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Abstract: Microbubble cleaning technology has the characteristics of environmental protection and
low energy consumption and has been initially applied in the field of oil sludge cleaning. For the
controllability of microbubbles in the cleaning process, this paper adopted the numerical simulation
method to quantitatively study the growth and collapse mechanism of bubbles in the cleaning process,
the influence law of flow field, and parameter changes on the dynamic behavior of bubbles from the
perspective of micro-dynamics. It was found that the dynamic characteristics of the flow field around
the bubble in the free field show a symmetrical distribution, while the motion of the fluid near the
wall is blocked by the wall, and the flow field between the bubble and the wall becomes irregular. It
was also found that the large amplitude pressure changes in microbubbles produced a “plastic hinge”
alternating impact on the wall, the bubble collapse, and wall pulsation pressure change are mainly
controlled by the driving pressure. The liquid temperature mainly affects the dynamic characteristics
of the bubble by causing a change in the viscosity of the medium. Under the condition of P; = 0.1 MPa
and <y = 1.5, when the liquid viscosity decreases from 0.110 to 0.00314 Pa-s, the maximum pressure
affected by the first bubble collapse increases from 200.71 to 317.74 Kpa. Compared with the bubble
distribution, the impact of increasing the number of bubbles on the wall is more significant. Under
the condition of y = 1 and P; = 0.1 MPa, compared with the single bubble, the pulse pressure of nine
bubbles’ collapse on the wall increases by 100 KPa. The research results can provide technical support
for the development of microbubble cleaning technology.

Keywords: microbubble; collapse mechanism; shape evolution; micro-dynamics; numerical simulation

1. Introduction

A large amount of oily sludge will be produced in the production process of oilfields
and refineries, storage and transportation, as well as the treatment of oily water. It is
an urgent problem for oilfields and environmental protection departments to properly
handle and dispose of oily sludge to avoid environmental pollution. Traditional jet cleaning
will cause waste of water resources, and chemical cleaning agents may cause secondary
pollution, while bubble cleaning has the characteristics of low energy consumption and
self-cleaning, which provides a new means for the removal and cleaning of oily sludge [1].
Bubble cleaning is the cavitation of the liquid induced by a cavitation generator and the
use of the energy therein to remove surface contaminants [2], cavitation refers to the
flow phenomenon of vaporization of the liquid due to a sharp decrease in pressure. The
generation, development, and collapse of bubbles in the process of vaporization are often
accompanied by dramatic pressure and temperature changes, resulting in significant energy
transformations. When the bubble collapses near the rigid boundary, external factors, such
as force and pressure gradient, will cause the shape of the bubble to become an asymmetric
structure and further form a microjet facing the wall, resulting in a water hammer impact
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pressure. The local high stress caused by high-speed flow field, large pressure change, and
shock wave on the adjacent material surface is sufficient to remove the particles adhered
to the wall [3-5]. High-speed jet also plays an important role in ultrasonic cavitation,
underwater explosion [6,7], and small-scale medical applications [8].

Currently, microbubbles show greater advantages in stain cleaning [9,10], and mi-
crobubble with a diameter d < 50 um has been used as a chemical-free cleaning technique
to clean contaminated soil [11], human skin [12], and bio-contaminated membranes [13]
and other fields. However, the refinement of bubbles also brings many challenges to the
mechanism and theoretical research on bubble cleaning, mainly because the cleaning pro-
cess involves the activation and dynamics of submicron bubbles. These bubbles grow and
collapse on the time scale of microseconds and milliseconds, forming fast microjets and
sending out shock waves. It is difficult to quantitatively study the growth and collapse
mechanisms of microbubbles in small spatial scales and time scales by experimental means,
leading to a lack of further understanding of the complex characteristics of microbubble
collapse and rebound, bubble collapse pressure, jet velocity, and impact pressure on solid
walls [14]. Therefore, scholars mainly study the control strategy of microbubbles with
the help of theoretical research and numerical simulation. As early as 1917, Sir Rayleigh,
a famous British scientist, first proposed a Rayleigh bubble dynamics model based on
the assumption of inviscid, irrotational, and incompressible fluid and combined with the
equation of state of gas [15]. After this model was proposed, Plesset et al. [16] modified
and improved the model. Poritsky et al. [17] considered the viscosity and surface tension
of the fluid and obtained the classical Rayleigh—Plesset (R-P) equation. Based on the
analysis of the mass transfer equation, the multiphase flow is regarded as a homogeneous
mixture, which is mainly realized by solving the mass exchange between the gas and liquid
phases [18]. Under the condition of mechanical and thermodynamic equilibrium, the mech-
anism of two-phase cavitation is regarded as a single fluid flow, and the transformation
model between gas phase and liquid phase is established based on the equation of state [19].
At present, studies on the regulation and control of bubble mechanisms are mostly based
on the indirect regulation of microjets by a single factor [20,21]. Some researchers try to
realize the passive regulation of the bubble collapse mechanism by changing the wall
structure so as to reduce the erosion of the jet to the wall. Kadivar et al. [22] proposed a
passive control method to study the erosion dynamics of a single bubble after collapse by
using a “sharkskin” V-shaped structure. The results show that the bubble collapse near the
V-shaped structure surface is compared with the single bubble collapse near the smooth
surface. The erosion area on the surface of a V-shaped structure decreases significantly.
Andrews et al. [23] believe that the complex wall geometry will lead to a change in bubble
collapse behavior, especially the jet direction. However, a single control mode makes it
difficult to form an effective control strategy, and the complexity of the bubble itself makes
it difficult to control in terms of controllability, stability, and collapse intensity. In view of
the current research situation, this paper adopts a research method combining numerical
simulation and theoretical analysis to study the growth and collapse mechanism of mi-
crobubbles from the perspective of microscale dynamics, quantitatively study the main
factors affecting the evolution of bubble morphology and propose bubble control strate-
gies. This research is of great significance to promote the wide application of microbubble
cleaning technology.

