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SUMMARY

Cavitation is the formation of vapor pockets in a liquid due to a pressure drop or an in-
crease in speed. Cavitation nuisance can be disastrous for mechanical components, and
therefore needs to be controlled from an early design stage. However, predicting cavi-
tation dynamics using CFD (Computational Fluid Dynamics) and therefore the perfor-
mance of different designs in cavitating flow, can be very challenging and computation-
ally expensive. In this study, we make an attempt to understand the mechanisms of cav-
itation erosion and predict the erosion risk on the blades of marine propellers operating
in behind condition. Cavitation erosion is a result of extreme pressure loads taking place
at the final stage of the collapse, and the prediction of those requires very small scales in
time and space. For engineering applications, it is extremely costly to resolve such small
scales, and therefore additional modeling is required to reduce the computational cost.

A novel erosion model is applied for the first time on marine propellers. The erosion
model follows an energy balance approach to simulate the energy cascade during a cavity
collapse. The potential energy initially contained in the cloudy structures that are shed
from partial cavities, is proportional to the vapor volume of the structures, and the pres-
sure difference between the driving pressure and the pressure within the cavities. During
the collapse, the potential energy is converted into kinetic energy, and slowly focused to-
wards the collapse center. At the final stage of the collapse, the kinetic energy is partially
converted into internal, rebound and acoustic energy. For relatively high driving pres-
sures (∼ 1 bar) internal energy can be neglected. Rebound energy is associated with the
non-condensable gas content in the cavities, and could be neglected if we do not account
for non-condensable gas. Thus, for the cases concerned in this thesis, we can assume
that all the kinetic energy before the collapse is converted into shock wave energy and it
is radiated to the surrounding liquid.

For the correct implementation of the erosion model special attention should be paid
to two main aspects. First, the exact computation of the instantaneous change of poten-
tial energy, and afterwards the correct projection of the radiated energy to the surround-
ing surfaces. The computation of the instantaneous change of potential energy involves
the calculation of the material derivative of the vapor volume fraction and the estimation
of the pressure field driving the collapse. The material derivative of the vapor volume
fraction can be computed either from the velocity divergence or from the source term of
the cavitation model. The reconstruction of the velocity divergence introduces signifi-
cant errors to the eventual change of potential energy, and therefore it is suggested that
the cavitation source term is used to compute the change in potential energy. Neverthe-
less, the cavitation rate can differ depending on the solver and the cavitation model in
use, and thus it is recommended to always monitor the reconstructed material derivative
of the vapor volume fraction, so that it gives the right amount of potential energy change.
The driving pressure field is estimated from the statistical average of the instantaneous
pressure in cavitating flow over a certain time sample period.
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xiv SUMMARY

The correct projection to the adjacent surfaces is associated with the calculation of
the solid angle. An approximation of the exact solid angle is used to circumvent the dif-
ficulties of the analytical expression of the solid angle. However, for sources very close to
the surface, the solid angle approximation may lead to values much higher than the max-
imum solid angle, and result in significant increase of the surface accumulated energy.
Therefore, the approximated solid angle in such cases should always be bounded to the
maximum solid angle.

The main contribution of this study is the implementation and improvement of a
novel erosion model for the prediction of the surface accumulated energy and the ero-
sion risk on full-scale marine propellers. An accurate estimation of the erosion risk on the
surface of a mechanical component requires proper quantitative predictions of the cavi-
tation implosion loads, so that a good distinction of the erosion risk for different designs
and different operating conditions can be achieved. An extensive verification and valida-
tion study is presented on four test cases, a hydrofoil, a model-scale propeller, a full-scale
thruster propeller and a full-scale open propeller behind a Ro-Ro container vessel. Best
practice guidelines for the use of the erosion model are developed and it is demonstrated
that quantitative predictions of the implosion loads are possible. Predicting the cavitation
implosion loads allows for estimation of the erosion risk based on the surface energy dis-
tribution. Moreover, a distinction between extreme events and events of lower amplitude
is possible by using filters that attenuate the low amplitude events. However, simulating
the exact erosion rate requires models involving the material properties and response. In
future work, this erosion model could possibly be coupled to fluid structure interaction
models able to simulate the material response due to the cavitation implosion loads, and
to compute the actual surface erosion rate.



SAMENVATTING

Cavitatie is de vorming van een regio van damp in een vloeistof als gevolg van een druk
die lager is dan de dampdruk. Een dergelijk lage druk kan optreden door bijvoorbeeld
een lokale drukval of toename in snelheid. Omdat dit fenomeen potentieel zeer schade-
lijk kan zijn voor mechanische onderdelen dient er al in een vroeg ontwerpstadium reke-
ning mee te worden gehouden. Het voorspellen van het dynamisch gedrag van cavitatie,
en de daarbij horende prestaties van verschillende ontwerpen, met behulp van nume-
rieke stromingsleer kan echter erg lastig zijn en veel rekenkracht kosten. In dit onderzoek
wordt er getracht om het mechanisme achter cavitatie-erosie te begrijpen en om het ri-
sico op erosie aan de bladen van scheepspropellers onder normale vaart te voorspellen.
Cavitatie-erosie is het gevolg van extreme drukken die optreden tijdens de laatste fase
van het imploderen van een cavitatiebubbel. Het voorspellen van deze drukken en de
resulterende krachten vereist zeer kleine tijd- en ruimteschalen wat erg duur is voor het
gebruik in alledaags commercieel, technisch werk. Om de kosten te verminderen, dienen
er aanvullende modellen ontwikkeld te worden.

Een nieuw erosiemodel wordt voor het eerst toegepast op scheepsschroeven. Dit ero-
siemodel maakt gebruik van een energiebalans om de cascade van energie gedurende de
implosie van een dampholte te kunnen simuleren. De potentiële energie die aanvankelijk
opgeslagen zit in wolkencavitatie, welke is ontstaan door het afschudden van delen van
vliescavitatie, is proportioneel aan het volume van de dampstructuren en aan het druk-
verschil tussen de aandrijvende druk en de druk binnen de holtes. Gedurende het krim-
pen van een holte wordt de potentiële energie omgezet in kinetische energie en langzaam
geconcentreerd op het middelpunt van de ineenstorting. Tijdens het laatste moment van
het instorten wordt een deel van deze kinetische energie verder omgezet in interne, weer-
kaatste en akoestische energie. Bij relatief hoge aandrijvende drukken (∼ 1 bar) kan de
interne energie worden verwaarloosd. De weerkaatste energie is gerelateerd aan het ge-
halte van niet-condenseerbaar gas in de dampregio en kan worden verwaarloosd wan-
neer niet-condenseerbaar gas niet wordt meegenomen in het model. Derhalve kan voor
de gevallen bestudeerd in dit proefschrift worden aangenomen dat alle kinetische energie
wordt omgezet in schokgolfenergie en wordt overgedragen aan de omliggende vloeistof.

Voor een juiste implementatie van het erosiemodel dient er speciale aandacht te wor-
den geschonken aan twee aspecten: een nauwkeurige berekening van de ogenblikkelijke
verandering in potentiële energie en een goede projectie van uitgestraalde energie naar
de omliggende oppervlakken. Voor het bepalen van de ogenblikkelijke verandering in
potentiële energie dient de materiële afgeleide van de dampvolumefractie berekend te
worden en het drukveld te worden afgeschat. De materiële afgeleide kan worden bere-
kend middels de divergentie van de snelheid of via de bronterm van het cavitatiemodel.
De reconstructie van snelheidsdivergentie resulteert echter in significante afwijkingen in
de verandering van potentiële energie. Het gebruik van de bronterm van het cavitatie-
model geniet dan ook de voorkeur bij het berekenen van de verandering in potentiële
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energie. Desalniettemin kan de cavitatiesnelheid verschillen afhankelijk van de gebruikte
numerieke algoritmes en het cavitatiemodel. Het wordt dan ook aanbevolen om altijd
de gereconstrueerde materiële afgeleide van de dampvolumefractie te monitoren om te
controleren of de verandering in potentiële energie juist is. Het drukveld dat de implosie
aanjaagt kan worden afgeschat op basis van het statistische gemiddelde van de ogenblik-
kelijke druk in de caviterende stroming gedurende een gespecificeerd tijdsbestek.

De correctie projectie van energie naar de omringende oppervlaktes behelst het be-
rekenen van de solide hoek. Gezien de analytische oplossing voor de solide hoek ge-
paard gaat met verschillende moeilijkheden, kan een benadering van de exacte solide
hoek worden gebruikt. Deze benadering resulteert soms echter in hoeken die veel groter
zijn dan de maximale solide hoek en daarmee ook tot significant hogere hoeveelheden
opgehoopte energie op het oppervlak. De benaderde solide hoek moet dan ook altijd
worden gelimiteerd tot de maximale solide hoek.

De grootste bijdrage van dit onderzoek is de implementatie en verbetering van een
nieuw erosiemodel voor het voorspellen van de oppervlakte geaccumuleerde energie en
het risico op erosie bij propellers op ware grootte. Een nauwkeurige afschatting van het
erosierisico op bladen van verschillende propellerontwerpen bij uiteenlopende condi-
ties vereist een kwantitatieve voorspelling van de cavitatie-implosiekrachten. Uitgebreide
verificatie- en validatieonderzoeken zijn uitgevoerd voor vier verschillende situaties: een
vleugelprofiel, een modelschaal propeller, een roerpropeller op ware grootte en een open
propeller gemonteerd op een Ro-Ro containerschip op ware grootte. Daarnaast zijn er
richtlijnen opgesteld voor het gebruik van het erosiemodel en is er aangetoond dat het
maken van kwantitatieve voorspellingen voor de implosiekrachten mogelijk is. In de toe-
komst kan het erosiemodel mogelijk worden gekoppeld met vloeistof-structuurinteractie
modellen om het gedrag van het materiaal als gevolg van de cavitatie-implosiekrachten
te voorspellen.



1
INTRODUCTION

1.1. PROPELLER CAVITATION
Cavitation involves the development of vapor structures in a liquid flow due to local ac-
celeration and consequent pressure drop below a critical value, usually close to vapor
pressure. Figure 1.1 shows the phase diagram of water. Phase change can occur either at
constant pressure, with an increase in temperature (e.g. boiling) or at (almost) constant
temperature, with a decrease in pressure (e.g. cavitation). Cavitation is not a major prob-
lem by itself, but the collapse of the developed vapor structures, when transported by the
main flow to pressure recovery regions, leads to pressure wave emissions of high ampli-
tude and very short duration. The emitted pressure waves interact with neighboring solid
walls, and the resulting impulsive loads often lead to vibrations (typically caused by cavity
dynamics and not necessarily by implosions) and erosion damage of mechanical compo-
nents, for instance, hydro pumps and turbines, fuel injectors, impellers, ship propellers
and rudders. Cavitation erosion, when experienced, normally leads to significant repair
and maintenance costs, safety issues or component replacement.

In the maritime industry, propeller cavitation is basically unavoidable, as in practice,
efficient designs cavitate. Cavitation can be avoided, but this comes at the cost of effi-
ciency or extra capital investments. A propeller without cavitation on the blades during
operation is often regarded as a sub-optimal design, unless a cavitation free design is the
target. On the other hand, extensive cavitation on the blades may result in unwanted
phenomena, e.g., propeller noise, hull vibrations, thrust breakdown, and severe surface
erosion. Most often, the fuel efficiency of the propulsion systems is sub-optimal, because
countermeasures needed to prevent cavitation nuisance. Cavitation nuisance and effi-
ciency, show typically opposite trends in efficiency. Hence, it is crucial to understand
when cavitation becomes harmful in operation, and to find the balance between the pro-
peller efficiency and cavitation nuisance. To this end, cavitation noise and erosion pre-
diction at an early stage of the design phase becomes more and more critical.

The growing importance of fuel efficiency of ships and their propulsion units (e.g.,
Energy Efficiency Design Index-EEDI) impose another challenge on propeller designs.

1
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2 1. INTRODUCTION

Figure 1.1: Phase Diagram of Water [1]

The trend to increase the energy efficiency of ships stimulates continuous innovation and
technological development of all the components influencing the fuel efficiency of a ship
from its design phase. Propulsion units are one of the main contributors to fuel efficiency,
and thus the importance of efficient propeller designs is increasing. Consequently, there
is a clear need for designs which are stretched to the limits. This means reducing the
safety margin against unwanted cavitation phenomena as much as possible, in favor of
higher propulsive and fuel efficiency. As illustrated in Figure 1.2, propeller performance is
strongly influenced by an increase of cavitation dynamics. In the design process of a pro-
peller, a trade-off has to be made between the propulsive efficiency on the one hand and
cavitation behavior on the other. If cavitation erosion on the blades can be predicted with
higher accuracy than the safety margin, then the safety margin can be reduced from point
A to point A′, with a consequent efficiency gain. In an ideal situation, where the accuracy
of prediction is maximum, and the safety margin is minimum, the optimal performance
can be achieved, in terms of cavitation dynamics.

Propeller cavitation has been a major challenge in engineering for many years. The
history of cavitation began already a couple of centuries ago, when Euler, in the mid-
eighteenth century, discussed the possibility of a phenomenon which influenced the per-
formance of water wheel. The first to introduce the phenomenon as it is known today
was Reynolds in 1850’s, by discussing the effect it had on the performance of a screw pro-
pelled steamer [2, 3]. However, the first observer of cavitation in real operating condi-
tions was Parsons, whose ship, Turbinia, suffered from severe thrust breakdown due to
cavitation [4]. Since then, plenty of knowledge has been gained on cavitation dynam-
ics on propellers; however the underlying physics behind the mechanisms of cavitation
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3

Figure 1.2: Trade-off of main targets in propeller design process

erosion due to the implosion of cavitating structures in the vicinity of the propeller sur-
face, remain yet unclear. And even though cavitation dynamics and cavitation behavior
on marine propellers have been extensively investigated, for more than a century exper-
imentally [5], and over 20 years numerically, cavitation erosion prediction is still a major
challenge. Despite the long-lasting problems associated with cavitation erosion, compu-
tational models that could simulate cavitation and identify locations of erosion have still
not been thoroughly developed due to lack of physical understanding.

Nowadays, model scale observations of the propeller performance in a depressurized
towing tank is the most conventional way to get an estimation of the erosion risk on the
propeller blades. In specific cases (on the ship owner’s demand), experimental paint tests
are conducted, in order to get a qualitative prediction of the high erosion risk areas on the
blade. However, the results of such tests can be very sensitive to the selection of the paint
coating, and their repeatability is often questionable. On the other hand, numerical sim-
ulations can provide more information on the erosive potential of cavitating structures,
offering the possibility of a quantitative analysis, at a much lower cost. For instance, the
exact amount of vapor volume on the blades can be quantified, as well as the whole pres-
sure field around the propeller. This kind of information is essential for the estimation
of cavitation impact loads on the surface, and getting that information is rather difficult
during a model test. Besides, with Computational Fluid Dynamics (CFD) several propeller
designs can be assessed much faster, and even simultaneously, something that would be
rather impractical and prohibitively expensive to do in a towing tank. Thus, the evaluation
of different designs requires numerical tools and methods, capable of providing accurate
and reliable prediction of cavitation impact loads, within a reasonable amount of time, to
secure the selection of the best design.

However promising, currently, the assessment of cavitation erosion risk from numer-



1

4 1. INTRODUCTION

ical flow simulations is still a major challenge. Despite many previous efforts to charac-
terize and simulate cavitation erosion, it still remains a fluid dynamics problem, that we
only recently started to understand, due to the multi-scale character of the complex phys-
ical phenomena that govern it. While the size of the cavitating structures developed on a
Full-scale propeller blade are in the order of cm, the erosive potential of the consequent
impact loads strongly depends on flow phenomena acting on extremely small scales in
space and time. Considering the current computational resources, trying to resolve the
cavity dynamics on a micro-scale would require extremely high resolution in space and
in time, and thus high computational effort. Hence, predicting cavitation erosion on a
Full-scale propeller in the design phase requires a method which can be applied on a
macroscopic scale, thereby considering the dynamics of especially the large scale cavitat-
ing structures.

1.2. ENERGY BALANCE IN CAVITATION EROSION
Cavitation erosion is a challenging issue, because it involves the interaction between fluid
dynamics and solid mechanics. Predicting the actual cavitation erosion damage, and the
instantaneous surface erosion rate, requires models that can reliably predict the impact
loads coming from the fluid side, and the material response, as well as the interaction
between them. However, it is wise to isolate the problems before we start looking at the
interaction between the fluid and the structure.

The notion that the aggressiveness of cavitation could be assessed through a consid-
eration of energy conversion was already acknowledged by Hammit [6]. Thus, in order
to investigate the erosive potential of large scale cavitating structures, and to character-
ize the intensity of the emitted pressure waves, we should focus on the overall energy
balance. It is, thereby, crucial to determine how the energy is transferred between the
collapsing structure and the generated pressure waves. Assuming a spherical bubble of a
certain size, its energy content is proportional to its volume and the pressure difference
between the ambient pressure and the pressure within the bubble. When the ambient
pressure is higher than the vapor pressure inside the bubble, the bubble will start to con-
dense, and the potential energy will gradually convert into kinetic energy. At the final
stage of the collapse, where all the potential energy has been converted to kinetic energy,
Tinguely et al. [7] have shown that the kinetic energy is eventually partitioned into shock
wave energy ESW , dissipative thermal energy ∆U and rebound energy Er eb , such that

E0 = ESW +∆U +Er eb (1.1)

In case of a structure collapsing close to a solid wall, a microjet is formed, and thus, a part
of the initial potential energy will go into the formation of a microjet. Then, the energy
partition becomes

E0 = ESW +∆U +Er eb +E j et (1.2)

The dissipative thermal energy ∆U has been shown to be negligible [7]. The rebound en-
ergy depends strongly on the amount of non-condensable gas, contained initially in the
bubble, and the pressure driving the collapse. It becomes relevant only for low ambient
pressures, significantly lower than 1bar . Furthermore, in order to estimate the part of the
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energy absorbed by the microjet formation, we need to resolve each individual bubble
close to the surface, which requires very high spatial and temporal resolution. Eventually,
when an attempt is made to assess the energy transfer to the surface, all the above need
to be taken into consideration.

Unfortunately, none of the developed methods for predicting cavitation impact loads
found in the literature can ensure that the overall energy balance is satisfied. Fortes-
Patella and Reboud [8] were one of the firsts to introduce the energy balance approach for
cavitation erosion prediction. Many studies have been based on this approach. Leclercq
et al. [9], for instance, incorporated the energy balance of the cavity collapse into a cav-
itation erosion model to compute the local impact power caused by imploding cavities.
Even though it has been shown that the overall energy is conserved at the end of a cav-
ity collapse, the cavitation intensity approach still cannot reflect the spatial and temporal
focusing of the potential cavity energy, as described by Tinguely et al. [7].

Other erosion models focus mainly on the collapse of individual bubbles. For exam-
ple, the erosion model by Dular and Coutier-Delgosha [10] is based on the microjet for-
mation. It considers only individual bubbles collapsing near a wall. Apart from the high
resolution, which is required to resolve every single bubble, this model does not account
for the overall energy balance either. Only the energy for the microjet formation is consid-
ered from the initial potential energy, while any impact from shock waves emitted from
the eventual collapse of the bubbles is neglected.

The capabilities and the accuracy provided by the cavitating flow solver should also
be taken into account in the design of erosion models. For industrial applications, pres-
sure based solvers are mostly used. The reason for that is mainly their robustness and
the rather low computational cost, especially for incompressible flow regimes. Cavitat-
ing flows are modeled, then, by using mass transfer source terms, where compressibility
is mimicked only in regions where phase transition occurs, while the pure phases are
considered incompressible. Schenke and van Terwisga [11] have demonstrated the lim-
itations of such solvers on predicting cavitating flows. Local peak pressures are strongly
dependent on both resolution (spatial and temporal) and mass transfer magnitude, and
are not reliably predicted. Thereby, erosion models that require a reliable prediction of
the maximum pressure are not applicable, even though they might be energy conserva-
tive. A good example is the "collapse detector" by Mihatsch et al. [12], which was devel-
oped for a high fidelity fully compressible density based solver. However, even a density
based solver requires extremely high spacial and temporal resolution, in order to get a
grid independent solution, for a fixed acoustic Courant number.

Finally, even though quite a few attempts to predict the erosion risk on propeller
blades are reported, all of them are just an implementation of existing models, while none
of them has proven to be energy conservative. This inevitably leads us to seek for a cav-
itation erosion model which can be applied on an Unsteady Reynolds Averaged Navier-
Stokes (URANS) pressure based solver, is energy conservative and reflects the spatial and
temporal focusing of the initial potential cavity energy.

1.3. AIM OF THE THESIS
The aim of this thesis is to investigate the possibility to estimate the cavitation erosion risk
on the blades of marine propellers, using the URANS equations when the propeller is op-
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erating behind the ship (behind condition). It would be of great significance to develop
an erosion model which is based on the correct overall energy balance during a cavity
collapse and which can reliably estimate the cavitation impact loads on the propeller sur-
face, within a reasonable amount of time. Such a method could be integrated into the
design process and could help to push propeller designs to the limits, and increase their
total efficiency.

To reach this goal of erosion risk prediction, a novel method to estimate the cavitation
impact loads on a surface is presented, which has been developed within the European
project "CaFE", by Schenke et al. [13]. The model is based on a time accurate energy bal-
ance during a cavity collapse. It allows for the conversion of the initial potential energy,
contained in a vapor structure, to local surface impact power. As a vapor structure (or a
cloud of structures) collapses, the potential energy is continuously stored as kinetic en-
ergy at the interface, and it is getting focused towards the collapse center. At the final stage
of the collapse, the kinetic energy is eventually converted into shock wave energy and ra-
diated to the surroundings. The main advantage of this method is that the total energy is
conserved and the time accurate energy balance is satisfied, giving a more physical rep-
resentation of collapsing cavitating structures, without the need to handle the increased
difficulty with multiple scales when going to full scale.

One of the main challenges is to implement the model in such a way that the over-
all energy balance is satisfied, and the total energy is conserved. This can be done by
eliminating all the modeling and numerical errors involved in the reconstruction of the
radiated energy, and its projection to the surrounding surfaces. Close attention will be
paid to the different error sources, in order to make sure that our method remains energy
conservative, also numerically. The next challenge is to implement the erosion model
successfully on propeller test cases. To increase the confidence, we validate the method
against both model and full scale propeller designs. Therefore, the simulated cavitation
erosion risk can be compared to experimental paint tests, and real propeller damage. Fi-
nally, we focus on how to interpret the surface accumulated energy into cavitation ero-
sion risk, and how to differentiate between extreme events and repetitive loads of lower
amplitude.

All in all, the main goal of this thesis is to demonstrate the potential of our fully con-
servative method, for practical use, to predict cavitation impact loads on the propeller
blades, in behind condition, already in an early design phase.

1.4. OUTLINE
In Chapter 2, the physical mechanisms responsible for cavitation erosion are presented.
An attempt for separation of scales in cavitating flows from a physical and a numerical
point of view is made to understand the different modeling approaches and how to esti-
mate the erosion potential of larger cavitating structures. The energy balance during the
cavity collapse is illustrated, as well as the key components for an accurate prediction of
the cavitation implosion loads and the eventual energy impact distribution on the solid
surface.

Chapter 3 includes a review of the current cavitation erosion models/approaches.
Three erosion models from the literature are thoroughly examined, in view of their re-
liability and applicability to a multiphase URANS solver. We conclude that the energy
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balance approach, where it is assumed that the potential energy contained in a vapor
structure is proportional to the volume of the structure, and the pressure difference be-
tween the surrounding pressure and the pressure within the structure, provides the best
framework for erosion risk assessment. Based on this framework, a validation and verifi-
cation study is conducted on the ability of a URANS solver, to predict the developed cavity
structures around the Delft Twist 11 hydrofoil, and the consequent energy transfer to the
surface. The results are compared with experimental observations and paint tests.

In chapter 4, the accuracy of a URANS solver to estimate cavitation impact loads on a
propeller surface, is investigated. The novel approach by Schenke et al. [13] is employed,
where we account for the focusing of the potential energy into the collapse center before
it is converted into shock wave energy. The local surface impact power is estimated fol-
lowing different considerations for the vapor volume destruction rate. We first simulate
a single cavitating bubble collapsing in an infinite liquid and near a wall, where we ver-
ify that when the vapor volume destruction is estimated using the mass transfer source
term, then all the energy is conserved and the total energy balance is satisfied. The model
is further applied on a model propeller test case. The obtained impact distribution agrees
well with the experimental paint test results, illustrating the potential for practical use of
our fully conservative method to predict cavitation impact loads on the propeller blades.

In Chapter 5, the erosion model is applied on a full-scale thruster propeller, which is
responsible for the main propulsion of a tug boat. Three designs of this vessel suffered
from pressure side cavitation erosion. The capability of the erosion model to distinguish
different cavitation aggressiveness levels and compute the magnitude of implosion loads
at different conditions and different designs is demonstrated. The specific energy dis-
tribution shows the total impacted area on the blades, and pinpoints the areas with the
highest energy density (and possibly the highest erosion risk). The importance of the solid
angle calculation for computing the right fraction of radiated energy that is projected to
the surface, especially for sources very close to the wall, is also discussed in this chapter.

Finally, in Chapter 6, the erosion model is applied on a full scale propeller operating
in behind condition. Two propeller designs, fitted in a Ro-RO container vessel, suffered
from pressure side cavitation erosion. Erosion indicators are used to identify the extreme
loads on the propeller blades and differentiate the risk from repetitive events of lower
magnitude.
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2
PHYSICAL MECHANISMS OF

CAVITATION EROSION

In this chapter we discuss the physical mechanisms responsible for cavitation erosion from
the hydrodynamic side. The material response is not within the scope of this study. The
energy balance of a collapsing cavity is presented, from the initial potential energy to the
accumulated surface energy after the collapse. We discuss the separation of scales, where
we mainly focus on the large scale dynamics and how they contribute to surface erosion
in comparison to the micro scale dynamics of isolated cavities collapsing close to the sur-
face. Furthermore, we elaborate on the effect of the pressure driving the collapse and its
role on the surface impact power. Finally, we demonstrate a novel erosion model together
with the advantages and limitations of predicting the implosion loads from the collapse of
cavitating structures with a URANS solver.

9
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Figure 2.1: Shock wave mechanism shown by the collapse of a cloudy structure at some distance away from the
surface [1].

Two main mechanisms are generally held responsible for cavitation erosion and ma-
terial damage. The first and more common mechanism is the so-called "shock wave"
mechanism. Pressure waves of short period and high amplitude are emitted from the col-
lapse of cloudy cavity structures when they enter a high pressure region (see Fig. 2.1 [1]).
The produced "shock wave" after the collapse, travels towards the surrounding surface,
and the implosion loads depend strongly on the orientation and the distance from the
collapse center [2].

Cloudy structures are usually the consequence of partial cavities, which under certain
conditions (angle of attack and cavitation number) can experience a strong dynamic be-
havior. Looking at the flow around a hydrofoil or a section of a propeller blade, at a certain
angle of attack and flow speed, the flow on the suction side, close to the leading edge, will
accelerate such that the pressure drops below the vapor pressure. Thus, a partial sheet
cavity is formed (See Fig. 2.2), which can be either relatively stable or oscillate in length,
and periodically shed clouds of smaller vapor structures [3].

As the cavity grows, the minimum pressure occurs within the cavity itself, and the
curvature of the surrounding flow tends to direct the streamlines towards the cavity. Thus,
usually the cavity reattaches to the solid wall, resulting in a stagnation point at the trailing
edge of the cavity. This stagnation point leads to a re-entrant jet which travels upstream,
carrying liquid within the cavity, which is responsible for the break-up and the shedding
of the partial cavity into smaller vapor structures (See Fig. 2.3). When those structures
reach a region of increased pressure, they collapse violently producing a shock wave, that
is emitted into the domain.

The re-entrant jet mechanism is the most common mechanism responsible for the
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Figure 2.2: Partial cavity formed at the leading edge of a hydrofoil

dynamic behavior of partial cavities, however, it is not the only one. Ganesh [4] recently
demonstrated that another mechanism can lead to shedding of partial cavities, the "bub-
bly shock mechanism". In this particular case, the collapse-induced pressure waves from
previously shed clouds are responsible for the shedding of new clouds from the partial
cavity. This mechanism usually starts to play a role at low cavitation numbers and high
vapor volume fractions within the cavity [5]. The "bubbly shock mechanism" is charac-
terized by a propagating discontinuity. A void fraction front is present that spans along
the complete cavity height and propagates upstream due to the shock wave induced by
the collapse of the downstream cloudy structures. When the void front reaches the lead-
ing edge, the attached cavity separates and a new cycle occurs. Consequently, the par-
tial cavity dynamics in the bubbly shock regime are shock-wave driven, whereas in the
re-entrant jet regime they are inertia driven. From experimental observations in an ax-
isymmetric converging diverging nozzle, it was shown by Jahangir [6] that for a cavitation
number σ> 0.95 the cavity shedding was caused by the re-entrant jet mechanism, while
forσ< 0.75 the bubbly shock mechanism was responsible for the periodic shedding. Both
mechanism were observed in the transition region, 0.75 <σ< 0.95.

The second mechanism responsible for cavitation erosion is the liquid-jet mecha-
nism. When a vapor structure is collapsing close to a wall, the driving pressure field is
a-symmetric, resulting in a high speed liquid-jet formation on the vapor surface away
from the wall. The liquid jet is directed towards the surface, and its velocity can be up
to 1000 m/s or even higher in a few cases. At the moment of the jet incidence, a short
high amplitude water hammer shock occurs, followed by a stagnation pressure of lower
magnitude. Fig. 2.4 shows the liquid jet formation for a single bubble collapsing close to
a solid boundary.

One of the long lasting debates for the last few decades concerns the question which
of the two erosion mechanisms is mainly responsible for the material damage on compo-
nents that suffer from cavitation. Research on cloud cavitation and bubble dynamics has
shown that both mechanisms are able to generate implosion loads high enough to cause
erosion on material surfaces. However, it remained unclear whether one of the two is al-
ways more dominant or material damage is a combination of both mechanisms. Recently,
Joshi et al. [7] have shed some light on the potential plastic deformation of each mecha-
nism. They used a SPH (Smooth Particle Hydrodynamics) axisymmetric solver to simu-
late the collapse of a single cavitation bubble close to an elastic-plastic material, and they



2

12 2. PHYSICAL MECHANISMS OF CAVITATION EROSION

Figure 2.3: Re-entrant jet mechanism, showing the surrounding flow streamlines that are directed towards the
cavity, causing a stagnation point at the cavity closure which leads to the formation of the re-entrant jet [3].

Figure 2.4: Liquid Jet formation observed in experiment by Vogel and Laterborn [8].

demonstrated the plasticity formation and hence material erosion. They concluded that
a micro-jet can produce twice the maximum plastic deformation compared to a shock
wave, while the shock wave can plastify a much larger volume of material (almost 800
times larger). Hence, the erosion rate should be higher for a shock wave impact.

On top of that, cloudy structures collapsing further away from the wall, could possibly
have much larger volume than the structures collapsing close to a solid surface. Conse-
quently, these cloudy structures contain a much larger amount of potential energy (due to
the larger volume) and inevitably lead to implosion loads of higher amplitude. Finally, the
time scales of the micro-jet formation and the water hammer shock are typically smaller
than the time scales of the shock wave formation from the collapse of larger cavitating
structures, even smaller than the material incubation time. Therefore, in many cases the
material does not have time to react to the liquid-jet impact, as demonstrated by Joshi
et al. [7]. Considering all these, large cloudy structures collapsing in the broader vicin-
ity of a surface are expected to have a significantly larger erosion potential than smaller
structures collapsing close to the wall.
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2.1. SCALE SEPARATION IN CAVITATING FLOWS
In the context of the present work, the different scales in cavitating flows can be classified
from both a physical and a numerical point of view. From a physical point of view, cavita-
tion can be analyzed on a microscopic or macroscopic level. Analysis of cavitating flows
on a microscopic level concerns the interaction between cavities (or bubbles) and fluid
particles, and whether the flow satisfies (or not) thermodynamic and mechanical equi-
librium. Such analysis is very relevant for cavitation inception investigation, where water
quality and the number and size of nuclei in the flow seem to play a major role in deter-
mining the inception pressures. Microscopic characteristics of the flow (nuclei, small gas
bubble etc.) may cause deviations from the phase diagram, and possible delays in phase
transition. On a macroscpic scale, the focus is mainly on the kinematics of the cavitating
structures and the mass transfer between the different phases. A homogeneous mixture is
usually assumed which consists of liquid and vapor, and possibly non-condensable gas.
Additional classification can be made between the smaller scales, where bubble dynamics
are concerned, and the larger scales, where the implosion loads of large cloudy structures
are of main interest.

From a modeling point of view, the representation of the cavitating flows could be
classified first with regard to the frame of reference. The most common and popular
approach for engineering applications is the eulerian mixture approach. The homoge-
neous mixture experiences phase change which is described by one set of equations for
the whole field, in the Eulerian reference frame. This results in a no-slip condition be-
tween the two phases, that share the same velocity at the interface. Accounting for the
slip velocity between the two phases, requires another set of equations. In this case, each
phase is represented by one set of equations in the Eulerian frame of reference. How-
ever, a coupling between the phases is required for the momentum and the mass transfer.
Since this approach is computationally more expensive, it is only recommended for cases
where the slip velocity between the phases is important. On a macroscopic scale, slip
velocities between the liquid and the vapor phases has been found to be negligible, nev-
ertheless they seem to play an important role between the liquid and gaseous phases of a
cavitating combustion spray [9].

Furthermore, a Langragian approach can be employed for the vapor phase, when high
accuracy for sub-grid structures is required. The liquid phase is then described by one
set of equations in the Eulerian reference frame, while the vapor phase is described by
individual spherical bubbles or parcels of bubbles in a Lagrangian reference frame. One
equation for the momentum transport and one for the phase transition needs to be solved
for each bubble, and then a coupling for the momentum transfer between the phases is
required. This method is the most expensive in terms of computational effort, however,
it can provide high-fidelity predictions for the smallest scales in cavitation phenomena,
such as the effect of dissolved gas, bubble-bubble and bubble-wall interaction, turbu-
lence effects on bubble motion and break-up, surface tension effects on small bubbles
etc. Ghahramani et al. [10] proposed a hybrid model, where larger cavities are still mod-
eled using a Eulerian frame of reference, while small sub-grid structures as well as sparse
bubble clusters are tracked as Lagrangian bubbles. Such an approach can reduce signifi-
cantly the computational effort compared to a Lagrangian approach, while still providing
high accuracy on simulating sub-grid cavitating structures. However, the computational
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a) b) c)

Figure 2.5: Numerical representation of cavitating flows. Single fluid approach a), two-fluid approach b), and
Eulerian-Lagrangian approach c).

cost is still much higher than the Eulerian mixture approach, and yet not very attractive
for industrial applications.

Secondly, cavitation modeling can be split into equilibrium and non-equilibrium mod-
els. Equilibrium models are assumed to satisfy phase equilibrium, on a macroscopic
scale, of all involved variables at any time instant. That means that the macroscopic
flow states of density, pressure and temperature are unique. An equation of state (EoS)
is needed to describe the dependency between the flow state quantities. In some cases,
thermodynamic tables are used to increase numerical efficiency [11, 12]. An additional
transport equation is solved to achieve closure and describe the changes of internal en-
ergy in the system. In homogeneous equilibrium approaches, the fluid is often treated
as fully compressible. However, the fact that the pure phases are almost incompressible
leads to quite a few numerical challenges, due to the large range of Mach numbers in-
volved. Therefore, in many cases barotropic equations of state are used, where the pres-
sure is directly linked only to the fluid density [13–15]. Barotropic models do not always
obey thermodynamic equilibrium, nevertheless, they usually are able to provide a realis-
tic sound speed distribution of the cavitating mixture flow. A detailed classification be-
tween equilibrium and non-equilibrium cavitation models can be found in Schenke [16].

