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Abstract

We have designed, developed, and integrated a comprehensive mathematical and
numerical modelling framework for simulations of the complex physics and highly
dynamic phenomena that occur across different length and time scale in the processes
of sonochemistry and sonication of materials. The framework comprises three
interconnected sub-models: (1) a bubble oscillation and implosion model, (2) a shock
wave emission and propagation model, and (3) a wave—structure interaction (WSI)
model. Firstly, we described in detail the governing equations, numerical schemes,
boundary and initial conditions used in each sub-model with a particular emphasis on
the data mapping methods for numerically linking the three sub-model together. Then,
we present a number of simulation cases to demonstrate the power and usefulness of
the model. We also did systematic model validation and calibration using the in-situ
and real-time collected big X-ray image data. This is the first time such comprehensive
and high-fidelity numerical models have been achieved for sonoprocessing of
materials. Complementary to the most advanced in-situ and operando experiments,
the integrated model is an indispensable modelling tool for computational studies and
optimization of the ultrasound-assisted chemical synthesis and sonoprocessing of
materials.

Keywords: Multiphysics modelling; Sonoprocessing, Bubble Dynamics and Implosion;
Shockwave; Wave-Structure Interaction.

1. Introduction

In a continuous liquid flow containing micrometre sized gaseous and/or solid phases
(e.g., bubbles and/or particles), complex multiphysics interactions often occur among
these phases at different length (from nm to mm) and time scales (from ns to mins )
[1, 2]. These are often found in natural water systems, i.e., in rivers, lakes, and oceans,
and in a wide range of man-made physical or biomedical systems [3-6]. Among those
interactions, the creation, growth, oscillation, transportation and annihilation of the
cavitation bubbles due to the local pressure variation within the liquid media have



attracted vast amount of interests in many scientific disciplines and industrial areas
since the first experimental observation made by Osborne Reynolds in 1895 [7]. Until
now, the most intriguing phenomenon that is still attracting intense research is to
understand the implosion dynamics of cavitation bubbles in different conditions, the
local shockwaves produced by such implosion, and the damaging or beneficial effects
[9] of such local shockwaves in a vast number of fields and applications. For example,
using pulsed laser-induced cavitation shock waves to target biological tissues|[8, 9],
lithotripsy[10, 11], surface cleaning[12, 13], textile processing[14, 15], etc.

In recent years, ultrasound assisted (or enhanced) chemical synthesis and/or
sonoprocessing of structural and functional materials have been rapidly developed.
Most processes explore the beneficial effects of the alternative ultrasonic pressure
produced cavitation bubbles and the shockwave energy released at the bubble
implosion to accelerate chemical reactions, enhance catalytic performance, or enable
highly efficient structure fragmentation or layer exfoliation, such as in the case of
ultrasound-assisted liquid-phase exfoliation (ULPE) of 2D materials [16, 17]. Due to
the highly transient nature of ym sized bubble implosion (at ns scale), especially when
occurred in an opaque liquid medium, it is a great challenging endeavour to perform
any sensible and meaningful experimental observations. Hence numerical modelling
and simulation play a crucial and indispensable role in the research. Most previous
modelling activities had done simulations on a single and two bubble systems, which
provided valuable insights into the fundamental mechanisms governing the bubble—
bubble and bubble—fluid interactions [18-20]. However, most of the bubble data
collected for model validation were from the experiments of focused laser pulses
induced bubble rather than from those by acoustic excitation[21]. Using laser pulses,
precise control can be achieved at bubble nucleation, facilitating the observation of
microjet formation, shock wave propagation, and secondary cavitation events [22].
However, the underlying mechanisms of laser-induced bubble nucleation and
oscillation are different to those produced in ultrasonic pressure fields. The cyclic
acoustic pressure fields produce and drive much larger number of bubbles to be
nucleated and imploded stochastically and collectively, forming highly dynamic bubble
clouds (containing hundreds of or even thousands of bubbles). Within the bubble cloud
region, there are highly frequent multiple bubble interactions, e.g., bubble distortion,
collision, coalescence, shielding, asymmetric collapse, etc. These are not typically
observed in the laser-induced single-bubble and the associated modelling [6, 23, 24].
Hence, the inherently chaotic and bubble cloud collective behaviour are the main
characteristics often found in sonoprocessing, which have not been systematically
addressed by numerical modelling. In addition, many other complexities (i.e.,
multiphysics phenomena) exist inherently in sonoprocessing, e.g., rapid changes of
temperature, different density, viscosity and surface tension, etc. The multiphysics and
integrated numerical model reported here is purposely developed to take those issues
into account in the simulation.

In our earlier work, we developed a numerical model that combines the Volume of
Fluid (VOF) and Continuum Surface Force (CSF) methods to simulate the growth,
oscillation, and implosion of a single bubble in ultrasound fields. This model was
experimentally validated using synchrotron X-ray imaging data [25]. Here, we further
extended the model to deal with the dynamics of multiple bubbles, including the
generation, propagation, and interaction of shock waves, as well as their effects on
bulk materials in viscous fluids. Furthermore, we used a large amount of in-situ and



real-time collected X-ray imaging data for the model validation and calibration,
achieved high fidelity modelling of the complex physics in the sonoprocessing of
materials.

2. Mathematical formulation and numerical methods
2.1 Governing equations for modelling bubble oscillation and implosion

The mathematical formula and governing equations for modelling bubble oscillation
and implosion are listed below. Eq. 1 and Eg. 2 are the continuity equations for the
liquid and gas phase (bubble) respectively [25]:
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Where p; and p, are the liquid and gas density respectively; a; and a, are the volume
fraction and a; + @, = 1. a; = 1 denoting the liquid, a;, = 1 denoting the bubble; U is
the averaged velocity of the two-phase flow. In this model, the bubble and liquid are
treated as immiscible phase with no slip between them. The pressure and velocity are
shared by both phases. The density and viscosity are averaged based on the volume
fraction of each phase.

The Volume-of-Fluid (VOF) is a computationally efficient method for tracking free
surfaces [26], hence was chosen here to track the bubble-liquid interfaces. «; is the
volume fraction of liquid, a; = 1 — q; is that of the bubble., a varies from 0 to 1 across
the interface region.

The summation of Eqg. 1 and Eq. 2 produces the overall continuity equation [27]:
2+7-(pU) =0
(3)

where p = p,a; + pga, is the mixed density of the gas and liquid phase.