2. Mechanism of Bubble Migration and Evolution in the Cleaning Process
2.1. Numerical Simulation of Bubble Migration and Evolution
2.1.1. Basic Theories
(a) Governing equations
In this paper, the VOF model is used to calculate the bubble collapse process. The

model regards the whole flow field as a fluid with variable density, that is, a mixture of gas
and water [24]. The mathematical model is as follows:
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where, p and y are the density and dynamic viscosity of the fluid, respectively, v is the
velocity vector of the flow field, p is the pressure of the flow field, E is the total energy, T is
the temperature, k is the heat transfer coefficient, and I is the unit matrix.

The surface tension term F; is expressed as:

pxV oy,

Fp=0——"% _

)

where 0 is the surface tension coefficient, ay, is the volume fraction of the liquid phase in
the grid cell, and x = V - (Vay /| Vay|) is the curvature of the phase interface.

The VOF model constructs and tracks the interface according to the volume fraction of
the fluid composition phase in each grid cell at each moment.

The transport equation for the volume fraction &, of the liquid phase is:

0 (XwPuw)

T + V. (‘prwvw) =0 (5)

At a certain time, in a grid element, a;, = 1 indicates that the unit is pure liquid phase.
If &y = 0, then the unit is a pure gas phase; when 0 < &y, < 1, then the unit is an interface
element containing two-phase materials [25].

The density and dynamic viscosity of the fluid are calculated by the following formula:

H= (1 - Oéw)"lig + awhw

where the subscripts w and g represent the liquid and gas phases, respectively, the incom-
pressible liquid density py, is a constant. Considering the compressibility of the gas, the gas
density satisfies the ideal gas state equation, the value of pg is determined by Equation (7):

_ Mn
Pg = Rng (7)

In Equation (7), Ry is the universal gas constant M, and is the molar mass of the gas.

As the bubble collapse process is unsteady, the pressure-velocity coupling solution is
obtained by using the pressure implicit operator splitting algorithm (PISO). In the discrete
scheme, the gradient term adopts the least square scheme based on the grid element. In
order to optimize the calculation time, the variable time step is used, and the time step is
set between 1078 and 10! s.

(b) Dynamic model of bubbles near the solid wall

On the basis of the Doinikov’s theoretical model, the dynamic model of double bubbles
under ultrasonic conditions is obtained by using the mirror image principle as follows [26]:

3.2 1d(R?R) 1 20 R R d
RR+GR + =g = p\PetPe— g~ —potpalt) | + g (pg +palt) ®)

In Equation (8), R is the radius of the spherical bubble, with a value of 10 pm. Ris
the velocity at the bubble boundary, R is the acceleration at the bubble boundary. [ is the
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distance between the center of the bubble and the solid wall, with a value of 25 pm. p is
the liquid density, with a value of 1000 kg/m?. p, is the gas pressure inside the bubble,
with a value of 1 MPa. py, is the saturated vapor pressure inside the bubble, with a value of
2340 Pa. o is the surface tension coefficient, with a value of 0.076 N/m. 7 is the liquid
viscosity coefficient, with a value of 1000 kg/ms. py is the liquid static pressure, with a
value of 0.1 MPa and p,(t) is the external ultrasonic field.

Only under the action of static pressure, considering the influence of gas compress-
ibility and rigid interface on bubble motion, the dynamic model of the bubble is obtained
as follows:

. 3.2 1d(R*R) 1 2 R R d
RR—l—ER + 5 ( )=<p +pv—%—417 p)—i— P )

21 dt 0 R ™) 7T pcar

2.1.2. Numerical Model

In this paper, the ANSYS-FLUENT software is used to simulate the bubble with the
maximum radius of Ry, < 50 um. The calculation domain and initial conditions are shown
in Figure 1. The square fluid domain with a side length of 500 x 500 um is selected, and
the quadrilateral structured grid is used to divide the whole calculation domain. The initial
radius of the bubble in the calculation region is Ry, the bubble in the free field is located at
the center of the computational domain, and all boundaries are set to the pressure outlet.
The bubble near the wall is located on the central axis of the calculation domain, and the
distance between the center of the bubble and the wall is /. The lower boundary is set as a
rigid boundary with no-slip boundary conditions on the wall, and the other boundaries are
set as the pressure outlet. In order to capture the evolution of bubbles, transient simulation
is enabled in the numerical simulation, and the convergence accuracy is 10~2. In the fluid
micromass, the water phase is set as the main phase, and the bubble as the secondary phase,
and the bubble particles are placed into the fluid micromass by Patch according to the
requirements of subsequent simulation. In order to eliminate the influence of the number
of grids on the calculation accuracy, the pulsation processes of bubbles in the free field and
near the wall are numerically simulated, respectively. The bubble with an initial radius
Ry =10 um is selected as the core, and the distance between the center of the bubble and
the wall is 25 um. The bubbles under the two field sources are initially in equilibrium in
the liquid of 1 MPa, and then the environmental pressure suddenly drops to 0.1 MPa.

y
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= =
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Figure 1. Calculation model and initial conditions.

Figure 2a shows the results of the comparative analysis between the numerical solution
of the bubble radius variation in the free field and the analytical solution of the classical
Rayleigh-Plesset (R-P) equation. When the grid number is at 2.5 x 10° and 1.0 x 10°, the
bubble radius basically coincides with the calculated results of the R-P equation. In the
bubble collapse stage, the maximum difference between the simulated data and the R-P
equation is 1.5 pum, and the relative error is 4.6%. The error is mainly due to the fact that the
weak compressibility of the fluid is not taken into account in the numerical simulation [27].
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Figure 2b shows the central pressure curve of the wall monitored under different grid
numbers. Figure 2b shows the variation curves of wall center pressure monitored under
different grid numbers, when t = 12.75 s, the center pressure of the jet impinging on the
wall reaches the first peak value. At this time, the difference in pressure produced by the
grid number of 2.5 x 10° versus 1.0 x 10° is small, and at the same time, it is the closest to
the pressure value of 4.4 MPa measured experimentally by Chahine [6]: Considering the
calculation accuracy and calculation time, the number of calculation grids is 2.5 x 10°.
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(a) Free-field (b) Near the wall

Figure 2. Grid-independent verification.

