparticle. It can be easily understood that
the rotation is caused by the velocity difference between atoms
of nanoparticle upper surface and lower surface, which is related
to the flow shear rate.

The rotation of the nanoparticle can be quantified by evaluating
the rotation speed x skillfully through the tangential velocity of
the copper nanoparticle. When the rotation is steady, for the
leftmost surface atom, the z-direction velocity is approximately
considered as the rotation tangential velocity. Thus, the rotation
speed x equals the z-direction velocity divided by the radius r of
the nanoparticle. The rotation speeds of the nanoparticle in the
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nanofluid with Vol% = 1%, 3% and 5% for shear rate c⁄ = 0.2 and
c⁄ = 0.4 are shown in Table 2. For Vol% = 1%, 3% and 5%, the radius
r of the nanoparticle are equal to 5.53 � 10�10 m, 7.72 � 10�10 m
and 9.15 � 10�10 m, respectively. As can be seen from Table 2,
the rotation speed increases significantly with increasing shear
rate as found intuitively from Table 1. The rotation speed with a
lower volume fraction at a certain shear rate is greater than that
with a higher volume fraction, which is resulted by the bigger mass
of nanoparticle for higher volume fraction.

4.3. Effect of nanoparticle volume fraction on the velocity profiles

When the nanoparticle is suspended into the base fluid, the
velocity profile of the base fluid is influenced, as shown in Fig. 6.
With the volume fraction of the nanoparticle increasing, the
boundary values of the velocity profile are not altered, while the
linear velocity distribution is affected. However, the change in
the linear velocity distribution is slightly even though at the vol-
ume fraction of 5%.

4.4. Calculation of the thermal conductivity of nanofluid

Thermal conductivity of the nanofluid with Vol% = 1% for the
shear rate c⁄ = 0.0 and c⁄ = 0.3 is calculated. The thermal conduc-
tivity of the nanofluid at shear rate c⁄ = 0.0 is called zero-shear-rate
thermal conductivity (k0). The HCACF diagrams and the thermal
conductivity integrals with time step m are plotted in Fig. 7. The
HCACF for c⁄ = 0.0 decays to zero more rapidly and sharply, at
the same time the HCACF for c⁄ = 0.3 stays correlated more
strongly and for a longer time. Accordingly, the thermal conductiv-
ity integral value for c⁄ = 0.3 is remarkably higher than the zero-
shear-rate thermal conductivity.

Thermal conductivity of the nanofluid at various shear rates is
further calculated. Fig. 8 shows a relative thermal conductivity
vs. nondimensional shear rate for Vol% = 1%, 3% and 5%. The relative
thermal conductivity (ke/k0) is defined as the ratio of the effective
thermal conductivity in shear flow to the zero-shear-rate thermal
conductivity of nanofluid. For Vol% = 1%, 3% and 5%, 14, 38 and 68
of the argon atoms are replaced by 38, 164 and 266 copper atoms
to model the nanofluid, respectively. Therefore, the total number of
the atoms within the computational domain is 1396, 1498 and
1570, respectively. The zero-shear-rate thermal conductivity of
the nanofluid with Vol% = 1%, 3% and 5% are equal to 0.159, 0.198
and 0.262 W m�1 K�1, respectively.
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Fig. 6. Velocity profiles of the nanofluid with different nanoparticle volume
fractions as imposed shear rate c⁄ = 0.5.
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As seen from Fig. 8, the relative thermal conductivity at a cer-
tain volume fraction of nanoparticle increases nearly linearly as in-
creases the nondimensional shear rate. Meanwhile, the volume



Table 3
The values of constant B and m.

Low Pep Moderate Pep (0.67–250) Very high Pep

B 3.0 1.8 3.0
m 1.5 0.18 1/11
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fraction effect is significant and the increase in the relative thermal
conductivity at a lower volume fraction with respect to the shear
rate is larger than that at a higher volume fraction. In other words,
the shear rate effect on the effective thermal conductivity of shear-
ing nanofluid with lower volume fraction is more obvious than
with higher volume fraction.

