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Molecular dynamics simulation of liquid argon flow at platinum surfaces

J. L. Xu, Z. Q. Zhou

Abstract The micro Poiseuille flow for liquid argon
flowing in a nanoscale channel formed by two solid walls
was studied in the present paper. The solid wall material
was selected as platinum, which has well established
interaction potential. We consider the intermolecular force
not only among the liquid argon molecules, but also be-
tween the liquid argon atoms and the solid wall particles,
therefore three regions, i.e. the liquid argon computation
domain, the top and bottom solid wall regions are in-
cluded for the force interaction. The present MD (Molec-
ular Dynamics) simulation was performed without any
assumptions at the wall surface. The objective of the study
is to find how the flow and the slip boundaries at the wall
surface are affected by the applied gravity force, or the
shear rate. The MD simulations are performed in a non-
dimensional unit system, with the periodic boundary
conditions applied except in the channel height direction.
Once the steady state is reached, the macroscopic
parameters are evaluated using the statistical mechanics
approach. For all the cases tested numerically in the
present paper, slip boundaries occur, and such slip
velocity at the stationary wall surface increases with
increasing the applied gravity force, or the shear rate. The
slip length, which is defined as the distance that the liquid
particles shall travel beyond the wall surfaces to reach the
same velocity as the wall surface, sharply decreases at
small shear rate, then slightly decreases with increasing the
applied shear rate. We observe that the liquid viscosity
remains nearly constant at small shear rates, and the
Newtonian flow occurs. However, with increasing the
shear rate, the viscosity increases and the non-Newtonian

flow appears.
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Introduction

Consider the classical steady Poiseuille flow confined
between two parallel wall surfaces from macroscale point
of view. For developed flow between parallel plates the
streamlines are parallel to the plates so that u = u(z) only
and v = w = 0. We assume that the flow is only initiated by
the gravity force and there is no additional applied force,
or pressure gradient across the channels. For the present
simple problem, the classical Navier-Stokes equation for
the x-direction can be reduced as:

8*u

poptrg=0 (1)

Eq. (1) has the following solution satisfying the no-slip
boundary conditions at the two wall surfaces positioned at
z=0and z=L:

_ Pg 2
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where L is the channel height in z-direction.

In recent years, due to the high demand of the infor-
mation and biological technologies, flow and heat transfer
in nano and micro scale attracted many scientists and
engineers. Up to now there are a lot of articles dealing with
gas flow in microchannels. Knudsen number which is
defined as the gas mean free path divided by the channel
dimension, is used to characterize the gas flow in micro-
channels. The Knudsen number regimes were developed
by Gad-el-Hak [1] to decide which model should be used
to compute the gas flow in a micro device. Readers who are
interested in the gas flow in microchannels may read the
recent review paper by Rostami, Mujumdar and Saniei [2].

However, there is little numerical/analytical work for
liquid flow in microchannels in nano and micro scales.
Some of the work in this field involves the experimental
measurement. Due to the high difficulties in instrumen-
tation, such measurements sometimes results in the larger
uncertainties. Examination of the literature on liquid flow
in microchannels leads to contradictory conclusions. In
review of the related articles we shall use the concepts of
apparent viscosity, p, and the bulk value of the viscosity y;,
at large distances from the wall surface. The apparent
viscosity p, is not a material property but a characteristic
of the flow field. Different from the classical continuum
mechanics in macroscale, the flow field in microchannels
depends on the liquid type, the channel size and the sur-
face material properties. Israelachvili [3, 4] has done a
consideration work concerning viscous work in thin films.
They demonstrated that for films thicker than ten molec-
ular layers or 5 nm, y, was about the same as ;. For
thinner films, u, depends on the number of molecular
layers and can be as high as 10° times larger than p;,. Chan
and Horn [5] reported that 1, shows no much differences
in films as thinner as 50nm and it increases in thinner

films. The experiment facilities used by Israelachvili, and
Chan and Horn consists of two crossed cylinders with a
small gap in between. The flow in their apparatus is con-
siderably different from the Poiseuille flow in capillaries.
Other researchers studied liquid flow in small capillaries
and found that p, and u;, were approximately equal. In
contrast, Debye and Cleland [6] reported p, smaller than
Uy for paraffin flow in porous glass with average pore size
several times larger than molecular size.

