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Abstract: The main composition within a spark-generated bubble primarily consists of vapor, ac-
companied by a minor presence of noncondensable gases. The phase transition exerts a substantial
influence on bubble dynamics throughout various stages, a facet that has been frequently overlooked
in prior research. In this study, we introduce a modified theoretical model aimed at accurately pre-
dicting the multiple oscillations of spark-generated bubbles. Leveraging the Plesset equation, which
integrates second-order corrections for compressibility and non-equilibrium evaporation, we further
incorporate the thermal boundary layer approximation for bubbles, as proposed by Zhong et al. We
employ an adjusted phase transition duration tailored to the unique characteristics of spark-generated
bubbles. Furthermore, we meticulously ascertain initial conditions through repeated gas content
measurements within the bubble. Our proposed theoretical model undergoes rigorous validation
through quantitative comparisons with experimental data, yielding commendable agreement in
modeling the dynamic behavior of bubbles across multiple cycles. Remarkably, we uncover that the
condensation rate significantly governs the behavior of spark bubbles during their initial two cycles.
Finally, we investigate the dependence of spark-generated bubble dynamics on the phase transition
and the presence of air. Air content exhibits a minimal impact on bubble motion prior to the initial
bubble collapse, but plays a role in the bubble’s rebound thereafter.

Keywords: spark-generated bubble; bubble dynamics

1. Introduction

The cavitation phenomenon is the process of formation, development and collapse of
vapor or gas holes inside the liquid or at the liquid–solid interface when the local pressure
in the liquid drops below the saturated vapor pressure, which widely exists in nature
and engineering applications [1–5]. In the cavitation process, cavitation bubble dynamics
as an academic research topic is of great significance for many industrial applications.
Due to the rapid generation, expansion and collapse of cavitation, shock waves and high-
speed microjets are generated, and the impact of the metal material will accelerate the
electrochemical corrosion process and cause material ablation. Additionally, because a
large number of gas molecules gather inside the very small cavitation bubble within a very
short collapse phase, it can even produce local high temperature of thousands of degrees
and high pressure of thousands of standard atmospheric pressures. All of the above may
cause severe damage to structures.

Researchers have conducted many experiments to explore cavitation bubbles dynam-
ics. There are generally three methods to generate cavitation bubbles in the laboratory:
ultrasound, pulsed laser, and electric discharge [5–7]. Underwater electric discharge is
more commonly used because of its controllability and economy, and generated bubbles
are often called spark-generated bubble. The content inside a spark-generated bubble is
mainly vapor and some special non-condensable gas may also exists [8]. Luo and Xu [9]
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used low voltage discharge method to produce cavitation bubbles, and the combination of
high-speed photography and a pressure measurement system allowed for simultaneous
observation and measurement of the evolution of the shock wave and the change in shock
wave strength with the presence of the air bubble in the vicinity. The high-speed imaging
revealed the predominant roles of the relative distance and relative size between the cavi-
tation and air bubbles in the determination of the stratification effect that the air bubble
exerted on the shock wave produced from the first collapse of the cavitation bubble.

The development of theoretical models is also an important part of studying the
dynamic behavior of bubbles, and the current research on cavitation bubbles mainly focuses
on the formation of bubbles, the influence of shock waves and boundary conditions on
the collapse characteristics of bubbles [10–12]. Fujikawa and Akamastu [13] considered
the compressibility, heat transfer, and non-equilibrium evaporation and condensation of
vapors, and proposed an analytical model that showed that evaporation and condensation
strongly affect the bubble dynamics. Han [14] experimentally, numerically and theoretically
investigate the nonlinear interaction between a spark cavitation bubble and the interface of
two immiscible fluids (oil and water) on multiple time scales, but she also only focused
on the first cycle of bubble motion. Thereafter, Zhang [15] established a novel theory for
the dynamics of oscillating bubbles that can simultaneously take into consideration the
effects of boundaries, bubble interaction, ambient flow field, gravity, bubble migration,
fluid compressibility, viscosity, and surface tension, but his theory still does not consider
the effect of phase transitions in vapor.