Moreover, mass transfer models are often used to model phase transition. Mass trans-
fer models do not assume thermodynamic equilibrium, and they require an additional
transport equation to be solved for the vapor volume fraction. The phase transition is
controlled by a finite mass transfer source term, and the flow states are not unique, as in
thermodynamic equilibrium models, but they are highly dependent on the source term
of the vapor volume fraction transport equation. A cavitation model is required to deter-
mine the mass transfer rate included in the mass transfer source term. The pure phases
are modeled as fully incompressible, while compressibility is mimicked only in the mix-
ture regime. Mass transfer models are encountered usually in large scale engineering ap-
plications, and even though they violate the thermodynamic equilibrium, they can work
very efficiently under certain flow conditions, providing high computational efficiency
and robustness.

The reason why mass transfer models can work efficiently for engineering applica-
tions is attributed to the pressure scales at which transition occurs, and the fact that these
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Figure 2.6: Representation of the transition from vapor to liquid phase at constant mixture sound speed cm ,
and the pressure scales of typical engineering applications

scales are typically separated from the characteristic pressure difference driving the iner-
tial dynamics in most applications. Schenke [16] proposed the inverse Mach number to
separate the flow scales such that

M a−1 = cm

vi ner t
≈

√
∆pm

p∞−pv
(2.1)

where cm is the mixture sound speed, vi ner t the inertial flow velocity that is characteristic
of a collapsing cavity, and ∆pm is the pressure range during which phase transition oc-
curs. The inverse Mach number is a measure of the inertial dynamics, and shows to what
extent a cavitating flow is inertia driven.

Figure 2.6 illustrates the density transition of vapor to liquid and vice versa, when the
flow is subjected to a driving pressure difference p∞−pv . In most engineering applica-
tions, where the ambient pressure is p∞ ≈ 1bar or higher, M a−1 ≪ 1, and the flow can be
characterized as inertia driven. The pressure range where the mixture fluid exists, ∆pm ,
is relatively small compared to the pressure range of the liquid phase. Therefore, for rel-
atively high driving pressures the flow is mainly governed by the pressure difference. So,
the only implication in that case is to correctly represent the dynamics of the collaps-
ing cavities and the phase transition form vapor to liquid. It becomes obvious then, that
semi-empirical non-equilibrium mass transfer models can give realistic predictions of the
inertial driven flows, including the representation of the phase transition, as long as the
density-pressure trajectories obtained from the mass transfer model are steep enough,
so that p∞− pv ≫ ∆pm . In cases, where M a−1 is closer to 1, the pressure scales where
phase transition occurs, are of higher interest, as the inertial forces become less and less
dominant in the flow. In those cases, the density pressure trajectory becomes increasingly
important, and a more accurate representation of the flow state is required.

In the present work, a semi-empirical mass transfer model is employed to simulate the
mass transfer between the liquid and the vapor phases. The cavitation model by Schnerr
and Sauer [17] is employed for the mass transfer source term, which is conceptually based
on sub-grid bubble dynamics considerations. As our main focus is to resolve the largest
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scales that are shed from partial cavities, and since high driving pressure differences are
involved, the main concern is to achieve a sufficiently steep density-pressure trajectory
and a quick transition form vapor to liquid phase. The phase transition is then controlled
by the vaporization and condensation coefficients of the Schnerr-Sauer cavitation model.
More details on that aspect are discussed in Chapter 4.

2.2. ENERGY BALANCE OF A COLLAPSING CAVITY
The potential energy contained in a cavity is proportional to its volume, Vv , and the pres-
sure difference between the driving pressure, pd and the pressure within the cavity, pv

Epot = (pd −pv ) ·Vv (2.2)

In every computational cell, the instantaneous volume specific change of potential
energy is given by

ėpot =
DEpot /Dt

Vcel l
= (pd −pv ) · Dαv

Dt
+ Dpd

Dt
·αv (2.3)

It becomes quite clear that the energy content within a cavity depends strongly on
its size (the larger the volume the larger the energy) and the driving pressure difference
(the higher the driving pressure difference the more violent the collapse of a cavity of a
certain volume). As Eq. 2.2 indicated, the potential energy initially contained in a cav-
ity before its collapse will be equal to the sum of the internal, shock wave and rebound
energy after the collapse. For moderate ambient pressures (≈ 1 bar) and by neglecting
any presence of non-condensable in the liquid (thus no rebounds), we can assume that
all the potential energy will convert into shock wave energy at the final stage of the col-
lapse. Consequently, the change of potential energy can lead us to the radiated energy
that will be emitted and distributed to any surrounding surface. It is important then to
isolate the two terms on the r.h.s of Eq. 2.3 and understand which term can contribute to
the radiated energy. A detailed analysis of the contribution of each term can be found in
Chapter 4, showing that energy cannot be radiated without any change in vapor volume,
and therefore only the first term of the r.h.s of Eq. 2.3 may contribute to the emitted shock
wave energy after the collapse.

Therefore, the change in potential energy can be identified by computing the material
derivative of the vapor volume fraction and the driving pressure distribution. However,
the determination of both quantities is not that straightforward. The material derivative
of the vapor volume fraction, by definition, involves the partial derivative of the vapor
volume fraction and an advective term. While, the partial derivative can be computed
quite accurately, the advective term needs to be reconstructed, which may introduce sig-
nificant numerical errors. Considering the mixture density and the mass continuity, the
material derivative of the vapor volume fraction could also be computed using the veloc-
ity divergence or the mass transfer model source term ṁ such that

Dαv

Dt
=

(
∂αv

∂t
+u ·∇αv

)
= ρ

ρl −ρv
∇·u = ρ

ρl
ṁ (2.4)

The velocity divergence term, computed from the face fluxes, may also introduce high
numerical errors, due to interpolations from the cell faces to the cell center. When only
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condensation is taking place, those numerical errors can be corrected from the total vol-
ume change. Nevertheless, in more complex situations, the velocity divergence intro-
duces high uncertainty. Therefore, it is suggested that the material derivative of the vapor
volume fraction is computed from the mass transfer model source term (cavitation rate).
However, it is also suggested to always monitor the reconstructed material derivative of
the vapor volume fraction, since even the cavitation rate might be different depending
on the solver or the cavitation model in use. A more elaborate discussion on the numer-
ical and modeling error sources in the computation of the potential energy change can
be found in Chapter 4. Finally, the uncertainty introduced by the selection of the driving
pressure field is discussed in the following section.

2.3. EFFECTIVE DRIVING PRESSURE OF COLLAPSING CAVITAT-
ING STRUCTURES

One of the key components and one of largest uncertainties in cavitation erosion model-
ing is introduced by the effective driving pressure term in Eq. 2.2. The pressure driving the
collapse is responsible first of all for the actual potential energy contained in the cavities.
For a certain volume, the potential energy will change if the driving pressure changes.
Furthermore, the driving pressure determines the aggressiveness of the collapse. The
higher the driving pressure the faster and the more violent a cavitating structure will col-
lapse, leading to higher radiation of acoustic energy, increasing the risk of surface erosion.

For a spherical bubble collapsing in an infinite liquid, the pressure development in
time and space in the liquid domain can be obtained by the Rayleigh-Plesset Eq. [18]
after neglecting surface tension and viscous effects

p(r, t )−p∞(t )

ρ
= R̈

R2

r
+2Ṙ

[
R

r
− R4

4r 4

]
(2.5)

where p∞ is the pressure at infinity, r the radial distance from the bubble center for
any point in the liquid domain, ρ the liquid density, R the bubble radius, and Ṙ, R̈ the
velocity and acceleration of the bubble interface respectively. On the interface r = R, and
p(r, t ) = pv , and Eq. 2.5 gives

ρ

[
RR̈ + 3

2
Ṙ2

]
=−(p∞−pv ) (2.6)

Assuming that the pressure at infinity is known, this equation gives the temporal evo-
lution of the radius R and consequently the pressure field in the liquid. However, in com-
plex flows the pressure at infinity, p∞(t ), is ill-defined and the determination of the pres-
sure driving the collapse is not straightforward as it is not only a function of space, but
varies also in time. At the same time, the correct representation of the driving pressure
is crucial for the computation of the initial potential energy contained in the collapsing
structures, and consequently any potential impact on nearby surfaces.

For a bubble collapsing close to a solid wall, the driving pressure along the interface
varies due to the effect of wall interaction [19]. Similarly, the presence of other bub-
bles in the vicinity, influence the pressure field around the interface. Considering the
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flow around a hydrofoil where strong pressure gradients are present due to rapid veloc-
ity changes, the determination of the pressure field around those cavities becomes even
more complex. Thus, it becomes clear that there is not a trivial way to determine the in-
stantaneous driving pressure that triggers the collapse of those cavities. Therefore, a large
uncertainty is introduced by the definition of p∞(t ), already before any consideration of
the modeling of cavitating flows and cavitation erosion.

The pressure at infinity has been considered as the driving pressure, even for complex
flows, however this typically leads to overprediction of the potential energy [20–22]. The
presence of walls and other cavities in the domain hinders the pressure recovery and re-
duces the driving pressure. Using the far field pressure neglects any interaction with solid
walls or other bubbles in the flow. At the same time any temporal effect on the driving
pressure is also not considered.

The instantaneous pressure has also been used as an estimate for the pressure driv-
ing the collapse in complex flows [23]. Nevertheless, the driving pressure then needs to
be computed at locations where phase transition occurs. At those locations, the density-
pressure trajectory evolves very close to vapor pressure, and consequently any pressure
difference from the instantaneous pressure should be close to zero, leading to low po-
tential energy values. Therefore, using the instantaneous pressure to assess the driving
pressure leads to under-prediction of the radiated energy and consequently the impact
loads on the surface.

Arabnejad and Bensow [24] suggest a different and more delicate approach to com-
pute the collapse driving pressure. They identify and simplify coherent cavitation struc-
tures to an isolated spherical bubble of equivalent volume. Then, the pressure driving the
collapse can be determined by the Rayleigh-Plesset equation. This approach requires an
additional set of kinematic parameters, that uniquely define the state of the collapse [25].
In this way, however, the exact shape of the collapsing structures and their orientation
with regard to the surface cannot be reflected. Since both the cavity shape and orienta-
tion were found to be crucial for identifying the aggressiveness of a cavity collapse [26], a
more generic approach is required, which nevertheless reflects all the significant aspects
of the cavity dynamics with regard to the driving pressure.

In cyclic flows, the time-averaged pressure field p t , at time instant t , computed from
the instantaneous pressure field in cavitating conditions, p, provides at least an approxi-
mation of the conditions which collapsing cavities experience on statistical average. How-
ever, this implies that the time-averaged pressure field has reached a sufficient level of
convergence in time, which always requires many cycles. The use of a sliding window of
size Tm , over which the instantaneous pressure field is averaged, can reduce significantly
the computational time needed to compute the driving pressure field

p t =
1

Tm

∫ t

t−Tm

p(t )d t (2.7)

Nevertheless, the size of this moving window is important for the correct representa-
tion of the driving pressure, which varies now both in space and time. The appropriate
size of the sliding window has been found to be at least equal to one period (one cavity
cycle) of the cavitating flow. More details on this matter are discussed in chapter 4.
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2.4. INSTANTANEOUS ENERGY BALANCE AND CAVITATION ERO-
SION MODELING

Equation 2.2 shows the potential energy contained in a cavitating structure. When the
structure is subjected to high ambient pressure it will start collapsing. The instantaneous
energy balance during the collapse of a cavitating structure states that the change of po-
tential energy is equal to the negative change of the kinetic energy at any time instant
such that

Ėpot ,0 + Ėki n = 0 (2.8)

Equation 2.8 reveals that during the collapse the potential energy is continuously feed-
ing into collapse induced kinetic energy until the final stage of the collapse where we
have the maximum kinetic energy concentrated at the collapse center. Then, part of the
kinetic energy will convert into radiated acoustic energy. The novelty of this thesis lies
within the energy balance and the energy cascade during the collapse. The erosion mod-
eling accounts for the focusing of the potential energy, initially contained in the cavitation
structures, into kinetic energy, and its transport towards the collapse center.

The generation of the collapse induced kinetic energy occurs at locations of negative
change of potential energy. Since the exact distribution of the kinetic energy around the
structure is not known, it is stored at the interface, and thereby is transported into the
collapse center. At the final stage of the collapse, the energy is radiated to the domain.
For relatively high ambient/driving pressures, almost all the energy stored at the collapse
center is converted into shock wave energy. Finally, a fraction of this energy will be trans-
ferred to the surface depending on the distance and orientation from the collapse center.

For the generation and the transport of the collapse induced kinetic energy ε, an ad-
ditional transport equation is solved during each time step [2]

∂ε

∂t
+ui ·∇ε=−ε(∇·ui )− ėr ad (t ) (2.9)

where ui is the collapse induced velocity. The terms ε(∇ ·ui ) and ėr ad (t ) of Eq. 2.9
represent the conversion of the potential energy into collapse induced kinetic energy and
the conversion of the kinetic energy to radiated acoustic energy, respectively. The term
ui · ∇ε represents the conservative advective transport of ε. However, as mentioned, the
distribution of the kinetic energy around the cavity is not known, and therefore, a model
is used to store the energy at the interface as follows:

∂ε

∂t
= (1−β)[φ(ε)− ėpot ,C (t )]−β ε

δt
(2.10)

where φ(ε) is a model for the advective transport of the kinetic energy, and ėpot ,C (t ) is the
reduction of potential energy. The parameter β is responsible for the conversion of the
collapse induced kinetic energy into acoustic radiated energy, and it is defined as follows:

β=
{

1, i f p > p∞ and α= 0

0, el se
(2.11)

When β = 0, collapse induced kinetic energy is generated, stored at the interface, and
focused towards the collapse center, while when β = 1 acoustic energy is released to the
domain.
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The complexity and delicacy in predicting the cavitation impact loads using the focus-
ing approach is characterized by four key components in the model: the energy conserva-
tion in the computation of the material derivative of the vapor volume fraction associated
with the kinetic energy generation, the modeling of the conservative transport of the col-
lapse induced kinetic energy stored at the interface, the identification of the final collapse
stage revealing the radiation sources, and finally the projection of the radiated energy to
the surrounding surface as a fraction of the total shock wave energy released after the
collapse.

As far as the kinematic features of the collapsing cavitating structures are concerned,
e.g. the characteristic shedding frequency and the cavity collapse time, semi-empirical
mass transfer models can give accurate predictions considering sufficient spatial and
temporal resolution, as well as large enough mass transfer model coefficients. Thus, the
presented erosion model, which is based on the kinematic evolution of the imploding
cavitating structures, can work well in association with Unsteady RANS solvers, where the
pure fluid phases are treated as incompressible. Moreover, the fact that there is no need
to resolve fast propagating pressure waves allows for much larger time step sizes. On the
other hand, the incompressibility of the pure phases, and the consequent infinite speed
of sound, exhibits a non-convergent behavior of the collapse peak pressures indicating
that cavitation erosion models based on the local pressure are not suitable for erosion
risk prediction of cavitating flows within the presented numerical framework [16, 27].

Finally, it should be noted that the model demonstrated in this study, is discussing
only the hydrodynamic aspects of erosion modeling. The mechanical response of the
material is not addressed, although it is of similar importance for predictions of the actual
erosion rate. The effect of the material behavior, which is highly non-linear, will depend
on the number of shock impacts, and their intensity per unit time will determine if and
when erosion will occur and how it will progress. However, within the scope of this study
we only focus on the hydrodynamic loads, and the material response should be consid-
ered as a next step to complete the cavitation erosion analysis.
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3
ON THE APPLICABILITY OF

CAVITATION EROSION RISK

MODELS WITH A URANS SOLVER

In the maritime industry, cavitation erosion prediction becomes more and more critical, as
the requirements for more efficient propellers increase. Model testing is yet the most typical
way a propeller designer can, nowadays, get an estimation of the erosion risk on the pro-
peller blades. However, cavitation erosion prediction using computational fluid dynamics
(CFD) can possibly provide more information than a model test. In this chapter, we review
erosion risk models that can be used in conjunction with a multiphase unsteady Reynolds-
averaged Navier–Stokes (URANS) solver. Three different approaches have been evaluated,
and we conclude that the energy balance approach, where it is assumed that the poten-
tial energy contained in a vapor structure is proportional to the volume of the structure,
and the pressure difference between the surrounding pressure and the pressure within the
structure, provides the best framework for erosion risk assessment. Based on this frame-
work, the model used in this study is tested on the Delft Twist 11 hydrofoil, using a URANS
method, and is validated against experimental observations. The predicted impact distri-
bution agrees well with the damage pattern obtained from paint test. The model shows
great potential for future use. Nevertheless, it should further be validated against full scale
data, followed by an extended investigation on the effect of the driving pressure that leads
to the collapse.

This chapter is based on: T. Melissaris, N. Bulten, T.J.C van Terwisga, On the Applicability of Cavitation Erosion
Risk Models With a URANS Solver, Journal of Fluids Engineering 141 (2019).
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SOLVER

3.1. INTRODUCTION
Cavitation is the creation and intense collapse of vapor pockets in a liquid when exposed
to low pressures. These vapor structures occur at locations where the local pressure drops
to such low values that the liquid evaporates. The collapse of the bubbly clouds in re-
gions of pressure recovery can be very violent, leading to vigorous and rapid pressure
wave emissions. In case of a collapse very close to the surface wall, a micro-jet is formed.
The micro-jet pierces the side of the bubble which is closest to the wall, resulting in a
high ’water hammer’ pressure, felt as a pressure wave on the surface, followed by a stag-
nation pressure of lower magnitude, but longer duration [1]. If the impulsive pressure,
which stems from either the pressure wave, originated from cloud collapse or the water
hammer, or the impact of the micro-jet at the stagnation point, exceeds a certain thresh-
old, then local damage is induced. That threshold depends strongly on the mechanical
properties of the surface material.

In the maritime industry, propeller cavitation is often unavoidable, and therefore ac-
cepted. Cavitation could be avoided, but this comes at the cost of efficiency or extra cap-
ital investments. In certain applications (e.g. research and naval vessels), complete ab-
sence of cavitation is even favourable, but for merchant vessels, maximum efficiency is
desired. Thus, it becomes essential to know when cavitation is not harmful in operation.
Cavitation can be the origin of several negative effects such as noise, vibrations, structural
damage, power and material loss. The later, cavitation erosion, might be responsible for
severe damage on the propeller blades, considerably decreasing the propeller efficiency.
Thus, the prediction of cavitation dynamics in the vicinity of a propeller becomes ex-
tremely important, in order to assess cavitation erosion risk on the propeller surface.

Although the first attempt to analyze a cavitation problem and to quantify the erosive
potential of a single bubble, was made by Lord Rayleigh [2] in 1917, any further progress in
actually quantifying the erosion process has been slow. He investigated bubble dynamics
and solved the problem of the collapse of an empty cavity in a large mass of liquid, lead-
ing the way towards an extensive investigation on cavitation and bubble dynamics [3, 4].
Most of the findings on cavitation inception, formation of bubbles, formation of complex
cavitation patterns, are reported and summarized by Plesset and Prosperetti [5] and Bren-
nen [6]. They already knew that the high pressure peaks occurring during the implosion
of a bubble, were partly responsible for the damage of propeller blades. However, the
bending of trailing edges could not be caused by single collapse, but from collective col-
lapses and interaction of many neighboring bubbles [7]. Momentum considerations were
used for analysis of the collapse of a cluster, until Mørch [8] included the influence of the
emitted pressure wave of each cavity to the cluster collapse, in the energy balance equa-
tion. Isselin et al. [9], and Philipp and Lauterborn [10], tried to elucidate the mechanism
of cavitation erosion by investigating collective effects from consecutive bubble collapses.
They showed that the destructive effect of cavitation is mainly caused by the collapse of
bubbles in close vicinity of the solid boundary. However, they only observed the effects of
single bubbles omitting any interaction between bubbles or collective collapses of bub-
bly clouds. Therefore, a complete description of the cavitation dynamics and the erosion
process still remains obscure.

Recent research, within the EU CaFE project (see also http://cafe-project.eu), has led
to a better understanding of the various types of collapsing cavities that lead to mate-
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rial damage. However, there is still a lack of physical knowledge and of a detailed phe-
nomenological description of the process leading to cavitation erosion. The notion that
the aggressiveness of cavitation could be assessed through a consideration of energy con-
version, was already acknowledged by Hammit [11] in 1963 and a potential energy ap-
proach was first proposed by Vogel and Laterborn [12]. Erosion will occur due to the
concentration of mechanical energy on very small areas of the solid surface. This energy
concentration results in high stress levels which can exceed the resistance of the material.
However, which is the mechanism that contributes more to surface erosion, still remains
unclear.

Plesset and Chapman [1] showed that the liquid jet can develop velocities high enough
to explain cavitation damage. This approach was adopted by Dular et al. [13], proposing a
cavitation erosion model based on experimental studies. He recently found that when the
implosion is in the close vicinity of the wall, the most pronounced mechanism is the im-
pact of the micro-jet. As we move further away from the wall the impact of the micro-jet
diminishes and the collapses of microscopic bubbles during the rebound become more
aggressive [14]. On the other hand, Fortes-Patella and Reboud [15], investigated various
material samples submitted to different cavitation conditions, and they concluded that
the pressure wave emission, that could be generated by spherical bubble and vortex col-
lapses as well as by micro-jet formation, seemed to be the mechanism responsible for the
damage. Furthermore, they developed an original approach to estimate the cavitation ag-
gressiveness, based on energy balance between vapor bubble collapse, emitted pressure
wave, and neighboring solid wall response [16].

Franc and Michel [17] claimed that both hydrodynamic mechanisms, the shock wave
and the microjet, give rise to high pressure pulses, with the same order of magnitude
as the yield strength of usual metals. However, in case of a collective collapse, which is
typically characterized by cascades of implosions [10, 18], the emitted pressure waves of
a particular bubble tend to enhance the collapse velocities of the neighboring bubbles,
thus increasing the amplitude of their own pressure waves. Especially when these col-
lapses are originated from vortical structures, the erosive potential can be enhanced, due
to the formation of a foamy cloud triggering cascade mechanisms and the relatively long
duration of the impact applied to the wall [17].

Bark et al. [19] also used an energy consideration to explain the risk of cavitation ero-
sion. ”The concentration or focusing of the collapse energy to a small domain of the solid
surface is an obvious requirement for generation of cavitation erosion. A cavity can be
associated with a potential energy”, as has been already acknowledged [11, 12]. When the
cavity collapses, the potential energy, contained initially in the bubble, will first be trans-
formed into kinetic energy of the surrounding flow. When the minimum cavity radius is
reached, the energy is transformed into potential energy and acoustic wave energy, which
is felt as a pressure pulse in the surrounding liquid with the maximum value at the cavity
interface. Thus, there is a focusing effect for the kinetic as well as the potential energy.
The potential energy is then again transformed into kinetic energy during the rebound of
the cavity [20].

To return to the main question, it should be noted that individual pits, early visible
during the development of cavitation erosion, are typically of fairly small scale, from a few
µm up to mm size. Larger scale damage, like deeper pits or extensive erosion, is certainly
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generated by collective large scale collapsing cavities and cavitating vortices. "Vortex cav-
itation can be very erosive even though it is surrounded by a durable pressure lowering
rotation. This rotation is however also the explanation for the high erosiveness. The ro-
tation creates the high symmetry needed for a perfect focusing collapse towards a point"
[19].

Considering all the above, van Terwisga et al. [21] claimed that the concentrated vor-
ticity (from vortical structures originated from sheet cavitation), forms a mechanism to
break up a monolithic cavity and to concentrate all the resulting micro-bubbles in space.
The radiated shock-waves caused by an implosion of one micro-bubble, where there is a
focusing of energy, is then hypothesized to be sufficient to initiate a synchronized implo-
sion of the cloud of micro bubbles in the immediate vicinity. Thus, it is concluded that the
most aggressive acoustic emission is originated from a collective micro bubble collapse,
while cavitating vortices may increase the aggressiveness due to effective focusing of the
acoustic power in space and time.

The first objective of this work is to review physical models for predicting cavitation
erosion, following suggestions from the literature. Similar endeavors have been made in
the past [21, 22], however, new numerical approaches have been proposed, and existing
models have been further developed and tested within the last years. The complexity of
the phenomenon, and the need to provide a reliable method to quantitatively predict (the
risk of) cavitation erosion, renders the evaluation of such models a relevant task.

From an industrial point of view, where there is always a compromise between time
and quality, the development of a quick and reliable method to assess cavitation erosion
risk is required. Thus, the second objective of this paper is to evaluate the existing erosion
models, and assess their applicability on an industrial/commercial pressure based Un-
steady Reynolds Averaged Navier-Stokes (URANS) solver. To this end, we have conducted
a detailed verification and validation study on the Delft Twist 11 hydrofoil in wetted and
cavitating flow condition. We conclude that the energy balance approach proposed by
Fortes-Patella et al. [23] is the most favorable method to estimate cavitation erosion risk
for marine applications. The implemented erosion model, based on the previous work of
Leclercq et al. [24] and Schenke and van Terwisga [25], is modified in such a way to reduce
the computational cost. The numerical predictions are compared with experimental ob-
servations of material damage [26], showing a good correlation.

3.2. REVIEW OF CAVITATION EROSION RISK MODELS
Cavitation is being observed experimentally for more than half a century, however the
need of including cavitating flow computations, already in the design phase, renders nu-
merical simulations for cavitation prediction more imperative. Especially, the prediction
of cavitation erosion, particularly on marine propellers, is quite a challenging task, and
even observation in a cavitation tunnel does not give the required confidence, due to the
difficulty either to observe such a process or to estimate scalabillity effects of such flows.
Thus, the direct prediction of the erosion risk in full scale applications, using CFD, be-
comes very important.

Several attempts have been made in the past decades to predict cavitation erosion
without using a model test. Kato et al. [27] proposed a scenario for quantitative predic-
tion of the impact force distribution on the solid surface caused by cavitation. It uses
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Figure 3.1: Energy balance approach showing the transition of the energy contained in the initial vapor cavity
to the material surface [30]

several simplified empirical relations, which need further experimental and theoretical
verification, rendering such a method questionable for propellers and rudders. Bark et al.
[19] provided guidelines to assess erosiveness from visual observations. This model could
easily be applied on rather large-scale cavities, at a scale which can be predicted be con-
temporary CFD methods, however, it is mainly based on the observation of rebound cav-
ities and the estimation of their violence, thus not applicable for incompressible1 solvers,
where the simulation of a rebound cavity is impossible. van Terwisga et al. [21] encourage
to combine this model with experimental observations and paint tests.

During the last decade, more detailed attempts have been made to describe the phys-
ical mechanisms for assessing the risk of cavitation erosion. Three erosion models have
been proposed and are discussed in the following subsections: the energy balance ap-
proach by Fortes-Patella et al. [23], the erosion model by Dular and Coutier-Delgosha
[28], and the collapse detector by Mihatsch et al. [29].

3.2.1. EROSION MODEL BY FORTES PATELLA ET. AL. (2004)
This model describes the physical mechanism of cavitation erosion based on the energy
transfer through the shock wave emitted by the collapse of vapor structures (Fig. 3.1). The
model consists of the four following stages:

1. The shedding vapor structures of the cavitating flow start to collapse;

2. The potential power, included in the vapor clouds, is converted into acoustic power
through emitted pressure waves generated by the collapse. The pressure waves
propagate towards the surface. It is suggested that those pressure waves are the
main source contributing to the cavitation erosion;

3. The emitted pressure waves interact with the solid surface

1We should specify that with incompressible solvers we mean that they treat the pure phases as incompressible,
because compressibility is considered when phase transition occurs.
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4. The surface is exposed to material damage with a volume damage rate V̇d

The initial potential energy inside a vapor structure is defined as

Epot =∆p ·Vv (3.1)

where ∆p = (p∞−pv ), p∞ is the surrounding pressure, pv is the vapor pressure and Vv

is the vapor volume. Then, the instantaneous potential power can be defined as the La-
grangian time derivative of the potential energy

Ppot =−∆p(DVv /Dt ) (3.2)

where the pressure derivative has been ignored [30], as it is assumed to be an order of
magnitude lower than the vapor volume derivative. The minus sign shows that a vapor
structure is considered aggressive only when the relative variation of its vapor volume is
negative (condensation), thus giving a positive potential power value. The aggressiveness
intensity is characterized then as

P mat
pot = η∗∗Ppot (3.3)

where η∗∗ is the energy transfer efficiency and is a function of the hydrodynamic char-
acteristics of the main flow (the reference velocity of the flow Vr e f , and the cavitation
number σ), the distance, and the angle between the collapse center and the material sur-
face. This efficiency depends on the type, unsteadiness and geometry of the cavitating
flow. However, it should be mentioned here that, from the definition of the potential
power, a lot of information regarding the flow characteristics and cavitation development
is already included. Consequently, the distance and the angle between the accumulated
energy at the collapse center and the material surface seem to be the most important
influential factors.

When the vapor structures collapse, the emitted pressure waves apply a pressure wave
power on the surface that is defined as

P mat
w aves = η∗P mat

pot (3.4)

where the collapse efficiency η∗ characterizes the aggressiveness power of the vapor/gas
implosion. It depends mainly on the initial vapor volume, which is a function of the initial
bubble radius R0, the initial gas pressure pg0 within the bubble, and the surrounding pres-
sure p∞. The plastic deformation due to the pressure waves (during the incubation pe-
riod) is characterized by the deformed volume Vpi t . Therefore, the pressure wave power
density is obtained as follows:

P mat
w aves

∆S
=β

∑
Vpi t

∆t∆S
=βVd (3.5)

where Vd is the volume damage rate, and β is a coefficient related to the surface material.
The main advantage of this model is that it follows a physical energy balance process.
However, the applicability and reliability of this model depends strongly on the assess-
ment of the two efficiencies η∗∗ and η∗, and the material parameter β.
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Parameter β was found to be strongly dependent on the solid properties, and almost
independent on the wave impact amplitudes [23]. However, the rate of the impulses im-
pinging the material, the energy of the impulses, work hardening effects of the material,
and changes in material mechanical properties may also affect the value of this parame-
ter. Regarding the energy transfer efficiency η∗∗ Flageul et. al. [30] proposed an empirical
approximation for the distance to the solid hag r , below which it is assumed that the vapor
structures are close enough to be considered as aggressive. Based on Kato et. al [27] this
distance, can be approximated as the 10% of the thickness of the sheet cavity. Neverthe-
less, it is not only the distance that determines the aggressiveness of the structures, but
also the angle of the structures to the surface. Thus, Leclercq et. al. [24] used the solid
angle approach to account for both the distance and the angle dependencies, to calculate
the "instantaneous cavitation intensity" P mat

pot .
A rather physical explanation of this "instantaneous cavitation intensity" could be the

maximum aggressiveness of an initial vapor cloud, for a certain amount of potential en-
ergy within the cloud, and a specified collapse time. In other words, it is assumed that the
whole potential energy is converted into a shock wave, neglecting any rebound effects
and any heat transfer to the surrounding liquid.

3.2.2. EROSION MODEL BY DULAR AND DELGOSHA (2009)
This model is based on the micro-jet formation. Single bubbles, present near the solid
surface, start to oscillate due to shock waves, traveling towards the surface, generated by
the collapse of vapor clouds. Because of the oscillations of the single bubbles, a high-
velocity liquid jet impact can occur, causing damage on the surface. It is stated that, the
Eroded Surface (ES) is a result of repetition of the phenomenon mentioned above, consid-
ering only the incubation period. According to this erosion risk model the local velocity of
the microjet is one of the most critical quantities for the prediction of cavitation erosion.
The jet velocity is determined by Plesset and Chapman [1] as

u j et = 8.97γ2

√
p −pv

ρ
(3.6)

where γ is the non-dimensional distance from the bubble center to the surface (γ= H/R0,
where H is the distance and R0 is the bubble radius), p is the reference pressure, pv is the
vapor pressure and ρ is the liquid density. Based on the local velocity, the water hammer
pressure can be expressed as

phammer ≈ u j etρl cl (3.7)

where cl is the speed of sound of pure liquid and ρl the liquid density. Assuming a per-
fectly rigid, solid surface, which behaves as a perfectly plastic solid, the critical velocity,
for which the yield stress py is reached, can be expressed as derived by Lush [31]

ucr i t ≈
√

py

ρl

(
1−

(
1+ py

B

) −1
n

)
(3.8)

where B = 300MPa and n = 7 for liquid water.
While this hammer stress is definitely the most impressive impact, it is not clear whether

it is the important damaging mechanism. Possibly, according to Plesset and Chapman
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[1], it is not the water hammer pressure that makes the jet potentially aggressive, because
the water hammer incidence time is relatively small. The duration is estimated to be no
longer than the time for the impact signal to traverse the radius of the jet. Then, it would
rather be the stagnation pressure, established right after the water hammer pressure, that
is responsible for pit formation, because its duration is an order of magnitude larger, while
its amplitude can be of the same order (jet velocities have been reported to be even higher
than 1000m/s [32, 33]). Nevertheless, this model does not consider the latter as a pressure
pulse source.

To determine the erosion intensity from such an impact, Peters et. al. [34] proposed
a dimensionless intensity coefficient ci ntensi t y , which relates the local jet velocity u j et to
the critical velocity ucr i t , as well as the water hammer pressure phammer to the pressure
needed to reach the limit, before which deformation starts to occur. It is defined as fol-
lows:

ci ntensi t y =
u j et

ucr i t
≈ phammer

ppl ast i c
(3.9)

This coefficient expresses the erosion intensity of a single micro jet impact on a face and
it is calculated for every impact on a face of the desired surface. When there is no impact
on a face the coefficient is equal to 0, while impacted faces have a value higher than 1, as
the jet velocity in this case is higher than the critical velocity. Afterwards, all the intensity
coefficients are integrated over the whole time interval for every face, and then they are
normalized by the total sum of ci ntensi t y in the whole domain. Thus, the deformation
coefficient cde f is defined as

cde f =
∑T

t ci ntensi t y∑N
n

(∑T
t ci ntensi t y,t

)
n

(3.10)

where t is the time step index, T the total calculation time, n the face index and N the
total number of eroded faces. In the end, the value of the deformation coefficient cde f

gives the fraction of the erosion on every face compared to the total predicted erosion.
It should be noted, that the physical process assumed to be responsible for cavitation

erosion in this model, is based on the notion that damage is caused due to the impinge-
ment of the micro jet, associated with the implosion of the individual bubbles, while in
this paper, it is hypothesized that the acoustic power, released from this mechanism is sig-
nificantly smaller than the acoustic power, that is released from a synchronized collapse
of a bubbly cloud collapse. Moreover, a disadvantage of the model is that it accounts only
for the plastic deformation of the surface (during the incubation period). Consequently,
this model cannot be used to assess the actual damage rate but only the erosion risk.

3.2.3. COLLAPSE DETECTOR BY MIHATSCH (2011)
The concept of the "collapse detector" involves the derivation of a set of physical criteria
to detect the collapse of isolated clouds and to evaluate the strength of the generated
shock waves. The definition of the "collapse detector" is given as follows:

• Computational cells where the vapor volume content condenses completely dur-
ing the last time step, are considered as "candidates". If the surrounding cells of a
"candidate" contain liquid only, an isolated collapse is detected.
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• Once a collapse is detected, the maximum pressure is generated at that instant in
time, when the divergence of the velocity field changes its sign.

• The strength of the collapse is characterized by its maximum (negative) divergence
and its maximum pressure.

The "collapse detector" offers two main advantages over just monitoring the maximum
pressure. It automatically distinguishes the difference between the collapse maximum
pressure and the high pressures due to stagnation points or wave interaction, and the
number of collapse events, as well as their position, and their strength provide important
information about a possible stress profile the material is exposed to. This information
can be used to estimate erosion rates.

