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Welcome!

On behalf of the local organizing committee and the conference co-chairs, I would like to welcome you to
Ann Arbor and the 7th International Symposium on Cavitation: CAV2009.

The aim of the symposia series is to promote the worldwide exchange of cavitation knowledge. The

inaugural meeting of the series was held in Sendai, Japan, in 1986. Over time, the scope and participation
in this meeting has grown to encompass almost every aspect of cavitation. We have accepted 116 papers
for the symposium covering a wide range of topics, including fundamental cavitation flow physics, cavitation

issues associated with turbomachinery and naval systems, and new applications of cavitation in industrial
and biomedical systems. We all will learn about the most recent advancements (experimental, numerical,
and theoretical) in the understanding, prediction, and management of cavitating flows. Our six plenary
speakers will share their insights on a range of interesting and important subjects.

I would like to thank the Scientific Committee for their help in the paper review process. Their efforts are
vital to maintaining the quality of the symposium. Moreover, the technical papers judged by the Scientific
Committee to be of the highest quality and interest will be selected for publication in a special issue of the
ASME Journal of Fluids Engineering.

Finally, I would like to thank the Local Organizing Committee for all of their effort in bringing this meeting
about. I would particularly like to thank the Ms. Jane Ritter, Mr. Harish Ganesh, Dr. Natasha Chang (the
Chair of the Local Organizing Committee), and the UM Conference Services for their tremendous
contribution to the success of the symposium.

On behalf of my conference Co-Chairs, Prof. Joseph Katz and Dr. Georges Chahine, I extend to you a
warm welcome to Michigan.

Prof Steven L. Ceccio
University of Michqan, Ann Arbor
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Plenary Talks

Cavitation erosion: towards a new approach - Prof Jean-Pierre Franc, University of Grenoble, France

Monday August 172009, 9. 15-10.05 AM

About the speaker

Prof Franc is the Research Director (CNRS), Turbomachinery and Cavitation Research Group, Laboratory of Geophysical and
Industrial Fluid Flows (L EGI) of the Grenoble University lnsitut National Polytechnique de Grenoble (INPG) and Université
Joseph Fourier, France. He has published extensively in the area of cavitation, and is the author of 'La cavitation. mécanismes
physiques et aspects industriels and the co-author of 'Fundamentals of Cavitation

Physical and mathematical problems of hydrodynamics for high speed underwater motion with
supercavitation - Dr. Vladimir V Serebryakov, Institute of 1-lydromechanics - Kiev, Ukraine

Monday August 172009, 1.00-1.50 PM

About the speaker

Dr. Vladimir Serebryakov, Ph.D., leading scientist of Institute of Hydromechanics of National Academy of Sciences of Ukraine,
project manager is known expert in the field of High Speed Hydrodynamics including supercavitation, drag reduction and
propulsive systems, dynamics and hydro elastics problems, sub-, supersonic flows in water. Double high education: shibullding
engineering and physics-mathematics sciences. Post graduate 1969-1972 at the Institute of Hydromechanics of NASU Afler
that he for over 25 years has been closely collaborating with Prof Georgy Logvinovich - father founder of the famous Russian
torpedo Shkval. Dr. Serebryakov is author of asymptotic theory for axisymmetric supercavitating flows in incompressible fluid, for
subsonic and supersonic speeds. He developed equations which expressed known principle of 'Independence of the cavity
expansion" introduced by G. Logvinovich. At present these equations are seen as one of the most effective way for practical
estimation of supercavitation flows. Over 100 papers, National Award of 2002 on science and engineering, DAAD stiendium -
Germany 2002, Brain Power stioendium - South Korea 2006-2007, member of sd. com. of CA V2001- USA, 2003-Japan, 2006-
Netherlands, High Speed Hydrodynamics scientific school "HSH' HSH2002, 2004, 2006, 2008, SuperFAS T2008 - Russia.

Numerical aspects of the collapse of non-spherical bubbles- Prof H/royuki Takahira, Osaka Prefectural
University Japan

Tuesday, August 182009, a3o-9.20AM

About the speaker

Hiroyuki Takahira is currently a Professor of the Department of Mechanical Engineering at the Osaka Prefecture University. His
current research interests are bubble dynamics, cavitation, gas-liquid two phase flows, and computational fluid dynamics.
Hiroyuki Takahira received his B.S. and M.S. degrees in Mechanical Engineering from Kyoto University in 1985 and 1987,
respectively. He received his Doctor of Engineering degree from Kyoto University in 1992. He joined Kyoto University in 1988
and subsequently worked about 8 years as an instructor and lecturer of the Department of Mechanical Engineering, In 1995, he
joined Osaka Prefecture University as an associate professor of the Department of Energy Systems Engineering. He was
promoted to a full professor of the Department of Mechanical Engineering at the Osaka Prefecture University in 2004. He was
awarded the JSME Young Engineers Award in 1993, the JSME Medal for Outstanding Paper in 1999, and the Frontier Award of
JSME Fluids Engineering Division in 2008.
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Naval Propeller Cavitation: Historical Development of Design, Evaluation and Prediction- Dr. Stuart Jessup,
Naval Surface Warfare Center, Carderock Division, LISA

Tuesday August 182009, 1.25-2.15 PM

About the speaker

Dr Jessup attended MIT from 1970-1976 receiving his BS and MS in Ocean Engineering. He then began his career at the Naval
Surface Warfare Center Carderock Division as a member of the Propulsor Branch within the Hydromechani'cs Department. In
1989 he received his PhD from The Catholic University of America.
Dr Jessup developed as a propeller desiqner and an experimental scientist conducting research related to improving the design
process and the overall quality of naval propulsors. In 1982 Dr Jessup developed Laser Doppler Velocimetry (LDV) for use in
measuring detailed propeller blade flows, including blade boundary layers. In 1988, he began the development of arbitrary
propeller blade section technology for the improvement of propeller cavitation performance. This led to installation of an
advanced blade section propeller on the DDG-79 Fliqht Ila class, In 2002 Dr. Jessup was promoted to the position of Senior
Scientist for Hydrodynamics for the US. Navy In recent years he has investigated unsteady flows related to the ASDS, UUV
docking, and propellers operating in crashback. Presently he is working on the DDG- 1000 SOE development and investiqating
propeller operation in heavy seas.