With the development of bubble dynamics, people began to pay attention to the
condensation of vapor in bubbles [16–24]. Phan [19] used the two-phase heterogeneous
mixing model to simulate the bubble motion of spark-generated cavitation containing vapor,
and by comparing with the experimental data, the results showed that the condensation
phenomenon mainly occurs at the vapor–water interface with a thin boundary layer, the
evaporation phenomenon mainly occurs in the bubble, and the temperature change of the
flow field has little effect on the first two cycles of bubble motion. However, his model
can only predict the first two cycles of bubble motion, and according to our results, the
difference between the predicted radius and experimental data of different models mainly
occurs after two cycles of motion, taking into account the condensation and evaporation
of vapor. Zhong [20] established a laser cavitation bubble model, adopted the modified
Rayleigh–Plesset equation, and established an interpolation function to try to obtain the
optimal initial motion conditions of the bubble for many times, the numerical results were
consistent with the evolution of laser cavitation bubble, and the influence of condensation
coefficient on the bubble motion radius, the maximum temperature and pressure peak at
collapse were discussed, but the model was only applicable to laser cavitation bubbles.
Mustafin [22] presented a numerical technique for studying the collapse and rebound of a
spherical cavitation bubble in an unbounded volume of water. The dynamics of the vapor
in the bubble and the surrounding liquid is governed by the equations of gas dynamics
with allowing for the heat conductivity of the fluids, the heat and mass exchange across the
bubble surface. His theory focuses on verifying the reliability of computational methods
for the new setting of non-reflecting boundary conditions.

As the non-condensable gas in the bubble has damping effects, which can weaken the
pressure wave when the bubble collapses and enhance the bubble rebound, Trummler [25]
used a uniform mixing model with the coupled equation of the state of all components
to study this damping effect, and the numerical results proved that the free air in the
vapor bubble will cause the bubble to bounce stronger and weaken the emitted shock
wave strength. In addition, Sato [26] proved through experiments that hydrogen molecules
will be generated when cavitation bubbles are induced by laser or electric sparks, and the
hydrogen content of different types of cavitation bubbles is determined by monitoring the
dissolved hydrogen concentration in water, and it was found that the mass of dissolved
hydrogen is proportional to the potential energy of the rebound bubbles, indicating that
different types of gas content may change the dynamic behavior of bubbles. Kerboua [27]
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considered the heat loss caused by the chemical reaction during the bubble motion, and the
results showed that considering the chemical reaction leads to a decrease in the temperature
in the bubble and an increase in the pressure peak during collapse. However, none of them
quantified the magnitude of the effect of these non-condensable gases on bubble motion.

In the present study, a modified theoretical model is proposed to accurately predict
multi-oscillations of spark-generated bubbles. This paper is structured as follows. In
Section 2, details about the modified theoretical model and experimental setup are given.
In Section 3, the proposed theoretical model is validated by quantitative comparison with
our experiments. And then the effects of phase transition duration and air content on the
bubble motion are discussed in detail in Section 4. Finally, conclusions are made.

2. Methodology
2.1. A Modified Theoretical Model

First, we assume a spherical bubble with evenly distributed internal temperature and
pressure. Regardless of the change in the density of the liquid medium caused by the
propagation of sound in the liquid, gravity and the chemical reactions that may occur in the
bubbles are ignored. Based on Yasui’s theoretical results [28], it is assumed that there are
two thin hot layers on the surface of the bubble, i.e., inner and outer hot layers, as shown
in Figure 1. The thickness of the inner and outer hot layers are δ1 and δ2 , respectively. The
heat conduction, evaporation and condensation between the gas inside the bubble and the
flow field only occur in the inner hot layer, and the temperature changes linearly from T
inside the bubble surface T to TB at the bubble surface in the inner hot layer. We assume
that the temperature Tl in the outer hot layer is the same as the flow field temperature at
infinity T∞, then there is a temperature difference between the two hot layers.

