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To discover the microscopic mechanism responsible for cavitation nucleation in pure water, nucleation processes in
pure water are simulated using the molecular dynamics method. Cavitation nucleation is generated by uniformly stretching
the system under isothermal conditions, and the formation and development of cavitation nuclei are simulated and discussed
at the molecular level. The processes of energy, pressure, and density are analyzed, and the tensile strength of the pure water
and the critical volume of the bubble nuclei are investigated. The results show that critical states exist in the process of
cavitation nucleation. In the critical state, the energy, density, and pressure of the system change abruptly, and a stable
cavitation nucleus is produced if the energy barrier is broken and the critical volume is exceeded. System pressure and
water density are the key factors in the generation of cavitation nuclei. When the critical state is surpassed, the liquid
is completely ruptured, and the volume of the cavitation nucleus rapidly increases to larger than 100 nm?>; at this point,
the surface tension of the bubble dominates the cavitation nucleus, instead of intermolecular forces. The negative critical
pressure for bubble nucleation is —198.6 MPa, the corresponding critical volume is 13.84 nm>, and the nucleation rate is

242 %1032 m3.

s~ ! in pure water at 300 K. Temperature has a significant effect on nucleation: as the temperature rises,

nucleation thresholds decrease, and cavitation nucleation occurs earlier.

Keywords: cavitation nucleation, pure water, molecular dynamics, tensile strength

PACS: 47.55.dp, 47.11.Mn

1. Introduction

Cavitation refers to the physical phenomenon that takes
place when the pressure of a liquid falls below a certain criti-
cal value: a cavitation nucleus is generated, which grows into
a cavitation bubble.!! It has been widely accepted that cavita-
tion is due to the existence of weak points in a liquid, and that
when the liquid pressure drops to a certain value, these weak
points are pulled apart by negative pressure, causing cavita-
tion to be generated.!>3! In natural water, impurities such as
microparticles, dissolved gases, microbubbles, dust, etc. make
up the cavitation nuclei that are usually the weak points.[*]
However, in pure water, the mechanism responsible for gen-
erating cavitation bubbles and cavitation nuclei is entirely dif-
ferent from that of natural water.

Water is a strongly cohesive liquid due to the hydrogen
bond between its molecules. Many researchers have inves-
tigated tensile strength and nucleation in pure water through
theoretical and experimental methods.!®) Most researches have
concentrated on two issues: one is the way in which cavitation
nuclei are generated in pure water, and the other is the tensile
strength of pure water. While the answers have varied widely,
no definitive explanation or consistent opinion has been ob-
tained so far.

Brennen!® stated that the tensile strength could reach
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103 MPa using the method of the potential tensile strength of a
pure liquid. Classical nucleation theory (CNT)"-%! holds that
the thermal movement of molecules leads to local low-density
voids in the liquid. When the size of the holes in the liquid
increases beyond a certain critical value, they rapidly develop
into cavitation. The tensile strength of pure water is reported to
be 168 MPa at 20 °C.I'% Kwak ez al.!''-'?! proposed a differ-
ent nucleation model from CNT. According to Kwak’s model,
superheating of the liquid causes molecules with high energy
to gather together to form molecular clusters. When the clus-
ters grow to a certain size, they reach an unstable state and
spontaneously expand into bubbles. Kwak calculated that the
tensile strength of pure water is 27.3 MPa at 20 °C, which is
close to the result of Briggs’s experiment at 277 atm.[!3]

A variety of experiments have been carried out to study
the cavitation nucleation process, and the tensile strength of
pure water obtained by most experiments is in the range of
dozens to hundreds of atmospheric pressures.[®!%15] The dif-
ficulty in measuring the tensile strengths of liquids by ex-
periment is that the liquid quality greatly affects the tensile
strength test results, and it is very difficult to achieve abso-
lutely pure liquids. However, since the interface between the
liquid and the wall of the container is more fragile than the in-
terior of the liquid, the first batch of bubbles is always gener-
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ated at the interface between the liquid and the container wall,
not in the interior of the liquid.