The above mentioned work involved the experimental
measurements of the pressure drop and the flow rate
across the flow channels. Recently Maynes and Webb [7]
performed the detailed velocity profile measurements in a
capillary tube with inside diameter of 705 pm using micro
moleculanr tagging velocimetry (uMTV) at different flow
rates. Because the tube diameter they used is relatively
larger, the “microscale” effect may not occur. Thus the slip
boundary has not been observed. To author’s knowledge,
there is no direct measurements of the slip boundary for
the liquid flow in nano and micro scales. This is partially
due to the high difficulties for the instrumentation. Flows
in microscale devices differ from their macroscale char-
acteristics for two reasons: the small scale makes molec-
ular effects such as wall slip more important, and it
amplifies the magnitudes of certain ordinary continuum
effects to extreme levels. Fluid that are Newtonian at
ordinary shear rate can become non-Newtonian at
extremely high shear rate. The pressure gradient becomes
very large in small cross section channels.

Electrokinetic effects take place at the wall surface such
as glass due to chemical interaction, which induces an
electrically charged double layer that results in a very thin
layer of liquid close to the wall. Applying an electric field
to this layer creates a body force capable of moving the
liquid as if it were slipping over the wall.

Liquids have the densities which are about one thou-
sand times of the gases. Molecules are packed with each
other more closely. Molecular effects are difficult to
compute in liquids because the transport theory is less well
established than the kinetic theory for the gases. In dilute
gases, intermolecular forces have little effect on the
transport process. The molecules spend most of times in
free flight between the collisions. The random molecular
motions are responsible for the gaseous transport process.
However, liquids are closely packed with each other and
they are always in a collision state. When we apply a shear
force, a velocity gradient must be created so that molecules
will move relative to one another. On the average, the sum
of all intermolecular forces must balance the imposed
shear (Gad-el-Hak, [1]).

MD simulation ensures one go directly to the molecular
level to see “what happen in small size channels”. Kopiik
et al [8] performed the MD simulation to investigate the
microscopic aspects of several slow viscous flows past a
solid wall. They observed that systems including several
thousand molecules can have reasonable continuum
behavior. In Couette and Poiseuille flow, the no-slip
boundary conditions occur naturally as a consequence of
molecular roughness, the velocity profiles agree with the
solutions of the Navier-Stokes equations. The slip
boundary condition appears at lower densities. The above



conclusion can only be correct if one neglects the solid-
liquid interactions. The investigation of the homogeneous-
shear nonequilibrium molecular dynamics for a simpler
solid-liquid interaction was carried out by Liem et al [9].
Three regions: the top solid wall region, the fluid molecule
region, and the bottom solid wall region, were included in
the calculation domain. For simplicity, the particles in the
wall boundaries are exactly the same as those in the fluid,
the same potential acts among all the particles including
the wall layers. The boundary particles, however, are
subjected to an additional harmonic potential. Because the
solid wall particles were treated just as the fluid molecules,
the calculation results lead to no-slip solution. Liquid flow
in microchannels depends on the fluid molecules them-
selves, the wall material, and the coupling parameters such
as length scale and energy scale between the fluid mole-
cules and the wall particles. Assuming the simple liquid
argon, whose potential is well established, is moving past
the solid wall surface, the slip at the surface depends on
the force interactions among the argon molecules, and
between the argon molecules and solid wall molecules. MD
simulations of Lennard-Jones liquids sheared by two solid
walls were performed by Thompson and Robbins [10]. Slip
was found to be directly related to the amount of structure
induced in the fluid by the periodic potential from the
walls. Slip occurred when there is a weak interaction
between the fluid and the solid wall molecules. Later
Thompson and Troian [11] performed the MD simulation
of the Couette flow for the unit cell measured 12.51¢ X
7.226 X h where h varied from 16.71¢ to 24.57¢ corre-
sponding to about one thousand fluid molecules. The
velocity profiles in nondimensional unit was plotted
against the nondimensional length for different wall-fluid
coupling parameters. Both slip and no-slip phenomena
were observed.

In the present paper, we computed the liquid argon
flow confined between two parallel wall surfaces. The flow
is initiated by applying a uniform gravity force for each
liquid molecules. The wall is stationary and the surface
material is chosen to be platinum. Applying MD simula-
tion approach, we obtained the steady liquid particle
number density, mean velocity, temperatures etc across
the two wall surfaces. More attention was paid to the
phenomenon at the wall surface, including the slip length
and the liquid viscosities.

2

Calculation domain and MD simulation approach

In the present paper, three regions were included in the
model: the top solid wall, the liquid argon and the bottom
solid wall regions. The liquid calculation domain, with
three lengths of Ly, L, and L, is illustrated in Fig. 1 for
1372 argon molecules in the liquid calculation domain,
and 1600 solid molecules of top and bottom wall regions.
The other two run cases involve 256 argon molecules, 576
solid molecules, and 864 argon molecules, 1296 solid
molecules, respectively. The materials of both top and
bottom solid walls are platinum, the molecules are
arranged in face-centered-cubic (fcc) structures. Because
the MD simulation can only treat a limited number of
molecules, the computed lengths for both top and bottom