Figure 1. Two thermal boundary layers on the bubble surface.

A second-order modified Rayleigh–Plesset equation is used, with non-equilibrium
evaporative condensation taken into consideration [29].
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− 14ṁ2Ṙ

15ρl
− m̈3

6ρl
3

)]
+

1
ρl

[
p∞ − pB,2 −
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in which
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Among them, R, c, ρl, σ, µ, p and p∞ are bubble radius, sound velocity in water, water
density, surface tension coefficient, viscosity, bubble internal pressure, and flow field
pressure at infinity, respectively. ṁ is the net rate of evaporation per unit area per unit time
of bubbles. ρg is the average density of the gas in the bubble, satisfying

ρg =
Mvapornvapor + Mairnair

VNA
(4)

In which, Mvapor, Mair, nvapor and nair are the molar mass of vapor in the bubble, the molar
mass of air, the molecular number of vapor and the number of air molecules, respectively,
and NA is the Avogadro constant.

With the Van der Waals equation, the pressure inside the bubble can be calculated using
the number of vapor molecules and the number of air molecules inside the bubble [28,29].(

p +
a

v2

)
(v− b) = RgT (5)

in which

a = aair

(
nair

nt

)2
+ 2
√

aairavapor

(
nair

nt

)(
nvapor

nt

)
+ avapor

(
nvapor

nt

)2
(6)

b = bair

(
nair

nt

)2
+ 2
√

bairbvapor

(
nair

nt

)(
nvapor

nt

)
+ bvapor

(
nvapor

nt

)2
(7)

Rg and T are the gas constant and the temperature inside the bubble. v is the molar volume
v = NAV/nt, nt is the total number of molecules in the bubble nt = nair + nvapor, and V is
the bubble volume. The non-equilibrium evaporation and condensation processes of vapor
in the bubble are modeled by a modified Hertz–Knudsen–Langmuir relationship [23].

ṁ = ṁeva − ṁcon (8)

ṁeva =
αM√
2πRv

p∗v
(

Tliquid

)
√

Tliquid

(9)

ṁcon =
αM√
2πRv

Γpv√
TB

(10)

ṁeva and ṁcon are the evaporation rate and condensation rate per unit area of bubbles;
respectively; αM is the ratio of the number of vapor molecules penetrating the bubble
wall to the number of vapor molecules hitting the bubble wall, and αM = 0.04 [30]. The
saturated vapor pressure of water is obtained by p∗v

(
Tliquid

)
= exp(77.345+ 0.0057Tliquid−

7235/Tliquid)/Tliquid
8.2. Rv is the vapor gas constant, and pv is the actual vapor partial

pressure in the bubble. Γ is the correction factor, which is set as 1.
The temperature change at the gas-liquid interface is expressed as

TB−Tliquid = Λ
∂Tl
∂r
|r=R (11)
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Λ = − 1
2kn′

√
πm̄

2kTB

2− a′αe

αe
κ (12)

In which a′ = 0.827. αe, κ and k are the thermal containment coefficient, the thermal
conductivity of vapor and the Boltzmann constant, respectively. n′ = nt/V indicates the
density of molecules within a bubble. m̄ =

(
nvaporMvapor + nairMair

)
/(NAnt) indicates

the average molecular mass inside the bubble. ∂Tl/∂r(r = R) represents the temperature
gradient in the inner hot layer δ1 on the surface of the bubble. Yasui assumes that the
temperature in the thermosphere varies linearly and can therefore be simplified to [27,31,32]

∂Tliquid

∂r
|r=R ≈

TB − T
δ1

(13)