The main drawback of the "collapse detector" is the missing information of the col-
lapse intensity on the material surface. To overcome this issue, Mihatsch et. al.[29] pro-
posed an efficient projection method. The final pressure impact on the wall, pw all is
obtained, using the linear decay law, from the maximum pressure at the collapse center
pcol l apse , the distance of the collapse from the wall rw all , and the cube root of the cell
volume Vcel l , where the collapse was detected

pw all ∼
3
√

Vcel l

rw all
pcol l apse (3.11)

The "collapse detector" is designed for a density based compressible solver, where the
pressure at the collapse center can reliably be estimated, given that sufficient temporal
resolution has been applied, and any grid dependencies have been taken care of. In an
incompressible flow, the prediction of maximum pressure is not assured and it is very sen-
sitive to grid and time step resolution [35]. However, the number of the collapse events
and their position can still provide very important information. Even though the collapse
intensity may not be correctly predicted, multiple collapses around a specific area can in-
dicate a high erosion risk. Furthermore, the detection of the "candidate" cell can be very
useful for the reconstruction of the pressure driving the collapse. Thus, further investiga-
tion is needed, whether this model could be combined with other methods, suitable for
pressure based incompressible solvers.

3.2.4. EVALUATION OF MODELS
The model by Dular and Delgoscha is based on the notion, that the damage is caused by
the impingement of the liquid micro-jet, whereas in this paper we follow the hypothesis
by Terwisga et. al. [21], that a synchronized bubble collapse can release much higher
acoustic power, than the micro-jet from a single bubble. Furthermore, it is not obvious
whether the water hammer pressure, which is considered as the damage mechanism in
this model, is the dominant source of damage, when a liquid jet is formed. The stagnation
pressure may contribute more to the surface material loss. Although its magnitude is
somewhat lower, its duration is an order of magnitude larger.

The models by Mihatsch et. al. and Fortes Patella et. al., which are based on en-
ergy balance, are preferred for providing a more detailed physical basis. The model by
Mihatsch et. al., however, requires a reliable prediction of the maximum pressure, origi-
nated by the collapse of vapor structures, which may not be reliably predicted by an in-
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compressible pressure based solver. Thus, the energy balance approach by Fortes-Patella
et. al. provides the best framework for erosion risk assessment using an incompressible
pressure based URANS solver. The model used in this paper, described in section 3.4, has
its basis on this approach.

3.3. NUMERICAL MODELING

3.3.1. GOVERNING EQUATIONS
The Reynolds Averaged Navier-Stokes (RANS) equations are solved using the commercial
solver Star-CCM+, where each instantaneous quantity can be split into time-averaged and
fluctuating components. The numerical simulations are based on FVM (Finite-Volume
Method), and an incompressible segregated flow model is selected solving the integral
conservation equations of mass and momentum in a sequential manner combined with
the SIMPLE pressure-velocity coupling algorithm. For the time marching, a second-order
implicit method is used, and for the convective terms, a second-order upwind scheme is
adopted. From the basic principles of conservation of mass and momentum, the govern-
ing equations are written as follows:

∂ρ

∂t
+∇· (ρu) = 0 (3.12)

∂(ρu)

∂t
+∇· (ρuu) = −∇p +ρ f +∇·τ (3.13)

where u is the velocity tensor, ρ is the fluid density, p the pressure, ρ f the exterior force
density per unit mass and τ the viscous part of the stress tensor.

A homogeneous multiphase model is used, referred to as Volume of Fluid (VOF) in
Star-CCM+, treating the fluid as a single continuum with two phases, assuming a no-slip
condition between liquid and vapor phase, with varying properties in space according to
its composition av . The vapor phase is transported in order to compute the vapor volume
fraction. The liquid volume fraction is determined from the condition:

av +al = 1 (3.14)

while density and viscosity are defined as:

ρ = avρv +alρl and µ= avµv +alµl (3.15)

respectively.

3.3.2. TURBULENCE MODELING
In this study the SST k-ω turbulence model, developed by Menter [36], is used (as result
of previous study [37]. In order to fully resolve the boundary layer, the numerical mesh
has been properly refined and a low-y+ wall treatment has been chosen. This approach
effectively blends a k-ϵ model in the far field with a k-ω model near the wall. Reboud
and Delannoy [38] showed the important role of the re-entrant jet on the cavity break-off
cycle. However, the use of this turbulence model leads to very strong turbulent viscosity
in the cavity wake hindering the re-entrant jet formation. It is stated by Reboud et al. [39],
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that this effect, which is not representative of the real behaviour, has been analysed to be
related to the hypothesis of homogeneous flow and its no-slip condition between the two
phases. That no-slip condition behaves as an artificial increase of dissipation.

That problem has been treated by an empirical reduction of turbulence dissipative
terms in the two-phase regions, by modifying the turbulent viscosity [39]

µt = f (ρ)Cω
k

ω
(3.16)

f (ρ) = ρv + (ρm −ρv )n

(ρl −ρv )(n−1)
; n ≫ 1 (3.17)

where ρv is the vapor density, ρl the liquid density and ρm the mixture density. For the
constant n a recommended value n = 10 has been used. With this modification, the tur-
bulent viscosity is modified in phase transition regions, according to the density change.
Therefore, the numerical simulations are improved by taking into account the influence
of the local compressibility effects of the vapor/liquid mixture on the turbulent structure,
which where not considered before by the common two equation turbulence models for
incompressible RANS methods.

3.3.3. CAVITATION MODELING
An additional conservation equation that describes the transport of vapor volume frac-
tion αv is solved

∂αv

∂t
+∇· (αv u) = Sαv (3.18)

In Eqn. 3.18, Sαv represents the source of volume fraction of vapor. In order to account
for bubble growth and collapse, a cavitation model should be introduced for the source
term of the volume fraction of vapor. The cavitation model used in this study is the model
proposed by Schnerr-Sauer [40] based on a simplified Rayleigh-Plesset equation, which
neglects the influence of bubble growth acceleration, as well as viscous and surface ten-
sion effects:

dR

d t
= si g n(pv −p)

√
2 | pv −p |

3ρl
(3.19)

where pv is the saturation pressure, p is the local pressure around the bubble and ρl is
the fluid density. According to this rate, the source term in Eqn. 3.18 is defined as:

Sαv =
4πR2n0

1+ ( 4
3πR3)n0

dR

d t
(3.20)

3.3.4. CAVITATION EROSION RISK ASSESSMENT
According to the approach of Fortes Patella et. al. [23], as described in section 2, pressure
waves emitted during the collapses of vapor structures seem to be the main factor con-
tributing to cavitation erosion. The potential energy of a cavity with volume Vv is given
by Eqn. 3.1. It is interesting to note that, the model by Fortes-Patella et. al. (2004) defines
the surrounding pressure (pressure driving the collapse) as the pressure at infinity, p∞.
This indicates, that the pressure driving the collapse is constant and equal to the pressure
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at infinity. Here, the driving pressure term is further on referred to as pd , denoting a gen-
eral unknown pressure field driving the collapse, assuming that the pressure, surrounding
the cloud cavities, differs from the pressure at infinity. Then, the instantaneous potential
power, as defined in Eqn. 3.2, becomes

Ppot = (pd −pv ) · DVv

Dt
+ Dpd

Dt
·Vv (3.21)

In Eqn. 3.21 both derivatives are considered, and they represent Lagrangian time deriva-
tives. Therefore, the potential power density can be estimated in every cell from

Ppot

Vcel l
= (pd −pv ) · Dαv

Dt
+ Dpd

Dt
·αv (3.22)

where αv = Vv /Vcel l is the void fraction. Furthermore, the void fraction is defined as
αv = (ρ −ρl )/(ρv −ρl ), and from the local mass conservation ∂ρ/∂t +di v(ρu) = 0 the
potential power density becomes [24, 30]

Ppot

Vcel l
= (pd −pv ) · ρ

ρl −ρv
di vu+ ρ−ρl

ρv −ρl

(
∂pd

∂t
+u ·∇pd

)
(3.23)

We assume that a change of energy in the domain, happens only when there is a change
in the total vapor volume. Consequently, in this model, a vapor structure releases energy
gradually as it condenses, and not instantaneously after its collapse. By looking the two
terms of Eqn. 3.23 separately, only the first term describes volume change. The second
term describes the change in ambient conditions that a bubble is experiencing for con-
stant volume. As a cavity structure travels towards a positive/negative pressure gradient,
its potential energy will change. However, it has no effect on the collapse energy balance,
as long as it does not experience any volume change. Thus, the second term from Eqn.
3.23 should not be taken into account for the radiated energy. Furthermore, the effect
of the pressure gradient on the energy release is depicted by the pd term, as stated by
Schenke and Terwisga[41]. Thus, the local impact rate ė(t ) is computed in every cell as
follows:

ė(t ) =−(pd −pv ) ·
(
∂α

∂t
+u ·∇α

)
︸ ︷︷ ︸

Dα
Dt

=−(pd −pv ) · ρ

ρl −ρv
di vu (3.24)

As it is shown in Eqn. 3.24, in a Eulerian reference frame, the local impact rate ė(t ) can
be calculated either by the material derivative of the vapor volume fraction or the velocity
divergence. To account only for condensation, Dα

Dt (or di vu) should be negative, and a
minus sign is needed to give a positive energy release. In both cases, an unknown error is
introduced. The advective term u ·∇α, and the velocity divergence term on the left hand
side and the right hand side of Eqn. 3.24 respectively, cannot be computed directly, as
after the discretization of the transport equation of the vapor volume, a combined term
is computed, that includes the contribution of both terms. Thus, the divergence term
cannot be separated from the advective term, and each one of them needs to be recon-
structed. The reconstruction of these terms is responsible for the numerical error. Nev-
ertheless, it is assumed that the advective term has a much smaller contribution to the
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volume change than the divergence term, allowing us to compute the local impact rate
ė(t ) from the partial derivative of the vapor volume ∂α

∂t

ė(t ) =−(pd −pv ) · ∂α
∂t

=−(pd −pv ) ·
(

ρ

ρl −ρv
di vu−u ·∇α

)
(3.25)

Assuming that each point source emits its potential energy as a radial wave of in-
finitely large propagation speed, Leclercq et. al. [24] define the potential power impact
on the material surface ėS (t ) using an algebraic approximation, which is based on the
solid angle projection on a planar triangle. Schenke and Terwisga [25] proposed a con-
tinuous form of the energy impact rate on a surface location. In the present work, it is
hypothesized that the vapor structures, which are in contact with the surface, are much
more aggressive than any other structure, in further distance from the wall. This hypoth-
esis is based on the work of Phillip and Lauterborn [10], where they demonstrated that
the largest erosive force is caused by the collapse of bubbles in direct contact with the
boundary. Thus, we assume that the impact from the structures in direct contact with
the surface, is much higher than any impact from any other structure away from the sur-
face. Therefore, it is not required to calculate the distance and the projection of any vapor
structure, adding no further computational cost. The local impact power is evaluated
only on the first prism layer, and the surface face value is obtained. The velocity in those
cells is practically zero, thus the advective term, emerging on the right hand side of Eqn.
3.25 can be considered negligible, while the velocity divergence not necessarily, due to
the finite volume formulation. This gives an extra credit to our assumption, that the con-
densation process is dominant, and the advective term has a much smaller contribution
to the volume change. The local surface impact rate ėS (t ) is then computed from the par-
tial derivative of the vapor volume fraction ∂α

∂t , minimizing the numerical error. However,
this needs further investigation.

The ambient pressure field, pd , effectively driving the cavity collapse, introduces the
largest uncertainty in the erosion risk assessment. The determination of this quantity is
not straightforward for complex flow conditions. The local instantaneous cell pressure
cannot be used as an estimate for the driving pressure, as the driving pressure needs to
be computed at the same location where energy is radiated. There, the local pressure
is almost equal to the vapor pressure, leading to a driving pressure difference pd − pv

close to zero. This is also depicted by the density-pressure trajectory, which should be
very close to vapor pressure during phase change. On top of that, the driving pressure is
practically never exactly constant in space [41]. In this study, the time averaged pressure
field is computed, from the instantaneous pressure field pi in cavitating flow conditions,
assuming this field to be the ambient pressure field driving the cavity collapses. This field
is steady, and it is computed in the whole domain before the erosion risk assessment. In
this way, we can at least get a rough estimate of the conditions that collapsing cavities
experience on statistical average [25, 37].

To address the cavitation erosion risk on the surface (since the local surface impact
rate ėS (t ) is known) , two aggressiveness indicators are used as proposed by Schenke and
Terwisga [25]:

〈ėS〉eS =
(

1

eS

∫ t

0
ėn+1

S d t

)1/n

(3.26)
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and

〈ėS〉 f =
(

1

T

∫ t

0
ėn+1

S d t

)1/(n+1)

(3.27)

where

eS =
∫ t

0
ėS d t (3.28)

The indicator 〈ėS〉eS averages the local energy impact rate over the surface accumulated
energy eS , amplifying the local extreme events, and being independent from the impact
frequency. On the other hand, the indicator 〈ėS〉 f is normalized by the total impact time
T. It is proportional to the frequency of the impact, showing converging behavior as the
impact time T → ∞ [25]. The parameter n is used to emphasize the peak events. The
indicators work as a generalized mean value (also known as power mean or Hölder mean).
Each mean value lies between the smallest and the largest impacts, and it gets closer to
the largest impacts, as the n parameter increases, converging to the maximum peak value
as n →∞.

To allow a fair qualitative comparison between the indicators for different values of
the n parameter, we further normalize each indicator by the maximum aggressiveness
indication on the surface, for each parameter n

〈ėS〉′eS
=

(
1

eS

∫ t
0 ėn+1

S d t
)1/n

max
(
〈ėS〉eS,n

) (3.29)

and

〈ėS〉′f =
( 1

T

∫ t
0 ėn+1

S d t
)1/(n+1)

max
(〈ėS〉 f,n

) (3.30)

By using this feature scaling, we bring each indicator into the range [0,1]. Thus, we
can easier identify the areas with high erosion risk and better analyze the whole impact
distribution on the surface.

3.4. TEST CASE
The simulated hydrofoil is the Delft Twist 11 hydrofoil (Fig. 3.2). The section of the foil
is a NACA 0009 hydrofoil with an angle of incidence that changes along the spanwise
direction

a(y) = amax (2 | y −1 |3 −3(y −1)2 +1)+aw all (3.31)

where amax = 11deg the maximum angle of attack at the mid span, y is non-dimensionalised
with the chord length c and varies over the spanwidth (0 ≤ y ≤ 2) with y = 0 at the wall.
The chord length and the spanwise length are 150mm and 300mm respectively. The
twisted design and the larger angle of attack in the middle area cause the cavitation to
mainly develop near the mid-span.

The hydrofoil is simulated in wetted flow (ui n = 6.75m/s, Pout = 97kPa) and cavitat-
ing flow (ui n = 6.97m/s, σ= 1.07) in -2 degrees angle of incidence and water temperature
24◦C. A no-slip condition is applied on the foil and slip condition on the walls, as no cav-
itation development is expected near the tunnel walls. A symmetry plane is used at the
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Figure 3.2: Geometry of the Delft Twist 11 hydrofoil

Figure 3.3: Description of the computational domain and the boundary conditions

mid-span to reduce the computational cost. Figure 3.3 shows the computational domain
and the imposed boundary conditions.

For the grid generation, trimmed hexahedral cells are used with local refinements and
prism layers along the wall, with such first cell distance so the average y+ value is well be-
low 1 to resolve the viscous sublayer. Several refinement levels are applied (Fig. 3.4). To
ensure the geometrical similarity on the meshes for the assessment of numerical uncer-
tainty, the following approach was used for the prism layer mesh, proposed by Crepier
[42]:

Sn = S0
1− r 1/n

1

1− r1
and rn = r 1/n

1 (3.32)

where S0, r1 the first cell size and the growth ratio of the initial coarse grid respectively
and Sn , rn the first cell size and the growth ratio of the grid refinement n (n = 1 for the
coarse grid).

The analysis for the erosion risk assessment is carried out under different flow condi-
tions, and a slightly smaller foil geometry, so that we are in line with the experiment by
Cao et. al. [26]. The inflow is 14m/s, at 0◦ angle of incidence at the wall and 11◦ at the
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Figure 3.4: Grid refinement levels around the foil

mid-chord, and a cavitation number σ = 1.2, resulting in an ambient pressure of about
120kPa. The chord length and the spanwise length are 112.5mm and 225mm respec-
tively. The identified erosion regions, after the three-hour paint test, are compared with
our predicted impact distributions, obtained with the two aggressiveness indicators.

3.5. RESULTS
A verification and validation study is conducted in wetted and cavitating flow. An exten-
sive grid and time-step size sensitivity study is presented in the following section (sec-
tion 3.5.1), showing an impression of the uncertainty estimates. The results are validated
against experimental data. Finally, the cavitation erosion risk is assessed and compared
with the obtained impact distribution from paint test [26] (section 3.5.2).

3.5.1. VERIFICATION AND VALIDATION

WETTED FLOW

The results for the lift coefficient and the pressure distribution in wetted flow are pre-
sented and compared with experimental data. The Validation & Verification tool, devel-
oped by MARIN2, has been used to assess the numerical uncertainty. The analysis is based
on the procedure given by Eca and Hoekstra [43]. Tab. 3.1 shows the lift force, for different
grid densities. The deviation from the experimental value (Lexp = 455N ) is less than 4%
for all the grids.

Figure 3.5 shows the convergence of the lift force with the grid refinement ratio hi
h1

(where hi and h1 the typical cell size of each grid and the finest grid respectively), and

2http://www.refresco.org/verification-validation/utilitiesvv-tools/
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Figure 3.5: Convergence of the lift force with the grid refinement ratio. Impression of the numerical uncertainty
estimates.

Figure 3.6: The different planes where the pressure distributions are compared with experimental data
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Figure 3.7: Pressure distribution at the 50% of the span

Figure 3.8: Pressure distribution at the 40% of the span
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Figure 3.9: Pressure distribution at the 30% of the span

Figure 3.10: Observation point P1, close to the surface
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Table 3.1: Number of cells, grid refinement ratio, average Y+ value, lift force and its numerical uncertainty for
each grid

Grid # Cells (106) hi/h1 y+ Lift (N) U %
G1 0.59 2.5 0.79 438 1.41
G2 1.05 2 0.63 439.8 0.9
G3 2.07 1.6 0.49 440 0.79
G4 4.17 1.2 0.37 442.6 0.5
G5 7.08 1 0.34 442.2 0.23

the uncertainty estimates. The corresponding numerical uncertainty is indicated by an
interval that contains the exact solution with 95% coverage. The observed order of con-
vergence is equal to the theoretical one (P = 2), resulting in a low uncertainty for all grids
(1.4% for the coarsest grid and 0.2% for the finest grid). The difference between the com-
puted lift force and the measurements is higher than the numerical uncertainty in any
of the cases. Nevertheless, the experimental uncertainty has been reported to be signifi-
cantly high [44]. By assuming an uncertainty as low as 3%, the results for each grid density
is within the acceptable range (Fig.3.5).

The pressure distribution is also calculated in three different planes along the chord
of the foil and is compared with experimental data. Two experimental datasets are avail-
able, from two different cavitation tunnels. The first dataset has been obtained at the Delft
University of Technology, and the second one at the École Polytechnique Fédérale de Lau-
sanne (EPFL). The test section of the cavitation tunnel in Delft is twice as big as the test
section in Lausanne. The dimensions of our numerical "tunnel" are identical to the ones
of the Delft cavitation tunnel, with only difference an extension downstream of the foil,
to avoid interaction of the flow with the outlet boundary. Fig. 3.6 shows the planes where
the pressure distribution is measured, and Fig. 3.7-3.9 show the comparison between the
different grid densities and the experimental results at each plane. A small sensitivity to
the grid density is observed for the pressure at the leading and trailing edge, although it
is negligible. A very good agreement is obtained with the EPFL measurements. The Delft
measurements show somewhat higher pressure in the area between the 10% of the chord
and the mid-chord. However, the difference is small enough to assume that the numerical
results lie within the experimental uncertainty.

CAVITATING FLOW

The hydrofoil is tested in cavitating flow, for 4 different meshes (G1-G4 from Tab. 3.1) and
5 different time-step sizes. The time-step size is chosen by selecting the number of time-
steps during a collapse. The collapse time of a shedded cloud can be calculated from the
analytical solution of the Rayleigh-Plesset equation by just estimating the radius of the
cloud

T 2
C = (ξ2R0ρ)

p
(3.33)

where ξ= 0.915 is the Rayleigh factor, ρ the liquid density, p the far-field pressure and R0

the bubbly cloud radius. By estimating the collapse time, we can determine in advance
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Figure 3.11: Time history of the total vapor volume (top), and its spectral analysis (bottom)

Figure 3.12: Time history of the pressure at the observation point P1 (top), and its spectral analysis (bottom)
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Figure 3.13: TST results for the total vapor volume, after removing a section at the beginning

Figure 3.14: TST results for the pressure signal at the observation point P1, after removing a section at the be-
ginning
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Figure 3.15: Convergence of the shedding frequency with the grid refinement ratio. Impression of the numerical
uncertainty estimates for different reference courant numbers.

the number of time-steps during the collapse and therefore the time-step size for each
computation. The number of time-steps is selected for the coarsest grid, assuming an
average cloud radius of 1 mm. This number is chosen arbitrarily, as it is just an initial
indication. We just consider a radius, that is much smaller than the size of the largest
structures observed in the experiment. The final time-step size is determined by the un-
certainty assessment. For the rest, the time-step size is computed so that a reference
Courant Number remains constant. The reference Courant Number is defined as

C F Lr e f =
ui n∆t

∆x
(3.34)

where ui n is the inflow velocity, ∆t is the time-step and ∆x is the length of the smallest
typical cell in x-direction.

The shedding frequency is derived from a Fast Fourier Analysis (FFT) of the total vapor
volume history (Fig. 3.11), and the pressure signal (Fig. 3.12) on the observation point
P1 shown in Fig. 3.10. To make sure that both signals are stationary, and to quantify
the statistical uncertainty, the Transient Scanning Technique (TST) has been used [45,
46]. The TST is a practical tool, developed within MARIN, to verify whether the mean
value is constant or not, by locating trends in signals, at the beginning or at the end of the
series. For CFD simulations, we only have to make sure that the end solution does not
depend on the start solution anymore. There are two methods to estimate the statistical
uncertainty, the autocovariance method and the segment method (for more information
see [45]). Both methods provide an estimate for the standard deviation of the mean sm ,
called u1, the standard uncertainty of the mean. In this study we use the autocovariance
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Figure 3.16: Convergence of the lift force with the grid refinement ratio. Impression of the numerical uncertainty
estimates for different reference courant numbers.

Figure 3.17: Convergence of the drag force with the grid refinement ratio. Impression of the numerical uncer-
tainty estimates for different reference courant numbers.



3.5. RESULTS

3

47

Table 3.2: Comparison between the computed shedding frequency and the experimental frequency, as well as
the frequency obtained from other numerical studies

Reference Shedding Frequency

Foeth (Experiment) [47] 32.55 Hz

I. Oprea [48] 31 Hz

S. Muzaferija [49] 32 Hz

Vaz et. al. [44] 32.5 Hz

Current study ≈ 32.46 Hz

method, therefore, u1 is calculated as follows:

u1 =
√

1

T

∫ T

0

(
1− τ

T

)
Cxx,bi ased (τ)dτ (3.35)

where Cxx,bi ased (τ) is the biased estimator for the autocovariance [45]. Using the TST
based on cumulative u1 calculated from the end of the signal, we can identify any start-
up effect. For the signal to be stationary, u1 should decay with the inverse of T, without
showing any sudden rise ("hockey stick" [46]). Fig. 3.13 and Fig. 3.14 show the cumulative
u1, non-dimensionalized with the standard deviation of the process σi , in function with
the section size T, for the total vapor volume, and the pressure signal on the observation
point P1 respectively. A statistical uncertainty lower than 3% has been reached for the
total vapor volume, and lower than 1.5% for the pressure signal.

The numerical uncertainty is assessed in the same way as for the wetted flow con-
dition. The results are shown in Fig. 3.15-3.17, where the convergence of the shedding
frequency, the lift and the drag force with respect to the grid refinement ratio hi /h1 is in-
dicated. For the shedding frequency, although some data points fairly deviate from the
least square fit (scatter), especially for G3 (hi = 1.33), the order of convergence reaches
the theoretical one for C F Lr e f below 1, giving an estimate of the exact solution between
32 and 34 Hz. An uncertainty of around 6% is achieved for C F Lr e f below 1, apart from
C F Lr e f = 0.19, where the uncertainty drops below 3%. A good agreement is achieved with
the experimentally obtained frequency, as well as other numerical studies (Tab. 3.2).

For the lift force, the order of convergence is not approaching the theoretical one.
The same for the drag force, apart from the smallest time-step size. There are two main
reasons for that. First, the coarse mesh (G1) might be too coarse that should have been
excluded from the fit. In that case, an even finer mesh should be used. Second, the
grids are not totally geometrically similar, increasing the chance of scatter in the results.
However, the uncertainty is even lower than the one for the shedding frequency. For the
lift force the discretization error is below 4% for C F Lr e f = 0.02, and even below 1% for
C F Lr e f = 0.06. For the drag force, the uncertainty is around 6% for C F Lr e f below 1, ex-
cept for C F Lr e f = 0.19, where the uncertainty is less than 3%.

Furthermore, the time averaged pressure distribution at the mid span (Fig. 3.18) is
also compared with experimental measurements. The results are insensitive to grid and
time step resolution. They agree well with the pressure data from EPFL, but they deviate
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Figure 3.18: Time averaged pressure distribution at the midspan for different grid densities. Comparison with
experimental measurements.

from the data from TU Delft, underestimating the length of the sheet cavity (Fig. 3.18).
The qualitative comparison between the shedding cycle from the PIV imaging and the
computations, visualized as an isosurface of av = 0.01 (see Fig. 3.19), shows similar be-
haviour. Although a good agreement with the shedding frequency is obtained, we observe
a slightly smaller sheet cavity length. Nevertheless, both the experimental and numeri-
cal observations are instantaneous snapshots of one shedding cycle, while the shedding
process is a random process with variable vapor volume in each cycle.

3.5.2. CAVITATION EROSION RISK
From the grid and time-step sensitivity study in the previous section, the finest grid (Grid
4 in Tab. 3.1) is used for the erosion risk prediction and the chosen time-step corresponds
to C F Lr e f = 0.19 (d t = 6.1e − 06s). First, we estimate cavitation aggressiveness, on the
foil surface, for five different inflow velocities at the same cavitation number. The surface
potential power density Ppot /∆S is computed, for each velocity, as the total accumulated
energy on the surface ES , divided by the sample time T and the surface area ∆S. Flow
aggressiveness potential power density increases approximately as Ppot ∼ u3.2

i n showing a
similar trend with experiments [16], as well as other numerical studies [24, 50].

The time averaged pressure field pt is computed from the local instantaneous pres-
sure field pi , under cavitating flow conditions, assuming this field to be the ambient pres-
sure field driving the collapses. Figure 3.21 shows the evolution of both signals in time, at
the observation point P1. After pt has converged in each volume cell, a distinct pressure
recovery region is distinct (Fig. 3.22), compared to the instantaneous pressure field (Fig.
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Figure 3.19: Qualitative comparison between the PIV imaging and the simulated shedding cycle, visualized as
an isosurface of av = 0.01.
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Figure 3.20: Flow aggressiveness potential power density, as a function of the flow velocity
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Figure 3.21: Pressure Signal and the time averaged pressure evolution at the observation point in Fig. 3.10

3.23).

Figure 3.24 depicts the distribution of the accumulated surface energy es , when (a)
the instantaneous pressure pi or (b) the time averaged pressure pt is used as the driving
pressure. When the instantaneous pressure field is driving the collapses, we would expect
that the energy accumulated on the surface is negligible, as the instantaneous pressure
in areas where phase transition occurs should be equal to vapor pressure (see also sec.
3.3.4). However, as a matter of fact, the driving pressure difference pd − pv is not close
to zero, resulting in accumulation of collapse energy close to the leading edge. Similar
trend has been found by Li and Terwisga [51], where they also used the instantaneous
local pressure as driving pressure, and inevitably predicted high impact rates close to the
leading edge. Nevertheless, the non-zero driving pressure difference may be considered
as a numerical artifact, due to the cavitation modeling approach. It strongly depends on
the mass transfer source term and the evolution of the density-pressure trajectory. The
closer it gets to the vapor pressure during phase change, the smaller the driving pressure
difference, and therefore the accumulated surface energy. On the other hand, when we
account for the effect of spatial pressure recovery, large impact rates emerge towards the
trailing edge region (Fig. 3.24 (b)).

The rapidness of the local impacts is assessed by the two aggressiveness indicators
〈ėS〉 f and 〈ėS〉eS given by Eqn. 3.30. Both indicators have been tested for different n values
(see Fig. 3.25). Indicator 〈ėS〉 f seems to be more sensitive to the n parameter, showing
different impact distributions for different n values. Low n, results in large impact rates at
the leading edge, which are getting lower as the n increases, resulting in larger predicted
impact rates towards the trailing edge, with similar magnitude. Indicator 〈ėS〉eS is less
sensitive to the n constant, showing similar impact distributions for different n values,
however with larger magnitude for higher n values. Qualitatively, both indicators show
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Figure 3.22: Time averaged pressure field pt after it has converged in each volume cell, showing a distinct pres-
sure recovery region

Figure 3.23: Instantaneous pressure field pi for a random instant of time
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Figure 3.24: Accumulated energy on the surface (a) for the instantaneous pressure field pi or (b) the time aver-
aged pressure field pt

Figure 3.25: Surface impact distribution for different values of the parameter n, for each aggressiveness indicator
〈ėS 〉′eS

(top) and 〈ėS 〉′f (bottom)

similar aggressiveness distribution for high n values. The high erosion risk regions on
the surface show a good qualitative agreement with the damage pattern obtained by Cao
[26] in Fig. 3.26. High erosion risk was predicted in all three regions, identified from
experimental paint tests.

3.6. CONCLUSION
Cavitation erosion can cause severe damage to the propeller blades, and gives opposite
design trends to fuel efficiency, rendering cavitation erosion risk assessment imperative,
already in the design stage. Making an early stage propeller erosion assessment requires

Figure 3.26: Comparison between the surface impact distributions obtained from (a) three hours of paint test,
(b) the indicator 〈ėS 〉′eS

and (c) the indicator 〈ėS 〉′f . The CFD solution, n=6 for both indicators, has been plotted

on the actual surface to compare the eroded regions with the paint test.
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balance between sufficient numerical resolution and computational effort. In this study,
the shock wave emission, originated by the collapse of cloudy vapor structures, is con-
sidered as the most aggressive mechanism for cavitation erosion. Therefore, a validation
and verification study has been conducted on the ability of a URANS solver, treating the
pure phases as incompressible, to predict those cavity structures and the consequent en-
ergy transfer to the surface of the Delft Twist 11 hydrofoil. The following conclusions are
drawn:

• In wetted flow, the prediction of the lift force and the pressure distribution on the
foil is in good agreement with the experimental measurements. The numerical un-
certainty for the generated lift is lower than 1% for all mesh densities (apart from
the coarsest grid).

• In the cavitating conditions, the shedding frequency converges with the grid re-
finement ratio, according to the theoretical order of convergence, and agrees well
with the experimental frequency. The numerical uncertainty is somewhat higher
than in wetted flow, however is less than 3% in the best case (C F Lr e f = 0.19). The
lift generated force does not converge with the grid refinement ratio, thus a finer
mesh should be used for the uncertainty analysis. The same holds for the drag
force, apart from the smallest time-step size, which follows the theoretical order
of convergence. Nevertheless, the uncertainty estimates are quite low for the finer
meshes (3% for the drag and even lower than 1% for the lift force).

• The flow aggressiveness in cavitating flow conditions has been estimated, following
the energy balance approach proposed by Fortes Patella [16], and further elabo-
rated by Flageul et. al. [30], Leclercq et. al. [24] and Schenke [25]. We found that
the cavitation aggressiveness potential power increases as u3.2

i n , being in line with
experimental [16] and other numerical results [24, 50].

• The effect of the pressure field driving the collapse has been investigated. Account-
ing for special pressure recovery, by time averaging the local pressure field, strongly
affects the distribution of the accumulated energy on the surface, originated by
the initial potential energy in the cavities. Next to that, the rapidness of the col-
lapse event has been evaluated with two aggressiveness indicators. A parameter n
is used to emphasize the peak events with higher amplitude. The indicator 〈ėS〉 f ,
normalized by the total impact time, seems to be more sensitive to the n parame-
ter. However, both indicators give similar impact distributions, when a high n value
(n = 6), in combination with the time averaged driving pressure field are used. The
distributions agree well with the erosion pattern obtained from the paint test [26],
indicating high erosion risk in all three identified regions.

3.7. DISCUSSION
As a first assessment, our main hypothesis that the vapor structures, which are in contact
with the surface, are much more aggressive than any other structure away from the sur-
face (based on [10]), is initially confirmed. Our numerical model is able to predict high
erosion risk in all three locations obtained from the paint test. However, some high risk
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was predicted also in the area in between of those regions, where no paint was removed in
the experiment. This might be explained by the fact that in our model, energy is released
instantaneously throughout the whole condensation process and not at the moment the
cavity has collapsed. Thus, during the advection of the horseshoe cavity downstream, an
impact is continuously computed, while the cavity condenses, leaving a footprint on the
surface, before its final collapse close to the trailing edge. Apart from that, the water tem-
perature during the experiment has not been reported, so the cavitating flow conditions
might not be identical. Furthermore, it should be noted that the damage pattern from the
paint test was obtained after three hours, while the simulation time is only 0.7s, probably
not enough to obtain a fully converged impact distribution.

The contribution of vapor structures in further distance from the wall to the sur-
face impact distribution, requires additional investigation in order to further confirm our
main hypothesis. Moreover, the determination of the pressure effectively driving the col-
lapse, still remains an issue and requires further research as well. We have shown that
any change in the driving pressure term pd , might have a considerable effect on the im-
pact distribution. Therefore, more insight should be gained on the selection of the driving
pressure. Yet, any attempt to estimate cavitation aggressiveness, can only be related to a
risk, as the material response has been left out of consideration in this paper.
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4
ON THE ACCURACY OF PREDICTING

CAVITATION IMPACT LOADS ON

MARINE PROPELLERS

Predicting the cavitation impact loads on a propeller surface using numerical tools be-
comes essential, as the request for more efficient designs, stretched to the limit, is increasing.
One of the possible design limits is governed by cavitation erosion. The accuracy of estimat-
ing such loads, using a URANS approach, is investigated in this study. In this chapter, we
follow the energy balance approach by Schenke and van Terwisga [1], Schenke et al. [2],
where we take account of the focusing of the potential energy into the collapse center before
it is converted into shock wave energy. The local surface impact power is then estimated
following different considerations for the vapor destruction rate. We show that when the
vapor volume destruction rate is estimated using the mass transfer source term, then all
the energy is conserved and the total energy balance is satisfied. The model is verified on a
single cavitating bubble collapse, and it is further validated on a model propeller test case.
The obtained surface impact distribution agrees well with the experimental paint test re-
sults, illustrating the potential for practical use of our fully conservative method to predict
cavitation impact loads on propeller blades.