Molecular dynamics (MD) simulation provides a more
direct and effective way to study the nucleation of bubbles

from the microscopic perspective. It has been extensively

used to study the nucleation of Lennard—Jones liquids!!®-1%]
and nanobubbles.?>??! Classical molecular dynamics is a
computer simulation method used to study the equilibrium
and transport properties of a classical many-body system
by solving Newton’s classical equations of motion for each
component. >3] A particle trajectory in the microscopic state
can be predicted using MD by numerical integration of the
classical equations of motion,**! and the macroscopic proper-
ties, such as the structural, kinetic, and thermodynamic prop-
erties of the material can be calculated using the methods of
statistical physics.

Most researchers have investigated the nucleation of lig-

18.19.25-30] gince the interac-

uid argon using MD simulation, !
tions between liquid argon atoms are easy to describe. The
results showed that the nucleation rate of liquid argon ob-
tained by MD simulation is 7-9 orders of magnitude higher
than that obtained by CNT?%?7! and that nucleation is affected
by temperature. >’}

With the ongoing development of different molecular wa-
ter models, cavitation in water is a hot topic in the simulation

[15] studied the inception of cavita-

of molecular dynamics. Gu
tion using MD. Gonzalez et al.!*'l simulated cavitation nucle-
ation in water and proposed two new methods for obtaining the
cavitation volume using the grid method. Wang et al.*?) sim-
ulated water cavitation in a controlled volume. Liu et al.!¥!
investigated the formation and collapse of nanobubbles and
the role of nanoparticles in ultrasonic polishing. Li er al.[3¥]
discussed the effects of nanoparticles on the cavitation incep-
tion of water. Pellegrin et al.®> examined the effect of the
wetting angle on the nucleation of vapor bubbles in a confined
Lennard—Jones fluid under negative pressure in a cubic cham-
ber. Wu er al.’% studied the nature of shockwave-induced
cavitation bubble collapse to determine how the variation of
nanoscale bubble size and entrapped gas density affects bub-
ble dynamics. Zhan et al.”*! simulated the compression and
collapse processes of microscopic bubbles under impacts at

different velocities. Dockar et al.[37]

investigated the shock-
induced collapse of various surface nanobubble sizes and con-
tact angles.

In this study, the molecular dynamics method is used to
simulate the process of cavitation nucleation in pure water.
The generation and development of cavitation nuclei are sim-
ulated at the molecular scale, and the key parameters, such as
energy, pressure, the volume of the cavitation nucleus, den-
sity, surface tension, etc. are analyzed. This article attempts

to reveal the microscopic mechanism responsible for cavita-

tion nucleation in pure water, clarifying the effects of various
parameters on cavitation nucleation and the critical state.

2. Simulation methods
2.1. Steps of molecular dynamics simulation

The simulation of molecular dynamics usually involves
four stages: (i) selection of an appropriate water molecule
model; (ii) preprocessing of the simulation, selecting the ap-
propriate molecular force field to describe the interaction be-
tween molecules, generating the initial configuration of the
simulated system, setting the boundary conditions and rele-
vant simulation parameters; (iii) solving the Newtonian equa-
tions of motion of all molecules, calculating the force on
each molecule, calculating the velocities and positions of the
molecules, and obtaining the evolution process of the system
over the simulated time; (iv) adoption of the corresponding
statistical method to calculate the macroscopic property pa-
rameters of the system, such as its total energy, potential en-
ergy, kinetic energy, temperature, pressure, etc. The GRO-
MACS software is used for molecular dynamics simulation in
this study.