The momentum equation reads[28]:

2 (pU)+ V- (pUU) = —Vp+V -7+ pg + okVa, + F, "

where p is the pressure; g is the acceleration of gravity; ¢ is the surface tension
coefficient; F, is the pressure (force) at the acoustic pressure emitting surface and
is calculated by Eq. (12). The term, okVa;, on the right hand of Eq. (4) accounts
for the surface tension force acting on the bubble-liquid interface calculated by the
CSF method [29, 30]; k is the interface curvature calculated by:
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where @, is obtained from the volume fraction a; by smoothing it over a finite region
along the interface using the Lafaurie filter[31]. |&;]| is the absolute value of &;. More
detailed descriptions of the momentum equation are given by Yin et al.[32], 7 is the
viscous stress tensor of a Newtonian fluid and calculated by:

T=p (VU + (WU -2 (V- U)I) o

where [ is the unit tensor, u = w,a; + ugya, is the average dynamic viscosity.

The energy equation expressed in terms of temperature T is written as:
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where 0,and 2 are the heat capacity of the liquid and gas phases respectively at a
constant pressure; K = U2/2 is the kinetic energy; V - (t - U) is the shear stress on
the flow [33]; 4, and A, is the thermal conductivity of the liquid and gas phase,
respectively.

For the liquid phase, the Tait equation of state was used [34]:

p=2%((2)" ~1) +p, (8)

n \\p

where, p, = 998.2 kg/m3 is liquid (water) density at the reference pressure, p, =
3490 Pa. c; the speed of sound in liquid; the exponent n =7.15 was used because
the deionized water (DIW) has weak compressibility [35]. For the gas phase, a
polytropic equation of state was used:

P = xpy ()

where y = 0.12 kg/m3is a constant calculated for an ideal gas at 298 K and ambient
pressure (10320 Pa) [36]; the exponent y is dependent on the thermodynamic
process inside the bubble. In an isothermal process, it is unity. In our case, y = 1.04.
The justification of using those data can be found in our earlier work [37].

Fig. 1(a) shows the typical sonotrode and sample arrangement inside the DIW
contained within a quartz tube holder during the ULPE process, and Fig. 1(c)
presents the mesh and boundary conditions for simulating the oscillation and
implosion of three bubbles (an axis-symmetry model). The quartz tube walls were
set as non-reflective boundaries. The surface of the sonotrode tip in Fig. 1(c) was
defined as a moving wall. The surface of the sonotrode tip in Fig. 1(c) was defined
as a moving wall, vibrating with a velocity of:



V(t,y) = Vysin(wt)cos(ey) (10)
Here, V, is defined as:

Pa

Vo= (1)
where p, is the pressure amplitude of the ultrasound applied, ¢, is the local speed
of sound in liquid, w = 2nf is the angular frequency and f is the frequency of
ultrasound (a Hielscher UP 100H ultrasound processor in this case). In this work, a
fixed frequency of 30 kHz was used. ¢ = w/c; is the wave number of the ultrasound.
The peak-to-peak amplitude of sonotrode tip was measured from the X-ray images
(see Fig.1b). To calculate the acoustic pressure p,. In our study, vibration
amplitudes corresponding to 20%, 60%, and 100% of the full peak-to-peak
amplitude A (i.e., 39, 72, and 102 pm, respectively) were used. The corresponding
acoustic pressure was then obtained as:

Pa = Apciw (12)

where p,c;, and w denote the liquid density, speed of sound, and angular frequency,
respectively.
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Fig. 1. The geometry, mesh structures and boundary conditions used in the bubble dynamics
simulations: (a) A schematic of the experimental setup of the ULPE; (b) Measurement of the
sonotrode tip vibration peak-to-peak amplitude in the DIW by X-ray radiographic images, which is
applied as the boundary condition of sonotrode tip in (c). (c) The finite volume meshes used for
modeling the oscillation and implosion dynamics of three bubbles.

Furthermore, F, described in Eq.(4) is the mean force per unit due to the ultrasound
wave. In this case, F, is defined as:
Pé

F, =— sin(l — coswt)(esin2ey) (13)
picq 2

where y is the vertical distance away from the wave source in the y-axis direction.
Eq. (13) was included in the moving wall boundary condition by using a User-
Defined Function (UDF). The liquid properties are listed in Table 1.

For the three bubble simulation, a steady-state pressure field without bubbles was
first calculated, then the patch method [38] was used to “insert” the three bubbles
into the computational domain.
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2.2 Governing equation for modelling shockwave propagation

The governing equations for simulating shockwave propagation are listed below. It
uses a density-based compressible flow solver based on the central-upwind
schemes of Kurganov and Tadmor [39].

The continuity equation is:

d d
3¢ T 5 (Wp) =0 (14)
The momentum equation is:
oty il ~ dp _
(E)I +op (i) +57=0 (15)
(a) - (b) PRE-PROCESSING

Meshing

~ ¥ -
- Boundary | ]
Conditions

H

Peak value of
shock wave

o H
= ‘ 2 ;
iSSi ity- H

Shockwayve emission o o  Start ensity-based

= O Simulation

Q T

2 §

) . .

$ NO Solution Liquid

g Converge Properties ;

z

Liquid domain | T Boundary -

CFD Solution |-| Solid Properties
WSI 2 :
Fluid flow Shock wave Siaas

[ Stress ]‘“ '[ Strain

Non-reflective Wall

f

Pressure outlet

>[ Displacement ]

L

Fig. 2. (a) The finite volume mesh structures and boundary conditions used in simulating
propagation of the shockwaves produced by multi-bubble implosion; (b) A flowchart illustrating the

methodology for computational fluid dynamics (CFD) and wave—-structure interaction (WSI)
simulations.

The energy equation is:
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FromE, the temperature is calculated by
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where, T is temperature, t time, p density, u dynamic viscosity, § Kronecker delta,
u; velocity vector, k turbulent kinetic energy, x space variable, E energy and C gas
concentration.

2.3 Boundary and initial conditions

2.3.1 Initial conditions

At the instant of bubble implosion, shockwaves were emitted from the bubble center.
Based on the previously established bubble dynamics model in section 2.1, the
initial shockwave intensity was determined. Then, the patch method was used again
to define the bubble center as the origin of the shockwaves (see Fig. 2a) as the
initial condition, allowing them to propagate 1 mm before reaching the surface of the
bulk material.

2.3.2 Wall boundary condition

For the flow at the wall, the boundary condition was set as non-slip & non-reflective
wall. When a shock wave impacts onto a solid boundary, full or partial wave
reflection may occur, causing complex interference patterns such as standing waves
or secondary shock waves [40]. However, in the current model, we only simulated
the 1timpact of the shock wave without considering any subsequent wave reflection
[16, 41], hence, non-reflective boundary conditions were used here.