® liquid argon calculation demain, N=1372
a  top solid wall calculation domain, N,,/2=800

+ bottom solid wall calculation domain, N,/2=800

Fig. 1. Calculation domain for liquid argon, top and bottom
solid wall regions

walls in x and y-directions are necessary to be specified.
Physically the two infinity walls in x and y-directions are
considered by the periodic boundary condition approach.
The top and bottom walls include several molecular layers
in z-direction such that the distance between any liquid
argon molecule and the solid wall molecules beyond the
selected solid wall layers are out of the cut-off range. The
reason of choosing wall particles as platinum and liquid
molecules as argon is that these molecules have well-
established molecular potential interaction. Because we
deal with the Poiseuille flow confined between two solid
walls, all the wall particles are assumed to be stationary.
The total number of both top and bottom wall particles is
N,,, the number of liquid argon in the liquid calculation
domain is N. The distance between adjacent solid mole-
cules is 2.77 x 107'° m and the spring force constant is 46.8
N/m (Maruyama and Kimura [12]). Any argon molecule in
the calculation domain has the force interaction with not
only its neighboring argon molecules in the liquid calcu-
lation domain, but also with the top and bottom solid wall
molecules. In addition to these, the argon molecules have
the applied gravity force, as if they were falling under
gravity force. By varying the applied gravity force, the
corresponding shear rate at the wall surface can be chan-
ged.

The MD simulations start from the integration of the
Newton’s second law. Applying the Gear finite-difference
algorithm, the basic dynamic parameters such as position,
velocity and interaction force can be determined. The
macroscopic physical properties such as pressure, mean
velocity, temperature, particle number density can subse-
quently be calculated via statistical mechanics. Based on
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this idea, the Newtonian equations for each liquid mole-
cule is written as

P AR .
miﬁz.z; F,]-I—Z:_ F,-jw—i—m,-gl (3)
JEL=1 JwFij=1

where subscript i represents particle i, 7 is the unit vector
in x-coordinate. The first term of right hand side of Eq. (3)
is the molecular force due to Lennard-Jones potential
between particle i and other liquid molecules in the liquid
calculation domain, the second term is the molecular force
between particle i and all the solid wall particle j. It is clear
that the third term represents the applied gravity force
specified in x-direction. When a two-body potential model
is applied, the interaction force between a pair of mole-
cules is given by the following relation:

Fij == % (4)
Tij

The Lennard-Jones potential ¢;; is written as:

=[] g

where ¢ = 3.4 x 107" m and € = 1.67 x 107! J, they are
length and energy scale of liquid argon molecules. The
cut-off distance is set to be 2.50. The interaction between
liquid argon particles and the platinum molecules also
follow the same expression as Eq. (5), but the values of
the ¢ and & parameters are changed to be 3.085 x 10™'° m
and 0.894 x 107! J, respectively, as suggested by Pouli-
kakos and Yadigaroglu [12]. They are named as &, and
€y Note that when Eq. (5) is applied for the potential
interaction between liquid particles and solid wall parti-
cles, the cut-off length is changed to be 2.5 o, corre-
spondingly.

Finally combining Eq. (4),(5) into Eq. (3) and applying
the shifted potential and shifted force concepts as
described by Haile [13], we obtain the basic equation for
each liquid argon particle. The shifted force technique
ensures that the molecular force between liquid particle i
and other liquid particles or other solid wall particles is
reduced to zero once the distance between these particles
reaches or is beyond the cut-off distance. The main
advantage of doing this is to save a lot of computation time
for the force integration.

N 13 7 13 77 =
253 [2(9)"-(9) _2<£) +<z> i
e r r re re |7i]
N, 13 7 13 7
Py z(%) ,(M) 2(ffwf) +(ffwf)
O'ijw:1 r r Tew Tew

T,‘jw

X
73]

+ mlg?: ml-?ii (6)

2.1

Thermal wall model

The present model involves the real potential and force
interaction between the liquid argon particles and the two

solid wall particles without any assumptions. Considering
the situation that a liquid argon particle is quite close to
the wall surface, the repulsive force between the liquid
particles and the solid molecules will push the liquid
particle away from the wall surfaces. Theoretically such
force interaction will never let the liquid particles pene-
trate the wall surfaces. However, in the real computation,
we can not guarantee that no liquid particles travel beyond
the wall surfaces. This is because it is impossible to use an
infinity small time step. Due to the above reason, we
incorporate the thermal wall model into the present work
as an accessorial boundary conditions. By monitoring the
computation process through the time series, for most
time steps, there is no particle beyond the wall surface.
Accidentally, there are some time steps that have a couple
of particles striking the wall surfaces. Under that situation,
we incorporate the thermal wall model to ensure that all
the liquid particles confined in the two parallel walls.