The thermal boundary layer δ1 thickness is the molecular free path. Plesset and Prosperetti
theorize that the thickness of the thermal boundary layer is related to the change of the
radius during the violent collapse of the bubble, and ∂Tl/∂r(r = R) becomes larger only
when the internal temperature of the bubble is high, and the radius of the bubble is small
and about to collapse. In order to calculate the bubble motion period more completely, in
the present study, it is assumed that the temperature of the second thermal layer is equal
to the surrounding temperature, i.e., Tliquid = T∞. The main reason is that the specific
heat capacity of water is large compared with the internal gas. Additionally, Jebali and
Francois [33] demonstrated that the thermal resistance on the liquid side of the interface
can be neglected. Therefore, Tliquid − T∞ is always equal to 0 during the bubble motion,
taking the moment when the bubble radius reaches its maximum as the starting point, and
the thickness of the hot layer δ2 is inversely proportional to the square of the bubble radius,
which is δ2 ∼ 1/R2, while assuming that the heat flux through the liquid–vapor interface is
continuous, i.e., [20]

κ
∂Tliquid

∂r
|r=R = kl

∂T2

∂r
|r=R =2kl

T∞ − Tliquid

δ2
(14)

∂Tl
∂r
|r=R ≈

(TB − T)R2

δ1
(0)R2

0

(15)

which indicates the thickness of the thermal layer δ1 at the initial moment. The temperature
in the bubble is updated according to the energy change [18],

Ė = −4πR2ṘP + 4πR2[ṁevaevapor(Tl)− ṁconevapor(TB)
] NA

Mvapor
+ 4πR2κ

∂T1

∂r
|r=R + σr 4πR2

(
T4

B − T4
)

(16)

On the right side of the equation, the first term represents the work carried out by the flow
field on the bubble when it moves, the second term represents the energy reduced by vapor
evaporation condensation, the third term represents the energy of the heat conduction
change between the gas and the flow field in the bubble, and the fourth term represents the
energy change caused by thermal radiation.

The formula for calculating the temperature change in the bubble is

Ṫ =
Ė

Mc′v
(17)

where c′v =
(

Maircvair + Mvaporcvvapor
)
/
(

Mair + Mvapor
)

is the average specific heat capac-
ity of the gas in the bubble.

Sato’s [26] experiments found that due to the collision dissociation and electrolysis of
the spark-generated bubble, the hydrogen mass of the spark-generated bubble is 2.7 times
that of the laser bubble, and the rebound potential energy of the spark-generated bubble
is significantly greater than that of the laser bubble because the potential energy of the
rebound bubble is proportional to the mass of dissolved hydrogen. Therefore, the laser
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bubble model that always considers vapor condensation in the calculation process will
overpredict the effect of condensation on the spark-generated bubble, so that the predicted
bubble rebound radius is too small. In our model, when the bubble moves to the maximum
radius in the second cycle of the spark-generated bubble, that is, the corresponding con-
densation rate is the minimum. After that, the mass transfer between the bubble and the
flow field is ignored, and the gas in the bubble is considered to be an ideal gas, satisfying
the ideal gas equation of state, that is

P =
MtotalRgT

V
(18)

where Mtotal is the total mass of the bubble, including air and vapor. Since it is believed
that the vapor no longer condenses in the subsequent cycle, only considering the influence
of liquid compressibility, the bubble dynamics equation is replaced with a spherical bubble
dynamics equation that only considers compressibility [29,34–36](

1− 1
c

Ṙ
)

RR̈ +
3
2

(
1− 1

3c
Ṙ
)

Ṙ2 =

(
1 +

1
c

Ṙ
)

1
ρ
(P− P∞) +

R
ρc

Ṗ (19)

where Ṗ is the derivative of pressure in the bubble over time. At this time, the energy in the
bubble changes to

Ė = −4πR2ṘP− κa(T − T∞) (20)

The second term on the right side of the equation indicates the energy change caused
by the heat conduction between the bubble and the flow field, κa is the heat transfer
coefficient between the bubble and the water, which is generally 2000∼7000 W/

(
m2 ·K

)
.

The bubble temperature can still be updated according to Equation (17).