Dr Jessup received The Washington Academy of Science Engineering Science A ward in 1986, the NSWCCD David W Taylor
Award for Scientific Achievement in 1996, the Navy Meritorious Civilian Service Award in 2000, the ASNE American society of
Naval Engineers Gold medal award in 2004 and the SNAME Davidson Medal in 2008. Dr Jessup was also inducted into the
NAE, NationalAcademy of Engineers in 2007.

Nozzle-geometry-dependent breakup of diesel jets by ultrafast x-ray imaging: implication of in-nozzle
cavitation - Dr liii Wang Argonne National Lab, USA

Thursday August 202009, 8.30-9.20 AM

About the speaker

Dr I/n Wang, Physicist and Group Leader for Time-Resolved Research at the Advanced Photon Source (APS) of Argonne
National Laboratory (ANL), earned his doctoral degree in physical chemistry from The Ohio State University in 1994. After so, he
was appointed a post-doctoral fellow at Exxon Research and Engineering Company. He continued his research at ANL in 1995
as a post-doctoral fellow, and was promoted to assistant physicist in 1997, physicist in 2001, group leader in 2003. His research
interest includes emerging science and engineering on advanced combustion of conventional and alternative fossil and bio-fuels,
structure-function relationships in dynamical systems. His is currently working on dynamics and structure of high-pressure, high-
speed fuel sprays for energy applications, kinetics and dynamics of metal/polymer nanocomposites and interaction between
high-power and short-pulse laser and solid state surfaces. Wang has co-authored or authored more than 100 journal article
publications including those in Nature, Science, Nature Physics, Advanced Materials, and Physics Review Letters. Wang
received numerous awards, including the Best Paper Presentation Award of the ASME Internal Combustion Engine Division in
2006, the University of Chicago Distinguished Performance Award in 2005, the US Department of Energy National Laboratory
R&D Award in May2002, the Finalist, Discover Magazine Technology Innovation A wards in 2001.
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Cavitation Modeling: bridging the gap between micro- and macro-scales- Dr. Georges Chahine, Dynaflow,
USA

Thursday August 202009, 1.25-2. 15 PM

About the speaker

Dr. Georges Chahine, President and founder of Dynafiow has acquired a very broad academic background - civil engineering in
1970 from University St Joseph, Beirut Lebanon (ES/B), naval architecture, 1972, and Engineering Doctorate in Fluid Mechanics,
1974 (from ENS TA, Paris) and Doctorat d'Etat es-Sciences in Applied Mathematics, 1979 (U. Pierre and Marie Curie, Paris). He
spent eiiht years in academia and/ed a research group on the study of interface phenomena (ENS TA, Paris), then another eqht
years with the engineering firm, Tracor Hydronautics Inc., directing the Fluid Mechanics and Materials Science Department
before founding Dyna flow in 1988. He has published more than 300 technical papers and reports and has three patents - two
on decontamination of liquids with the DynaJets cavitating jets and one on a cross flow filtration system. Dr. Chahine has very
actively contributed to the field of cavitation and bubble dynamics and has directed numerous investigations on cavitating and
vortical flows, on waterjet technology and in various acoustic and hydrodynamics fields.



Using the Proceedings Flash drive

The proceedings of the conference are made available to the participants in an electronic form rather than
a hard bound book. In order to use the electronic version, make sure that the computer used for viewing the
proceedings has Adobe Acrobat Reader. The document is in a pdf form.

Once the flash drive is loaded, a text document titled 'Instructions' and two folders CAV2009-papers and
Proceedings would be visible in the explorer window of the removable flash drive. There are three ways to
access any paper .The papers can be directly accessed (by paper number) by getting in to the CAV2009-
papers folder.

Another way of accessing the paper is through the day wise schedule located in the Proceedings folder.
There are four pdf files one for each day of the conference. In these files the paper number in bold font has
the link to the paper. This link will open up the corresponding paper in the CAV2009-papers folder.

Yet another was of accessing is through the book of abstracts, The book of abstracts can be found in the
Proceedings folder. The author index can be found from the book of abstracts. After noting the paper
number of the author, the paper wise index in the book of abstracts can also be used to get the appropriate
paper. In the paper index, the bold faced number is a link to that corresponding paper.

Symposium Tour and Banquet

CAVS 2009 aftendees will spend an evening touring the Ford Rouge plant, followed by a banquet reception
at the Henry Ford Museum. The tour and banquet will be held on Wednesday, August 1 9th

Transportation has been arranged to take conference participants and guests to and from the venues.
Buses will leave from Rackham Auditorium at 1:40 pm (after lunch). The tour of the Ford Rouge Complex
will take place from approximately 3:00 pm to 5:00 pm. Then, we will return to the buses for transportation
to the Henry Ford Museum. Dinner will take place from 6:00 pm to 8:00 pm, and them participants will be
brought back to Rackham Auditorium.

vii
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Delft University of Technology

Delft, The Netherlands

ABSTRACT
This work aims at a postprocessing procedure for the

assessment of the cavitation erosion risk based on multiphase
CFD results an on experimental observations. Existing
procedures often use available information, such as the rrns
value of the vapour fraction in a particular area, without
thorough justification of this criterion. This paper aims at
linking the available information that comes from multiphase
RANS or experimental observations with High Speed Video,
with the many publications on fundamental mechanisms of
cavitation dynamics.

The first objective of this paper is to review physical
mechanisms for cavitation erosion loads that have been
suggested in the literature. These mechanisms are evaluated
with observations that are available froni full scale ships
where cavitation has lead to erosion damage on the rudder or
the propeller.

A second objective is to review risk assessment models
that use CFD results or experimental results as input for the
prediction of the risk of cavitation erosion.

A detailed phenomenological description of the process
leading to cavitation erosion from sheet cavitation and vortex
cavitation is hypothesized. The process is based on the
conversion of potential energy contained in the cavity and a
focusing of this energy in space and in time that is governed
by ring vortices or horseshoe vortices in case the ring vortices
attach to a surface. It is concluded from experiments by
Kawanarni etal. [lj that horseshoe vortices tend to concentrate
the vorticity toward the material surface. It is hypothesized in
this paper that this concentrated vorticity forms a mechanism
to break a monolithic cavity up into bubbles due to
instabilities caused by the high fluid velocities and to
concentrate all microbubbles in space by centrifuging out the
heavier liquid particles. The radiated shockwaves caused by
the implosion of one microbubble is then hypothesized to be
sufficient to initiate a synchronized implosion of the cloud of
microbubbles in the immediate vicinity.