This chapter is based on: T. Melissaris, S. Schenke, N. Bulten, T.J.C. van Terwisga, On the
accuracy of predicting cavitation impact loads on marine propellers, WEAR 456-457 (2020),
http://dx.doi.org/10.1016/j.wear.2020.203393.
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4.1. INTRODUCTION
Cavitation is the formation of vapor bubbles of a flowing liquid in regions where the liquid
accelerates such that the local pressure of the liquid drops below its vapor pressure. The
collapse of these cavities in pressure recovery regions, often leads to vibration and dam-
age of mechanical components, for instance bearings, fuel injectors, impellers, pumps,
propellers and rudders. Propeller cavitation might have a big impact on the whole op-
eration of a ship and its environment. Hull vibrations, thrust breakdown, propeller ero-
sion, and underwater radiated noise are the main threats. Cavitation erosion when ex-
perienced, normally leads to significant repair and maintenance costs, and even safety
issues. Thus, there is a clear need for more efficient designs. Stringent regulations on the
fuel efficiency of ships and their propulsion units, make things even more urgent, and de-
signs should be stretched to the limits. For a propeller design this means taking away the
margins against unwanted cavitation phenomena as much as possible in favor of higher
propulsive efficiency. Most often the performance of propulsion systems is sub-optimal
because countermeasures are needed to prevent erosion. Hence, the challenge for mod-
ern designs is to find the right balance between efficiency and the allowable level of cav-
itation. Evaluation of different designs requires objective numerical tools and methods,
capable of providing accurate and reliable prediction of cavitation implosion loads, to
secure the selection of the best design.

The history of cavitation research dates back to the mid-eighteenth century, when
Euler discussed the possibility of a phenomenon, which influences the performance of a
water wheel. The first to introduce the phenomenon as it is known today, was Reynolds
in 1850’s, by discussing the effect it had on the performance of a screw propelled steamer.
However, the first observer of cavitation was Parsons, whose ship, Turbinia, suffered from
severe thrust breakdown due to cavitation, in 1894. Since then, a lot of knowledge has
been gained on cavitation dynamics on propellers, however the underlying physics be-
hind the mechanisms of cavitation erosion due to the implosion of cavitating structures
in the vicinity of the propeller surface, remain yet unclear. And even though cavitation dy-
namics and cavitation behavior on marine propellers are being extensively investigated,
for more than a century experimentally [3], and over 20 years numerically, cavitation ero-
sion prediction is still a major challenge.

The assessment of cavitation erosion risk on marine propellers from numerical sim-
ulations had not been studied thoroughly, until recently. The lack of physical under-
standing on how the cavitation implosion loads correlate with the material properties,
increases the complexity of such simulations. Besides, a good estimation of the dynamics
and the aggressiveness of cavitation impact loads requires extremely high resolution in
space and time, as these flow phenomena act on extremely small scales (from mm down
to µm and from µs to ns [4]). These are cardinal reasons why research was first focused
mainly on the hydrodynamic aspects of cavitation erosion, and primarily on the dynam-
ics of large scale cavitating structures.

In one of the first attempts to estimate the cavitation erosion risk numerically on ma-
rine propellers, Hasuike et al. [5] investigated the risk of cavitation erosion in four differ-
ently loaded propellers operating in a wake flow. They used the erosion indices proposed
by Nohmi et al. [6] to estimate the aggressiveness of the cavitation impact loads. How-
ever, it is not very clear how these indices are derived and they also seem quite empir-
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ical. Ponkratov and Caldas [7] and Ponkratov [8], tried to predict the cavitation erosion
risk on a ship scale rudder and propeller, respectively. To estimate the cavitation erosion
aggressiveness, they used several numerical functions, developed by the Lloyd’s Regis-
ter Technical Investigation Department (LR TID). Unfortunately, the formulation of these
functions was not reported. Usta et al. [9] and Usta and Korkut [10] estimated the erosion
aggressiveness using different indicators, as found in the literature. All the indicators are
based on the potential energy hypothesis [11, 12], which states that the initial potential
energy of a cavitating structure is proportional to its volume and the pressure difference
driving the collapse. One of the indicators they used was the Erosion Intensity Function
by Li et al. [13]. However, in all the indicators, an artificial threshold needs to be defined
for the erosive cavitation impact loads. All of the aforementioned attempts to estimate
the cavitation erosion risk on the propeller blades are more or less based on the potential
energy hypothesis. None of the attempts was able to ensure energy conservation, while
they all ignore the spatial and temporal focusing of the potential energy, which actually
takes place during a cavity collapse.

Another philosophy applies the microjet erosion model [14, 15], as elaborated by Pe-
ters et al. [16], considering only collapses of single bubbles near the blade surface. In
a previous work [17], we have discussed in detail the importance of the water hammer
originating from a microjet impingement, and the pressure wave originated from the col-
lapse of a cavity, with respect to erosion. We hypothesized that the impact load due to
a collective cloud collapse, may be much more powerful than the one from a microjet,
formed on a single bubble collapsing close to the surface. A more detailed comparison,
can be found in Joshi et al. [18], who simulated a single bubble collapse close to a wall, us-
ing SPH. They focused on the relation between the shock at the moment of the jet impact,
and the shock wave from the eventual collapse of the bubble. The authors also modeled
the material plastic deformation. They concluded that, although the water hammer can
produce twice the maximum plastic deformation compared to a shock wave from the
collapse, the volume of material that is plastically deformed, is miniscule. Basically, a
collapse shock wave can plastify almost 800 times larger volume, and hence, the erosion
rate will be higher. Considering that both the collapse shock and the microjet impact are
eventually fed by the initial potential energy content, and the fact that reliable prediction
of a microjet formation and its water hammer would require extremely high resolution
in time and space, an energy balance consideration, based on the initial potential energy
contained in cavitating structures, is believed to be more successful on a macroscopic
scale.

In the present study, an energy conservative method is used to predict the cavitation
erosion aggressiveness on a surface. This method is based on the potential energy hy-
pothesis, but it allows for the spacial and temporal focusing of the potential energy dur-
ing the collapse of cavitating structures. First, the initial potential energy is converted into
kinetic energy in the surrounding liquid, and focused in space before the conversion to
shock wave energy, and eventually to local surface impact power takes place, at the final
stage to the collapse. The model is first applied to a single cavitation bubble, collapsing
under ambient pressure of 1 bar , in order to investigate the source of different numerical
errors made on the estimation of the radiated power during the collapse. Then, the flow
around the KCD-193 model propeller is investigated and the erosion risk on the blades
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is assessed. The propeller perfomance under cavitating conditions is compared with the
experimental observations and measurements, whereas the identified high erosion risk
areas are compared with paint test results.

Previous studies [1, 17] have shown, that the overall energy balance can be satisfied
if and only if the numerical errors, involved in the reconstruction of the radiated energy,
are minimized. In simple cases, where condensation can be separated from evaporation
(for instance a single bubble or a bubbly cloud collapse initially at rest), those numeri-
cal errors can easily be eliminated. However, in complex flows where it is impossible to
isolate a cavity collapse (flow over a hydrofoil, propeller blade etc.) the errors made on
the reconstruction of the radiated energy cannot easily be avoided, resulting in eventual
violation of the energy balance. Thus, it is imminent to investigate different possible ap-
proaches to reconstruct the radiated energy in such a way that all the initial potential
energy is conserved.

4.2. NUMERICAL MODELING

4.2.1. GOVERNING EQUATIONS
The Unsteady Reynolds Averaged Navier-Stokes (URANS) equations for momentum and
mass continuity to be solved, are given by

∂(ρu)
∂t +∇· (ρuu) =−∇p +ρ f +∇·τ (4.1)

∂ρ
∂t +∇· (ρu) = 0 (4.2)

where u is the velocity tensor, ρ is the fluid density, p the pressure, f the external force
per unit mass and τ the viscous part of the stress tensor. The finite volume method is
employed to discetize the continuous governing equations, and a segregated approach
is adopted, where the flow equations are solved in a SIMPLE like manner to achieve
pressure-velocity coupling. A second-order implicit method, and a second-order upwind
scheme are used for the time marching and the convective terms respectively.

The SST k-ω turbulence model is employed with a low-y+ wall treatment similarly to
previous studies [17, 19, 20]. The empirical reduction of turbulence dissipative terms in
the two-phase regions has been applied, by modifying the turbulent eddy viscosity[21]

µ = f (ρ)Cω
k

ω
(4.3)

f (ρ) = ρv + (ρ−ρv )n

(ρl −ρv )(n−1)
; n ≫ 1 (4.4)

where ρv is the vapor density, ρl the liquid density and ρ the mixture density. For the
constant n the recommended value n = 10 has been used.

4.2.2. CAVITATION MODELING
In Eq. 4.1 and 4.2, the fluid density ρ and the turbulent eddy viscosity µ are given by the
linear mixture relations

ρ = avρv + (1−av )ρl and µ= avµv + (1−av )µl (4.5)
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respectively, where 0 < av < 1 is the vapor fraction. A homogeneous multiphase mixture
model is employed to achieve phase transition, and to track the interfaces between the
two phases. The pure liquid (av = 0) and vapor (av = 1) phases are modeled as incom-
pressible. The mixture regime is also incompressible, however, compressible behaviour
can be mimicked during phase transition.

An additional conservation equation that describes the transport of vapor volume
fraction αv is solved

∂αv

∂t
+∇· (αv u) = Sαv (4.6)

In Eq. 4.6, Sαv represents the mass transfer source term. In order to account for bubble
growth and collapse, a cavitation model should be introduced. The Schnerr-Sauer [22]
cavitation model is used in this study, based on a simplified Rayleigh-Plesset equation,
which neglects the influence of bubble growth acceleration, as well as viscous and surface
tension effects. Within the control volume, the vapor phase is assumed to be present
in the form of bubbles. Each bubble has the same radius Rb . The number density of
seeds is defined as n0, which corresponds to the number of bubbles per unit volume [23].
Therefore the mass transfer source term becomes

Sαv =
4πR2

bn0

1+
(

4

3
πR3

b

)
n0

dRb

d t
(4.7)

where the bubble radius Rb can be expressed as:

Rb =

 αv

n0
4

3
π(1−αv )


1/3

(4.8)

The seed density n0 and the seed diameter D0 = 2R0 are user specified, and the latter

provides a lower limit Rmi n for the bubble size. Finally the bubble radius change rate dRb
d t

is estimated using the inertia controlled growth model

dR

d t
=


−Cc,SF

√
2

3

p −pv

ρl
, i f p > pv

Cv,SF

√
2

3

pv −p

ρl
, i f p < pv

(4.9)

where pv is the saturation pressure, p is the local pressure around the bubble and ρl is
the fluid density. Cc,SF and Cv,SF are scaling factors to adjust the source term magnitude
for the condensation and the evaporation process, respectively. They work similarly to
the condensation and evaporation coefficients found in other cavitation models [24–26].

In mass transfer models, compressibility is mimicked only in regions subjected to
phase transition. Frikha et al. [27] and Morgut and Nobile [28] have shown that such
models are at least able to correctly reflect the inertia driven kinematics of cavitating
flows. Additionally, Koukouvinis and Gavaises [29] and Schenke and van Terwisga [30]
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have pointed out that the equilibrium assumption for a barotropic flow can theoretically
be mimicked by the mass transfer model, if the finite transfer rate tended to infinity. This
transfer rate is controlled by the mass transfer model coefficients, which in this case are
the scaling factors Cc,SF and Cv,SF . These factors should be set as such, that the transfer
rate is forced towards infinity, and thus a sharp transition is achieved from liquid to vapor
phase and vice versa. Given that, the mass transfer source term always provide enough
capacity to establish the equilibrium flow condition, where the time scale of phase tran-
sition is not important within the advective time scale of the flow. The density-pressure
trajectory then remains close to vapor pressure during phase transition and the behav-
ior of more realistic thermodynamic models is mimicked. Thus, in strong inertia driven
flows, mass transfer models, and fully compressible models, can give very similar results
as far as the inertial dynamics of cavitating flows are concerned. However, a fully com-
pressible flow model still behaves differently in many aspects, such as wave propagation,
and compressibility of pure phases and mixture.

4.3. CAVITATION EROSION MODELING
The increased demand for the prediction of cavitation erosion has paved the way for the
development of computational tools that can give a numerical estimation of high erosion
risk areas. Model testing of the propeller cavitation behavior in a depressurized towing
tank is nowadays the most typical way a propeller designer can get an assessment of the
erosion risk on the propeller blades. However, assessing the cavitation intensity through
optical observation requires a high degree of experience, and thus remains rather subjec-
tive. Besides, it does not provide more detailed information than high fidelity numerical
simulations. Recent work shows that cavitation erosion risk assessment with numerical
methods has a great potential, and it is expected to become integrated into the design
process in the near future [1, 2, 17, 19]. The presented method to estimate the cavita-
tion erosion risk, has been developed within the European project “CaFE”, as proposed
by Schenke et al. [2].

4.3.1. ENERGY BALANCE
In previous studies [1, 17, 20], we assumed that the potential energy within the vapor
structures is instantaneously radiated in the domain, during the condensation process.
However, it has been shown that the initial potential energy is partitioned into different
forms of energy during the collapse, while the total energy is conserved [2, 31, 32]. When
the vapor structure enters a pressure recovery region, then the potential energy is con-
verted gradually into kinetic energy till the final moment of the collapse, where the initial
potential energy is fully converted into kinetic energy [2]. At the final stage of the collapse,
Tinguely et al. [32] showed that the initial potential bubble energy Epot ,0 is eventually par-
titioned into shock wave energy ESW , dissipative thermal energy∆U and rebound energy
Er eb , such that

ESW = Epot ,0 −Er eb −∆U (4.10)

The dissipative thermal energy has been shown to be negligible, as thermal processes
typically absorb negligible energy fractions [33]. The rebound energy depends strongly
on the initial gas content and the pressure driving the collapse. As we assume that the



4.3. CAVITATION EROSION MODELING

4

65

cavitating structures are completely filled with vapor and there is no non-condensable gas
in the flow, the rebound energy depends only on the driving pressure, and thus it becomes
relevant only for low ambient pressures, significantly lower than 1 bar [32]. Therefore we
can assume that the initial potential energy in the structure is first feeding into kinetic
energy Eki n until it has fully collapsed and the kinetic energy is completely converted
into shock wave energy ESW .

4.3.2. POTENTIAL ENERGY IN COLLAPSING CAVITATING STRUCTURES
Following the notion by Hammit [11], Vogel and Lauterborn [12] proposed that the poten-
tial energy of a cavity is equal to the work done by the driving pressure difference pd −pv

on its vapor volume Vv

Epot = (pd −pv ) ·Vv (4.11)

where pd is the ambient pressure driving the collapse and pv the vapor pressure. The
instantaneous change of volume specific potential energy then can be estimated in every
cell at location x from the material derivative of Epot (t , x), written as

ėpot =
DEpot /Dt

Vcel l
= (pd −pv ) ·

(
∂αv

∂t
+ui ·∇αv

)
︸ ︷︷ ︸

collapse induced energy flux

+
(
∂pd

∂t
+ua ·∇pd

)
·αv︸ ︷︷ ︸

inertial energy flux

(4.12)

wher e
D

Dt
:= ∂

∂t
+u ·∇. and αv = Vv

Vcel l

Considering the change of potential energy in time in the domain, the potential en-
ergy is going to convert into kinetic energy. However, each term of Equation (4.12) will
contribute in a different way. It is crucial, at this point, to distinguish two different sources
of kinetic energy. The first term on the r.h.s. of Equation (4.12) includes a change in cavity
volume. This will result in a collapse induced energy flux, and part of the initial poten-
tial energy in the bubble will convert into collapse induced kinetic energy, distributed to
the liquid around the cavity interface. That is the kinetic energy which is responsible for
the relative motion of the cavity interface with respect to the cavity (collapse) center, with
velocity ui , proportional to the pressure difference between the ambient driving pressure
pd and the vapor pressure pv .

The second term on the r.h.s. of Equation (4.12) is activated only when the driv-
ing pressure is time dependent in the Lagrangian frame of reference, and it represents
a change in pressure. Following the cavity in time, it can experience a change in driving
pressure in two ways. One is when the cavity is subjected to a steady state driving pres-
sure gradient. In this case, the change of driving pressure can only be seen by following
the cavity in space, hence in the Lagrangian reference frame. Due to the pressure gradi-
ent, part of the initial potential will convert into inertial kinetic energy. This change of
potential energy can only contribute to the acceleration or deceleration of the cavity as
a rigid body (or deformable body if we assume that the shape of the cavity can change,
but without changing its volume). The cavity interface is then forced to move along with
the center of the cavity with velocity ua . The second way that the cavity can experience a
change in driving pressure is if the driving pressure somehow changes in the entire con-
trol volume in time. This effect can be seen in the Eulerian reference frame as well. As the
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Figure 4.1: Examples of potential energy feeding into kinetic energy for a single cavitation bubble under con-
stant driving pressure (a), under a negative pressure gradient (b), and under an adverse pressure gradient (flow
over a hydrofoil, c)
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pressure is uniform everywhere, and the driving pressure gradient is zero, there will be
no change in the inertial kinetic energy. However, there will be a change in the potential
energy of the cavity. This effect appears in the first term on the r.h.s. of Equation (4.12) by
expanding the driving pressure pd in time using a first order Taylor series approximation
in the Lagrangian reference frame, as shown by Schenke and van Terwisga [1].

Figure 4.1 illustrates the contribution of each term on the r.h.s. of Equation (4.12) by
depicting three conditions with changing potential energy. In the first example, Fig. 4.1a,
a cavitation bubble is collapsing under steady driving pressure. Therefore the second
term on the r.h.s. of Equation (4.12) is zero. In this case, the collapse center does not move
during the collapse, and the liquid around the cavity interface cannot accelerate without
volume change. Thus, the bubble will start shrinking with collapse induced velocity ui ,
and all the potential energy contained in the bubble will convert into collapse induced
kinetic energy Eki n,col .

In the second example, Fig. 4.1b, the cavitation bubble is subjected to a negative pres-
sure gradient in the x-direction. We assume that the volume of the bubble remains con-
stant during this process. Then, the first term on the r.h.s. of Equation (4.12) is zero.
Consequently, all the potential energy initially contained in the bubble will convert into
“inertial" kinetic energy Eki n,i ner , which will accelerate the bubble towards the positive x
direction. In a Langrangian frame of reference (following the bubble motion), the bubble
will experience a time dependent driving pressure. In the Eulerian reference frame this is

translated as a partial time derivative term ∂pd
∂t , and an advective term u · ∇pd (see sec-

ond term on the r.h.s. of Equation (4.12)). In this specific case, the driving pressure field
is constant in time but not in space. This means that the partial derivative of pressure is
zero, and the pressure gradient ∇pd is the only responsible for the bubble motion with
advective velocity ua . If the bubble volume is free to change its volume, the first term on
the r.h.s. of Equation (4.12) is not zero anymore. Then, the bubble will start shrinking,
and eventually collapse, as the liquid pressure is always higher than the vapor pressure
pv . However, the bubble will collapse at a location x different than the initial location of
the bubble x0.

In the last example, Fig. 4.1c, the flow around a hydrofoil is investigated. We assume
that a cavitation bubble is shed from the sheet cavity on the suction side. The bubble
reaches its maximum volume (and hence potential energy) the time instant t = t0. As
the bubble is advected due to the main flow towards the trailing edge, it experiences an
adverse pressure gradient. Since the pressure is higher than the vapor pressure pv , the
bubble will start to collapse. At the same time, due to the positive pressure gradient, the
fluid force is opposed to the bubble motion, resulting in a deceleration of the bubble.
At a time instant t = t0 +∆t , part of the initial potential energy has been converted into
collapse induced kinetic energy Eki n,col , responsible for the bubble volume change, while
another part has been converted into “inertial" kinetic energy Eki n,i ner , responsible for
the deceleration of the bubble. At the final stage of the collapse, the “inertial" kinetic
energy will be minimum, while the collapse induced kinetic energy will be maximum,
which will eventually feed into acoustic energy. Thus, only the first term on the r.h.s. of
Equation (4.12) is contributing to the radiated energy from the collapse of the bubble, and
consequently to the surface accumulated energy.
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Then, the volume specific potential energy reduction rate in every cell is given by

ėpot = (pd −pv ) ·
(

Dαv

Dt

)−
(4.13)

where
(

Dαv
Dt

)−
denotes specific volume change due to condensation. In Equation 4.13,

the unknowns are the material derivative of αv , and the driving pressure pd . The mate-
rial derivative of αv is proportional to the velocity divergence ∇·u and the mass transfer
source term Sαv according to Equation 4.6. Furthermore, the void fraction is defined as

αv = ρ−ρl

ρv −ρl
, and from the local mass conservation

∂ρ

∂t
+∇· (ρu) = 0 we deduce [34]:

Dαv

Dt
=

(
∂αv

∂t
+u ·∇αv

)
= ρ

ρl −ρv
∇·u = ρ

ρl
Sαv (4.14)

Thus, we end up with the following three formulations for the material derivative of αv :

Dαv

Dt
=



∂αv

∂t
+u ·∇αv (4.15a)

ρ

ρl −ρv
∇·u (4.15b)

ρ

ρl
Sαv (4.15c)

All the considerations above, should theoretically give the same volume change rate.
Nevertheless, each formulation introduces a different numerical error. For instance, the
advective term u·∇αv in Equation 4.15a, and the velocity divergence term∇·u in Equation
4.15b, are discretized as one term in the transport equation of the vapor fraction, and thus,
they cannot be computed separately from the solver. Nonetheless, a combined term is
computed, that includes the contribution of both terms. Consequently, each one of them
needs to be reconstructed. The velocity divergence term ∇·u can easily be reconstructed
directly from the face fluxes. However, the reconstruction of this term introduces a non-
negligible numerical error. One possible reason is that the face fluxes of u are the result
of an interpolation from the cell centers due to the collocated grid arrangement.

On the other hand, the advective term u ·∇αv involves the reconstruction of ∇αv . As
we use a homogeneous multi-phase method to model the different phases in the flow,
the cells at the interface consist of a homogeneous mixture of liquid and vapor. In cases
where a sharp interface is pursued (e.g. a single bubble or a cloud of separated bubbles)
the derivatives of αv with respect to space are not defined, due to the sudden jump in
vapor fraction from 0 to 1, and therefore, this term cannot be reconstructed. In case of
a cloudy mixture (with unresolved sub-grid bubbles) the interface is more diffused and
the advective term u · ∇αv can be computed. However, the accuracy of reconstructed
gradients on unstructured meshes depends strongly on grid quality and grid effects (e.g.
mesh stretching, curvature, skewness), and therefore a (sometimes significant) numerical
error is introduced.

Furthermore, the mass transfer source term, on the r.h.s. of Equation 4.15c, is ob-
tained from the instantaneous pressure p and the vapor fractionαv . Thereby, it is a direct
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outcome of the solution at each time step. In that case, the introduced error is equal to
the iterative error during each time step. The source of the aforementioned errors and
their magnitude are investigated in Section 4.4.

Finally, the volume specific potential energy reduction rate can be estimated, accord-
ingly, by the following three considerations

ėpot ,C (t , xcel l ) = (pd −pv ) ·



min

[
∂αv

∂t
,0

]
(4.16a)

min

[
ρ

ρl −ρv
∇·u,0

]
(4.16b)

min

[
ρ

ρl
Sαv ,0

]
(4.16c)

where only the volume change due to condensation is considered in each case, and it
is indicated by the subscript C . In Equation 4.16a, the advective term has been omitted,
since either it cannot be reconstructed, when a sharp interface is achieved, or its error
cannot be estimated, and thus we introduce an additional modeling error. For simplicity,
from now on, we will refer to Equations 4.16a, 4.16c and 4.16c, as "partial derivative",
"divergence" and "source term", respectively.

The unsteady term of Eq. 4.15a,
∂αv

∂t
, represents the rate of change of αv in time, and

it can be accurately predicted assuming a sufficient temporal discetization. In Eq. 4.14,
moving the advective term to the right hand side gives

∂αv

∂t
= ρ

ρl −ρv
∇·u−u ·∇αv (4.17)

As long as only condensation takes place (for instance a single cavitation bubble collaps-
ing under ambient pressure higher than its vapor pressure, while far from the bubble the
liquid is assumed at rest), the advective term u·∇αv is zero, and thus, the partial derivative
of αv will be equal to the material derivative of αv . Similarly, in cases where we know a
priori that the advective term is negligible compared to the velocity divergence term (see
r.h.s of Eq. 4.17), then the rate of vapor reduction can be approximated by the partial time
derivative of αv .

4.3.3. EFFECTIVE DRIVING PRESSURE
The second unknown in Equation 4.13 is the pressure driving the collapse pd . The de-
termination of this quantity is not straightforward for complex flows, and it introduces
the largest uncertainty in the prediction of the cavitation impact loads on a surface. For
an isolated single cavitation bubble, collapsing in an infinite liquid volume, without the
effect of gravity, the pressure effectively driving the collapse is just the pressure at infinity,
which will result in a spherical collapse. Nevertheless, when the bubble is collapsing close
to a wall (or close to another bubble), the driving pressure across its interface will vary due
to the interaction with the wall (or the other bubble), as there is no space for the pressure
to recover to ambient pressure. Similarly, in a flow around a lifting body, a hydrofoil or
a propeller for instance, the interaction between the cavities formed on the blade or the
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hydrofoil surface, and their interaction with the wall, should be taken into account, as the
pressure recovery gradients along the surface are considered important for the cavitation
dynamics.

Unfortunately, the determination of the driving pressure in such complex flows is not
an easy task. The local instantaneous pressure p could not be used to estimate the driv-
ing pressure, because it would imply that the pressure at the cavity interface is higher than
the vapor pressure, in order to obtain a non-zero driving pressure difference pd −pv , at
locations where energy is radiated. However, looking at the density pressure trajectory, it
remains very close to vapor pressure during phase change, thus the corresponding pres-
sure difference would physically be nearly zero, in case the local cell pressure is used as a
measure for the driving pressure. Therefore, a different way to estimate the driving pres-
sure should be found.

In previous studies [1, 17, 19], the time-averaged pressure field at time instant t , p t ,
computed from the instantaneous pressure field in cavitating conditions p, was assumed
to be the ambient pressure field driving the cavity collapses. In this way, a rough esti-
mate of the conditions that collapsing cavities experience on statistical average can be
achieved. However, this implies that the time-averaged pressure field is sufficiently con-
verged (almost constant in time), which always requires several cycles. In the present
study, we investigate the influence of several more instantaneous pressure field defini-
tions, computed by averaging the instantaneous pressure field over a moving time win-
dow of size Tm

p t =
1

Tm

∫ t

t−Tm

p(t )d t (4.18)

Computing the moving average requires to store all the values within the chosen time
window of the pressure signal in a buffer at each time step, for every cell of the compu-
tational domain. Depending on the size of the window, the amount of data can easily
exceed the available random-access memory (RAM) limit [35]. Therefore, we apply the
method by Welford [36] to approximate the moving average of the pressure field at time
instant t , p t , over a sliding window Tm at each computational cell

p t = p t−1 +
pt −p t−1

n

n=Tm /∆t⇐=====⇒ p t = p t−1 +
(
pt −p t−1

) ∆t

Tm
(4.19)

where n is the number of time steps within the sliding window, and ∆t the time step size.

4.3.4. RADIATED ENERGY AND SURFACE IMPACT POWER
Let us consider the potential energy released instantaneously at each time step and each
location where condensation takes place. Then, the instantaneous radiated power is
given directly by the reduction rate of the volume specific potential energy:

ėr ad (t , xcel l ) =−ėpot ,C (t , xcel l ) (4.20)

where the minus (-) sign is a consequence of the energy conservation. However, in or-
der to follow the energy consideration, as discussed in Section 4.3.2), the potential energy
should somehow be stored as kinetic energy around the cavities, focused towards the col-
lapse center, and eventually converted into radiated (acoustic) energy, at the final stage of
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the collapse, giving a more physical representation of the collapsing process of cavitating
structures.

To account for the conversion of the potential energy into kinetic energy, and the fo-
cusing of the kinetic energy into the collapse center, a novel approach is employed, as
introduced by Schenke et al. [2]. In this "focusing" model the reduction of the potential
energy due to condensation is absorbed by an accumulated kinetic energy field ε(t , xcel l ),
until a criterion for the conversion of the kinetic energy into acoustic energy is met. This
process is described by an additional transport equation:

∂ε

∂t
+∇· (εui ) =−ėr ad (t ) (4.21)

and by applying the product rule, Eq. 4.21 becomes

∂ε

∂t
+ui ·∇ε=−ε(∇·ui )− ėr ad (t ) (4.22)

where ui is the collapse induced velocity, and ε is the consequent kinetic energy induced
by the volume reduction of the cavitating structures in the flow. Practically, this collapse
induced kinetic energy is induced from locations of negative velocity divergence only, or
in general, only from locations where condensation takes place. The sum of the two terms
on the left hand side of Eq. 4.22, i.e, the unsteady term and the advection, is the material
derivative of ε that gives the rate of change of ε following a fluid particle. In particular, the
term ui ·∇ε represents the conservative advective transport of the collapse induced kinetic
energy, and it is responsible for its spatial distribution around the cavitating structure as
the kinetic energy is focusing towards the collapse center. However, the exact spatial dis-
tribution of ε(t , xcel l ) is unknown, and consequently, a modeling assumption is required
for the conservative transport of the accumulated kinetic energy ui ·∇ε.

Furthermore, the two source terms on the right hand side, represent the kinetic energy
source (or creation of kinetic energy), and the radiation source (or reduction of kinetic
energy), respectively. The kinetic energy source is directly connected to the reduction of
potential energy. When the volume specific potential energy is reducing at any location
xcel l , as a result of condensation, then the kinetic energy source term is activated. On
the other hand, the kinetic energy source term remains zero, when an increase of poten-
tial energy, associated with cavity growth, takes place. Consequently, the kinetic energy
source term ε(∇ ·ui ) can be modeled by the volume specific potential energy reduction
rate, discussed in Section 4.3.2.

The radiation source term, ėr ad (t ), is activated only when a certain criterion is met. To
physically represent a cavity collapse, most of the energy, initially contained as potential
energy in the structure, should be released at the final stage of the collapse. To chose a
suitable criterion, we should take a close look to what happens as we approach the final
stage of the collapse. The pressure in the mixture regime cannot be much higher than the
vapor pressure, and therefore, a high amplitude pressure wave can only form in the liquid
phase. Besides, the absorbed kinetic energy should accumulate on the low pressure side,
and propagate inwards, towards the collapse center. Considering these assumptions, we
derive the following criterion for β:

β=
{

1, i f p > p∞ and α= 0

0, el se
(4.23)
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According to Equation 4.23, the parameter β is defined such that β= 1 at locations where
the vapor has completely disappeared and the local pressure is higher than the pressure
at infinity. Considering also the fact that the value of β is of interest only at locations
where the potential energy has been converted into collapse induced kinetic energy, then
we can isolate all the locations where a collapse of a vapor structure has taken place. Con-
sequently, a volume cell, where there is some collapse induced kinetic energy focused, is
a candidate to radiate energy, if and only if its vapor volume has fully condensed and if a
pressure wave is emitted.

Then Eq. 4.22 can be replaced by the following modeling assumption:

∂ε

∂t
= (1−β)[φ(ε)− ėpot ,C (t )]−β ε

δt
(4.24)

The term φ(ε) is a model for the unknown conservative advective transport of the kinetic
energy ui · ∇ε in Eq. (4.22). The term ėpot ,C (t ) represents the source term for the reduc-
tion of potential energy, and consequently the generation of kinetic energy ε(∇·ui ) in Eq.
(4.22). Hence, φ(ε)− ėpot ,C (t ) serves for the kinetic energy flux. The term β ε

δt is a model
for the radiation source term ėr ad (t ) in Eq. (4.22). The energy radiation is modeled as
a discrete event, because all the focused energy is released within the time interval δt ,
which means that the energy content of the radiated wave is conserved, while the exact
wave shape across the wave front is not captured. Finally, the term (1−β) in Eq. (4.24) has
been added to make sure that at locations where volume specific energy is radiated, there
is no production of kinetic energy, and therefore the overall energy balance is satisfied.

The advective transport term φ(ε) in Eq. (4.24) is given by [2]

φ(ε) = ėpot ,C k − ε

δt
Pu(∇ε) (4.25)

where k is assumed constant in space and is defined such that

k =

∫
V

ε

δt
Pu(∇ε)dV∫

V
ėpot ,C (t )dV

(4.26)

and Pu(∇ε) is the normalized projection of ∇ε on the local flow velocity vector u

Pu(∇ε) = max

[
u

∥u∥ · ∇ε
∥∇ε∥ ,0

]
(4.27)

In Eq. 4.25, the first term on the right hand side is associated with the production of
collapse induced kinetic energy, and it is proportional to the reduction rate of potential
energy. The second term is related to the transport of the kinetic energy, and it is based on
the assumption that the flow around the interface of the collapsing cavity is directed to-
wards the center, thus aligned with ∇ε, considering that ε is stored at the cavity interface.
To get the collapse induced kinetic energy at each time step δt , we explicitly forward the
solution in time using a first order Taylor expansion, which gives

ε|t+δt = ε|t +
∂ε

∂t

∣∣∣
t
δt = (1−β|t )

[
ėpot ,Cδt (k −1)−ε(Pu(∇ε)−1)

]∣∣∣
t

(4.28)
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and the volume specific radiated power is given by

ėr ad |t+δt =
1

δt
(βε)|t (4.29)

Knowing the radiated volume specific power at each cell in the domain, and assuming
that each point source xcel l emits its converted potential energy as a radial wave with
an infinitely large propagation speed, the instantaneous surface specific impact power
ėS (t , xS ), at some surface location xS is given by Schenke and van Terwisga [1] as

ėS (t ,xS ) = 1

4π

∫
V

ėr ad (t ,xcel l )

[
(xcel l −xS ) ·n

∥xcel l −xS∥3

]
dV (4.30)

where n is the surface normal vector at the impact location.
Finally, cases where the cavity collapse rate goes from negative to zero before the cav-

ity is fully collapsed, and the condensation process stops, or it is even reversed and evap-
oration takes place, are not considered in this model. In such cases, the kinetic energy
accumulated at the cavity interface should be dissipated or even converted back to poten-
tial energy, which cannot be handle by the model as described in this section. However,
such cases are assumed to occur quite rarely when the cavities undergo high pressure
differences.

4.4. SINGLE CAVITATION BUBBLE COLLAPSE
A verification study is conducted on a single cavitation bubble collapse, considering an
inviscid flow. This study serves for verification of the cavitation and erosion model. First,
an idealized spherical bubble is simulated in an infinite liquid. The sensitivity of the col-
lapse time to the condensation scaling factor Cc,SF , the time step size∆t , and the grid size
has been investigated. The obtained converged solution is then compared to the analyt-
ical solution of the Rayleigh-Plesset equation [37]. Then, the focusing model is applied
to verify that the potential energy is stored at the interface as kinetic energy, until the
final stage of the collapse, when it is radiated to the domain as acoustic energy. Subse-
quently, we apply an inflow velocity at the one boundary, parallel to the x-axis, so that
the flow around the bubble is advected downstream during the collapse. This configura-
tion serves for identification of the numerical error sources on the prediction of the total
radiated energy Er ad .

As mentioned in Section 4.3.2 we consider three alternative methods to estimate the
change in potential energy during condensation. The volume reduction rate can be es-
timated by using the partial derivative of the vapor fraction, the velocity divergence, or
the cavitation mass transfer source term. In the case where the flow is initially at rest, the
total volume change can be accurately predicted by the volume integration of the par-
tial derivative of the vapor fraction

∫
v ( ∂α∂t )dV , as the advective term u ·∇αv is zero then.

However, it is interesting to see how this term behaves when there is large advection in
the flow, and how it compares with the other two considerations for the prediction of the
volume change.

Finally, we let the bubble collapse close to an infinite flat surface to verify that half of
the energy is accumulated on the surface and the total energy is conserved [1].
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Table 4.1: Description of the different generated grids, where the number of cells per diameter, the total number
of cells, and the volume off-set from the theoretical bubble volume is demonstrated

Grid # Cells/Diameter # Cells Total Volume off-set
Grid 1 2 3,200 2.58%
Grid 2 6 14,384 0.86%
Grid 3 10 43,840 0.52%
Grid 4 14 84,504 0.37%
Grid 5 18 177,752 0.29%
Grid 6 22 282,640 0.24%

4.4.1. ISOLATED BUBBLE COLLAPSE

SENSITIVITY STUDY

The collapse of an isolated single cavitation bubble with a radius of Rb = 3.84mm has
been simulated. Six different meshes are used for the sensitivity studies. Table 4.1 shows
the number of cells per diameter, the total amount of cells and the volume off-set from
the theoretical bubble volume. For all grids, apart from the coarsest grid (Grid 1), the
volumeoff-set is less than 1%. Figure 4.2 shows the domain size and the grid refinement
around the bubble in Grid 5. The domain boundaries are located 250 radii away from the
bubble center.