Based on the above-selected grid number and numerical simulation conditions, the
fourth-order Runge—Kutta algorithm is used to solve Equation (9) by using Matlab software.
The comparative analysis of the numerical simulation results of the variation of bubble
radius with the analytical solution is shown in Figure 3. The results show that the calculation
results of the two methods basically agree with each other, and the maximum relative error
is 3%. This proves that the numerical method used in this study is reliable for the simulation
of bubble collapse and also verifies the validity of the Doinikov equation.

35 35

30+ 30F

25+ 251
£ o Numerical simulation e Numerical simulation
=
‘-‘-_ —— Doinikov equation —— Doinikov equation
2 20 20

15 15

10 10
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(a) Free-field (b) Near the wall

Figure 3. Numerical simulation of bubble radius variation compared with the solution of the Doinikov
equation.

2.1.3. Morphological Evolution of Bubbles

The shape of the bubble and the evolution of its center-of-mass positions in the free
field and near the solid wall are shown in Figure 4a,b. Due to the symmetry of the system,
the bubble shape in the free field is always regular spherical, and the center of mass of the
bubble is fixed in position during the pulsation, while the bubble shape near the solid wall
is non-spherical.
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Figure 4. Evolution of bubble shape (a,b) and its center-of-mass position (c,d).

As the bubbles grow, the blocked flow causes the bubble interface near the wall to
flatten and a water film to form between the fully grown bubbles and the wall, making the
bubble cannot contact the wall directly. The numerical simulation captures the development
process of the jet in the later stage of the bubble collapse. The last outline shows the
formation of the annular bubble and the rebound of the bubble phenomenon when the jet
completely penetrates the bubble. For the bubble in the near-wall laminar flow field, its
centroid moves perpendicular to the wall. As the bubble expands, the center of mass of
the bubble gradually moves away from the solid wall and moves toward the wall during
the collapse. With the flow restriction on the side of the bubble wall, more growth occurs
at the distal end, and the unrestricted side of the bubble, and more bubbles grow on the
side away from the wall, resulting in the center of mass far away from the wall. When the
bubble collapses, the flow on the side of the bubble wall is restricted, thus reducing the
collapse rate on this side.

2.2. Dynamic Behavior Analysis of Free Field and Near-Wall Bubbles

The radius variation curves of the bubbles at the free field and near the wall are
generated by the Doinikov equation, respectively. The velocity and acceleration of the
bubble boundary are obtained by deriving the data. The variation curves of radius, velocity,
and acceleration of bubbles during expansion and collapse are shown in Figure 5. The
black curve represents the radius changes in the bubble, the red curve denotes the bubble
boundary velocity, where the positive value indicates that the velocity direction points
to the outside of the bubble, and the blue curve indicates the change in the boundary
acceleration during the bubble motion, and the positive and negative relationship refers to
the acceleration direction, which means the same as the velocity direction. The simulation
process of bubble boundary velocity in the near-wall jet phase is shown in Figure 6.
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Figure 5. Variation curves of radius, velocity, and acceleration of bubble expansion and collapse.

Ma Ma
0.35 0.21
0.31 0.19
0.28 0.17
0.24 0.14
0.21 0.10
0.17 0.08
0.14 0.06
0.10 0.04
0.05 0.02
0.00 0.00

Figure 6. Boundary velocity variation during bubble collapse at the near wall.

Combining Figures 5 and 6 to analyze the variation of velocity and acceleration at the
bubble boundary under both conditions, the results show that the velocity and acceleration
at the bubble boundary reach their maximum near the minimum radius of the bubble in the
free field and near the wall, while their values are smaller away from the minimum radius
of the bubble. This is mainly because the bubble is affected by the pressure of the external
environment in the compression stage, which leads to the decrease in the bubble radius
and the increase in the pressure in the bubble, so the velocity and acceleration of the bubble
boundary also increase accordingly. When the bubble is compressed to the minimum
radius, the pressure inside the bubble reaches the maximum, at which time the bubble
violently collapses, and the velocity and acceleration of the bubble boundary also reach the
maximum accordingly. As the bubble collapse will release the pressure inside the bubble
to the surrounding liquid medium, resulting in a sharp decrease in the pressure inside
the collapsed bubble, the velocity and acceleration of the bubble boundary will be rapidly
reduced to the minimum. During the initial expansion of the bubble, the motion of the
bubble boundary is obviously hindered by the wall, and the peak velocity and acceleration
of the bubble boundary near the wall are lower than those in the free field, but when the jet
is formed, the peak velocity of the bubble boundary near the wall is much higher than that
of the free field, and the maximum velocity of the bubble boundary is 0.35 Ma.

2.3. Characteristics of Flow Field around Bubbles

The pressure variation of the flow field around the bubble in the free field is shown in
Figure 7. In the external flow field with P,,,;;, = 0.1 MPa (reference pressure), the pressure
inside the bubble releases and promotes the bubble surface to expand rapidly. When the
pressure inside the bubble drops rapidly to the reference pressure, the bubble volume
continues to increase under the effect of inertia, and the pressure inside the bubble drops
to below the surrounding flow field pressure. When t = 5 ps, the bubble expands to its
maximum volume, and the internal pressure of the bubble drops to a minimum of about
0.2 times the reference pressure. Then, the bubble begins to collapse, and the pressure
inside and outside the bubble is the same again. Inertia causes the bubble to continue to
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contract to the minimum volume, and the internal pressure of the bubble rises sharply to
5.5 times the reference pressure.
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Figure 7. Pressure variation clouds of the bubble and surrounding flow field: free field.