Proceedings of the 7t International Symposium on Cavitation
CAV2009 - Paper No. 41

August 17-22, 2009, Ann Arbor, Michigan, USA

Cavitation Erosion - A review of physical mechanisms and erosion risk models

Tom JC. Van Terwisga Patrick A. Fitzsimmons
MARIN, Deift University of Technology Lloyd's Register

Wageningen, The Netherlands London, United Kingdom

Evert Jan Foeth
MAR IN

Wageningen, The Netherlands

A selection of cavitation erosion models available in open
literature is reviewed in this paper. It is concluded that the
inodels by Bark et al. [21 and Fortes-Patella et al. [3J appear to
offer the best frameworks to be coupled to the mechanisms
hypothesized in this paper.

INTRODUCTION
"Rudder cavitation is a long recognized problem in

shipping industry. Nevertheless, we are still far away from
practical final solutions to improve the situation" (Friesch
2006 [41). This paper aims to contribute to a solution to the
many ship rudder and propeller erosion problems, as they not
only increase the maintenance cost but may eventually
compromise the safety of the ship. Moreover, design measures
to prevent cavitation erosion on propellers are always at the
cost of propeller efficiency. It is therefore important to
understand the causes of cavitation erosion, and to predict
accurately its aggressiveness in terms of erosion risks, or even
better, damage rate.

The first objective of this paper is to review physical
mechanisms for cavitation erosion loads that have been
suggested in the literature. These mechanisms are evaluated
with observations on the detailed dynamics of the flow over a
cavitating foil, and with observations that are available from
ships where cavitation has lead to erosion damage on the
rudder or the propeller.

The second objective is to review the risk assessment
models that use CFD or experimental results as input for the
prediction of the risk of cavitation erosion.

With the advent of multiphase RANS codes for the
prediction o the larger scale cavity structures (macro
structures, 0(0.1 chord length)), the urge for a rational
postprocessing for the assessment of the cavitation erosion
risk increases. Results from fundamental research on micro
scale cavity dynamics (cavity bubble scale, 0 (100 - 500 I.tm)
and bubbly cloud cavity dynamics (see e.g. [5]) can now be



linked to the energy cascade associated with the whole process
of cavitation erosion.

The relevance of this work is that it proposes a
postprocessing procedure for the assessment of the cavitation
erosion risk based on multiphase CFD results or on

experimental observations. Existing procedures often use
available information, such as the RMS value of the vapour
fraction in a particular area, without thorough justification of
this criterion (see e.g. [6], [7]). This paper aims at linking the
available information that comes from multiphase RANS or
experimental observations with High Speed Video, with the
many publications on fundamental mechanisms of cavitation
dynamics. The importance of vortices in this mechanism is
explained in this paper.

BASIC PHILOSOPHY
The notion that the aggressiveness of cavitation could be

assessed through a consideration of energy conversion was
already acknowledged by Hammitt [81. He postulated that
cavitation damage occurred once the potential energy
contained in a shed cavity (Er) exceeded a certain damage

threshold E, . This threshold would essentially be a function
of the material properties on which the erosive action takes
place, and not of the type of cavitation.

Damaging
threshold

Area proportional
to damaging energy

E

Em

Figure 1: Energy spectra and their relation to cavitation erosion
(from [8]).

From energy considerations, one can see that potential
energy contained in a macro cavity, is converted into the
radiation of acoustic pressure waves, through the conversion
of potential into kinetic energy during the collapse phase of
the macro scale cavity. This energy cascade was already
identified by Fortes-Patella et al. [3].

Energy considerations on the risk of cavitation erosion are
also used by Bark et al. [9]: "The concentration or focusing as
it is called here, of collapse energy density is most obvious for
the spherical collapse with its converging flow. Due to this, the
kinetic energy density (the kinetic energy per volume of the
liquid) will have a maximum at the cavity interface and this
maximum will increase as the collapse proceeds. This is clear
already from solution of the Rayleigh-Plesset equation
describing this collapse motion. The concept of generalized
focusing considers also focusing of energy density for
collapses of groups and sequences of cavities." The
accumulated kinetic energy is then converted into acoustic
energy in the cavity collapse, associated with the shock waves
that are radiated by the final collapse.

Franc and Michel [10] estimate the impact pressures and
the duration of this impact for four different phenomena
associated with different forms of cavity collapse. They
distinguish impacts associated with the following phenomena:
Micro bubble collapse, an impinging microjet, collective
microbubble cloud collapse and impacting cavitating vortices.
A review of impact pressures and periods is given inTable 1.

phenomena (from Franc and Miche [10])
The pressure amplitude and he duration of the shock

wave associated with a single bubble collapse has been
measured by Fujikawa et al. [111. Pressure amplitude and
period for a microjet resulting from the collapse of a 1 mm
cavity bubble are estimated from pressures found in a water
hammer. The duration of the pressure pulse is fixed by the jet
diameter d which is of the order of d/2c. For a bubble of I mm
initial diameter, the jet diameter is about 0.1 mm, which leads
to a very small value for the duration of the pressure pulse, i.e.
about 0.03 p.s. It is thus concluded that the pressure amplitude
is of the same order as for an imploding microhubble, but that
the duration of the pulse is two orders of magnitude smaller
acoustic power release. Implosion of a cloud of microbubbles
is typically associated with cascades of implosions. The
pressure wave emitted by the collapse and rebound of a
particular bubble tends to enhance the collapse velocities of
the neighbouring bubbles, thus increasing the amplitude of
their respective pressure waves.

"Cavitating vortices appear to be responsible for severe
erosion in Iluid machinery as described by Oba [121". Franc
and Michel [101 conclude that there are two main features that
seem to be at the origin of the potentially highly erosive
potential of cavitating vortices. These features are:

The breaking up of the vortex where the vortex is
about to hit the wall, and
The rather long duration of the impact applied to
the wall.

It is concluded from this analysis that the most aggressive
acoustic power is emitted from a collective micro bubble
collapse, where it will be argued in this paper that cavitating
vortices are an effective means to focus the release of acoustic
power in space and time, thereby increasing the
aggressiveness. It is noted that microbubble cloud collapse and
impacting jets are different descriptions for a similar physical
phenomenon.
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Mechanism

Micro bubble
colla i se

Type of
loading

pressure
wave

Amplitude
[MPaI

100

Duration
IL/S I

Micro jet (from a
1 mm bubble)

impacting
jet

150 0.03

Collective micro
bubble colla se

pressure
waves

>l00 >> 1

Cavitating vortices impacting
et

>100 > 10

Table 1 Review of imoact loadines for different cavity



PHYSICAL MECHANISMS LEADING TO CAVITATION
EROSION

This section gives a description of the mechanisms that
are dominant in converting potential energy as contained in
the cavity immediately after it is shed from the sheet, up to the
very last stages of the cavity just prior to collapse. An initial
distinction will he made between collapse of shed cavities
from a sheet and collapse from a cavitating vortex, but it will
be argued that the phenomena associated with the final stages
before collapse is essentially the same.

