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Abstract: In this paper we use molecular dynamics (MD) smulations to study nano-
channe flows a low Reynolds numbers and present some new interesting results.  We
investigated a ample fluid flowing through channds of different shapes a the nano levd.

The Weeks Chandler-Anderson potentials with different interaction drength factors are
adopted for the interaction forces between fluid-flud and fluid-wal molecules. In order
to keep the temperature at the required level, a Gaussan thermogtat is employed in our
MD smulations. Comparing velocities and other flow parameters obtained from the MD
amulations with those predicted by the cdasscd Navier-Stokes eguations a same
Reynolds numbers, we find that both results agree with each other quditatively in the
centrd area of a nanochannd. However, large deviation usudly exists in aress far from
the core. For certain complex nanochannd flow geometry, the MD smulations reved
the generation and development of nano-sze vortices due to the large momenta of
molecules in the near-wal region while the traditiond Navier-Stokes equations with the
non-dip boundary condition & low Reynolds numbers cannot predict the smilar
phenomena. It is shown that dthough the Navier-Stokes equations are ill partidly
vdid, they fal to give whole details for nanochannd flows.
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I. INTRODUCTION

The behavior of a flow at the nanometer scale has been a subject of interest in recent years. As a
typicd flow in the reduced-sze fluid mechanics system, the nanochannd flow embodies a series of
specia properties and has attracted much attention. The understanding of the physical properties and
dynamica behavior of nanochannd flows has great importance on the theoreticd <udy of fluid
dynamics and many engineering applications in physics, chemistry, medicine and dectronics.

It is obvious that when the sysem length reduces to the nano scde, the behavior of the flow is
mainly affected by the movements and sructure of many discrete paticles. The molecular dynamics
(MD) smulation, based on the datisicd mechanics of nonequilibrium liquids [1], is an effective way
to describe the detals of a flow a the nano scde At the same time, MD smulations dso cdculate
physca properties of nanofluids by solving the equations of molecular motion. The role of replacing
the continuum description for the nano level flows makes MD a powerful tool to study many
fundamenta nanofluid problems which may be extremey difficult to be implemented in the laboratory
a the present time. MD smulation has been used successfully in studying aspects of molecular
hydrodynamics, such as the lubrication, wetting and coating problems. Simple or complex channd
flows have been investigated by severd researchers, e.g. Todd et d. [2] and Jabbarzadeh et d. [3].

Couette and Poisauille flows of smple Lennard-Jones liquids or polymers in a nanochanne of
severd molecular szes demondrate some new features and have dso attracted much attention at the
present. The sdient features of such smple flows are the departure from the Navier-Stokes (NS) theory
[4 and some different dynamic properties compared with the macroscopic systems [5]. It is well
known that the quadratic velocity profile in a Poiseuille flow may be successfully predicted in the
Newtonian fluid mechanics framework when the fluid densty is assumed to be a temperaure
dependent function and does not vary appreciably over the length and time scale comparable to the
molecular Sze and molecular relaxation time. The trangport coefficients are dso consdered to be space
and time independent in the classcd continuum theory. However, as we focus attention on flows at
nano leve, the dendty becomes a function related to the postion and time of fluid particles, that
means, the dengty cannot be uniform in space and time. The irregular dengty didribution dso affects
other physical properties and hence changes the dynamica behavior of a nanofluid system. Travis and
Gubbins [6] reported that the dendity oscillates dong the flow direction with a wavelength of the order
of a molecular diameter in a channd of about 4 molecular-diameter width. They dso verified that the
quadratic velocity profile is goproximately obtained for a channe of 10 molecular-diameter width in a
planar Poiseuille flow, but this phenomenon dissppears when the channd width is less than 10
molecular diameters. They even indicated that the disagreement with the NS prediction occurs when
the channel width is of the order of 5 molecular diameters. Koplik and Banavar [7] further pointed out
that the classcd fluid mechanics theory can be applied safely for Couette and Poiseuille flows in
channds of width grester than 10 molecular diameters with no-dip boundary conditions. Based on
such assumptions, Fan et d. [5] caried out smulations of a periodic nozzle flow of a Weeks-Chandler-
Anderson (WCA) liquid.