2.2. System simulation and parameters

The interaction between water molecules is composed of
two parts: one is the Lennard—Jones (L-J) potential term Uy,
and the other is the electrostatic interaction term U.. The
TIP4P-FB water model (Subsection 2.3) is selected for the cor-
responding parameters. The specific expression!>! is

N

N - 12 - >6>
de({—) —|— ; (H
t:u:lz.,:'#j <<r"f' ) (r”'

Un=Y,

where r;; is the distance between two oxygen atoms, € and &
are the representative scales of energy and length, respectively,
€ =0.749279 kJ/mol, and o = 0.316555 nm. For hydrogen
atoms, these two parameters are set to zero.
N N
ve=y Y SO0 @
i=1j=1i#j Tij
where r;; is the distance between two charged particles, k. is
the electrostatic constant, k. = 9.0 x 10° N-m?%/C2, q is the
atomic charge, the charge of hydrogen atom gy = 0.5287, the
charge of the oxygen atom is set to zero, the charge of type 3
virtual sites is set to —1.05174, and the parameters a and b are
set to 0.0898426712735.
The temperature 7 in the simulation system is calculated
py138]
N
2 lmv2

T:3Nk1322 i

i

3

where N is the total number of molecules, kg = 1.380649 x
10723 J.)K~! is the Boltzmann constant, m is the molecular
mass, and v; is the velocity of each particle.
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The system pressure P can be obtained using the Virial

algorithm, 139401 45 follows:
1 1 oU;;
P=pkpT — — ==Y == 4
p B Vw(r)7 W(r) d - i<jrl] arija ( )

where p is the number density, d represents the molecular de-
grees of freedom, V is the volume of the simulation system, U;;
is the potential function, r;; is the distance between molecules,
and the expression w(r) is called the Virial function.?"!

The system is stretched under isothermal conditions to
cause cavitation nuclei to occur in pure water. To reduce the
amount of computation, both the L-J potential and the static
electric potential energy are truncated; the cutoff distances of
the L—J potential and the electrostatic force are 1 nm. The Ver-
let method*?! is used to determine whether the particles are
within the cutoff radius, and the electrostatic long-range force
is calculated by the particle mesh Ewald (PME) algorithm. [4!]

In general, the larger the size of the simulation system
and the larger the number of simulated particles, the smaller
the error of the simulation results; however, the amount of cal-
culation increases greatly. For a closed system, a simulation
size that is too small leads to large errors in the nucleation
rate, and the effects of size can be ignored when the num-

ber of molecules in the simulation system is greater than sev-
eral hundred.[*?) Thirty-three thousand and three hundred wa-
ter molecules are added to a simulation box with a volume of
10 nm X 10 nm x 10 nm, and periodic boundary conditions are
maintained in the three directions x, y, and z. The initial veloc-
ities of the molecules are randomly generated according to a
Maxwell distribution at 7 = 300 K, and the rigid geometry of
the water molecules is kept unchanged by the linear constraint
solver (LINCS) algorithm.[43]

2.3. Molecular models of water

An appropriate water molecular model is the fundamen-
tal of molecular dynamics simulations. Although dozens of

[44-49] have been proposed and developed in re-

water models
cent decades, no one can accurately describe all the important
properties of water. Wang et al. > optimized the parameters
of the original four-point model, TIP4P, using the force bal-
ance method and proposed the TIP4P-FB model; and the re-
sults are closer to the actual properties of water than those of
other models.**! In this study, the TIP4P-FB model is chosen
to simulate the nucleation process of cavitation in pure water

by molecular dynamics.

Table 1. Comparison of water model performances at 298.15 K and 1.0 atm.

Property Exp. TIP3P SPC/E TIP4P TIP4P-Ew TIP4P/2005 TIP3P-FB TIP4P-FB
p (g-cm™3) 0.997 0.98 0.994 0.992 0.995 0.993 0.995 0.996
AHp (kcal-mol 1) 10.52 10.05 10.43 9.90 10.58 10.93 10.71 10.80
a (1074 K1 2.56 9.2 5.0 4.4 32 2.8 4.1 25
fr (1070 bar™ 1) 453 574 46.1 60 48 46 445 452
Cp (cal'mol~!-K™1) 18.0 18.74 18.3 18.9 19.2 19.0 19.1 19.0
£(0) 78.5 94 58 53 62 58 81.3 71.3
D, (1073 cm?-s~1) 2.29 6.05 2.97 4.05 2.83 2.59 2.28 221
1 (MPa-s) 0.896 0.321 0.729 0.494 0.72 0.855 0.91 0.94
o (mJ-m~2) 71.8 52 63 59 65 69 64 70
TMD (°C) +4 —91 —36 -20 +1 +5 -12 +4

The properties listed are density p, heat of evaporation AHy,;,, thermal expansion coefficient «, isothermal compressibility &r,

isobaric heat capacity Cp, static dielectric constant £(0), self-diffusion coefficient D, shear viscosity 1, surface tension o,

the temperature of maximum density TMD.