The pressure variation of the flow field around the near-wall bubble is shown in
Figure 8. The initial pressure in the center of the bubble is high, pushing the surface of
the bubble to expand rapidly outward. When ¢ = 0.5 ps, due to the hindrance of the fluid
movement, a high-pressure zone is formed in the flow field at the bottom of the bubble and
above the wall, and its peak value is about six times the reference pressure. As the bubble
continues to expand, the peak pressure decreases gradually until it disappears. When
t = 6 ps, the pressure inside the bubble drops sharply due to the excessive expansion of
the bubble, and when the pressure drops to 0.2 times the reference pressure, the bubble
collapses and collapses rapidly. At ¢t =11 ps, a high-pressure zone appears again at the top
when the bubble collapses, with a peak of about 1.16 times the reference pressure. This
pressure peak rises continuously with bubble collapse and moves downward, promoting
the development of the jet. Att =13.75 us, when the jet hits the bottom surface of the
bubble, the peak pressure at the top of the bubble still exists and rises to five times the
reference pressure.
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Figure 8. Pressure variation clouds of the bubble and surrounding flow field: near wall.
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The change in the flow field at the axis in the computational domain can systematically
reflect the dynamic characteristics of the flow field. By comparing and analyzing the
pressure and velocity changes in the flow field at the axis of the free field and near the wall,
this paper studies the influence of bubble collapse on the whole computational domain.

The flow field pressure distribution under different conditions is shown in Figure 9a—d,
where Figure 9a,b shows the flow field pressure distribution curves of the bubble expansion
and collapse stages in the free field, and the pressure distribution is symmetrically dis-
tributed along the central axis, where the horizontal value of the pressure line indicates the
internal pressure of the bubble. The pressure inside the bubble is released rapidly during
the bubble expansion, and the pressure value of the flow field is greater than or equal to
0.1 MPa in the range of t = 0~1.5 us. Then, in the range of t = 2.0~8.0 ps, the bubble expands
to the maximum volume and then contracts, and the pressure of the flow field around the
bubble first decreases and then increases, and the pressure of the flow field is less than or
equal to 0.1 MPa. At t =9 us, the bubble begins to collapse, resulting in a sharp increase in
the pressure of the flow field around the bubble, which makes the pressure of the whole
flow field larger than the reference pressure again.
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(c) Bubble expansion stage at the near wall (d) Bubble collapse stage at the near wall

Figure 9. Pressure distribution of flow field at different stages.

The flow field pressure distribution curves of the bubble expansion and collapse
phases near the wall are shown in Figure 9c,d. The pressure inside the bubble is released
rapidly during the bubble expansion process, and the pressure value of the flow field is
greater than or equal to 0.1 MPa (reference pressure) in the range of t = 0~1.5 ps. Then, the
bubble expands to the maximum volume and then contracts, and the pressure of the flow
field around the bubble decreases at first and then increases. In the range of t = 2.0~11.0 us,
the overall pressure value of the flow field is less than or equal to 0.1 MPa. During the
development phase of the jet (f = 12.25~13.75 s), the pressure of the flow field between the
bubble and the wall gradually rises and produces large fluctuations.
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By comparing and analyzing the pressure variation law at the central axis flow field
of the free field and near the wall, the results show that the pressure variation trend of
the flow field under the two conditions is the same, and the pressure value of the flow
field at the center of the bubble is always in the extreme position of the flow field pressure.
The main differences between the two are as follows: (1) Compared with the flow field
pressure under the condition of free field, the pressure near the bubble center is no longer
stable at the initial expansion stage and at the end of collapse but will fluctuate greatly.
The flow field pressure near the wall is maintained below the reference pressure for a
longer time during bubble pulsation; (2) the bubble near the wall is blocked by the wall
when expanding, and the maximum pressure in the flow field at ¢ = 0~1.5 us range of the
maximum pressure value in the flow field changes less.

The development of microjet also has a significant effect on the wall pressure. As
shown in Figure 10, the wall pressure continues to increase since the formation of the jet
at t = 12.25 us. The pressure change on the wall mainly comes from the pressure wave
generated by the collapse of the bubble. When t = 13.75 us, the jet penetrates the bubble
and impacts the solid wall, and the wall pressure rises to 0.5 MPa. After 0.25 us, the
bubbles rebounded and impacted the wall again. It can be seen from the figure that in
the development stage of microjet, bubble collapse will continue to act on the wall with
different impact forces, and this alternating stress is similar to “plastic hinge”, which may
lead to wall fatigue failure and material fracture. In addition, the internal pressure of the
bubble is released and condensed in the time scale of micro-nanosecond, which will also
produce a great change in pressure on the wall.

6x10° il
5x10°

4x105

Figure 10. Distribution of wall pressure along the X-axis.

The velocity distribution of the flow field under different conditions is shown in
Figure 11a—d, where the velocity of the flow field under the free field condition is shown in
Figure 11a,b, from which it can be seen that the velocity of the flow field evolves with time
in a “saddle-shaped” distribution, and the peak of the curve represents the dimensionless
velocity V* at the bubble radius, and the velocity of the flow field decreases with the
increase in the bubble distance. The high-pressure release inside the bubble causes the
surrounding fluid velocity to rise to 9 m/s at t = 1 ps. After that, due to the decrease
in the pressure difference between inside and outside the bubble, the movement of the
bubble boundary becomes less intense, so the velocity of the flow field around the bubble
decreases gradually. When the bubble enters the compression stage, the motion of the
bubble boundary becomes intense again, and the velocity of the peripheral flow field
increases gradually. When ¢ =9 s, the velocity of the flow field increases to the maximum
value of 6.4 m/s.
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Figure 11. Velocity distribution of flow field at different stages.

