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Abstract

Abstract: The fluid properties under the condition of the solid wall spanwise oscillation were studied
using the molecular dynamics method. The three dimensional Couette flow model which was made up of
copper wall and argon fluid was built. The fluid state of the near wall was simulated under the different
oscillation parameters of solid wall and the corresponding fluid velocity field, the density distribution, the
potential energy curves and the friction force were obtained. Then the influence mechanism of the wall
oscillations on the frictional drag at liquid-solid interface was investigated. The results indicate that the
frictional drag between wall and fluid can be reduced effectively by applying spanwise oscillation for the
solid wall and the drag reduction rate is mainly dependent on the oscillation parameters. Meanwhile, the
decrease of fluid density near wall leads to the reduction in frictional drag at liquid-solid interface.
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Abstract: The fluid properties under the condition of the solid wall spanwise oscillation were studied
using the molecular dynamics method. The three dimensional Couette flow model which was made up of
copper wall and argon fluid was built. The fluid state of the near wall was simulated under the different
oscillation parameters of solid wall and the corresponding fluid velocity field, the density distribution, the
potential energy curves and the friction force were obtained. Then the influence mechanism of the wall
oscillations on the frictional drag at liquid-solid interface was investigated. The results indicate that the
frictional drag between wall and fluid can be reduced effectively by applying spanwise oscillation for the
solid wall and the drag reduction rate is mainly dependent on the oscillation parameters. Meanwhile, the
decrease of fluid density near wall leads to the reduction in frictional drag at liquid-solid interface.
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turbulence intensity is reduced. The research has
verified that wall oscillations can reduce frictional
drag of the turbulence boundary layer. From then on,
many scholars™™® also did some relevant numerical
simulations and experimental researches and got
same conclusions.

At present, most researches mainly concentrate
on the effect of wall spanwise oscillation on fluid
flow field using direct numerical simulation method
based on the theory of turbulence, meanwhile, these
researches are limited to high amplitude and low
frequency of mechanical vibration. The supersonic
vibration are not studied. Moreover, inspiring from
the well drag reduction effect of the ultrasonic
oscillation cutting, molecular dynamics simulation
technique is adopted to investigate the influence of
wall oscillations on characteristics of flow field near
the wall under the wall spanwise high frequencies

oscillations.
1 Simulation system
1.1 Computation model

Three dimensional Couette geometric flow
model which

fluid is built using LAMMPS™ as shown in Fig.1.

consists of copper wall and argon

Two copper thin-walls are discretized with 5 layers of

copper atoms defined by FCC lattice structure!'”’,

X
4 »{
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y
v
y
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g

Fig.1 Molecular dynamics simulation computation model
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The initial state of argon fluid also use same
configuration to reduce the relaxation time and the
initial density value is p* =0.8. The length. width
and height values of the model is Lx*:42.7494,
Ly*:76.9489, L, =34.1996 respectively. The upper
and lower copper walls are identical and thickness
value is ¢ =3.8475. The total number of atoms is
91 000 with 81 000 argon fluid atoms and 5 000

copper atoms in each copper wall.
1.2 The interaction potential and parameters

In classical molecular dynamics simulations, the
Lennard-Jones (LJ) method is wildly used to simulate
the pairwise interaction between any two fluid
monomers. The interaction between the liquid argon
atoms described by this method is not only consistent
with the experimental data well but simple form and
less expensive calculation.

The influence of the wall oscillation on argon
fluid near wall is the key attention in present work. In
order to oscillate the solid wall regularly and reduce
the amount of calculation, the interaction between
copper atoms is overlooked and thermal freedom
movement of copper atoms is restricted. The
interaction defined by Lennard-Jones potential
function between any two atoms except copper atoms

is expressed as:

0 (r>r,)
Where: oand &denote the length and energy scales,
respectively. ris the particle spacing and r¢is the
cutoff radius. In this paper, r,=2.50,, for argon
atoms and I, =30, for copper-argon atoms.
The interaction potential parameters between

copper-argon atoms can be determined according to

Lorentz-Berthelot principle:
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Ear—Cu =V E€Ar "€cu (2)

O Ar—Cu Z%(GAr +0Cu) (3)

Where A, and C, are stand for argon and copper
respectively.
The parameters of LJ potential function between

different atoms are given in Table 1",

Table 1 The parameters of L] potential between different atoms

Atom type o(nm) e(d)
Argon-Argon 0.340 5 16.5402x102
Copper-Copper 0.233 8 65.5815x10%!
Argon-Copper 0.2872 10.4153x10%

In this simulation, the basic parameters of argon
are determined as dimensionless units and expressed
as: o, =034nm &, =16.5402x107J mMx=39.95x
1.6747x10'g t4=2.161x107*s for length, energy,
mass, time respectively. The other physical quantities
in the calculation can be transformed into
dimensionless value via the above basic units. The
transformation relations are given in Table 2.