Molecules 2003, 8 195

The flow that occurs in a practica nanochanne may be more complicated than a smple Poiseuille
flow in that many factors such as the channd geometry, flow type and boundary conditions may be
involved dtogether. The faced chdlenge in this aea is to find the deviation between the MD
dmulation and the classicd NS prediction, and to obtain the quditative difference between them with
physcd explanation. In this pgper, we will focus manly on flows of a smple liquid in vaious
channds. We employ the MD samulations to explore the dynamic details of nanochannd flows and try
to examine the limitations of the NS solutions for aliquid moving adong nanochannels.

l.PHYSICAL MODELS

In this paper, we assume the liquids are condtituted of quantities of sphericad molecules. As a
rigorous quantum-mechanical gpproach is not feasble a the present for a sysem of more than a few

molecules, Newton's second law is regarded as vdid to describe the molecular motion in the system.
For afluid, the momentum p; of molecule i should satisfy Newton's second law,

dp. .
—L=Fi+Fe 1
ot )

where F; is the intermolecular force on molecule i by other molecules, and F¢ is the externd force. In

amulation, the externd force may be the body foroe, eg. the gravity force The veocity vi of
moleculei isrelated to the fluid molecule mass m By

v=R @
18

The molecular interaction forces usudly depend on the physica properties and space phase
gructures of the fluid and wal molecules. A complex modd taking into account both the fluid/fluid
and fluidwdl intermolecular interactions is presented in this paper to obtain the velocity and sress
digributions in a nanochannd flow. For the fluidfluid interaction both repulson and disperson
effects of molecules are conddered. The WCA potentiad, which is a modification of the Lennard-Jones
potentidl, is adopted in the MD smulations in this paper
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where s is the diameter of a molecule, e is the energy parameter characterizing the molecular
interaction srength and r. dands for the cutoff disance. For the fluidwall interaction, noting the
exigence of the fluid-solid meting line and probable substance interchange on the boundary, a redidtic
sxth-power soft sphere potentid is used to smulate the nanofluid system.
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where €y, is cdled the fluid-wadl energy parameter. For the week fluid-wall interaction, we take €5, =
e, and for the drong fluid-wal interaction, ew = 3.5e The factor 3.5 is obtained by matching the argon
potential well on asmooth wall (Heinbuch & Fischer [8]).

In MD smulations, the solid wals may be represented by severd layers of wal molecules which
are located a the dtes of a planar face-centered lattice or a body-centred cubic lattice. Each wall
molecule is assumed to be anchored at its lattice ste by a iff spring. A Hookean spring force is
introduced here as the externd force for wal molecules For smplicity, we adopt the two-layer linear
spring modd. The potential may be written as

1
fwall :ECdz (5)

where d the displacement of the wal molecule from its latice ste, and C is the dtiffness of the spring.
To keep the molecular oscillation smdl from its Ste and to overcome the dip problem, a rdaively soft
wall spring with astiffnessof C = 75¢'s? is adopted.

From the viewpoint of a microscopic sysem of particles, the stress tensor is just a result of the
gpace phase digribution and the dynamic properties generaed by the movements of molecules in the
sysem. According to the Irving-Kirkwood method [9], the contribution of each particle to the dtress
tensor may be divided into two parts, a kinetic component related to the velocity digtribution and a
configuration component related to the pogition digtribution of particles. The stress tensor is written as

tab:-n<é. muaub+é.ra Fb> (6)

The angular brackets denote the ensemble average, n is the dendty. The firg sum on the right-hand
dde indicates the contribution from the momentum transfer where m is the molecular mass, u; and ug
ae the peculiar velocity components of molecule i in the a and R directions. The second sum
represents the potentid contribution where r, and Fg are the a and 3 components of the distance vector
and the potential force vector between two molecules. For a smple channd flow, the viscosty of the
fluid is cdculated by the formula m= t/g, the shear rate g is usudly acquired by the finite difference
method.

