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Claus-Dieter Ohl (Germany)

Prof. Claus-Dieter Ohl has graduated with a PhD in physics in 1998 in the
group of Prof. Werner Lauterborn from Gottingen University. He then spent
time as a postdoc with Prof. Andrea Prosperetti, at Johns Hopkins University,
Prof. Detlef Lohse at Twente University, studying mostly bubbles in liquids
with experiments. From 2005 he became group leader on bioeffects of
cavitation as VIDI fellow. In 2007 he joined as Assistant Professor Nanyang
Technology University in Singapore. The research remained with vapor and
gas bubbles, but it also extended towards the surface nanobubbles. In 2021
Prof. Ohl was tenured and he joined in 2017 the Otto-von-Guericke University
in Magdeburg as full professor. Current interest are cavitation in soft material,
bulk nanobubbles, and surface waves.

Mojca Zupanc (Slovenia)

Res. Assoc. Dr. Mojca Zupanc is a researcher at the University of Ljubljana in
the field of cavitation exploitation, where she focuses on connecting basic
science with real-world applications. After receiving her PhD in 2013 in the
field of environmental science, where she studied the potential of cavitation
for the degradation of micropollutants. She was awarded the Excellence in
Science Award in 2022. Her innovative work in developing various cavitation
devices resulted in two second prizes in the Best Innovation Award
competition at the University of Ljubljana (2014 and 2022), a grant from the
University of Ljubljana Innovation Fund (2020), UL Knowledge Transfer Office,
for projects with industrial use potential, a national patent (S1 24180 A, 2014),
and two international patent applications (LU501013: 2021;
W02022112191A1: 202). She is also a Pl in a bilateral Slovenia-Turkey project
(2023-2024).




Martin Petkovsek (Slovenia)

Assist. Prof. Dr. Martin Petkovsek is a researcher at the University of
Ljubljana. He is specialized for research in fluid dynamics and two-phase
flows, with emphasis on cavitation. His field of expertise is experimental
modeling of cavitation erosion, thermodynamic effects at cavitation,
exploitation of cavitation for (waste)water treatment and basic research on
cavitation dynamics. He received his PhD in 2016 and was appointed
Assistant Professor in 2018. As a visiting researcher, he worked at ParisTech
(France), VirginiaTech (USA) and University of Twente (Netherland). He has
published more than 35 journal articles and co-authored 4 patents. For his
innovative work he was awarded 2nd prize (together with M. Dular and M.
Zupanc) at the “Best Innovation Award” of the University of Ljubljana (2014)
and 1st prize (together with M. Dular) at the International Technology
Transfer Conference of the Jozef Stefan Institute (2020). As principal
investigator he received funding in total of 1M EUR for 4 research projects.

Giancarlo Cravotto (Italy)

Giancarlo Cravotto became a researcher at the Department of Drug Science
and Technology (University of Turin), after four years of experience in the
chemical and pharmaceutical industries. His research activity in the domain
of green organic synthesis and processing, is documented by more than 500
scientific, peer-reviewed papers (H. Index 63, 17,000 citations by Scopus), 21
patents, 42 book chapters and 7 books as editor. He is Full Professor of
Organic Chemistry and Department vice-Director (former Director 2007-
2018). He is Editor-in-Chief of Processes (MDPI) and former ESS President
(European Society of Sonochemistry). Recent Awards: Gold medal “Paterno”
2020 (Italian Chemical Society).
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Timothy Leighton (United Kingdom)

Timothy Leighton FRS FREng FMedSci ScD is the founder and Chair of the
Global Network for AntiMicrobial Resistance and Infection Prevention (Global-
NAMRIP). He is Professor of Ultrasonics and Underwater Acoustics at the
University of Southampton; and the Executive General Director and Inventor-
in-Chief of Sloan Water Technology Ltd., a UK manufacturer and R&D
establishment founded on his patents. A fellow of three National Academies,
he has been awarded 8 international medals, and 6 international prizes. His
fundamental discoveries have lead to changes in practice, and the
introduction of new technology, for ocean and space exploration; for climate
change prediction; for infection prevention and pandemic research; for the
safety of human exposure to ultrasound; for marine mammal communications
and behaviour; for the treatment osteoporosis, kidney disease and migraine;
and for advanced radar and sonar. The Institute of Physics Paterson medal
citation (2006) describes “Timothy Leighton’s contribution is outstanding in
both breadth and depth. He is an acknowledged world leader in four fields”.

Judy Lee (United Kingdom)

Judy Lee obtained from Melbourne University, Australia: a degree in B.Eng.
(Chemical) and B.Sc (Physics), and PhD on “Acoustic bubble dynamics in the
presence of surfactants”. She spent 1.5 years as a postdoc on “Ultrasonic
processing of dairy ingredients”, 2 years as a JSPS Fellow in Japan exploring
“Acoustic cavitation dynamics and production of functional shelled-
microbubbles” and to diversify her research area, she spent further 2 years as
a postdoc on membrane filtration for desalination. In 2012 she was awarded
the DECRA by the Australian Research Council to work on “Ultrasound
enhanced crystallisation”. In 2015 she joined Surrey University UK as a Senior
Lecturer and promoted to Associate Professor in 2021, and is currently
Director of Learning and Teaching for Chemical Engineering. Her research
interests are fundamental and applied aspects of ultrasound processing and
membrane filtration, with a particular interest in water and wastewater
treatment.
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Grzegorz Boczkaj (Poland)

Grzegorz Boczkaj is an associate professor at the Faculty of Civil and
Environmental Engineering, Gdansk University of Technology (GUT), Poland.
He obtained a PhD (2012, with honors) in chemical technology (chemical
engineering) at GUT and a habilitation in same discipline (2017). He is the
leader scientist of research group working on new developments in the field
of environmental science, separation techniques, chemical engineering as
well as analytical chemistry. He was a principal investigator of several
research projects (in total above 1,5 min S). Few projects were dedicated to
studies on fundamentals and applications of cavitation based processes. He
has published over 150 journal articles, book chapters, and technical reports.
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On the path to Pin Disc Hydrodynamic Cavitation Reactor
commercialisation

Jurij Gostisa !, Matevz Dular!, Tadej Stepisnik?, Mojca Zupanc!

"Faculty of Mechanical Engineering, University of Ljubljana
2National Technical University of Athens

Abstract

An energy-efficient, large capacity and robust hydrodynamic cavitation (HC) generator is one of
the key missing elements on the way to the industrial exploitation of HC. One promising type of
such device is the rotating HC generator, which is the focus of our research. Our group has been
working in the field of cavitation utilisation for more than 10 years, and we have reached a point
where we want to advance the science toward commercialization, and to do this we needed to
achieve three main goals. First, we had to find an industrial process for a “problematic” fluid
where cavitation could be used in an economically acceptable way. Second, we had to develop a
machine — the cavitation generator - that could efficiently perform the set task and finally, we
had to acquire at least basic entrepreneurial skills to handle the commercialization part. We found
that the substrates used to produce biogas in the anaerobic reactors could be pretreated with
cavitation to make the nutrients more accessible to the bacteria and improve production yield and
speed. We are currently in the pilot testing and economic feasibility evaluation phase.
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Effect of Particle Size on Laser Nucleation of Bulk Nanobubbles on Gold
Nanoparticles

Yatha Sharma!, Claus-Dieter Ohl!, Juan Manuel Rossell612
'Otto-von-Guericke-University Magdeburg, Institute of Physics, Universititsplatz 2, 39106 Magdeburg, Germany
*Faculty of Mechanical Engineering, University of Ljubljana, Askerceva 6, 1000 1 jubljana, Slovenia

1. Introduction

Gold nanoparticles absorb light in the visible spectrum. Due to the high electrical conductivity of gold and the
particle sizes below the wavelength of the light, plasmonic resonance may occur. When the resonance conditions
are met, the particles heat up, and subsequently, the excess of heat dissipates to the surrounding medium. This
energy transfer potentially induces a localised liquid-gas phase transition, leading to the formation of vapour
bubbles in immediate proximity to the nanoparticles. The heat transfer from the particles to the liquid bulk is
influenced by factors like the duration of the excitation laser pulse, laser pulse fluence, nanoparticle size, and the
material of the nanoparticles, etc. [1].

2. Objectives

This research focuses on studying the effects of critical parameters such as laser pulse energy, particle size, and
solution concentration on the formation of vapour nanobubbles through laser energy deposition on gold
nanoparticles suspended in a solution.

3. Materials & methods

The experimental setup for pulsed laser-induced bulk nanobubble generation is shown in Fig. 1(a). The
nanobubbles are created when the particles in the liquid sample are illuminated by a collimated laser beam
(Nd:YAG) with a wavelength of 532 nm. The samples are contained in a glass cuvette placed on top of a shockwave
generator (medical-grade Lithotripter) as shown in Fig. 1(a). The lithotripter creates a shock wave followed by a
rarefaction wave (Fig. 1(b)) which is focused in the path of the the laser beam [2,3,4].
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Figure 1(a): Experimental setup (side view) Figure 1(b): Shockwave generator bipolar pressure curves

The negative phase of the pressure wave expands the nano-sized voids into micron-sized bubbles for a short
duration. These are then illuminated by a continuous LED light source and observed orthogonally to the laser
beam using a high-speed camera. The image pixels are about 10.9 um in size.

Nanobubble nucleation was studied in four different liquid samples. The control sample (i.e., ultrapure water
passed through a 50 nm pore size filter, here called nanopore water, NPW) was compared with different solutions
of gold nanopatticles of 10, 60, and 150 nm in diameter and concentrations of ~ 10% and ~ 10 particles/ml.
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4. Results

The nucleation efficiency (see Fig. 3) of gold nanoparticles of different sizes was computed by comparing the
bubble population generated by the nanoparticles in a given nucleation volume to the estimated number of added
nanoparticles in that volume. The nucleation volume (as shown in the inset of Fig. 2) was calculated based on the
frame width where the bubble nucleation occurs. This width was treated as the diameter of an imaginary cylinder,
in which the laser energy exceeds the nucleation fluence threshold.
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Figure 2: Lefi: bubble population at different laser energies and particle siges; right: example image with nucleation width

The influence of the nanoparticle size on the dynamics of nanobubble dissolution was also studied as a function
of delay times (At) between the seeding laser pulse and the arrival of the rarefaction wave in the test samples (see
Fig. 4). The change in the bubble number as a function of At was then correlated with the theoretical dissolution
time derived from the Epstein-Plesset model.

Excitation Laser Peak Fluence [J/cm?] 70
14 2331 43 6 7.2 91 103 11.8 Samples @ 1.e4 p/ml concentration
100 60 —-G-—NPW

/K Samples @ 1.e4 p/ml concentration A —-3-~GNP 10 nm (30 p)
T —3— GNP 10 nm (30 p) =50 % GNP 60 nm (20 p)
= o /1 GNP 60 nm (20 p) % \\‘ --8-- GNP 150 nm (36 p)
2 —5—GNP 150 nm (36 p) 240 ‘%
g 60 g \
i S0 N}
c e \
o 40 & g \
® )
8 20Q §\
Q i \
z 2 10F+ é‘% é_\Q

484 Xy
0 N - — 0 ”@Q;B;E;ggfgﬁ%
243852 73 10.1 121 15.3 17.3 199 102 10° 102 10¢
Energy (mJ) Delay Time AT [ms]
Figure 3: Effect of laser energy on the nucleation efficiency Figure 4: Lifetime of nanoparticle-based nanobubbles

5. Conclusions

Varying the laser energy showed no significant effect on the nanobubble nucleation efficiency of the nanoparticles.
The deviations in the data at energy densities lower than 1.41 J/cm? (shown in red) are due to small nucleation
volumes and can be omitted from the analysis. The bubble nucleation efficiency is highest for a particle size of 60
nm. However, the nanoparticle size did not significantly affect the size and lifespan of the generated nanobubbles.
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Characterization of Ozone Nanobubble Technology (NBOT)
H. E. Kuhn!?3, W. P. Fagan!, J. D. Fuchs!, L. K. Weavers!?>

" Civil, Environmental and Geodetic Engineering, Ohio State University, Columbus, OH
2Environmental Sciences Graduate Program, Columbus, OH
’Obio Water Resources Center, Coluntbus, OH

1. Introduction

Ozone is a powerful oxidant that has been used in water treatment for over a century®. Ozone
reacts with contaminants via direct oxidation by molecular ozone (Oz) and through hydroxyl
radicals (*OH) produced during ozone decomposition. Ozone is an unstable gas; therefore, it is
produced on-site and delivered to water as a gas. Today, ozone is typically delivered via macro-
sized gas bubbles in water treatment, but the use of nanobubbles is emerging. Nanobubbles are
bubbles with diameters smaller than 1 pum. The small size of nanobubbles provides favorable
characteristics for gas delivery into water, including reduced buoyancy resulting in a longer
lifetime in aqueous solutions, higher mass transfer, and minimized off-gas from solution?.
Additionally, previous work suggests that nanobubbles produce *OH during collapse, which
would provide additional oxidation. Nanobubble ozone treatment (NBOT) delivers ozone gas
through nanobubbles, which may increase the effectiveness of ozone treatment*. This research
was completed as part of a larger study examining the effectiveness of NBOT for the treatment
of cyanobacteria harmful algal blooms. Here, we aim to characterize Oz and *OH formation,
characteristics, and lifetime during NBOT treatment.