Table 2 The dimensionless value transformation relation of

physical quantities

Physical ~ Transformati Physical Transformati
quantity on relation quantity on relation
Particle =t Time t ot |-£ i
spacing c mo
._E i
Energy gt Velocity V =y \/E
3 £
Force frof o Temperature T*=T k_b
& £
Pressure P —p ti Number p =po’
€ density

1.3 Boundary conditions and simulation
ensemble

According to the above computation model,
mixed boundary conditions with periodic conditions
for X and z directions and solid-wall boundary for y
direction are adopted. The simulation system is

defined in NVT ensemble and temperature around

90K is controlled using Nose-Hoover method. It is
important to note that particle’ velocity consists of
advection velocity and thermal velocity in
non-equilibrium molecular dynamics simulation.
However, temperature is only closely related to
thermal velocity, the advection velocity can be
removed from the particle’ velocity using PUT
(profile-unbiased thermostat) method"?.  When
calculating the temperature of the simulation system,
the simulation domain is divided into several grids
firstly. Then center velocity in each grid is obtained
by statistic method. All atoms’ thermal velocities in
this grid can be achieved by removing the center
velocity from each atom’ s velocity. Time step is

defined as At =0.005.
1.4 Wall oscillation method

The upper copper wall is fixed and the copper
atoms provide constraints for the top surface of the
fluid field by LJ potential energy function. In this
simulation, the influence of the lower wall oscillation
with different parameters on the flow field near wall
are discussed. The equations of motion of upper and

lower wall are given as follows, respectively:

Upper wall: S} =0,S; =0,S; =0 4)
Sr =Vt
Lower wall: {Sy =0 O]

S; = A*sin(2nt* /T*)
Where SX*, Sy*, SZ* are the wall displacement along X,
y, z direction, respectively. V, is the wall velocity
along x direction, A" and T  are the amplitude and

period of wall oscillation, respectively.
2 Simulation results and discussion

According to the simulation system and
simulation steps, this paper will discuss the influence
of the oscillation parameters including period

(frequency) and amplitude on the fluid flow

http: // www.china-simulation.com
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parameters near the oscillation wall.

2.1 The influence of the oscillation parameters
on the fluid flow velocity distribution

Firstly the influence of the different oscillation
amplitude on the fluid velocity along x direction at
the same period is investigated. In the present paper,
the fluid field is divided into 44 layers averagely
along y direction. The velocity component along X
direction of all fluid atoms in each layer are recorded
and then velocity of the fluid in each layer along X

direction is achieved according to Eq.(6).

vi=—d-3v (6)

Where Ny, is the total number of atoms in each layer.

The average flow velocity distributions along X
direction within a period of time at same period
(T'=100) and different amplitude (A'=8, 30, 80, 100)
are shown in Fig.2.

As clearly observed in Fig.2, when solid wall is
not overlaid with oscillation, the fluid velocity
distribution along X direction is linear and several

layers of fluid near wall have same velocity with wall

80
. 60F ——No oscillation
= ——7"=100
E
5 40 -
3
]
O o0t

0 L L L L
0.00 0.05 0.10 0.15 0.20
Velocity v,

80
- 60 | —— No oscillation
2 ——T7"=500
<
g 40 +
1S}
o]
O o0t

0

0.00 005 010 015 020
Velocity v,
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approximately. While solid wall is overlaid with
spanwise oscillation, the fluid velocity distributions
along x direction become nonlinear gradually and the
fluid velocity has distinct hysteresis with the increase
of the amplitude.

80
701} 4 —— No oscillation

60

*

50t
40t

Coordinate y

30+
20+
10 -
0

000 005 0.0 0.5 0.20
Velocity v,

Fig.2 the influence of the oscillation amplitude on the fluid
flow velocity distribution along x direction

Fig. 3 shows the influence of the spanwise

oscillation period (T*=100, 300, 500, 1000) on the

fluid velocity distribution along X direction at the

same amplitude (A*=8). it is demonstrated that the

oscillation period almost do not affect the fluid

velocity distribution.

80
- 60 | —— No oscillation
8 —o—T7"=300
<
=
= 40
3
Q
Qo0 t

0 1 1 L !