2.2. Experimental Set-Up

As shown in Figure 2, the present experimental devices include: a high-voltage dis-
charge system, a high-speed camera, an adjustable structure positioning device and lighting
source and a series of equipment [14,37]. We conducted experiments in a transparent water
tank of 30× 30× 60

(
cm3), using a DC voltage discharge box. When the voltage reaches

the set working conditions, electric discharge occurs and the liquid vaporized by short
circuit of lapping 0.25 mm diameter thin copper wire. And thus a spark-generated bubbles
is formed.

Under this discharge voltage condition, the maximum radius of the oscillating bubble
is about 15∼20 mm, and the radius of the copper wire is about 1.25∼1.67% of the maximum
bubble radius, indicating a minor effect on the bubble motion. The distance from the bubble
center to the nearest tank wall is greater than 10 times of the maximum bubble radius,
so the bubble can be considered to oscillate in a free field. A high-speed camera with a
resolution of 1 million pixels (Phantom, TMX 6410, form AMETEX, Paoli, Madison, WI,
USA) is used to capture the bubble motion, illuminated by a supplementary light source
placed on the other side of the tank. Two frosted glasses are placed between the tank and
the light source to provide uniform illumination.

We use a combination of a small funnel and a test tube in the water above the copper
wire cross point to collect the air after the bubble collapses. Instead of data fitting to obtain
the initial number of molecules, the initial conditions for spark-generated bubbles are
determined by repeatedly measuring the air content inside a bubble, which is a key factor to
accurately capture the dynamics of a spark-generated bubble during multi-oscillations. Air
in ten same experiments is collected together, and then an average air volume is obtained, in
order to reduce the experimental error. The molecular weight of air is determined by using
the ideal gas equation of state. At the beginning, the pressure in the bubble is considered to
be equal to atmospheric pressure, and the molecular weight of the vapor can be obtained
by calculating the saturated vapor pressure at this time. In order to ensure the reliability of
the experiment, we performed a series of experiments under the same working conditions.
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The multi-oscillations of a spark-generated bubble is given in Figure 3. Obviously, in the
fourth cycle, the bubble shape is no longer regular and begins to break.

Figure 2. Schematic diagram of the experimental setup.

Figure 3. Growth and collapse of spark bubbles. Voltage = 450 V.

3. Validation
3.1. Comparison of Experiments and Theoretical Results

In the present study, equations are solved using the fourth-order Runge–Kutta method.
In all cases considered in this paper, we take the moment when the bubble radius reaches
maximum Rm as the start. The other required physical parameters in the model are listed in
Table 1. It is supposed that both the bubble temperature and flow field temperature at this
time are equal to the ambient temperature of 293 K. Because the specific heat capacity of
water is much greater than that of vapor, it can be considered that during the entire bubble
motion Tliquid = T∞. Since the thermal layer thickness cannot be measured experimentally,

we assume that δ
(0)
l = 0.45 (µm) based on Zhong’s hypothesis [20].

Figure 4 compares the experimental results with the Keller–Miksis equation, the Zhong
model, and the present modified theoretical model. In the experiments, the uncertainty of
the measurement is about one pixel (0.04 mm), which is much smaller than the maximum
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bubble radius. The Keller–Miksis equation takes fluid compressibility into account during
bubble motion [34]. The bubble radius change in the first period is well predicted by the
three models, which indicates that the energy dissipation is mainly due to the compressibil-
ity. But in the subsequent motion, the prediction by Keller–Miksis equation significantly
underestimates the energy dissipation, it suggests that mass and heat transfer becomes the
dominant factor for the energy dissipation in the multi-oscillations of the spark-generated
bubble. In the Zhong model, the compressibility, heat conduction and energy dissipation
caused by equilibrium evaporation and condensation are considered at the same time, and
the model matches well with the first two cycles of bubble motion in the experiment, but
the results begins to deviate from the experimental data in the third cycle. It is believed that
dissolved hydrogen content of spark-generated bubbles differs from that of laser-induced
bubbles, leading to the difference in bubble rebound potential energy. Given this, liquid
compressibility, heat conduction and non-equilibrium evaporation and condensation are
considered in the first two cycles, while heat conduction and non-equilibrium evaporation
and condensation are neglected in the subsequent motion. As shown in Figure 4, the
predicted radius with the present modified model agrees well with the experimental data
during the multi-oscillations of the spark-generated bubble, with a maximum error of 2%.
It is believed that the modified theoretical model can better predict multi-oscillations of
spark-generated bubbles. From the comparison above, it is noted that the effect of heat and
mass transfer becomes weaker on the energy dissipation after two cycles of spark-generated
bubble motion. It is believed to be caused by the reduction of vapor molecules in the bubble,
which will be discussed in detail later.