2.4. The method of production of cavitation nuclei

Two methods are usually used to generate cavitation nu-
clei: one is to decrease the pressure under isothermal con-
ditions; the other is to increase the temperature at constant
pressure. In this work, the pressure is reduced by uniformly
stretching the system to promote the generation of cavitation
nuclei.

Malyshev ef al.'*"! and Kuksin et al.®! pointed out that
the liquid tensile strength is weakly correlated with the ten-
sile speed, and the obtained maximum negative pressure is
constant when the simulated system of argon atoms is uni-
formly stretched in three directions at a velocity of (0.001c ~
0.0040)/ps. When the stretching rate increases by an order

of magnitude, the maximum attainable pressure only varies by
several percent. Based on the research of Malyshev et al.,")
we have repeated molecular dynamics simulations at tensile
rates of 0.1 m/s, 0.3 m/s, 0.5 m/s, and 0.8 m/s. The influence
of the stretching speed on the maximum negative pressure is
checked to select a suitable stretching speed. Table 2 shows the
mean value of the maximum negative pressure at each stretch-
ing speed. It can be seen that from 0.1 m/s to 0.5 m/s, the
stretching rate increased 5 times but the corresponding criti-
cal pressure only increased by 1.5%, which indicates that the
influence of tensile speed on critical pressure is not significant.

The statistical method of significant difference testing

was also performed to further evaluate whether the effect of
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stretching speed on pressure is significant. To test the hy-
pothesis that there is no significant difference in the maxi-
mum negative pressure at different stretching velocities, we set
the significance level oo = 0.05, and the variance test yielded
P =0.71 > 0.05, indicating that there is no significant differ-
ence. That is to say, in a simulation system with a volume of
10 nm x 10 nm x 10 nm, when the stretching velocity is 0.1—
0.8 m/s, the effect on tensile strength is negligible.

Table 2. Maximum negative pressure of water at different stretching speeds.

Stretching speed (m/s)

0.1 0.3 0.5 0.8
Critical pressure (MPa) —198.6 —200.7 —201.8 —200.7
Pressure fluctuation (MPa) 9.2 9.7 10.2 11.2

Although the influence of stretching speed on tensile
strength can be ignored, it can be seen that the smaller the
stretching speed, the smaller the pressure fluctuation range. If
the speed is below 0.1 m/s, the operating speed of the system
is significantly reduced. Therefore, a speed of 0.1 m/s is se-
lected to uniformly stretch the simulation system in the three
directions X, Y, and Z.

2.5. The discrimination and volume of cavitation nuclei

The identification and quantization of voids in the pro-
cess of bubble nucleation are the key steps in identifying the
locations of the cavitation nuclei, tracking the evolution pro-
cess of each cavitation nucleus, and finding the critical size of
the cavitation nuclei. The bubbles can be identified by distin-
guishing the vapor phase space from the liquid phase space.
The Voronoi tessellation method is used in this study, as it has
been proved that it can effectively distinguish the vapor—liquid
interface with continuous application and improvement.2>4]

The basic idea of the Voronoi tessellation method is to
make vertical bisectors between two adjacent particles of the
three-dimensional system by the division method of Tyson
polygons. These perpendicular bisectors divide the space into
polyhedrons, and each particle is surrounded by a polyhedron;
a schematic diagram is shown in Fig. 1.