2. Obijectives

The objective of this study is to determine the oxidants produced within the system
during NBOT treatment, and at what quantity. Specifically, objectives are:

1. Quantify aqueous Os produced during and after treatment.

2. Quantify «OH production during and after treatment.

3. Determine O3 fate and formation of «OH through the unit.

. ~ [Os]g
3. Materials & methods Monitor

The NBOT unit used in this study consists of an @)
ozone generator attached to a pump system that produces
and delivers ozone nanobubbles into solution (Figure 1).
An oxygen concentrator feeds an 0zone generator(s) which
injects ozone into the influent, untreated water via a
venturi system. Then, effluent ozonated water flows into a :
contact tank equipped with an ozone destruct mechanism 0,/0; Nanobubble  Influent
to eliminate released gaseous phase ozone. Water is Generator  Pump Solution

o0

Qo
)

Effluent
Solution

pumped out of the system under constant pressure through  Figure 1. Diagram of the Nanobubble Ozone Technology

a patented nozzle that creates additional nanobubbles. The  unit.
ozone generator can be turned off, allowing for
experiments with oxygen nanobubbles to be conducted as well.

To determine aqueous ozone concentration, indigotrisulfonic acid (indigo) with an
absorbance at 600 nm was used®. At a low pH (pH < 3), ozone reacts with the carbon-carbon
double bond in indigo, resulting in a bond cleavage that produces colorless products which do
not interact further with ozone. The change in indigo absorbance is proportional to the
concentration of aqueous ozone, and thus is used to determine the aqueous ozone
concentration produced during treatment.

To measure «OH production, disodium terephthalate (TPT) was used as a probe. TPT
is a nonfluorescent molecule that reacts with «OH to produce hydroxyterephthalate (HTA), a
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fluorescent molecule®. The increase in fluorescence intensity is proportional to the cumulative
concentration of «OH produced. This method works over a range of pH, allowing for these
experiments to be completed at low (< 3) and high (> 8) pH.

These probes were used to determine the mass transfer, formation, and fate of
oxidants produced during NBOT treatment. To quantify the production of oxidants within the
NBOT unit, the probes were added to a buffered DI influent solution and pumped through the
unit. Probes were also added to buffered DI effluent solution to determine the formation and
fate post treatment. The change in fluorescence/absorbance was also measured over time to
calculate the cumulative formation of the oxidants.

4. Results and Conclusions

When probes were added to the influent solution, the highest oxidant production
occurred inside the NBOT unit. These results show that the treatment occurring inside the
unit is most substantial. For most effective treatment, the highest contaminant concentration
to be treated should be passed through the unit during deployment.

*OH production was highly dependent on the pH of the solution and whether O, or
O3 feed gas was used. During oxygen nanobubble treatment without ozone present,
cumulative «OH generation was minimal and occurred only at low pH. At high pH, no
measurable amount of *OH was produced inside the unit or over time in effluent solution.
The lack of oxidant formation during nanobubble treatment without ozone present indicates
that O2 nanobubble treatment alone is ineffective as an advanced oxidation process.

During ozone treatment at high pH, *OH production occurred within the NBOT unit
but no increase in cumulative [*OH] over time was observed. During ozone treatment at low
pH, the «OH production inside the unit was ~20% of the production at high pH. However, a
~300% increase in cumulative [*OH] was observed over the first week following treatment.
The cumulative [*OH] continued to increase over the course of 30 days until reaching and
plateauing at the concentration observed at high pH. These results suggest that additional *OH
production following initial treatment only occurs at low pH.

Immediately following treatment, [Oz]aq Was ~80% of the cumulative concentration
produced over time. The remaining 20% of the cumulative [Os]aq increased during the first
week following treatment, before plateauing and reaching the final cumulative concentration,
which was over 500% of the cumulative [*OH]. These results suggest that most of the
delivered ozone is immediately transferred to aqueous ozone at low pH.
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Concept for an Experimental Study Investigating Effects of Coriolis Forces
on Cavitation-Bubble Collapse in an Ultra-High-Speed Rotating System

Peter J. Thomas!, Iakovos Tzanakis?, Paul Prentice3, Marko Hocevar* Matvez Dular*

"Fluid Dynamics Research Centre, School of Engineering, University of Warwick, Coventry CV'4 7AL, UK.
2School of Engineering, Computing and Mathematics, Oxford Brookes University, Oxford 0X3 OBP, U.K.
?James Watt School of Engineering University of Glasgow, Glasgow G12 800
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1. Introduction

Coriolis effects, arising from background system rotation, can result in numerous, unique and often
highly counter intuitive, effects on fluid flows (cf. [1]). Cavitation occurs frequently in rotary or swirling
tlows (e.g. ship propellers). However, due to the short time scales, and the small spatial scales, associated
with cavitation-bubble dynamics, in comparison to the time scale relevant to the rotary flow, Coriolis
effects are not relevant in currently existing technological contexts. Coriolis effects are not addressed in
any of the textbooks on cavitation (e.g. [2-8]). Nevertheless, it is in principle possible to design a
laboratory experiment where Coriolis effects should exist. We believe that these effects could, potentially,
be exploited beneficially in the context of new, cavitation-based industrial technologies.

2. Objectives

The objective of the presentation is to outline the concept for the experimental configuration required
to induce strong Coriolis effects on cavitation bubbles, to discuss the relevant parameters governing the
process, to illustrate when Coriolis effects can be expected to affect cavitation-bubble dynamics, to
speculate as regards what its effects might be and to discuss in which contexts one might, potentially,
beneficially exploit the effects that arise. The long-term goal is to design, build and test a rig that enables
performing experiments investigating the effects induced by Cortiolis forces on cavitation bubbles under
the extreme conditions at ultra-high-speed background rotation.

3. Experimental Rig & Theoretical Considerations

The concept for the envisaged rig is illustrated in Fig. 1.
The new approach is to generate cavitation bubbles within a
small (height and diameter each approx. 40 mm) liquid-filled
(liquid density p), high-speed-rotating cylindrical container.
The rotational velocity, £2 (rotation frequency f), around the
Z axis is sufficiently high such that strong Coriolis effects will
be expected. Bubbles themselves are to be generated inside
the container by means of standard methodologies (laser or
ultrasonic excitation).

(@)

Figure 1: Concept for ultra-high-speed rotational The r(?tauon induces a radial p.ressure grz?dlent dp/ d.r of
cavitation rig. (A), Rotating container; (B), Video | INCTeasing pressure, from the axis of rotation to the inner
camera; (C), Pulsed laser; (D), Parabolic mirror; | container wall. The pressure gradient depends on the rotational
(E), Pressure  sensor/ reflector; (F), Power- velocity {2. The cavitation bubbles will naturally be testrained to

generation unit; (G) Magnetostrictive excitation | the central Z-axis, due to the radial pressure gradient.
coil for generation of acoustic cavitation; (H)

PUDF patch on inner wall It is well known that the collapse of cavitation bubbles located in

the vicinity of rigid walls creates powerful liquid jets [2-8]. For a
cavitation bubble located near the top or bottom wall of the container the direction of the jet would be aligned with
the z-axis (towards the wall).

The Coriolis force is given by Fp = —2pf3 x U. Coriolis effects are expected when the Rossby number, Ro =
U/20L adopts values Ro < 1. The Rossby number characterizes the ratio of inertial and Coriolis forces. The
relevant charactetistic velocity scale is U = d/t., where d. and t. represent, respectively, the bubble diameter and
the bubble-collapse time. The magnitude of the collapse time is of the order 10™* s. The relevant characteristic length
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scale L cotresponds to the bubble diameter. Therefore, one finds that Cortiolis forces are important when f >
1/(4mt.) = 800 Hz, corresponding to 48,000 rpm. Devices to achieve rotation rates of that magnitude, or above,
are available. For instance, commercial wood routers for under €100 operate at rotation rates up to 32,000 rpm and
tutbo charger rotate at rates of up to around 360,000 rpm (see e.g. [9]). However, very challenging design issues will be
associated with balancing the 1ig at such operational speeds and ensuring the integrity of a transparent container
under these conditions.

For strong rotation (i.e. at low Rossby numbers) there exists a tendency to suppress vertical gradients 0/9z of
the flow-velocity components U and v associated with the horizontal x and y coordinate directions in the spinning
container in Fig. 1. This phenomenon is known as the Taylor-Proudman theorem. If U, ¥ have certain values at a
particular height z, say at the height of the green plane in Fig. 1(a), then these velocity values have to remain
unchanged for any other position along the z-axis. That is, background rotation has a rigidifying’ effect on the fluid
and this leads to the formation of so-called Taylor columns, which are well-documented in the literature [1]. This
implies, in turn, that a 3D bubble implosion should tend to align itself with the Z-coordinate axis, the axis of rotation,
to generate a more powerful wall-directed jet. In the planned experiments the Rossby number will be substantially
below one. Thus, the Taylor-Proudman theorem indicates that significant new effects in cavitation-bubble dynamics
can be created. The Coriolis induced effects will be complemented by the extremely large radial pressure gradients.
For instance, we have estimated that for a small water-filled container of radius R = 20 mm spinning between
30,000 — 60,000 rpm (500 — 1000 Hz) pressures between 20 — 80 atm will exist at the inner container wall. That
corresponds to the pressure existing at a depth of 200 — 800 m below the surface of the ocean and the associated
radial pressure gradients are of the order of 1 — 4 atm/mm.

4. Potential Applications and Conclusion

The expectation is that the extreme conditions offer the potential to increase and focus the energy
released during bubble collapse. This could be exploited for manufacturing nano-materials, food
processing or pharmaceutics. To the best of our knowledge such a study has never been performed
anywhere before. There exists the possibility for a quantum-leap advance of our knowledge about
cavitation, leading to entirely new branches in the physics of ultrasonic cavitation processing and
cavitation intensification.
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1. Introduction

Chestnut (Castanea sativa Mill.) wood waste, mostly generated by sawmill works, can be extracted in water
to obtain practically only hydrolysable tannins, which are insensitive to temperature and unaffected by
enzymes, offering an interesting chance to assess the feasibility, yield and economy of extraction
processes using hydrodynamic cavitation (HC). Chestnut tannin (CT) is a commodity with consolidated
technical uses and emerging uses in food and medicine [1,2], yet locally abundant wood waste resources
are still mostly untapped. The feasibility of HC-based CT extraction over a range of solid (dry mass) to
liquid ratios (SLR) was recently shown at the real scale [2]. The extraction yield and the overall efficiency
of the process are affected by the biomass concentration (BC), as well as by more subtle effects related
to the hydraulic circulation of fibrous wood particles with large aspect ratio, particle size and saturation,
turbulence and shear. Slurries of fibrous biomass particles could dampen turbulence, lower friction and
pressure losses, and increase the efficiency of centrifugal pumps over pure water only conditions [3-5].

2. Objectives
This study aimed at providing a deeper insight into the HC-based CT extraction processes, including
pump’s efficiency, extraction rate, process yield (PY), and overall economy.

3. Materials & methods

The chestnut wood samples, smaller than 3 mm in linear size, were extracted in tap water only at room
pressure. Experimental details were described in previous study, including the HC extractor with a
circular Venturi reactor [6], materials, tests identification, measurement methods and computation of the
cavitation number (CN) [2]. A further test is presented here, with a substantially higher SLR of 1:6.

4. Results

Figure 1 shows absorbed power (POW), CN (water-only), and heating efficiency (HE), against process
temperature. HE was computed as the percentage ratio of the heat supplied to the water-wood mixture to
the consumed electricity, accounting for both pump’s efficiency and thermal dissipation.
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Figure 1: (A) Absorbed power and CIN; (B) Heating efficiency.