1. SSIMULATION METHOD

We have outlined in the previous section the molecular models to be used in our MD smulations.
The dmulation detalls of a liquid flowing through various nanochannes will be given here. For
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brevity, we use a reduced system to perform the smulations. The units of the characteristic quantities
areliged in Table 1 for congtructing the dimensionless parameters used in the smulations.

Table 1. Units of the characterigtic quantities

Characterigtic quantity Unit

Mass, m m

Length, | s

Time t s(m/e)”
Densty, r m/s®
Veoxity, u (e/ my”
Shear stressor pressure, t els®
Shear rate, ? (e/my/s
Viscosity, [t (em)?/s?
Diffusivity, D s(e/m)”

As the work done by the externd force may patidly be converted into heet in the system, the
wal/fluid interaction dso contributes to the increase of temperatures of the fluid and the wal. It is
important to keep the nano-scde fluid system at a fixed temperature during the smulation. There are
usualy two ways to keep the temperature of the system congtant, usng a thermostat or adjusting the
temperature by re-scding the molecular peculiar velocity during the smulation.  The later method
requires more caculaion work, as the approach is to adjust the wall temperature to a given congant at
each time sep [8]. It produces satisfactory results in many cases as long as the wal and fluid
temperatures link gppropriately. As regards to the use of thermostats, some researchers have argued
that dthough it imposes additiond condrans on the equations of motion, it improves computation
efficiency when applied to a more complex system and sometimes even enhances the accuracy of the
amulation [3]. In order to avoid some unphysica effects in the smulaion, a Gaussan thermostat
method [1], which has been agpproved to be a good thermostat method, is adopted here to obtain
reasonable smulation results. Actudly, the Gaussan Method is to add an externd force with the
following term

Fe:-XPi (7)

where P is the peculiar momentum of molecule i and coefficient X represents the thermogtatting
multiplier for kegping the kinetic temperature fixed in the system,

(é F P, - é g Pixpiy)
p2

X =

(8)
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where G is the locd shear rate of flow fidd & r; and Pix and Piy are the x and y components of the
peculiar momentum of moleculei.

In this smulation, we have deveoped a FORTRAN code progran cadled MDHFuid. MDFuid
conssts of three modules: data preprocessor, MD smulation and data output. The firg part is used to
genegrate the initid configuration of the computation domain. The second part is the core module and
its main function is to redize the MD smulation for a nanofluid and to acquire the flow fidd via some
initid and boundary conditions. It is open to adopt different dgorithms for the computation of velocity
and temperaiure. The last pat is the data output interface. Currently MDHFuid is only suitable for
sverd smple nano flows, it is under further devdopment by us For smplicity, the mass of wal
molecules is usudly assumed to be identicd to that of fluid molecules The initid configuration of wall
molecules are generated separately by the preprocessng module and read in as input data. The tota
number of molecules depends on the sze and geometry of the computationd domain and the dendties
of the fluid and wal maerids All fluid molecules are initidly located a the Stes of a face-centered
lattice. The initid velocities of inner fluid and wal molecules are s&t randomly according to the given
temperature and the inlet and outlet velocities are assigned the same veocity profile due to the periodic
boundary condition. At the beginning of smulation, fluid molecules are dlowed to move without
aoplying the externd force until a thermodynamic equilibrium date is reached. Then the externd force
fidd is switched on and the nonequilibrium smulation dats During the course of smulation, the
equations of motion are solved by the lesp-frog method. Periodic boundary conditions are applied on
the fluid boundary of the computationd domain.