The volume—sphericity relation of the Voronoi polyhe-
dron proposed by Abascal>! is used to distinguish the vapor
and liquid phases of the system and calculate the volume of
the bubbles. We can discriminate the cavitation nucleus and
calculate the volume of the cavitation nucleus by comparing
the volume and sphericity of the Voronoi polyhedron before
and after the generation of the cavitation nucleus.

To better describe the method used to identify the cavita-
tion nuclei, figure 2 shows the volume distribution of Voronoi
polyhedra before and after the generation of cavitation nuclei
in pure water. From Fig. 2, at the beginning (¢ = O ps), there
are no cavitation nuclei in the system; after the generation of
cavitation nuclei (+ = 4200 ps), the peak value of the volume
distribution of the polyhedra decreases, the number of small
polyhedra decreases, and the number of large polyhedra in-
creases. This takes place because the generation of cavitation
nuclei increases the distance between the interface molecules,
and the volume of polyhedrons obtained by dividing the inter-

face molecules increases.

0.14
—— t=4200 ps

0.12
—1t=0 ps

0.10
0.08
0.06

Probability

0.04
0.02

0

0.02 0.06 0.10 0.14

Volume (nm?)

Fig. 2. Volume distribution of Voronoi polyhedra before and after cavita-
tion nuclei appear.

0.90F —— y=5.165210.578
« Gas volume
0.85} * Liquid volume
e
= 0.80f ., .
g g .
.g :‘. > wes e
5 07 b+ g
0.70¢ b To
N _
0.65} A

0.15 0.20

Volume (nm?)

Fig. 3. Partition of the gas and liquid Voronoi polyhedra according to the
volume—sphericity relationship.

Figure 3 shows the relationship of the gas and liquid frac-

tions to the volume and the sphericity of the polyhedrons. In

Fig. 1. Schematic diagram of the Voronoi tessellation method. ! the case of pure water without nuclei, the distribution of points
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is relatively concentrated in the upper-left corner of the graph
(the blue dots in Fig. 3). After cavitation nuclei appear, some
points (the red dots in Fig. 3) deviate in the direction of in-
creasing volume and decreasing sphericity; these points con-
stitute the molecules at the interface. Based on the distribu-
tion of the Voronoi polyhedra, a straight line can be drawn to
distinguish between liquid and gas Voronoi polyhedra. Then,
based on the statistical volume of the gas Voronoi polyhedra,
the vapor volume can be calculated.

2.6. Preprocessing and simulation

In the initial configuration, since water molecules are
randomly added to the simulation system, unreasonably high
energy configurations, such as overlaps and large repulsive
forces, may exist in the system (see Fig. 4). Before the for-
mal simulation can begin, a relaxation simulation must be
carried out so that the system reaches its full equilibrium.
An NPT (constant-pressure, constant-temperature) ensemble
is used for the relaxation simulation. The temperature is kept
at 300 K by a velocity rescaling thermostat,'*8! and the pres-
sure is kept at 1 atm by a Berendsen barostat.[>®! The relax-
ation time is 100 ps. The results of the relaxation simulation
are shown in Fig. 5. The results for the total energy, density,
volume, and pressure indicate that the system reaches equilib-
rium within 10 ps.

After the system has reached equilibrium, a formal MD
simulation of three-dimensional stretching at a velocity of
0.1 m/s is conducted in the canonical ensemble (NVT) so that
nucleation is generated under negative pressure in the simula-
tion system. In the whole simulation process, the Newtonian
motion equations are solved by the leapfrog algorithm!>’! and
the temperature is kept stable at 300 K. The simulation lasts for
5000 ps, and the results are recorded and output every 2 ps.

LT .,J. =] va. ] ,sa‘g.s
@, 2
v ‘.
»'
o
-
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e e
-
i »
«
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» ‘@
>
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[ il' sr"b.' a!’)-‘ ) -I-'D

Fig. 4. Initial configuration of the for molecular dynamics simulation
(10 nm x 10 nm x 10 nm).
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Fig. 5. Diagrams of the results of the relaxation simulation.

