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Molecular Dynamics Simulation on Cavitation Bubble Collapse
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1. Introduction

The cavitation bubbles have been a sustained at-
tention and research since it was discovered in the early
twentieth century. Whether it is the propeller of a ship or
the dam of a hydropower station, both have suffered seri-
ous cavitation damage caused by the collapse of bubbles.
Despite negative characterizations of cavitation bubbles
are still causing some troubles in life, much more focused
attention have been drawn in recent years for its positive
application in super cavitation, aerospace, bio-medical [1,
2] and so on.

The spray nozzle is widely used in gas turbine
engine, atomization of fuel towards into combustor has a
significant influence on engine combustion. The jet flow
produced by bubble collapse impact on fuel could make it
much more dispersed and form a finely atomized spray.
Conversely, in the lubrication system of aero engine,
mounts of cavitation bubbles gathered in oil tank would
block the flowing of oil and lead a terrible condition for
lubrication units. With the development of archaeology
around the world, cleaning of antiques is really a headache
for archaeologists. The problem could be solved by jet
flow caused by bubble collapse, which could impact soil
on antiques and remove it [3]. But it is noteworthy that the
strength of jet flow should be strictly controlled in order to
prevent antiques from being damaged. Similarly, the jet
flow of bubble collapse is also an effective method to
break down the wall of cancer cell in clinical treatment [4,
5]. In addition, operation of super cavitation weapon is
based on the cavitation bubble covering the partly or full
surface of submarines [6, 7]. In that case, the rate of sub-
marines could be accelerated significantly for being sepa-
rated from water by cavitation bubble. However, loud
noise caused by bubble collapse is extremely dangerous for
submarines. Generally, the dynamic characteristics of cav-
itation bubble collapse are most important for its applica-
tion.

In the current research, the dynamic characteris-
tics of cavitation bubble are closed related to viscosity,
surface tension and pressure of liquid. Among the factors,
the viscosity of liquid plays a dominant role on bubble
collapse. It could retard the collapse of cavitation bubble
by slowing the rate of bubble contraction [8, 9]. On the
contrary, bubble collapse accelerated as the increase of
surface tension and pressure [10-12].-Furthermore, cavita-
tion bubble collapse varies with the concentration of abra-
sive particles in fluid [13].

Although the research on dynamics characteristics

of bubble collapse has made a remarkable progress, some
details are still interrogative due to the limitation of ex-
perimental technology. Molecular dynamics simulation
(MD) is a method of micro/nano scale, which could simu-
late bubble collapse according to the trajectory of mole-
cules and even reveal the characteristics of bubble collapse.
This method has been used by Moore and Tsuda to simu-
late the nucleation of cavitation bubble [14, 15]. However,
bubble collapse is not involved in their researches, which
is extremely important for its application. This word, mo-
lecular dynamics simulation is used to simulate the col-
lapse of cavitation bubble, and the effect of temperature on
bubble collapse is both considered to reveal the dynamic
characteristics of bubble collapse.

2. Mathematical model and numerical methods

Argon atom is usually used in molecular dynamic
simulation for it’s a monatomic molecule. A mathematical
model is proposed and initial distribution of atoms is
shown in Fig. 1. 2680 liquid argon atoms surrounding a
cavitation bubble are distributed in a three-dimensional
computational domain, with diameter of bubble is d=4.64c.
Gas argon atoms composed of cavitation bubble are negli-
gible, who have little impact on liquid argon atoms as the
number of gas atoms are much less than liquid atoms. The
canonical ensemble is used, in which a temperature coeffi-
cient is introduced to keep the temperature constant. And
also the periodic boundary conditions are set to ensure the
number of atoms remain the same. It means one atom
moves out of the computational domain, there must be
another atom moves in from opposite boundary with the
same velocity and acceleration.