SHEET CAVITY COLLAPSE

The following describes the collapse mechanism of a
sheet cavity based on a description of flow phenomena as
collected from distinct references. Foeth et al [1 3] have shown
that the cloud cavitation that is associated with the break up of
sheet cavitation is essentially an organized mixture of
cavitating vortices if one has sufficient spatial and temporal
resolution when watching this break up process (See Figure
1).

6.1 t=0.0s

6.9 t=40.0m

6.5 t=20.Oms

6.2 Oms

6.6 t=25.Oms

6.10 t=45.ans

6.3 t=10.C,s

6.7 t=30.0m

6.11 t=50,s

6.4 t=l5ms

68 t35,0ns

6.12 t=55J6s

6.13 t=60,Oms 6,14 t=65,0m 6.15 t=70.an 6.16 t=75.0m

Figure 1: Visualization of a sheet cavity break up into a cloud
of cavitating vortices over a twisted foil (from Foeth et al.
[13]). The Leading Edge (LE) and trailing edge (TE) are
indicated in the first image, mean flow direction is from top to
bottom. White outlined area B is enhanced in Figure 2.

A detailed view of the shed "cloud"cavitation is given
below, showing the primary spanwise and secondary
streamwise cavitatitig vortices. The streamwise cavitating
vortices originate perturbations near the primary spanwise
vortices that are stretched around these primary vortices. (from
Foethetal. [131)
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8.1 f=25,0m 8.2 t=27.5

8.5 t=35,0m, 8.6 t=37.5m, 8.7 t=40.Oms 8.8 t=42.5ms

Figure 2 Close up of Figure 1 (detail B) including
intermediate images (from Foeth et al. [13]).

The large scale primary spanwise vortices were studied in
detail by Pereira et al [14], who observed the development of
these vortices with four camera's, observing the shed cavity
structures from different viewing angles, thus allowing for a
3D reconstruction of the structures. All cavitating vortices that
are produced in the break up region need to be closed vortical
structures. These vortices need however not necessarily
cavitate over the complete circumference, as the vortex
strength may vary. When the vortex loops come close to the
material surface, they attach to this surface, the vortices being
closed through the boundary layer material. This attachment of
the vortex loop to the material surface occurs as a horseshoe
vortex, as can clearly be seen from Figure 3.

8.3 t30.0ms 8.4 t=32,5ms

Figure 3 Development of shed cavity structures into a
macroscopic body bound cavitating ring vortex (from Pereira
etal 114])

Kawanami et al. Ill observed the behavior of shed
cavities from a sheet through high speed holography. Their
most important result is sketched in Figure 4, where it is
shown that the horseshoe vortex occurs as a bubbly cloud. It is
furthermore shown that presumably due to self induction, the
vorticity is attracted toward tile material surface, thereby
focusing the bubbly cloud towards the surface. It is
consequently the vorticity concentration that focuses the
bubble cloud. Although not explained by the authors, the
breaking up of the cavitating vortex into bubbles is likely
caused by instabilities occurring on the cavity-fluid interface
due to the high local fluid velocities.
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Figure 4 Development of a body attached cavitating
ringvortex into a microbubble cloud collapse close to the
body. (from Kawanami et al. [I])

The final collapse, possibly followed by one or more
rebounds if the energy concentration is sufficiently high, is
now triggered by the emission of a shock wave of the first
bubble that collapses, thereby synchronizing the collapse of
the remaining bubbles.

The mechanism of focussing energy has already been
described by Bark et a! ([2], [9]). And although the necessary
condition of the focussing of the potential energy was clearly
described, the focussing mechanism through vortices was not
explicitly described. The importance of concentrated vortices
on the focussing of energy and ultimately acoustic power
release is supported by the results from Schmidt et al. [15],
who performed detailed CFD calculations on a twisted
hydrofoil. The maximum pressures resulting from one cycle
were recorded and are presented for the two alternating
shedding cycles found in Figure 5. In both pictures the
maximum instantaneous static pressure occurs on the upper
surface (suction side) of the hydrofoil, close to the trailing
edge. The spanwise position varies from cycle to cycle in an
alternating manner. The collapse of the leading edge cavity
produces in both cases maximum static pressures of the order
of 40 bar (point A). It is seen that the larger shed cavitating
vortex (distance between max pressures is highest), also
results in the highest pressures (133 bar), which is ascribed
here to the larger energy content logically contained in the
larger vortex.
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2 , 13 30 It

Figure 5 Cell wise recorded maximum static pressure during
cycle I (top) and during cycle 2 (bottom) caused by sheet
cavity shedding over a twisted foil (from Schmidt et al. 115])

VORTEX CAVITY COLLAPSE

A thorough understanding of the erosive action caused by
unstable vortex cavitation is hampered by the difficulty of
visualizing the hydrodynamics in such a flow and associating
this with actual damage on propeller or rudder. As erosive
action takes time to become effective, and observations are
typically made for limited periods of time, the only way to
directly couple flow visualizations with damage areas is
through cavitation tunnel experiments using artificial surface
treatments which quickly react to erosive action.

The general understanding of erosion by cavitating
vortices is that erosive action occurs for cavitating vortices
that become unstable and break up. This breaking up of a
vortex must necessarily be associated with a redistribution of
vorticity, occurring as a branching off in multiple cavitating
vortices and/or through the formation of ring vortices around
the primary vortex (see Figure 6). It is hypothesized that a
stable cavitating vortex aligned along a surface, of e.g. a
propeller blade or rudder, is not erosive, because there is no
collapse and focusing of cavitation energy. Only if it breaks up
in ring vortices that develop into horseshoe vortices once they
get attached to the surface, it likely leads to erosion. The
aggressiveness being dependent on the potential energy
contained in the ring vortex and the effectiveness of focusing
of this energy.

