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Abstract The flow behaviors of nanofluids were studied

in this paper using molecular dynamics (MD) simulation.

Two MD simulation systems that are the near-wall model

and main flow model were built. The nanofluid model

consisted of one copper nanoparticle and liquid argon as

base liquid. For the near-wall model, the nanoparticle that

was very close to the wall would not move with the main

flowing due to the overlap between the solid-like layer near

the wall and the adsorbed layer around the nanoparticle,

but it still had rotational motion. When the nanoparticle is

far away from the wall (d [ 11 Å), the nanoparticle not

only had rotational motion, but also had translation. In the

main flow model, the nanoparticle would rotate and

translate besides main flowing. There was slip velocity

between nanoparticles and liquid argon in both of the two

simulation models. The flow behaviors of nanofluids

exhibited obviously characteristics of two-phase flow.

Because of the irregular motions of nanoparticles and the

slip velocity between the two phases, the velocity fluctu-

ation in nanofluids was enhanced.

Keywords Nanofluids � Molecular dynamics method �
Flow behaviors � Two-phase flow

1 Introduction

Nanofluids, which was first proposed by Choi (1995), are

new heat transfer liquids with remarkable heat transfer

capability prepared by suspending nanoparticles in tradi-

tional heat transfer liquids (water, ethylene glycol and

engine oil). A mass of experiments demonstrated that the

convective heat transfer coefficient of nanofluids is far

higher than that of the base fluid whether in laminar or

turbulent flow state condition (Duangthongsuk and Won-

gwises 2010; Heris et al. 2007; Ho and Chen 2013; Hwang

et al. 2009; Wen and Ding 2004; Xuan and Li 2003).

Therefore, nanofluids have wide application prospects in

the heat transfer fields. For incompressible convective heat

transfer, scalar field is determined by velocity field, that is,

momentum transfer drives heat transfer. Therefore, the

changes of flow characteristics is an important cause of

heat transfer enhancement in nanofluids. Wen and Ding

(2005) have speculated that the flow behaviors of nanofl-

uids may impose an important effect on the heat transfer. In

order to reveal the mechanisms of heat transfer enhance-

ment in nanofluids, it is necessary to investigate the flow

characteristics of nanofluids.

Many researches have been done on the flow behaviors

of nanofluids by experimental and numerical simulation

method. Xu et al. (2011) carried out visualization experi-

ments on SiO2/water nanofluids in a wavy-walled tube and

found that the flow of nanofluids is more active than that of

the base liquid at the same Reynolds number. Beiki et al.

(2013) investigated the turbulent mass transfer of Al2O3

and TiO2 electrolyte nanofluids and found that the mass

transfer coefficients of nanofluids are higher than that of

the base fluid. The authors thought that the micro-con-

vections produced by the nanoparticles are responsible for

the increased mass transfer. Xuan and Roetzel (2000)
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considered that nanofluids can be easily fluidized and the

motion slip between the phases is negligible. Kalteh et al.

(2011) and Haghshenas et al. (2010) used an Eulerian two-

fluid model to calculate the laminar forced convection heat

transfer in nanofluids. The results showed that the two-

phase modeling approach predicts higher heat transfer

enhancement than the single-phase model. He et al. (2009)

and Bianco et al. (2009) used the single-phase model and

Euler–Lagrange multiphase models to study the nanofluids

convection heat transfer, respectively. They reported that

the Euler–Lagrange model is more precise than the other

one. Wang et al. (2013) used three different single-phase,

Euler–Euler and Euler–Lagrange models to simulate

nanofluids flow inside a wavy-walled tube. Their results

showed that the Euler–Lagrange model is the most accu-

rate. Based on these findings, we can conclude that the

interactions between nanoparticles and a base fluid have an

important influence on the convection heat transfer and

cannot be ignored. The present traditional methods applied

to compute the flow, heat transfer in nanofluids can only

achieve micron level, and the interactions between the two

phases could not be studied in detail.