To veify and vdidae the NS eguations in a nano scde system is obvioudy an important and
serious task at the present. In this paper, we try to check the vadidity of the NS eguations in a
nanochannel flow. Conddering a body force exerting on the system, the governing eguations in
dimensionlessform may be written as

N:u=0

du

L 9)
Rea =- Np + N2 u+ Fbody

where the Reynolds number is defined as Re = r UL/, the fluid dendty r and viscosity | are assumed
to be congants and U and L are the characteridic velocity and length of the doman fidd. The
dimensionless body force is Fpody = Relg/U? e,, where g is the gravity constant and e, is the unit vector
in the x direction. We use the finite dement method (FEM) to obtain the flow fied of a nanochannd
flow. The same initid and periodic boundary conditions are gpplied in the FEM smulaions To
compare the MD and FEM reaults, we use the Reynolds number as an adjustable parameter in the FEM
to match the flux of the MD smulation. In the famework of continuum fluid mechanics, the Reynolds
number plays an important role in analyzing the flow fied. Any two solutions with the same Reynolds
number and initid/boundary conditions must be dmila. In nano flows, the characteridic length
reduces to the nano sze and the Reynolds number becomes extremdy smadl. In this sense, dl nano
flows may be cdassfied as low Reynolds number flows and the knowledge on low Reynolds number
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flows can be inherited in some ways. We wish to find smilarities and differences between the NS
equations and the MD simulations when they are gpplied to the same nano fluid system in this paper.

IV.RESULTSAND DISCUSSION

Let us examine five complex channds with different geometry. The firgt one is a ample plane
chanmnel whereas the other four have concave or convex surfaces. The computationd doman for the
planar flow of a WCA liquid is shown in Figure 1. The system is surrounded by periodic images of
itsdf in x dimenson. The computationa domain is 0 < x < 200 and -10 <y < 10, the fluid dengty and

viscosty may be determined during Smulation.

The periodic dynamic conditions are aso used in the course of amulaion. The soring constant C of
wal molecules is C = 75 and the gravity constant g = 0.5. We assume the fluid/fluid interaction energy
parameter e = 1 and the wal/fluid interaction energy parameter is characterized by e, = e or €, = 3.5
according to the interaction intengty. For convenience, we compute the five nanochannd flows with
the Reynolds number based on the width of the channd being 3 (first three cases) and 5 (last two
cases).

Figure 1. Schematic diagrams of nanochannels with different surfaces
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Case 3. Channd with rectangular convex boundary
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Case 4. Channd with sami-circular concave boundary
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Case 5. Channd with semi-circular convex boundary

Figure 2 shows the velocity vectors obtained by both the MD smulation and the FEM for the
ample planar Poiseuille flow. In the MD simulation, we assume a week fluidiwal interaction. The
channel conssts of 1600 fluid molecules bounded by 210 wal molecules which are two layers thick.
We find that both flow fields are in qualitative agreement.

Figure2. Vedocity vectors by the MD smulation (with circle boundary) and the FEM
(with solid line boundary) in Case 1

The x-direction velocity profile a podtion x = 100 is plotted in Figure 3. We find from Figure 3
that the veocities obtaned by the MD smulation agree very wel with the FEM results This
verification in asmple Poiseuille flow encourages us to gpply MDHuid to more complex cases.
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Figure 3. X velocity profile a postion x=100 in Case 1

Case 2 is a channd with rectangular concave surfaces in the middle. There are 1600 fluid
molecules including 250 wal molecules used in the MD smulaion. The srong fluidiwal interaction
€w = 3.5 is used here. From Figure 4, we can see that the MD smulation has successfully predicted
the nano scale vortices near the backward step area (x>110), the size of vortices may be less than 3. In
the meantime, the FEM method cannot produce the smilar flow phenomena due to the smal Reynolds
number.
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Figure4. Vdocity vectors by the MD smulation (with circle boundary) and the FEM
(with solid line boundary) in Case 2

This observation can further be confirmed by the x-direction veocity profile in Figure 5, from
which we naotice that there are obvious negative velocity molecules near the wals (y = 75 and y =
-75). The reverse momenta induce the generation and development of nano-size vortices under the

non-dip boundary conditions.
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Figure 5. X veocity profile at position x=115 in Case 2