In the previous studies, MD simulations were applied to
various types of boundaries (for example, specula surfaces,
periodic boundaries, and thermal walls). In the present
report, the thermal wall models are employed. When a
liquid particle strikes a thermal wall at temperature T,,, all
three components of velocities are reset to a biased Max-
wellian distribution. The three velocity components after
the liquid particles striking the wall surfaces are (Alexan-
der and Garcia [14]):

k
Vx = BTTWlljcv

kgT,
Vy = %‘Vm (7)
v, =£y/—%2leIny

The positive sign of v, is for the liquid particles striking
the bottom wall surface, while the negative sign is for the
liquid particles striking the top wall surface.  is an uni-
formly distributed random number in (0,1) and Vg, ¥’
are Gaussian-distributed random numbers with zero mean
and unit variance.

The detailed reentry mechanism at the thermal wall is
described by Tenenbaum et al. [15]. As discussed already,
using other types of boundaries has no obvious influence
on the macroscopic parameters. In other words, our cal-
culation results show that the present model is insensitive
to the selected accessorial wall models. The macroscopic
parameters are mainly governed by the liquid-solid
molecular interaction.

Because both of top and bottom walls are not moving,
the velocities of wall particles are set to be zero. The
particles are fixed in the specified positions in the face-
centered-cubic (fcc) structure.

2.2

Initial conditions

The initial conditions include the information of the two
solid walls and the liquid argon regions to initiate the
numerical computation. The procedure is summarized as
follows:

- The solid wall molecules are arranged in fcc structure
and such arrangement is not changing during the whole



calculation process, because the two solid walls are
stationary.

- The initial positions of liquid argon molecules are
structured in fcc. However, the liquid molecules will
deviate from the initial positions once the applied
gravity force acts on the liquid molecules.

- A random distributed velocities in the liquid argon re-
gion are assumed to initiate the calculation. However, in
order to make sure that the steady state can be easily
reached after some reasonable time running, the ran-
dom distributed velocities should satisfy that the total
kinetic temperature is equal to the kinetic energy in the
liquid calculation domain:

1
—NkBTﬂu,d =om Z v+ Vi, + 1) (8)

i=1

- Values for the initial acceleration a;(0) are determined
in terms of the positions r;(0) by computing the force on
each atom, using the Newtonian’s second law. The Gear
finite-difference algorithm also needs the higher deriv-
atives. These higher time derivatives are assumed to be
zero for the initial time step to initiate the calculation.

x7(0) = x(0) = x7(0) = 0
y{'(0) = »{"(0) = y/(0) = 0 )
z{"(0) = z{"(0) = 2}(0) = 0

1
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Periodic boundary conditions

Because we can only calculate a limited particle numbers
of liquid and wall, the two infinity walls are represented by
the specific lengths in x and y-directions combing with the
periodic boundary conditions in these two coordinates.
The final calculation results such as the velocity distribu-
tions across the z-direction, the slip length, etc are not
influenced by the selected computation length in x and
y-direction. When a liquid particle is leaving the boundary
at x = 0 or x = L,, a corresponding liquid particle will enter
the liquid argon calculation domain at x = L, or x = 0. The
particle entering the calculation domain has the same
velocities as the liquid particle that is leaving the calcula-
tion domain.

Similarly, particles leaving the liquid argon calculation
domain at y = 0 or y = L, have the corresponding particles
that enter the argon domain. This principle ensures that
the total liquid molecule number in the calculation domain
is constant.

When we perform the molecular force interaction, the
image force shall be included. For instance, liquid par-
ticle i has the molecular interaction with particle j in the
liquid calculation domain. However, particle j located at
(xj, Vi zj) has a series of image particles outside of the
calculation domain located at (x; + nL,, y; £ mL,, L,)
where n and m are integers ranging from 1 to infinity. In
order to reduce the computation time for the force cal-
culation of particle i with any particle j in the liquid
calculation domain and its particle images, Eq. (4) is
corrected in terms of Haile [13]:

=1 0oy=1 — - > —

o= N < d¢ij(xz‘j — 0Ly, yij — oLy, Zij — ocZLZ)
ij = =
dr,-j

ox=—1ay=-—1

(10)

Eq. (10) accumulates forces for molecule i interacted with
atom j inside the liquid calculation domain and its images
outside of the liquid argon calculation domain. Note that
Eq. (10) is also valid for the force integration between
particle i with any solid wall particle j,, and its images
outside of the two solid wall regions.

A minimum-image criterion has been developed to
perform the real sum of Eq. (4) and Eq. (10). For a cubic
container in three dimensions, the minimum image cri-
terion applies separately to each Cartesian component of
the pair separation vector. For the x component, we use
xij — Xij — oxLywhere o, = 0if -0.5L, < x; < 0.5L,, o, =
-lifx; < -0.5L,, and a, = 1 if x;; 2 0.5L,, as suggested by
Haile [13]. Similarly for y;;. There is no image effect on the
z component.