Hence, the velocity at the wall is

pu; =0 (18)



The pressure at the wall is:

» (19)

The temperature at the wall is (assuming an adiabatic condition):

oT
Z=0 (20)

Assuming an ideal gas, the state equation is:

) (21)

where n is the normal direction to the wall.

(3) Outlet boundary condition

The outlet boundary is defined as a pressure outlet, where the pressure is set equal
to the atmospheric pressure.

Poutiet = Pambient (22)

All other parameter gradients are assumed to be zero.

Table 1. Properties of liquid used for simulation [23, 42]

Parameters Symbol & unit DIW  Silicone oil (50 cSt) Silicone oil (1000 cSt)




Sound speed Co(m.s™) 1482 987 931

Surface tension o(mN.m™Y) 728 21 25
Dynamic viscosity u(cSt) 1 50 1000
Density p(kg.m™3)  998.2 960 970
Thermal conductivity A(W/(m.K)) 0.606 0.15 0.13

* All measurements were conducted at room temperature (around 25°C).
2.4 Model and governing equations for wave- structure interaction

The Finite Element Analysis (FEA) based WSI model in ANSYS Mechanical was
used to simulate the forces and stresses induced by the shockwaves onto the bulk
material (the Highly oriented pyrolytic graphite, HOPG in this study).

The governing equations for an anisotropic, linear-elastic solid are [43]:

M1V} + [Ns]{v} = [F] + [@]{p} (23)

[Z;T &f]{%}J’[i)\ls (ﬁlf]{g}zlf_f (24)

where {v} is the nodal displacement vector and {V} is the acceleration vector. [M,]
is the structural mass matrix; [M;] is the fluid mass matrix.[N;] and [N;] are the
structural and fluid stiffness matrix; [F;] and [F;] are the structural and fluid force

matrix. [¢] is a coupling matrix that represents the effective surface area associated
with each node in the wave-structure interface.

In the WSI modelling, the pressure,p, produced by the shockwave induced by
bubble implosion was taken as the load boundary conditions in Egs. 23 and 24,
following a typical one-way coupling strategy commonly used in Fig. 2(b). Then the
{v} and {i} of the HOPG sheet was calculated. The properties of HOPG used in the
WSI simulation are listed in Tab.2.



Table 2. Properties used for WSI simulation [44, 45].

Parameters Symbol & unit  HOPG
Compressive strength ¢, (MPa) 100 MPa
Tensile strength o; (MPa) 25 MPa
Young's modulus G (GPa) 20 GPa
Density p(g/cm?) 2.26

* All the data of HOPG were measured along the interlayer direction.
2.5 Numerical method and computing hardware

For bubble dynamics modelling, the SIMPLE algorithm [46] was used for density—
velocity coupling in Eq. (1) and (2). For Eq. (3), the Pressure Implicit with Splitting
of Operators (PISO) algorithm [47] was used. All simulations were performed in
double precision using a segregated solver, with the time steps ranging from 1x1077
s to 1x107'° s. The bubble dynamics simulations were performed using the open-
source CFD platform OpenFOAM v2412. Simulations involving shockwave
propagation and its coupling with solid media were conducted using ANSYS Fluent
2024R2 and ANSYS Mechanical 2024, respectively. The data between Fluent and
ANSYS Mechanical were directly transferred via ANSYS Workbench. All numerical
simulations were carried out on an HP Workstation Z2 G9. Each CFD simulation
case required approximately 83 computational hours, while each WSI simulation
case took approximately 32 hours to complete.

2.6 Imaging data from in-situ experiments for model calibration and validation

Since 2011, by exploiting the unique advantages of the ultrafast and high-speed
synchrotron X-ray imaging capabilities available at 32-ID of the Advanced Photon
Source, Argonne National Laboratory (USA), and 112 of the Diamond Light Source
(UK), and the ID19 of the ESRF, researchers in Mi’s group have conducted systematic
studies on the highly dynamic behavior of ultrasonic bubble oscillation, implosion, and
shock wave propagation in different liquid media, including high-temperature liquid
metals [48-50]. Earlier studies primarily focused on validating bubble oscillations and
the associated interfacial instabilities [37]. Here, we focus on elucidating the effects of
viscosity on ultrasonic bubble dynamics. A series of in-situ optical and x-ray images
were presented and compared with the modelled results.

3. Case studies, comparation with experiments and previous modelling work

A series of high-speed optical and X-ray images are presented here and compared
with the simulations with the focus on elucidating the effects of viscosity on the bubble
implosion, shockwave propagation, and shockwave impact onto bulk solid materials.
Here, we used the X-ray imaging data to validate our model. Fig. 3(a) shows the
dynamics of a single bubble in DIW and 50 cSt silicone oil, respectively, alongside the
corresponding simulation results in Fig.3(b) for comparison. The simulations show
good agreement with the experimental observations.
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Fig. 3. oscillating bubble behavior observed at APS 32-ID in (a) DIW and (b) silicone oil (50 cSt). The
corresponding simulation results below the X-ray images for comparison.

3.1. Bubble dynamics in fluids of different viscosities

Ultrasound processing may produce significant changes on the viscosity of the
processed liquids [51]. These changes are caused by numerous reasons, for example
rising temperature and structure changes of the processed liquid, flow or shear
induced thinning effect, etc. On the other hand, viscosity also has profoundly impact
on bubble nucleation, growth, implosion, and shock wave propagation [52]. To further
quantify and elucidate the effects of viscosity, we selected three representative fluids:
deionized water (DIW), low-viscosity silicone oil (50 ¢St), and high-viscosity silicone oll
(1000 cSt). Figs. 4(a—c) show some typical optical images, showing the dynamic
behaviours of ultrasonic cavitation bubbles in DIW, 50 cSt, and 1000 cSt silicone all,
respectively. In DIW, cavitation bubbles can nucleate below the sonotrode tip “easily”,
then grew rapidly and moved downward in the pressure field (Fig. 4a). In contrast, the
bubbles in 50 cSt silicone oil (Fig. 4b) exhibit a more spherical shape because of the
higher viscosity (more clearly by comparing the bubble morphology in d1 with those in
d2). In 1000 cSt oil (Fig. 4c), strong viscous damping effect limits bubble growth,
resulting in tiny (~2 um) bubbles that stayed close together and moved down slowly.
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Fig. 4. Three typical optical image sequences, showing the bubble dynamic behaviours in (a) DIW, (b)
50 ¢St silicone oil and (c) 1000 ¢St silicone oil below the sonotrode tip (11,000 fps). (More dynamic
information is illustrated in Videos 1-3).