In general, nomenclatures are usually used in mo-
lecular dynamic simulation for extremely small of molec-
ular dynamic parameters. They are list in Table 1.
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Fig. 1 Initial distribution of atoms
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Table 1
Relationship between nomenclatures and MD parameters
MD parameters Sl Nomenclatures Relationship
Simulation domain size L m L Lo
Boltzmann constant kg JIK
Mass of atom m kg
Pressure P Pa P* Paile
Distance between atomsiand j rj m rij” rij lo
Cut-off radius  r. m re r.lo
Simulation time t s t* (elma?)Vt
System temperature T K T keTle
Scale of energy for potential functions ¢ kcal/mol
Scale of length for potential functions o m
Potential energy U J U Ule
Total energy E J E" Ele
Velocity of atomi v m/s
Force impact on atomi F; N Fi Fiole
Displacement of atom i S; m S Silo
Diameter of simulation bubble d m d* dlo

The intermolecular interactions in MD are de-
scribed by the well-known Lennard-Jones potential func-
tion (Eq. 1):
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where ¢ and ¢ are the scales of length and energy for po-
tential function, respectively. For argon atom, &=
=0.24 kcal/mol, ¢ = 3.405 A. U is potential energy of
atoms, and rjj is distance between atom i and atom j. In this
MD study, the cut-off radius rc is set at 2.5, beyond which
the pair interaction is neglected. Furthermore, time step
t"=4.5x10" (almost 1fs).

Position of atom i at any time could be calculated
based on the Newton's laws of motion:
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where, m is mass of atom, and m = 6.63x10"% kg. Fi(t) is
the force impact on atom i:

-
dr (3)
and velocity of atom i could be described as:
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where, & is temperature coefficient:

S

where Tt is rated temperature, and ks is Boltzmann con-
stant.

Combining Egs. (1) - (5) [16], movement of at-
oms as well as potential energy could be obtained. And
bubble collapse process could be analyzed as well. This
simulation is carried on the IBM system X3800 computer,
and programmed by ourselves in Fortran language.

Molecular dynamics simulation of bubble col-
lapse lasts almost 440 ps (including 440, 000 time steps).
Simulation temperature oscillated at the beginning of sim-
ulation (about 40 ps), and then thermal equilibrium is
reached. After that, simulation data including the potential
energy, total energy and position of atoms are recorded to
analyze the dynamic characteristics of bubble collapse.

3. Results and discussion
3.1 Bubble collapse process

Fig.2 is the collapse process of cavitation bubble
with T" = 0.62.

After reaching thermal equilibrium, the cavitation
bubble is gradually compressed until it disappeared in
liquid. Actually, the bubble does not really disappeared but
breaking up into a lot of nucleus and dissolving in liquid.

Additionally, bubble collapse process could also
be analyzed in term of potential energy. Fig. 3 is potential
energy curve, which describes the potential energy varying
with the distance between atoms. According to Len-
nard-Jones potential function, potential energy is maxi-
mum at r = 1.122¢, while the initial distance between at-
oms in this work is ro = 1.1610.
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Fig. 2 Collapse process of cavitation bubble with T" = 0.62

Jr=1.161c
r=1.122¢

Potential energy of molecules U*
o

10 15 20 25 30
Distance between atoms r/o

0.5
Fig. 3 Potential energy varying with distance between
atoms

Variation of potential energy during bubble col-
lapse is shown in Fig. 4, which decreases gradually in tc,
and then keeps constant until the end of simulation.
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Fig. 4 Variation of potential energy during bubble collapse

According with potential energy curve and the r
in Fig. 3, potential energy could only decrease when dis-
tance between atoms increasing. However, both the shape
and size of computational domain are unchangeable in
canonical ensemble, the space of liquid must be expansive
as the increase of distance between atoms. In that case,
cavitation bubble has to be compressed for the expansion
of liquid and finally breaking up into a lot of nucleus in
liquid. Therefore, tc is collapse time of bubble. Flowing
that, potential energy changes little and nothing will hap-
pen in computational domain.

3.2. Effect of temperature on cavitation bubble collapse

Temperature has a significant effect on bubble

58

-
g

.

v

00 )0gp"
L

Fig. 5 Bubble collapse in different temperatures: (a: T =
0.62; b: T"=0.70; c: T"=0.80)

collapse. Fig.5 shows the collapse process of bubble in
different temperature, which are T" = 0.62, T = 0.70 and
T" = 0.80 respectively.