24

Parameter averaging

The Gear finite-difference algorithm was performed for the
dynamic simulation of the molecular system. The time
step is chosen from At = 0.0057 to At = 0.00057 depending
on the amplitude of the applied force, where 7 is the
Lennard-Jones nondimensional time t = g/m/¢. For
large applied gravity force (large shear rate), the liquid
particle has a small characteristic time response to the
large applied gravity force. In order to match the small
characteristic time resulted from the large gravity force
with the molecular oscillation time 7, we use a small time
step. For instance, for the nondimensional gravity force of
5.0, a time step of At = 0.00057 is used. Smaller time step
will not result in any change of the flow field. For most run
cases, following the integrated time of 1007, the system has
evolved into the steady state. The liquid calculation do-
main is divided into many bins. The number of bins is
dependent on the liquid molecule numbers. For larger
liquid number system, more bins are divided. The mac-
roscopic parameters, such as the number density, mean
velocity, temperatures etc. are defined in the center of each
bin. These parameters can be obtained via statistical
mechanics, and the detailed procedures are summarized as
follows. For the present problem, we calculate these
parameters as a function of z. We define the function
H,(z;) such that

H,(zij) =1 if (n—1)Az<z;<nAz, (11)
otherwise, H,(z;;) = 0.
where the subscript j represents the j time step.

Then the average non-dimensional number density in

n-th bin from Jy time step to Jj; time step is

P’ = AAz]M Jn+1) ZZH Zij) (12)

j=In i=1

where z; is the coordinate of the midpoint of the n-th bin,
A is the area expressed as L, X L,. Jy and ]y are the start
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and ending time step of the parameter averaging. The
integrated time interval from Jy time step to J5; time step is
larger than 1507. Longer time interval also results in no
change of the parameter averaging. The bin average
velocity from Jy time step to J, time step is given by:

Ju N
u(Zi) = 1 . Z ZHH(ZI‘J')V?J (]3)
(Um —Jn + 1) Hy(zij) = =1

i=1

where v*;; is the velocity in x component of particle i at j
time step. Using Eq. (13), we compute the bin temperature
as

1

T(Zi) =
3kg(Ju — Jv +1) Y Hu(zij)

—

v N
X Z ZHn(Zi,j)mi[Vzo":j - ”“(zi)]z

j=In i=1

(14)

where the superscript o represents x,y, or z. At steady
state, 1’ (z;) and u°(z;) are zero for all the bins.

Considering the liquid argon calculation domain with
the volume of L, X L, X L,, once the steady state is reached,
the “gravity” force of the N liquid particles should be
balanced by the wall friction force of the top and bottom
solid walls, we have:

Nmg = 271, L,L,

(15)

where the left hand side of Eq. (15) is the total particle
gravity force and the right hand side of Eq. (15) is the
friction force. 7,, is the shear stress. The liquid viscosity at
the wall surface is defined as “the shear stress divided by
the velocity gradient at the wall surface”.

TW
= du(z)| ’

dz

(16)

w

where d"‘;—f)’ is the velocity gradient (we also name it as

shear rate) ‘at the wall surface.

In the previous MD simulation (Kopiik et al. [8], Liem
et al. [9]), shear stress involves the particle force integra-
tion. The viscosity in terms of this approach sometimes
gets a higher uncertainty. The present paper provides a
better and easy way which has a clear physical meaning to
obtain the wall shear stress and viscosity using Eqgs. (15)
and (16) with high accuracies than the previous study.

One of the major differences between the liquid flow in
nano and micro scale and the classical fluid mechanics is
that the liquid flow in small size have the slip boundary
condition. Such slip boundary condition can be obtained
from the computed mean velocity profile. The slip length
shows how much degree that the flow deviates from the
classical fluid mechanics with no-slip boundary condition,
and is defined as “how far the fluid should travel beyond
the solid wall to reach the same velocity as the wall sur-
face”. The slip length is calculated as

Uy

dulz) /), a7

L=

3
Results and discussion

3.1

Nondimensional unit system

We developed a code named as “MDARGON” using the
nondimensional system. Note that Eq. (6) is written in
unit system. Using the following parameters in nondi-
mensional units,

r :77 X :77 :77 z = —
o o ¥ Tq
t* _!
T
F
F=-2 (18)
&
vi=vy/m/e
2
a T
a'=——=—a
g/t o
Eq. (6) can be rewritten as
— N 2 1 22
a; = 13 7 RNE 7
=\ s T (r?) (r2)
G
(NTTT) Ly bl
’”?j awf /T