3. Results and discussion
3.1. The process of bubble nucleation

The generation, growth, and development process of cav-
itation nuclei in the simulation system can be observed during
the molecular dynamics simulation. To facilitate the observa-
tion of the internal structure of pure water in the simulation
process, a 2 nm thin layer in the simulation center is taken
as a molecular configuration section. Figure 6 shows a cross-
sectional diagram of bubble growth and development in pure
water, which can be divided into three stages: (i) at the be-
ginning of the simulation, the system is in equilibrium and the
water molecules are evenly distributed in the simulation box
after the relaxation of the system (see Fig. 6(a)). As the system
slowly stretches, some intermolecular voids appear and disap-
pear randomly (as shown in Fig. 6(b)). The sizes of the voids
generally range from several to dozens of molecules, but they
disappear rapidly with the thermal motion of the molecules,
and the system is in a metastable state. (ii) As the stretching
continues, a relatively obvious void appears inside the system
(Fig. 6(c)); the size of the void increases rapidly over a short
time (Fig. 6(d)), and the system is still in an unstable state. (iii)
When the void increases beyond a large size (Fig. 6(e)), then
the bubble grows slowly, although the system is still stretch-
ing, and the system enters a steady state (Fig. 6(f)).

In addition, a critical size is found during the growth pro-
cess. Only when the random void grows larger than the critical
size does it continue to develop and rapidly grow into a stable
bubble, otherwise, it disappears in the random motion of the
molecules. Moreover, the shape of the bubble is relatively ir-
regular during the initial stage; it tends to be more and more
spherical in the later periods. This occurs because a sphere is
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more stable, as it has the smallest surface area and smallest
surface energy for voids with the same volume.

(e) t =4250 ps

Fig. 6. Cross-sectional diagram of the growth process of a bubble in pure
water (10 nm x 10 nm x 10 nm).
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Fig. 7. Diagram of system energy change versus simulation time.

3.2. Energy change in the process of nucleation

The energy process corresponding to the process of nucle-
ation is recorded. The total energy of the system is composed

of kinetic energy and potential energy. Since the simulation
is conducted under the NVT ensemble in which the system
temperature is constant, the kinetic energy always fluctuates
around a certain constant value. The change in the total en-
ergy is mainly due to the potential energy.

The change processes of the potential energy and the to-
tal energy are shown in Fig. 7. As the system is stretched,
the energy gradually increases; the maximum value appears at
about 4160 ps, right at the moment when a stable void is pro-
duced; it then decreases instantaneously and finally stabilizes
again at 4210 ps. The process of energy change in the system
shows a good correlation with the growth and development of
the bubble.

The molecular potential energy describes the stability of
the constituent material. A lower molecular potential energy
means more a stable material and vice versa. However, an in-
crease in the molecular potential energy does not mean that a
bubble can be produced. Figure 7 shows that the liquid needs
to pass through an energy barrier to complete the process of
gas-liquid transition from a metastable liquid to a stable bub-
ble.

3.3. Pressure in the process of nucleation

The change of pressure with time is shown in Fig. 8. The
pressure of the system changes in three stages: (i) first, as a
result of stretching, the pressure slowly drops from the initial
atmospheric pressure; intermolecular voids appear and disap-
pear randomly in this period and the system is in a metastable
state. This period corresponds to Figs. 6(a) and 6(b). (ii)
When the pressure drops to a certain critical point at 4160 ps,
a moment that perfectly corresponds to the maximum poten-
tial energy and total energy, it reaches a minimum value at
—198.6 MPa, then rapidly rises to —60.5 MPa at 4210 ps. The
void grows larger than the critical size and the system tends to
stabilize, corresponding to Fig. 6(d). (iii) Since the system is
still stretching, the pressure slowly rises from —60.5 MPa to
—55.5 MPa during the period from ¢t = 4250 ps to t = 5000 ps,
and a stable large bubble nucleus is generated in pure water,
corresponding to Figs. 6(e) and 6(f).

