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Je vous vois dans cette entreprise comme un homme qui
a un but, et qui se met en route. Pour faire ce voy-
age il choisit le véhicule le plus incertain, l'itinéraire
le plus dangereuz, ce qui implique un grand nombre de
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de but, ou pire, qu’il n’y en a jamais eu. Il peut avoir
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son voyage inutilement périlleur. Ou il se dit que le
but était le voyage lui-méme, ce qui justifie aprés coup
son absurbe choix, car la plus grande imprudence devient
alors le plus grand plaisir.

Michel Rio, "Mélancolie Nord”
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Résumé

Parmi les effets néfastes de la cavitation (chute de performance, bruit, vibrations,

etc.), I’érosion de cavitation reste I'un des facteurs les plus limitatifs dans une perspec-
tive de conception de machines de taille réduite. La cavitation est particuliérement
indésirable, car elle agit en synergie avec d’autres procédés d’endommagement tels que
la corrosion et I'abrasion par le sable. L’ensemble de ces phénoménes conduit & une
destruction progressive des aubages d’une machine hydraulique. Bien que de nom-
breuses études qui visent & prédire le taux d’érosion de cavitation aient été réalisées,
les modéles existants ont encore besoin d’étre améliorés.
Dans une perspective d’élaboration de nouveaux modéles de 'agressivité de la cavi-
tation, ce travail a pour but d’étudier les mécanismes hydrodynamiques qui sont a
I’origine de I’érosion de cavitation. La démarche proposée s’appuie a la fois sur ’étude
des impacts de cavitation, et sur I'exploration des phénoménes hydrodynamiques liés
a implosion d’un vortex cavitant. Ainsi, I’étude dans son ensemble comprend deux
parties.

Premiérement, 1’étude de l'agressivité de la cavitation de bord d’attaque, qui est
I’une des situations les plus érosives, est réalisée a ’aide d’une technique de marquage.
Celle-ci est appliquée & deux aubages 2D d’échelle différente en tunnel de cavitation,
les aubages pouvant étre placés soit dans une veine d’essai rectangulaire, soit dans une
veine d’essai divergente qui simule la présence d’un gradient de pression. Les matériaux
exposés a une cavitation de bord d’attaque sont analysés a I'aide d’un profilométre 3D.
Cette étude a permis de valider le modéle énergétique en considérant le rendement
d’implosion qui représente le transfert global d’énergie des cavités de vapeur vers le
matériau. Les résultats démontrent que la vitesse de I’écoulement et la présence d’un
gradient de pression sont les paramétres prépondérants, indifféremment du mode de la
cavitation de bord d’attaque, stable ou instable. De plus, deux types d’agressivité de
la cavitation de bord d’attaque ont été identifiés : les structures de vapeur qui sont
crées par les instabilités de cisaillement & proximité de l'interface eau-vapeur et qui
génerent des impacts isolés, et les lachers de grosses structures de vapeur de tailles plus
importantes qui sont a ’origine d’impacts groupés.

Deuxiémement, I’exploration des phénoménes physiques liés au collapse d’un vor-
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tex cavitant est entreprise. La conception d’une cellule de visualisation ainsi que le
développement d’un systéme de visualisation par ombroscopie ont été nécessaires. Les
résultats de cette étude mettent en évidence la phénoménologie tres riche et trés com-
plexe du collapse d'un vortex cavitant. La phase finale de I'implosion conduit & une
forme de cavité imprédictible et irréguliére. Le collapse ainsi que ’émission d’ondes de
choc sont des phénomeénes trés locaux qui surgissent depuis différentes origines pour
une méme cavité principale. Les vitesses de l'interface ont été estimées. Elles sont

U au rebond. Etant donné que le collapse n’est pas régulier,

supérieures a 350 m s~
les vitesses locales & 'interface sont probablement bien plus importantes. Par ailleurs,
le phénoméne de luminescence du vortex cavitant a été exploité pour localiser les col-
lapses. La luminescence est détectée a ’aide d’un tube photomultiplicateur de photons
et d’une caméra a intensification de lumiére. La luminescence d’un vortex cavitant isolé
a été mise en évidence pour la premiére fois. De plus, des visualisations simultanées de
la luminescence et des ondes de choc ont été accomplies. La luminescence a été carac-
térisée en termes d’intensité, de taux de succés de la détection et de localisation pour
différentes conditions hydrodynamiques. La luminescence du vortex cavitant se traduit
par des impulsions lumineuses de durées variables de 10 ns a 100 ns. L’intensité du vor-
tex est l'un des paramétres déterminants de I’émission. Les visualisations simultanées
démontrent que les sources luminescentes se confondent avec ’épicentre des ondes de
choc. De plus, I’émission de la lumiére et la génération des ondes peuvent étre consi-
dérées comme synchrones avec une incertitude inférieure a 500 ns. Il résulte également
que le stade final de I'implosion est d’autant plus proche de la paroi que I'intensité
du tourbillon est accrue. Ce résultat peut étre extrapolé pour le cas des tourbillons
cavitants transitoires qui sont générés par une cavitation de bord d’attaque. Il explique
comment ’agressivité de la cavitation est accrue lorsque la vitesse de ’écoulement aug-
mente : le collapse des tourbillons cavitants a lieu plus proche de la paroi lorsque la
vitesse de I’écoulement augmente.