N,
Gu\ B 2 G711 2 1
SN T () e

13 7
* *
el |

(19)

The micro Poiseuille flow is governed by the parameters of
liquid particle number N, density ratio of solid wall to
liquid Pwfl Ps length scale ratio of solid wall to liquid O o,
energy scale ratio of solid wall to liquid &,,/¢, and the
applied nondimensional gravity force of .*g. For the
liquid argon molecules interacted with the platinum solid
molecules, p,,/p= 3.227, 6,,/0 = 0.9074 and ¢,,/c = 0.5353.
Combing Eq. (15) and (16), we obtain the nondimensional
viscosity as

37*
N u pa’L; mog (
-3 du|*
£T0 2d_gw &

Note that po” is the liquid nondimensional number
density and is 0.81 for the liquid argon. L*, and
%Dare the nondimensional channel length in z direction
and the nondimensional velocity gradient at the wall
surface.

The nondimensional slip length is coming from
Eq. (17), and is rewritten as



I — Ly u, (21) with zero mean velocities, but the mean axial velocity can
s g @‘* be established in x-direction. The slip boundary occurs at
dzlw the wall surface, which is different from the classical
Poiseuille flow in macroscales. The region is named as the
3.2 “coupling region”. The flow behavior in the coupling re-
Flow behavior dependent on the gravity force gion is most important in the present paper and is dis-
The MD simulation was performed over a wide range of cussed in the following section separately.
parameters including the calculation domains with three Further increasing the nondimensional gravity force,
different particle numbers, and the applied nondimen- the intermolecular force has no contribution to the mean
sional gravity force. The liquid is argon with the known axial velocity in x-direction. The flow has a uniform mean
molecular mass of m = 6.67 X 1072 g, length scale of velocity profile across the two walls, but has a linear in-

¢ = 0.34 nm and energy scale of € = 1.67 x 102" ]. The  crease with time at a constant acceleration of the nondi-
characteristic time scale is 7 = 2.16 x 1072 5. The liquid  mensional gravity force. The nondimensional mean axial
calculation domain is set to be cubic with the same lengths velocity can be expressed as u(z)" = @% We refer this
of L, L, and L,. Such arrangement results in the length of region as the “gravity force domain region”. The flat
L, = 11.92¢ (4.05 nm) for 1372 liquid molecules, L, = velocity profile across the two wall surfaces and the linear
10.2170 (3.473 nm) for 864 liquid molecules, and L, = increase versus time are shown in Fig. 3 for the liquid
6.812¢ (2.316 nm) for 256 liquid molecules, respectively. ~argon number of 1372 and the nondimensional gravity
With varying the nondimensional gravity force, the flow force of 5.0. Such flat velocity distribution is caused by the
shows three distinct characteristics, and they are described high ratio of the gravity force to the intermolecular force
as follows: such that each liquid molecule is falling under the high
At very small nondimensional gravity force’ for most gravity force independently without the effect of the in-
cases less than 0.05, the gravity force has no contribution termolecular force. Therefore each liquid molecule has the
to the mean axial velocity. The liquid molecules oscillate ~same velocity as others, leading to the even velocity profile
randomly in three coordinates due to the intermolecular ~across the two wall surfaces, but has a linear increase
force with zero mean velocities. The system is likely to be Vversus time. The transitions among the three regions are
isolated without any applied force, or the pressure gradi- shown in Table 1.
ent. The flow is identified as “free molecular oscillation”.
The typical velocity profile across the two wall surfaces is 3.3
shown in Fig. 2 for the liquid argon number of 1372 and Flow behavior in the coupling region
the nondimensional gravity force of 0.02. It is seen that the A typical run case for 1372 liquid molecules, 800 solid wall
velocity is indeed zero across the two wall surfaces. The —molecules for each solid wall regions at the nondimen-

phenomenon is caused bY the very small ratio of the sional gravity force of 1.0 is shown in Flg 4 for the hquld
gravity force to the intermolecular force. Under such molecular distribution, and in Fig. 5 for the nondimen-
conditions, the gravity force is so small that it can not sional number density and mean axial velocity distribution
establish the flow field across the two wall surfaces. across the two solid walls when the steady state is fully

The coupling region appears when the nondimensional reached. The corresponding nondimensional shear rate
gravity force is increased. The flow is governed by not only (velocity gradient) at the wall surface is 1.397, the nondi-
the applied gravity force, but also the intermolecular force mensional slip velocity at the wall surface u*,, is 1.545 and
due to L] potential. The flow oscillates in y and z direction
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2500 A v @)
5 4
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S
x loo 0000000000000 00%00000000000 = 1500 4
; 0.0 = zlo
1000 A
-54
500 A
1.0 T T T T T 0 T T T T
0 2 4 6 8 10 12 0 50 100 150 200
zlo t't
Fig. 2. Velocity profile across the two wall surfaces in the Fig. 3. Velocity profile across the two wall surfaces and velocity

molecular free oscillation region (N = 1372, N;o, = Npotom = 800, versus time in the gravity force domain region (N = 1372, Ny, =
magle = 0.02) Npottom = 800, mog/e = 5)