0.00 0.05 0.10 0.15 0.20
Velocity v,"

80

60 | —— No oscillation
f,‘ ——T7"=1 000
E
=5 40+
3
Q
Q0L

0 Ly . . .

0.00 0.05 0.10 0.15 0.20

Velocity v,*

Fig.3 The influence of the oscillation period on the fluid flow velocity distribution along x direction
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When solid wall is overlaid with spanwise
oscillation, the wall will certainly affect the fluid
velocity distribution near wall along z direction due
to the effect of the copper atoms in the wall on the
argon atoms in the fluid. The fluid velocity curves
changing with time at y=6.2917 with the same
oscillation period (T'=100) and different amplitudes
(A’=8, 30, 50, 100) are shown in Fig.4.

——A4"=30
—o—A4"=50

——No oscillation

*
[\S]
=

Velocity v,
(=)

-2
-4
-6 . )
0.0 0.5 1.0 1.5 2.0
Step x10°

Fig.4 the flow velocity curves of the fluid layer at coordinate
of y'=6.2917 changing with the time at the different
amplitude of wall

It can be seen from Fig.4, When solid wall is not
overlaid with spanwise oscillation, the fluid only has
thermal motion velocity component along z direction
and its value is fixed. While solid wall is overlaid
with spanwise oscillation, the solid wall will drive the
fluid motion and the velocity component Vv, curves
along z direction are sine (cosine) curves
approximately, meanwhile, the curves peak value
increase with the increase of the oscillation

amplitudes.

2.2 The influence of the oscillation period on
the fluid density distribution

The fluid field is divided into 44 layers
averagely along y direction, the number of fluid
atoms in each layer are recorded after the simulation

system reaching steady state.

The changing curves of the fluid density at the
same period (T=100) and the different amplitudes
(A*=8,30,50,100) are depicted in Fig.5. It is shown
that the flow field is described as uniform distribution
except for the flow field near wall which shows the
oscillation distribution without wall oscillation. It is
been obviously that wall oscillation leads to the
decrease of fluid density near wall after the wall is
overlaid with the spanwise oscillation. With the
increase of the oscillation amplitude, the degree of

decrease of the fluid density is becoming distinct.

80
70}
60 —— No oscillation
> —o—A'=8
2500 .+ 430
S 40f  —o—a'=50
Lg) il —— A"=100
20}
10}

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Number density p°

Fig.5 the influence of the oscillation amplitude on the fluid
density distribution

The changing curves of the fluid density at the
different periods (T*=100, 300, 500, 1000) and the
same amplitude (A*=8) are shown in Fig.6. it is
demonstrated that the oscillation period almost do not
affect the fluid density distribution under the chosen

parameters.

2.3 The effects of oscillation parameters on
the interaction potential energy

The interaction force at the solid-liquid interface
is related to the potential energy directly, so it is
necessary to investigate the effects of the oscillation
parameters on the interaction potential energy. Figure
7 shows the changing curves of the potential energy
on the solid-liquid interface with the time at the same
(T’=100) and different

period amplitudes

http: // www.china-simulation.com
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(A"=8,30,50,100). After the system achieves stability,
From Fig.8 it can be seen that the interaction
potential energy almost do not change with time at

the period (T'=100) with lower amplitude (A'<15),

while with the increase of the oscillation amplitudes

ARG HAR
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(A">30), the interaction potential energy changes

periodically and the curves are sine (cosine)
approximately. To sum up, the average potential
energy at the solid-liquid interface decreases with the

increase of the oscillation amplitudes.

80 r 80 -
L 60} —No oscillation . 60} —— No oscillation
o | —o=T=100 > A 72300
2 =
5 40 5 40
s 3
S S
20 ¢ 20
0 S — L L L ' 0 L — L L L |
00 02 04 06 08 1.0 00 02 04 06 08 1.0
p* p*
80 80
. 60 —— No oscillation .60t —— No oscillation
ﬂ? —o— 7"=500 }Z\ —v—7"=1 000
= :
S 40 F 5 40 ¢
g 8
o o
O O
20 ¢ 20
0 S — | | \ ) oLY— | | \ )
00 02 04 06 08 1.0 00 02 04 06 08 1.0
p* p*
Fig.6 the influence of the oscillation period on the fluid density distribution
45 210" when the period have a lower value, while the larger
No oscillation
4017, =8 oscillation periods has no effects on the potential
>33 (W\’WM’V\WWAMMWWVV"’W
2 =30 energy.
5 3.0 . .
E 55 2.4 The effects of oscillation parameters on the
= o
2 friction force at the liquid-solid interface
& 2.0 A=100
L5 The friction force at the liquid-solid interface is
R 1o 20 3.0 20 the most important parameter in this paper, so the
Step x10°