POW grew non-linearly with BC, exceeding the water-only condition at SRL greater than 1:46, and
collapsing at temperatures above 90°C. CN was fairly constant at the level of 0.18 until 60°C, then decteased
down to 0.09 at 90°C and 0.02 at 100°C, with supercavitation starting between 90°C and 100°C. Despite
higher power consumption, HE was always substantially greater than with pute water only (e.g., at 60°C,
water-only HE was 50%, and with SRL of 1:38 was greater than 80%), and generally decreased non-linearly
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with BC. Likely, the HC-driven fast grinding and microporosity enhancement of the wood particles, and
the enhancement of mass transfer leading to fast biomass saturation, contributed to the drag reduction and
the increase in pump’s efficiency. The HE collapse above 75°C was likely due to increased thermal friction
and heat dissipation, and eventually by supercavitation. Further investigation is recommended.

CT extraction rate is known to increase with water temperature, and the microporosity enhancement during
developed cavitation likely boosted the later extraction rate [2]. Thus, the high HE favorably affected PY.
Figure 2 shows the cumulative CT extraction rate over time, and the same quantity, along with the specific
energy (energy consumed per unit mass of extracted CT), against temperature.
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Figure 2: (A) Cumulative CT extraction rate over time; (B) Cumulative CT exctraction rate and specific energy against temperature.

CT extraction rate per unit dry biomass showed two distinct patterns: higher levels at low BC, up to 1:30,
and lower levels at higher BC, with the frequency of cavitation events hitting single particles likely playing
a role, however in a remarkable non-linear way. A process time of 30 minutes at boiling point provided the
highest rate in the highest BC test (1:6), which showed also by far the highest PY (inverse of the specific
energy). Interestingly, test 1:30 showed higher PY than test 1:16, likely due to substantially higher HE levels.

5. Conclusions

CT extraction using HC was technically feasible, revealed a few interesting points, and left ample room
for further improvement. At the optimal conditions found so far, i.e., BC of 1:6, 30 minutes at boiling
point, with specific energy consumption of 5.7 Wh per g of extracted CT, and assuming a power price
of 0.45 €/kWh, the specific operational production cost of CT would be about 2.6 €/kg. Including the
further steps of pre-grinding (or sieving), separation, concentration and spray-drying, the total
manufacturing cost of dry CT was estimated around 5 €/kg.

Further process optimization might include, among the other things: further increasing HE at high BC
conditions; increasing cavitational yield (higher bubble density); experimenting at higher BC.
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1. Introduction

Microbially polluted water can contain various pathogens, including viruses, and is a source for the spread
of various diseases. For instance, waterborne human enteric viruses infect millions of people each year,
leading to increased hospitalization rates and mortality. In addition, waterborne plant viruses can destroy
crops, leading to financial losses and food shortages. This becomes even more relevant with the global
increase of arid regions, where reuse of wastewater in irrigation is becoming an alternative to water
scarcity. This is why the use of technologies that can efficiently inactivate viruses is so important.

In recent years, several environmentally friendly methods for water decontamination have emerged. Two
of these methods are hydrodynamic cavitation and non-equilibrium/cold plasma. When hydrodynamic
cavitation bubbles collapse, extreme mechanical effects (e.g., extreme shear forces, shock waves, pressure
pulsations, high temperatures, and microjets) are generated in their microenvironment, which can also
lead to the formation of OH and H radicals. Both mechanical effects and radicals can inactivate viruses
by disrupting their integrity and by oxidation, respectively. During plasma treatment, various short- and
long-lived reactive species are formed, depending on various factors such as the type of sample treated
and the gas. These species can also inactivate viruses by oxidation. In addition, plasma emits ultraviolet
and/or vacuum ultraviolet photons that can affect viral nucleic acids and thus prevent viral replication.
However, it is challenging to introduce gaseous plasma into the liquid. Therefore, coupling with another
method that enables gas in a liquid, such as cavitation, could solve this challenge.

2. Objectives

In the first part of our studies, our aim was to evaluate the efficiency of hydrodynamic cavitation in
inactivating various viruses in water. In the second part, the main objective was to construct a unique
device combining supercavitation with plasma and test its inactivation potential.

3. Materials & methods

In the first part of the studies, we used a hydrodynamic cavitation test rig with the Venturi constriction
(Figure 1) to treat viruses in water, e.g., potato virus Y (PVY) and bacteriophage phi6. We treated PVY, an
important plant pathogen that can cause high losses in potato crops, with initial concentrations of 105 to
106 RNA copies/uL of the sample. Furthermore, in light of the COVID-19 pandemic, we also treated
bacteriophage phi6, which is often used as a surrogate of SARS-CoV-2. We worked with initial
concentrations of 10° to 107 plaque-forming units (PFU)/mL. In all experiments, we treated 1 L of water
that was pushed from one reservoir to another by pressurized air. In each pass, the sample passed through
the constriction where it was cavitated. The pressure difference between the two reservoirs was maintained
at 7 bar. Inactivation efficiency was determined using test plant infectivity assays for PVY and plaque assays

for phib.
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Figure 1: Schematic representation of hydrodynamic cavitation test rig !



2rd Workshop on Cavitation Exploitation, Ljubljana

In the second part of our studies, we constructed a device combining supercavitation with non-equilibrium
plasma (Figure 2). After optimizing the device, we performed several experiments. We treated ~0.5 L of
circulating water with bacteriophage MS2, a surrogate of human enteric viruses at a concentration of 10> to
106 plaque-forming units/mL. We determined the efficiency of virus inactivation using infectivity plaque
assay.

sampling
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Venturi SONOFLOW
constriction flow meter

supercavitation
water vapor
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P
vacuum
— peristaltic pump

Figure 2: The schematic of the combined plasma-supercavitation device (not to scale). Pressure, water flow, temperature, pH, and H,0,
production were monitored during the experiments®.

4. Results

We successfully inactivated PVY with hydrodynamic cavitation after 500 passes (lasting about 50
minutes) in all experiments, whereas even shorter treatments of 125 or 250 passes were sufficient in some
experiments!. Inactivation of phi6 was time- and temperature-dependent, with longer treatments and
higher temperatures providing the best inactivation. For example, at water temperatures of 10 and 20 °C,
inactivation occurred after 1000 passes predominantly by the mechanical effect of cavitation and resulted
in a reduction of up to 4.5 logs, whereas at 30 °C the reduction increased to up to 6 logs and was strongly
influenced by the elevated temperature, which likely made the virus more sensitive to the cavitation
treatment?.

Inactivation of bacteriophage MS2 with the combined supercavitation and non-equilibrium plasma
technology was also time-dependent, with better inactivation achieved with longer treatments.
Inactivation of more than 5 logs was achieved after only 4 min of treatment?.

5. Conclusions

Hydrodynamic cavitation can successfully inactivate different types of viruses in water. However, rather
long treatment times are required to achieve high inactivation. On the other hand, the combination of
supercavitation with non-equilibrium plasma provided fast virus inactivation, suggesting that this
technology could be used for decontamination of various water sources.
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1. Introduction

Wastewater treatment becomes of utmost importance with increasing water resources scarcity. It
becomes even more important with growing pollution in form of so called micropollutants (residuals of
pharmaceuticals, pesticides, hormones, personal care products and other persistent organic compounds).
Situation is reflected also in EU legislation and new Water framework directive tackles the issue of
micropollutants removal in the last stage of wastewater treatment process.

2. Advanced oxidation processes (AOP) based on hydrodynamic cavitation (HC)

AOPs are one of technologies that can be utilized for micropollutants elimination (UV, ozonization,
peroxidation, etc.). Some of them are based or can be combined with hydrodynamic cavitation. While
using pure hydrodynamic cavitation is promising for mitigation of biological contamination [1], it is not
so successful and efficient for chemical compounds, including cyanobacteria toxins. Then different
combinations of HC and other AOPs provide a significantly improved performance [2, 3].

Plasma technologies for water treatment are also AOP, but until recently their application was limited to
laboratory scale [4]. Approaches applied for plasma treatment are: plasma generated over the surface,
plasma generated within gas bubbles, diaphragm discharge. None of them enables large volume treatment
relevant for practical applications.

3. CaviPlasma®

New approach based on synergy of hydrodynamic cavitation and cold plasma discharge was invented
and patented [5-7], which couples both effects together. Hydrodynamic cavitation creates a vapor bubble
cloud, which is a gaseous environment favourable for plasma discharge, low pressure allows for extension
of discharge length compared to atmospheric pressure and of course HC is also important for bringing
high mechanical stresses and increased mixing. Result of the plasma discharge is a strong electrical field,
where water molecules dissociate, hydroxyl radicals arise and later recombine into hydrogen peroxide.
Both hydroxyl radicals and hydrogen peroxide are strongly oxidative. On top ozone is formed and UV
light irradiated, further enhancing elimination efficiency of CaviPlasma. CaviPlasma allows treatment of
large volumes of water. Even smaller laboratory unit works with flow rate of 1 m3/hour, bigger unit with
15 m3/hour.

HC is formed in a Venturi tube, electrical part consists of high voltage electrode and grounded electrode.
High voltage custom made generator based on low voltage tunable generator and high voltage
transformer is attached to high voltage electrode.

Figure 1: CaviPlasma device
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4. Results

CaviPlasma is producing around 10 mg of hydrogen peroxide per one pass and its production efficiency
is 9 g of hydrogen peroxide per kWh. Energy efficiency is around 1 kWh per one cubic meter of the
treated water.

Application on cyanobacteria proved their inactivation even in a single pass [8], elimination of

pharmaceutical residuals from water proved more than 90% efficiency (for some contaminants even
higher).

5. Conclusions

CaviPlasma is a promising AOP technology aiming on the last stage of wastewater treatment for
micropollutant removal. Moreover CaviPlasma can also produce from tap water so called plasma
activated water (PAW) [9] with high content of stable hydrogen peroxide, which can be further used in
agriculture to fight fungal or bacterial diseases of plants or fish, for surface disinfection in hospitals or
decontamination in case of handling water contaminated by cyanobacteria toxins.
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1. Introduction

Understanding of droplet impact on solid or liquid surfaces is essential for a variety of practical
applications such as combustion, self-cleaning, inkjet printing, agricultural sprays, anti-icing, and the
pharmaceutical and food industries [1]. To date, extensive studies have reported droplet dynamics on
two types of bioinspired slippery surfaces [2]. The first type of superhydrophobic surfaces with
hierarchical topography can often completely bounce droplets due to the presence of air pockets, but
these can collapse under high pressure. To address the vulnerability of superhydrophobic surfaces,
pitcher plants have inspired researchers to develop slippery lubricant-infused porous surfaces, namely
SLIPS [3]. Although the effects of Weber number, thickness, and viscosity of lubricating films on droplet
bouncing have been extensively studied [4], SLIPS currently rely exclusively on isotropic lubricants such
as silicone and fluorinated oils [5], which inherently lack long-range positional and orientational order of
their constituent molecules. The role of molecular order in structured fluids for droplet impact dynamics
and bouncing is therefore still largely unknown.

2. Obijectives

We study the effects of water droplet impact on a representative class of anisotropic structured fluids
called thermotropic liquid crystals (LCs). These combine properties commonly associated with crystalline
solids (long-range molecular order) and isotropic liquids (high molecular mobility). LCs exhibit a rich
pattern of mesophases with an intrinsic positional and orientational ordering of rod-shaped molecules
that have enabled a wide range of functional surfaces capable of directed assembly of molecules and
particles, liquid transport, and activated release of chemicals encapsulated within their bulk [6, 7].
Although LCs can offer unprecedented complexity compared to isotropic oil-based SLIPS, the water
droplet-induced dewetting of LC films coated on conventional hydrophobically modified substrates has
largely precluded the exploration of the role of molecular orders in different LC mesophases on droplet
impact at LC interfaces. In this work, we use the pitcher plant strategy to design and fabricate LC-infused
porous surfaces (LCIPS) against dewetting by water droplets [8], which allow us to study droplet behavior
(e.g., sliding, spreading, receding, and bouncing) at different Weber numbers. In particular, we show that
the temperature-dependent LC mesophases have little effect on spreading behavior, but significantly
change the retraction rate of the impinging droplets. Thin LC films generally prevent rebound, so we
focus mainly on phenomena of the deposition regime. Finally, we investigate the effects of LC mesophase
on cargo transport across water-L.C interfaces after water droplets impinge on a thin LC film.