A pressure outlet boundary condition has been applied to all boundaries with p∞ =
1bar , while the vapor pressure inside the bubble is equal to pv = 2340Pa (see Figure 4.3).
The pressure field in the rest of the domain is initialized such that it satisfies the Laplace
equation ∇ ·∇p outside the bubble surface. An initialization algorithm has been used
to compute the Laplacian pressure field and the vapor volume fraction at each cell for
each grid. The initial vapor fraction field is such, that all the cells entirely located inside
the bubble are assigned a vapor fraction ofαv = 1, while those entirely located outside the
bubble are assigned a vapor fraction ofαv = 0. To determine the vapor fraction of the cells
at the interface, a sample algorithm has been used. The algorithm divides every cell that
is cut by the bubble interface in 1003 subcells and determines the amount of the subcells
that are entirely inside the interface, assigning a percentage of vapor to each cut cell. The
initial vapor fraction field for the second coarsest (Grid 2) and second finest (Grid 5) mesh
is depicted in Figure 4.4, where the better representation of the bubble interface (red line)
can be seen as we refine the mesh around the bubble. The bubble interface is shown as
an iso-line of αv = 0.5.

The sensitivity of the collapse time to the condensation scaling factor Cc,SF (see Eq.
4.9), and the temporal and spatial resolution has been investigated. Figure 4.5 shows
the evolution of the dimensionless vapor volume for different values of the condensa-
tion scaling factor Cc,SF , and a fixed time step size ∆t = 1×10−6, in grid 3. For very small
values, a significant delay of the collapse time is observed, while for Cc,SF ≥ 1 the solu-
tion becomes independent of the coefficient value. However, this behavior can only be
achieved if the temporal and spatial resolution are sufficient. Figure 4.6 depicts the evo-
lution of the dimensionless vapor volume in time, for a constant condensation scaling
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Figure 4.2: Dimensions of the domain and the refinement box around the bubble in Grid 5

Figure 4.3: Evolution of pressure within and around the bubble in Grid 5. The size of the refinement area is
shown.
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Figure 4.4: Initial field of the vapor fraction αv for the second coarsest (Grid 2) and second finest (Grid 5) mesh.
The bubble interface is shown as an iso-line of αv = 0.5.
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Figure 4.5: Evolution of the dimensionless vapor volume, normalized by the initial vapor volume, over time for
∆t = 1×10−6 in grid 3, and a systematic variation of the condensation mass transfer coefficient Cc
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Figure 4.6: Evolution of the dimensionless vapor volume, normalized by the initial vapor volume, over time for
CSF = 10 in grid 3, and a systematic variation of the timestep size ∆t

factor Cc,SF = 10, and a systematic variation of the time step size ∆t in grid 3. Surpris-
ingly, the collapse time is not very sensitive to the temporal resolution, as already with
a time step size of ∆t = 1× 10−5, a time step size independent solution is achieved. In
other words, we need no more than 40 time steps during the collapse, in order to obtain a
time step size independent solution. The sensitivity of the grid size is depicted in Figure
4.7 for 6 different grid sizes. It shows the evolution of the dimensionless vapor volume
for Cc,SF = 10 and ∆t = 1×10−6, and how they compare to the Rayleigh-Plesset equation.
As we move to a grid density higher than grid 2, the collapse time does not show high
sensitivity. Looking more thoroughly at the predicted collapse time, grid 5 gives a fully
converged and grid size independent solution, which deviates less than 1% from the col-
lapse time obtained from the Rayleigh-Plesset equation.

ENERGY CONSIDERATION

As discussed in Section 4.3.1, in this study we assume that the initial potential energy
Epot ,0, contained in the vapor structures, is continuously feeding into kinetic energy Eki n ,
during the condensation process, until eventually it is fully converted into radiated energy
Er ad , at the final stage of the collapse. In this Section, we compare the energy focusing
approach, with the original consideration that energy is continuously released in the do-
main, and the potential energy is instantaneously converted into radiated energy (see Eq.
(4.3.4)). Figure 4.8 shows the evolution of the radiated energy, normalized by the initial
potential energy, in time for the non-focusing and the focusing approach. In the non-
focusing approach, the instantaneous potential power is computed using the three dif-
ferent considerations, as explained in section 4.3.2. The volume integrated rate of vapor
reduction is predicted (see Eq. 16) using the partial derivative (red), the velocity diver-
gence (green), and the cavitation mass transfer source term (blue dotted). While the total
energy in the domain is conserved, when the partial derivative and the source term are
considered for the prediction of the instantaneous power, with the velocity divergence,
part of the energy is being lost and only 63% of the total energy is finally being released.
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Figure 4.7: Evolution of the dimensionless vapor volume, normalized by the initial vapor volume, over time for
CSF = 10, ∆t = 1×10−6, and a systematic variation of the mesh density
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Figure 4.8: Total radiated energy, normalized by the initial potential energy, with the non-focusing and the en-
ergy focusing model. For the non-focusing model, the volume integrated rate of vapor reduction is predicted
using the partial derivative (red), the velocity divergence (green), and the mass transfer source term (blue). For
the energy focusing model, the volume integrated rate of vapor reduction is predicted using the mass transfer
source term only (black).



4.4. SINGLE CAVITATION BUBBLE COLLAPSE

4

79

Figure 4.9: Boundary conditions when a non-zero inflow velocity is applied to the domain. A velocity inlet
boundary condition is assigned to the left boundary, and a flow advection is forced in positive x direction.

The source of this error is the divergence term ∇ ·u. The velocity divergence cannot be
computed directly from the solver, as has been demonstrated in a previous study [17],
and as a result it needs to be reconstructed. The reconstruction of the velocity divergence
introduces a numerical error, which results in the error shown here. In this particular
test case, this error could be eliminated by correcting the velocity divergence field by a
constant factor c, determined at each time step as reported by Schenke and van Terwisga
[1], as the vapor volume change is subjected only to the condensation process during the
cavity collapse, and there is no advection in the flow. However, in most of the cases the
condensation process cannot be estimated from the total volume change and this correc-
tion is not possible.

The focusing approach has only been applied in the case where the mass transfer
source term is used to predict the vapor volume reduction rate. It is demonstrated that
the potential energy, initially contained in the bubble, is successfully converted into ki-
netic energy during the condensation process, until we approach the final stage of the
collapse where all the energy is radiated radially to the domain and the total energy is
conserved. We could also use the partial derivative, however, this would hold for that par-
ticular case only, due to the fact that the flow is at rest and no advection takes place. The
partial derivative term includes an advective contribution, which in this case is negligible.
Nevertheless, in case we would have a non-zero advective velocity, then the predicted to-
tal energy would not be conserved. This can be shown by applying an inflow velocity in
positive x direction, as shown in Figure 4.9.

Now, the computed partial derivative of the vapor volume includes an advective con-
tribution which cannot be neglected. The error made in the energy conservation is getting
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Figure 4.10: Total radiated energy, normalized by the initial potential energy, with the non-focusing and the
energy focusing approach for a systematic variation of the inlet flow velocity. For the non-focusing model, the
volume integrated rate of vapor reduction is predicted using the partial derivative (red), the velocity divergence
(green), and the mass transfer source term (blue), while for the energy focusing model the the volume integrated
rate of vapor reduction is predicted only using the mass transfer source term.

more dominant with increasing the inflow velocity, as illustrated in Figure 4.10. The total
energy released in the domain after the bubble has collapsed is overpredicted, while with
the material derivative consideration is still underpredicted. However, in the latter case,
the magnitude of the error is diminishing as the flow velocity increases. Finally, when
the volume integrated rate of vapor reduction is predicted from the mass transfer source
term, all the energy is fully conserved, regardless of the magnitude of the flow velocity.

4.4.2. COLLAPSE NEAR AN INFINITE FLAT SURFACE

The collapse of the same spherical cavitation bubble close to an infinite flat wall has been
simulated (see Figure 4.11). The bottom boundary has been placed close to the bubble
at a distance H = 5mm (γ = H

Rb
= 1.3) from the bubble center, and a slip wall boundary

condition has been assigned. In the previous section, 4.4.1, we showed that all the initial
potential energy is released and converted into shock wave energy during the collapse,
such that the total energy is conserved. Since we do not consider the energy absorbed
by the liquid jet mechanism, usually observed for a bubble collapsing close to a wall, it
can be argued that half of this energy should be distributed to the lower surface of infinite
dimensions, assuming a spherical wave propagation. Figure 4.12 shows the total accumu-
lated surface energy over time, normalized by the initial potential energy, obtained from
the non-focusing cavitation intensity model, and the energy focusing approach. The sur-
face energy is estimated at twelve time instants during the collapse. Similar to Figure 4.8,
the total energy is conserved when the volume integrated rate of vapor reduction is pre-
dicted from the partial derivative or the mass transfer source term, as half of the initial
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Figure 4.11: Representation of the bubble interface for an iso-surface of αv = 0.5 in Grid 5, at a distance H =
5mm (γ= H

Rb
= 1.3) from an infinite flat surface
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Figure 4.12: Total accumulated surface energy over time, normalized by the initial potential energy, with and
without focusing. For the non-focusing model, the volume integrated rate of vapor reduction is predicted using
the partial derivative (red-circle), the velocity divergence (green-square), and the mass transfer source term
(blue-triangle). The latter is also used to predict the accumulated surface energy with the energy focusing model
(black-diamond).
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Figure 4.13: Distribution of the accumulated surface specific energy for the non-focusing model (left) and the
focusing model (right).

potential energy is transmitted to the surface. When the volume change is predicted from
the velocity divergence term, part of the energy is lost, due to numerical error in the re-
construction of the velocity divergence, however the final energy, distributed on the flat
surface, is still half of that in the case of the bubble collapse in an infinite liquid.

The accumulated specific energy on the surface can be estimated for the two differ-
ent approaches, which should give an indication of the cavitation erosion intensity of the
impact. Figure 4.13 depicts the distribution of the accumulated surface specific energy,
after the bubble has collapsed. In both cases, there is a distinct axisymmetric footprint
with a clear peak value in the center. However, the magnitude of the maximum specific
energy in the middle, is higher in the focusing approach. This can be explained by the fact
that in this approach the potential energy is continuously focused into the collapse cen-
ter, therefore right before the collapse, all the energy is concentrated at a single point, and
is released all at once, giving a footprint with high intensity towards the middle. While
with the non-focusing approach, the energy is continuously being released in the do-
main, such that the energy remained in the cavity right before the collapse is less than in
the focusing approach. This results in an accumulated surface energy, which smears out
throughout the collapse, and the energy is continuously distributed over a larger area.

4.5. PROPELLER TEST CASE

4.5.1. CASE DESCRIPTION
The cavitation erosion intensity is estimated on the King’s College-D (KCD)-193 model
propeller. This propeller has been tested at the Emerson Cavitation Tunnel of Newcas-
tle University. Experimental paint test has been conducted on the propeller blades [38].
A 2D wake screen was used, located 0.4572m (1.5D) from the propeller centre, to create
a non-uniform inflow to the propeller, and test the propeller performance under more
realistic conditions. The propeller geometry, and the velocity and turbulence intensity
measurements at the 2D wake screen plane, were provided by the University of Strath-
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Figure 4.14: Computational domain with the tunnel cross section being 1.22m×0.81m, and the propeller center
being 1.5D from the velocity inlet and 15D from the pressure outlet. The size of the rotating region (light blue)
is also shown.

Table 4.2: Propeller Characteristics

Propeller Diameter 0.3048m
P/D 1

Blade Area Ratio 0.65
Number of Blades 4

clyde, Glasgow [9].

Table 4.2 shows the propeller characteristics. The propeller was tested in atmospheric
condition (see Table 4.3). Fig. 4.14 shows the propeller geometry within the computa-
tional domain. The dimensions of the tunnel cross section and the position of the pro-
peller are identical with the experimental set-up by Mantzaris et al. [38]. The location
of the inlet boundary is located 1.5 diameters from the propeller center, where the non-
uniform inflow velocity is specified only in the x-direction. The size of the rotating do-
main (light blue) is chosen such, that the interfaces are not located in areas, where high
pressure gradients occur. The propeller rigid motion is simulated using a sliding mesh
approach. In Fig. 4.15 the velocity distribution in the inlet is shown, and in a plane just
in front of the propeller hubcap. The flow is slightly accelerated by the propeller motion,
before entering the rotating domain, however, the character of the non-uniform overall
flow is maintained. A pressure boundary condition, with a constant ambient pressure,
is applied 15 diameters downstream, while the top, bottom and the side boundaries are



4

84
4. ON THE ACCURACY OF PREDICTING CAVITATION IMPACT LOADS ON MARINE

PROPELLERS

Table 4.3: Flow Characteristics

Condition pr e f (kPa) n (RPM) Vi n (m/s) J σ Re0.7%R

Atmospheric 116.72 1500 3 0.393 3.88 2.45 ×106

Velocity Magnitude (m/s)

Figure 4.15: Velocity distribution in the inlet (left) and in a plane just in front of the propeller hubcap (right)

set to slip wall condition, as they are assumed to not interfere with the propeller motion.
The Reynolds number at 70% of the radius R is of the order of 106 (see Table 4.3), which
is higher than the critical Reynolds numbers for transition from laminar to turbulent flow
(typically 105 < Re < 106). Besides, the non-uniform inflow reduces even more the risk of
regions with laminar flow, and the flow over the whole blade can be considered, more or
less, fully turbulent.

For the grid generation, trimmed hexahedral cells are used with local refinements and
prism layers along the wall to resolve the viscous sub-layer. First a coarse grid, with a
refinement at the propeller leading and trailing edge, is generated to roughly estimate
the amount of vapor on the propeller blades. Then, an additional refinement is applied
on one of the blades to assess the cavitation intensity on the surface, in order to follow
the guidelines for the spatial resolution, as proposed in Section 4.4. First, the size of the
cavitating structures needs to be estimated, so that the required grid resolution and time
step size can be determined. In Fig. 4.16, a 2D section of the developed cavity is shown,
approximately at the location on the blade, where the maximum amount of paint was
removed during the paint test. The width of the cavity in the x-direction is estimated to be
around 1.2cm. The corresponding Rayleigh collapse time is found to be τ≃ 4.27×10−4s.

In Section 4.4 we showed that approximately 18 cells per diameter, and about 40 time
steps, are required to get a grid and time step size independent solution for the single
bubble collapse test case. For a cavity with diameter D = 1.2cm, this translates to a min-
imum cell size of c ≃ 0.667mm, and a time step size of ∆t = 1.28×10−5 or a rotation rate
of 0.115deg per time step. Eventually, the minimum cell size of the current domain is
selected, c ≃ 0.45mm, which corresponds to approximately 27 cells over the cavity width,
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Figure 4.16: Volume fraction of vapor αv at an arbitrary cross section, showing the maximum width of the de-
veloped cavity on the propeller blade over one revolution. The location of the cross section is located approxi-
mately where the maximum amount of paint was removed from the blade during the paint test.

Figure 4.17: Computational mesh around the propeller and the vapor cavity on the refined blade at its top
position. The vapor volume is represented by an iso-surface of αv = 0.01.
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Figure 4.18: Wall y+ values on the refined blade for Grid 1 (left) and Grid 3 (right). The blade is depicted at its
top position.

and a time step size of∆t = 1.11×10−5, or a rotation rate of 0.1deg per time step. Then, the
refinement is applied at locations where the maximum value ofαv over one rotation is not
zero, and only on one blade to reduce the computational cost. This results in a refinement
region that covers the whole cavity in the vicinity of the blade surface, at any time instant,
during a full rotation. Fig. 4.17 shows the mesh refinement and the cavity size when the
refined blade is located at the top position (0o). Three finer grids have been generated to
assess the temporal and spatial discretization error. In order to keep the different grids
as geometrically similar as possible, special attention has been paid to the generation of
the prism layers close to the blade surface (for details see Melissaris et al. [17], Crepier
[39]). Eca et al. [40] have shown that for the SST k-ω turbulence model at high Reynolds
number, wall y+ equal to 1 is not sufficient to obtain low numerical uncertainties, and y+
values as low as 0.1 (or at least below 0.5) are required to obtain numerical uncertainties
similar to other turbulence models. Thus, average wall y+ values at the refined blade are
kept lower than 0.25 for all grids. Table 4.4 shows, for each grid, the number of computa-
tional cells in the whole domain, as well as on the refined blade, and the number of prism
layers, and the average wall y+ values on the refined blade. Finally, Fig. 4.18 shows the
wall y+ distribution on the refined blade, for the coarsest (Grid 1) and the second finest
grid (Grid 3). Clearly, the y+ values drop as we go to finer grids and more prism layers,
even below 0.1 for the finest grid (Grid 4, see Table 4.4).

Finally, the condensation and evaporation coefficients, Cc,SF and Cv,SF , are selected
based on the results from the single bubble collapse test case (Section 4.4). Coefficient
values equal or larger than one gave solutions, which were independent of these coeffi-
cient values. However, in the propeller test case, we observed that vales higher than one
introduce some numerical instabilities to the solver, and thus the default value of one was
chosen for both coefficients for all cases.

4.5.2. RESULTS

PROPELLER PERFORMANCE AND NUMERICAL UNCERTAINTY

The propeller performance is predicted and compared with experimental measurements
as reported in Usta et al. [9]. Propeller thrust and torque are computed for the refined
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Table 4.4: Description of the four different generated grids and propeller thrust an torque results for each grid.
Comparison with experimental measurements

Grid # Cells Total # Cells on # Prism Layers average y+ on
refined blade refined blade

Grid 1 3.64 M 43.3 k 10 0.24
Grid 2 6.86 M 78.7 k 15 0.15
Grid 3 10.1 M 112.6 k 20 0.11
Grid 4 17.55 M 165.2 k 25 0.09

Figure 4.19: Qualitative comparison between the experimental observation [38] and the cavitation development
on the blade, where the mesh refinement is applied, visualized as an isosurface of αv = 0.01

blade, and then multiplied by the number of blades. The numerical uncertainty is as-
sessed following the procedure by Eca and Hoekstra [41], using the Validation & Verifica-
tion tool, developed by MARIN 1. In Fig. 4.19 the cavitation development on the propeller
blades is compared with the experimental observation. Because of the non-uniform in-
flow, the vapor volume varies at different blade positions, and unfortunately, due to the
limited documentation of the vapor volume development during the cavitation test, it
is hard to compare between the experiment and the simulated cavity. However, qualita-
tively, the cavitation extent seems comparable.

First the temporal discretization error is estimated. Table 4.5 shows the propeller
thrust and torque for the coarsest grid (Grid 1), and different time step sizes, and how
they compare with the experiment. The convergence of the propeller thrust and torque
with respect to the rotation rate, is depicted in Fig. 4.20 and Fig. 4.21 respectively. The
corresponding numerical uncertainty is indicated by an interval that contains the exact
solution with 95% coverage. Propeller thrust and torque are not very sensitive to the time
step size. The deviation between the computed thrust and torque, and the experimental
values is less than 2% even for the highest time step size, while the numerical uncertainty
is estimated less than 0.5% for all time step sizes.

The grid discretization error is also assessed for each grid. Table 4.6 compares the
propeller performance for each grid, and Fig. 4.22 and 4.23 depict the convergence of

1http://www.refresco.org/verification-validation/utilitiesvv-tools/
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Figure 4.20: Convergence of the propeller thrust with the time step size. Impression of the numerical uncertainty
estimate, and comparison with the experimental measurement.
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Figure 4.21: Convergence of the propeller torque with the time step size. Impression of the numerical uncer-
tainty estimate, and comparison with the experimental measurement.
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Figure 4.22: Convergence of the propeller thrust with the refinement ratio hi /h1. Impression of the numerical
uncertainty estimate, and comparison with the experimental measurement.



4.5. PROPELLER TEST CASE

4

89

Table 4.5: Propeller performance for the coarsest grid (Grid 1) and four different time-step sizes, and comparison
with experimental measurements

Time step Thrust Deviation from Torque Deviation from
(deg /∆t ) (N ) Experiment (N ) Experiment

1 2038.9 1.26% 90.38 1.75%
0.5 2039.3 1.28% 90.37 1.75%
0.2 2041.2 1.37% 90.45 1.84%
0.1 2043.1 1.47% 90.54 1.94%
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Figure 4.23: Convergence of the propeller torque with the refinement ratio hi /h1. Impression of the numerical
uncertainty estimate, and comparison with the experimental measurement.

propeller thrust and torque with respect to the refinement ratio hi /h1, and the corre-
sponding numerical estimates. Here, hi is the typical cell size of the ith grid, and h1 the
typical cell size of the finest grid. Propeller thrust is slightly more sensitive to the grid
density. The observed order of convergence is equal to the theoretical one (P = 2), and
the numerical uncertainty is below 3% for all grids, while it drops below 1% only for the
finest grid, probably because the average wall y+ is below 0.1 only for Grid 4. On the other
hand, propeller torque is not that sensitive to the grid size. The observed order of conver-
gence is close to the theoretical one (P = 1.61), and the numerical uncertainty is very low
for each grid (about 1% for Grid 1 and 0.3% for Grid 4).

EROSION RISK ASSESSMENT

The cavitation intensity on the propeller blades is estimated by determining the local sur-
face impact power ėS (t , xS ), according to Eq. 4.30. First, an investigation on the effect
of the pressure field effectively driving the collapses has been conducted. The accumu-
lated volume specific potential energy in the domain is estimated using the mass trans-
fer source term and different driving pressure fields. The driving pressure fields are ob-
tained by averaging in time the local cell pressure p over different time windows. Fig. 4.24,
demonstrates the influence of the different driving pressure fields, as computed for differ-
ent sliding windows, on the total potential energy. The total accumulated potential energy
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Table 4.6: Propeller performance for the four generated grids, and comparison with experimental measure-
ments

Grid density Thrust Deviation from Torque Deviation from
hi /h1 (N ) Experiment (N m) Experiment

2.5 (Grid 1) 2043.1 1.47% 90.54 1.94%
1.67 (Grid 2) 2049.6 1.79% 90.95 2.40%
1.25 (Grid 3) 2033.8 1.01% 90.35 1.73%

1 (Grid 4) 2058.8 2.25% 91.20 2.68%
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Figure 4.24: Total accumulated volume specific potential energy in the domain for different driving pressure
fields. The driving pressure fields are obtained from a moving average of the instantaneous pressure field over
different sliding windows (SW).

obtained from the instantaneous pressure field, is compared with the one obtained from
pressure fields averaged over a time window of 1 deg , 10 deg , 30 deg , 90 deg , 360 deg ,
and eventually, the pressure field obtained from a time averaging over the total sample
time. We observe, that when the chosen time window is smaller than one full propeller
rotation, the predicted energy is quite sensitive to the window size. As the time window
decreases, the predicted energy is approaching what we obtain when the instantaneous
pressure is used as driving pressure. Thereby, high amplitude pressure peaks are expected
by the periodic cavity collapses and thus, we cannot account for pressure recovery gradi-
ents, as typically present along lifting bodies. As the time window is getting larger, so does
the total accumulated volume specific potential energy. Eventually, when a time window
of one whole revolution is used, the predicted energy is almost identical to the one ob-
tained with a time window of the total sample time. Thus, a time averaged pressure field
over one rotation, or one shedding cycle, is considered sufficient for an estimate of the
effective driving pressure field.

Afterwards, the distributions of the accumulated surface specific energy on the re-
fined blade, obtained by the non-focusing and the energy focusing model, after eight
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Figure 4.25: Surface specific accumulated energy on the refined propeller blade, obtained from the non-focusing
model after eight propeller revolutions, where the vapor volume reduction rate has been estimated using the
partial derivative (left), the divergence (middle), and the source term (right)
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Figure 4.26: Surface integrated accumulated energy per rotation on the refined blade, in J , obtained by the non-
focusing model over 8 propeller revolutions, using the partial derivative (blue), the divergence (green), and the
source term (red)
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Figure 4.27: Surface specific accumulated energy on the refined propeller blade, obtained from the energy fo-
cusing model after eight propeller revolutions, where the vapor volume reduction rate has been estimated using
the partial derivative (left), the divergence (middle), and the source term (right)

propeller revolutions, using the three different considerations for the vapor volume re-
duction rate are compared. Fig. 4.25 depicts the distributions of the non-focusing model.
It is obvious that there is a huge discrepancy between the distribution obtained with the
partial derivative and the one obtained with the source term. This is explained by the
fact that the partial derivative of α in Eq. 4.15a includes an advective term. As the flow
accelerates in higher radii, the advective term contributes more and more to the radi-
ated energy, and as a consequence, it deviates from the radiated energy obtained with
the source term. The higher the velocities occuring around the blade, the larger the error.
Similarly, the distribution obtained with the divergence, still shows a discrepancy from
the one obtained with the source term, although quite smaller. The reason for that is that
the numerical error involved in the reconstruction of the radiated energy using Eq. 4.15b
is getting smaller as the flow velocities get larger, and the inertia in the flow increases.

To further analyze the errors made in the reconstruction of the radiated energy in a
more quantitative manner, the total accumulated surface energy per rotation ESi is ob-
tained by the surface integral of the accumulated surface specific energy at the end of
each rotation i

ESi =
∫

A
eSi d A f or i = 1,2, ...8 (4.31)

and it is depicted in Fig. 4.26. The total accumulated energy obtained by the partial
derivative of α is almost an order of magnitude smaller than the other two, while the
accumulated energy obtained by the divergence term is about 20% smaller than the one
obtained by the mass transfer source term.
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Figure 4.28: Surface integrated accumulated energy per rotation on the refined blade, in J , obtained by the
energy focusing model over 8 propeller revolutions, using the partial derivative (blue), the divergence (green),
and the source term (red)

Now, comparing the impact distribution between the non-focusing model, where the
potential energy is radiated instantaneously, Fig. 4.25, and the energy focusing model,
Fig. 4.27, the energy appears to be accumulated in a much larger area, with the non-
focusing model. Any dynamics of the sheet cavity, result in energy transfer to the surface,
thus leaving a footprint, which extends almost over the whole blade along the cavity trail-
ing edge. On the other hand, the surface impacts are much more scattered, and shifted
towards the trailing edge, when the energy focusing approach is applied. In addition to
that, these localized events are expected to be more aggressive, as big amounts of energy
are concentrated into very small areas of the blade surface.

Looking at the total accumulated energy per rotation as obtained by the energy focus-
ing model for the three different energy reconstruction methods (see Fig. 4.28), one can
notice that the error magnitudes are different than the ones with the non-focusing model.
The accumulated energy obtained by the partial derivative is higher than before, while the
one obtained by the velocity divergence is smaller, which shows that the errors involved
in these two energy reconstruction methods are highly dependent on the flow charac-
teristics. As shown in the single bubble collapse test case, when the inertia in the main
flow increases, the error involved in the reconstruction of the radiated energy using the
partial derivative of α and the velocity divergence are getting larger and smaller respec-
tively. The total inertia in the flow depends on the flow velocity and the collapse induced
velocity. While the collapse induced velocity is the highest at the final stage of a collapse,
the flow velocity is almost zero as the collapsing cavities are decelerated by the adverse
pressure gradient. Thus, the total inertia at locations where we approach the final stage
of a collapse is lower than locations with higher flow velocity but low collapse induced
velocity. Since with the energy focusing model, the radiated energy is reconstructed only
at locations of the final stage of the collapse the errors involved in the reconstruction of
the radiated energy using the partial derivative will be smaller and the ones using the ve-
locity divergence will be larger. All in all, we see a similar behavior as in the single bubble
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Figure 4.29: Surface integrated accumulated energy per rotation on the refined blade, in J , obtained by the
non-focusing model over 8 propeller revolutions.

collapse in Section 4.4, and the radiated energy reconstruction errors obtained from the
partial derivative of α and the velocity divergence are strongly dependent on the inertia
of the flow.

Figures 4.29 and 4.30 show the surface integrated accumulated energy per rotation for
eight propeller revolutions for the two grids, using the non-focusing and the energy focus-
ing model respectively. The radiated energy on the blade is rather insensitive to the grid
density, for both models. Similar energy content is predicted on the blade surface during
each revolution for both grids. These results are well in line with the findings in Section
4.4, and the resolution of the coarsest grid is already sufficient to obtain a grid indepen-
dent solution for the amount of accumulated energy on the blade. However, the total
surface accumulated energy obtained from the energy focusing model is about an order
of magnitude less than the one obtained from the non-focusing model. When no poten-
tial energy focusing is considered, the energy is radiated instantaneously, when there is a
reduction of vapor volume. On the other hand, with the energy focusing model, energy
is radiated only from structures that actually reach a final collapse stage, resulting in less
accumulated energy on the surface.

Furthermore, some small variations are observed between the propeller revolutions.
These variations are partly related to cloud cavitation and system instabilities. One can
show from the localized Euler equations at the cavity closure that the stagnation point
is highly unstable, even for a globally steady cavity flow [4]. The instability affects the
re-entrant jet and the whole closure region, leading to irregular break-up patterns. It ap-
pears that the re-entrant jet and cloud cavitation instability preferably occurs in short
cavities with pronounced adverse pressure gradients, whereas system instability mostly
effects long cavities with weak adverse pressure gradients. Long cavities can be very sen-
sitive to variations in the incoming flow, which is the case for a propeller operating in a
non-uniform inflow. These 3-D aspects of cloud shedding are referred to as being intrin-
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Figure 4.30: Surface integrated accumulated energy per rotation on the refined blade, in J , obtained by the
energy focusing model over 8 propeller revolutions

sic instabilities or often referred to as self-excited instabilities [4], and it has been shown
that they are essentially inertia controlled, and developed naturally, separated from in-
stabilities due to turbulence [42]. In a RANS modeling, most of those instabilities are
restrained due to the increase of eddy viscosity at the mixture interface. However, em-
ploying the correction to suppress the eddy viscosity at the interface, we allow for partial
cavity shedding and therefore we introduce intrinsic instabilities. The other part of these
variations at each propeller revolution is related to modeling and iterative convergence
errors. Therefore, more than one propeller rotations are necessary in order to obtain a re-
liable estimate for the average accumulated surface energy. Still, these discrepancies are
rather small, and already after the first revolution we get a good idea of the amount of the
accumulated energy on the blade.

Comparing the accumulated energy distribution on the blade obtained by the non-
focusing model for Grid 1 and Grid 3 after 8 propeller rotations (Fig. 4.31), they look
quite similar. On the other hand, when we compare the distributions obtained by the
energy focusing model, some differences are rather noticeable. While for the coarse grid
(Grid 1) most of the energy is radiated towards the blade trailing edge, for the fine grid
(Grid 3) some part of the initial potential energy is distributed closer to the leading edge.
This is because small scale properties are typically dependent on the chosen resolution
in unsteady solution of cavitating flows [42], and thus with the finer grid we resolve more
vapor structures in the domain than in the coarse grid. To generate the coarse grid, we
estimated the width of the sheet cavity close to the trailing edge, at the area where the
maximum paint removal was observed during the paint test. Therefore, the grid resolu-
tion in areas closer to the leading edge, where the width of the sheet cavity is thinner,
is perhaps not sufficient to resolve any possible collapse, but only bigger structures that
are shed towards the trailing edge. However, the finer grid probably provides this resolu-
tion to resolve some of the smaller structures closer to the leading edge. On top of that,
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Figure 4.31: Surface specific accumulated energy on the refined propeller blade, obtained by the non-focusing
(top) and the energy focusing model (bottom) for Grid 1 (left) and Grid 4 (right) after 8 propeller rotations

due to the smaller cell size in the finer grid, the energy at the final stage of the collapse
is focused on a much smaller area, and therefore the radiated energy is more localized to
smaller surface areas. That explains why for the coarse grid the high energy density areas
are broader than for the fine grid. However, the total energy on the blade for both grids is
similar, since large scale properties such as shedding frequencies and characteristic void
fraction distributions, regarding the basic shape of the sheet and cloud cavities, seem to
be less dependent on the grid density.

Furthermore, we compare the distributions of the accumulated surface specific en-
ergy on the refined blade, obtained by the energy focusing model for the coarse and the
fine grid (Grid 1 and Grid 3 respectively), with the one obtained from the paint test (see
Fig. 4.32). Although the impacted areas are not as extensive as in the test, this is reason-
able since the erosion pattern on the blade was obtained after half an hour of testing, and
thousands of propeller revolutions, while we assessed the impact distribution after only
0.32s and 8 revolutions. Due to the intrinsic instabilities of the partial cavity dynamics
and the modeling/numerical instabilities we introduce, the location of the final collapse
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Figure 4.32: Comparison between the experimental paint test (left) and the surface specific accumulated en-
ergy on the refined blade, obtained by the energy focusing model, after 8 propeller revolution, with the coarse
(middle) and the finer grid (right)

of shed cavities of smaller scale, will vary between different propeller revolutions and,
thus much more time is needed to get a fully converged impact distribution on the blade,
especially for the finest grid, where more small scale structures are resolved. However,
in both grids, high energy density is obtained in blade areas, where paint was removed
during the test, and the main impact areas are captured. Finally, it is important to men-
tion that areas with high energy density are not necessarily areas with the highest erosion
risk. As we have indicated in previous studies on hydrofoils [1, 17], the impact power is of
much higher importance. Surface areas with similar high energy content can be observed
either by repetitive low amplitude events, or by extreme events of lower frequency. While
in both cases the energy content might be comparable, in an extreme event large amount
of energy is released, and distributed to the surface, during a small period of time, which
might render such an event more aggressive. Such analysis of the rapidness of the cavity
collapses could be done using aggressiveness indicators (see Schenke and van Terwisga
[1], Melissaris et al. [17], Schenke et al. [35]), however that is beyond the scope of this
paper.

4.6. CONCLUSION
A novel methodology, developed within the European project "CaFE", by Schenke et al.
[2], has been used in this study to predict cavitation implosion loads on a surface. This
model takes into consideration the time accurate energy balance during a cavity collapse.
While the cavity starts to condense, the initial potential energy is continuously feeding
into kinetic energy, around the cavity interface. At the final stage of collapse, all the po-
tential energy has been converted into kinetic energy, and has been focused into the col-
lapse center. That is the point, when all the energy is released in the domain as shock
wave energy.

The model has been verified on a single cavitating bubble collapsing in an infinite
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fluid and close to a wall, where an investigation on the numerical errors involved in the
reconstruction of the radiated energy has been conducted. The vapor volume reduction
rate is predicted using three different considerations. One involves the partial derivative
of the vapor fraction αv , the second involves the velocity divergence, and the last one
involves the mass transfer model source term. The model is further applied to the KCD
193 model propeller test case, that was tested in the Newcastle cavitation tunnel behind
a 2D wake screen. From these studies, we draw the following conclusions:

• When the vapor volume reduction rate is estimated using the cavitation model
mass transfer source term, then the numerical error, involved in the reconstruction
of the radiated energy, is minimal. All the energy is then conserved and the total
energy balance is fully satisfied. The error (modeling or numerical) in the other
two considerations depends strongly on the inertia of the flow. They could provide
a good estimate of the surface accumulated energy in specific cases, however one
should be aware of their sensitivity to the flow conditions.

• The temporal and spatial discretization errors have been assessed for the propeller
performance. Propeller thrust and torque are rather insensitive to the time step size
and low uncertainty estimates are obtained (below 0.5%). Propeller thrust is more
sensitive to the grid density than torque. However, the uncertainty of the propeller
thrust is below 3% for all grids, and it drops below 1% for the finest grid. The uncer-
tainty of the propeller torque is rather low for all grids (about 1% or lower).