Table 1. Physical properties at 1 (atm) and 20 (°C).

Physical Property Symbol Value Unit

Sound speed in water c 1483 m · s−1

Water density ρl 1000 kg ·m−3

Surface tension coefficient σ 0.072 N ·m−1

Water viscosity µ 0.001 Pa·s
Molar weight of vapor Mvapor 0.018 kg ·mol−1

Molar weight of air Mair 0.02897 kg ·mol−1

Avogadro constant NA 6.02× 1023 mol−1

Gas constant Rg 8.314 J ·mol−1 ·K−1

Intermolecular attraction of air aair 0.1402 J ·m3 ·mol−2

Intermolecular attraction of vapor avapor 0.5536 J ·m3 ·mol−2

Volume occupied by air molecules bair 3.753× 10−5 m3 ·mol−1

Volume occupied by vapor molecules bvapor 3.049× 10−5 m3 ·mol−1

Gas constant of vapor Rv 461.52 J · kg−1 ·K−1

Thermal accommodation coefficient αe 1 -
Thermal conductivity of vapor κ 0.02 W ·m−1 ·K−1

Thermal conductivity of water kl 0.55 W ·m−1 ·K−1

Boltzmann constant k 1.38× 10−23 J ·K−1

Stefan-Boltzmann constant σr 5.67× 10−8 W ·m−2 ·K−4

Flow field temperature Tliquid 293.15 K
Vapor specific heat capacity at constant volume cvair 1089 J · kg−1 ·K−1

Specific heat capacity of air at constant volume cvvapor 717 J · kg−1 ·K−1
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Figure 4. Comparison of bubble radii (Black dots: experimental data points. Green dotted line: Keller–

Miksis equation result. Blue dot line: Zhong model results, where n(0)
t = 1.4× 1020, n(0)

air = 4× 1016,

αM = 0.04. Red line: This paper model results, where n(0)
t = 1.4× 1020, n(0)

air = 4× 1016, αM = 0.04,

δ
(0)
1 = 0.45 µm. In the Keller–Miksis equation, it is assumed that the bubble movement process is

adiabatic and the initial gas pressure is 101,000 Pa. Zhong model parameters are obtained by best
fitting the measured data of experimental bubble radius).

3.2. Further Discussions

Yasui [28] gives an equation for approximating the energy carried by each vapor
molecule, and the energy carried by the non-equilibrium evaporation of the vapor molecule
can be calculated by

evapor(T) ≈ 6.272× 10−23T − 5.247× 1021(J) (21)

Figure 5 shows time histories of the total energy taken away by the reduced vapor
molecules if condensation is taken into account during the entire process. It is noted
that the energy loss due to the reduction of vapor molecules in the first collapse is over
100 times that of the second collapse. In the second collapse, the work carried out by the
flow field on the bubbles is not much different from the energy taken away by the vapor
condensation, but if the vapor condensation is considered, the radius of rebound for the
bubbles is too small.

Figure 5. Total energy loss caused by condensation of vapor molecules.
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Figure 6 compares the predicted time histories of bubble radius with the experi-
mental results at different voltages, and the calculation method of air molecular number
is determined in the same way as in Figure 4. The standard evaporation coefficient is
αM = 0.04± 0.005, and the thickness of the vapor thermal layer is δ

(0)
l = 0.45 µm. It can be

seen that the experimental results in the first three cycles are well reproduced using the
present modified model.