3. Materials & methods

We use 8CB LC, to impregnate LCIPS and form about 100 micrometers thick film; design and synthesis of
LCIPS are described in [8]. Deionized water droplets with a diameter of 2 to 3 mm are generated by means
of the pendant method. The drop impact dynamics is observed using a high-speed camera with a 1x
microscope objective at 10000 frames petr second, which allows capturing the fast dynamics of the droplet
at the impact and its evolution. LED panels are placed behind the sample to provide a sufficient illumination
for the experiments. The collected videos are analyzed using a custom-made procedure in Python and
Image] software. Some LCIPS samples were loaded with aqueous ethyl orange labeled microdroplets to
study cargo transfer across water-LC interfaces, and some water droplets were loaded with SDS stabilized
oil blue labeled 8CB microdroplets for the same purpose. The Weber number was varied between 20 and
200. The schematic representation of the experiment is shown in Fig. 1.
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Figure 1: Schematic diagram of the experiment (left) showing the impact of a drop of water on a thin LC film of a particular mesophase.
Some possible ontcomes are shown in the middle, while an overview of the droplet impact phenomena is given on the right.

4. Results

We analyze how the LC film thickness, surface tension, dynamic viscosity, and molecular order in smectic
(Sm), nematic (N), and isotropic (Iso) mesophases determine the outcomes of droplet impact phenomena.
The post-impact dynamics are characterized as a function of Weber number, Reynolds number, retraction
velocity, and the formation of wrapping layer. Furthermore, we demonstrate that the intrinsic molecular
order of LCs can selectively trigger mass transport across the water-LC interfaces at a given Weber number.
By tuning the LC mesophases and droplet impact dynamics, we can achieve different regimes, including no
cargo transfer, unidirectional transfer, and even bidirectional transfer.

5. Conclusions

Our results reveal that the characteristic positional and orientational order of LC mesogens can
significantly affect droplet impact behavior and micro-cargo release. Since the mesophases of L.Cs can
be reversibly switched by a wide range of external stimuli, the results of this work open up a new and
versatile class of stimuli-responsive surfaces that can control mass transfer processes that have the
potential for smart manufacturing such as drop impact printing of highly viscous fluids.
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1. Introduction

The use of piezoelectric nano-microparticles exposed to ultrasonic irradiation has emerged over last 10
year as potential new application of sonochemistry in several research fields as energy, environmental
up to health applications. As a consequence of ultrasonic vibrations and mechanical effect of acoustic
cavitation typical of low frequency (20-60 kHz), the particles can be activated in order to promote or
enhance formation of radicals, water splitting effect and different radical reactions a relatively huge
number of materials have been tested piezoceramics, oxides, plastics and composite using metallic
nanoparticles. The dimension and shape of the particles has a great influence on the phenomenon
however, depending also of ultrasonic frequency, the theory describing the activation mechanism is not
still clear [1,2,3].

2. Objectives

Here we report experimental results using simple inorganic piezoelectric or paraelectric salt as
Potassium sodium tartrate tetrahydrate (Rochelle salt) and potassium dihydrogenphosphate (KH>POy).
Different dyes degradation experiment have been performed under ultrasonic irradiation of
concentrated salts solutions. The degradation efficiency as function of salts concentration and influence
of saturating gas have been investigated.

3. Materials & methods

Low frequency ultrasonic horn ( Badelin HD 2200 ) have been used for the experiments (Figure 1). UV-
vis absorbance measurements have been performed on small aliquots of treated solutions using a Nicolet
GENESYS 50 UV-vis spectrometer. GC measurements have been conducted under Argon or nitrogen
saturated solutions collecting the upper gas volume every 5 min of continuous sonication. For EPR
spectroscopy measurements small samples of 4 ml containing DMPO trap and have been sonicated for
10 min in a small ultrasonic bath and then analyzed with Bruker EMXNanoX-Band

Figure 1: ultrasonic set-up for GC measurements

4. Results

On Figure 2 the degradation efficiency for MB in presence of Potassium sodium tartrate tetrahydrate as
function of time. Surprisingly when using Rochelle salt the solution return blue after several hours
standing at air, which indicate that instead of radicals degradation of BM a reduction of the dye occur.
This hypothesis was confirmed by further investigation using Resazurin dye and finally verified by GC
measurements which revealed the formation of H> molecules. On the other hand using KH,POy4
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permanent degradation of MB was obtained but any no increase of Hs was detected. EPR measurements
revealed the presence OH radicals but with similar amount detected in pure water
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Figure 1: UV vis degradation of MB for different salts at 20 £Hz

5. Conclusions

Ultrasonic irradiation of homogenous concentrated salts solutions of piezoelectric and paraelectric
salts have revealed that different radicals or reduction species can be generated. The formation of
reducing species using Potassium sodium tartrate could be ascribed to decarboxylation reaction
activated by ultrasound and no OH radical have been detected in this case. These founding have been
observed for the first time as one of the possible homogenous sonochemical reactions in aqueous
solutions.

References

[1] F. BOBI et al. Piezocatalytic degradation of pollutants in water: Importance of catalyst sige, poling and excitation mode
Chemical Engineering Journal Advances 7 (2021) 100133

[2]1 K. Wang et al. The Mechanism of Piegocatalysis: Energy Band Theory or Screening Charge Effect? Angew.
Chem., 134, (2022) 202110429

[3] F. BBl et al. Piegocatalysis: Can catalysts really dance? Current Opinion in Green and Sustainable
Chemistry 2021, 32:100537



2rd Workshop on Cavitation Exploitation, Ljubljana

High frequency ultrasonic water stream for cleaning processes

Takaomi Kobayashi, Orakanya Charoenvai

"Nagaoka University of Technology, 1603-1 Kamitomioka, Nagaoka, Japan 940-2188

1. Introduction

Ultrasound-based method is an effective cleaning technique for a variety of surfaces, extensively applied
in several fields. In general, cleaning products such as hand soap are widely used to clean hands. These
products are chemically composed of surfactants, acid or alkali, and solvents for disinfection [1]. These
chemicals may cause allergy and other side effects on the skin and environment. Unlike chemical method,
ultrasonic cleaning is the process that used ultrasound (US) to create cavitation bubbles in aqueous fluids,
which have the cleaning effect [2]. Among the various ultrasonic devices are those that flush and clean
with ultrasonic water [3]. However, there have been few studies on cleaning using ultrasonic water
streams, and the situation is not well understood. This study examines its cleaning effectiveness.

Transducer (430kHz)
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Fig. 2 Photos of samples (a) and detachment efficiency of permanent ink (b) after exposure to various ultrasonic powers and
durations in water stream medium at flow rates of 1.5 L/min and and nozzle- sample distance of 5 cm.

3. Materials & methods

For cleaning surfaces contaminated with ink or E. coli, the experiment apparatus was set as shown in
Fig.1. A transducer equipped with water shower nozzle was connected to the US generator (Kaijo Quava
megasonic cleaner QT-003, Japan) to generate 430 kHz US waves. Tap water (5L) controlled the
temperature at 30°C was circulated at the constant rate of 1.5 L/min. The water was flowed through
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. . . Fig.3 Photo of E. coli colonies on solidified LB media before and after exposure to 50 W
4.1. Detachment ink layer using ultrasonic U§ water () and (b) colony number of E. coli in a function of exposute time at different

water stream. In Fig. 2, pictures of the ink VS powers.

surface on glass slide (a) and % detachment of the ink layer (b) are shown, when the US water stream was
operated at various US powers of 1, 5, 25 and 50 W for 20 min interval. The US water stream, having an
8 mm diameter, was exposed to the center of the glass surface with water flow rate and nozzle-sample
distance at 1.5 L/min and 5 cm, respectively. From images shown in Fig. 2 (a), the painted glass surface
after washing without US (0 W) was nearly unchanged during 5 min and a minor detachment was noticed
at 10 and 20 min. This confirmed that water stream (1.5 L/min) flowing from 5 cm gap to the sutface
was not sufficient to remove such permanent ink. When the samples were exposed to US water stream by
changing US power to 1 and 5 W, similar results were observed, but the detachment of the ink layer
tended to increase at a US output power of 25 W. Quantification of the detachment (Fig. 2b) indicated
that the detachment reached 280 % at output powers of 25 and 50 W after exposure longer than 5 min.
Even though the US power was 1 W, the detachment efficiency was in the rage of 50-70%.

4.2. Disinfection of E. coli using ultrasonic water stream. Fig.3 shows residual E. coli colony number
after exposure to US at power of 0, 1, 25, and 50W. It was found that the colony number on surface sample
was decreased, when exposure time was increased, even though there was no US. This meant that flowing
water influenced E. coli colony leach-out. % of colonies, while it was reduced to about 65 % after exposure
to 1 W US. This suggested that in the presence of US power, a larger number of colonies was leached out
under same water flow rate. At higher US power of 25 and 50 W, approximately 45 % of the initial colony
was remained after 15 s. These powers showed high efficiency to completely remove all the colonies
adhered on the sample within 45s. Then, the survival test showed that the growth tendency of E. coli was
decreased as a function of exposure time. This indicated that although the colonies remained after exposure
to US water, there was the lower change to grow further as compared to the normal water (0W).

5. Conclusions

It was found that ultrasonic water stream cleaning was effective in ink detachment and E. coli anti-
microbial resistance without the use of soap. In both cases, the ultrasonic outputs of 25W and 50W
were effective after at least 5 minutes of treatment. In particular, in the case of the E. coli survival test,
no growth of bacteria was observed after 45 minutes or longer of washing, but within that time, growth
of bacteria was observed even after complete washing as shown in Fig. 3. Using KI method, OH
radical measurements and acoustic pressure observations indicated that the latter was effectively
working for cleaning with ultrasonic water streaming.
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1. Introduction
In our previous work [1] we showed that ring-shaped laser-induced cavitation between two glass
plates, which emit a converging shock and surface wave, can be used to create surface damage at the
center of the ring. By varying the time delay between the creation of two concentric ring-shaped
excitations we also reported that, when both Rayleigh waves arrive at the center simultaneously, a
smaller number of shots was required to produce damage, suggesting that the Rayleigh waves have a
greater effect on damage generation than the shock waves.

2. Objectives
In the presented work [2] we aim to improve control of the shape of the created surface damage by
varying the shape and position of the laser beam using a spatial light modulator (SLM).

3. Materials & methods
A layer of liquid (printer ink, magenta) of 80 um height is sandwiched between two borosilicate glass
plates (see figure 1A). A laser pulse (6 ns, A = 532 nm), is focused in the liquid. To attain an elliptical
laser focus, the beam is shaped by a SLM. The same configuration is modelled in three dimensions by
a finite volume fluid-structure interaction simulation using OpenFOAM, where two compressible
fluids are coupled to a linear elastic solid. From the laser pulse, a shock wave is launched in the liquid
and a Rayleigh wave in the glass, inducing large stresses at the center of the ellipse and causing surface
damage in the form of nano-sized cracks (micro-sized in length, nano-sized in depth).
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Figure 1: A Elliptical ring energy deposition with a major semi-axis of 104 um and a minor semi-axis of 78 um is initiated in a
liguid layer of 80 ym thickness between two borosilicate glass plates. B Waves emitted by the created cavitation bubble, comparison
between the experiment (top) and the simulation (bottom).

4. Results
After successive shots at the same position, a single straight crack is observed along the minor semi-
axis of the ellipse (see figure 2). The formation of the damage is discussed using the stress field data
obtained with the numerical simulations. By translation of the ellipse along the minor semi-axis, the
crack can be linearly elongated. Its orientation can be controlled by varying the ellipse’s orientation.
Using this method, example shapes made of these nano-cracks are shown in figure 3.
These cracks are normally invisible in the setup used. The Rayleigh wave emitted by a laser energy
deposition travel ahead of the shock wave and create a tension region, which induces cavitation
bubbles on the cracks, allowing us to visualise them.
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Figure 2: After several shots, a nano-crack is formed along the ellipse’s minor semi-axis. The crack is only visible becanse it acts
as a cavitation nuclens in the presence of tension induced by the emitted Rayleigh wave.
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Figure 2: By translating the ellipse, a pre-existing crack can be linearly extended. By rotating it, the orientation of the crack
can be controlled. This allows us to create geometric shapes out of the induced nano-cracks.

5. Conclusions

The presented methods provide a toolkit for the generation of nano-sized surface damage without
direct energy deposition. They may be useful to investigate damage formation in a controlled
laboratory setting, as a crack of controlled size and orientation can be induced via internal
mechanical stresses without ablation as a side effect.
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1. Introduction

Jet formation in collapsing bubbles is ubiquitous whenever the setting is not spherically symmetric. For
bubbles expanding and collapsing right at a flat solid boundary this asymmetry results from the viscous
boundary layer that forms during the rapid expansion of the bubble. As a consequence, around maximum
extension, the bubble shape deviates from a hemisphere. During collapse, flow focusing leads to
cylindrically converging annular liquid inflow. For millimeter sized bubbles in water this annular inflow
violently self-impacts at the axis of symmetry and leads to the formation of very fast thin axial jets
[2,3,4,5]. The jet speed is of the order of 1000 m/s, exceeding the speed of the “standard” axial micro
jets, that form by involution of the bubble wall, by an order of magnitude, see [1].