2



Kuiper [161 discusses the difference between vortex
bursting and "blowing up" or "breaking up" behavior of a
cavitating vortex. The difference between the two mechanisms
being that "bursting" is associated with an instability of the
vortex core due to e.g. a decrease in axial velocity. It is argued
by Kuiper that the break up of a vortex cavity, as for example
seen in Figure 6, is caused by the load variation of the blade.
The strength of the ring vortices that surround the primary
vortex are thus proportional to the blade loading gradient in

time 1, which is entirely governed by the gradient of the

axial velocity in the wakefield. Kuiper also states that the
breaking up of the cavitating tip vortex does not seem to be a
necessary requirement for cavitation erosion on the rudder to
occur. There appear to be cases where erosion on the rudder
occurred without the tip vortex breaking up. This is however
contradictory with the hypothesis that the cavitating vortex
should be broken up in order to lead to cavitation erosion.

It is hypothesized here that focusing is a strong function
of the vortex strength of this ring vortex. The focusing process
being equal to the same process of cavitating vortices
produced by shed cavities from sheets, as discussed above.

Figure 6 Breaking up tip vortex cavitation (Friesch [4])

Although the photographs in Figure 7 have little
resolution, it appears that the cavitating vortex near the
Trailing Edge shows instable behaviour, as can be observed at
the letters D and E. If these structures occur close to the blade
surface, there is a great risk of cavitation erosion.
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Figure 7 Unstable cavitating Leading Edge vortex leading to
cavitation erosion in TE region of tip (Bark et al. [9],
EROCAV ship no. 2).

An interesting experimental study of erosion by a
cavitating vortex is presented by Moeny et al. [17]. In this
study, the erosive behavior of a cavitating vortex along a
lifting body is studied. The experimental set-up is shown in
Figure 8.

Figure 8 Side view of experimental setup. The test fin is on
the left, the vortex generation [in is on the right. Flow is right
to left (Moeny et al. [17]).

Figure 9 gives an overview of the cavity events observed and
the coating damage that occurred through the erosive action of
the shed cavitation. It is interesting to note that there is
apparently little or no damage caused by the primary
cavitating vortex along the test fin, but that the focus of the
erosion damage is in the wake of the induced secondary cavity
at the Leading Edge of the foil. Figure 10 shows the cavitating
structures for a short exposure time of I msec. It can be seen
the the primary cavitating vortex shows little tendency to
break up, but that small and bright cavitating structures
(presumably cavitating vortices) are shed from the secondary
cavity at the Leading Edge, which are held responsible for the
scattered damage in the wake of this secondary cavity. The
scattered character of the shed cavities becomes apparent in
Figure 11, where a long exposure time of 50 sec is composed.
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Figure 9 Overview of tip vortex cavity over the test foil with
induced cavitation at the leading edge and resulting erosion
damage (Moeney et al. [171).

Figure 10 Tip vortex and induced cavitation event with 1.0
msec exposure. The red line indicates the fin leading edge
(Moeney et al. [I?]).

Figure 11 Composite image showing sum of cavitation events
over 1000 frames at 20 frames/sec. Leading edge is shown in
red (Moenyetal. [17]).

EXAMPLES OF CAVITATION EROSION
As a first test of the usefulness of the sketched mechanism

of cavitation erosion in practice, two examples of cavitation
erosion on ship rudders and two on ship propellers will he
discussed in the following.

Figure 12 shows erosion on a rudder horn operating
behind a left-handed CP propeller which was positioned at a
minimal distance aft of the propeller plane. In this case, high
speed video images from sea trials have clearly identified the
cause of the erosion as being the flare-up and collapse of the
core of cavitation bubbles within the tip vortex as its free end
was dragged across the surface of the horn and through the
suction region just behind leading edge on the port side. In
this case the vortex had trapped the vapor core, allowing it to
react to the ambient flow field created by the swirling
slipstream froni the propeller. It is conceivable that had the
rudder horn been twisted to starboard, the slipstream incident
angle would have been reduced and hence the ambient
pressure field would have been moderated. This in turn would
have moderated the strong adverse influence of the low
suction pressure region on the dynamics of the bubbly core of
the vortex.
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Erosion depth 12mm
Caused by cavitation in the tip vortex
flaring up when passing through the
suction peak immediatly behind the

leading edge of the rudder Horn

Figure 12 Cavitation
Lloyd's Register)

erosion damage on a rudder (Courtesy

Figure 13 shows a more conventional rudder horn
arrangement for a single screw container ship at its second 5-
year dry-docking. Erosion was detected on it and its sister
ship at the first 5-year docking and remedial action had to be
applied. This consisted of stainless steel plating both covering
areas eroded by the propeller tip vortex and also creating "ski-
jumps" to deflect cavitation away from the pintle housing.

The tip vortex had eroded some of the welds between the
stainless steel plating of both the rudder blade and the rudder
horn Cathodic reactions then caused wastage through
corrosion and vibration of the plates causing further cracking
of plates and welds, leading to a loss of material from the
rudder blade. Subsequent sea trials by Lloyd's Register using
high speed video cameras, borescopes and acoustic emissions
transducers, confirmed that a strong cavitating tip vortex was
generating high levels of impulsive cavitation across the
damaged region. The moments of impact corresponded with

7

the impingement of that part of the tip vortex that was
generated with blade tips in the 12 o'clock position.

Figure 14 shows thick sheet cavitation forming in the root
region of a fast patrol craft. This vessel suffered from severe
erosion (5mm depth, generated in 30 minutes at sprint speed).
The erosion pattern covered the middle 1/3w of the blade
chord just above the root fillet.

Figure 14 Thick sheet cavitation in the root region of a Fast
Patrol Craft (Courtesy Lloyd's Register)

The region where the damage was thought to occur (6
o'clock position) could not be viewed, however, the loop and
ring vortices shed from the end of the sheet cavity followed
the path along which the erosion markings were found. It is
conceivable that these well-defined structures carried stable
volumes of cavity bubbles downstream into regions of adverse
ambient pressure fields where the trapped potential energy
could be released onto the blade surface, thus enhancing the
erosion effect.

The vessel's problems were only solved when air was
injected at several points from under the rope guard, as shown.

The composite image in Figure 15 shows a partly
emerged propeller blade with an area of marker paint covering
a region of the blade where repairs had been performed. This
area had been eroded by tip vortex cavitation streaming aft
from one of the pre-swirl vanes shown just ahead of the
repaired blade. The insert shows an accurate replica of the
eroded area, which included a hole through the blade (see the
bulge at the upper right hand end of the moulding.