It can be observed that when cavitation nuclei are pro-
duced in pure water, the pressure has to be reduced to a cer-
tain critical value. The critical pressure corresponding to the
lowest point of the curve is —198.6 MPa, the absolute value
of which is the tensile strength of pure water, and the tensile
strength simulated by MD is much higher than the experimen-
tal value.!®)

To study the effects of different temperatures on the criti-
cal pressure of bubble nucleation, six temperature conditions,
namely 280 K, 300 K, 320 K, 340 K, 350 K, and 360 K are
selected for MD simulation. The simulation results are shown
in Figs. 9 and 10.
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Fig. 8. Diagram of system pressure changes versus simulated time.
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Fig. 9. Variation of system pressure versus simulated time at different
temperatures.
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Fig. 10. Critical pressure diagram for the nucleation of pure water at
different temperatures.

From Figs. 9 and 10, we find that the higher the tem-
perature, the shorter the nucleation time and the greater the
critical pressure. For example, at 280 K, a pressure jump oc-
curs at about 4460 ps and the corresponding critical pressure
is —222.6 MPa, while at 360 K, it occurs at 3695 ps, and the
critical pressure increases to —149.4 MPa.

Obviously, as the temperature increases, the critical pres-
sure required for nucleation increases, the tensile strength de-

creases, and cavitation nucleation occurs earlier. The thermal
motion of water molecules intensifies with increasing temper-
ature, which increases the probability of the system crossing
the energy barrier; as a result, the tensile strength of water is
reduced and cavitation is more likely to occur.

In Figs. 8 and 9, a significant pressure ‘jump’ occurs in
the process of nucleation. To further analyze the reason for
the pressure ‘jump’, the volume and density during nucleation
are analyzed together in the following sections.

3.4. Bubble volume and nucleation rate

The volume of the void in the process of bubble nucle-
ation is output every 50 ps, as shown in Fig. 11. As can
be seen from Fig. 11, the volume of the bubble nucleus in-
creases as stretching continues, while in the early stage (be-
fore t = 4000 ps), the bubble grows very slowly and its volume
fluctuates by less than 10.0 nm?. When it breaks through the
critical volume near 13.84 nm?® (t = 4140 ps), it grows sharply
to 100 nm? (+ = 4200 ps), meaning that a stable cavity has
formed.

140
120
100
80
60
40
20

0

Volume (nm?)

2000 3000 4000 5000

Time (ps)

0 1000

Fig. 11. Volume change of the bubble nucleus.

The nucleation rate reflects the difficulty of cavitation in
pure water. It refers to the number of cavitation nuclei gen-
erated in a unit volume per unit time. The basic equation
for the nucleation rate can be derived from the Fokker—Planck
equation,®®! and the specific expression>*! is

J=L (5)

’L'JV7

where V' is the volume of the simulated domain, and 7; is the
time taken by the bubble to reach the preset threshold size for
the first time.

The mean value of 7; obtained from the MD simulation
is 4140 ps, the preset threshold size is 100 nm?3, and the nucle-
ation rate is 2.42 x 103 m—3-s~! at 300 K.

3.5. Discussion of the density and pressure jump

When the system is uniformly stretched, it inevitably
causes a change of system density and water density; the den-
sity can be calculated from the expression p = M/V. For the
system density, M is the mass of all the water molecules in the
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system and V is the volume of the system. For the water den-
sity, M is the mass of the water molecules, excluding the water
molecules inside and at the interface of the cavity and V is the
volume of the system, excluding the volume of the cavitation
voids (shown in Fig. 11). The results for system density and
water density are shown in Fig. 12.
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0 . 96 \‘!‘al’*?‘?}bﬁ'x"b
0.94
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Fig. 12. Density change in the process of nucleation.

According to CNT,!®] the decrease of liquid density is
more likely to generate voids in the low-density region. As
the system is stretched, the system density decreases linearly
(Fig. 12), and the water density decreases linearly (in the same
way as the system density decreases in the initial stage before
the steady cavitation nuclei occur), and the decrease of density
is favorable to the formation of cavitation nuclei.