2. Objectives

Since fast jet formation in this setting is causally related to the viscous boundary layer, it is of interest to
vary the parameters that determine the thickness of the boundary layer and quantify their influence on
the jet formation process.

3. Materials & methods

We present results from numerical simulations modeling the dynamics of single (laser-generated)
cavitation bubbles in axial symmetry. The model consists of a bubble filled with a small amount of non-
condensable gas in a compressible liquid.

Expansion and collapse of the bubble are investigated by solving the Navier-Stokes equations discretized
with the finite volume method. The volume of fluid method is used to capture the interface between
liquid and gas. The model is implemented in the open source software package OpenFOAM |[8].
Bubbles oscillating right at a solid boundary are considered. Bubble size, the viscosity of the liquid and
the ambient pressure are varied. Configurations with high values of a bubble Weber number, Wep = pe
RImax/ 0 are considered, whete px denotes the ambient pressure, R®max the maximum bubble radius
and O the surface tension coefficient.

4. Results

Results can be labeled with respect to an inverse bubble Reynolds number 1/Rep = (V1,/ R®¥max) (0/p=)!/2,
with Vi, o denoting the kinematic viscosity and the density of the liquid, and are summarized in Figure 1,
see [7]. Fast jet formation is found for 1/Rep < 0.0033, including e.g. millimeter sized bubbles in water but
also in 50 ¢St silicone oil. For decreasing values of 1/Re, the moment of self-impact of the annular inflow
happens later and later in the bubble evolution, i.e. the bubble size at the moment of jet formation decreases
with decreasing 1/Rey, (Fig. 1 right).

For 1/Rep= 0.0033 the mechanism of jet formation changes. First a jet forms by involution of the upper
bubble wall after a high cutvatute spherical cap has collapsed. For higher values of 1/Rey a broad
““standard” micro-jet forms. The jet speed decreases monotonically with increasing values of 1/Rer,. No jet

formation is found for 1/Rep, = 6.25 X 10-2 corresponding, e.g., to the case of a millimeter sized bubble in
PAOA40.
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Figure 1: Jet speed (left) and bubble size at the moment of jet formation (right) as functions of an inverse bubble Reynolds
number, with po=1 bar. Figures taken from [7]. The reference bubble is a millimeter sized bubble in water.

5. Conclusions

For bubbles expanding and collapsing right at a solid boundary the formation of fast, thin jets is a very
robust phenomenon. It persists also in liquids with comparatively high viscosity. The potential for
erosion of the fast thin jets is under actual investigation, see e.g. [6].

When viscosity is further increased the annular inflow is damped and the jet formation mechanism
changes. Although in this regime the speed of the jets is lower when compared to the fast jets, these
standard jets still can impact onto the solid with a speed of several hundred meter per second and
therefore might be relevant for erosion.
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1. Introduction

Cavitation and their interaction with rigid boundaries, elastic boundaries, nearby various shaped
boundaries, and between restricted boundaries (e.g. parallel plate) are well investigated. However,
cavitation bubble interaction also exists near brittle boundaries (bone, rock, and ship fouling) and it may
be applied in such cases for future application. In especially semiconductor cleaning, most silicon-based
clectronic components are brittle in nature. This motivated us to investigate the cavitation bubble
interaction with brittle boundaries. We generated the cavitation bubble by laser focusing in water. The
chalk was taken here as a brittle boundary and it was fixed to a chalk holder having a hole to firmly hold
it. The bubble was generated below the chalk and in the center. We captured the bubble dynamics using
the highspeed camera at a frame rate of 120Kfps and the bubble dynamics were visualized using back
illumination shadowgraphy.

2. Objectives

The investigation had the following objectives:

e  Preliminary study of the brittle boundary and bubble interaction
e Understanding of the brittle boundary damage by bubble collapse

3. Materials & methods

3-Axis Translation
Platform

C_halk Holder

v Bubble ~ Rmax
Focusing

Lens
Water

Figure 1. Experimental setup to investigate the bubble and brittle boundary interaction along with brittle material (chalk)
holder configuration

Figure 1 shows the overall schematic of the experimental setup used to generate a laser-induced single
cavitation bubble near the brittle boundary. Here we consider wetted chalk as the brittle boundary. Before
we put chalk into the cuvette, it was kept for a few minutes in the water to absorb the water. Therefore,
it did not absorb any more water from the cuvette and dissolved partially into the cuvette water. The
setup consists of main equipment e.g. laser module, high-speed camera, and cuvette. The used Q-
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switched, Nd:YAG laser module (Q-smart) emits the laser having a wavelength of 1064nm and pulse
width of 6ns. Which further focused in the cuvette to obtain an approximate ~3mm diameter-sized
cavitation bubble. Our optical system confirms the reproduction of the spherical single bubble with the
probability of more than 90%. The multiple large bubble generation was almost eliminated in our
experiments with distilled water. However, the chalk particles interfere with the laser path absorbing the
laser energy and generating a tiny bubble near the focusing point of the laser. The bubble dynamics were
captured using a highspeed camera Phantom v2012 having an Ultrafast CMOS sensor pixel size of 28
microns. We kept the framing rate of 120Kfps with an approximate period of 8.33us and exposure time
of 2us.

4. Results
Figure 2 Ilustrates the shadowgraphic imaging sequence of the bubble dynamics near brittle boundary.

T+:-0.003 ms T+:+0.030 ms

T+ +0.296 ms

T+:+0.496 ms ﬂ ﬂ ﬂ ﬂ
ﬂ T+:+0.696 ms ﬁ ﬁ ﬂ

T+:+0.862 ms T+:+0.896 ms

Figure 2. Bubble dynamics near the brittle boundary, here chalk.

5. Conclusions

Cavitation bubble interaction with brittle boundaries is more complex than in other cases of rigid
boundaries. If the boundary is extremely brittle, a second collapse is not observed and the brittle
boundary fragmentation emulsified in a way that the second collapse was almost vanished. However, the
spread of the emulsification is limited to the area of bubble collapse. Our preliminary study is useful in
basic understanding and developing useful applications, emulsification, and ship fouling. The challenge
of simulation such a complex problem remains an open quest
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Abstract

Recently, on single bubbles it has been shown that contrary to common belief regular jetting from
cavitation bubbles is not responsible for cavitation erosion on solid surfaces. Jetting even mitigates
cavitation erosion as it fragments the bubble before the collapse [1,2]. Instead, cavitation is erosive
through a shockwave self-focusing mechanism in which during a progressive collapse continuously
emitted shockwaves converge onto a single point [1]. Details of this type of erosive bubble collapse is
largely unexplored and in particular collapse pressures are unknown. They occur for nanoseconds and
on micrometric scales. Therefore, a feasible route to infer the collapse pressures seems to be via
measurement shockwave pressures emitted at the erosive bubble collapse. Still, collapse shockwave
pressures are difficult to measure because conventional techniques using hydrophones or other sensors
have a too limited bandwidth for this transient phenomenon. Furthermore, these sensors are
geometrically too invasive when placed in direct vicinity to the collapse/erosion site. However, a
measurement in direct vicinity of a few micrometers or tens of micrometer to the collapse site is necessary
as shockwave pressures are too quickly attenuated [3].

Here, we show an optical measurement technique imaging the collapse shock front multiple times on the
same image using shadowgraphy. A single erosive bubble is generated using a focused laser pulse in water
close to a solid surface. Using high-magnification long working distance optics, the shock front can be
imaged in direct vicinity to the collapse site. We propose a robust shock front evolution algorithm to
measure the shock front propagation velocity including diffraction phenomena. From the shock front
velocity, the shockwave pressure can be derived using an appropriate equation of state [4].

References

[1] Reuter, Fabian, Carsten Deiter, and Claus-Dieter Ohl. "Cavitation erosion by shockwave self-
focusing of a single bubble." Ultrasonics Sonochemistry 90 (2022): 106131.

[2] Abedini, Morteza, Stefanie Hanke, and Fabian Reuter. "In situ measutement of cavitation damage
from single bubble collapse using high-speed chronoamperometry." Ultrasonics Sonochemistry 92
(2023): 106272.

[3] Denner, Fabian, and S6ren Schenke. "Modeling acoustic emissions and shock formation of
cavitation bubbles." Physics of Fluids 35.1 (2023).

[4] Mur, Jaka, et al. "Multi-frame multi-exposure shock wave imaging and pressure measurements."
Optics express 30.21 (2022): 37664-37674.



2rd Workshop on Cavitation Exploitation, Ljubljana
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1. Introduction

Recent research suggests that cavitation can be used for eradication of waterborne pathogens, namely
the microorganisms!, such as bacteria and viruses. Despite the significant progress a large gap persists
between the understanding of the mechanisms that contribute to the effects of cavitation and its
application, which is one of the main challenges of the encompassing European Research Council project
CABUM. While we are aware of some of the physical mechanisms, which are known to accompany
cavitation': strong shear flows, jets, high local temperatures, shock waves, and rapid pressure drop,
remarkably little is known about which or a combination of which mechanisms is important for a specific
consequence of cavitation. A better understanding of the fundamental physics behind the interaction
between a single cavitation bubble and bacteria on a micro- and sub-microscale in thus one of the key
milestones that will enable a further development of water treatment technology.

2. Obijectives
The main objective of the presented work is to contribute to the understanding the fundamental physical
background of cavitation bubbles in interaction with biological structures, such as bacterial cells, which
could potentially facilitate a further development of water treatment technology and exploitation of
cavitation in water treatment processes.
The bulk of here presented research is based on the numerical approach. Dynamics of bubbles near
different structures is considered, such as rigid suspended particles, liposomes, and various types of
bacteria. The focus of the studies can be divided into three main categories, which address:

e microbubble dynamics in vicinity of a deformable structure on a similar spatial scale,

e structural response to the bubble-induced mechanical loads,

e the contribution of various load mechanisms to the structural response and identification of
potentially key mechanisms for bacterial cell damage.

3. Materials & methods

A fluid—structure interaction methodology is employed, where the whole domain of interest - a gas bubble,
a nearby compliant structure, and ambient liquid, is split into two sub-domains - fluid and structure domain.
The dynamic response of each sub-domain is solved in a separate numerical model - fluid and structure
dynamics model, which are coupled together according to the partitioned iterative approach. The fluid
dynamics model employs Navier-Stokes equations, which are solved according to the finite volume method
along with the volume of fluid method to resolve multiphase compressible flow. Geometrical configuration
of the bubble-structure pair is described with two independent dimensionless parameters, their initial
distance & and size ratio c.

4. Results

First, the results on single cavitation microbubble dynamics in vicinity of a suspended spherical particle?
show vastly different bubble collapse dynamics across the considered parameter space & - ¢ from the
development of a fast thin annular jet towards the sphere to spherical bubble collapse. The bubble jetting
is much less likely to occur on the considered micro scale due to cushioning effects of surface tension
and viscosity on the intensity of the collapse. The bubble emitted shock wave propagation past the
spherical particle is identified as the most likely mechanical mechanism for inflicting bacterial cell damage,
as shock waves exhibit large pressure peaks in the order of a few hundred MPa, gradients of 100 MPa/um,
and induce the peak shear loads of a few MPa.

Second, numerical simulations of microbubble dynamics near a liposome? show practically spherical
bubble behavior, which points towards a negligible effect of vesicle presence on the dynamics of a nearby
unattached (8>1) and similarly sized cavitation bubble. Three critical modes of vesicle deformation are
identified, including uni- and bilateral bilayer extension and local wrinkling at the waist and the proximal
tip of the liposome. All three are primarily driven by microstreaming during bubble collapse and rebound.
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Liposomes with intact envelopes are not expected to be structurally compromised in cases with 5>1
when a nearby collapsing bubble is not in their direct contact. Regardless of the existence of past bilayer
defects, liposomes are expected to be unaffected at 8 >1.9. Furthermore, a higher damage potential of
larger bubbles is identified.

Third, interaction between a collapsing microbubble and a nearby compliant structure that mechanically
and structurally resembles a bacterial cell is addressed*. Across the considered & - ¢ parameter space three
characteristic modes of bubble collapse are identified, ranging from weak jetting away from the cell to
spherical bubble collapse. The resulting peak hydrodynamic forces on bacteria range between 2 and 7 uN
for more compliant gram-negative and between 10 and 22 uN for stiffer gram-positive model cells.
Obtained peak local shear stresses on cell walls range between 0.5 and 5 MPa and decrease with bubble-
cell sizer ratio ¢. Although modes of cell deformation are qualitatively similar between both model
organisms, they significantly change with ¢, which is due to smaller bubbles having a more localized effect
on nearby cells. Overall, four characteristic modes of spatial and temporal incidence of peak local stresses
in the inner cell membrane are observed. The results show that local stresses arising from bubble-induced
loads can exceed poration thresholds of cell membranes (see Figure 1) and that bacterial cell damage could
be explained solely by mechanical effects in absence of thermal and chemical ones. Microstreaming is
identified as the primary mechanism of bacterial cell damage, which can in certain cases be amplified by the
emergence of shock waves during bubble collapse.