Figure 13 Cavitation erosion damage on a rudder horn
(Courtesy Lloyd's Register)



Figure 15 Composite image of a replica of erosive damage in
the Trailing Edge region of the propeller blade, as indicated on
the emerged propeller blade with marker paint (Courtesy
Lloyd's Register)

The interesting features of this case are
The cavitating tip vortex from the fin did not erode
the blade at any point ahead of the painted area,
even although all parts of the blade on radius at
which the blade cut through the vortex were in
contact with this vortex.
Consequently the possible growth of cavitation
bubbles within the free end of the vortex and the
ambient pressure field near the trailing edge of the
blade created conditions for the enhanced collapse
of the bubble system and erosion of the blade
surface.
Within the replica one can see, from left to right,
defined striations, at a near constant pitch,
indicating deep and shallow (spanwise) grooves in
the blade, culminating in a groove deep enough to
cut through the thickness of the blade.
This last observation suggests that there is a
pulsating character to the ambient pressure field
such that enhanced collapse occurs only in this
region, close to the trailing edge, where one might
expect vortex shedding to influence the up-stream
ambient pressure field.

The latter case indicates an increase in the aggressiveness
of cavitation from a dynamic external pressure field. It is
believed that the mechanism for this cyclic external pressure
field is an enhancement of the synchronization of cavity
collapse.

RISK ASSESSMENT MODELS
A brief review is given in the following on cavitation

erosion models that in some way model the characteristic
phases in the physical process from cavity macro structure to
microbubble cloud collapse. These cavitation models are
evaluated on their suitability to fill the gap between CFD
results and the risk assessment for erosion by cavitation. Four
cavitation erosion models are discussed in the following, the
models being found in the following references:

Katoetal.[l8J
Barketal.121
Fortes Patella et al. [31
Dularetal. [6]

MODEL BY KATO ET AL. (1996)

A scenario for quantitative prediction of the impact force
distribution on the solid surface caused by cavitation was
proposed by Kato et al. [18]. The prediction follows six phases
of cavity development, where it is assumed that the shock
wave caused by the collapse of bubbles separated from the
sheet cavity is the primary mechanism for erosion. The
following characteristic parameters in the process are
assessed:

Stage I: Cavity type and extent
Stage 2: Cavity generation rate
Stage 3: Number and size distribution of cavity bubbles
Stage 4: Characteristics of collapsing bubbles
Stage 5: Impact force/pressure distribution on solid wall

due to cavity bubble collapse
Stage 6: Amount of erosion caused by successive impact

forces
The first stage, the estimation of cavity type and extent,

has been studied extensively. The last stage, solid surface
deformation and removal, was studied from a metallurgical
viewpoint. It is pointed out that the estimation of impact force
distribution or pressure spectrum is key to the prediction of
cavitation erosion. These quantities can be measured and
correlated directly with the pit distribution. The cavity
generation rate was derived from measurement of the air flow
rate into a ventilated cavity, with the assumption that the flow
rate necessary to maintain a certain length of the cavity should
he same as for a vapor cavity (Brennen, 1969; Billet and Weir,
1975). It is discussed in the paper that the behavior of
ventilated cavitation is surprisingly similar to that of natural
cavitation including the shedding of cloud cavitation.

It is difficult to measure the number and size distribution
of cavity bubbles, as their size changes rapidly. However, the
number and size distributions of cavity bubbles can be
estimated from a measurement of the air bubble distribution
downstream of the cavity collapse region, because the air
bubbles downstream are "remains" of the cavity bubbles and
their distribution should thus be similar (see Figure 16).
Diffusion of the gas into the liquid is supposed to be negligible
because of the short time scale.
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Steet Cavity

Generation of cloud
cavity and collapse

Sheet Cavity

Tiny air bubbles
are "remains' of
cavity bubbles

Figure 16 Generation and collapse of cloud cavity (Kato et al.
[18])

The impact pressures on the foil surface are then
estimated based on a model for an isolated implosion of a
single bubble in an infinite space. This model neglects
interference effects that occur in bubble clouds (see e.g.
Reisman et at. [5]). Furthermore, it neglects diffraction effects
from the nearby wall.

By combining the cavity generation rate and the number
arid size of the bubbles, the impact force/pressure spectrum on
the solid surface can be estimated. First, the cavity collapsing
region and the ambient pressure for collapse is estimated.
Next, the bubble collapsing rate at a certain position on the
solid surface should be estimated with the spatial distribution
of bubbles. It is however very time consuming to calculate the
impact forces and pressure caused by each collapsing bubble.
Therefore, it is assumed that only the bubbles in the effective
layer can cause impact forces and pressures high enough to
damage the solid surface. The trajectory of the bubbles can
then be represented by a reference trajectory, see Figure 17.
Then, three reference length scales are introduced: bubble
layer thickness (hb), effective layer thickness (he) and

reference trajectory (h). The effective layer thickness was
assumed to be one-tenth of the bubble layer thickness and the
reference trajectory is supposed to follow the center of the
effective layer, i.e. Ii = /i, / 2

Cavltatl.n cloud Bubbi. layer

Effective layet

Refei ncu

trajectory

Figure 17 Bubble layer, effective layer, and reference
trajectory (Kato Ct al. [18]).

This model allows for a quantitative prediction of
cavitation erosion without using a model test, 1-lowever, it
involves several parameters which were assumed or neglected
without conhirnmtion, such as the initial gas pressure inside a
bubble, the spatial distribution of collapsing bubbles, the
change of ambient pressure around collapsing bubbles, and the
interaction of bubbles as well as that between bubbles and the
solid wall.

Although the model by Kato et al. [18] is an interesting
attempt to capture the process from cavity shedding up to and
including the generation of shock waves, the neglects and
simplified empirical relations, often derived from model

experiments on only one configuration, make the applicability
of this model for propellers and rudders highly questionable.
This is acknowledged by the authors, who state that "further
experimental as well as theoretical verifications of the
assumed values (and relations) are essential for the
development of the proposed method". Furthermore, the
described mechanism lacks the important role of a vortical
flow in the focusing of the energy. The reference trajectory for
the shed cavities defined in this model seems to differ from the
development of shed vortices into horseshoe vortices, as
hypothesized in the foregoing.

MODEL BY BARK El AL. (2004)

The main aim of the work within the European Project
EROCAV was to develop a practical tool for the assessment of
the risk of erosion on ship propellers and rudders in an early
design stage. The observation handbook by Bark et al [21
summarized by Bark et al. in [9], gives a good insight into the
complete hydrodynaniic process from the early and global
development of the erosive cavity to the focused cavity
collapse and possible rebound.