As the stretching continues, tiny nuclei begin to randomly
appear (see Fig. 6(b)) and more water molecules become the
interface molecules of the nucleus; therefore, the water den-
sity is a little lower than the system density during this period
(see Fig. 12). At this stage, the system pressure continues to
decrease under stretching (see Fig. 8).

When the water density is decreased to the minimum
value of 0.859 g/cm? (nearly r = 4130 ps to 4160 ps), the pres-
sure reaches the critical value —198.63 Mpa (¢t = 4160 ps);
at this point, the stretching force exceeds the molecular force
of water, and the liquid is completely ruptured. At this mo-
ment, the volume of the cavitation nucleus enlarges sharply
(see Fig. 11) and a stable cavitation nucleus is generated. The
water molecules are squeezed by the sudden expansion of the
cavitation nucleus volume, causing the water density to rise
rapidly and then reach a stable level (mean value 0.922 g/cm?)
(see Fig. 12), and the corresponding pressure jumps to a stable
value of nearly —60.5 MPa (see Fig. 8); the system enters a
relatively stable state.

After stable bubble nuclei have been produced, the vol-
ume of the cavity exceeds 100 nm? and continues to grow un-
der stretching; during this period, the surface tension of the
bubble (instead of other intermolecular forces) dominates the
growth of the cavitation nucleus.

The surface tension pressure P; can be calculated by the
Laplace equation!® P, = 26 /R, where ¢ = 0.0716 N/m is the
surface tension coefficient of water at 300 K, and R is the ra-
dius of the cavitation nucleus. After bubble formation occurs,
from ¢t = 4200 ps to t = 5000 ps, the surface tension changes
smoothly from 50.36 MPa to 45.96 MPa with the enlargement
of the bubble. The surface tension pressure calculated by the
Laplace equation is a good match for the system pressure cal-
culated by the Virial algorithm, which is also a proof of the
reliability of the simulation.

The above analysis results show that the decrease of sys-
tem pressure and water density caused by system stretching
are the key factors that promote the generation of cavitation
nuclei. After the liquid is completely pulled apart, the vol-
umes of the cavitation nuclei rapidly increase to more than
100 nm® — surface tension then replaces the intermolecular
force and plays a dominant role in the growth of the cavitation
nuclei; the negative pressure then increases instantaneously,
which appears as a “jump” in the pressure curve (see Fig. 8).

4. Conclusion

This research uses molecular dynamics techniques to sim-
ulate the nucleation process in pure water. Cavitation nucle-
ation occurs through uniform stretching of the system under
isothermal conditions. The process of bubble nucleation and
the corresponding pressure, energy, and density are analyzed,
and the critical nucleation parameters are studied, including
the tensile strength of pure water, the critical volume of the
bubble, and the nucleation rate. The main conclusions drawn
include the following:

(i) There is a critical stage in the process of bubble nucle-
ation. In the critical state, the energy, density, and pressure of
the system change abruptly; when the energy barrier is broken
and the critical state is exceeded, steady cavitation nuclei are
generated.

(i1) The changes of energy and pressure are a good match
for the growth and development of the bubble. The nega-
tive critical pressure of bubble nucleation in pure water is
—198.6 MPa at 300 K. As the void increases beyond the criti-
cal volume, 13.84 nm?, it rapidly develops into a stable bubble,

3slat

and the nucleation rate in pure water is 2.42 x 103> m~
300 K.

(iii) Temperature significantly affects the tensile strength
of pure water. As the temperature rises, the critical pressure
required for the nucleation of pure water increases, and cavi-
tation nucleation occurs earlier.

(iv) The system pressure and water density are key fac-
tors in the generation of cavitation nuclei. Before stable cavi-
tation nuclei form, the pressure depends on the intermolecular
force. After the liquid is completely ruptured, the volumes of
the cavitation nuclei rapidly increase to more than 100 nm?,
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and at that point, the surface tension of the bubble dominates

the cavitation nucleus instead of intermolecular forces.
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