The Reynolds number ( Re = %, u is the velocity of the bubble wall) is the ratio of the

inertial force versus the viscous one. Assuming a bubble radius of 50 ym and a wall
velocity of 0.21m/s, as estimated from X-ray imaging data, the Re number is
calculated to be 10.5 in water and 0.0105 in 1000 cSt silicone oil. Hence, the inertial
force dominates, causing higher degree of surface instabilities which lead to more
distorted or deformed bubble morphology in DIW (see Fig.3a). In contrast, silicone oil
with higher viscosity results in a lower Re, and therefore the viscous force is “in control”,
suppressing the velocity-induced disturbances at the bubble wall, making the bubble
to maintain a more stable and spherical shape (see Fig. 3b). Similar phenomenon was
reported by Rossello et al. [53] when studied the bubble dynamics in water droplets,
and found that the gas—water interface has higher degree of instabilities. As
comparison, Li et al. [54] used laser to induce cavitation bubbles inside oil droplets
and found that the viscous oil significantly suppressed oscillation-induced instability.
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implosion within one acoustic cycle in DIW; (b) the pressure profiles as a function of time for different
viscosity media during bubble implosion. (More dynamic information is illustrated in Video 4).

Using this validated bubble model, we studied systematically the effects of viscosity
on bubble dynamics. We used an initial acoustic pressure of 10 MPa, ensuring the
occurrence of implosion of the bubble in silicone oils. Figure 5(a) shows the simulation
results of a single bubble and the corresponding pressure distribution over one
acoustic cycle. The evolution of the bubble morphology is presented alongside
synchronized pressure contour maps. Between 3 ps and 22 s, the bubble undergoes
intense compression, generating outward-propagating shock waves. By 35 us, it
develops into a distorted conical jet. Following jet penetration, the bubble evolves into
a vortex ring (or toroidal) structure at 37 uys. The observed bubble dynamics are in
strong agreement with previous simulation and experimental studies [55, 56]. Fig. 5(b)
shows the pressure wave propagation as a function of time for different viscosity. The
50 ¢St Si oil produced a peak pressure of ~17 MPa. The 1000 cSt one resulted in ~24
MPa. Interestingly, secondary and even tertiary shockwaves occurred in the two
silicone oil cases with reduced intensities (ranging from 4 to 8 MPa) due to the effect
of viscous dissipation. As shown in Fig. 6a, there existed a critical viscosity, u*, when
a liquid of p < p*, the damping effect dominates, dissipating kinetic energy during
bubble collapse. Increasing viscosity in this regime inhibits rapid bubble contraction,
reduces minimum radius, and thereby reduce the intensity of the emitted shock wave.
This behavior agrees with classical damping theory and is consistent with the
experimental results reported by Luo et al.[57]. When g > p*: The system enters a
high-damping regime, where the influence of viscosity becomes nonlinear. The
bubble’s implosion and oscillation rates are significantly delayed due to increased
viscous resistance. However, if the external driving forces (e.g., acoustic pressure)
persist, internal pressure within the bubble gradually accumulates
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profiles under the two conditions, highlighting enhanced kinetic energy retention in the high-viscosity
regime due to suppressed energy release.

over time. This prolonged energy accumulation can eventually trigger a delayed
bubble collapse, leading to a sudden release of energy, producing a shock wave
with even higher intensity. Below, we estimate the viscosity threshold based on the
energy conservation law.

The inertial energy of an imploding bubble:

1 .
Einertia~ 2 ernax (25)

Viscous dissipation during the implosion time t :

4HR72nax
Ebiscous™ RZ T (26)
PRmin

Setting Einertia = Eviscous,» We obtain:

* R?nin
pr = p? (27)

Using the parameters from our X-ray imaging work: initial radius: Ry, = 300um ,
Minimum radius during implosion: R,,;, = 30um, Driving frequency: f = 30 Khz,
Liquid density: p = 1000 kg/m3.

Substituting into Eqg. (27), we obtain: u* = 13.7 mPa.s. In our simulations, the silicone
oils have viscosities of 50 mPa-s and 1000 mPa-s, both substantially exceeding the
estimated threshold py*. Consequently, the shock wave intensity was observed to
increase with viscosity. Yasui et al. [58] also simulated the shock waves produced in
viscous liquids. They showed that in a high viscous liquid (~200 mPa-s) exposed to
an acoustic pressure of ~2 MPa, bubble implosions could be more violent than in pure



water, which was consistent with our results here. These predictions have also been
validated by experiments. For example, Zong et al.[59] reported the use of static
pressure to assist large-scale ultrasonic exfoliation of graphite. Although higher static
pressure suppresses the start of cavitation formation, it increased the violent
behaviour at bubble implosion.
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Fig. 7. (a) The simulated sequence of interactions in a two-bubble system in an ultrasound field,
illustrating the chain reaction initiated by the implosion of one bubble; (b) the pressure profiles as a
function of time for one cycle at the center of bubbles B1 and B2. The inset in Fig. 5b shows an enlarged
view of the red dotted region. (More dynamic information is illustrated in Video 5).

Formation of the intense secondary shockwaves in silicone oils is due to two factors:
I. Temporary energy storage in viscous fluids: As the bubble implodes, its volume



rapidly decreases, compressing both the internal gas and the surrounding liquid. The
pressure-induced work during this collapse can be expressed as:

W=[Pdv (28)

where P is the internal gas pressure and dV is the change in bubble volume. In high-
viscosity fluids, internal friction slows the liquid’s movement, preventing rapid energy
(shock wave) release. The corresponding profiles, as shown in Fig. 6b, reveal that
under high-viscosity conditions, shock wave emission is delayed by nearly five cycles.
Moreover, the peak energy stored reaches approximately 48 mJ, which is over three
times higher than that in the low-viscosity case (15 mJ).

Il. Viscosity-induced lag: As the bubble reaches its minimum size, the internal gas
pressure reached its peak. However, due to the lag induced by viscosity, the
surrounding liquid continues to collapse inward, creating a transient imbalance
between the rising internal pressure and the inward momentum of the liquid. This
imbalance causes the bubble to rebound. The delayed response of the surrounding
fluid leads to an expansion phase, during which a backflow wave forms and converges
at the bubble’s center, releasing the stored energy and generating a short but intense
secondary shockwave.