As mentioned earlier, under a velocity gradient the nanoparticle
behaves in an interesting manner: rotation. Thus, ‘‘microconvec-
tion’’ generated by the relative motion between the nanoparticle
and the liquid fluid in the shearing nanofluid is stronger than that
produced only by the Brownian motion of the nanoparticle in mac-
roscopic static nanofluid. Therefore, thermal interactions between
the rotating nanoparticle atoms and the base fluid atoms are stron-
ger and accordingly the overall thermal transport is enhanced, in
particular for high shear rate. At a higher volume fraction, the
nanoparticle rotation speed slows down and the ‘‘microconvec-
tion’’ effect is weakened. Hence, the nanofluid with lower volume
fraction has a greater increase in the thermal conductivity with
the shear rate increasing than does with higher volume fraction.

According to Lin et al. [31], the shearing fluid structure become
more aligned along the streamlines and thus become more orderly.
However, the more aligned and orderly structure of the fluid atoms
is not observed in the simulation from micro-structural point of
view and the fluid structure with shear flow still acts like the tem-
perature equilibrium structure as shown in Fig. 5. Therefore, it can
be concluded that the shear flow has no effect on the structure of
the fluid atoms and accordingly the orderly structure is not the rea-
son for the enhancement in the thermal conductivity.

The effective thermal conductivity of flowing suspensions con-
taining micro-sized particles was studied widely and Charunyak-
orn et al. [32] summarized a correlation according to the
previous results.
ke

k0
¼ 1þ BcPem

p ð10Þ
where ke is the effective thermal conductivity of the flowing sus-
pension, k0 the thermal conductivity of the suspension at static
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Fig. 9. Relative thermal conductivity compared between correlation results and our
numerical results for the nanofluid with Vol% = 1%, 3% and 5%.
state, c the volume fraction of the particles, and B and m are con-
stants which are listed in Table 3, Pep is the particle Peclet number
Pep ¼
ed2

af
ð11Þ
where e is the velocity gradient, d the particle diameter, and af is the
thermal diffusivity of the suspending fluid.

For the nanofluid with Vol% = 1%, 3% and 5%, the effective ther-
mal conductivity is calculated by the conventional correlation
equation (10) and the results are compared with our numerical re-
sults, as shown in Fig. 9. The results obtained from the conven-
tional correlation are significantly lower than our numerical
results, which mean that the effective thermal conductivity of
the flowing nanofluid is seriously underestimated in Eq. (10). Fur-
thermore, the volume fraction effect is more obvious in our numer-
ical results. Therefore, the conventional correlation proposed for
the suspensions containing micro-sized particles is not suitable
as the sizes of the suspended particles reduced to nanometers
(nanofluid) and a new correlation is expected.
5. Conclusion

In this paper, the thermal conductivity of the argon-based nano-
fluid suspending copper nanoparticles in shear field is calculated
by EMD simulation using Green–Kubo formula. The modified
Lees–Edwards periods boundary condition is imposed to form Cou-
ette flow with constant shear rate.

In the shear field, the nanoparticle behaves in an interesting
manner: rotation along clockwise direction in the x–z plane. The
higher the shear rate, the faster the rotation of the nanoparticle.
The rotation speed x is greater with lower volume fraction of
nanoparticle than that with higher volume fraction.

The relative thermal conductivity ke/k0 increases linearly as in-
creases the flow shear rate for the enhanced ‘‘microconvection’’ ef-
fect resulted by the rotation of nanoparticle. The increase in the
relative thermal conductivity at a lower volume fraction with re-
spect to the shear rate is larger than that at a higher volume frac-
tion, which is related to the slowed down rotation speed for the
higher volume fraction of nanoparticle. This paper further point
out that the shear flow has no effect on the fluid structure and or-
derly fluid structure is not the reason for the enhancement in the
thermal conductivity of shearing nanofliud.

The effective thermal conductivity obtained from the conven-
tional correlation equation (10) proposed for the flowing suspen-
sions containing micro-sized particles is significantly lower than
our numerical results. Furthermore, the volume fraction effect is
more obvious in our numerical results. Hence, the conventional
correlation is not suitable when the sizes of the suspended parti-
cles are reduced to nanometers (nanofluid).

Further research is needed to make a thorough probe into the
thermal conductivity enhancement mechanisms of the nanofluid
in shear field, especially from the microscopic point of view. At
the same time, the influences of nanoparticle diameter, system
temperature, etc. on the thermal conductivity enhancement need
to be investigated and corresponding correlation try to be
proposed.
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