Abstract

Among the different negative cavitation effects that are associated with the cavi-
tation presence (efficiency drop, noise and vibrations etc.), cavitation erosion is still
one of the main limiting features in the modern trend towards designing hydraulic
machines with smaller size. Cavitation erosion is particularly undesirable, because it
can act in synergy with other erosion processes like corrosion and sand abrasion, which
all lead to the progressive destruction of blades of runners. Although many studies
attempt to predict the erosion intensity for a given set of hydrodynamic conditions,
existing prediction models still need to be largely improved. Towards the development
of new cavitation aggressiveness models, the context of this present work is to study
the hydrodynamic mechanisms involved in cavitation erosion.

The proposed approach is based on both the study of cavitation impacts and on
the physical investigation of a cavitation vortex collapse. Thus, the whole study can
be divided into two main parts.

Firstly, a study of the cavitation aggressiveness of leading edge cavitation, which one
of the most aggressive cavitation types, is achieved by performing pitting experiments
in cavitation tunnel with two 2D blades of different scale. They are either placed
in a rectangular test section, or in a diverging test section in order to simulate the
presence of a pressure gradient. Material specimens which are exposed to a leading edge
cavitation are analysed with the help of a 3D profilometry. This study has validated the
energetic model by considering the collapse efficiency which represent the global energy
transfer from the vapour structures to the material. It has been shown that the flow
velocity and the pressure gradient are the principal influencing macroscopic parameters
for both stable and unstable leading edge cavitation. Moreover, two different kinds of
cavitation attack can be suggested : the vapour structures that are created at the
water-vapour interface lead to isolated impacts, the large shed transient cavities yield
larger and grouped impacts.

Secondly, the physical study of a cavitation vortex collapse has been carried out.
This involved the cavitation vortex generator of IMHEF for the generation of an iso-
lated vortex. The development of a visualization test section and a high-speed video
shadowgraphy technique has been be required. This study has shown the complex
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hydrodynamic characteristics involved in the collapse of a cavitation vortex. The cavi-
tation vortex collapse leads to an irregular and unpredictable vapour cavity shape at
the final stage of the collapse. The collapse and the associated emission of shock waves
are very local phenomena which can arise from different locations of the same main
cavitation vortex. Estimations of the boundary velocity result in maximum values
greater than 350 m s~ ! at the rebound. As the collapse is not regular, local velocity at
the boundary might be much higher. Furthermore, the reliability of determining the
centre of collapses by using the luminescence phenomenon of the cavitation vortex is
evaluated. Luminescence has been detected with the help of a photomultiplier tube
and an intensified light camera. The luminescence of an isolated cavitation vortex
collapse has been experimentally shown for the first time. Moreover, a simultaneous
captures of luminescence and shock waves have been achieved. The luminescence of
the cavitation vortex has been characterized in the terms of time occurrence, location,
success rate and intensity for variable hydrodynamic conditions.

The luminescence of the cavitation vortex appears as short light bursts with du-
ration down to 10 ns and up to 100 ns. The vortex intensity is a driving parameter
of the luminescence emission. Simultaneous visualizations demonstrate that lumines-
cence sources mingle with the shock waves epicentres. Moreover, luminescence and
shock wave ignition occur within a time interval which is less than 500 ns. As a re-
markable result, the higher the vortex intensity is, the closer to the wall the cavitation
vortex collapse takes place. Furthermore, this main result can be extrapolated to the
case of transient cavitation vortices generated by a leading edge cavitation. It also
explains the increase of the cavitation aggressiveness when the flow velocity increases :
the cavitation vortices collapse closer to the wall when the flow velocity increases.
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Nomenclature

Principal notations

Qg

Cref

moy

speed of sound in water

flow velocity in the cavitation tunnel
flow velocity (diverging test section)
pressure coefficient

pressure coefficient in the main cavity closure region
velocity of the shock wave

collapse distance

dissolved oxygen contents in water

step sampling of the 3-D profilometry

potential energy of vapour cavity

minimal damaging energy of material
deformation energy of material impacts

mean deformation energy of impacts

acoustic energy

shed frequency of macroscopic vapour structures
frequency of the main cavity pulsation

impact depth

mean impact depth at location k

flow angle of incidence

main cavity length

index of refraction

rotation speed of the rotating valve in CVG
number of pits per second

P—Pref
1 2
fpcref

VXTI Y?