A comprehensive understanding of bubble interactions is essential, as these
interactions are pervasive and significantly influence the dynamics within cavitation
zones, particularly as bubbles move away from the sonotrode tip, where its behavior
becomes more intertwined. Here, we further investigate a two-bubble system, focusing
specifically on how the implosion of one bubble to influence the other. Fig. 7(a) shows
a simulation case in DIW (bubble B1 and B2). The sonotrode tip (initial pressure
boundary) was 1 mm above B1. The simulation shows that B1 was rapidly compressed,
formed a C-shape at 0.5 ps (Fig. 5a2) and then a shockwave emitted. The implosion
of B1 subsequently triggered the implosion of B2 in 0.2 ps. At 6.8 ps, another
shockwave was emitted by B2 and induced the secondary implosion of B1. Fig. 7(b)
shows the shockwave pressure profiles as a function of time at the center of B1 and
B2. Three implosion events can be clearly identified, occurred in a period of 0.5 ys.
Notably, the shockwave produced by B2 reached a peak value of ~27 MPa,
significantly exceeding that by the 15t implosion of B1. Interestingly, with the same
initial pressure input, no bubble implosion was seen in the two silicone oil cases.

The cyclic acoustic pressure fields can trigger the nucleation of large number of
bubbles at the same time, their collective growth often leads to the formation of a
bubble cloud. To perform a tractable simulation for a bubble cloud, we did simulation
of a 3-bubble system, studying particularly how one bubble implosion to create a chain
reaction of implosion to others. Fig. 8(a) shows the initial bubble arrangement (again
the input pressure boundary was 1 mm above bubble B3, see Fig. 8a1). After B3
imploded (see Figs. 8a5 ~ 6), the produced shock wave propagated towards B4 and
B5, triggering the implosion of B5 and then B4 with the time interval of just 0.07 ps.
Fig. 8(b) presents the pressure profiles as a function of time at the center of B3, B4,
and B5. The shockwaves emitted by B4 reached a peak value of ~34 MPa.
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the red dotted region. (More dynamic information is illustrated in Video 6).

If there is no interaction (interference of other bubbles or objects), a single bubble
would implode after undergoing several cycles of oscillation. Simulations show that
the chain reaction could significantly increase the frequency of bubble implosion.
When the shockwave peak induced by bubble implosion reached the vicinity of the
surrounding bubbles, the pressure gradient at the bubble interface increased sharply.
This sudden increase forced the surrounding bubbles to implosion rapidly on a
timescale (~0.5 ys) much shorter than the acoustic pressure cycle (~16.65 ps). This
rapid implosion disrupted the original slow evolution, which is normally dominated by
the pressure differential between the bubble interior and the surrounding fluids, leading



to premature implosion. As the local pressure continues to rise, the acceleration of the
bubble wall increased markedly, the radius decreased rapidly, and the internal gas was
compressed nearly isentropically to extreme temperature and pressure. This leads to
the release of more intense energy and stronger shockwaves, further amplifying the
local impact onto the surrounding fluids.

The chain reaction revealed by the simulation can also be validated by the Rayleigh—
Plesset theory [60]. We consider the phenomenon in DIW, assuming a liquid density
of 1000 kg/m3, an initial maximum bubble radius of 10 ym, and a surface tension of
0.072 N/m. The relationship between the peak pressure generated by bubble
implosion and the collapse time can be approximately expressed as:

Pocar~p (22)° (29)

Where, P, is peak pressure generated by bubble implosion, p is liquid density, ¢, is
collapse time, R,,,4, is the initial maximum bubble radius. Since the simplified model
mentioned above neglects factors such as liquid viscosity, compressibility, and
deviations from ideal spherical collapse. The estimated pressure reaches as high as
127 MPa—significantly overestimating the value compared to the numerical model. In
addition, the occurrence of this chain reaction is highly sensitive to the liquid’s viscosity.
In silicone oil, such a reaction is less likely to occur because of the higher threshold
required for bubble implosion and the greater dissipation of shockwaves.

3.2. Shockwave propagation in fluids with varying viscosities

When multiple bubbles undergo implosion, each generates a rapid pressure buildup
that evolves into a shockwave. The shockwaves from neighbouring bubbles interact
and overlap, resulting in a cumulative effect where the individual shockwaves combine,
thereby intensifying the overall pressure field. Here, we examine the dynamics of
shockwave propagation in fluids with different viscosities. To enable a tractable
simulation, we assume that the shockwaves generated by the three bubbles originate
at the same vertical position along a horizontal line. We used the peak pressure of
shock waves generated by bubble implosion in liquids of different viscosities, as shown
in Fig. 5, as the initial condition: 7.2 MPa in DIW, 17.2 MPa in 50 cSt silicone oil, and
24 MPa in 1000 cSt silicone oil. Fig. 9(a1) illustrates the initial positions of these
shockwave fronts.
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Fig. 9(a—c) illustrate the propagation and interference behaviors of three shockwaves
in fluids with varying viscosities. In the case of DIW, as the shockwaves propagated,
the three individual fronts gradually merged into a single, larger wave that continued
traveling downward. The interference between the shockwaves led to complex,
unevenly distributed pressure contours, with alternating positive and negative
pressure bands during propagation. Upon reaching the HOPG surface, the intensity
of the shockwave remained nearly unchanged from the initial value (~6 MPa),
indicating minimal dissipation over a propagation distance of 1 mm. Although the
waveform in 50 cSt silicone oil was similar to that in DIW (~1 cSt), its wave intensity
decreased from an initial 17 MPa to 7 MPa. Such attenuation is attributed to the higher
viscosity that damps the wave propagation, resulting in higher energy dissipation.
Interestingly, in 1000 cSt silicone oil, the earlier diffraction phenomenon disappears,
and the wave characteristics are no longer obvious, indicating that at such high
viscosity, the shock wave experiences significant damping. Despite this, the shock
wave released by bubble implosion, which can reach up to ~24 MPa, results in a wave
intensity at the HOPG surface of approximately 9.7 MPa, still higher than that results
in DIW.

3.3. Shockwaves impact onto the bulk materials

In our study here, the HOPG has hydrophobic surface [61], which promoted cavitation
nucleation as argued by Belova et al. [62] and also confirmed by our in-situ X-ray
imaging observations and simulation work [37]. In this work, we mainly focused on
quantifying the shockwaves produced by the imploded bubbles above the HOPG
surface and the subsequent impacts onto the HOPG surface.
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The WSI model allows us to calculate the stress produced in the HOPG induced by
the shockwaves. Figs. 10(a) and (b) show the stress distribution across the HOPG,
where the central region experienced the highest stress, reaching up to ~6.5 MPa in
water. A significant gradient was observed across the cross-section, with stress levels
near the corners approaching zero. To further quantify these effects, Fig. 9(c) presents
the tensile stress profiles at point P1 (center of HOPG) in the fluids with different
viscosities.