865




866

Table 1. Transitions among the three different regions

Run Fluid Top solid wall Bottom solid Free oscillation Coupling region Gravity force
case molecules molecules wall molecules region domain region
256 288 288 %8 <0.05 0.05 < ™%E <3 E>3
2 864 648 648 ™78 £0.05 0.05 <™ <25 ™8 2.5
3 1372 800 800 8 20,05 0.05 < ™% < 3 mg 52
1.00
95
90
g .85
80
75 1
70 : : : .
0 2 4 6 8 10 12
zlo
6
5 4
4 4
T 3
=]
Fig. 4. Liquid argon distribution in the calculation domain at
t = 150t(N = 1372, Niop = Niosrom = 800, magle = 1.0) 2 1
the slip length L, is 1.106¢. The nondimensional viscosity Ly
w* is 3.456, which is higher than the normal value of 2.0 at
lower shear rate. Such flow behavior will be discussed later 0 . N A . ; - >

in detail. It is shown from Fig. 4 that the liquid molecules
in the argon calculation domain has deviated from the
initial fcc structure. The nondimensional number density
shown in Fig. 5a has a uniform distribution in the chan-
nels, except that there are large oscillations near the two
solid walls. Even though the oscillated number density
distribution detected near the wall surfaces, the number
density has a symmetric distribution about the centerline
of the two solid walls located at z* = L*,/2. The oscillation
distribution of the molecular number density near the wall
surfaces is caused by the strong solid-liquid intermolecu-
lar force interaction due to the L] potential. However, away
from the near wall region, the solid-liquid intermolecular
force interaction will be in the cut-off range due to the
short range interaction behavior, leading to the very small
influence on the liquid number distribution thus a flat
liquid number density distribution away from the near
wall regions. As shown in Fig. 5b, the mean axial velocity
profile across the two walls is also symmetric about the
centerline of the two walls. The maximum mean axial
velocity occurs at the centerline located at z* = L*,/2. It is
clear to identify the slip boundaries at the two wall sur-
faces, which is distinct from the classical Poiseuille flow in
macroscale. The profile can be well correlated as a qua-
dratic function as:

zlo

Fig. 5. The non-dimensional number density and velocity profile
across the two solid walls (N = 1372, N;,p = Npotrom = 800,magle =
1.0)

u'(z") = a0 + mz" + az” (22)

The coefficients of ay, a; and a, are based on the curve
fitting of the velocity profile. Where g, is the nondimen-
sional slip velocity at the wall surface, u*,,, while a, is the
nondimensional shear rate at the wall surface (or the
nondimensional velocity gradient at the wall surface), (du/
dz)*,,. Once one obtains the coefficients of a, and a;, the
nondimensional viscosity and the slip length at the wall
surface can be easily computed in terms of Egs. (20) and
(21).

The effect of the nondimensional gravity force on the
velocity profile is demonstrated in Fig. 6 for 864 liquid
argon molecules, 648 solid wall molecules for each solid
wall. It is shown that with increasing the nondimensional
gravity force, the velocity profile has a higher distribution,
while the slip velocity at the solid-liquid interfaces is also
increased. Higher nondimensional gravity force will result
in more uneven velocity profile distribution in the chan-
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Fig. 6. Effect of gravity force on the mean axial velocity profile
(N = 864, Ntup = Nbuttom = 648)

nels. It is easy understood that a higher nondimensional
gravity force results in a higher mean velocity in the
channel. Because the increase of the slip velocity at the wall
surface can not match the increase of the mean velocity in
the channel, the more uneven velocity profile is obtained
with increasing the nondimensional gravity force.

A similar velocity profiles depended on the nondi-
mensional gravity force and the liquid argon molecule
numbers are shown in Fig. 7. At the same nondimensional
gravity force, larger liquid argon system (larger size in
channel height) will produce higher velocity profile.

3.4

Surface phenomenon

It is well known that the micro channels have a higher
surface to volume ratio, making it more attractive for
the electric cooling applications. In fact we deal with the
surface characteristics in the present paper using the
MD simulation, considering the intermolecular interac-
tions between the liquid and solid molecules without
any assumptions. The micro Poiseuille flow in nanoscale
is well established by applying the gravity force for each
liquid molecules. As illustrated in Fig. 8, the nondi-
mensional shear rate at the wall surface is increased
with increasing the nondimensional gravity force. Also
shown in Fig. 8 is that the created shear rate is larger
for larger liquid argon molecule system at the same
gravity force.