• The moving time average of the instantaneous pressure field over a time window
equal to one shedding cycle (or one revolution) or higher, is considered sufficient
for an estimate of the effective driving pressure field. It has been shown that when
the sliding window is equal to one shedding cycle or higher, the difference on the
total accumulated potential energy in the domain is negligible. Nevertheless, as
long as the driving pressure distribution is not exactly known, some uncertainties
regarding the potential energy content remain.

• The total accumulated surface energy on the refined blade was found to be insensi-
tive to the grid density for the non-focusing and the energy focusing model. Com-
parable amount of energy was obtained for the coarse and the fine grid (Grid 1 and
Grid 3) during each propeller revolution. However, the total surface accumulated
energy obtained from the energy focusing model is about an order of magnitude
less than the one obtained from the non-focusing model. In the latter, each vol-
ume variation results in radiated energy, leading to over-prediction of the surface
accumulated energy.

• When the potential energy focusing is considered some discrepancies are observed
on the impact distribution between the coarse and the fine grid, which are related
to the grid resolution. The finer mesh resolves smaller scale structures, and pro-
vides sufficient resolution for thinner parts of the sheet cavity, while the energy at
the final stage of the collapse is focused to a much smaller area. Therefore, the
events are more localized, and the energy scattering is increased, so does the time
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to get a fully converged impact distribution on the blade. Yet, the impact distribu-
tion obtained by the energy focusing model agrees well with the high erosion risk
areas, as indicated from the paint test, for both grids, and high energy density is ob-
served in the areas of maximum paint removal. The basic cavity dynamics (shape of
sheet and cloud cavities) are well captured even with the coarser grid, while, in the
finer grid some part of the energy is distributed closer to the leading edge, however
it does not necessarily indicate that the erosion risk in those areas is high, as the
rapidness/aggressiveness of the collapsing events has not been taken into account.

• Finally, the capabilities of our fully energy conservative model to predict the im-
plosion loads of large scale cavitating structures on propeller blades illustrates its
potential for engineering applications. Nonetheless, a good estimate of the size of
the collapsing cavitating structures to be resolved is a prerequisite for this model, in
order to apply the required grid and temporal resolution, as proposed in this study.
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5
CAVITATION EROSION RISK

PREDICTION ON A FULL-SCALE

STEERABLE THRUSTER

Propeller cavitation erosion prediction at an early design stage is becoming more and more
important since it is one of the key constraints in the search for maximum propeller effi-
ciency. Despite the experience from model tests, cavitation erosion research on actual ship
scale is very limited. In this chapter, an attempt is made to assess the erosion risk on the
blades of a full-scale steerable thruster of a tug boat. Pressure side cavitation was detected
on board for three different propeller designs. For the first time, a cavitation erosion analy-
sis is performed on ship-scale, using a rigorous potential energy approach, which accounts
for the focusing of the potential energy at the collapse center during the cavity collapse. A
full sensitivity study has been performed for the blade surface accumulated energy. The ero-
sion model shows the erosion risk for different propeller designs applied on the vessel, and
different operating conditions, by looking at the surface specific energy on the blade. The
erosion analysis shows locations of high erosion risk that show a good resemblance with the
actual damage locations on the real blades.

This chapter is based on: T. Melissaris, S. Schenke, N. Bulten, T.J.C. van Terwisga, Cavitation erosion risk assess-
ments on a full-scale steerable thruster, Ocean Engineering 251 (2020) 111019.

103



5

104 5. CAVITATION EROSION RISK PREDICTION ON A FULL-SCALE STEERABLE THRUSTER

5.1. INTRODUCTION
Cavitation is characterized by the sudden growth and intense collapse of vapor structures
in a liquid due to large pressure variations. Vaporization of a liquid occurs when its pres-
sure drops below the vapor pressure, while when these vapor structures enter a pressure
recovery region they collapse. The intensity of their collapse depends strongly on the
pressure difference they are subjected to, and the collapse may be so violent that can re-
sult in undesired nuisance such as noise, vibrations, and erosion damage. While noise
and vibrations are most of the times acceptable until a certain level, cavitation erosion
should be avoided, since severe erosion on mechanical components such as propellers,
pumps, valves etc. has a significant impact on their efficiency and structural integrity.

Efficient propeller designs cavitate and there is a trade-off between hydrodynamic ef-
ficiency and cavitation [1, 2]. Therefore cavitation on the propeller blades is most of the
times unavoidable. However, there is a limit until a propeller can cavitate without erod-
ing (or eroding with a very small erosion rate), resulting in the maximum hydrodynamic
efficiency. This limit is hard to predict and identify. Cavitation observations in a tow-
ing tank using high speed cameras are conducted conventionally to get an impression of
the erosiveness of the cavitating structures on the blades in model-scale. Although, such
observations can give important information about the shape of the cavity, and possi-
ble locations of collapses, it is hard to quantify the intensity and violence of a collapse,
while the influence of scale effects is also not considered. Furthermore, propeller design-
ers are using potential flow codes to optimize any propeller design. The majority of those
potential flow models, cannot represent the break-up of cavities, and certainly not the dy-
namics of their collapse. These aspects lead to the necessity of a numerical tool which can
simulate the growth and collapse of such cavitating structures on the blade and assess the
intensity and aggressiveness of their collapse, as well as the surface impact distribution,
with sufficient accuracy.

Although cavitation dynamics have been thoroughly investigated during the last decades,
cavitation erosion prediction on marine propellers still remains a challenging topic. And
while there are several studies in model scale, investigations on full scale propellers are
very limited. In one of the first attempts to predict cavitation erosion on ship scale, Ponkra-
tov and Caldas [3] and Ponkratov [4], estimated cavitation aggressiveness on the rud-
der and the propeller, respectively. The results showed good correlation with the actual
eroded areas. They used erosion functions developed by the Lloyd’s Register Technical
Investigation Department (LR TID), however these functions have not been reported in
the studies. Peters et al. [5] used the micro-jet hypothesis to predict cavitation erosion on
a ship propeller, both in model and full scale. The simulations were compared to experi-
mental data, demonstrating a good qualitative prediction of the cavitation erosion on the
propeller.

The limited research on ship scale propeller erosion prediction emphasizes the dif-
ficulty of performing such simulations, as well as the necessity of a more reliable and
quantitative approach. In this study, an attempt exactly towards this step is made, where
a more quantitative prediction of the cavitation erosion risk on the propeller blades is
pursued. We compute the cavitation impact loads on the blades of a full-scale steerable
thruster propeller. The erosion risk is represented by the surface specific energy distri-
bution on the blade area, originated from the implosion of the cavitating structures. An
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energy balance approach is employed [6–8], where we allow for the focusing of the po-
tential energy, contained in the cavitating structures, into the collapse center, before it is
radiated in a shock wave.

At the moment of a cavity collapse, energy is emitted isotropically in the domain. The
computation of the exact amount of the radiated energy that will reach any surface in the
vicinity, involves the concept of the solid angle. A solid angle is a 3D angular volume that is
defined analogously to the definition of a plane angle in two dimensions [9]. In this study,
a fully continuous reconstruction of the solid angle is used. For unstructured meshes, the
analytical computation of the solid angle is not straightforward, and a discreet approx-
imation is often used instead. For sources very close to the surface, this approximation
leads to solid angles significantly larger than the exact solid angle, leading to substantial
errors in the computation of the surface accumulated energy. To minimize these errors,
the solid angle is bounded to its maximum value.

Finally, to assess the reliability of the model on full scale simulations, an extensive
verification study has been performed, based on propeller designs which have been in
real operation. The results of the CFD simulations are validated against the actual eroded
areas on the used azimuth-thruster propeller blades.

5.2. NUMERICAL MODELING

5.2.1. GOVERNING EQUATIONS AND CAVITATION MODELING
The Reynolds Averaged Navier-Stokes (RANS) equations for momentum and mass conti-
nuity are solved, given by

∂(ρu)
∂t +∇· (ρuu) =−∇p +ρ f +∇·τ (5.1)

∂ρ
∂t +∇· (ρu) = 0 (5.2)

where u is the velocity tensor, ρ is the fluid density, p the pressure, f the external force
per unit mass and τ the viscous part of the stress tensor. The density and the turbulent
viscosity of the cavitating flow is given by the mixture relations

ρ = avρv + (1−av )ρl and µ= avµv + (1−av )µl (5.3)

respectively, where 0 < av < 1 is the vapor fraction. The phase transition is modeled us-
ing a homogeneous multiphase mixture model. A single set of momentum equations is
solved for the mixture. An additional transport equation is solved to determine the vol-
ume fraction of each phase in each computational cell

∂αv

∂t
+∇· (αv u) = Sαv (5.4)

where Sαv is the mass transfer source term, modeled by the Schnerr-Sauer cavitation
model. For further details see Melissaris et al. [10, 11].

The k-ω SST turbulence model by Menter [12] is used to model the Reynolds Stress
term. A finite-volume discretization technique with cell centered collocated variables is
employed to solve the equations. The governing equations are solved sequentially in a
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segregated manner. The mass conservation is ensured by a pressure correction equation
based on the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm
[13]. To avoid the artificial increase of eddy viscosity at the mixture regime, an empiri-
cal reduction of turbulent dissipative terms is applied, by modifying the turbulent eddy
viscosity (see Melissaris et al. [10])

5.2.2. CAVITATION EROSION MODELING
Cavitation erosion is modeled considering an energy transfer from the collapsing cavi-
tating structures to the impacted surface. The approach is based on the potential energy
hypothesis [14, 15] where the potential energy, initially contained in the vapor cavities, is
proportional to the pressure difference driving the cavity collapse pd −pv , and the cavity
vapor volume Vv . During the collapse, the initial potential energy can be partitioned into
different forms of energy, and the instantaneous energy balance is considered [16, 17].
The initial potential energy is first converted into kinetic energy, before it is radiated in
the domain as acoustic (shock wave) energy. For strong inertia driven flows (about 1 bar
driving pressure difference pd − pv or higher), and in the absence of non-condensible
gas within the cavitating structures, any thermal effects and cavity rebounds respectively,
may be neglected [17]. Thus, at the final stage of the collapse, all the initial potential en-
ergy has been converted into shock wave energy:

ESW = Epot ,0 −Er eb −∆U
Er eb≈0, ∆U≈0⇐=========⇒ ESW ≈ Epot ,0 (5.5)

In every computational cell, the instantaneous volume specific change of potential en-
ergy is given by

ėpot =
DEpot /Dt

Vcel l
= (pd −pv ) · Dαv

Dt
+ Dpd

Dt
·αv (5.6)

In Eq. 5.6 only the first term on the r.h.s. can directly feed into collapse induced kinetic
energy, as it represents the change of potential energy due to condensation or evapora-
tion. The second term describes any change of potential energy due to changes of the
ambient pressure, however this change can only contribute to inertial motion of the cav-
ities, and it does not involve any change in the vapor volume and subsequently to the
collapse induced velocity field around the cavities (see [11, 18]).

Combining Eq. 5.3, 5.4 and 5.6, and considering only condensation, the volume spe-
cific potential energy reduction rate becomes

ėpot ,C (t ,xcel l ) = (pd −pv ) ·mi n

[
ρ

ρl
Sαv ,0

]
(5.7)

In Eq. 5.7 the condensation rate is computed from the cavitation mass transfer model
source term Sαv , as in previous work it has been shown that the error made in the recon-
struction of the material derivative of the vapor volume, Dαv /Dt , is then minimized (see
Melissaris et al. [11]). The driving pressure field pd , is computed by time-averaging the
instantaneous pressure field in cavitating conditions, p, over one shedding period of the
cavity cycle (or higher) [11, 19]. To avoid exceeding random-access memory (RAM) lim-
its, the method applied by Welford [20] is used to approximate the moving average of the
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instantaneous pressure field, p t , at time instant t, at each computational cell:

p t = p t−1 +
(
pt −p t−1

) ∆t

Tm
(5.8)

where ∆t is the time step size, and Tm the sliding window, equal to the cavity shedding
period (or higher).

To account for energy partition during the condensation process, a transport equation
is implemented for the collapse induced kinetic energy ε, which is given by [18]

∂ε

∂t
+ui ·∇ε=−ε(∇·ui )− ėr ad (t ) (5.9)

where ui is the collapse induced velocity. The terms ε(∇ ·ui ) and ėr ad (t ) of Eq. 5.9 rep-
resent the conversion of the potential energy into collapse induced kinetic energy and
the conversion of the kinetic energy to radiated acoustic energy, respectively. The term
ui · ∇ε represents the conservative advective transport of ε, however the distribution of
the collapse induced kinetic energy during the cavity collapse is not known, and there-
fore a modeling assumption is introduced. In previous work [11, 18, 21], we have shown
that the collapse induced kinetic energy transport (Eq. 5.9) can be modeled as

∂ε

∂t
= (1−β)[φ(ε)− ėpot ,C (t )]−β ε

δt
(5.10)

where φ(ε) is a model for the advective transport of the kinetic energy, and ėpot ,C (t ) is the
reduction of potential energy. The parameter β is responsible for the conversion of the
collapse induced kinetic energy into acoustic radiated energy, and it is defined as follows:

β=
{

1, i f p > p∞ and α= 0

0, el se
(5.11)

When β= 0, then potential cavity energy is being converted into collpase induced kinetic
energy, while when β = 1 the kinetic energy, focused at the cavity collapse center, is re-
leased as shock wave energy.

The conservative transport of the induced kinetic energy, φ(ε), can be decomposed
into a production and a reduction term, such that∫

V

[
φ(ε)++φ(ε)−

]
dV = 0 (5.12)

The production and reduction terms are defined as

φ(ε)+ =−kėpot ,C (t ,xcel l ), wher e k =



∫
V
φ(ε)−dV∫

V
ėpot ,C (t )dV

, for ėpot ,C < 0

0, elsewhere

(5.13)

and
φ(ε)− =− ε

δt
Pu(∇ε) (5.14)
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Figure 5.1: Representation of the solid angle for an arbitrary oriented surface subtended to a point P . The solid
angle of that surface is equal to the solid angle of its projection S to the unit sphere with center P , and radius r .

, respectively. In Eq. 5.13 and 5.14, Pu(∇ε) is the normalized projection of ∇ε on the local
flow velocity vector u

Pu(∇ε) = max

[
u

∥u∥ · ∇ε
∥∇ε∥ ,0

]
(5.15)

Then, the transport equation of ε given by Eq. 5.10 becomes

∂ε

∂t
= (1−β)

[
ėpot ,C (k −1)− ε

δt
(Pu(∇ε))

]
−βėr ad (5.16)

Forwarding the solution in time gives the collapse induced kinetic energy at each time
step ∆t

ε|t+δt = ε|t +
∂ε

∂t

∣∣∣
t
δt = (1−β|t )

[
ėpot ,Cδt (k −1)−ε(Pu(∇ε)−1)

]∣∣∣
t

(5.17)

and the volume specific radiated power is given by

ėr ad |t+δt =
1

δt
(βε)|t (5.18)

A more detailed description and implementation of the model can be found in Schenke
[18], and Melissaris et al. [11].

5.2.3. SURFACE IMPACT POWER
When a cavitating structure has fully collapsed, it is assumed that all the initial poten-
tial energy contained in the structure has been converted into shock wave energy. This
energy is emitted from the source (collapse point) isotropically. The energy is radiated
instantaneously to any surrounding surface, which means that the propagation speed is
infinite. The simplifying assumption of infinite wave propagation speed is justified by
the fact the advective velocities are typically orders of magnitude smaller than the sound
speed in a nearly incompressible medium such as water. The fraction of energy which
passes through any surface is simply the solid angle Ω subtended by this surface at the
source point, divided by the total solid angle [22]. In such way, we quantify the distance
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Figure 5.2: Solid angle for a rectangular (top left) and triangular surface (top right), and a surface face center
(bottom) subtended to a radiation source at a volume cell center xcel l

and angle dependencies. For a closed convex surface,Ω= 4π, and thus, the impact power
on a surface location xS at time instant t is given by

ėS (t ,xS ) = Ω

4π
ėr ad (t ,xcel l ) (5.19)

where ėr ad (t ,xcel l ) is the radiated power at a volume cell center xCel l . By definition, the
solid angle for an arbitrary oriented surface subtended at a point P is equal to the solid
angle of the projection of the surface to the unit sphere with center P (see Fig. 5.1), and it
is given by

Ω=
Ï

S

r̂ ·n

∥r∥2 dS =
Ï

S

r ·n

∥r∥3 dS =
Ï

S
si nθdθdφ (5.20)

where for an infinitesimal area dS, r is the position vector with respect to P , and n the
unit normal vector. θ and φ are the polar and azimuthal angle in spherical coordinates
respectively.

Using Eq. 5.20 Gotoh and Yagi [23] were able to derive analytically the solid angle sub-
tended by a rectangle to an arbitrary point. In a similar way, Oosterom and Strackee [24]
used an analytic exact expression of the solid angle for a plane triangle, which was used
by Leclercq et al. [25] to deduce the rate of impact energy applied on the surface (see Fig.
5.2). However, both cases require to discretize the surface into rectangular and triangu-
lar elements of finite size respectively. For complicated geometries, where unstructured
grids are predominantly used, this is not always straightforward. In this respect, Schenke
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Figure 5.3: Solid Angles of a flat surface subtended to the points xP1 and xP2 , where r1 and r2 are the distances
of xP1 and xP2 from the face center xS , respectively, with r1 > r2

et al. [21] proposed a fully continuous form of the solid angle, that represents the impact
at a surface point location. Then, a discrete formulation of the solid angle Ωd for any
surface location xS subtended to a volume cell center xcel l is given by

Ωd = (xcel l −xS ) ·n

∥xcel l −xS∥3 A ≈ (xcel l −xS ) ·n

∥xcel l −xS∥3 A f (5.21)

In Eq. 5.21, A is the area of the projection of the surface face to a sphere with center xcel l

and radius ∥xcel l −xS∥. Since this projected area is not known, and for arbitrary surfaces
is hard to compute, we can substitute the projected area with the face area A f . This leads
to an approximation of the discrete solid angleΩd , which can be applied however, to any
surface subtended to any arbitrary point.

However, the error involved in the discrete approximation of the solid angle, can be
significant for large solid angles, as it strongly depends on the location of the point source
and its distance from the surface face, as illustrated in Fig. 5.3. The solid angleΩ1 of a flat
surface with face area A f subtended to a point xP1 with position vector pointing in the
same direction as the surface normal vector, is equal to

Ω1 =
(xP1 −xS ) ·n

∥xP1 −xS∥3 A1 = A1

r 2
1

(5.22)

where A1 the area of the surface projection to a sphere with radius r1, and the error made
in the discrete approximation of the solid angle is represented by the ratio A1/A f . The
further from 1 the ratio, the larger the error. When the source is closer to the surface
(r2 < r1), the solid angle increases (Ω2 >Ω1), while the projected area decreases (A2 < A1).
Thus, for larger solid angles, the error increases. When the source is extremely close to
the surface the discrete approximation of the solid angle can lead to solid angles orders of
magnitude larger than the maximum solid angle (Ωmax = 2π for a flat surface subtended
to a point). One way to minimize the margin of error is to bound the solid angle to always
be smaller or equal to 2π such that

Ωd = mi n

[(
(xcel l −xS ) ·n

∥xcel l −xS∥3 A f

)
,2π

]
(5.23)
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Table 5.1: Operating conditions reported responsible for high cavitation erosion risk on the propeller blades

Condition % of time
Power
[kW ]

Vessel
Speed
[kn]

Propeller
revs

[RP M ]

Draught
[m]

Ballast Min Load 1% 1000 (33%) 7 217.7 4.5
Minimum Towing 48% 1000 (33%) 0 217.7 5.2

Dynamic Positioning 7% 600 (20%) 0 217.7 5.2

If the approximation error still remains significant, the surface face could further be dis-
cretized into smaller equal segments, and then the discrete solid angle could be computed
for each segment, resulting in an error reduction proportional to the ratio of the initial
face area over the new face area. If the surface face is known a priori to be rectangular or
triangular, then the exact analytical solution for the solid angle can be used.

Now, considering all the emission sources, the impact power per unit surface at any
location xS is given by

ėS (t ,xS ) = 1

4πA f

∫
V
Ωd ėr ad (t ,xcel l )dV (5.24)

and the accumulated surface specific energy eS at any location xS and after some sample
time T is given by

eS (T,xS ) =
∫ T

0
ėS (t ,xS )d t (5.25)

Finally, integrating over the surface gives the total accumulated surface energy after some
sample time T

ES (T ) =
∫

S
eS (T,xS )dS (5.26)

5.3. TEST CASE DESCRIPTION
A Tug boat is a type of vessel that maneuvers other vessels by pushing or pulling. As a
result, these type of vessels operate at low speeds for long periods of time. The test case
considered in this study is a tug boat equipped with two steerable propulsion thrusters.
The thrusters operate at constant rotation rate, and the propeller thrust (and therefore
various vessel speeds) for different conditions is achieved by adjusting the propeller pitch.
The original propeller design of the thrusters, first mounted on the ship, experienced ex-
tensive pressure side cavitation at certain conditions, leading to severe cavitation erosion
on the blades. The first attempt to improve the propeller design was followed by a reduced
amount of pressure side cavitation on the blades at the same critical conditions. Never-
theless, the propeller blades still suffered from cavitation erosion, even though the ac-
tual erosion rate was observed to be lower. Finally, a third propeller was designed, which
showed the least amount of pressure side cavitation at the critical conditions, and the ero-
sion rate on the blades was minimized. Table 5.1 shows the critical operating conditions,
and the three different propeller designs are depicted in Figure 5.4.
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Original Design Second Design Third Design

Figure 5.4: Original propeller design (left), and first (middle) and second (right) redesigns

6D 6D

3D

T-zprop

3D3D

Figure 5.5: Representations of the computational domain D2, and the location of the thruster unit. The propeller
is rotating in clockwise direction seen from the aft.

To reduce the computational cost, the flow towards the thruster unit is simulated
without including the ship hull, since it is assumed that the unit itself is mainly respon-
sible for the non-uniform inflow to the propeller. Figure 5.5 shows the computational
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Figure 5.6: The finest (Grid 3) mesh around the Nozzle and Propeller

domain. The top boundary is located at the waterline level, which is at distance T −zpr op

from the propeller center, where T is the draught of the vessel, and zpr op the z coordi-
nate of the propeller center from the baseline. A symmetry plane is applied on the top
boundary. The (velocity) inlet and the (pressure) outlet are located 6 diameters from the
propeller center, while the side (slip) walls and the bottom boundary (symmetry plane)
are 3 diameters away from the propeller center.

5.4. POWER PREDICTION
To simulate the performance of the thruster, the generated mesh consists of trimmed
hexahedral cells with local refinements and prism layers along the wall boundaries. Wall
functions are used to model the near wall region, applying 8 prism layers, and a first cell
distance resulting in wall y+ values so that 30 < y+ < 300. A moving mesh with sliding
interfaces is employed to simulate the propeller motion. The moving grid area is deter-
mined by a second domain around the propeller geometry (spin domain). A represen-
tation of the mesh around the propulsion thruster is depicted in Figure 5.6. The com-
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Table 5.2: Delivered power for three different outer domain sizes for Grid 3 for the original blade, pitch deflection
-11 deg at the ballast minimum load condition

Outer Domain Power [kW] Deviation from D1
D1 940.4 1.40%
D2 931.6 0.49%
D3 927.1 -

putational results can sometimes be highly dependent on the size of this spin domain,
especially for nozzle propellers, due to the restrictions on the size imposed by the geom-
etry itself. Thus, a sensitivity study needs to be conducted, apart from the time step and
grid size investigation.

5.4.1. SENSITIVITY STUDY

A verification study is conducted to investigate the sensitivities related to the outer do-
main size, the spin domain size, the time step size, and the grid density. Three domain
sizes have been used to assess the influence of the boundaries to the solution. Apart from
the medium domain size, D2, shown in Fig. 5.5, two more have been tested, one with di-
mensions two time smaller, D1, and one with dimensions 5 time larger, D3. Of course, the
distance from the free surface remains the same for all three domains. Table 5.2 presents
the difference in power predictions for the three domain sizes. Delivered power is 1.4%
higher for the smallest domain compared to the largest one, while for the medium do-
main size the difference is less than 0.5%. In order to reduce the number of cells and
therefore CPU time, the medium domain size has been selected for all the calculations.

Figure 5.7: Geometrical restriction on the size of the spin domain, where it extends until the connection between
the thruster pod and the inner part of the nozzle
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Spin Domain 1 Spin Domain 2

Spin Domain 3 Spin Domain 4

Figure 5.8: Spin Domain Size

The size of the spin domain is determined by the location of the interface at the in-
flow and the outflow of the moving mesh. The interfaces should be located at areas with
low velocity and pressure gradients. However, very often geometrical restrictions impose
certain limits to the size of the spin domain and the location of the interfaces. In this
particular case, the location of the inflow interface is limited by the connections between
the pod and the nozzle. Thus, the inflow interface is positioned as far from the propeller
blades as possible, but cannot extend further than the connections at the inner part of
the nozzle (see Fig. 5.7). On the other hand, the location of the outflow interface is not
limited by any geometrical part, and thus the optimum size has been investigated.

Four different spin domain sizes are tested, as shown in Figure 5.8. The first spin do-
main is the smallest and it includes the blade, the hub and part of the hubcap. The second
spin domain includes the whole hubcap, the third spin domain is extended until the trail-
ing edge of the nozzle, and the fourth spin domain is extended even further away than
the nozzle trailing edge. Table 5.3 shows the thruster power output for each spin domain
size. When the spin domain is extended until the nozzle trailing edge or further, then the
delivered power Pd is independent of the domain size.

The delivered power Pd is calculated for the finest grid (Grid 3) and four different time
step sizes 1,2,4 and 8 deg per time step (see Table 5.4). The results seem to be time step
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Table 5.3: Delivered power for different spin domain sizes for Grid 3 for the original blade, pitch deflection -11
deg at the ballast minimum load condition

Spin Domain Power [kW] Deviation from SD4
SD1 940.4 0.94%
SD2 933.7 0.21%
SD3 931.6 0.01%
SD4 931.7 -

Table 5.4: Delivered power for different time step sizes for Grid 3 for the original blade, pitch deflection -11 deg
at the ballast minimum load condition

Rotation rate Power [kW] Deviation from 1 deg/∆t
8 deg/∆t 931.3 -0.03%
4 deg/∆t 930.1 -0.17%
2 deg/∆t 929.6 -0.22%
1 deg/∆t 931.6 -

independent even for the highest time step size (8 deg per time step). Furthermore, table
5.5 shows the delivered power Pd , as calculated for three different grid densities, and for a
time step size of 1 deg per time step. Since wall functions are used to model the near wall
region, the same prism layer mesh has been used for all grids, to keep the same y+ values
for a more fair comparison. It has been shown that even the coarsest grid is sufficiently
fine, as far as the delivered power Pd is concerned. The deviation of the delivered power
is of the same order as the deviation due to different time step size. Finally, it should be
noted that for the presented ranges of time step size, grid resolution and spin domain size,
the spin domain size has the largest influence on the delivered power.

5.4.2. PITCH DEFLECTION

Since each propeller is operating at constant rotation rate, the right pitch deflection needs
to be calculated in order to match the propeller thrust and delivered power for each con-
dition. The delivered power is determined by computing the propeller torque for three
pitch deflections, and then interpolating to the pitch deflection value resulting in 1 MW
power absorption. This procedure is applied for all three blade designs. The eventual
pitch deflection for each operating condition and each design is depicted in Table 5.6.

5.5. PROPELLER CAVITATION EROSION RISK ASSESSMENT
The erosion model described in Section 5.2 is employed to compute the impact distribu-
tion on the propeller blades. To better resolve the cavity dynamics, a finer grid is needed,
than the one used for the delivered power prediction. Therefore, an additional refinement
is applied on the volume cells where the vapor volume fraction is non-zero over one full
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Table 5.5: Delivered power for different grid densities, for the original blade, pitch deflection -11 deg, and time
step size 1 deg/∆t, at the ballast minimum load condition

# Cells (106) hi /h3 Power [kW] Deviation from Grid 3
Grid 1 5.26 M 1.5625 926.1 -0.59%
Grid 2 6.53 M 1.25 932.1 0.05%
Grid 3 9.06 M 1 931.6 -

Table 5.6: Propeller pitch deflection for each blade design and each operating condition

Condition Power (kW) Pitch Deflection (deg)
1st Design 2nd Design 3rd Design

BML 1000 -10.41 -5.90 -
MT 1000 -12.35 -8.09 -
DP 600 -17.68 -12.71 -13.61

revolution. Only the volume around one blade is refined to reduce the computational
cost.

First, a coarser mesh is applied to estimate the maximum vapor fraction in each cell
over one propeller revolution. Based on that, a refinement is applied on one of the blades,
at each location where the maximum vapor fraction is non-zero. The grid and time step
size follows the best practice guidelines as proposed in previous work (see [11]), thus ap-
proximately 20 cells along the smallest dimension of the vapor cavity, at its maximum
size, and 40 time steps during the collapse, based on the Rayleigh-Plesset collapse time.
For a cavity with diameter D ≈ 45 mm (see Fig. 5.9), this translates to a minimum cell size
of c ≈ 2.25 mm, and a time step size of∆t = 6.13×10−4 s or a rotation rate of 0.085 deg per
time step. Table 5.7 shows the eventual number of cells per cavity width, when the cavity
is at its maximum size, for each grid, excluding the number of the prism layers close to
the wall. A wall resolved approach is used to better control the grid similarity for different
grid densities. The wall y+ values on the blade are well below 0.1 even for the coarsest grid
(see Fig. 5.10). The developed vapor volume on the original blade is depicted in Fig. 5.11,
for the ballast minimum load condition, indicating the cavity size and dynamics. The
shed cavity shown at 330 deg blade position has already collapsed at top blade position,
while the width of the main sheet cavity has been significantly reduced. Furthermore, a
representation of the mesh, after applying the refinement, is shown in Fig. 5.12.

A convergence criterion, r , is employed to ensure the iterative convergence during
each time step. The criterion is satisfied when the deviation between the maximum and
the minimum value of the total vapor volume fraction, αv , over the last n iterations, di-
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αv

~45 mm

Figure 5.9: Maximum vapor volume fraction over one full propeller revolution. The cross section is showing the
approximate maximum size of the shed cavity.

Figure 5.10: Wall y+ distribution on the blade for Grid 2



5.5. PROPELLER CAVITATION EROSION RISK ASSESSMENT

5

119

Figure 5.11: Total vapor volume on the original blade at 330 deg (left) and top (right) position, in ballast mini-
mum load condition

Figure 5.12: Mesh representation of the refined blade for the original blade, showing the additional refinement
to capture the cavity dynamics
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Table 5.7: Mesh information for three different grids, showing the total number of volume cells, surface cells on
the refined blade, prism layers, and cells per cavity width along the maximum cavity size

Grid # cells total # cells on # prism layers # cells per width at
refined blade maximum cavity size

Grid 1 7.37 M 102.9 k 13 19
Grid 2 11.03 M 142.8 k 16 24
Grid 3 18.70 M 232.0 k 20 30

vided by the average of αv over the last n iterations is lower than 10−6:

r =
| max{αv }i

j=i−n+1 −mi n{αv }i
j=i−n+1 |

1
n

i∑
j=i−n+1

αv j

< 10−6 (5.27)

where i >= 5 the iteration number during the time step. In all simulations, a value n = 5
is set, which always results in a reduction of the residual of the vapor volume transport
equation at least below 10−6.

5.5.1. ORIGINAL DESIGN

SENSITIVITY STUDY

A sensitivity study is conducted for the original blade at the ballast condition, so that a
time step and grid size independent solution is obtained for the cavity impact distribu-
tion on the blade (blade impact distribution). First, the blade impact distribution is com-
puted for Grid 2 and rotation rates, 0.1, 0.08 and 0.06 deg per time step. Fig. 5.13, depicts
the total accumulated surface energy on the blade per rotation, without energy focusing,
for 5 propeller revolutions, and three different time step sizes. A very small decrease in
the surface impact energy is observed for smaller time step sizes, as a result of the shift in
collapse locations. Large time step sizes could lead to delayed collapse times, which affect
the locations where energy will be radiated. For a cavity to collapse at a different location
means different driving pressure. When there is a delay in collapse, the collapsing cavity
is more likely to be advected towards stronger pressure gradients, resulting in a more vio-
lent collapse, and higher amount of radiated energy. Therefore, we should always expect
higher magnitude of radiated energy for large time step size.

Different collapse locations also affect the projection of the radiated energy, since the
distance and orientation from the surface changes. If the energy is radiated above an in-
finite and flat surface, the overall amount of surface energy should be independent of the
collapse location. However, the propeller blade has a finite and curved surface, and there-
fore the total amount of surface impact energy should depend on the collapse location.
For the non-focusing approach this effect is not that pronounced, since the energy is con-
tinuously being radiated during negative volume change, and the shift in locations where
energy is radiated is not that big.

On the other hand, the sensitivity is higher when energy focusing is applied (see Fig.
5.14), and the amount of energy projected onto the blade surface is more sensitive to
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Figure 5.13: Total accumulated surface energy per propeller rotation on Grid 2, for five consecutive revolutions,
for three different time step sizes, using the non-focusing model

the location of the final collapse. In the focusing approach, the entire collapse energy is
radiated from a very confined volume, the collapse center. Consequently, the shift in the
location of radiation sources can be very large, and therefore a much larger impact on the
surface energy distribution should be anticipated.

Furthermore, since the time step sizes have been selected so that we can resolve the
larger structures that are shed from the sheet cavity, the sensitivity on the surface accu-
mulated energy should be larger at locations of smaller collapsing cavities, which are not
fully resolved. For instance, even the smallest time step size might not be sufficient to
resolve the small cavities that are shed at the trailing edge of the sheet cavity, leading to
a larger overall sensitivity of the total accumulated energy on the blade. Achieving an ab-
solute time step size independent solution with energy focusing might require extremely
smaller time step sizes, and consequently a compromise needs to be made between ac-
curacy and computational effort. Since our main goal here is to mainly resolve the larger
scales and the collapse of the bigger cavities during each propeller revolution, a time step
size lower than 0.1 deg per time step is considered sufficient.

Finally, we also observe some deviation between the total surface impact energy for
each time step and different propeller revolutions. Nevertheless, those differences are
mainly related to system instabilities of cloud cavitation, and in particular the instability
of the stagnation point at the closure of the sheet cavity [11, 26].

Now, looking at the impact distribution on the blade surface, for the non-focusing ap-
proach, and different grid densities, a grid independent solution is achieved for the dif-
ferent meshes, as shown in Fig. 5.15. The time step size is modified for each mesh based
on the refinement ratio hi /h3 (see Table 5.5). On the other hand, when the kinetic energy
focusing is applied, the accumulated energy on the blade is more sensitive to the grid
resolution. Insufficient spatial resolution can lead to early collapse of cavitating struc-
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Figure 5.14: Total accumulated surface energy per propeller rotation on Grid 2, for five consecutive revolutions,
for three different time step sizes, using the focusing model

tures, leading to the opposite effect than insufficient time step size. The final stage of
the collapse takes place at locations, which either are further away from the surface, or
experience weaker pressure gradients and consequently smaller amounts of energy are
radiated. For the original propeller design, and the ballast condition a higher accumu-
lated surface energy is predicted for finer grids (Grid 2 and 3) as shown in Fig. 5.16.

The impact distributions on the refined blade, after five propeller revolutions, for each
grid, are illustrated and compared in Fig. 5.17. The high energy density areas are mainly
located close to the tip, and towards the mid-chord region. Although the same impact
locations are predicted for all grids, the magnitude of the accumulated surface specific
energy is slightly under-predicted with the coarser mesh, both with and without energy
focusing. In addition, small differences are observed on the energy distribution close
to the tip, between Grid 2 and 3, however, these differences are probably related to the
higher grid resolution, since the total accumulated energy is similar. As the grid resolu-
tion increases, more details are captured in the flow, and a higher amount of secondary
flow is resolved. That results in accurately resolving the collapse of smaller and smaller
structures, and therefore some small deviations in the impact distributions are expected.