The velocity distribution of the flow field near the wall is different from the free field.
As in Figure 11c,d, during the expansion phase, the flow velocity between the bubble and
the wall gradually decreases as the spatial position of the bubble decreases, and the velocity
of the flow field near the upper boundary of the bubble is not affected, and the velocity
rises to 9 m/s at t = 1.0 us, which is the same as the maximum flow field velocity of the free
field at the time of expansion. During the collapse of the bubble, the velocity of the flow
field at the top of the bubble increases significantly, and at t = 12.25 us, the velocity of the
surrounding flow field is 21.5 m/s, which is much larger than the velocity of the free field
flow field.

3. Control Strategy of Bubble Cleaning Technology
3.1. Influences of Driving Pressure

Under the conditions of dimensionless distance -y = 1.1 and initial radius Re; = 18 um,
the changes in bubble shape, jet velocity, and wall impact load are studied when the
driving pressure P; is between 0.1 to 1 MPa. Figure 12a,b shows the variation of the radius
and profile of the bubble when the bubble collapses under different driving pressure P;,
respectively. The results show that the time for the bubble to collapse to the minimum
radius is 3.2 ps when P; = 0.1 MPa, while the bubble collapse time to the minimum radius
is 1 us at P; = 1 MPa. With the increase in driving pressure, the bubble collapse velocity
increases, and the collapse period decreases. Moreover, at y = 1.1, the bubble profiles are
the same for different driving pressures P, acting on the bubble collapse, and the equivalent
radius Reg is 13.4 um, which is consistent with the phenomenon observed by Hasio [28].
This shows that changing the initial driving pressure does not affect the shape of the end of
the bubble collapse under the same 7 condition.
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Figure 12. Shape evolution of bubble collapse for different driving pressures P;.

Figure 13a shows the influence of the change in driving pressure on the jet velocity. The
red point is the jet velocity when the bubble collapses. When P; = 0.1 MPa, the maximum
jet velocity is 5 m/s, while when P; = 1 MPa, the maximum jet velocity is 75 m/s. With
the increase in driving pressure, the jet velocity increases gradually. The maximum jet
velocity at this scale is in the same order of magnitude as the experimental measurements
of Brujan [29]. The correlation between different driving pressure values in the range of
0.1 to 1 MPa and the maximum jet velocity is studied. The results show that the jet velocity
increases with the increase in the square root of the driving pressure P;. In this case, the jet
velocity can be approximately as follows:

Vier ~ 1.4/Py/p (10)
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(a) The variation of jet velocity with Pa (b) Pressure variation in the center of the solid wall

Figure 13. Vj, at different P; and the pressure variation at the center of the solid wall.

Under the action of driving pressure, the strong jet continues to develop and push
forward and finally hits the solid wall at a relatively high impact velocity. Figure 13b shows
the pressure change in the center of the solid wall when the bubble collapses under different
driving pressures. At P; = 0.1 MPa, the pulsating pressure value at the center of the solid
wall is 0.15 MPa, while at P; = 1 MPa, the pulsating pressure value at the center of the solid
wall is 43.62 MPa. As the driving pressure increases, the value of the pulsating pressure at
the center of the solid wall increases, and the period of the peak pressure decreases.

There is a correlation between the driving pressure and the wall impact load during
bubble collapse. Chahine studied the relationship between driving pressure and wall
impact load during the collapse of millimeter-sized bubbles (R,; = 2 mm). The correlation
is of great significance for predicting the impact pressure caused by bubble collapse on
the wall. In order to predict the relationship between driving pressure and wall impact
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load during bubble collapse in smaller scale, this paper further studies the relationship
between driving pressure and wall impact load during bubble collapse on a micron scale
(Req = 18 um) based on the Chahine derivation method.

Figure 14 shows the relationship between the jet velocity and the peak pressure on the
wall, in which the blue curve is the maximum peak impact pressure obtained by calculating
the bubble with a radius of 2 mm by the mixing method, and the red curve is the fitting
curve of the jet velocity and the corresponding wall pressure in Table 1. The figure confirms
the traditional view that the pressure caused by bubble collapse is proportional to the
impact pressure of the water hammer, and the following formula can be used to estimate
the impact pressure caused by bubble jet impact with a radius of 18 pum.

Pyp ~ 0.250cVy (11)

100 4~ Peak Pressure
80 F iy

60

Py ! MPa

400

p=0.25pcV,,

0 20 40 60 80
Vja.r / (m/s)

Figure 14. Relationship curve between peak impact pressure and jet velocity.

Table 1. Pressure values at the center of the wall for different driving pressures.

P; (MPa) 0.1 0.25 0.5 0.75 1
t (us) 3.17 2.84 1.96 1.55 1.33
Viet (m/5) 475 21.13 4552 67.43 74.90
Popart (MPa) 0.15 1.44 7.10 22.26 43.62

For higher collapse driving pressure, the impact efficiency will be greater than 0.25.
Based on the relationship between the collapse driving pressure, the wall impact pressure,
and the maximum jet velocity, the correlation between the driving pressure P; and the
wall impact load P, for bubble collapse with a radius of 18 um is obtained by combining
Formulas (10) and (11).

Poy ~ 0.35¢1/pPy (12)

3.2. Influences of Liquid Temperature

The shrinkage characteristics and the impact characteristics of bubbles on the wall
after the collapse of bubbles in aqueous solution from 0 °C to 60 °C are studied under the
driving pressure P; = 0.1 MPa and y = 1.5. The change in temperature leads to a change in
liquid viscosity and surface tension, which, in turn, affects the bubble behavior [30]. Table 2
shows the values of viscosity coefficient and surface tension coefficients of water from
0 °C to 60 °C. The viscosity is very sensitive to temperature. When the temperature is near
the freezing point, the viscosity coefficient is as high as 1.8 mPa-s. When the temperature
increases to 60 °C, the viscosity coefficient decreases to 0.474 mPa-s.