Fortunately, molecular dynamics (MD) method, which

is a computational method and solves molecular Newton

equations of motion with known interatomic potentials, has

proven an efficient method in investigating the micro-flow

under shear flow condition (Jabbarzadeh et al. 1998, 2002;

Thompson and Robbins 1990). Moreover, MD method

provides an effective approach for the study of the inter-

actions between nanoparticles and a base fluid. Vladkov

and Barrat (2006) simulated the thermal properties of

nanofluids by MD method and found that the molecular

simulation is very flexible to study the thermal transfer

between fluid and particle. Sarkar and Selvam (2007)

employed MD method to compute the thermal conductivity

of nanofluids and found that MD simulation is a very useful

tool and can be used to study nanofluids thermal conduc-

tivity. Eapen et al. (2007) have studied the mechanism of

thermal transport in nanofluids by combining linear

response theory with molecular dynamics simulations. The

results showed that the surface interactions are very

important to the thermal conductivity enhancement of

nanofluids. Li et al. (2008, 2010) investigated the molec-

ular layering at the liquid–solid interface in nanofluids by

molecular dynamics simulation. Their numerical results

showed that an absorbed slip layer of liquid is formed at the

interface between the nanoparticle and argon and it would

move with the Brownian motion of the nanoparticle. Liang

and Tsai (2011) demonstrated that the interfacial thermal

resistance of molecular thin film confined between nano-

particles is depending on the film thickness by using non-

equilibrium molecular dynamics simulations. Kang et al.

(2011) investigated the mechanism of heat conduction in

nanofluids with molecular dynamics simulation, and a

solid-like base fluid liquid layer around nanoparticles was

found. Lin et al. (2011) calculated the thermophysical

characteristics of nanofluids using MD method and found

that the interfacial layer and nanoparticle size both have

effect on the thermal conductivity enhancement of nano-

fluids. Mohebbi (2012) calculated the thermal conductivity

and specific heat of nanofluids by MD method and found

that the MD results are in good agreement with the

experimental data. Sun et al. (2011) performed molecular

dynamics simulations to calculate the thermal conductivity

of nanofluid in shear field and showed that the nanoparticle

rotates under the action of the velocity gradient. Lv et al.

(2011) and Cui et al. (2012) simulated the flow behaviors

of nanofluids between flat plates under shear flow condi-

tion. The results showed that the nanoparticles would

translate and rotate besides main flowing and these motions

could enhance micro-flow in nanofluids. In summary, MD

simulation can be used to describe the interactions between

the two phases in nanofluids effectively, while there are

few MD calculations on the flow behaviors of nanofluids

and lack of detailed description on the flow field.

In light of the above, two physical models which are the

near-wall model and main flow model will be built in this

paper according to the characteristics of macro-flow. The

flow behaviors of nanofluids in the two models will be

calculated by MD method. Unlike the previous studies, the

effect of wall on the motion of nanoparticles and the flow

behaviors of nanofluids in the main flow model are

investigated. The slip velocity between the nanoparticle

and base fluid and the velocity fluctuation of base fluid are

also considered in this paper. The aim of the paper is to

obtain a comprehensive understanding of nanofluids flow-

ing and offer theory guidance for macro-calculation.

2 Simulation methods

2.1 Model setup

The simulations were carried out with the classical open

source molecular dynamic LAMMPS code (Plimpton

1995). The MD simulation systems are shown in Fig. 1.

Figure 1a shows the model system of near-wall

model, where the periodic boundary conditions are

imposed in the x- and z-directions. The simulation box is

8 9 9.2 9 8 nm3 in size, and the liquid height is

h = 8 nm. The distance between nanoparticle and the wall

is d. The nanoparticle is free to move in the x- and y-

direction, and the parameter d is the average of the distance

(y-direction) between the nanoparticle and the wall in

calculation. The lowest layer of the wall is frozen, and the

wall is fixed. The main flow model system is shown in
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Fig. 1b. The unit cell size is 8 9 8 9 8 nm3. Periodic

boundary conditions are imposed in the x-, y- and z-

directions. The two models are both contain one nanopar-

ticle with diameter of 2 nm. The material of nanoparticles

and wall is copper. In order to simplify calculations, liquid

argon is selected as the base fluid. The total amount of

atoms in the near-wall model is 17,051. The wall is con-

structed by 5,808 atoms. The number of atoms in the main

flow model is 11,235. Initially all the atoms of liquid argon,

copper nanoparticles and wall are arranged as face-cen-

tered cubic lattice (FCC).

2.2 Molecular dynamics

Molecular dynamics is a method of deterministic computer

simulation. It regards microscopic particles in the simulate

system as research objects (Allen and Tildesley 1987).

Successive configurations of the system are generated by

integrating Newton’s laws of motion. The result is a trajec-

tory that specifies how the velocities and positions of the

particles in the system vary with simulation time (Leach

2001). The force field is used to simulate the interactions of

atoms. The equations of motion of particles are shown in

Eq. (1).

mi

ovi

ot
¼ Fi tð Þ ¼ � oU

ori

þ � � �

_rðtÞ ¼ vðtÞ

8
<

:
ð1Þ

where mi and vi are the mass and velocity of particle,

respectively, and t is the time, Fi tð Þ is the force exerted on

the particles, U is the potential function, ri is the coordinate

of particle, and the subscript i is the number of particle. In

molecular dynamics, finite difference techniques are used

to solve the Newtonian motion equations.