Finally, comparing the distributions with and without energy focusing, we notice that
the radiated energy is accumulated in larger areas on the blade, if we do not apply the
energy focusing model. Since energy is radiated instantaneously, as the cavity volume
is decreasing, the energy is continuously being distributed, leaving a footprint along the
sheet cavity trailing edge. On the other hand, the energy is more scattered and localized
with the energy focusing model. The energy is focused into smaller volumes, towards the
collapse center, and thus, at the final stage of the collapse, the radiated energy is accu-
mulated in smaller areas on the blade, especially when the collapse center is close to the
surface. For implosions at larger distances, the energy impact distribution can be very
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Figure 5.15: Total accumulated surface energy per propeller rotation, for five consecutive revolutions, for three
different grid densities, using the non-focusing model
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Figure 5.16: Total accumulated surface energy per propeller rotation, for five consecutive revolutions, for three
different grid densities, using the focusing model
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Figure 5.17: Surface specific accumulated energy on the refined propeller blade, obtained from the non-focusing
and the focusing model after five propeller revolutions, for Grid 1 (left), Grid 2 (middle), and Grid 3 (right)

similar with both methods.

OTHER OPERATING CONDITIONS

A representation of the developed vapor volume on the original blade, when it is at the top
position, is depicted in Fig. 5.18 for the minimum towing, and dynamic positioning con-
dition. The total accumulated surface energy per propeller rotation for all three operating
conditions for Grid 2 and a time step size of 0.08 deg per time step is shown in Fig. 5.19
and 5.20, without and with energy focusing respectively. In minimum towing condition,
the cavity dynamics are very similar to the ballast minimum load condition, showing a
slight increase in the vapor volume and consequently in the accumulated surface energy.
On the other hand, in dynamic positioning, the unit clearly experiences a much higher
amount of cavitation, resulting in a much larger amount of accumulated energy on the
surface (about 2-2.5 times larger). It is important to note that, since the amount of vapor
in both the minimum towing condition and dynamic positioning is larger than the ballast
min load condition, a grid resolution as fine as in Grid 2 and a rotation rate of 0.8 deg per
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Figure 5.18: Total vapor volume when the blade is at the top position, for minimum towing (left), and dynamic
positioning condition (right)

time step (as derived by the sensitivity study in Section 5.5.1) are sufficient to resolve the
cavities of at least the same size as in the ballast minimum load condition.

Comparing the total accumulated surface energy between the non-focusing and fo-
cusing model, it is again observed that a larger amount of surface energy is predicted
when there is no energy focusing. That is because of the instantaneous release of energy
in case of a negative volume change. Thus, cavities that are subjected to negative volume
change, but either never collapse or collapse far away from the surface, will leave a sub-
stantial energy footprint on the surface, while that will not occur when energy focusing is
applied. That becomes even more obvious when looking at the distribution of the surface
specific energy on the original blade after 5 propeller revolutions, without (Fig. 5.21) and
with energy focusing (Fig. 5.22). The non-focusing model is predicting larger amount of
surface energy both at the trailing edge of the developed sheet cavity, and at the location
of the main impact originated from the cloudy structures shed from the sheet cavity.

Furthermore, the energy distributions for the ballast and the towing condition are very
similar, as it was already indicated by the total accumulated surface energy. However,
in the ballast condition, most of the surface energy is accumulated closer to the tip and
more towards the mid-chord, which is probably related to the difference in inflow speed,
resulting in slightly different angles of attack of the incoming flow. In dynamic positioning
the accumulated energy on the blade is clearly much larger, and it is distributed over a
larger blade area.

Looking at the energy distribution for each condition, it is easy to distinguish the
amount of the accumulated energy, however, it is not trivial to identify whether higher
energy content means also higher risk for erosion. To get a better impression of the flow
aggressiveness and the extent of the impacted area, a more quantative analysis of the
damage in the impacted areas is needed. Figures 5.23 and 5.24 give the surface specific
energy over the percentage of the impacted blade area. Such a plot shows the amount
of energy distributed over a certain amount of area on the blade. These representations
give a better insight into the erosion risk of the impacted areas on the blade. Areas with
high surface specific energy have an increased probability to experience erosion and ma-
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Figure 5.19: Total accumulated surface energy per propeller rotation, for five consecutive revolutions, for bal-
last minimum load (blue), minimum towing (green), and dynamic positioning condition (red), using the non-
focusing model
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Figure 5.20: Total accumulated surface energy per propeller rotation, for five consecutive revolutions, for ballast
minimum load (blue), minimum towing (green), and dynamic positioning condition (red), using the focusing
model
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Accumulated Surface Specific Energy [kJ/m2]Accumulated Surface Specific Energy [kJ/m2]

Without Potential Energy Focusing

Figure 5.21: Surface specific accumulated energy on the refined propeller blade, obtained from the non-focusing
model after five propeller revolutions, for ballast minimum load (left), minimum towing (middle), and dynamic
positioning condition (right)

Accumulated Surface Specific Energy [kJ/m2]Accumulated Surface Specific Energy [kJ/m2]

With Potential Energy Focusing

Figure 5.22: Surface specific accumulated energy on the refined propeller blade, obtained from the focusing
model after five propeller revolutions, for ballast minimum load (left), minimum towing (middle), and dynamic
positioning condition (right)
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Figure 5.23: Surface specific energy over the blade area, showing the extent and the percentage of the impacted
blade area, after five propeller revolutions, for the non-focusing model
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Figure 5.24: Surface specific energy over the blade area, showing the extent and the percentage of the impacted
blade area, when the energy focusing approach is employed
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terial loss. Based on such analysis, a more quantitative comparison is possible between
the different conditions, as well as the different propeller designs.

Comparing Fig. 5.23 and Fig. 5.24 it is noteworthy that the energy is evenly distributed
for all three conditions if the non-focusing model is used, while more extreme events can
be identified with the energy focusing approach. That is only the case for the ballast and
towing condition, since in DP the energy remains evenly distributed over a larger area
even with the focusing model (see Fig. 5.24). This possibly indicates that the collapse
of the main cloudy structures shed from the developed sheet cavity, during each cycle,
collapse further away from the surface resulting in a surface impact of larger area and
lower magnitude. That leads to an energy impact distribution similar to the one obtained
from the non-focusing model.

Looking at the magnitude of the surface specific energy, obtained from the focusing
model, the cavity dynamics during the ballast condition seem to be the most aggressive
ones, indicating slightly higher erosion risk than the towing condition. On the contrary,
in dynamic positioning, even though the total accumulated energy is much larger than
in the other two conditions, the energy is evenly distributed over a much larger area, in-
dicating a much lower erosion risk. Nevertheless, when we compare the energy distribu-
tion obtained by CFD, with the actual erosion on the original blade (see Fig. 5.25), we can
clearly see that the actual erosion on the real blade is a result of the combined impacts
originated form all three operating conditions.

Based on the CFD analysis, in the ballast and minimum towing condition, the highest
erosion risk area is close to the tip. Indeed, looking at the actual erosion on the real blade,
severe erosion is identified close to the tip, matching well with the CFD locations. On
the other hand, the eroded area on the real blade extends to lower radii, while very little
energy was found from the computations at lower radii for these two conditions. There-
fore, it is concluded that erosion is also likely to occur when the vessel is operating in DP.
Even though a low magnitude of surface specific energy is predicted for this condition,
and the energy is evenly distributed over a large area of the blade, this amount of energy
still seems to be sufficient to cause erosion.

One of the long lasting debates about cavitation erosion is whether common erosion
on the blades occurs due to extreme events of low frequency or due to repetitive events
of lower magnitude, but of higher frequency. The implosion loads reproduced during the
ballast and towing condition can be characterized as extreme events due to their high
energy content, which is distributed over smaller areas. The location of the implosion
might differ from cycle to cycle, and therefore the frequency of the impact on each fixed
location of the blade is lower than the BPF. On the other hand, the impact exerted by the
implosion loads during dynamic positioning, can be considered as repetitive events of
lower amplitude. In this case the frequency of the impact at a fixed location can be much
higher since the energy is evenly distributed over a larger area. From the actual erosion
on the real blade, it seems that both cases are qualified to cause erosion and material loss.
So, in the case where the frequency of an implosion at a fixed location is high enough,
it seems that it can cause erosion even though the exerted stress at that location does
not exceed the material yield stress (similar to fatigue). This can further be explained by
the work hardening of the material, which is causing a surface deterioration and even
embrittlement and therefore makes the material more vulnerable to erosion damage [1].
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Figure 5.25: Comparison of the erosion risk predicted by CFD with the focusing model for the three operating
conditions and the real erosion on the original blade

Finally, there is still the possibility that the implosion loads exerted on the surface dur-
ing dynamic positioning condition are still exceeding the material yield strength, causing
plastic deformation. In such a case, the implosion loads during the other two conditions,
should be even higher, resulting in more severe erosion close to the tip. Looking at the ac-
tual blade, the erosion at the tip seems slightly more severe than in lower radii, however it
is not as obvious, and makes it difficult to explain such big differences in the magnitude
of the implosion loads.

5.5.2. FIRST RE-DESIGN

Since extensive erosion occured on the original blade, a new propeller design was made
to mitigate pressure side cavitation erosion, without compromising in performance and
thruster efficiency. Indeed, in ballast minimum load and minimum towing condition,
propeller cavitation on pressure side was significantly reduced, showing no potential of
cavitation erosion. However, a serious amount of cavitation was predicted in dynamic
positioning (see Fig. 5.26), and therefore the erosion model was applied to estimate the
erosion risk on the first re-design.

In a similar way as for the original design, a new volume refinement is applied around
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Figure 5.26: Representation of the total vapor volume on the refined blade of the first redesign, in dynamic
positioning

one of the blades, on the cells where the vapor volume is non-zero over one full revolution.
For a cavity with a maximum width D ≈ 20 mm (see Fig. 5.27), a minimum cell size of c ≈
1 mm, and a time step size of∆t = 2.32×10−5 are suggested by previous studies [11]. This
is translated to about 20 cells over the maximum cavity width. Based on the results of the
original design, a slightly finer grid is required (24 cells per cavity width were used in Grid
2). Therefore, a minimum cell size of c ≈ 0.8 mm, and a time step size of ∆t = 1.86×10−5
are eventually used, resulting in 25 cells per cavity width (excluding the prism layer cells).
Figure 5.28 depicts the mesh representation on the refined blade.

The total accumulated surface energy on the refined blade, when the vessel is oper-
ating in dynamic positioning, is compared between the original design and the first re-
design, without (Fig. 5.29) and with (Fig 5.30) energy focusing, for a simulation time of
5 propeller revolutions. First, the total accumulated surface energy for the original de-
sign shows higher deviation during each revolution. These differences come mainly from
the intrinsic instabilities of the partial cavity [26]. The larger amount of vapor and the
stronger dynamics in DP are strengthening the instabilities, causing larger deviations be-
tween each propeller revolution.

Furthermore, The accumulated energy on the original blade is much larger than the
accumulated energy on the re-design, especially when energy focusing is used. This is
caused by the much larger vapor volume we observe at the same condition as for the
original blade. We notice the same, when looking at the surface impact distribution (see
Fig. 5.31). A much larger area is impacted on the original blade, while the accumulated
energy and the impacted area are much smaller on the first re-design. However, as already
mentioned, this does not necessarily mean that the risk for erosion on the original blade
is higher than on the re-design.

To get a better insight into the high erosion risk areas, we should have a look at the sur-
face specific energy. Fig 5.32 presents the magnitude of the surface specific energy over
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~45 mm

Figure 5.27: Maximum vapor volume fraction over one full propeller revolution. The cross-section is showing
the approximate maximum size of the shed cavity.

Figure 5.28: Mesh representation on the refined blade for the first redesign, showing the additional refinement
to capture the cavity dynamics
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Figure 5.29: Total accumulated surface energy per propeller rotation for five consecutive revolutions, for the
original blade and the first re-design, in dynamic positioning, using the non-focusing model
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Figure 5.30: Total accumulated surface energy per propeller rotation for five consecutive revolutions, for the
original blade and the first re-design, in dynamic positioning, using the energy focusing model



5

134 5. CAVITATION EROSION RISK PREDICTION ON A FULL-SCALE STEERABLE THRUSTER

Accumulated Surface Specific Energy [kJ/m2]

Without Potential Energy Focusing

With Potential Energy Focusing

Original Redesign

Original Redesign

Figure 5.31: Surface specific accumulated energy on the refined propeller blade of the original propeller (left)
and the first re-design (right), obtained from the non-focusing (top) and the focusing model (bottom) after five
propeller revolutions
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Figure 5.32: Surface specific energy over the blade area, showing the extent and the percentage of the impacted
blade area, for the original blade in all three operating conditions, and the first re-design in dynamic positioning,
after five propeller revolutions, using the energy focusing model
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Figure 5.33: Comparison of the erosion risk predicted by CFD with the focusing model for the first re-design in
dynamic positioning, and the real erosion on the actual re-design
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Figure 5.34: Representation of the vapor volume on the blades of the second re-design, in dynamic positioning
(left), and the actual damage on the real blade (right)

Figure 5.35: Representation of the vapor volume on the blades of the second re-design, at 7 knots, with incoming
flow at 15 deg angle to emulate the flow behind the ship hull
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the percentage of area, on which the energy is distributed, when energy focusing is ap-
plied. Comparing the impacted area between the original design and the first re-design,
in the dynamic positioning condition, we see that a much larger area is impacted on the
original blade. On the other hand, there is a small area on the blade of the re-design where
more energy is accumulated. This indicates a higher risk of erosion for the re-design, even
though the vapor volume is much smaller. This numerical finding is confirmed by the ac-
tual damage on the real blade of the re-design. Figure 5.33 shows that severe erosion
occurs at the location where high surface specific energy is predicted. Looking only at the
surface impact distribution, we could consider a very low risk of erosion. However, the
high surface specific energy indicates a high risk of erosion, which corresponds well with
the actual damage location. The difference in affected surface area may be explained by
the lack of statistics on the surface impact in the simulations.

5.5.3. SECOND RE-DESIGN

Cavitation analysis on the second re-design, in all three operating conditions, showed
very little cavitation on the pressure side. Even in dynamic positioning, only a small
amount of cavitation is predicted at the leading edge. Looking at the actual erosion on
the real blade (see Fig. 5.34), cavitation erosion occurred further away from the leading
edge, indicating more extensive cavitation on the blades than what we could expect from
the simulations. Therefore, we can hypothesize that, especially in this case, including the
ship hull will have a significant impact on the propeller wakefield, resulting in a different
inflow compared to the one used in the simulations. The presence of the hull results in a
highly inclined flow towards the upcoming blade, leading to higher angles of attack, and
consequently more cavitation dynamics.

Indeed, Fig. 5.35 shows the vapor volume on the second redesign at an inclined in-
flow of 15 degrees, 7 knots speed, and a pitch deflection similar to the one in dynamic
positioning. Clearly, a larger amount of vapor volume is simulated, and especially on the
upcoming blade. A vary thin sheet cavity is observed, which is shed to smaller structures,
that possibly collapse at locations close to the actual damage on the real blade. Therefore,
it is possible to simulate larger amount of vapor volume on the blade, but at an operating
condition different than the ones reported as critical for cavitation erosion in Table 5.6.

Finally, water quality and roughness can play a major role in cavitation inception and
cavity dynamics. In all the simulations performed, a perfect liquid and water quality is
assumed, while all surfaces are perfectly smooth, possibly influencing the cavitation de-
velopment and the impact distribution to some extent.

5.6. CONCLUSION
A novel erosion model has been used for the first time to predict propeller cavitation ero-
sion on ship scale. An erosion risk assessment has been performed on a full scale steer-
able thruster in open water configuration, in three different operating conditions, and
three different propeller designs.

To compute the fraction of radiated energy (originating form the collapse of cavitating
structures) on the impacted surface, a fully continuous form of the solid angle is used. The
exact solid angle of a surface element, i.e. a surface face, depends on the face topology
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and requires specific algebraic formulas. If the topology of the surface face is unknown
or if the topology is known, but the exact surface angle involves algebraic expressions
that are difficult to evaluate, one might employ an approximation of the solid angle that
only depends on the surface area of the face, its normal vector, and the distance vector
between face center and the point of wave radiation. This approximation often leads to
significant errors for sources located very close to the surface. Bounding the solid angle
to the maximum solid angle for such cases, reduces the approximation error to its mini-
mum.

A sensitivity study has been performed on the magnitude of the total accumulated
surface energy on the propeller blade, during each propeller revolution. When energy fo-
cusing is applied, the grid and time step sensitivity is larger than without energy focusing,
due to the larger influence of the shift in the collapse location on the projected surface
energy. However, 24 cells per initial cavity width, and a time step size that corresponds
to at least 40 steps per cavity collapse time are considered sufficient to resolve at least
the larger structures that are shed from the developed sheet cavity on the pressure side of
the blade (the collapse time can be estimated from the Rayleigh-Plesset collapse time of
a spherical cavity with diameter equal to the maximum width of the sheet cavity on the
blade).

When the blade impact distribution is assessed without energy focusing, the predicted
accumulated surface energy is much higher than the one predicted with energy focusing,
while it extends over a larger surface area, even larger than the actual impacted area on
the real blade. At the same time, the surface specific energy is lower, leading to smaller
magnitudes of the maximum loads on the surface. Due to the continuous release of en-
ergy at any moment there is a negative volume change, the non-focusing approach fails
to predict the right amount of radiated energy at the right locations. Consequently, en-
ergy focusing is essential for an accurate prediction of the instantaneous impact loads
and their distribution on the blades.

The capability of the erosion model to estimate the implosion loads and their poten-
tial damage on the blade surface is demonstrated for different conditions and different
designs. The surface specific energy distribution provides good information about the
erosion risk over the blade area, where large amounts of accumulated energy indicate a
high risk for erosion. Comparison of the computed blade impact distribution with the
actual damage on the blade, showed, for two propeller designs, a very good agreement
between the high erosion risk areas, as predicted by the energy focusing model, and the
actual damage location. A third propeller design showed less cavitation at the critical op-
erating conditions than what the actual erosion indicates. This is hypothesized to be due
to the difference in the wakefield with and without the hull. Highly inclined flow, as if the
unit was operating behind the hull, showed, at certain condition, an increase in the vapor
volume on the blades.

Finally, we show that the energy focusing model is suitable for identifying different
cavitation aggressiveness levels, based on the operating condition and the blade design.
Based on the analysis of the surface specific energy, the highest erosion risk was found
on the original blade, in ballast minimum load, and minimum towing condition. A very
slight amount of cavitation was found on the blades of the first re-design, and therefore
no erosion risk for these two conditions. On the other hand, in dynamic positioning, the
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surface specific energy on the first re-design indicated higher risk than on the original
blade. Insufficient cavitation was found on the second re-design, for the given operating
conditions, to allow for erosion risk assessment. This lack of predicted cavitation dynam-
ics is credited to the neglect of the presence of the hull.
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6
CAVITATION EROSION RISK

ASSESSMENT FOR A MARINE

PROPELLER BEHIND A RO-RO

CONTAINER VESSEL

In the previous sections, we predicted the risk of cavitation erosion on propellers in an open
water set-up, both in model and full-scale. In this chapter, we focus on assessing the cavi-
tation development and the risk of erosion on the blades of propellers operating behind a
Ro-Ro container vessel. The presence of the hull contributes to the non-uniformity of the
inflow. The consequent variation in velocities and angles of attack leads to amplification
of the cavitation dynamics, especially when the blade passes through the top position. Two
designs are investigated that experience cavitation erosion on the pressure side. A statis-
tical filter is used to attenuate low amplitude implosion loads, and identify the extreme
events on the blade. The results show a very good correlation with the position of the actual
erosion damage on the real propeller blades.

Parts of this chapter will be submitted to the special topic in Physics of Fluids on Cavitation
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6. CAVITATION EROSION RISK ASSESSMENT FOR A MARINE PROPELLER BEHIND A RO-RO

CONTAINER VESSEL

6.1. INTRODUCTION
The continuous restrictions on propeller noise and overall emissions, together with the
increase in oil prices, enhance the need for maximum efficiency and optimum designs.
As cavitation and cavitation erosion is one of the major constraints in propeller design,
one of the key factors to achieve optimum designs is to understand, predict and resolve
cavitation dynamics and cavitation nuisance. When in behind condition, propeller cavi-
tation and dynamics depend strongly on the inflow coming from the hull. Köksal et al. [1]
showed that flow non-uniformity is one of the most dominant factors in cavitation and
cavitation erosion intensity, compared to other factors, for instance the cavitation num-
ber. That said, a good representation of the wakefield and the inflow towards the propeller
seems very crucial for cavitating flow and erosion risk predictions.

Research on cavitation erosion on marine propellers is very limited. Even though
studies performed during the EROCAV project indicated that there is a clear need for im-
proved methods for cavitation erosion prediction, and that experiments are and will be
the only reasonable way to make such predictions [2], prediction of cavitation erosion
with CFD is becoming more popular recently. However, especially on full-scale, only a
few attempts for erosion prediction on propellers or rudders can be found in the litera-
ture [3–5]. The generated pressures forming at the final stage of the collapse at extremely
small scales require very high resolution both in space and time, rendering such simula-
tions computationally inefficient. Furthermore, the lack of an appealing erosion model,
that could easily be used with incompressible URANS solvers, that could increase com-
putational efficiency, makes full-scale erosion simulations less attractive. Incompressible
solvers fail to predict the peak pressures produced during the final stage of the collapse.
Therefore an alternative model may be used that could estimate cavitation implosion
loads in a quantitative manner.

The consideration of the erosive potential of cavitating structures from an energy bal-
ance point of view [6, 7], led the way for erosion models that use the potential energy con-
tained within the cavitating structures as basis for the analysis of the surface impacts[8–
11]. Moreover, the observation that a visual analysis of cavitation could give more insight
into the hydrodynamic process of the global development of erosive cavities by Bark et al.
[12], illustrated that an erosion model based on the kinematics of the collapsing cavities
could work ideally with pressure based incompressible solvers. The key factor for such
a model is the energy conservation as well as the overall and the instantaneous energy
balance during the collapse.

As presented in Section 4 and 5, a novel energy conservative model that accounts for
the temporal and spatial energy focusing towards the collapse center is employed, that
is able to predict the cavitation implosion loads in a quantitative manner [13–15]. The
erosion risk on the propeller blades in behind condition is simulated to ensure that the
non-uniformity of the flow is well considered. Two propeller designs have been assessed
to illustrate the capabilities of the model to distinguish different erosive potential levels
originating from the violent collapse of the developed cavities on the blades. The esti-
mated loads and the energy distribution on the blades have been compared to the actual
damage on the real blades, highlighting the effectiveness of the presented model and its
potential for commercial use already at an early design stage, towards the main goal of
higher propulsive efficiency. Such a numerical model could potentially replace model
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Figure 6.1: Hull Geometry.

Table 6.1: Main particulars of the ship

Length Between Perpendiculars 165.0 m
Length Overall 181.9 m
Length at Waterline 173.3 m
Beam 28.8 m
Draught 9.99 m
Draught at aft PP 8.50 m
MCR 15630 kW
Engine rate of revs 517 RPM
Design Ship Speed 19 knots

scale cavitation observations in the future.

6.2. CASE DESCRIPTION
Pressure side cavitation erosion on the blades behind a Ro-Ro container vessel is investi-
gated. Table 6.1 shows the main characteristics of the ship depicted in Fig. 6.1. This ship
was one of the test cases studied during the EROCAV project [2]. Two propeller designs
were mounted on this ship (Design 1 and 2, see Fig. 6.2). First the ship operated with
Design 1, which experienced severe pressure side cavitation erosion. Then, Design 2 was
taken from a sister ship and was mounted on the vessel. Full scale observations were per-
formed only on this design, as part of the EROCAV project. Table 6.2 shows the particulars
of the two designs.

The vessel has mainly been operating in the design speed of 19 knots (11450 kW Power),
when both engines are engaged, however, it may also sail with one engine at a lower speed
of 13.5 knots and lower power (5930 kW). Based on the operation with Design 1, and from
the observations with Design 2 mounted on the ship, both designs suffer from cavitation
erosion on the pressure side. Additionally, calculations were made for both designs and
both conditions using the lifting surface program MPUF-3A (Mid-chord cavity detach-
ment - Propeller Unsteady Flow). MPUF-3A solves the potential flow around the propeller
using the Vortex Lattice Method (VLM). From the results it appeared that Design 1 exhibits
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Design 1 Design 2

Figure 6.2: Propeller Designs

Table 6.2: Main particulars of the propellers

Design 1 Design 2
Diameter 5.6 m 5.6 m
Number of blades 4 4
Expanded blade area ratio 0.638 0.665
Pitch diameter ratio (0.7R) 0.897 0.890
Hub diameter ratio 0.340 0.340
Direction of rotation Left handed Left handed
Propeller rate of revs 134 RPM 134 RPM

much more pressure side cavitation as well as higher erosion risk than Design 2. While
the calculations showed sufficient pressure side cavitation for both ship speeds (13.5 and
19 knots) for Design 1, very little cavitation was predicted on Design 2 at 19 knots.

Figure 6.3 illustrates the erosion damage on the actual blades of Design 1 and 2. Based
on these snapshots, Design 2 shows more severe damage on the pressure side. However,
the operation time after which these snapshots where captured is unknown, and based
on the observations during the ship trials, Design 1 is expected to have larger amount of
cavitation on the pressure side as well as higher erosion risk on the blades, which is in line
with the MPUF-3A calculations. It should also be noted that the depicted erosion pattern
on Design 1 is probably due to a combination of operating conditions, since it exhibits
pressure side cavitation during a wider range of speeds. On the other hand, Design 2 was
taken from a sister vessel, which is more likely that she has sailed for longer periods at a
relatively lower power (probably at only one of the two engines). Therefore, the erosion
damage on Design 2 is most likely originated from the low speed condition (13.5 knots).
In this study, both designs have been simulated at the low speed condition.
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Figure 6.3: Actual erosion on the blades for Design 1 (left) and Design 2 (right). The exact period over which
each propeller design had been operated to get the depicted erosion damage is unknown.

6.3. NUMERICAL SET-UP

6.3.1. WETTED FLOW
The Unsteady Reynolds-Averaged Navier Stokes (U-RANS) equations are solved for the
fluid motion, using the commercial solver StarCCM+ 13.04.

∂(ρu)
∂t +∇· (ρuu) =−∇p +ρ f +∇·τ (6.1)

∂ρ
∂t +∇· (ρu) = 0 (6.2)

where u is the velocity tensor, ρ is the fluid density, p the pressure, f the external force per
unit mass and τ the viscous part of the stress tensor. A segregated approach is adopted
solving the conservation equations of mass and momentum in a sequential manner com-
bined with the SIMPLE algorithm for pressure-velocity coupling. Second-order implicit
time marching is employed together with a second-order upwind convection scheme.

The free surface is modeled using a homogeneous multiphase model, referred to as
Volume of Fluid (VoF) in StarCCM+. The fluid is treated as a single continuum with dif-
ferent phases. At the interface the two phases share the same velocity (no-slip condition).
The density and the turbulent viscosity at the interface is given by the mixture relations

ρ = (1−a)ρai r +aρl and µ= (1−a)µai r +aµl (6.3)

respectively, where 0 < a < 1 is the liquid volume fraction. An additional transport equa-
tion is solved to determine the liquid volume fraction in each computational cell

∂α

∂t
+∇· (αu) = 0 (6.4)

High Resolution Interface Capturing Scheme (HRIC) is employed for the discretiza-
tion of the convective term in Eq. 6.4 [16] to minimize numerical diffusion, and increase
the sharpness of the interface. Based on Normalized Variable Diagram (NVD) [17], the
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Figure 6.4: Representation of the size of the rotating domain

Figure 6.5: Dimensions of the numerical domain

HRIC scheme simplifies the dependence on the CFL condition, while using an increased
order of accuracy [18]. The k-ω SST turbulence model is used to close the RANS equa-
tions, and to model the Reynolds Stress term [19], together with an empirical model to
reduce the turbulent dissipative terms [20], to avoid any artificial increase of the eddy
viscosity at the interface (see Melissaris et al. [21]).

The propeller motion is simulated by creating a rotating region that surrounds the
propeller. A non-conformal interface (sliding interface) is used to couple the rotating
with the static region at each timestep. A representation of the size of the rotating region
is shown in Fig 6.4, while Fig 6.5 shows the dimensions of the static domain used for the
self-propulsion simulations.

The mesh consists of trimmed hexahedral cells with a number of local refinements
for the bow, the stern, the free surface, and the wake of the vessel, as shown in Fig. 6.6.
A target wall y+ value of 30<y+<300 is aimed for the hull, while in the propeller higher
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Table 6.3: Description of the different generated grids for the wetted flow self-propulsion simulations, showing
the smallest cell size of each grid hi , and the number of cells on the static and the rotating region

Grid hi hi /h4 # cells in Rot. Region # cells in Static Region
Grid 1 0.00661 1.875 2.55 M 1.80 M
Grid 2 0.00529 1.5 3.76 M 2.59 M
Grid 3 0.00441 1.25 4.95 M 4.20 M
Grid 4 0.00353 1 5.77 M 6.66 M

values are expected due to the higher velocities, especially close to the tip. Wall y+ values
up to 2000 are acceptable in the propeller surface. Four sets of grids were generated to
assess the mesh sensitivity. Table 6.3 shows the grid densities and the number of cells in
the rotating and the static region for each set of grids.

6.3.2. CAVITATING FLOW
The low Froude number (Fr=0.164) and the low wave resistance at low ship speeds (U=13.5kn)
allows for neglecting the free surface waves in order to increase computational efficiency
in the cavitating flow simulations. This is done by replacing the free surface by a symme-
try boundary condition at the free surface level. In that case, the air phase is neglected
and it replaced by the vapor phase in the solver, so that the mixture relations become

ρ = avρv + (1−av )ρl and µ= avµv + (1−av )µl (6.5)

respectively, where 0 < av < 1 is now the vapor volume fraction. An additional source
term is added on the r.h.s. of Equation 6.4 to model the mass transfer between liquid and
vapor

∂αv

∂t
+∇· (αv u) = Sαv (6.6)

where Sαv is the mass transfer source term as defined by the Schnerr-Sauer cavitation
model [22]. The pure phases are treated as incompressible and compressibility is mim-
icked only in the mixture regime. The high ambient pressures (≈ 1 bar) result in an iner-
tia driven flow and the mass transfer model can give realistic predictions as long as the
density-pressure trajectories are steep enough. The steepness of the density-pressure tra-
jectory is controlled by the evaporation and condensation coefficients of the mass trans-
fer source term [13, 14], that should be large enough (equal or larger than 1) to enforce a
quick transition form vapor to liquid phase and vice versa. In this study, both coefficients
are set equal to 1, which even though is at the limit, it gave the best convergence behavior.

6.3.3. CAVITATION EROSION MODELING
The cavitation implosion loads are predicted using the energy balance approach pre-
sented in Sections 4 and 5, where the initial cavity potential energy is proportional to
the cavity volume and the difference between the driving pressure, pd , and the pressure
within the cavity, pv . During the collapse, the potential energy is converted into kinetic
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Figure 6.6: Representation of the mesh of Grid 3 and the refinements on the bow, stern, free surface, and the
wake of the hull
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energy, while it is being focused into the collapse center. At the final stage of the collapse
it is assumed that all the kinetic energy is converted into acoustic radiated energy, justi-
fied by the relatively high driving pressures and the absence of non-condensible gas in
the flow [23].

The change of potential energy in each volume cell with volume, Vcel l , is computed
by the material derivative of the potential energy, Epot , such that

ėpot =
DEpot /Dt

Vcel l
= (pd −pv ) · Dαv

Dt
(6.7)

where the material derivative of the driving pressure has been omitted, as it does not con-
tribute to energy radiation from the imploding cavities [13, 14]. The material derivative of
the vapor volume fraction av is computed from the mass transfer source term, while only
condensation is considered

ėpot ,C (t ,xcel l ) = (pd −pv ) ·mi n

[
ρ

ρl
Sαv ,0

]
(6.8)

The surface accumulated energy is predicted with and without energy focusing to il-
lustrate once more the capabilities of the energy focusing approach. In the case where
no focusing is applied, then the radiated power, ėr ad is directly coupled to the negative
change of potential energy during condensation from Eq. 6.8. On the other hand, when
energy focusing is applied the radiated energy is derived as

er ad |t+δt =
1

δt
(βε)|t (6.9)

where ε is the collapse induced kinetic energy as computed from Eq. 5.17 and β the col-
lapse parameter, which is 1 when a final collapse stage has reached, and 0 otherwise (see
Eq. 5.11).

Considering all the emission sources, the impact power per unit surface at any loca-
tion xS is given by

ėS (t ,xS ) = 1

4πA f

∫
V
Ωd ėr ad (t ,xcel l )dV (6.10)

where

Ωd = mi n

[(
(xcel l −xS ) ·n

∥xcel l −xS∥3 A f

)
,2π

]
(6.11)

is the discrete solid angle, and A f is the face area.
Since the energy radiation in the present study is done in a discrete way at each time

step, and the exact energy distribution is unknown, a statistical approach is applied to
distinguish between extreme events and repetitive events of low amplitude. The identifi-
cation of the extreme events is based on the idea to amplify the surface impact power by
an intensity component n [13], which is achieved by the power or Hölder mean, given by

M{n}(ėS ) =
(

1

T

∫
T

(ėS (t ,xS ))n d t

) 1
n

(6.12)

As the intensity parameter n increases, the power mean approaches the amplitude of the
input signal ėS . Eq. 6.12 requires that the energy projection to the surface takes place
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Figure 6.7: Representation of the vapor volume at an arbitrary radial section, showing the approximate
maximum size of the developed sheet cavity, before it starts to shed, over one revolution for Design 1 (left) and

Design 2 (right)

during each time step. Since the surface projection is computationally not very efficient,
the intensity component n is applied in a modified way, so that the energy projection can
be performed at any time instant, for instance at the end of each propeller revolution.
That gives

M{n}(ėS (xS )) =
(

1

T V

∫
T

∫
V

(ėS (t ,xS ))n dV d t

) 1
n

(6.13)

and since the solid angle Ωd is not time dependent, the time and volume integrals can
be interchanged, so that the volume integration is performed only once at the end of the
time integration

M{n}(ėS ) =
(

1

T V

1

4πA f

∫
V
Ωn

d

∫
T

(ėr ad )n d td v

) 1
n

(6.14)

The amplified impact power from Eq. 6.14 is used to construct a filter that attenuates the
contribution of low amplitude events, so that extreme events can be identified. Similar
to the normalization of the erosion indicators in Sec. 3.3.4, and following the work by
Schenke [13], the filter F{n} is derived by normalizing the amplified impact power distri-
bution by its maximum value, such that

F{n} = M{n}(ėS )

max
[
M{n}(ėS )

] , wher e F{n} ∈ [0,1] (6.15)

Then, the filtered surface energy distribution is given by

eS{n} = eS F{n}, wher e eS =
∫ T

0
ėS (t ,xS )d t (6.16)

The filtering procedure is done after each propeller revolution. Finally, the filtered aver-
age impacted power after a certain amount of revolutions can be computed by

ėS{n} =
eS{n}

i Ti
(6.17)
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Figure 6.8: Representation of the mesh on the refined blade of Design 1

where i is the number of propeller revolutions, and Ti is the time for each revolution.
The best practice guidelines from the erosion risk analysis on the KCD model pro-

peller (Chapter 4) and the full-scale steerable thruster (Chapter 5) are used to estimate
the implosion loads on the two designs. As in each test case, a volume refinement is ap-
plied around one of the blades, and on the volume cells where the vapor volume has a
non-zero value over one full revolution. Based on the guidelines, approximately 20−25
cells (excluding the prism layer cells) along the smallest dimension of the vapor cavity,
when its is at its maximum size, are used, as well as about 40 time steps during the col-
lapse, based on the Rayleigh-Plesset collapse time [24]. Figure 6.7 shows the approximate
maximum size of the developed sheet cavity, before it starts to shed, for Design 1 and 2,
respectively. Regarding Design 1, for a cavity with diameter D ≈ 125 mm, this translates
to a minimum cell size of c ≈ 5 mm, and a time step size of∆t = 1.45×10−4 s or a rotation
rate of 0.12 deg per time step. To keep the cell size of the refinement a perfect multiple
of the background mesh, eventually, a cell size c ≈ 4.4 mm has been selected for the re-
finement, that corresponds to at least 25 cells per cavity width at any time instant. The
chosen time step size is ∆t = 1.28×10−4 s or a rotation rate of 0.1 deg per time step, cor-
responding to about 45 time steps during the collapse. Design 2 appears to have a cavity
size on the blade that is roughly half the size of the one on Design 1. Therefore, half the
cell size has been selected for the volume refinement (c ≈ 2.2 mm), and the time step size
(∆t = 0.64×10−4 s or a rotation rate of 0.05 deg per time step), so that the same amount
of cells are used along the cavity and the same number of time steps during the collapse.
A wall resolved approach is used to better simulate the vapor volume and the cavity dy-
namics close to the wall, but also to get a good transition between the prism layer and the
volume cells. The wall y+ values on the blade are well below 1. Achieving even lower y+
values would lead to either a worse transition between the prism layer and the volume
cells or it would require a much larger number of prism layer cells increasing the total
mesh size significantly. Table 6.4 shows the eventual number of cells in the domain, on
the blade and in the prism layer region, while Fig. 6.8 and 6.9 illustrate the refined mesh
on Design 1 and Design 2, respectively.