Case 3 is a gdmilar channd with convex surfaces We adso set 1600 fluid molecules including 250
wal molecules and drong fluidwall interaction in the MD smulaion. In this case, both predictions
on the flow field are andlogous (see Figure 6). We cannot see any vortices in both results. One possible
reason is that the stream velocities maybe somewhat smal compared with those in Case 2 (see Figures
5and 7).
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Figure 6. Vdocity vectors by the MD smulation (with circle boundary) and the FEM
(with solid line boundary) in Case 3

In case 2, the concave surfaces make the middle channd like a contraction nozzle and incresse the
dream veocity. In this case, on the other hand, the corresponding momentum cannot form vortices in
the cavity.
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Figure 7. X velocity profile a postion x=100 in Case 3

We next consder the channd with semi-circular surfaces. In order to watch the flow more clearly,
we increee the sysdem to 2100 fluid molecules and 360 wal molecules in the course of MD
gmulation. The Reynolds number is adjusted to 5. The nano vortices regppear in the MD smulation,
while the FEM 4l predicts no any abrupt velocity changes after the middle nozzle area.

0 50 100 150 200

Figure 8. Vdocity vectors by the MD smulation (with circle boundary) and the FEM
(with solid line boundary) in Case 4

In Figure 9, we dso find the negetive velocities near thewalls.



Molecules 2003, 8 204

A MD Simulation
FEM

14

12

10

X Velocity
(2]
1

Position Y

Figure 9. X velocity profile a postion x=105 in Case 4

Caxe 5 is a smple dteration of Case 4, the concave surfaces are replaced by the semi-circular
convex surfaces, and al other conditions are kept the same. The vortices occur in the dents due to the
accurate amulaion by large number of molecules in the MD smulation, while the FEM presents no
griking flow attribution (see Figure 10).

Figure 10. Veocity vectors by the MD simulation (with circle boundary) and the FEM
(with solid line boundary) in Case 5

The veocity profile shows negative vel ocities near the wall region.
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Figure 11. X veocity profile a postion x=105 in Case 5

From the above andlyss, we find that:

(1) The NS equations and the MD smulations are both gpplicable for nanochannd flows. The veocity
profiles gtill maintain quadratic for nano Poisauille flows in the MD smulations (see Figure 12).
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* Case4
10+ ] 4 e Case5
Polynomial Fit of Case 1
—-—— Polynomial Fit of Case 2
ERER Polynomial Fit of Case 3
Polynomial Fit of Case 4
——— Polynomial Fit of Case 5

Velocity Magnitude

0 1 T T T T T T T 1
Position Y

Figure 12. Veocity profiles a x=190

(2 The MD gmulation can determine the nano vortices for flows a low Reynolds numbers. The nano
vortices may be generated near the wadls in complex flows due to the large molecular momenta. In the
meantime, the continuum NS eguations cannot predict nano flows well near the wadls as they fal to
give flow details in the whole field. To this point, we can conclude that large deviations between the
NS equations and the MD smulations exist in areas far from the core of the flow.
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(3) A guarantee for a good MD smulation is to include as many molecules as posshble into the system
and to ded appropriatey with wall molecules and the boundary conditions.

V. SUMMARY

In this paper we adopt MD smulétions to investigate various nanochannd flows a low Reynolds
numbers and to present some new interesting results. The WCA potentids with different interaction
drength factors are employed for the interaction forces between fluid-flud and flud-wal molecules
In order to keep the temperature at the required level, a Gaussan thermodtat is introduced in our MD
gdmulations. Comparing the flow fieds obtaned from the MD smulations with the predictions by the
classca NS eguations a the same Reynolds number, we find that both results agree with each other
quditatively in the centrd area of a nanochannd. However, large deviaions usudly occur in aress far
from the core. The nano-sze vortices due to the large momenta of molecules in the near-wdl region
may be found in some complex nanochanne flows. But the traditiond NS eguations with the no-dip
boundary condition a low Reynolds numbers cannot predict the smilar phenomenon. It is shown that
dthough the NS equations are 4ill partidly vdid for nano flows, they fal to give whole detals of the
flow fields.
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