Figure 15 shows the bubble radius and bubble wall velocity at different temperatures.
The influence of different temperatures on the bubble radius is shown in Figure 15a. With
the increase in temperature, the radius of the bubble decreases when it collapses and
increases when it rebounds. When the liquid temperature is 0, 10, 20, 30, 40, 50, and 60 °C,
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the maximum radius of bubble rebound is 17.48, 17.65, 17.67, 17.68, 17.84, and 17.85 um,
respectively. Figure 15b shows the bubble wall velocity at different temperatures. With the
increase in liquid temperature, the bubble wall velocity increases slightly, mainly because
the increase in liquid temperature increases the motion of gas molecules, which in turn
aggravates the collapse velocity of the bubble wall.

Table 2. Viscosity coefficient and surface tension coefficient of water at different temperatures.

Temperature T (°C) 0 10 20 30 40 50 60
Surface tension coefficient o (N/m) 0.0756 0.0742 0.0728 0.0712 0.0696 0.0679 0.0662
Viscosity coefficient y x 1073 (Pa-s) 1.785 1.306 1.003 0.8 0.658 0.553 0.474
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(a) The effect of temperature change on the radius (b) Fluctuation trend of bubble wall velocity

Figure 15. Bubble radius and bubble wall velocity at different temperatures.

The pressures at the center of the bubble action wall at different temperatures are
shown in Figure 16. It can be seen from the figure that the increase in temperature does
not have a significant effect on the first pulsating pressure amplitude generated at the wall
of bubble collapse action. When the bubble passes through several pulsating cycles, the
change in liquid surface tension and viscosity caused by the change in liquid temperature
has a significant effect on the bubble. When the liquid temperature is 0 °C (¢ = 30.6 ps), the
bubble collapse impact pressure on the wall is 178 KPa, while when the liquid temperature
is 60 °C (t = 31 us), the pulse pressure on the wall is 213 KPa. With the increase in the liquid
temperature, the pulse pressure on the wall increases, which is mainly due to the decrease
in the liquid viscosity and the increase in the phase transition rate on the bubble surface
and the bubble shrinks sharply and produces a high-speed jet, which forms a higher impact
pressure on the wall.
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Figure 16. Action of bubbles on the wall at different temperatures.

Changing the liquid temperature in the same medium will have an effect on the liquid
surface tension and liquid viscosity, in which the great change in the surface tension has
little effect on the first bubble collapse [31]. Therefore, the effect of temperature change on
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the bubble dynamics is mainly achieved by changing the viscosity of the liquid. In order
to explain the effect of viscosity on bubble dynamics and wall impact load, the collapse
of cavitation bubble with initial radius Ry = 18 um under liquid viscosity p (0.00314,
0.00595, 0.02052, 0.067, and 0.110 Pa-s) is studied under the driving pressure of P; = 0.1
MPa. The viscous liquid parameters used in the simulation are shown in Table 3. All
viscous values are made of colorless and transparent distilled water and glycerol (DG) in
different proportions.

Table 3. Viscosity of liquids with different glycerol ratios.

Distilled Water/Glycerol (%DG) 20% 40% 60% 80% 100%
Viscosity coefficient p(Pa-s) 0.00314 0.00595  0.02052 0.067 0.110

Figure 17 shows the bubble radius and bubble wall velocity under different liquid
viscosity. The change in bubble radius under different liquid viscosity conditions is shown
in Figure 17a. It can be seen from the figure that liquid viscosity has a significant effect on
the minimum shrinkage radius of bubbles. In 20%, 40%, 60%, 80%, and 100% DG solutions,
its radius is 8.91, 10.11, 10.44, 12.59, and 13.19 pum, respectively. With the increase in liquid
viscosity, the minimum radius of bubble contraction increases. Figure 17b shows the bubble
wall velocity at different liquid viscosities. In a 20% DG solution, the bubble wall velocity
is 7m/s, while in a 100% DG solution, the bubble wall velocity is 2 m/s. With the increase
in liquid viscosity, the collapse rate of the bubble wall decreases, and the time required
for the bubble to contract to the minimum volume is prolonged. Overall, a more viscous
liquid decreases the collapse rate of the bubble walls and increases the minimum shrinkage
volume of the bubbles.

— 20%DG
— 40%DG
— 60% DG 6l
— 80% DG
— 100% DG

—20% DG
—40% DG
—60% DG
—80% DG
—100% DG

t/ps ’ t/ps
(a) Bubble radius at different viscosities (b) Fluctuating trend of bubble wall velocity

Figure 17. Bubble radius and its bubble wall velocity at different viscosities.

The pressure variation at the center of the solid wall during the collapse of bubbles
in different viscous solutions at y = 1.5 and the driving pressure P; = 0.1 MPa is shown in
Figure 18. As the 7 is small, the first collapse of the bubble has the greatest impact on the
wall. Therefore, this paper will only discuss the effect of the first bubble collapse. In 20%,
40%, 60%, 80%, and 100% DG solutions, the maximum pressure values of the first bubble
collapse wall P,y are 317.74, 312.08, 288.31, 233.87, and 200.71 KPa, respectively. With the
increase in liquid viscosity, the pressure of bubble collapse impact wall decreases in varying
degrees. In addition, the time ¢ for bubble collapse to impact the wall is 4.45, 4.48, 4.51, 4.64,
and 4.72 ps in 20%, 40%, 60%, 80%, and 100% DG solutions, respectively, indicating that
the greater the viscosity of the liquid, the longer the period for bubble collapse to impact
the wall.
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Figure 18. Pressure variation at the center of the solid wall in different viscous solutions.

Overall, the change in liquid temperature affects the bubble behavior by changing
the viscosity and surface tension of the liquid, in which the change in viscosity has a more
significant effect on the wall load. At a collapse driving pressure of P; = 0.1 MPa and a
wall dimensionless distance 7 = 1.5, the maximum pressure value of the first collapse of
the bubble affecting the wall increases from 200.71 to 317.74 KPa when the liquid viscosity
decreases from 0.110 to 0.00314 Pa-s. The viscosity of the liquid has an important effect on
the impact strength of the bubble on the wall after collapse. Under the condition of the
same dimensionless distance of the wall, with the increase in liquid viscosity, the impact
duration of bubble collapse on the wall increases obviously, while the impact strength
decreases significantly.