Figure 6. Comparison of experimental measurement radius and predicted radius (Black dots: ex-
perimental data points. Blue dot line: our model results, (a) voltage = 450 V, Rmax 1 = 14.2 mm,
Tcollapse1 = 1.38 ms, Rmax 2 = 4.96 mm, Tcollapse2 = 2.24 ms, Rmax 3 = 4.96 mm, Tcollapse3 = 2.83 ms;
(b) voltage = 450 V, Rmax 1 = 12 mm, Tcollapse1 = 1.18 ms, Rmax 2 = 4.12 mm, Tcollapse2 = 2.04 ms,
Rmax 3 = 3.24 mm, Tcollapse3 = 2.83 ms; (c) voltage = 450 V, Rmax 1 = 14.4 mm, Tcollapse1 = 1.42 ms,
Rmax 2 = 3.86 mm, Tcollapse2 = 2.2 ms, Rmax 3 = 2.46 mm, Tcollapse3 = 2.88 ms; (d) voltage = 450 V,
Rmax 1 = 16 mm, Tcollapse1 = 1.68 ms, Rmax 2 = 4.82 mm, Tcollapse2 = 2.66 ms, Rmax 3 = 3.16 mm,
Tcollapse3 = 3.32 ms).

4. Results and Discussion
4.1. Effect of Phase Transition Duration

We take the spark-generated bubble with an initial radius of R0 = 16 mm induced
by voltage 450 V DC as an example to study the motion of bubbles containing 0.25% air
content in a free field. In the model prediction result plot, the maximum temperature and
maximum pressure in the bubble reach their maximum at the second collapse moment. To
meet the initial conditions for the application of the Rayleigh–Plesset equation, the phase
transition process is taken into account after the bubble reaches the maximum radius for the
first time [19]. According to the Hertz–Knudsen–Langmuir modified relationship, the evap-
oration process is mainly determined by the ambient temperature. The temperature change
of flow field during the transient bubble motion can be ignored, and Phan’s research [19]
proves that the evaporation process has little effect on the bubble motion compared with the
condensation process; therefore, it is assumed that the evaporation rate remains constant
during the entire phase transition process, taking ṁeva = 0.04 kg/(m2 · s).
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The model assumes that the gas inside the bubble is composed only of condensable
vapor and non-condensable air. But in practice, N2, O2 and H2O in extreme cases, such
as extremely high pressure and temperature conditions when bubbles collapse, chemical
reactions and recombination processes will occur to generate NO2, NO, etc., which may
lead to a decrease in pressure peaks in the bubble movement cycle. These reaction products
are soluble in water, and their presence may reduce the pressure peak when the bubble
collapses, that is the occurrence of chemical reaction at the collapse moment can enhance
the rebound potential energy of the bubble [25]. However, it is hard to quantitatively
calculate the influence of chemical reactions on bubble motion, according to the work by
Zhong and Phan et al. [19,20], the highest temperature and pressure is reached at the second
bubble collapse. Presumably, it is considered that chemical reactions occur at the end of
the second cycle, we consider this effect by ignoring vapor non-equilibrium evaporation
and condensation after the bubble reaches the maximum radius of the second cycle, as is
shown of the condensation rate curve in Figure 7.

Figure 7. Prediction of mass transfer rate during bubble motion.

Effect of phase transition duration on radius, pressure and temperature of the bubble
multi-cycles motion are given in Figure 8a–c. The pressure and temperature peaks inside
the bubble are observed at the second collapse moment. If the phase transition is considered
during the whole bubble motion, the pressure and temperature in the bubble can reach a
maximum of 1237 MPa and 20,000 K, respectively. Because if the phase transition keeps
happening, the number of vapor molecules undergoing phase transition at the bubble
collapse moment will increase significantly, it causes a stronger energy change. The stronger
energy change obviously may lead to a sharp increase in the pressure and temperature
peaks, far greater than the pressure and temperature peaks of 358.5 MPa and 6200 K in
the present model. It is believed that the pressure and temperature peaks predicted by the
present model are more reasonable.
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Figure 8. Effect of condensation duration on bubble motion (Initial conditions: n(0)
t = 1.4× 1020,

n(0)
air = 4× 1016, αM = 0.04, δ

(0)
1 = 0.45 µm).