It is obvious that bubble collapse faster as the in-
crease of temperature. Also it could be proved by potential
energy in Fig. 6. Variation of potential energy is almost the
same with different temperature, all of which reducing at
first, but t. becomes shorter with the increase of tempera-
ture. Namely, bubble collapse is accelerated when temper-
ature rising, which according with the behaviors of bubble
in Fig.5.



-4.85
T =0.62
«  -4.90t
o)
>
2 495t
[}
5
= -5.00}
5
S -5.05f
-5.10L— : : :
100 200 300 400 500
Simulation time t (ps)
a
-4.75
T°=0.70
L -480¢
=
2 485}
3
= -4.90
5
S -495)
-5.00 . . . .
100 200 300 400 500
Simulation time t (ps)
-4.65
T°=0.80
5 -4.70+
=
5 -4.75¢
5
s -4.80
= .
S 485t
-4.90 . . . .
100 200 300 400 500
Simulation time t (ps)
c

Fig. 6 Variation of potential energy in different temperature:

(a: T"'=0.62; b: T"=0.70; c: T"=0.80)

A more detailed analysis of collapse time t; in
different temperatures is presented in Fig. 7.
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Fig. 7 Collapse time varying with temperature

It could be known that collapse time is almost
shortened by 60% with temperature increasing from T* =
0.62 to T" = 0.80, but acceleration of bubble collapse slows
down. This is primarily linked to the viscosity of liquid. It
is well known viscosity could retard the collapse of cavi-
tation bubble. However, viscosity decreases gradually with
the increasing temperature, and the influences of liquid
viscosity on bubble collapse has weakened the same time,
which resulting in bubble collapsing faster.
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3.3. Effect of temperature on collapse strength of bubble

Temperature also affects the collapse strength of
cavitation bubble. Total energy of bubble collapse in dif-
ferent temperatures is shown in Fig. 8.
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Fig. 8 Variation of total energy in different temperature: (a:
T°=0.62; b: T"=0.70; ¢: T"=0.80)

In Fig. 8, total energy decreases gradually during
bubble collapse, and AE™ is the energy released by bubble
collapsing. It could be found the energy released by bubble
collapsing becomes smaller with the increase of tempera-
ture, Namely, jet flow caused by bubble collapse is weaker
when temperature rising. Strength of jet flow is almost
reduced by 35% with temperature increasing from T* =
=0.62 to T" = 0.80. This is primarily linked to the surface
tension of liquid. Surface tension decreases gradually with
the increasing temperature, and strength of jet flow reduce
the same time.

In general, temperature should be reasonable for
cavitation bubble application. For example, solution with
higher temperature is more suitable for cleaning antiques.
Rising the temperature could improve the efficiency of
removing soil on antiques without any damage. On the
contrary, super cavitation weapons sails faster in cooler
fluid for bubble existing more time on submarine surface.



4. Conclusion

Temperature is significant for dynamic character-
istics of bubble collapse. It concludes that bubble collapses
faster as the increase of temperature, but the jet flow be-
comes weaker the same time. In addition, collapse time of
cavitation bubble is almost shortened by 60%, and the
strength of jet flow could be reduced by 35% with temper-
ature varies from 0.62 to 0.80.
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MOLECULAR DYNAMICS SIMULATION ON
CAVITATION BUBBLE COLLAPSE

Summary

The characteristics of bubble collapse are espe-
cially important for its application in cavitation-protection,
super cavitation and aerospace. In that case, it is necessary
to control the collapse process of bubble accurately ac-
cording to requirements. In this paper, molecular dynamics
simulation is used to study the dynamic characteristics of
single bubble in canonical ensemble condition. Collapse
process of bubble is described by analyzing the potential
energy and movement of molecules. Effects of temperature
on bubble dynamics characteristics are discussed especially.
The result indicates that bubble collapses faster as the in-
crease of temperature, but the strength of jet flow caused
by collapsing becomes weaker the same time. It finds that
the collapse time of bubble is almost shortened by 60%,
and the strength of jet flow could be reduced by 35% with
temperature varies from 0.62 to 0.80.

Keywords: Cavitation bubble, Temperature, Collapse
time, Strength of jet flow.
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