The model is built on the notion that erosion is primarily
the result of an accumulated energy transfer from macro scale
cavities to collapsing cavities close to a solid surface.

The core of the model consists of a number of definitions.
A conceptual model is constituted to sharpen the visual
interpretation of observations of cavitation processes by high-
speed video, and a systematic nomenclature is proposed to
describe and classify the cavitation behavior with respect to
focusing and the generation of erosion.

The small cavities that result from the focusing cavity are
assumed to cause the pitting in the material. They may be
considered approximately spherical at the start of the collapse,
but later, if close enough to the body surface, develop a high
speed micro-jet hitting the solid. This jet, as well as the local
pressure wave generated during the collapse, can contribute to
the deformation and fatigue of the solid material. It is thereby
assumed that either the micro-jet or the pressure wave alone
can be the dominating mechanisms, depending on actual
conditions. "The most violent collapse of the cavities is
associated with the collective collapse of cloud cavitation.
This collective behavior consists of a cascading energy
transfer from the collapse of the peripheral bubbles to the
innermost bubbles whereby the collapse energy is focused into
a small volume" [21.

Following the idea of an energy cascade model, a
decomposition of the erosive cavitation process is worked out
in detail. The natural basis for decomposition of the cavity
collapse is the existence of physically identifiable sub
processes, the observation of which depends on the
observation technique used. With this in mind, the
decomposition of the erosive cavitation process is briefly
described as follows, following a phenomenological
description:

The creation of a transient, usually travelling, cavity from
the global cavity on a propeller blade or similar.
The main focusing collapse. This is the early collapse
motion of the transient cavity that can be observed by the
selected recording technique.
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The micro focusing collapse. This is the last part of the
collapse, not resolved in detail by high-speed recordings.
The rebound.

Guidelines for Observation and Analysis

Bark et al [21 provide guidelines to assess the erosiveness
from visual observations. They first search for violent
rebounds and estimate it's violence. They then advise to
attempt to backtrack the cavity to its origin. Alternatively they
suggest to directly detect focusing cavities from the global
cavity structure. An assessment of the vapor content should be
made, where Bark et al. define the quality of a cavity in terms
of "glassy", "cloudy" or "mixed". The first qualification
referring to a close to 100% vapor fraction cavity, the latter
two to significantly smaller vapor ratios. Information on the
focusing efficiency can also be obtained from:

The amount of disintegration
The acceleration of the collapse motion
The shape and syiimetrie of the collapse motion
The cyclic behavior of the focusing in relation to
forced oscillations, e.g. through the propeller shaft
rate.

Alt the listed points concern mainly the focusing cavity
from its early development toward the rebound, the latter
event being used as an indicator of a violent collapse. No
detailed observation of the micro focusing process is
requested, which is identified as a topic for further
investigation.

The proposed erosion assessment model can easily be
applied on rather large-scale cavities, at a scale which can be
predicted by contemporary CFD methods. However, in cases
where the erosive cavities are small in size and form part of a
complex cavity behavior, application of this model becomes
more difficult. It is noted by the authors that in an
experimental assessment, the time and costs needed to make
useful high-speed video recordings are more limiting than the
visual analysis itself. In addition, due to scale effects, lack of
experience or lull scale correlation it may also happen that the
risk of erosion is over-estimated or underestimated. A
combination of the visual method and a paint tests is therefore
recommended by the authors, possibly supplemented also by
noise measurements in the high frequency range.

MODEL BY FORTES PATELLA El AL. (2004)

Fortes-Patella et al. [31 proposed a physical scenario to
describe the mechanism of cavitation erosion (see Figure 18).
This model shows us how to evaluate the energy transfer
between the cavitating flow and the damage material. It is
based on the following phases:

The collapses of the vapour structures of the cavitating
flow

The emission and the propagation of the pressure wave
during the collapse of vapour structures of the cavitating
flow (Challieret al. [19])
The interaction between the pressure waves and the
neighbouring solid surface (Fortes-Patella et al. [20])

The damage of the material exposed to the pressure wave
impacts (Fortes-Patella [21])

'Ppot
fluid

vapour
Tl**

11*

resure
waves

/
p11 volume R19

nateriaI

Figure 18 Scheme of the physical scenario based on an energy
balance (Fortes Patella et al [3])

Similar as for the model by Bark et al. [2], this cavitation
erosion model is based on the concept of the energy cascade,
in which the potential power apparent from the macro cavities
is converted into acoustic power produced by collapsing
clouds of micro bubbles. It is thereby suggested that pressure
waves emitted during the collapses of vapor structures are the
main source contributing to the cavitation erosion. The
emission of the pressure wave can be generated either by
spherical bubble or vortex collapses as well as by micro-jet
formation. The emitted pressure waves interact with
neighboring solid surfaces, leading to material damage. The
development of macro cavities, which was taken as input in
this model, can either be observed from experiments or
calculated using various CFD multiphase methods. Finally,
the volume damage rate can be calculated as output from this
miiodel.

Instantaneous Potential Power

The instantaneous potential power of the cavitating flow
can he derived from a consideration of the macroscopic cavity
structure. It is defined by:

P, (
laP) (5)

dv,

cit

where Aj = - Ps'ap p is the surrounding pressure, Pvap

is the vapor pressure and is the vapor volume at given

time I

Flow Aggressiveness Potential Power

The flow aggressiveness potential power, derived from
the potential power that relates to the erosive aggressiveness
before the occurrence of collapse, was given by:

;: 1P0 (6)
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where the energy transfer efficiency 17 is a function of the

hydrodynamic characteristics( Vrej and CT) of the main flow

and the distance between the collapse center and the material
surface L. The quantity Vrej is the reference velocity of the

flow, and U is the cavitation number. This Flow
aggressiveness power is influenced by the type, unsteadiness
and geometry of the cavitating flow, such as the angle of
attack and the shape of the leading edge for a hydrofoil.
It is noted here however, that according to the definition of the

potential power P01, information about the development of

cavitation, which can be related to the flow hydrodynamics
and the type and geometry of the cavitating flow is already
accounted for. Consequently, the most relevant influence
factor appears to be the distance between the collapse center
and the material surface.