Despite the significantly higher shock wave energy dissipation in viscous liquids such
as 50 cSt and 1000 cSt silicone oils compared to DIW, the tensile stress transmitted to
the HOPG surface is slightly greater, increasing from approximately 6.5 MPa in DIW
to around 10 MPa in 1000 cSt silicone oil. It is clearly evident that viscosity significantly
increases the threshold for cavitation bubble implosion and inhibits shockwave
propagation [63]. Several studies [52] have also demonstrated that when the ultrasonic
exfoliation or dispersion reached 180 mins, the viscosity of the dispersion liquid could
rise as high as 3200 cSt. Our findings suggest that effective dispersion or exfoliation
remains achievable even under highly viscous conditions, if bubble implosion can still
occur when the acoustic pressure exceeds the threshold. Moreover, the selection of
an appropriate ultrasound frequency is critical; lower frequencies may be necessary
to induce effective cavitation in high-viscosity liquid.

4. Conclusion

We have developed a mathematical and numerical modelling framework for
simulations of the complex physics and highly dynamic phenomena in the processes
of sonochemistry and sonication of materials. We also did systematic model validation
and calibration using the in-situ and real-time collected big X-ray image data. The key
findings of this research are:



1. Viscosity has different effects. At the bubble growth stage, the damping effect
can suppress bubble oscillations and therefore reducing interfacial instabilities.
For bubble implosion, there exists a critical viscosity threshold. Below the
threshold, bubble implosion may occur quickly but with less intensive shock
wave due to the damping effect. Above the threshold, sufficient time is needed
to accumulate energy for bubble implosion (need longer time for incubation),
but once imploded, it produces much intensive shock waves which may
overcome the viscous damping effect.

2. For a system containing multiple bubbles, the shockwave generated by the
implosion of one bubble can trigger chain implosion actions of other bubbles.
In the chain implosion, the multiple shockwaves can be triggered in a few tens
of nanoseconds and peak pressure could be much higher than those triggered
only by the original ultrasound pressure fields.

3. In addition to the most advanced in-situ and operando experimental
approaches, this integrated model is an indispensable modelling tool for
computational studies and optimization of the ultrasound-assisted chemical
synthesis and sonoprocessing of materials.

Acknowledgements

The authors would like to acknowledge the financial support from the UK Engineering
and Physical Sciences Research Council (Grant Nos. EP/R031819/1; EP/R031665/1;
EP/R031401/1; EP/R031975/1). We also would like to acknowledge the uses of the
Viper High-Performance Computing (HPC) Facility of the University of Hull and its
technical team (Mr Chris Collins in particular) for the support on computing and
simulation related work.

References

[1] J.H. Masliyah, S. Bhattacharjee, Electrokinetic and colloid transport phenomena,
John Wiley & Sons, 2006.

[2] C.E. Brennen, Fundamentals of multiphase flow, (2005).

[3] T. Uchida, Quantitative evaluation of ultrasonic cleaning ability using acoustic
cavitation signal, Japanese Journal of Applied Physics 60 (2021) SDDDO04.

[4] A. Rosales Pérez, K. Esquivel Escalante, The evolution of sonochemistry: From
the beginnings to novel applications, ChemPlusChem 89 (2024) e202300660.

[5] A. Priyadarshi, S.B. Shahrani, T. Choma, L. Zrodowski, L. Qin, C.L.A. Leung, S.J.
Clark, K. Fezzaa, J. Mi, P.D. Lee, New insights into the mechanism of ultrasonic
atomization for the production of metal powders in additive manufacturing, Additive
Manufacturing 83 (2024) 104033.

[6] D. Eskin, I. Tzanakis, F. Wang, G. Lebon, T. Subroto, K. Pericleous, J. Mi,
Fundamental studies of ultrasonic melt processing, Ultrasonics Sonochemistry 52
(2019) 455-467.



[7] O. Reynolds, IV. On the dynamical theory of incompressible viscous fluids and
the determination of the criterion, Philosophical transactions of the royal society of
london.(a.) (1895) 123-164.

[8] A. Vogel, W. Hentschel, J. Holzfuss, W. Lauterborn, Cavitation bubble dynamics
and acoustic transient generation in ocular surgery with pulsed neodymium: YAG
lasers, Ophthalmology 93 (1986) 1259-1269.

[9] T. Juhasz, G.A. Kastis, C. Suarez, Z. Bor, W.E. Bron, Time -resolved observations
of shock waves and cavitation bubbles generated by femtosecond laser pulses in
corneal tissue and water, Lasers in Surgery and Medicine: The Official Journal of the
American Society for Laser Medicine and Surgery 19 (1996) 23-31.

[10] S. Yoshizawa, T. Ikeda, A. Ito, R. Ota, S. Takagi, Y. Matsumoto, High intensity
focused ultrasound lithotripsy with cavitating microbubbles, Medical & biological
engineering & computing 47 (2009) 851-860.

[11] M.R. Bailey, Y.A. Pishchalnikov, O.A. Sapozhnikov, R.O. Cleveland, J.A.
McAteer, N.A. Miller, 1.V. Pishchalnikova, B.A. Connors, L.A. Crum, A.P. Evan,
Cavitation detection during shock-wave lithotripsy, Ultrasound in medicine & biology
31 (2005) 1245-1256.

[12] C.-D. Ohl, M. Arora, R. Dijkink, V. Janve, D. Lohse, Surface cleaning from laser-
induced cavitation bubbles, Applied physics letters 89 (2006).

[13] W. Song, M. Hong, B. Lukyanchuk, T. Chong, Laser-induced cavitation bubbles
for cleaning of solid surfaces, Journal of applied physics 95 (2004) 2952-2956.

[14] S. Nieto, E.G.B. Alfaro, C. Gamarra, A. Zambrano, J.W.V. Flores, C.C. Olivera,
M. Ruiz-Vergaray, Hydrodynamic Cavitation as a Clean Technology in Textile
Industrial Wastewater Treatment, Chemical Engineering Transactions 86 (2021) 277-
282.

[15] M. Khajeh, E. Taheri, M.M. Amin, A. Fatehizadeh, J. Bedia, Combination of
hydrodynamic cavitation with oxidants for efficient treatment of synthetic and real
textile wastewater, Journal of Water Process Engineering 49 (2022) 103143.

[16] L. Qin, B.M. Maciejewska, T. Subroto, J.A. Morton, K. Porfyrakis, |. Tzanakis,
D.G. Eskin, N. Grobert, K. Fezzaa, J. Mi, Ultrafast synchrotron X-ray imaging and
multiphysics modelling of liquid phase fatigue exfoliation of graphite under
ultrasound, Carbon 186 (2022) 227-237.