In our simulations, the interatomic interactions between

argon atoms and those between copper and argon atoms are

described by Lennard-Jones potential (Sun et al. 2011) as

shown in Eq. (2).

UðrijÞ ¼ 4e
r
rij

� �12

� r
rij

� �6
" #

ð2Þ

where e and r are energy parameter and length scale,

respectively, and rij is the intermolecular distance between

atoms i and j. For argon, e = 1.67 9 10-21 J and

r = 0.3405 nm, and for copper, e = 65.625 9 10-21 J

and r = 0.23377 nm. The Lorentz–Berthelot mixing rule

(Allen and Tildesley 1987) is used to determine parameters

between argon and copper atoms, which is written as:

esl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ess � ell

p ð3Þ

rsl ¼
rss þ rll

2
ð4Þ

where s and l denote solid and liquid, respectively.

Therefore, r and e between argon and copper are

0.2871 nm and 10.4153 9 10-21 J, respectively.

More precise embedded atom method (EAM) potential

(Foils et al. 1986) shown in Eq. (5) is used to represent

interactions between copper atoms,

U ¼
X

i

Fi

X

j 6¼i

qi rij

� �
 !

þ 1

2

X

j6¼i

/ij rij

� �
ð5Þ

where Fi is the embedding energy which is a function of

the atomic electron density q, / is a pair potential inter-

action, and i and j represent atoms i and j, respectively.

2.3 Simulation procedure

The initial positions of all the atoms are arranged in a regular

FCC lattice, so the system needs to be relaxed adequately

firstly in order to let the system reach equilibrium state. In the

process of relaxation, the temperature of simulation system is

fixed to be 86 K to make the low-boiling liquid argon to

remain liquid. In this study, the near-wall model is relaxed

for 400 ps and the system reaches equilibrium state. Next, a

shear velocity in the z-direction is added to the top layer of

fluid, and the near-wall shear flow is formed. For the main

Fig. 1 MD simulation systems.

a Near-wall model. b Main flow

model
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flow model, the relaxation process is the same as that of near-

wall model. After relaxation, a uniform velocity in the

z-direction is assigned to all of the base fluid atoms and the

nanoparticle is moving forward with the base fluid. After the

shear velocity and uniform velocity are assigned to the near-

wall model and main flow model, respectively, the two

models are equilibrated for 400 ps again. Finally, each

model is simulated for 8,000 ps to obtain enough data used

for statistically calculating physical properties. The reason

for the statistical time of 8,000 ps is that the flow behaviors of

nanofluids and the motion of nanoparticle can be observed

and the observations are reproducible. In order to make the

simulations have the same number of statistics and consis-

tent, the statistical time for the two considered models is the

same. The simulation time step length is 0.002 ps. NVE

ensemble is used in the simulations of the two models where

total number of system atoms N, system volume V and

system energy E are constant throughout the simulation. In

this study, the velocity Verlet (Swope et al. 1982) algorithm

is used for calculation of atomic motions, which is written as:

riðt þ dtÞ ¼ riðtÞ þ viðtÞdt þ 1

2m
FiðtÞdt2 ð6Þ

viðt þ dtÞ ¼ viðtÞ þ
1

2mi

Fiðt þ dtÞ þ FiðtÞ½ �dt ð7Þ

where dt is the time interval.

3 Results and discussion

3.1 Flow behaviors in the near-wall model

To research the effect of wall on the motion state of

nanoparticle, four cases are simulated, which are d = 4.5,

d = 7.5, d = 11 and d [ 11 Å. Each case is simulated

under different shear velocities of 5, 10 and 20 m/s. The

flow of pure fluid argon (without nanoparticle) is also

computed in this paper.

In Fig. 2, the positions of nanoparticles along the

z-direction are shown. When the distance between the

nanoparticle and wall is 4.5 and 7.5 Å, respectively, the

displacement of nanoparticle in the direction of flow is

almost zero under three shear velocities. Only when the

value of d is increased to 11 Å and the shear velocity is

higher than 5 m/s, nanoparticle begins to move along

z-axis.