Fig.7 The effects of oscillation amplitudes on the interaction
potential energy

By analyzing the change of the interaction
potential energy of the solid-liquid interface at the
same amplitude and different periods (T*=100, 300,
500, 1000), it can be concluded that the potential

energy is not decreased compared with no oscillation

friction force at different oscillation parameters in
each moment are recorded in the simulation. The
tangential force F, (or friction force) on the
oscillation wall along X direction is recorded every
one hundred steps. The friction represents oscillation
on the microcosm, while it is obtained by statistical
average of the a long period after achieving a stable

state on macroscopic scale. Table3 shows the average

http: // www.china-simulation.com
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friction force at the same oscillation period (T*=100)
and different amplitudes (A*=8, 30, 50, 80). It's
important to note that due to the randomness of the
molecular thermal movement and limit simulation

time, the average friction also has certain discreteness.

Table 3 The effects of oscillation amplitude

on the friction force at the liquid-solid interface

Motion Lower wall Drag reduction
situation tangential force Fy rate
No oscillation -8.602
A"=8 —7.7427 9.99%
A'=30 -8.1337 5.44%
A'=50 -8.1901 4.79%
A"=80 —2.5443 70.42%

It can be seen from Table 3, when the wall does
spanwise oscillation at a certain period and the
amplitude exceeds a certain value, the friction force
of the liquid-solid interface decreases sharply. There
is no obvious law for the effect of oscillation
parameters on the drag reduction rate under the
chosen period, but the optimal oscillation parameters
combination 1is T*=500, A*ZSO, in which the drag
reduction rate reaches up to 48.78%.

Table 4 shows the average friction at the
solid-liquid interface with specific amplitude (A'=8)
and different periods (T*=100,300,500,IOOO). Due to
the computation amount is too large, lower oscillation
period is selected. From table 4 it can also be
concluded that the amplitude of the drag reduction
decreases with the increase of the periods under the
chosen oscillation amplitude.

Table 4 The effects of oscillation period

on the friction force at the liquid-solid interface

Motion Lower wall Drag reduction
situation tangential force Fy rate
No oscillation —-8.602
T'=100 ~7.742 7 9.99%
T'=300 -8.2113 4.54%
T'=500 -8.219 1 4.45%
T"=1 000 —8.233 4 4.29%

2.5 The effects mechanism of the wall
oscillations on the friction force of the
liquid-solid interface

(1) By analyzing the density distribution of flow
field, when the wall is overlaid with spanwise period
oscillations, the fluid density near wall is reduced
greatly with the increase of amplitude, which leads
to the decrease of fluid viscosity, so the friction force
is reduced undoubtedly.

(2) By analyzing the velocity distribution of
flow field, it can be concluded that the gradient of the
fluid velocity along X direction near wall increases
greatly with the increase of amplitude. This feature
maybe increase the friction force. But the above fluid
velocity is average velocity in different layers. It can
be seen from Figure 4 that the fluid instantaneous
velocity along z direction are positive or negative
periodic oscillation. Because the fluid oscillation
velocity caused by wall high frequency oscillation is
larger than the average fluid velocity, meanwhile,
there is a certain angle between the whole relative
movement direction of the adjacent fluid layer and
the flow direction, and the relative velocity vector
and the direction is changing always. The effects
mechanism of the fluid velocity on the friction force
of the liquid-solid interface needs further research.

(3) The friction force at the liquid-solid interface
is reduced with the decrease of the potential energy
of interaction. Figure 7 shows that the interaction
potential energy decreases with the increase of
amplitude. So the decrease of interaction potential
energy resulted from wall oscillation is also one of

the reasons for the drag reduction.
3 Conclusions

The three dimensional couette flow model

which is made up of copper wall and argon fluid is

http: // www.china-simulation.com
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built using LAMMPS in this paper. The state of the
fluid near wall is simulated by applying spanwise
oscillation with different oscillation parameters for
solid wall. The corresponding fluid velocity field. the
fluid density distribution. the potential energy of
interaction and the friction force are investigated. The
results indicate that:

(1) Wall oscillation decreases the fluid density
near wall which leads to the decrease of fluid
viscosity, the friction force at the liquid solid
interface is reduced undoubtedly.

(2) The friction force at the liquid-solid interface
is related to the potential energy. In terms of the
decreases of the total potential energy by wall
oscillation, the friction force at the liquid-solid
interface are decreased.

(3) Wall oscillation decreases the boundary layer
thickness. Meanwhile, the low fluid density and low
potential energy lead to the decrease of the total

potential energy and friction force.
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