[17] K.L. Ng, B.M. Maciejewska, L. Qin, C. Johnston, J. Barrio, M.-M. Titirici, I.
Tzanakis, D.G. Eskin, K. Porfyrakis, J. Mi, Direct evidence of the exfoliation
efficiency and graphene dispersibility of green solvents toward sustainable graphene
production, ACS Sustainable Chemistry & Engineering 11 (2022) 58-66.

[18] R. Han, A.-M. Zhang, S. Tan, S. Li, Interaction of cavitation bubbles with the
interface of two immiscible fluids on multiple time scales, Journal of Fluid Mechanics
932 (2022) A8.



[19] J. Luo, Z. Niu, Jet and shock wave from collapse of two cavitation bubbles,
Scientific reports 9 (2019) 1352.

[20] J. Luo, W. Xu, J. Deng, Y. Zhai, Q. Zhang, Experimental study on the impact
characteristics of cavitation bubble collapse on a wall, Water 10 (2018) 1262.

[21] W. Xu, Y. Zhang, J. Luo, Q. Zhang, Y. Zhai, The impact of particles on the
collapse characteristics of cavitation bubbles, Ocean Engineering 131 (2017) 15-24.

[22] I. Akhatov, O. Lindau, A. Topolnikov, R. Mettin, N. Vakhitova, W. Lauterborn,
Collapse and rebound of a laser-induced cavitation bubble, Physics of Fluids 13
(2001) 2805-2819.

[23] I. Tzanakis, G. Lebon, D. Eskin, K. Pericleous, Characterizing the cavitation
development and acoustic spectrum in various liquids, Ultrasonics sonochemistry 34
(2017) 651-662.

[24] |. Tzanakis, W. Xu, D. Eskin, P. Lee, N. Kotsovinos, In situ observation and
analysis of ultrasonic capillary effect in molten aluminium, Ultrasonics Sonochemistry
27 (2015) 72-80.

[25] S. Miller, H. Jasak, D. Boger, E. Paterson, A. Nedungadi, A pressure-based,
compressible, two-phase flow finite volume method for underwater explosions,
Computers & Fluids 87 (2013) 132-143.

[26] M. van Sint Annaland, N. Deen, J. Kuipers, Numerical simulation of gas bubbles
behaviour using a three-dimensional volume of fluid method, Chem. Eng. Sci. 60
(2005) 2999-3011.

[27] B. Van Wachem, A.-E. Almstedt, Methods for multiphase computational fluid
dynamics, Chem. Eng. J. 96 (2003) 81-98.

[28] S.O. Catarino, J.M. Miranda, S. Lanceros-Mendez, G. Minas, Numerical
prediction of acoustic streaming in a microcuvette, Can. J. Chem. Eng. 92 (2014)
1988-1998.

[29] Y. Li, J. Zhang, L.-S. Fan, Discrete-phase simulation of single bubble rise
behavior at elevated pressures in a bubble column, Chem. Eng. Sci. 55 (2000) 4597 -
4609.

[30] J.U. Brackbill, D.B. Kothe, C. Zemach, A continuum method for modeling
surface tension, J. Comput. Phys. 100 (1992) 335-354.

[31] B. Lafaurie, C. Nardone, R. Scardovelli, S. Zaleski, G. Zanetti, Modelling
merging and fragmentation in multiphase flows with SURFER, J. Comput. Phys. 113
(1994) 134-147.

[32] J. Yin, Y. Zhang, J. Zhu, Y. Zhang, S. Li, On the thermodynamic behaviors and
interactions between bubble pairs: A numerical approach, Ultrason. Sonochem. 70
(2021) 105297.



[33] H. Yu, L. Goldsworthy, P. Brandner, J. Li, V. Garaniya, Modelling thermal effects
in cavitating high-pressure diesel sprays using an improved compressible multiphase
approach, Fuel 222 (2018) 125-145.

[34] P. Koukouvinis, M. Gavaises, O. Supponen, M. Farhat, Simulation of bubble
expansion and collapse in the vicinity of a free surface, Phys. Fluids 28 (2016)
052103.

[35] P. Koukouvinis, M. Gavaises, O. Supponen, M. Farhat, Numerical simulation of
a collapsing bubble subject to gravity, Phys. Fluids 28 (2016) 032110.

[36] S. Qiu, X. Ma, B. Huang, D. Li, G. Wang, M. Zhang, Numerical simulation of
single bubble dynamics under acoustic standing waves, Ultrason. Sonochem. 49
(2018) 196-205.

[37] L. Qin, K. Porfyrakis, |. Tzanakis, N. Grobert, D.G. Eskin, K. Fezzaa, J. Mi,
Multiscale interactions of liquid, bubbles and solid phases in ultrasonic fields
revealed by multiphysics modelling and ultrafast X-ray imaging, Ultrasonics
Sonochemistry 89 (2022) 106158.

[38] A.S. Sohaimi, M. Risby, S.A. Ishak, S. Khalis, M. Norazman, . Ariffin, M. Yusof,
Using computational fluid dynamics (CFD) for blast wave propagation under
structure, Procedia Computer Science 80 (2016) 1202-1211.

[39] M. Winter, Benchmark and validation of Open Source CFD codes, with focus on
compressible and rotating capabilities, for integration on the SimScale platform,
(2014).

[40] K. Yasui, T. Kozuka, T. Tuziuti, A. Towata, Y. lida, J. King, P. Macey, FEM
calculation of an acoustic field in a sonochemical reactor, Ultrasonics sonochemistry
14 (2007) 605-614.

[41] J.A. Morton, M. Khavari, L. Qin, B.M. Maciejewska, A.V. Tyurnina, N. Grobert,
D.G. Eskin, J. Mi, K. Porfyrakis, P. Prentice, New insights into sono-exfoliation
mechanisms of graphite: In situ high-speed imaging studies and acoustic
measurements, Materials Today 49 (2021) 10-22.

[42] G.B. Lebon, I. Tzanakis, K. Pericleous, D. Eskin, Experimental and numerical
investigation of acoustic pressures in different liquids, Ultrason. Sonochem. 42
(2018) 411-421.

[43] D. Dhande, G. Lanjewar, D. Pande, Implementation of CFD—FSI technique
coupled with response surface optimization method for analysis of three-lobe
hydrodynamic journal bearing, Journal of The Institution of Engineers (India): Series
C 100 (2019) 955-966.