Finally, experimental and numerical work is brought together to study bubble-bacteria interaction on a
nano- to microscale resolution in both space and time’. A single cavitation microbubble can cause
detachment and death of wall-bound bacterial cells. In this case, a water jet resulting from a near-wall bubble
implosion is the primary mechanism of cell damage. Very high likelihood of cell detachment and cell death
for cells directly under the center of a bubble is observed and a peak force of 0.8 and 1.2 pN is needed for
reliable detachment and death of E. w// bacteria.

o115 Figure 1: Estimated critical non-dimensional
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A
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0 2 4 6 F 10 model cell.

Bubble-cell distance &
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5. Conclusions

In an attempt to further elucidate of the process of cavitation-assisted water treatment on the fundamental
level of a single bubble, the presented studies numerically address interaction between a collapsing
microbubble and a nearby freely suspended structure, that mechanically and structurally resembles bacterial
cells and other biological structures. A fluid-structure interaction methodology was employed, where
viscous and compressible multiphase flow was considered. Numerical results were further complemented
with experimental work on wall-bound E. ¢o/7 bacteria. The results show that a single microbubble collapse
event can cause bacterial cell damage, which could be explained solely by mechanical effects in absence of
thermal and chemical ones.
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1. Introduction

An important observable of the liquid-bubble interaction is the pressure of the shock front [1], emerging
at the bubble collapse, and at generation of laser-induced bubbles. Optical measurements have proven
an invaluable tool due to their non-invasiveness and their ability to measure very close to the vapor phase.
Additionally, the same optical methods are suitable for evaluation of cavitation bubble dynamics and
shape evolution.

2. Objectives

In the present work we combine the multi-exposure illumination technique with high-speed imaging,
where each frame in the high-speed imaging series is multiple times exposed with a laser pulse much
shorter than the frame exposure time. For further verification and comparison, we have used a custom
designed high-bandwidth fiber-optic probe hydrophone (FOPH) |2], providing independent shock wave
pressure and time-of-flight measurements. The combination allows us to precisely measure both the
relatively slow evolution of the bubble shape, and faster phenomena, such as jetting and shock waves [3].

3. Materials & methods

The experimental setup, presented in Fig. 1a, was based around a custom-built short-pulse illumination
system was used for imaging the cavitation bubble dynamics and the emitted shock wave. For the present
study, we chose bursts consisting of four pulses with an individual pulse duration of 0.3 ns, that is
sufficiently short to freeze the motion of the propagating shock wave. As a result, the shock wave is imaged

four times within a frame of the high-speed camera. The time delay between pulses in a burst was varied
between 5 ns and 30 ns (Fig. 1b).

a) Camera frame-rate b) Timing = Toxcitation kser pulse
Synchronization di u Illumination pulses
lagram
signals g ¢ Camera exposure
P frame >
Texp
IN oUT Excitation [
Tllumination laser -3
source o .
Excitation Imaging
objective objective
l: C v (I High-speed
| camera Tt
Pressure| Ixperimental 1N

sensor

chamber

Figure 1: a) Experimental setup schematic drawing, and b) timing diagram. Synchronization timing jitter between the excitation laser
pulse and the camera exposure was approx. 1 ns, and well below 1 ns between the camera exposure signal and optical illumination pulses.

A FOPH measured the transient shock wave pressure, which besides the pressure amplitude allowed to
obtain the shock wave time-of-flight (TOF), i.c., the time delay between the excitation laser pulse and the
shock wave front arrival on the FOPH fiber tip. The FOPH was based on a single-mode fiber as the sensing
element. It was positioned perpendicular to the incident excitation laser beam direction and oriented with
minimal tilt. The FOPH was mounted on a 3D positioning stage enabling accurate positioning.

The LIB was generated with an infrared nanosecond excitation laser, working at a 1064 nm wavelength
with the pulse duration of 5 ns, and an available energy of 15 m]J. The laser pulse was focused in water by
a lens system with NA of 0.2, resulting in a maximum bubble radius Rm.x = 1.67 mm * 0.05 mm.

The illumination was combined with the Specialised Imaging Kirana 7M high-speed camera, operating at a
5 MHz framing rate (resolution of 924x768 pixels). The camera was used in combination with an imaging
microscope objective with 10x magnification (OptoSigma, NA of 0.3).
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4. Results

Automatized shock wave front recognition from camera-based images was realized in Matlab, using peak
detection functions. Third order 2D-polynomial interpolation was used to achieve sub-pixel accuracy
together with spatial averaging in along the shock wave front. This allowed a robust detection of the
shock front, shown in Fig. 2b, and we estimate a wave front localization accuracy better than 0.3 pixels.

Figure 2: a) Shock waves near the initial 1.IB region and pressure sensor péxz'z‘z'oned nearby. The excitation laser pulse propagated from
right to left. b) Improved contrast, background removed, and shock wave front recognition result.

The Fig. 3a depicts the measured pressure from the pressure sensor with a 1/r fit for comparison. These
values are compared to the image-based measurements. Therefore, the shock wave velocity measurements
were converted into pressure values, using the equation of state for water. The comparison of the two
measurement techniques is shown in Fig. 3b. We find a good agreement of the maximum pressure for
both experiments, i.e., the highest laser energies result in very similar pressures for both experiments. Yet,

the pressure sensor measurements show consistent values at large distances and systematically lower
pressure amplitudes at closer distances.

600 1400
a) *  measured pressure b) [e} O experiment 1
* fit, P d*-1 G experiment 2
565 1200 | FOPH fit
1000
400
@ @
o o
= S 800
) (3]
S 300 s
g ool
o L O
a a (0
200
400
100 200
0 0
0 200 400 600 800 1000 1200 1400 1600 1800 2000 102

distance to plasma center d [pm] distance to plasma center d [pm]

Figure 3: a) Shock wave pressures obtained from FOPH, including a guide-for-eye fit, and b) pressures from camera-based shock wave velocity
measurements, converted using the equation of state for water.

5. Conclusions

A fully contactless technique of multi-frame multi-exposure imaging based on bursts of short
illumination pulses is used for precise shockwave velocity measurements within a single camera frame.
The measurements are verified and compared with high dynamic range FOPH pressure measurements.
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1. Introduction

Cavitation, rapid vaporization and bubble collapse due to a local change in pressure, is a widely used
method in industry and research for cleaning, disinfection, dispersion, cell disruption, and isolation of
cell components (1). Furthermore, it is recognized as effective and chemical free novel advanced water
and wastewater treatment process (1-3). The macroscopic effects of cavitation on bacteria are the results
of implosions of a large number of bubbles (1,4). However, the effects of the large bubble clusters do
not reveal the inherent nature of cavitation and a plethora of possible cavitation modes of action on
bacteria (mechanical, physical, chemical). As stated by Prosperetti, thousands of papers have been
devoted to the subject of bubbles, yet the exact mode of action of the bubble has not been elucidated
(5). To evaluate the effect of cavitation on bacteria at a fundamental level, one needs to downscale the
cavitation process to a single cavitation bubble which is similar in size to a bacterial cell.

2. Obijectives

Present paper addresses cavitation as a tool for eradication and removal of wall-bound bacteria at a
fundamental level of a single microbubble and a bacterial cell. To do so, spatio-temporal control of a
single cavitation microbubble is required, combined with a real time detection system of single bacterial
cell. Furthermore, numerical analysis will help to gain additional insight into bubble dynamics and cell
mechanics.

3. Materials & methods

We show the development of a new method, which enables a real time evaluation of the bacterial
response to the mechanical stress induced by a single microbubble cavitation event on a nano- to
microsecond time scale. With the optical tweezer we have produced a stable single nucleation bubble in
the vicinity of the bacterial cell. The microbubble cavitation was triggered remotely with high voltage
clectric discharge which promoted pressure waves through the medium and induced nucleation
microbubble growth and collapse observed with high-speed camera. Direct observation of the interaction
between a single cavitation microbubble and the individual bacterial cell is presented. The evolution of
the fluid flow field during the microbubble collapse was characterized by silica bead displacements, which
enabled in situ measurement of the fluid velocity field during the single cavitation event. The effect of a
single microbubble on bacterial cell viability was recorded by fluorescence microscopy. The experimental
results were used to validate the results of the numerical model, where the evolution of the single
microbubble cavitation and its interaction with a bacterial cell was simulated. The threshold wall shear
stress and hydrodynamic force needed for cell detachment and bacterial death during the single
microbubble cavitation event were estimated.

4. Results

Results on E. coli bacteria show that only cells in the immediate vicinity of the microbubble are affected,
and that a very high likelihood of cell detachment and cell death exists for cells located directly under the
center of a bubble. Further details behind near-wall microbubble dynamics are revealed by numerical
simulations, which demonstrate that a water jet resulting from a near-wall bubble implosion is the primary
mechanism of wall-bound cell damage. The results suggest that peak hydrodynamic forces as high as 0.8
uN and 1.2 pN are required to achieve consistent E. coli bacterial cell detachment or death with high
frequency mechanical perturbations on a nano- to microsecond time scale. Understanding of the cavitation
phenomenon at a fundamental level of a single bubble will enable further optimization of novel water
treatment and surface cleaning technologies to provide more efficient and chemical-free processes.
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Figure 1: a) Schematic representation of experiment where cavitation microbubble collapse occurs near rigid surface with attached
bacterial cells, where typical cavitation jet occurs. At the cavitation event, some of the cells at the proximity of microbubble collapse got
detached (blue colored) or their membrane integrity was compromised (red colored). b) Excperimental results of bacterial cell event
(detached or dead) probabilities in relation to microbubble-cell distance parameter 6. Blue bars represent probability of cell detachment and
orange bars for cell death. c) Bubble numerical model shows peak hydrodynamic force (blue) and Peak wall shear stress (orange) in
relation to microbubble-cell distance parameter 6 for given experimental setup. d) Determined threshold forces for cell death or cell
detachment based on experimental and numerical results.

5. Conclusions

In this study, spatio-temporal control of a single cavitation microbubble combined with numerical
analysis provided unprecedented mechanistic insight into hydrodynamic forces and shear stresses that
affect individual bacterial cells during a single cavitation microbubble event. We present a direct
observation of bacterial cell response to high frequency mechanical perturbations spanning the time
domain from nanosecond to microsecond. The results of this study imply an intimate relation between
the bacterial cell and a cavitation microbubble. Only when the two are in contact or in very close
proximity, a bubble has an effect on the bacterial cell. The detrimental effect of cavitation on bacterial
viability and attachment is spatially confined to the center of the projected cavitation microbubble.
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1. Introduction

Emulsions play a crucial role in the production of several products in the chemical, energy, and
environmental industries, such as medicine, food, cosmetics etc. [1-4]. The cavitation-based techniques
to produce emulsion remain one of the popular choices of these industries [2]. Cavitation results in the
generation of local turbulence and liquid micro-circulation (acoustic streaming) inside the cavitation-
based devices, enhancing the emulsification processes. Therefore, the microscale understanding of the
collapsing cavities interacting with the other phases is of utmost importance. Several researchers have
tried to explore this aspect, but few have paid attention to the micro-scale interaction of the cavities in
the emulsion. Moreover, the understanding of the interaction between multiple cavities and drop(s) has
not been explored satisfactorily. In this work, the microscale aspect of cavity dynamics in the vicinity of
the oil drop has been explored. This includes the interaction between two cavities- a single oil drop and
vice-versa.

2. Obijectives

In the present work, a computational investigation is performed for the interaction of a cavity-oil drop,
two cavity-single drops, and two drop-single cavity interactions. Moreover, the influence of a cavity on
asymmetrical oil drop has also been explored.