Pressure Wave Power

The pressure wave power applied to the material during
the vapor bubble collapse is defined by:

P waves - / P01
fl,fl - flint

(7)

where the efficiency 1/is suggested to be determined by the
collapses of spherical bubbles of vapor and gas. It depends
mainly on the change in the surrounding pressure p relative

to the pressure upon the first generation of cavitation for
which the potential power is determined, and the air content in
the flow.

Volume Damage Rate

The volume damage rate Vd was measured by a 3D laser

profilometer and was related to the flow aggressiveness,
referred to as / AS , by the formula:

= ii mat

P:es
/3AS /3AS

(8)

where AS is the analyzed sample surface, and 8 is a

mechanical transfer function depending strongly on the
characteristics of the material.

An advantage of this model is that it follows the
description of the physical energy transfer processes. The
reliability of this model depends cli rectly on the assessment of
the two efficiencies. However, details on the determination of
these efficiencies have not been found in the open literature.
The applicability of this model for interpretation of CFD
results depends therefore on the reliability of the assessment of
these energy transfer ratios. The effectiveness of the focusing
process should be represented by these transfer ratios.

MODEL BY DULAR ETAL. (2006)

Dular et al [6] suggest a model for the cavitation erosion
process based on the damage caused when a bubble collapses
in the vicinity of a solid surface. These single bubbles are

supposed to be excited by the shock wave that is emitted from
the collapse of a cavitation cloud.

The cavitation erosion model is based on partly
theoretical, partly empirical considerations, which are derived
from knowledge that was gained during earlier studies of
different authors. An obvious correlation between the
cavitation structures and cavitation erosion was found through
experimental investigations and statistical calculations.
Perhaps the most important assumption in the assessment of
erosion risk is that the value of the standard deviation of grey
level for each position correlates with the magnitude and
distribution of damage caused by the cavitation erosion.

The cavitation erosion process is broken down into four
different phases, ultimately leading to pit formation (see
Figure 19):

V I

Cavitation cloud Pressure wave Micro jet Pit fonnation
collapse emission formation

Figure 19 Cavitation Erosion model by Dular et al. [6]

Collapse of the cavitation cloud causes a shock wave that
radiates into the fluid.
The magnitude of the shock wave is attenuated as it
travels toward the solid surface.
Single bubbles present near the solid surface begin to
oscillate and a micro-jet phenomenon will occur if the
bubble is close enough to the wall.
The damage (single pit) is caused by a high velocity
liquid jet impacting the solid surface.

The power and consequently the magnitude of the emitted
pressure wave are closely related to the velocity of the change
of the vapour cloud volume (velocity of cavitation cloud
collapse) and to the surrounding pressure. This power term
corresponds to the instantaneous potential power P0 defined
in the model by Fortes-Patella et al [3].

From acoustical theory, it follows that the amplitude of
the emitted pressure wave is proportional to the square root o
the acoustic power. Dular et al. consider the pressure
difference Ap in the potential power to remain approximately
constant during the process, so that the distribution of the
mean change in cavitation cloud volume on the hydrofoil
reveals the mean distribution of aniplitude of the pressure
wave that is emitted by the cavitation cloud collapse.

A hypothesis that the standard deviation of the grey level
is related to the dynamics of cavitation was made on the basis
of previous studies by Dular et al. Based on this hypothesis,
they substitute the instantaneous change of the cavitation
cloud volume by the standard deviation of the grey level in the
experimental observations, which is then related to the power
of the emitted pressure wave. "Standard deviation can be used
in this manner since it is a function of the change of the grey
level in the image, which is a function of the cavitation cloud
volume."

It is interesting to note that the physical process assumed
to be responsible for cavitation erosion by Dular et al. is the
reverse of the physical process hypothesized in this paper,



where in the latter one initial implosion synchronizes the
implosion of a bubble cloud. Another comment on this model
is that the erosion aggressiveness is based on the notion that
the damage is caused by the impingement of the microjet
associated with the implosion of the individual bubbles,
whereas in the hypothesized model in this paper, it is argued
that the acoustic power that is released from this mechanism is
significantly smaller than the acoustic power released from the
synchronized bubble cloud collapse. A third comment refers to
the use of the standard deviation of pixels as a measure for the
time rate of change of the vapor volume. Based on digital
postprocessing of high speed video observations, it is our
experience that high standard deviations in the grey value at
one position do not necessarily refer to the time rate of change
of the cavity volume, but may also refer to e.g. the size of the
bubbles contained in a transient cavity.

EVALUATION OF MODELS

The models by Bark et al. [2] and Fortes-Patella et al. [3] are
based on energy transfer considerations, which have the
inherent advantage that details of the collapse process, such as
needed e.g. in the model by Kato et al. [181 need no detailed
description, other than an energy transfer. This energy transfer
process can simply be captured in a semi-empirical transfer
ratio. These two models also better match the hypothesized
mechanism for cavitation erosion described in this paper.

CONCLUSION
A detailed phenomenological description of the process

leading to cavitation erosion from sheet cavitation and vortex
cavitation is hypothesized. The hypothesis is based on
experiments and observations published in open literature and
backed UI) with four full scale observations discussed in this
paper. The process is based on the conversion of potential
energy contained in the cavity and a focusing of this energy in
space and in time that is governed by ring vortices or
horseshoe vortices in case the ring vortices attach to a surface.
It is concluded from experiments by Kawanami etal. [11 that
horseshoe vortices tend to concentrate the vorticity toward the
material surface. It is hypothesized in this paper that this
concentrated vorticity forms a mechanism to break a
monolithic cavity up into bubbles due to instabilities caused
by the high fluid velocities and to concentrate all
microbubbles in space by centrifuging out the heavier liquid
particles. The radiated shockwaves caused by the implosion of
one microbubble is then hypothesized to be sufficient to
initiate a synchronized implosion of the cloud of microbubbles
in the immediate vicinity.

This process differs from the process described by Bark et
al. [21 in the emphasis that is put on the role of concentrated
vorticity for the focusing of the potential energy and the
breaking up of a monolithic cavity into microbubbles, prior to
a synchronized collapse of this microbubble cloud.

A selection of cavitation erosion models available in open
literature is reviewed in this paper. It is concluded that the
models by Bark et al. [21 and Fortes-Patella et al. [3] appear to
offer the best frameworks to be coupled to the mechanisms
hypothesized in this paper.

Further work will be directed toward a better
understanding of the dynamics of cavitating vortices with
respect to radiated acoustic power and shock waves, and
toward a further development of the erosion models to close
the gap between the output of multiphase RANS codes and the
risk of cavitation erosion.
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