The interactive force between the nanoparticle and wall

was calculated in this paper, and the result is zero, so the

phenomenon that nanoparticle which is very close to the

wall does not move with liquid argon is not caused by the

absorption of the wall on the nanoparticle. Figure 3a and b

shows the number density profile of pure fluid argon nor-

mal to the wall and the distributions of the number density

of argon atom around the nanoparticle, respectively. As

shown in Fig. 3a, there exit argon adsorbent layers near the

wall, which is named solid-like layer (Granick 1991). The

calculation method for number density in Fig. 3b is shown

in Eq. (8).

n ¼ DN

DV
ð8Þ

where DN is number of atoms within the volume DV. The

computational domain around nanoparticle is divided into

many spherical shells, and the volume of a sphere shell is

DV. The place where the value of R is zero is the surface of

nanoparticle. From Fig. 3b, it can be seen that the number

density of argon near the nanoparticle surface is much

higher than elsewhere, which indicates that adsorbed layers

are formed around the nanoparticle. Similar results were

also observed by Li et al. (2008) and Lv et al. (2011).

When the nanoparticle is very close to the wall, the solid-

like layer near the wall will overlap with the adsorbed layer

around nanoparticle, as shown in Fig. 4, which makes the

nanoparticle not move with the liquid argon.

The rotation of nanoparticle is also computed in this

paper. Figure 5 shows the angular velocity components of

nanoparticle at different simulation times. The angular

velocity components are averaged every 400 ps, namely

the angular velocity component quantity on 400 ps is the

average from zero to 400 ps, and so on. When the nano-

particle is very close to the wall (d = 4.5 Å), the nano-

particle still rotates quickly, but the angular velocity is

significantly lower than that of the nanoparticle which is far

away from the wall (d [ 11 Å). By comparing Fig. 5d, e

and f, it is found that the angular velocity component

quantity in the x-direction is much higher than in the other

two directions. And the higher the shear velocity, the faster

the rotation of the nanoparticle. This is due to the velocity

Fig. 2 Positions of nanoparticle along z-direction as function of

simulation time
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gradient along the y-axis, and the velocity of atoms of

nanoparticle upper surface is different from that of lower

surface.

Nanoparticles also translate during the simulations.

Figure 6 shows the changes of the nanoparticle’s position

in the x-direction and y-direction under different shear

velocities. The distance between the nanoparticle and the

wall exceeds 11 Å, and there is no overlap between the

solid-like layer near the wall and the adsorbed layer around

the nanoparticle. The results indicate that the nanoparticle

has translation in the other two directions besides main

flowing. Nanoparticle’s translation in the x-direction is

larger than that in the y-direction. When the shear velocity

is increased, the variation range of nanoparticle’s position

does not have obvious regularity. For the forth case

(d [ 11 Å) where there is no overlap between the solid-

like layer near the wall and the adsorbed layer around the

nanoparticle, the nanoparticle’s displacement in the

y-direction changes within a large range. Furthermore, with

the change of the shear velocity, the displacement of

nanoparticle in the y-direction changed, as shown in

Fig. 6b. The averages of the distance between the nano-

particles and the wall are not the same for the three shear

velocities of 5, 10 and 20 m/s. Therefore, there is not a

certain value of d that could be used to represent the forth

case and d [ 11 Å is chosen.

Based on above analysis, we can get an overview of the

flow state of nanofluids in the near-wall model. When the

nanoparticle is very close to the wall, the rotation and

translation of nanoparticle are inhibited to some extent.

Nevertheless, the nanoparticle still rotates quickly near the

wall. When the nanoparticle is far away from the wall

(d [ 11 Å), the nanoparticle not only has rotation motion,

but also has translation.

3.2 Flow behaviors in the main flow model

The main flow system is simulated 5 times under different

flow velocities of 1, 5, 10, 20 and 40 m/s. The flow

behaviors of nanofluids and pure fluid argon are both

simulated in this paper.

The angular velocity components of nanoparticle in the

main flow model are shown in Fig. 7. The statistical

method of the angular velocity is the same as before. As

shown in the figures, the rotation of nanoparticles is

irregular and the fluctuation ranges of the three angular

velocity components are similar. When the flow velocity is

changed, the magnitude of angular velocity has no obvi-

ously change.

Figure 8a and b shows the changes of nanoparticle’s

position with simulation time in the x-direction and

y-direction, respectively. It can be seen that the nanopar-

ticle in the main flow model would also translate in the

other two directions besides main flowing. The variation

range of nanoparticle’s position has no obvious regularity

with the change in the flow velocity.

3.3 Slip velocity between nanoparticles and the liquid

argon

Nanofluid is actually a solid–liquid fluid. Wang et al.