3. Numerical method

A time-dependent Navier-Stokes equation for laminar flow with VOF was used to get insight into the
cavity-oil drop interaction. For pressure-velocity coupling, the SIMPLE algorithm was utilized, along
with implicit temporal discretization. For pressure interpolation, a second-order upwind method was
adopted. Convergence criteria were 10- for continuity and momentum equations and 107 for energy
equations in all situations. The adaptive mesh technique is used to refine the volume fraction gradient
(up to three levels). The physical domain and boundary condition for the computational model of the
considered setup is presented in Figure 1. A fine-quality mesh at the interface of the cavity-water vouches
for the stability of the numerical simulation (as shown in Figure 2).
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Figure 1: Schematic of the physical domain and boundary conditions for different cavity-drop configurations (a) single cavity-oil drop;
(b) two cavities-oil drop; (c) two oil drop-single cavity
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4. Results

The oscillation of a single cavity suspended in water from the numerical simulation is compared with the
existing literature of Zevnik and Dular [3]. The radius oscillation result shows good agreement with the
existing literature as shown in Figure 3. In the case of a cavity generated inside the continuous phase (water)
and interacting with the dispersed phase (oil drop), the deformation of the oil drop [4] at the interface can
be seen in Figure 4(a). Figure 4(c) shows the formation of a low-pressure region at the oil-water interface
and a high-pressure region at the cavity-water interface. This generates the driving force causing the cavity
to move towards the oil drop interface and try to penetrate and break the drop into several daughter drops.
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Figure 3: Cavity oscillation and its
validation with existing literature

Figure 4: Cavity progression in the vicinity of oil drop (a) Phases; (b) velocity vector;
(¢) static pressure

5. Conclusions

Based on the present study of cavity-oil drop interaction suspended in water, we were able to get more
insight into the cavity dynamics in the vicinity of the oil drop(s). Moreover, understanding of micro-scale
processes related to cavitation-induced drop breakage. This insight will help in manufacturing the
cavitation-based emulsion producing devices which will be more efficient.
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We study the dynamics and erosion of a single cavitation bubble seeded in a stagnation flow and collapsing
close to a solid wall. High-speed recordings reveal rich and rather distinct bubble dynamics for different stand-
off distances. While Volume-of-Fluid simulations allow numerical insight into the wall pressures and shear
stresses, the material damage from multiple bubble collapses next to an aluminium sample is measured using
confocal profilometry. We show that a moderate flow velocity of a few meters per second already shapes the
bubble into an ellipsoid and alters the dynamics such that a planar convergent jet flow forms. This can
influence the bubble-wall interaction drastically. In particular, a bubble in the small stand-off regime lifts off
from the wall and the violent collapse occurs at some distance. At the same time, the shear stresses can be
increased by orders of magnitude without increasing wall pressure in the same way. The results suggest that
the enriched bubble dynamics may allow tailored applicability in process technology.
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1. Introduction

In hydraulic systems cavitation is often an unwanted phenomenon. One major undesired consequence is
cavitation erosion, a process that leads to further undesired consequences, such as lower efficiency of
hydraulic systems and need for frequent maintenance. Different methods to predict the cavitation erosion
exist. Apart from direct method of observation of cavitation erosion, different indirect methods exist,
which employ a proxy material, commonly a thin metal foil [1] or a soft paint [2]. Gradually another
research area has emerged, concerned with positive aspects of cavitation to exploit cavitation for example
for cleaning wastewater [3].

2. Objectives

The objective of this work is to present the removal of paint due to cavitation from different materials.
Depending on the material, this process is viewed as either cavitation erosion prediction or as cleaning
by hydrodynamic cavitation.

3. Materials & methods
Experiments were conducted in the cavitation tunnel in the Turbomachinery laboratory at the Faculty of
Mechanical Engineering, University of Maribor as shown in Figure 1. Cavitation due to a constriction of
the flow cross-section was achieved in a Venturi-like channel. To obtain the Venturi-like shape of the
channel, the aluminium insert was placed inside the test section made from acrylic glass, as shown in Fig,. 1
b). For prediction of cavitation erosion, a paint test method was chosen, where a paint serves as a proxy to
identify potential cavitation erosion zones on a metal surface. We chose the acrylic paint diluted with water,
which is reported to be a good combination to be used in experiments involving prediction of cavitation
erosion [2]. The paint was not applied directly to the surface of the aluminium insert. First an aluminium
self-adhesive tape was applied to the relevant surface of the aluminium insert, which was then painted with
a brush. This additional preparation step simplified and sped-up the overall preparation between
consecutive experiment runs.

Before and after each experiment run the painted surface was scanned with an optical scanner to obtain
high quality pictures from which the removal of paint was observed.

1 A . B /"‘iw.‘n‘ \ i
Figure 1: Cavitation tunnel: a) Full view of the cavitation tunnel and its components: 1-centrifugal pump, 2-electromagnetic flowmeter, 3-
pressure tank, 4-recirculation pump, 5-test section, G-pressure gauges, 7-vacuum pump, 8-suction tank, 9-electrobox with electromotor
frequency regulator; b) Close-up view of the test section with painted aluminium insert

4. Results
In all presented results at least some removal of acrylic paint thinned with water in ratio of 1:2 was

observed. All results were obtained at the same operating conditions of the cavitation tunnel, presented
in Table 1.
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Table 1: Operating conditions of the cavitation tunnel during experiment runs.

Volumetric flow rate Cavitation number Calculated Venturi Outlet static pressure
[m3/h] [-] throat velocity [m/s] [Pa]
5.78 | 0.77 | 16.06 | 100000

For comparison, one experiment run without paint was made with a longer time of exposure to
cavitation, as shown in Figure 2 a) and b). The purpose of this experiment run was to verify, that
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Figure 2: Results of different ecperiment runs, flow direction from left to right: a) and b) before and after experiment run with unpainted
alumininm tape; ¢) and d) before and after experiment run with painted aluminium tape; e) and f) before and after experiment run with
painted textile

There was a good agreement between results with unpainted and with painted aluminium tape, shown in
Figure 2 b) and d), respectively. In both cases main zone of cavitation erosion prediction was found
approximately between 4 cm and 9 cm downstream of Venturi throat, marked with red lines in Figure 2.
Furthermore, in both cases a distinctive pattern, reminiscent of letter H, could be seen as drawn with
yellow splines in Figure 2. Less intense removal of paint was observed in the case of painted cotton strip
but over a larger area, extending upstream and downstream of previously identified zone of paint
removal. A distinct pattern could not be identified. On the one hand, the removal of paint shows promise
towards the use of hydrodynamic cavitation in textile cleaning applications, on the other hand, the
reduced intensity compared to the aluminium surface indicates that some modifications to increase the
cavitation intensity would be necessary.

5. Conclusions

Experiments to assess potential for cavitation erosion were conducted. The paint test method is found
to be a suitable proxy for detecting cavitation erosion in a relatively short time. By replacing the
aluminium tape with cotton strip, the research could be reformulated to explore the potential of
hydrodynamic cavitation for cleaning (from previous formulation dealing with cavitation erosion).
Removal of paint from cotton is achieved under the same operating conditions, however due to different
results compared to aluminium tape, further work, focused on the topic of cleaning as opposed to erosion
is recommended.
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1. Introduction

Hydrodynamic cavitation is a very complex multiphase flow and the complexity increases further when
it is to be used in process engineering applications. This raises the question of how the comparability of
experimental results in this field can be achieved and further of how a transfer of results from laboratory
experiments to an industrial process can succeed. The problem of transferability of test results for flows
with cavitation has already been addressed in several publications. Keler (1999) summarized the
influencing factors preventing a simple scaling of cavitating flows based on cavitation number into two
groups. First group are the bubble dynamic effects or water quality (onset of cavitation, diffusion
processes, effects from bubble motion). Second group summarizes viscosity effects and includes all
factors that have an influence on the local pressure reduction (viscosity, turbulence, surface roughness,
...). Sare (2017) found similar results in investigations of cavitation in Venturi nozzles - the cavitation
number alone is insufficient for characterizing the cavitation state. As a conclusion for future experi-
ments, in addition to the exact description and documentation of the experimental conditions, the specifi-
cation of the definition of the cavitation number and the practical determination of the quantities
included in its calculation was requested. Zzupanc (2019) summarized the current understanding of the
effect of hydrodynamic cavitation on microorganisms. In doing so, they provide recommendations that
should be followed to advance the research field. The requirements already mentioned are supplemented,
among others, by the exact description of the treatment procedure and the determination of reactive
species generated by cavitation. Kuimov (2023) recently investigated different Venturi nozzles and found
a strongly different aggressiveness for the same values of cavitation number. The transferability was
enabled by performing a regression considering significant influencing variables.

2. Objectives

Using the example of the degradation of the dye Congo red by hydrodynamic cavitation in a reactor with
a cavitating free jet, the aim is to investigate the conditions under which the process is energy-efficient
and how the experimental results can be transferred from the laboratory scale to an industrial scale.
Congo red is used here as a representative of the group of oxidatively degradable substances. In this
context, the paper focuses on the derivation of similarity indices using measured variables from the
experiment.

pimension | value |
1 Reactor

; A 3mm
2 Bubble analysis unit
12mm
3a Outlet pressure
regulation (= p;) 5.5mm
3b Bypass (= Vg, p1) 2.5
4 4 Temperature control 9mm
5 Tank (- water analysis) 25mm
HWWW 6 High pressure pump 150 mm
A0l JLAT 30mm
\ B B o6 o7 mm

Figure 1: Experimental setup for Congo red dye degradation with hydraulic circuit diagram and dimensions of nozgle and reactor
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3. Materials & methods
An experimental setup (see Figure 1) was used in which Congo
red (Alfa Aesar, CAS: 521-31-3; 98 % purity), dissolved in

)

) . ; . L | =1
demineralized water, is pumped in a closed circuit from a J0 | Meammg =3

. . . & | ®
container (5) through a pump (6) via a nozzle into a reactor E o AL
(1). The initial concentration of the dye was set to ¢ = 30 mg/L 3 oeutationat) trentmentat ¥ &

. o | treatment at

for all cases. The treatment was performed according to a 0| ap-2bar | g - d0bar T
standardized procedure, starting with a circulation without 85 '
cavitation until a constant concentration is reached, followed 402000 200406

tyin min

by treatment with cavitation over a period of 60 minutes, as
illustrated in Figure 2. Thorough cleaning was performed
between experiments, to a specified minimum concentration.
A similarity analysis with measured process variables, the dimensions of reactor and nozzle and the oxygen
saturation using Buckingham’s m-theorem was conducted, giving the dimensionless complexes shown in
Table 1. The oxygen saturation is used as a measure for amount of dissolved gases and so as an indicator
for degassing. Further quantities of water quality have been measured but not considered in the similarity
analysis yet. The complexes I3 and T3 are two different definitions of the cavitation number, 31 is
the Reynolds number and Il3 /15 gives the Weber number.

Figure 2: Exemplary change of concentration
over time for standardized treatment procedure

Table 1: Similarity complexes for hydrodynamic cavitation in a reactor with jet cavitation

0 2 1 3 4 /s | 6 |7 |8
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M 1., Ap,, Ka, Ap,,d* Kag V. Req Apavd 2p,,d* d  d

4. Results
With the standardized treatment procedure, a very good reproducibility was achieved. Figure 3 shows some

exemplary results. The thorough analysis of results using the similarity complexes is the subject of recent
work
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Figure 3: Degradation of Congo red dye (d = 1 mm, tr = 60 min), Ka(V) and Re(V). Each point is an average of 7 tests.

5. Conclusions

Control of as many process variables as possible and a standardized test procedure are essential for
correct evaluation and comparability of results. A largely open problem is the transferability of results
from laboratory tests to technical processes. In particular, the water quality and the change in process
and target variables usually differ greatly between these cases. This issue will be investigated next.
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1. Introduction

In the human cardiovascular system, the length and diameter of the left coronary artery, supplying blood to the
heart muscle, is about 10-13 cm long and approximately 4-5 mm in diameter (Waller et al., 1992). Due to
physiological reasons, like an increase in the level of cholesterol, plaque formation within the coronary artery takes
place. In the beginning stage, plaque does not show any symptoms. This kind of plaque, also known as vulnerable
ot high-risk plaque, consists of 40 % lipid core (Fayad and Fuster, 2001 ). There are many methods to detect plaque
(atherosclerosis) e.g., angiography, intravascular ultrasound imaging, etc, but these methods are quite expensive
and fully invasive techniques. However, the problem of undetected atherosclerosis may lead to the death of an
individual. One way to overcome this problem of accessibility of timely medical treatment is to use easily available
ultrasound imaging protocol aided by the use of micro gas bubbles commonly called ultrasound contrast agents.
This forms the motivation for the present work

2. Objectives

The specific objective of this work is to numerically investigate the interaction of bubbly flow inside a flexible tube,
mimicking the artery, in the presence of plaque-like obstruction.

3. Materials and Method
Itis known that the acoustic impedance of soft tissues (like blood vessels etc) is about 1.63 Pa.s/m, and the acoustic
impedance of blood is about 1.61 Pa.s/m (Tole, 2005). The acoustic mismatch between blood vessels and blood

is very low. Hence, it will be very difficult to detect plaque formation; on the contrary, the acoustic impedance of
air is 0.0004 Pa.s/m (Tole, 2005).