In the present paper we use the slip velocities at the wall
surface, the slip lengths and the viscosities to identify the
surface characteristics. These results are presented versus
the nondimensional shear rate at the wall surface in Fig. 9
and 10 for three different liquid argon molecule systems,
respectively. The slip velocities at the wall surfaces is in-
creased with increasing the wall shear rate, as described in
Fig. 9. For most run cases, smaller liquid argon molecule
system will get a higher slip velocities when the wall shear
rate is fixed. Such trend is consistent with that a very large
liquid argon system will have a zero slip velocities,

® N=1372,N,, =N,,,, =800,mog/e=0.1
" N=1372,N,, =N,,,, =800,mog/e=0.5
A N=I1372.N,, =N,,,, =800,mog/e=1.5
¢ N=864, Nw, =Nyom =648, mog/e=1.5
10
8 o
6 4
o
3
4 o
2 4
0 T T T T T
0 2 4 6 8 10 12

Fig. 7. Effect of gravity force and channel size on the mean axial
velocity profile
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Fig. 8. The nondimensional shear rate versus the applied non-
dimensional gravity force

approaching to the classical Poiseuille flow solutions in
macroscales.

The slip velocity is an important parameter to charac-
terize the surface phenomenon in small sizes. Theoretically
the slip velocity at the wall surface is caused by the strong
solid-liquid intermolecular force interaction near the wall
region. However, such intermolecular force is a short
range interaction within two to three molecular layers.
With increasing the channel height in z-direction due to
the increased liquid number, the influence of the near wall
solid-liquid interaction on the whole velocity profile across
the two wall surfaces is decreased, leading to a smaller slip
velocity when the wall shear rate is fixed. Further study is
suggested for more liquid number system, but this is
limited by the computer speed and memory because MD
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Fig. 9. Effect of shear rate on the slip velocity at the wall surfaces
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Fig. 10. Effect of shear rate on the slip length and viscosities at the
wall surface

simulations require a lot of CPU time. The above analysis
is consistent with that when a macroscale is reached, the
no-slip solution is obtained.

The slip lengths versus the wall shear rate, as shown in
Fig.10a, is very high at very small shear rate. This is be-
cause the mean axial velocity profile is much even at very
small shear rate (gravity force), the liquid molecules at the
wall surface should travel a long distance beyond the wall
surface to reach the zero velocity as the wall surfaces. The

slip lengths are sharply decreased, then slightly decrease
with increasing the wall shear rate (applied gravity force).

It is interesting to note the nondimensional viscosities
against the wall shear rate, as shown in Fig. 10b. The
nondimensional viscosities at the wall surface nearly re-
mains a constant value of 2.0 when the nondimensional
shear rate is less than around 0.25, leading to the Newto-
nian flow behavior. The nondimensional value of 2.0 is
quite close to the previous MD studies with no-slip flow,
providing the encouragement that our MD simulations are
correct. However, the non-dimensional viscosities are in-
creased with increasing the wall shear rate if the nondi-
mensional shear rate is larger than around 0.25, leading to
the non-Newtonian flow characteristics.

4

Conclusions

The Poiseuille flow for liquid argon flowing in nanoscale
channels formed by the two infinity walls are successfully
modeled in the present paper. The nondimensional slip
velocity, slip length and viscosity are used to characterize
the distinct surface phenomena compared with the clas-
sical Poiseuille flow in macroscales. The following con-
clusions can be drawn as follows:

1. With varying the nondimensional applied gravity force,
the flow behaves three distinct regions, the free
molecular oscillation, coupling and the gravity force
domain regions.

2. In the coupling region with the flow controlled by both
the applied gravity force and the intermolecular force
among particles, the nondimensional number density
and the velocities are symmetric about the centerline of
the channels, even though the number densities have
larger oscillations near the wall. The velocities get the
maximum value at the centerline of the channel.

3. For all the cases numerically tested, slip velocities occur
at the wall surface. Such slip velocities are increased
with increasing the wall shear rate produced by the
applied gravity force. At a given wall shear rate, larger
liquid argon system (larger channel size) results in
smaller slip velocities.

4. At very small wall shear rate, the slip length is high.
Such slip lengths are sharply decreased with increasing
the wall shear rate, then slightly decrease with further
increasing the wall shear rate.

5. The nondimensional viscosities remains nearly constant
value of 2.0 in a narrow wall shear rate range below
around 0.25, leading to the Newtonian flow behavior.
The viscosities are increased with increasing the wall
shear rate if the non-dimensional shear rate is larger than
0.25, leading to the non-Newtonian flow behavior.
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