(2013) and He et al. (2009) believed that the flow and heat

transfer characteristics of nanofluids could be better

Fig. 3 a Number density

profile of pure fluid argon

normal to the wall.

b Distributions of the number

density of argon atom around

nanoparticles

Fig. 4 Solid-like layer near the wall and adsorbed layer around

nanoparticle
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Fig. 5 Angular velocity components of nanoparticles under different

shear velocities. a, b and c show angular velocity component around

x-, y- and z-direction, respectively, for the case of d = 4.5 Å. d, e and

f show angular velocity component around x-, y- and z-direction,

respectively, for the case of d [ 11 Å

Fig. 6 Translational

components along x- (a) and

y-axis (b) for the case of

d [ 11 Å under different shear

velocities

Fig. 7 Angular velocity components of nanoparticles along x- (a), y-axis (b) and z-axis (c) under different flow velocities
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predicted by taking the interactions between the two phases

into consideration. However, there is lack of adequate

theoretical supports for this viewpoint. When the nano-

particle is very close to the wall, there exist slip velocity

between the two phases and the nanofluids display the

properties of two-phase flow. Figure 9 shows the slip

velocities between the nanoparticle and liquid argon. The

slip velocity is obtained by Eq. (9).

Dvs ¼ vp � vf ð9Þ

where Dvs is the slip velocity between the two phases, vp is

the velocity of nanoparticle and vf is the velocity of liquid

argon. The near-wall model in which the nanoparticle is far

away from the wall (d [ 11 Å) and the main flow model

are both considered. As can be seen from the figures, the

inter-phase velocity slip always exists in the three-dimen-

sional coordinates and cannot be ignored. The slip velocity

components have both positive and negative values, which

indicate that the interaction between the two phases is

complex. Thus, it can be seen that the flow behaviors of

nanofluids in the two models display the typical charac-

teristics of two-phase flow. In addition, the interactions

between the two phases should be considered when the

flow and heat transfer of nanofluids are studied by com-

putational fluid dynamics (CFD) method. The magnitude of

inter-phase velocity slip in the near-wall model is similar to

Fig. 8 Translational

components along x- (a) and

y-axis (b) under different flow

velocities

Fig. 9 Slip velocities between nanoparticles and liquid argon. a, b and c show slip velocity component in x-, y- and z-direction, respectively, in

the near-wall model (d [ 11 Å). d, e and f show slip velocity component in x-, y- and z-direction, respectively, in the main flow model
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that in the main flow model. As the shear velocity

increased, the ranges of slip velocity remain unchanged as

show in Fig. 9a, b and c. Similar results are also observed

in the main flow model.

3.4 Velocity fluctuations of the base fluid

Rotation and translation of nanoparticles affect the flow

behaviors of fluid around nanoparticles, thus those of the

whole flow region are influenced. Furthermore, the slip

velocity between the nanoparticles and base fluid would

enhance the exchange of momentum. Therefore, the

velocity fluctuation of nanofluids would be different with

that of the pure base fluid. Figure 10 shows the compari-

sons of velocity fluctuations between nanofluids and the

pure base fluid. The calculation method of velocity fluc-

tuation is the same as that of the standard deviation of the

velocity. The velocities that are calculated every 400 ps are

used as samples. It is clearly observed that the velocity

fluctuations of nanofluids are much higher than that of the

pure base fluid, whether in the near-wall model or main

flow model. This is one of the reasons for heat transfer

enhancement in nanofluids.

4 Conclusions

The objective of this work is to get an overall under-

standing of flow characteristics of nanofluids. The near-

wall model and main flow model were built, and the flow

behaviors of nanofluids in the two models were studied by

MD method. The following conclusions have been

obtained:

1. When the nanoparticle is very close to the wall, the

nanoparticle would not move with the liquid argon.

This result can be explained in terms of the overlap of

the solid-like layer near the wall with the adsorbed

layer around the nanoparticle. When the nanoparticle

is far away from the wall (d [ 11 Å), the nanoparticle

not only has rotation motion, but also has translation.

For the main flow model, the nanoparticle would rotate

and translate besides main flowing.

2. There was slip velocity between nanoparticles and

liquid argon no matter in the near-wall model or main

flow model. The flow characteristics of nanofluids

display typical features of two-phase flow. The range

of slip velocity is not sensitive to the change of flow

velocity. Because of the irregular motions of

Fig. 10 Velocity fluctuations of pure liquid argon and nanofluids. a, b and c show velocity fluctuations along x-, y- and z-direction in the near-

wall model (d [ 11 Å), respectively. d, e and f show velocity fluctuations along x-, y- and z-direction in the main flow model, respectively
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nanoparticles and the slip velocity between the two

phases, the velocity fluctuation in nanofluids is

enhanced.
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