In the present work, we carried out one-way coupled, 3-D unsteady numerical simulations of the flow of bubbles
through flexible tubes mimicking the artery. The interaction of bubbly flow with acoustic irradiation is also
captured in these simulations. Commercial Multiphysics software, COMSOL, was used for the purpose.

Figure 1 shows the computational domain, and Figure 2 brings out the modelled plaque region. Tables 1 and 2
give the material properties of flexible tubing and boundary conditions used in these simulations. Mechanical index
of ultrasound radiation is chosen based on the usual practice in medical imaging (Sen et al., 2015).

: Plaque
Blood vessel Transducer .

Inlet \ *ﬁ* Outlet
—

O | —
T - |
Vessel Length: 12cm ‘

Fig. 1 Computational domain

Fig. 2 Zoomed view showing the

modelling of plaque
Table 1 Material properties of silicone rubber mimicking blood vessel and plaque
Silicone Rubber (blood vessels + plaque) | Young’s Density Sound speed Poisson’s
modulus 1140kg/m"3 1000 m/s ratio 0.47
2.97 MPa
4. Result

Figure 3 shows the instantaneous contour plot of velocity near the plaque region. As expected, there
is an increase in velocity due to the constriction. Figure 4 shows the wall shear stress at the same



instance for which the velocity contour is shown in Figure 3. It shows regions of high wall shear
stress at the leading edge of the plaque formation. This high shear stress may lead to the bursting of
the plague in a real-life scenario. Figure 5 shows a snapshot of acoustic wave transmission inside the
computational domain. In Figures 3,5 the black line indicates the projection of the plaque on the plane
of view. Results of acoustic pressure at a monitor location near the plaque region (as indicated in
Figure 5 by a black circle) is not presented here for brevity but will be presented during the Workshop
for both with and without bubbly flow case.

Table 2 Boundary and initial conditions used

Initial Condition:

§ V=ZUavg| 1 7], Uavg= : Py=
water Inlet: v=2Uu[1-(t/R), uag=4 cm/s | Outlet: P)=100[mmHg] y=r=w=0 p=100 mm of Hg
Air Inlet: Gas concentration, ¢=0.5 Outlet: dip/dx =0 ;nzlt(;al Condition
Acoustic

pressure At the transducer source P,,,= 1.414 MPa and frequency of 2 MHz. Mechanical index, MI, =1

—

y

Sex

300

250 ¢

200

150
Wall thickness of

the flexible tubing

1o

100

[ ooessses |
0 005 01 015

Value of Shear rate (1/s)

50F

Fig. 3 Contour of instantaneou o :
velocity magnitude near the Distnace Along plaque (mm)
plaque region

10

Fig. 4 Instantaneous plot of wall
shear rate near the Plaque region

— esamx10° Pa
-2 0 2
Fig. 5 Instantaneous snapshot of acoustic
wave transmission. The black circle denotes
the location at which acoustic pressure
amplitude is monitored

5. Conclusion

When contrast agent solution is introduced to the tube, mixture fluid density and compressibility change and
thereby leading to a change in the acoustic impedance of the medium. This facilitates capturing of the echo cleatly
and will help visualize the plaque formation.
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1. Introduction

A lot of effort has been dedicated in recent years towards understanding the basics of cavitation
emulsification, mainly in the form of single bubbles [1-5]. Less extensive and less detailed research has
been done regarding bulk acoustic emulsification [6,7], which we hope to expend with our current
research. Here we focus on the onset of emulsification, as it has been reported to be the most crucial for
dictating emulsion quality [8,9].

2. Obijectives

The objective of our research was to visualize and characterize the behavior of oil-water interface at the
beginning of ultrasound emulsification. The gained insight should be applicable not only to other types
of ultrasound batch homogenization, but also to flow-through acoustic cavitation devices.

3. Materials & methods

The experiments were conducted inside 4.0mL plastic cuvettes, which were filled with 2.5mL of distilled
water and 1.0mL of oil, respectively. The ultrasonic horn was positioned at various distances and locations
relative to the oil-water interface (above, inside and below the interface).

For the purposes of better emulsification visualization, samples were observed with 2 highspeed cameras
simultaneously, positioned at a 90°angle relative to each other. Of these cameras the first (Photron SA-Z)
observed the immediate area around the ultrasonic horn and the second (Photron Mini UX100) observed
the whole side of the cuvette. Analogous to observations under visible light were conducted measurements
with a synchrotron under X-rays.

4. Results

An example of the resulting images from observations under visible light is shown in Figure 1. In all
examples, except those where the horn was initially positioned completely inside the oil-water interface,
either upwards or downwards movement of the interface towards the horn’s tip had to occur before the
onset of emulsion formation. These movements were most likely caused by the current created by the horn
oscillation. The durations of these shifts were proportional to the initial distance between the horn and
interface and, as such, took longer in examples where the initial distance was greater. As a large enough

segment of the interface connected to the horn’s i i

tip, a vertical emulsion stream, roughly the width
of the horn emerged from it. This formed ++++
PN

emulsion replaced the water phase, causing the
interface to further rise. During this the interface

split into layers, ensuring that some of it was still &= 0
connected to the horn and continuous emulsion

formation could occur. The first interface ‘ 7] 20

movements were upwards if the horn was
initially positioned above the oil-water interface
and downwards if the horn’s starting position s0ms 35ms 37ms [

was below it. However in the case of the horn
being initially positioned inside the oil-water
interface, onset of emulsion formation occurred
quickly after the beginning of horn oscillation,
without any movement of the interface. s9ms 70ms 113 ms

Figure 1: Sequnce of events during ultrasound emulsification under visible light with the horn positioned 2.0mm above the oil-water
interface: observations with (a) Photron Mini UX100 and (b) Photron SA-Z.
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5. Conclusions

The above-described findings that the interface needs to be connected to the horn’s tip for an emulsion to
form indicate that both a thin layer of oil and the bulk water phase need to be simultaneously present at the
horn’s tip (as seen in Figure 2). From this we conclude that the ultrasonic horn oscillation, specifically its
downward movement “pushes” parts of the oil layer into the bulk water phase, creating a coarse oil-in-
water emulsion. During the retraction of the horn, a negative pressure zone is created underneath it, causing
the formation and consequent implosion of cavitation bubbles. The resulting microjets and intense local
turbulences cause the break-up of larger oil droplets, leading to the formation of a finer oil-in-water
emulsion. As the cycle of ultrasonic horn oscillation repeats, new oil fragments are pushed into the water
phase where cavitation breaks them down. This causes the formation of the observed vertical emulsion
stream. The oil layer is continuously being replenished from the bulk oil phase, therefore the presence of
the oil-water interface at the horn’s tip is crucial for emulsification.

Due to the oil being the less dense of the two liquids, it is always present as the upper layer and, as such, is
being dispersed into the water phase, never vice-versa. This would explain why, in all observed examples,
the only formed emulsion was oil-in-water emulsion, evident by the bulk oil phase remaining transparent
and unchanged (only shrinking in size), while the water phase is completely incorporated into the formed
emulsion and replaced by it.

F' 0.5 mm

1) wratsr

Figure 2: Observations under X-Rays of emulsion stream formation from a thin oil layer nnderneath the ultrasonic horn (frames taken
from 2 different emulsification exanmples).
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1. Introduction

When the liquid pressure temporarily drops below the vapor pressure, either due to the hydrodynamics
created by the flow geometry or through acoustics, cavitation occurs. Although the intense shockwaves,
pressures and temperatures generated by the collapsing cavitation bubbles render the phenomenon
undesirable in many configurations, it is also possible to exploit these extreme conditions to intensify
processes such as micropollutant removal in wastewater treatment where the radicals produced during the
collapse of the cavitation bubbles play a key role. The complex geometries (such as an impeller or an orifice
plate) involved, as well as the significantly different time and length scales, make the modelling of cavitating
flows challenging and often computationally expensive. Therefore, the majority of the existing theoretical
studies either focus on the dynamics of a single bubble within a stagnant liquid phase (or under extremely
simplified flow conditions) or employ cavitation models that neglect some of the important bubble-scale
physics for the sake of computational efficiency. Although the cavitation models currently available in
common CFD software successfully estimate when and where cavitation occurs, they cannot predict the
bubble trajectories throughout the rest of the domain or the collapse conditions, i.e., temperature and
pressure, which is of crucial significance to process intensification efforts. To address this issue, we propose
an alternative hybrid Eulerian-Lagrangian approach for cavitation modelling with CFD that is capable of
capturing the drastic dynamic changes in the bubble properties both during their growth and collapse,
thereby yielding key information that were previously unavailable within typical CFD simulations.

2. Objectives

This work focuses on proposing a new CFD simulation framework that couples bubble- and flow-scale-
dynamics for better estimation of cavitation dynamics by combining Lagrangian particle tracking with
Euler-Euler multiphase flow simulations. The main goal of the proposed framework is to predict the
cavitation bubbles’ trajectories within the hydrodynamic flow device, as well as to reveal the bubble
collapse conditions (e.g., temperature, pressure, radical production rate) that are inaccessible in Eulerian
cavitation closures. Besides the CFD framework, this work also studies the changes in the bubble
chemistry under the extreme collapse conditions by considering isolated bubbles subject to acoustic
cavitation.

3. Materials & methods
ANSYS Fluent 2021R2 is employed in the CFD simulations. The description of the main solution algorithm
is presented in Fig. 1: Following the initialization, the Euler-Euler multiphase solver is run (with Schnert-
Sauer cavitation model enabled). Upon convergence, discrete particles (bubbles/nuclei) ate injected and
tracked throughout the cavitation device by using the built-in Lagrangian tracking capability of ANSYS
Fluent. This built-in capability is substantially customized via user-defined functions to integrate the single
bubble dynamics (SBD) equations that govern the bubble size, temperature, pressure, and chemical
composition. The SBD model used here is an adaptation of
the diffusion-limited model proposed by Toegel et al. (2000)

combined with the reaction kinetics suggested by Kamath et inialation

al. (1993) (or with equilibrium calculations). The SBD is a set }

of ordinary differential equations that consists of the Keller- | uler-Euler Lagrangian coﬁ‘;'i:s;: e
Miksis equation, mass and energy balances across the bubble | multienase == solutionof == gy
interface, and the overall energy balance for the bubble. trajectories

Verification of the SBD model and the subsequent study on
the bubble collapse chemistry and the reaction kinetics are
carried out in Python.

Figure 1: Description of the solution algorithm
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4. Results

To test the procedure and the model capabilities, a simple cylindrical channel with a single Imm-orifice
is considered. The computational domain is 2D axisymmetric and the nuclei content injected into the
channel at the inlet has a uniform size distribution of 10 microns. The inlet and the outlet pressures are
6 bar and atmospheric, respectively. The bubble trajectories colored by their diameters, temperatures,
and pressures are presented in Fig. 2.

The simulations show that the bubbles grow over
50 times by volume during the cavitation process
and reach a maximum temperature of 1250K and
pressure of 37 bars during their collapse. All three
properties begin oscillating significantly once the
cavitation bubbles leave the low-pressure zone.

Dgubpie

B e 1 —

The oscillations are dampened as flow progress, TBubble
yet they are visible well after a few millimeters PR S
from the exit of the orifice. Although such s
oscillations are well-known and previously

discussed in works focusing on SBD (e.g., PBubble

Capocelli et al, 2014), the flow and the geometries
handled in these works are extremely simplified.
Observing such an oscillatory behavior in more
realistic flow scenarios or obtaining detailed Figure 2 : Bubble trajectories colored by bubble size (10-42 microns),
information on the key bubble properties (such as  temperature (150-1250K), and pressure (0.06-37 bar). Blue
their extended trajectories) has not been possible  represents the minimum and red the maximum on the color scale.

L S R -

through built-in cavitation models in the common

CED software. As accurate prediction of the bubble chemistry relies heavily on the instantaneous values
of the bubble temperature, pressure and composition, the proposed algorithm carries the potential to
improve the understanding of processes that rely on the exploitation of the radicals produced during
bubble collapse.

5. Conclusions

A new approach for cavitation modelling through CFD simulations is proposed. The approach integrates
Lagrangian particle tracking enhanced by the SBD model into Euler-Euler multiphase simulations. The
results imply that it is possible to predict size, pressure, and temperature of the cavitation bubbles, as
well as their oscillations as a function of time, which has not been possible through the conventional
cavitation models in CFD software. Having access to such information in CFD simulations can
potentially improve the current understanding of processes where particle collapse conditions play an
important role and lead to formation of models/expressions with higher predictive power.
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