The convergence criterion, r , from Sec. 5.5 is employed to ensure the iterative con-
vergence during each time step. The criterion is satisfied when the deviation between the
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Table 6.4: Mesh information after the applied volume refinement on one of the blades, showing the total number
of volume cells, surface cells on the refined blade, prism layers, and cells per cavity width along the maximum
cavity size

# cells total # of cells on # of prism layer # of minimum cells per
refined blade cells cavity width

Design 1 10.1 M 126 k 16 25
Design 2 18.5 M 303 k 16 25

Figure 6.9: Representation of the mesh on the refined blade of Design 2

maximum and the minimum value of the total vapor volume fraction, αv , over the last n
iterations, divided by the average of αv over the last n iterations is lower than 10−6:

r =
| max{αv }i

j=i−n+1 −mi n{αv }i
j=i−n+1 |

1
n

i∑
j=i−n+1

αv j

< 10−6 (6.18)

where i >= 5 the iteration number during the time step. A value n = 5 is set in the simula-
tions, together with a number of maximum inner iterations equal to 100 for Design 1, and
50 for Design 2 (the smaller time step size allows for half the maximum inner iterations
during each time step).

6.4. RESULTS

6.4.1. WETTED FLOW - VERIFICATION
Self-propulsion simulations have been performed at 13.5 knots on the four generated
grids from table 6.3 to assess the uncertainty in propeller thrust and torque of Design 2.
Design 2 was selected for the sensitivity study over Design 1, since Design 2 was the one
fitted on the vessel during the full-scale observations. Figure 6.10 illustrates the wall y+
values on the hull and propeller wall surface for grid 3. An average value of y+

av g ≈ 100 was
achieved on the hull, while on the propeller surface much higher values (y+

av g ≈ 540) are
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Figure 6.10: Wall y+ Values on the hull and the propeller wall surface for grid 3

Table 6.5: Propeller thrust and torque values for four sets of grids with free surface, and for grid 3 using double
body approach (no free surface)

Thrust [kN] % difference Torque [kNm] Power [kW] % difference
G1 (VoF) 553.4 1.90 % 386.0 5417 3.38 %
G2 (VoF) 547.2 0.76 % 379.1 5319 1.51 %
G3 (VoF) 545.5 0.45 % 376.1 5278 0.72 %
G4 (VoF) 543.1 - 373.4 5240 -
G3 (DB) 544.5 0.26 % 375.7 5271 0.60 %

present due to the higher acceleration of the flow, and the propeller motion. A propeller
rotation rate of 2 deg per time step has been used in each simulation, which is considered
sufficient for all grids, combined with a second order time marching, and a second order
upwind convection scheme. Looking at the results in Table 6.5, propeller torque is more
sensitive to the grid density than thrust. However, both show less than 1% difference be-
tween the two finest grids. The generated free surface waves along the hull, for grid 3
are illustrated in Fig. 6.11, showing a quite low wave height. The bow and stern wave
heights are also low, indicating that a symmetry plane may be used instead to improve
the computational efficiency and stability. Indeed, the results obtained from the Double
Body (DB) simulation, where the top boundary is at the free surface level, compare very
well with the ones obtained with free surface. That indicates that even though the total
resistance might be quite different between both simulations, the propeller working point
and the propeller inflow seem to be very similar. This observation allows to estimate the
erosion risk on the blades by neglecting the free surface effects, and therefore increasing
the computational efficiency.
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Figure 6.11: Representation of the free surface waves

Propulsion simulations have been performed on grid 3 to estimate the right operat-
ing condition for each design. For each propeller design, the performance at four ship
speeds has been computed. Table 6.6 and table 6.7 present the results for Design 1 and
2, respectively. Comparing the CFD reults to the full-scale measurements (for design 2),
quite some difference is observed on the power absorption at the same ship speed. A
higher propeller torque was measured at 13.5 knots ship speed. However, this can be at-
tributed to the fact that no added resistance for the hull and propeller roughness has been
considered, that could increase the torque absorption significantly. Therefore, using the
torque identity to match the measured power would lead to a ship speed quite lower than
the trial speed (12.2 knots).

The measured delivered power of 5930 kW was also used in calculations with the lift-
ing surface program MPUF-3A. A thrust coefficient is also derived from these calculations.
Interpolating to match this thrust, leads to a ship speed closer to 13.5 knots for both de-
signs, than interpolating to the delivered power of 5930 kW. Even though, thrust estima-
tion may have a higher uncertainty than the power measurements, it was decided to use
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Table 6.6: Propeller thrust and torque values for different ship speeds for Design 1 on grid 3

Ship speed [kn] Thrust [kN] KT [-] Torque [kNm] KQ [-] Power [kW]
12.5 471.0 0.094 412.4 0.015 5787.3
13.0 427.6 0.085 400.0 0.014 5613.0
13.5 382.9 0.076 386.9 0.014 5429.5
14.0 338.1 0.067 373.7 0.013 5244.0

13.5 (MPUF-3A) 0.088 5930

Table 6.7: Propeller thrust and torque values for different ship speeds for Design 2 on grid 3

Ship speed [kn] Thrust [kN] KT [-] Torque [kNm] KQ [-] Power [kW]
12.0 678.6 0.135 429.3 0.015 6027.7
12.5 636.8 0.127 412.8 0.015 5792.7
13.0 593.8 0.118 395.6 0.014 5551.3
13.5 544.5 0.108 375.7 0.013 5271.3

13.5 (measured) 5930
13.5 (MPUF-3A) 0.112 5930

the thrust identity to get the conditions for the erosion risk analysis. Interpolating to the
thrust coefficient as derived from the MPUF calculations, leads to a ship speed of 12.8
knots for Design 1 and 13.3 knots for Design 2. Nevertheless, the difference in the vapor
volume and its dynamics for small variations in ship speed did not seem to be very large,
although higher speed means slightly higher pressure side cavitation.

Figure 6.12: Wall y+ values on the surface of the refined blade of Design 1 (left) and 2 (right) when the blades
are at the top position
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Driving Pressure, Pd [Pa]

Figure 6.13: Time averaged pressure distribution on the surface of the refined blade of Design 1 (left) and 2
(right) after a sample time of one propeller revolution. A pronounced pressure gradient is observed over the
cavitation free region of the blade.

6.4.2. EROSION RISK ASSESSMENT
The erosion risk on the propeller blades of Design 1 and 2 has been assessed for five pro-
peller revolutions. The wall y+ values on the blade surface for each design is depicted in
Fig. 6.12. The wall y+ values should be well below one for high fidelity predictions, espe-
cially when the k-omega SST turbulence model is used to model Reynolds stresses [25].
The average y+ value over the refined blade is very similar for both designs, y+ = 0.41 for
Design 1 and y+ = 0.42 for Design 2. Lower y+ values would be desirable, but would lead
to a larger number of prism layer cells that could increase the total number of cells sig-
nificantly. Therefore, a compromise is made for somewhat larger y+ values (only locally
close to 1), but we ensure a better mesh quality, and computational efficiency. The pres-
sure distribution on the blades, as a results of the moving average of the instantaneous
pressure over one propeller revolution, is shown in Fig. 6.13. The pressure recovery gradi-
ent is more pronounced for Design 1, and thus more violent collapses should be expected,
considering also the larger vapor volume on the blades. The depicted pressure distribu-
tion is at the top blade position, and it changes slightly with the blade position (sliding
window equal to one revolution).

Figure 6.14 presents the total accumulated energy on the refined blade for each de-
sign, during each propeller revolution, without and with energy focusing. Even though
the total accumulated energy is not directly related to the erosion risk levels, very often
higher accumulated energy translates to higher erosion risk. The surface energy distri-
bution and the energy density on the blades can possibly give more information about
the aggressiveness of the implosion loads on the surface. From Fig. 6.14 the accumu-
lated energy on the blade surface of Design 1 is almost two times larger than on Design
2. Moreover, we observe that for Design 1, higher energy is predicted without energy fo-
cusing. That is a common observation since the instantaneous release of energy usually
leads to higher accumulated surface energy. Whether the surface energy will be higher or
lower than the one predicted with energy focusing depends strongly on the dynamics and
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Figure 6.14: Total accumulated surface energy per propeller rotation, for five consecutive revolutions, for both
designs, with and without energy focusing

the location of the radiation sources, as well as the curvature of the blade surface. Usually,
the shedding of the sheet cavity happens very close to the surface, and the non-focusing
model tends to produce larger amounts of energy on the surface. However, it can happen
that the radiation sources with energy focusing are much closer to the surface than with-
out focusing. Apparently, that happens to the second design where the surface accumu-
lated energy is very similar for both approaches, and slightly higher in some revolutions,
when energy focusing is applied.

Looking at the surface energy distribution on the blade, we can get a better insight into
the locations of high implosion loads and the blade areas of higher erosion risk. Figure
6.15 illustrates the energy distribution on each design, without and with energy focusing.
First of all, as in all the previous test cases, the energy focusing approach predicts higher
implosion loads on the blades, the impacts on the surfaces are more scattered, and the
main impacted areas are more distinct. Additionally, as the energy radiation takes place
only at the final stage of the collapse, the involved advection has the tendency to stretch
the surface energy distribution further downstream. Much less energy is predicted close
to the leading edge and the energy is concentrated slightly further downstream in chord-
wise direction. On the other hand, when no energy focusing is applied the radiated energy
is extended over a larger area and consequently, lower magnitudes are expected, and at
locations closer to the leading edge. This observation is less pronounced on Design 2, as it
shows more similar impact distributions with and without energy focusing. One possible
explanation could be that, the vapor cavities, that are of smaller size, do not collapse very
far from the point they are shed, and even though the pressure recovery gradient is not
as pronounced as in Design 1 (see Fig. 6.13), it is still sufficient to cause rapid collapses,
without letting the cavities travel long distances during their collapse. Thus, the effect of
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Figure 6.15: Surface specific accumulated energy on the refined propeller blade of Design 1 (left) and Design 2
(right), obtained without (top) and with (bottom) energy focusing, after five propeller revolutions

the focusing is mainly visible on the magnitude and not the location of the implosions.
On Design 1 almost no energy is predicted over the mid span of the blade with energy

focusing. Most of the radiated energy is concentrated at the top of the blade and at higher
radii. Much higher amplitudes of the implosion loads are predicted for Design 1, showing
a higher erosion risk than Design 2, which compares well with both the MPUF calcu-
lations, and the overall observations on the real blades. Furthermore, Design 1 should
experience erosion in a wide range of conditions, but it can be expected that at low speed
the erosion risk is very high. On the contrary, Design 2 did not show any severe pressure
side cavitation at 19 knots based on the full-scale observations, and therefore not a real
risk for erosion, but at approximately 13.5 knots, both observations and simulations show
some erosion risk on the blades, however, still lower compared to Design 1.

A filter has been applied to attenuate the low amplitude events, usually of high fre-
quency, so that extreme events can be identified. Cavitation erosion can be a result of
both repetitive events of low amplitude, and less frequent extreme events, but in most
of the cases the extreme events are the ones mainly responsible for material damage.
Both scenarios cause damage but in some cases at full scale the erosion tends to stop,
probably the former scenario, while in other cases erosion just progresses, probably the
latter scenario. Figures 6.16 and 6.17 present the filtered averaged surface impact dis-
tribution for Design 1 and 2, respectively, and for 5 variations of the intensity exponent
(n=1.5,2,3,4 and 5). The filtered distribution attenuates the low amplitude events and
amplifies the extreme events. Already for n=1.5 we observe that the impact scatter has
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Figure 6.16: Filtered averaged surface impact distribution for different intensity exponents n, for Design 1, after
5 propeller revolutions
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Figure 6.17: Filtered averaged surface impact distribution for different intensity exponents n, for Design 2, after
5 propeller revolutions
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Figure 6.18: Surface specific energy over the blade area, showing the extent of the impacted blade area for each
design, after five propeller revolutions, with and without energy focusing

increased compared to the unfiltered distribution (n=1). For large exponents (n>2) the
filtered distribution looks very similar, without any significant change in the location of
the extreme loads. That could mean that the high loads identified for large exponents, are
much higher than the loads at other locations of the blade. The distribution obtained for
large exponents, should give a better indication of the actual damage on the real blade,
originated from these extreme events, although larger sample time (and revolutions) are
needed for a statistical averaged solution, compared to the unfiltered distribution. Based
on both the filtered and the unfiltered energy distribution, Design 1 indicates a very high
risk for erosion at the identified locations, and from the filtered distribution it is illustrated
that much higher impact loads occur on Design 1. The energy distribution on Design 2
identifies two main impact locations close to the leading edge, one at about 0.6R-0.75R,
and one at 0.9R. From the unfiltered surface energy distribution (n=1) it is not clear which
of the two locations has a higher erosion risk. On the other hand, the filtered surface en-
ergy distribution for high exponents identifies the impact at the lower radii to be of quite
higher amplitude, and therefore indicating a higher risk of erosion in that region.

The surface specific energy over the percentage of the impacted area, confirms the
conclusions of the analysis so far (see Fig. 6.18). The surface specific energy is higher
when predicted with the focusing approach, compared to the one without energy focus-
ing, for both designs. A similar percentage of blade area is impacted on each design (about
10%). However, design 1 exhibits 2-3 times higher implosion loads than design 2. The dif-
ference is smaller when no energy focusing is applied, indicating that energy focusing is
essential for a fair comparison between the erosion risk of different designs (or even oper-
ating conditions). Consequently, the total accumulated surface energy, the blade impact
distribution, and the surface specific energy plot indicate a higher erosion risk for Design
1, and based on the implosion load amplitudes, Design 1 should exhibit erosion damage
quite quicker than Design 2, at the same operating condition.

Finally, we have compared the surface impact distribution obtained from the simula-



6.4. RESULTS

6

161

Filtered Surface Energy es[n] 
[kJ/m2]

n=5n=1

n=1 n=5

Figure 6.19: Comparison between the the simulated filtered surface energy and the actual damage on the real
blade for Design 1 (top) and Design 2 (bottom). The filtered surface energy predicted with CFD is plotted on the
snapshot of the real blade for two intensity components n=1 (unfiltered -total accumulated surface energy) and
n=5.

tions to the actual damage on the real blades. Figure 6.19 presents snapshots of the blades
of Design 1 and 2, where erosion damage is observed. Unfortunately, only a part of the
blades is visible, but possibly only these parts suffered from erosion damage. The CFD
solution has been plotted on the real blades for a fair and direct comparison. For a bet-
ter illustration, only energy amplitudes above 100 KJ/m2 and 10 KJ/m2 are considered for
the unfiltered (n=1) and filtered (n=5) surface specific energy distributions, respectively.
It is important to note that the time after which the snapshots were taken is not known,
and therefore the intensity of the damage is not representative. Based on the observa-
tions, and the simulations, for instance, Design 1 shows a higher risk, and more damage
should be seen on the blades. However, the snapshot of Design 2 shows more severe ero-
sion on the blade. Apparently, when the snapshot was taken, Design 2 was much longer
in operation than Design 1. It has also been communicated by the owner that the blades
of Design 1 were more frequently repaired, and the removed material was replaced by
means of welding. Comparing the damage locations, the predicted impact distributions
agree very well with some regions of the real damage on the blades. Especially on Design
2, where erosion takes place within a much smaller range of operating conditions than
Design 1, the correlation between predictions and actual damage location is pretty good.
Based on the unfiltered surface energy, a second location on the blade showed high ac-
cumulated energy, at higher radii and closer to the tip (see Fig. 6.15). Nevertheless, the
filtered energy showed that the implosion events at lower radii are more extreme, and the
erosion risk is much higher, agreeing well with the actual erosion on the real blade. Fi-
nally, the actual damage pattern on Design 1 is probably originated from a combination
of conditions, since it exhibits pressure side cavitation over a longer range of operating
conditions. A large area along the leading edge seems to be impacted from cavitation
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erosion. Comparing the damage location with the predicted blade impact distribution, it
agrees well with one region of the actual damaged area. However, no energy is predicted
at lower radii, where material damage is detected on the real blade. Apparently, those lo-
cations have been impacted from operating at higher speeds and absorbed power, where
a smaller amount of pressure side cavitation is present, and consequently higher impacts
at lower radii are expected.

6.5. DISCUSSION AND CONCLUSIONS
From the analysis so far, in all test cases, energy focusing appears essential to have a quan-
titative high fidelity prediction of the cavitation implosion loads. Neglecting the energy
focusing, usually leads to larger amounts of total accumulated energy on the blade sur-
face, as well as lower amplitudes in critical areas of the blade. Due to the instantaneous
energy radiation during any negative vapor volume change, energy is emitted at an earlier
stage, way before the actual location of the final collapse, resulting in a wider and less in-
tense energy distribution. Therefore, it is crucial for both the amplitude and the location
of the implosion loads to always account for energy focusing, so that the overall as well as
the instantaneous energy balance is always satisfied.

The erosive aggressiveness of the flow has been investigated by isolating extreme loads
on the blade surface. For an intensity exponent n>2, the lower amplitudes are sufficiently
attenuated, and the filtered energy distribution does not change for higher exponents.
Very large values for the exponent n (n>5) may lead to precision errors due to excessive
magnitudes of the amplified radiation terms. It is therefore recommended to always use
exponent values between 2 and 5 (2<n<5) in order to filter low amplitude events from the
surface impact distribution. Two main differences have been observed between the fil-
tered an the unfiltered distribution. First, the filtered impacts are more scattered, since
the extreme events are less frequent, but more pronounced. Second, the distribution
looks slightly shifted towards the tip for both designs. Extreme events are more likely
to occur at locations where the pressure has already recovered, such that the driving pres-
sure is the largest. Therefore, by increasing n, the location of the impacts is tends to be
correlated with locations of high driving pressures.

The erosion risk on Design 1 is clearly higher than the erosion risk on Design 2. First,
the total accumulated energy on the blade during each propeller revolution is higher than
for the second design. Furthermore, The surface impact distribution shows higher accu-
mulated energy amplitudes at a distinct location for Design 1, and finally, a closer look at
the surface specific energy indicates that Design 1 suffers from impact loads two orders
of magnitude higher than the ones on Design 2. Nevertheless, the accumulated surface
energy distribution on Design 2 is in better agreement with the actual erosion damage
location on the real blade, than for Design 1. A possible explanation for this discrepancy
is that Design 1 experiences erosion damage in a wider range of operating conditions
than Design 2, while we only simulated the implosion loads for one operating condition.
The erosion risk at low speed appears to be the highest, considering the larger vapor vol-
ume and the larger energy content within the collapsing cavities. This justifies also the
fact that the damage location at this condition is predicted further downstream and at
higher radii. At higher ship speeds, the amount of pressure side cavitation is consider-
ably less, probably resulting in implosion loads closer to the leading edge and lower radii.
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Therefore, the actual damage profile on the real blade of Design 1 is rather complicated to
simulate exactly, as it should come from a combination of several conditions. However,
the simulated damage location agrees well with one region of the actual damaged area on
the real blade. On the other hand, Design 2 showed very little pressure side cavitation at
high ship speeds, and based on the observations, only at low speed seemed to suffer from
cavitation erosion. This explains why a very good agreement with the damage pattern is
obtained, as the simulated operating condition is probably the one responsible for the
erosion damage.

It should be noted that there is some uncertainty regarding the actual geometry of
both sets of blades. It was reported that the blades of Design 1 have been repaired several
times. During these repairs, the eroded areas have been ground out, and the areas on
the blades where material has been removed, have been welded. Due to the erosion and
the repairs, the leading edges of the blades have become much thinner and the chord of
the blades has also been reduced. The thin and sharp leading edges may increase the
amount of cavitation, and the severity of its dynamics. It is also not completely clear how
often the blades of Design 2 have been repaired. It seems however, that they are closer to
their original geometry (used in the simulations) than Design 1.

Finally, based on the results from this study, it is hypothesized that the proposed
methodology, which accounts for energy focusing during the collapse, is able to capture
the risk and location of cavitation erosion damage. The largest uncertainty in the actual
damage is caused by the uncertainty of the operational profile and its consequences for
risk and location of erosion damage.
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7.1. DISCUSSION OF THE RESEARCH FINDINGS
Quantitative prediction of the cavitation impact loads on mechanical components, al-
ready at an early design phase is key for optimizing their overall efficiency, as argued in
the introduction. Since model tests are not able to provide such quantitative prediction,
but solely a more qualitative assessment of the cavitation aggressiveness, it emphasizes
the need for high fidelity numerical tools able to estimate the cavitation erosion risk in
engineering applications. Thus, the main goal of this dissertation has been to apply an
erosion model on full-scale marine propellers in behind condition using an Unsteady
RANS incompressible solver to compute the implosion loads on the blade surface. The
nature of incompressible solvers does not allow to resolve wave propagation due to the
infinite speed of sound. Therefore, erosion models based on the prediction of peak pres-
sures from the implosion of cavitating structures are not suitable, since the prediction of
pressure amplitudes involve high uncertainties. However, kinematic quantities such as
the shedding frequency and the cavity collapse time, can accurately be predicted with a
pressure based RANS solver, and consequently, any erosion model based on the kinemat-
ics of the cavitating flow can be employed.

A novel erosion model based on the energy balance approach has been used to sim-
ulate the energy cascade during the collapse of large scale cavitating structures. During
the collapse process, the potential energy initially contained in a cavity is continuously
feeding into collapse induced kinetic energy. The distribution of the kinetic energy in the
liquid is unknown, and therefore a model is employed that stores this energy at the cav-
ity interface, until it is focused at the collapse center. At the final stage of the collapse,
the energy stored at the collapse center is partitioned into acoustic, thermal and rebound
energy. For relatively high driving pressures and by neglecting any non-condensible gas
in the flow, the dissipative thermal energy and the rebound energy can be considered
negligible (see Tinguely et al. [1]), so in the context of this study all the kinetic energy is
converted into acoustic shock wave energy after the collapse.

High driving pressures also allow for the use of mass transfer models for the modeling
of the phase transition from vapor to liquid. Mass transfer is modelled by the Schnerr-
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Sauer cavitation model source term on the r.h.s of the vapor volume transport equation.
Condensation and vaporization are controlled by the mass transfer coefficients Cc,SF and
Cv,SF , respectively. Relatively high values for the mass transfer coefficients are needed
to ensure high steepness of the density-pressure trajectories (Cc,SF , Cv,SF ≥ 1). However,
very high values for the mass transfer coefficients may cause implications to the solution
convergence, and therefore values of 1 or slightly higher are recommended.

To optimize the accuracy of the implosion load predictions, and to ensure energy con-
servation during the collapse process, special attention has been paid to four key aspects
of the erosion model, the computation of the change in potential energy, the modeling of
the conservative transport of the collapsed induced kinetic energy, the correct identifica-
tion of the final collapse stages, and the correct projection of the radiated energy to the
surrounding surfaces.

Cavitation erosion on marine propellers is a complex phenomenon. Material dam-
age on the propeller blades depends on several factors, such as the frequency of the col-
lapses, the transient temperature during the final stage of the collapse, and the radiated
energy from the collapse mechanisms, as well as the static and dynamic pressure field
distribution on the surface, the level of embrittlement of the material, the relative electro-
potential of the erosion site, the material mechanical properties, and the fracture modes.
From the hydrodynamic side, however, energy conservation is the most important factor
to achieve accurate quantitative predictions of the implosion loads, before we examine
the material response. From a numerical point of view, energy conservation is achieved
by first minimizing the iterative error, and then by accurately computing the change of
potential energy. The iterative error can be controlled by a sufficient number of iterations
during each time step, so that the vapor volume is adequately converged. On the other
hand, the accurate prediction of the change in potential energy depends on the compu-
tation of the material derivative of the vapor volume, which is usually computed from
the reconstructed velocity divergence, ∇·u. In the present work, we have shown that the
velocity divergence should be reconstructed from the the cavitation model source term,
Sαv , and not from the sum of the face fluxes given by (∇·u)center = 1/Vcel lΣ f u f ·S f . Even
though both formulations should be equal by definition, the interpolation errors in the
latter formulation seemed to be significant, especially in cases of high advective flow ve-
locities. The higher the velocity the larger the error. Moreover, the interpolation error
appears to be also influenced by the driving pressure, and for very large driving pressures
the error should be low. However, since we mostly deal with driving pressure differences
of around 1 bar, the error in most of the cases is likely to be significant.

The correct energy balance during the collapse involves the conversion of the poten-
tial energy into collapse induced kinetic energy, which is continuously being focused to-
wards the collapse center. However, in complex flow simulations, the exact spatial dis-
tribution of the collapse induced kinetic energy is unknown, and therefore a model has
been used for the conservative transport of the kinetic energy. Schenke [2] has shown
that for an isolated bubble and for a collective collapse of a bubbly structure, the collapse
induced kinetic energy distribution focuses towards the cavity interface. Therefore, the
model assumes that all the kinetic energy is stored at the interface, and the transport of
the kinetic energy is achieved by a destruction and a production term. Kinetic energy is
destroyed right upstream from the interface, and the same amount of energy is absorbed
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right into the interface at a rate proportional to the local potential energy reduction rate,
so that an integral balance is achieved. Eventually, at the final stage of the collapse, all the
potential energy has been converted into kinetic energy and, together with the interface,
has been transported to the collapse center.

In order for the energy, focused at the collapse center, to be released, a criterion has
been used, that identifies the final collapse stage. This criterion is based on the implica-
tion that pressure must be close to vapor pressure in the mixture regime, and that high
amplitude pressure waves can only form in the liquid phase. That consideration, allows
for the kinetic energy to be focused towards the collapse center, and at the moment of the
collapse, where the volume cells are fully filled with liquid, and the pressure reaches (or
surpasses) the ambient pressure, the energy can be released in the domain. Since the final
collapse stage is not resolved, an entirely time accurate solution and the exact temporal
distribution of the radiated energy cannot be expected from this method. Nevertheless,
the energy focusing approach is supposed to provide an improved time accuracy of the
acoustic power, in terms of a more realistic focusing of the impact towards the final col-
lapse stage, while still satisfying the overall energy balance.

The correct projection of the energy to the surface is at least as important as the energy
balance during the collapse. An error in the projected energy may disrupt the overall en-
ergy conservation in the system. The fraction of the radiated energy to impact the surface
is computed using a fully continuous form of the solid angle. In unstructured meshes,
the computation of the exact solid angle might be difficult to evaluate, since it may in-
volve specific algebraic expressions. Therefore, an approximation of the solid angle has
been used that depends only on the face area, its normal vector, and the distance vector
between the face center and the radiation source. For sources very close to the surface,
the approximated solid angle may lead to significant errors in the projected energy, and
therefore the solid angle needs to be bounded to its maximum value in each case.

In the end, the erosion risk in cavitating flows can be assessed by several indicators.
The total accumulated energy on the surface per cavity cycle gives a first indication of the
amount of energy that is projected on the surface. The shedding frequency might also
play a role in such cases, but for operating propellers the frequency is determined by the
rotation rate. The exact surface impact distribution can show the location of the implo-
sion loads. The areas with higher energy density show a much higher risk for erosion than
areas with lower energy density. Using an intensity component, n, to amplify the surface
impact power, can give additional information about the location of the extreme events.
Even though the exact energy distribution in time is unknown, employing a statistical ap-
proach can identify extreme impact loads of lower frequency by filtering out implosion
loads of higher frequency but lower amplitude. However, as we have seen in the thruster
propeller case, both types of events may be responsible for erosion. Nevertheless, the
material properties and response are still more than necessary to be able to compute the
exact erosion rate in each case. Finally, the surface specific energy when plotted against
the percentage of the impacted area indicates the maximum loads on the surface, as well
as the extent of the impacted area. High energy density areas are definitely associated
with higher erosion risk than areas of lower energy density.
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7.2. SUMMARY OF THE MAIN FINDINGS
During the present work, we have used a novel erosion model for the prediction of the
cavitation implosion loads using an incompressible URANS solver. The presented ap-
proach satisfies the energy balance during the collapse of cavitating structures, and it is
energy conservative. The model has been verified and validated against a number of test
cases. The main conclusions of this study are summarized as follows:

• Erosion models based on the overall integral energy balance can work well with
incompressible Unsteady RANS. The kinematic parameters of collapsing cavities,
such as the shedding frequency and the collapse time, as well as the vapor volume
development and distribution of periodic cavitating flows can be reliably predicted.
On the other hand, the most important limitation of pressure based incompressible
solvers is the high uncertainty of the extreme pressure loads, which leads to unre-
liable estimations of the impact loads, and the fact that an infinite speed of sound
is assumed does not allow for time accurate wave propagation. Therefore, erosion
models based on the prediction of the peak pressures originated from the collapse
of cavitating structures are not suitable for incompressible pressure based solvers.

• Non-equilibrium semi-empirical mass transfer models can give realistic predic-
tions of the inertial dynamics of cavitating flows as long as the density-pressure
trajectories obtained from the model are steep enough, such that the scale separa-
tion is physically satisfied. The steepness of the density-pressure trajectories is con-
trolled by the evaporation and condensation coefficients of the cavitation model in
use.

• Energy focusing during the collapse of a cavity is necessary for high accuracy pre-
dictions of the cavitation implosion loads. Neglecting the energy focusing often
leads to larger amounts of surface accumulated energy. The instantaneous release
of energy during each vapor volume variation results in radiated energy way before
the final collapse stage, resulting in a wider energy distribution of lower amplitudes.
When energy focusing is applied the instantaneous energy balance is satisfied, and
acoustic energy is radiated at the final stage of the collapse, and therefore, a correct
prediction of the location and the amplitude of the implosion loads is possible.

• Reconstructing the velocity divergence from the Schnerr-Sauer cavitation model
source term showed the minimum error in the overall energy balance during the
collapse, in StarCCM+. Using the cavitation rate to compute the change of potential
energy allowed for high fidelity quantitative prediction of the radiated energy. The
accuracy of the velocity divergence reconstruction may be solver and/or cavitation
model dependent.

• When the fully continuous approximation of the solid angle is used due to diffi-
culties in evaluating the exact topology of the surface cells, the approximated solid
angle should be bounded to its maximum value, especially for sources very close to
the surface, to avoid any significant errors in the surface energy projection.

• Results from the collapse of a single cavitation bubble showed that at least 20-25
cells per diameter, and a time step size that corresponds to at least 40 steps per
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cavity collapse time are needed to obtain a grid and time step size independent so-
lution. For a propeller, the bubble diameter is translated to the maximum width of
the smallest dimension of the sheet cavity over one full revolution. Then, the col-
lapse time can be estimated from the Rayleigh–Plesset collapse time of a spherical
cavity with diameter equal to the maximum width of the sheet cavity on the blade.

• The presented erosion model, shows good potential for engineering applications
and design optimization based on erosion risk analysis, and could possibly replace
model scale cavitation observations in towing tanks in the future. The model satis-
fies the overall and the instantaneous energy balance during a cavity collapse, and
it can provide quantitative predictions of the implosion loads, as well as different
erosion risk levels, depending on the design or the operating condition.

7.3. OUTLOOK
The most important aspects that need further development are addressed here. The ero-
sion model used in this study needs to be coupled to material response models. Even
though quantitative predictions of the implosion loads are possible in discrete time incre-
ments, the actual erosion rate cannot be identified without information about the mate-
rial properties and material response. Coupling the presented erosion model with mate-
rial models could eventually lead to actual damage rates. Moreover, only design (smooth)
surfaces have been considered in this study. Nevertheless, erosion damage on propellers
often starts with a surface deterioration or roughening, followed by a plastic deformation
of the blade, (known as orange peeling stage [3]). Such deformations on the blade surface
can influence cavitation inception and cavitation dynamics, leading to different excita-
tions compared to a smooth surface. Such deformation and roughness effects should be
considered for an improved prediction of the excitation forces, as well as the material re-
sponse.

The collapse driving pressure is the quantity that introduces the largest uncertainty
in the erosion model. The reason is that the pressure field driving the collapse in com-
plex flows is non-uniform and unsteady, rendering the computation of the exact driving
pressure field difficult. In this study, we have shown that the moving average of the in-
stantaneous pressure over a sufficient time window, can give a good impression of the
pressure that the collapsing cavities experience on a statistical average. The size of the
moving window should be at least equal to one cavity cycle. Even though this approach
seems to capture most of the spatial and temporal effects as well as the effect of pressure
recovery, a more detailed model with a more physical foundation would be desired.

In every test case of this dissertation, the presence of non-condensible gas in the flow
has been neglected. The potential energy initially contained in the collapsing cavities has
been fully converted into acoustic energy after the collapse, omitting any vapor genera-
tion from cavity rebounds. Nevertheless, in many occasions, and especially for smaller
scales and low driving pressure differences, rebound energy may play a role in the overall
energy balance during cavity collapse. Tinguely et al. [1] have investigated the rebound
energy in relation to the non-condensible gas content within the cavity. High content
in non-condensible gas means an increase of the rebound energy after the collapse, and
therefore a decrease in the acoustic radiated energy. Fortes-Patella et al. [4] have also
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studied the influence of gas content within the cavity in collapse efficiency, highlighting
that it can play an important role in bubble dynamics. Therefore, it is recommended to
include the effect of the gas content in the cavities on the overall energy balance, and
thereby the increase in rebound energy after the collapse.

The implosion loads predicted from the presented erosion model are not time accu-
rate. The exact energy distribution from the radiation sources is unknown, and only the
energy content across the spherical wave front can be controlled. Also, since the solver is
incompressible, the wave propagation speed is assumed infinite. Since the propagation
of the wave front cannot be resolved, an additional modeling is needed to make the com-
puted impact loads more accurate in time. With a modeling assumption about the wave
passage time and an energy density distribution function across the wave front, the en-
ergy radiation could be computed in a more time accurate manner, rather than in discrete
events, as happens in the present form [2].

The accuracy of the wakefield, and the propeller inflow, play an important role on
the developed cavity dynamics on the blades. In this study the k-omega SST turbulence
model has been used in the simulations, however, it is known that it does not provide the
best prediction for the propeller wakefield. Reynolds stress models, for instance, are able
to provide anisotropic turbulence predictions leading to more accurate estimation of the
velocity fluctuations in space and time. Even though computationally less efficient, using
the erosion model together with a more advanced turbulence model for the Reynolds
Stresses, so that the inflow towards the propeller is captured more accurately, would be
desirable.
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