3.3. Influences of the Number of Bubbles

The dynamic behavior of bubbles around the solid boundary is strongly affected by
the initial radius and interval distance of each bubble. Because the size of the bubble
is different, the distance between the bubble and the bubble cannot be given accurately.
Therefore, the potential physical mechanism of bubble collapse is still little known [32,33],
which is worthy of further study. In this paper, the collapse process of different numbers of
bubbles is studied, the influence of the number of bubbles on the bubble collapse process
and the central pressure of the solid wall is analyzed, and then the bubble-bubble coupling
effect in the multi-bubble collapse system is studied.

In order to explore the effect of the change in bubble number on bubble collapse
behavior, this section places different numbers of equal diameter (Ry;;5x = 18 pm) bubbles
equidistant (S = 2 Ry;) around the bubbles near the center of the wall. The arrangement of
bubbles is shown in Figure 19. The number of bubbles around the central bubble near the
wall varies from N = 2 to 8. At the initial time, the distance between the bubble of the wall
near the center and the wall /1 is 36 um, the internal pressure of all bubbles is 2345 Pa, and
the pressure at the boundary of the calculated region is 100,000 Pa.

(@) Analysis of the collapse process of different numbers of bubbles

Figure 20 shows the shape of bubbles in all working conditions when the first pressure
pulse is produced on the wall of the bubble collapse under different bubble numbers.

It can be seen from the figure that the bubble collapse undergoes the stratification
phenomenon, collapsing from top to bottom step by step, and the volume of the bubble
collapsing decreases step by step, with the bubble near the center of the wall having the
smallest volume. When N = 2, 3, 4, and 8 bubbles are placed near the center of the wall, the
time ¢ for the bubble collapse to form a pressure pulse on the wall for the first time is 5.6,
5.9, 6.3, and 7.5 us, respectively. With the increase in the number of surrounding bubbles,
the bubble collapse period near the center of the wall is prolonged.
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Figure 19. Arrangement of different numbers of bubbles in condition V.
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Figure 20. Interaction between bubbles with different numbers of bubbles.

The influence of the change in the number of surrounding bubbles on the pressure
of the bubble in the center of the near wall is shown in Figure 21. With the increase in the
number of bubbles, the pressure of the central bubble increases gradually, and the pressure
at the central bubble mainly depends on the number of bubbles arranged vertically around
it (such as V-2, V-3). The more the number of bubbles arranged vertically, the greater the
internal pressure of the central bubble, while the number of bubbles arranged horizontally
has little effect on the pressure of the central bubble, which mainly affects the pressure
distribution of bubble collapse on the wall. For example, the pressure of the central bubble
near the wall is 320 KPa under V-1 and V-2 conditions. In addition, when different numbers
of bubbles are symmetrically distributed along the central axis (V-2, V-3, V-4), the velocity
streamline in the flow field has the same trend. Taking the surrounding bubble N = 8 (V-4)
as an example, the peripheral bubbles first collapse to form a jet, the direction of the bubble
jet at the central axis is perpendicular to the wall, and the jet direction of the bubbles on
both sides of the axis hits the wall at a certain angle, and the bubbles are closer to the
wall. The smaller the inclination between the jet and the wall. For the multi-bubbles (V-1)
asymmetrically distributed in the flow field, the direction of the bubble jet on the central
axis is no longer vertically pointing toward the wall.

Figure 22 shows the change in pressure in the center of the wall when the surrounding
bubbles are different (N =2, N =3, N =4, N = 8). When the number of bubbles around
the central bubble N = 2, 4, 8, the peak pressure at the center of the wall increases with the
increase in the number of surrounding bubbles, while at N = 3, the wall pressure decreases
significantly, which indicates that with the increase in the number of bubbles, the wall
pressure does not simply increase proportionally, but may also be affected by the bubble
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distribution to show the effect of mutual inhibition. In addition, the response time of the
peak wall pressure is prolonged as the number of bubbles increases.
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Figure 21. Flow field pressure and velocity streamlines in the presence of an unequal number of
surrounding bubbles (N =2, N =3, N =4, N = 8).
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Figure 22. Variation of pressure at the center of the wall in the presence of an unequal number of
surrounding bubbles (N =2, N =3, N =4, N = 8).

(b) Analysis of the collapse process of the bubble group

The study uses a rectangular bubble cluster of nine bubbles as the original model of
the bubble cloud and analyzes the collapse process of the bubble cluster. The working
condition parameters of the cluster are set as shown in Table 4, and the study is divided
into two parts: Under condition VI, when = 2, the collapse process of the bubble cluster
under different bubble spacing is studied. Under condition VII, when S = 0.5 Ry, the
collapse process of bubble cluster under different wall dimensionless distance 7 is studied.



Processes 2023, 11, 2915

19 of 23

Table 4. Calculation cases of bubble cluster.

Condition Number S h 0% Schematic Diagram

VI-1 0.5 Rynax 2 Rynax 2 SO0

Working VI-2 Rnax 2 Ruax 2 '_-' Q (‘I
condition VI VI-3 2 Ry 2 Ry 5 :_—P‘hé%_
rigid boundary

M 05 Ryax 2 Rnax 2 OO0

Working VII-2 0.5 Ryjax 1.5 Rypax 15 ' d
condition VII VII-3 0.5 Rnax Roax 1 Casrad

The interaction between bubbles at different working conditions when the bubble
cluster collapse action produces the first pressure pulse on the wall is shown in Figure 23.
Under the working condition VI, as the bubble spacing decreases, the stronger the restriction
between bubbles, the more significant the bubble shape change. When S = 0.5 R4y, the
bubbles at the central axis are strongly affected by the surrounding bubbles, and most of
the bubbles are “ellipsoidal”. Under conditionVII, for the rectangular bubble cluster with
regular distribution, the shape change in bubble collapse follows the following law: When
7 is the same, the collapse shape of the bubbles on both sides of the axis is similar to that of
the two bubbles distributed horizontally, while the collapse of the bubbles on the central
axis is the same as the shape evolution of the two bubbles distributed vertically, indicating
that the interaction mechanism between the bubbles follows the collapse mechanism of the
two bubbles.