4.2. Effect of Air Content

Time histories of bubble radius, temperature and pressure with different air contents
are given in Figure 9a–c. As the total number of gas molecules in all working conditions
remains unchanged, the increase in air content indicates the decrease in the number of
vapor molecules. As shown in Figure 9, the curves before the first collapse are basically
coincident, indicating that air content has little effect on the bubble motion before the first
collapse, and phase transition (the decrease in the number of vapor molecules) mainly
occurs at the collapse moment.

As air content increases, the mix-gases bubble motion tends to be similar to an air
bubble. The decrease in the vapor molecules leads to a slower energy dissipation, so a
larger rebound bubble potential energy and increased rebound radius are expected. Since
the maximum pressure and temperature at the collapse moment are mainly determined by
the intensity of energy change, a larger air content (a decrease in the vapor molecules) leads
to a decrease in the intensity of the energy change. Therefore, the pressure and temperature
peaks at the first and second collapse moments decrease with the increase in the air content.
It is also noted that the bubble oscillation period increases with the air content.

Since the mixture in the bubble is considered an ideal gas after the vapor condensation
is stopped, the pressure and temperature of the bubble are updated using the ideal gas
state formula. As air content increases, the mix-gases bubble motion tends to be similar to
an air bubble. The decrease in the vapor molecules leads to a slower energy dissipation, so
a larger rebound bubble potential energy and increased rebound radius are expected. Since
the maximum pressure and temperature at the collapse moment are mainly determined by
the intensity of the energy change, a larger air content (the decrease in the vapor molecules)
leads to a decrease in the intensity of the energy change. Therefore, the pressure and
temperature peaks at the first and second collapse moments decrease with the increase
in the air content. It is also noted that the bubble oscillation period increases with the
air content.
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Figure 9. Effect of air content on bubble motion (Initial conditions: n(0)
t = 1.4× 1020, αM = 0.04,

δ
(0)
1 = 0.45 µm.)

5. Conclusions

In this study, we have introduced a modified theoretical model designed to capture
the multi-oscillation behavior of spark-generated bubbles. Tailoring our approach to the
unique characteristics of these bubbles, we have incorporated a modified phase transition
duration. Our model builds upon the Plesset bubble dynamics equation, which has been
augmented by Fujikawa and Akamatsu, and also integrates the surface temperature gradi-
ent approximation proposed by Zhong et al. Additionally, we have diligently determined
the initial conditions through repeated measurements of gas content within the bubble.
Through rigorous validation involving quantitative comparisons with experimental data,
our proposed theoretical model has demonstrated commendable accuracy in simulating
the dynamic behavior of bubbles across multiple cycles.

Our calculations have revealed that when factoring in the phase change effect, bubble
collapse becomes highly energetic, with rapid increases in internal pressure and tempera-
ture at the finally stage of the bubble. Notably, the vapor condensation rate experiences
fluctuations during both the collapse and rebound stages of the bubble. As the concen-
tration of air within the bubble increases, it fosters more pronounced rebound behavior.
Starting from the second cycle, we observe a decrease in the rate of maximum radius decay.
This phenomenon is attributed to the rising air content, diminishing vapor concentration,
and a lower energy decay rate per bubble collapse compared to pure vapor bubbles. This,
in turn, accounts for the decreasing peak pressure and temperature of the bubble with
increasing air content.

It is important to acknowledge that our model employs a uniform thermal boundary
layer thickness across different bubbles, chosen to optimize simulation results according
to Zhong et al. However, this choice may not precisely mirror real-world conditions. In
future work, we aim to refine our model, considering variations in thermal boundary layer
thickness for different bubble scenarios, which could impact the heat conduction efficiency
of bubbles and their flow dynamics.
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