[44] J. Rantala, https.//www.electronics-cooling.com/2002/08/pyrolytic-graphite-
thermal-performance-by-structure/, in.

[45] E. Carbon, https.//www.eastcarb.com/qraphite-mechanical-properties/, in.

[46] S. Patankar, Numerical heat transfer and fluid flow, Taylor & Francis, 2018.


https://www.electronics-cooling.com/2002/08/pyrolytic-graphite-thermal-performance-by-structure/
https://www.electronics-cooling.com/2002/08/pyrolytic-graphite-thermal-performance-by-structure/
https://www.eastcarb.com/graphite-mechanical-properties/

[47] M.A. Sohail, R. Ullah, CFD of oscillating airfoil pitch cycle by using PISO
algorithm, Engineering and Technology 60 (2011) 1929-1933.

[48] D. Tan, T.L. Lee, J.C. Khong, T. Connolley, K. Fezzaa, J. Mi, High-speed
synchrotron X-ray imaging studies of the ultrasound shockwave and enhanced flow
during metal solidification processes, Metallurgical and Materials Transactions A 46
(2015) 2851-2861.

[49] D. Tan, In situ ultrafast synchrotron X-ray imaging studies of the dynamics of
ultrasonic bubbles in liquids, in, University of Hull, 2015.

[60] B. Wang, D. Tan, T.L. Lee, J.C. Khong, F. Wang, D. Eskin, T. Connolley, K.
Fezzaa, J. Mi, Ultrafast synchrotron X-ray imaging studies of microstructure
fragmentation in solidification under ultrasound, Acta Materialia 144 (2018) 505-515.

[61] Y. lida, T. Tuziuti, K. Yasui, A. Towata, T. Kozuka, Control of viscosity in starch
and polysaccharide solutions with ultrasound after gelatinization, Innovative Food
Science & Emerging Technologies 9 (2008) 140-146.

[62] L. Yu, Y. Lin, L. Li, H. Zong, Y. Zhou, S. Zhao, Z. Zhang, N. Grobert, B.M.
Maciejewska, L. Qin, Understanding interfacial dynamics: Hydrostatic pressure-
induced sono-dispersion of carbon nanotubes, Surfaces and Interfaces 51 (2024)
104740.

[63] J.M. Rosselld, H. Reese, K.A. Raman, C.-D. Ohl, Bubble nucleation and jetting
inside a millimetric droplet, Journal of Fluid Mechanics 968 (2023) A19.

[64] S. Li, Z. Zhao, A.-M. Zhang, R. Han, Cavitation bubble dynamics inside a droplet
suspended in a different host fluid, Journal of Fluid Mechanics 979 (2024) A47.

[65] Q. Wang, K. Yeo, B. Khoo, K. Lam, Vortex ring modelling of toroidal bubbles,
Theoretical and Computational Fluid Dynamics 19 (2005) 303-317.

[66] T. Zhang, A.-M. Zhang, S. Zhang, S. Long, R. Han, L. Liu, C.-D. Ohl, S. Li, Free-
surface jetting driven by a cavitating vortex ring, Journal of Fluid Mechanics 1003
(2025) A4.

[67] J. Luo, G. Fu, W. Xu, Y. Zhai, L. Bai, J. Li, T. Qu, Experimental study on
attenuation effect of liquid viscosity on shockwaves of cavitation bubbles collapse,
Ultrasonics Sonochemistry 111 (2024) 107063.

[68] K. Yasui, A. Towata, T. Tuziuti, T. Kozuka, K. Kato, Effect of static pressure on
acoustic energy radiated by cavitation bubbles in viscous liquids under ultrasound,
The Journal of the Acoustical Society of America 130 (2011) 3233-3242.

[69] H. Zong, M. Gao, A.U.H. Mohsan, Y. Lin, Y. Zhou, L. Yu, S. Zhao, Y. Li, J.
Zhang, Effect of static pressure on ultrasonic liquid phase exfoliation of few-layer
graphene, Ultrasonics Sonochemistry 105 (2024) 106863.

[60] A. Prosperetti, A generalization of the Rayleigh-Plesset equation of bubble
dynamics, Physics of Fluids 25 (1982) 409-410.



[61] X. Miao, A. Gao, S. Hiroto, H. Shinokubo, A. Osuka, H. Xin, W. Deng, Adsorption
characteristic of self-assembled corrole dimers on HOPG, Surface and Interface
Analysis: An International Journal devoted to the development and application of
techniques for the analysis of surfaces, interfaces and thin films 41 (2009) 225-230.

[62] V. Belova, D.A. Gorin, D.G. Shchukin, H. M6hwald, Controlled effect of
ultrasonic cavitation on hydrophobic/hydrophilic surfaces, ACS applied materials &
interfaces 3 (2011) 417-425.

[63] A.V. Tyurnina, I. Tzanakis, J. Morton, J. Mi, K. Porfyrakis, B.M. Maciejewska, N.
Grobert, D.G. Eskin, Ultrasonic exfoliation of graphene in water: A key parameter
study, Carbon 168 (2020) 737-747.

Pressure input Sonotrode tip

(a) Sonotrode (b) .
Moving_v_@ﬂ vHit

| 25

—_
O
~—

= REROOOTA ok sile -
2
| Sonotrode tip g
©
<
3 Soild -~ HOPG DIW
Z axis i
1%%(b) (b1) (b2) (b3)
3.2
i
o P1
To+ 2 s 6.4 us 8.2 us

=y /
6.“ 5 /<‘ \ \
= / ‘\‘
Tn’ 0 \ / \ \"x
17}
5 5 \/ \
2 ——1 ¢St S / \ \ / \
% -10F—50 cSt
qC) ——1000 cSt
© 15 -
0 20 40 60 80 100

Time (us)



Non-reflective Wall

“Bubble collapse -
s

Shockwave emission

Liquid domain

!

Pressure outlet

o sl ailw

PRE-PROCESSING

(b)

Meshing

- Boundary
Conditions

© Peak value of '
shock wave :

& Start
S S u]ation

ensity-base:

Compressible

Non-reflective Wall

NO Solution
------------------------ Converge

YES

Properties

Non-reflective
B

CFD Solution }‘

= Solid Properties

WSI

Fluid flow

Acoustic pressure& | |
Shock wave

Wall Shear
Stress

[ Stress ]‘.. ,[

Strain ]

'[ Displacement ]

T,+0 s 33318 66.7 s 100 s 133.3 us TotOps 7.4 ps 147ps  221ps  295ps  36.8pus
4
Tg+0 ps 37 us 69 us 125 us 139 us TotOus  79us 149pus  228us 32pus 387 s
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