(a1) VI-1, §=0.5Rmax (a2) VI-2 , $5=Rmax (a3) VI-3 , $=2Rmax
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Figure 23. Interaction between bubbles under different working conditions: (a) working condition
VI (b) working VIL

The pulse pressure applied on the wall in the bubble cluster is analyzed. As shown in
Figure 24, the wall impact pressure is affected by bubble-wall distance and bubble-bubble
distance. Under condition VI, the pulse pressure of the bubble cluster collapse on the wall
increases with the increase in bubble spacing. When S = 2 R;;4x, the maximum pressure
acting on the wall is 400 KPa. In working condition VII, the pressure acting on the wall
increases as 7y decreases, and the maximum pulse pressure formed is 450 KPa when the
bubble cluster is very close to the solid wall. By comparing working condition VI and
working condition VII, it is found that reducing the bubble-wall distance and increasing
the bubble-bubble spacing can enhance the pulse pressure on the wall by bubble cluster
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collapse, and the bubble-wall distance plays a more important role in forming a larger
surface pulse pressure. In addition, the change in bubble spacing also has a significant
effect on the energy release of bubble cluster. In engineering, changing the distance between
bubbles (for example, reasonably adjusting the distance between bubbles through external
acoustic interference or increasing the bubble spacing by reducing the bubble size) can also
effectively control the pulse pressure of the bubble to the wall.
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(a) working condition VI (b) working condition VII
Figure 24. Wall center pressure under different working conditions.

3.4. Influences of Bubble Distribution

In Section 3.4, it is found that the asymmetry of bubble distribution has a significant
influence on the flow field and bubble dynamics. In order to clarify the influence of multi-
bubble arrangement on bubble collapse, four different bubble distribution conditions are
set under the same number of bubbles. As shown in Figure 25, the adjacent bubbles are
arranged on a horizontal or vertical wall. The distance between bubbles S and the distance
between bubble center and wall & are set to 2 Ry;px (Ryax = 18 pm).
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Figure 25. Effect of bubble distribution on bubble collapse.

The flow field pressure and velocity streamline under different bubble distributions
are shown in Figure 26. The more surrounding bubbles are concentrated near the solid
wall (such as VIII-1), the more significant the inhibitory effect on the central bubble is, and
the smaller the wall pressure caused by bubble collapse is. When the surrounding bubbles
are concentrated in the upper part of the central bubble (such as VIII-4), the upper bubble
collapses first, and the resulting pressure will increase the collapse pressure of the central
bubble and accelerate the collapse process of the bubble, thus causing greater pulse pressure
on the wall. In addition, when the number of bubbles concentrated in the upper part of the
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central bubble is the same (such as VIII-2, VIII-3), the distribution of the upper bubble will
also have an effect on the central bubble. In the vertical distribution of bubbles in VIII-3,
the pressure inside the central bubble increased by 40 KPa compared with the horizontal
distribution of bubbles in VIII-2. On the whole, the action mechanism of multi-bubble
distribution still follows the law of two bubbles, and its distribution has a significant impact
on the pressure of the flow field and the direction of the velocity streamline.
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Figure 26. Flow field pressure and velocity streamlines with different bubble distributions.

The pulse pressure of the bubble collapse on the center of the wall under different
bubble distributions is shown in Figure 27. The more bubbles concentrated in the upper
part of the central bubble (such as VIII-4), the greater the pressure on the bubble collapse
wall, and the value of the pressure depends on the upper bubble arrangement, such as
VIII-2 and VIII-3. When the number of bubbles in the upper part of the central bubble
is the same, the pressure values of horizontal arrangement and vertical arrangement are
360 and 400 KPa, respectively. The principle of action follows the double bubble criterion,
i.e., vertical arrangement of bubbles can enhance the pressure acting on the wall and the
collapse of surrounding bubbles.
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Figure 27. Curves of the central pressure at the wall for different bubble distributions.
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4. Conclusions

In this paper, the dynamic characteristics of bubbles and their flow field during
cleaning are studied quantitatively by numerical simulation method, and the effects of
driving pressure, temperature, bubble number, and bubble distribution on bubble collapse
and cleaning pressure are further studied. From the point of view of micro-dynamics, the
mechanism of bubble collapse is explored, the main factors regulating bubble collapse
behavior are determined, and a stable and efficient bubble regulation strategy is proposed.
It was found that the collapse time of the bubble near the wall is longer than that in the
free field, the dynamic characteristics of the flow field around the bubble in the free field
show a symmetrical distribution, and the fluid motion near the wall is blocked by the wall.
The characteristics of the flow field between the bubble and the wall become irregular. The
change in pressure leads to the alternating impact of “plastic hinge” on the wall, which is
beneficial for the removal of pollutants. Driving pressure is the main factor affecting bubble
collapse and wall pulsating pressure change, larger wall pressure can better achieve bubble
regulation to meet the actual engineering needs. The temperature has a significant effect
on the wall load, and the increase in temperature will lead to a decrease in liquid viscosity
and an increase in the peak pressure between the bubble and the wall. Compared with the
bubble size and bubble distribution, the impact of increasing the number of bubbles on the
wall is more significant. In practical engineering applications, the air intake and pressure
of the bubble generator can usually be enhanced to increase the number of microbubbles
and collapse impact force and then improve the cleaning efficiency.
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