number of cavitation impacts at the specimen location k

maximum number of cavitation impacts

number of generated impacts during one time unit and

having the energy Ejy

probability density distribution of the indentation defor-

mation energy having the deformation energy Ejy
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Xiv NOMENCLATURE
n(Vy) probability density distribution of the indentation volume um =3
n(F.) number of generated cavities during one time unit and Jts™!
having the potential energy F.
n(\)  statistical density mtst
D pressure Pa
P4y,  dynamic pressure Pa
Pmez ~ Maximum pressure Pa
po(T) vapour pressure Pa
Dref reference pressure Pa
Poo far field pressure Pa
P1 pressure at the convergence inlet of the cavitation tunnel Pa
j) pressure at the test section inlet of cavitation tunnel Pa
P, cavitation erosive power W
P, deformation power w
Q flow rate in CVG [s1
R,y ~mean impact radius um
Ry cavitation impact radius um
R, equivalent radius of vapour structure mm
R, radius of shock wave mm
T time duration of a pitting test S
T temperature °C
te, 1. collapse time of the cavitation vortex s
tmez ~ time of the maximum pressure peak 1S
t, collapse time of Rayleigh 5
twin start of the integration period of the IC LS
Vy volume of impact um3
Vimoy ~mean impact volume um3
Vagim  minimum measured volume um?
v, volume of a vapour cavity mm?
Ve, V! boundary velocity of cavitation vortex ms~!
X coordinate of the CVG test section mm
X median median distance, X test section axis (wall distance) mm
Xmean mean distance, X test section axis (wall distance) mm
Y coordinate of the CVG test section mm
Ynedian median distance, Y test section axis mm
Yean mean distance, Y test section axis mm
AP overpressure induced by a shock wave Pa
o,0'  cavitation coefficient o=21, i_pg’g(T) —
T collapse time of Rayleigh o 1S
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NOMENCLATURE XV
7v(k) mean pitting rate at location k mm =25t
mv(k) mean deformation volume rate at location k pm3mm =2 s7!
Te(k) mean energy deformation rate at location k Jmm™2s7!
e averaged pitting rate by interpolation mm=2s7!
e averaged energy deformation rate by interpolation Jmm 2 st
H averaged volume deformation rate by interpolation um?mm 251
Neo collapse efficiency Zgﬁ; -
A = A\, main dimension of the vapour cavity in flow direction m
Azy,. Mmain dimensions of a vapour cavity m
r vortex intensity in CVG m
Constants
G electric voltage of the QUICK 05A © camera [0-1000] V
hyim depth cut-off parameter of the 3D profilometry 2 um
k index of profilometric measurement zone along the 2D —
blade chord 10%-90%
D;, diameter of the flow inlet in CVG 8 mm
D, diameter of the cylindrical chamber in CVG 80 mm
L hydrofoil chord length 60mmé&100mm
Lx, Ly dimensions of profilometric measurement locations 3mmdé&dbmm
Nim  diameter cut-off parameter of the 3D profilometry 3
Abbreviations
CCD  Charged Coupled Device
CS Cranz-Schardin camera
CVG  Cavitation Vortex Generator
IC Intensified light camera QUICK 054 ©
PMT Photomultiplier tube
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Introduction

Context

Cavitation definition

The cavitation is the thermodynamic phenomenon that defines the transition
from the liquid state to the gas state with no external heat source (Batchelor, 1967).
Cavitation corresponds to a discontinuity of the fluid continuum, which takes the form
of vapour cavities. Initialised by the presence of nuclei in the fluid (micro-bubbles,
solid particles etc.), vapour cavities appear in liquids when the pressure p is lower than
a critical value p.(T), which approximately corresponds to the vapour pressure of the
fluid p,(T). The cavitation is therefore conditioned by an absolute pressure condition
given by :

p < pe(T) with p.(T) = p,(T) [Pal

These vapour cavities disappear violently under a surrounding recompression. As a
more global definition, cavitation is defined as the history of appearance and disap-
pearance of these vapour cavities. Cavitation is observed in water or in other liquids
as long as the cavitation condition is fulfilled. This can occur in flow regions where low
pressure is reached because of local high velocities, and by local vortices or pressure
fluctuations due to flow shears, acceleration etc.

Types of cavitation
Bubbles and vortices

Cavitation can appear in the form of isolated bubbles, clouds of micro-cavities or
vortices. Cavitation bubble is for example met close to underwater ultrasound trans-
mitters or in hydraulic turbines working at best efficiency point under low Thomas
numbers. The occurrence of such a cavitation is very sensitive to nuclei contents in
water. Moreover, the presence of complex vapour structures and vortices is typical
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Figure 1: Generation mechanism of transient vortices from Avellan et al. (1988)

of many high velocity turbulent flows. Important examples of flow-cavitation inter-
action include cavitation in shear layers, boundary layers, the wake behind leading
edge cavitation, the shear layer of submerged jets etc. These vapour structures can
be generated from the interface of an attached cavitation and interact with the flow
itself. A schematic of the generation mechanism of cavitation vortices in the closure
region of leading edge cavitation on a 2-D blade is proposed in figure 1 (Avellan et al.,
1988; Dupont, 1993). In this illustration, the important role of the flow vorticity in the
attack process of cavitation is also introduced. According Kelvin’s theorem, the vapour
structures which extend along the vortex tubes, can end on the blade surface and thus
cause erosion. Accordingly, the intensity of theses vortices govern the location of the
collapses and therefore has an influence on the aggressiveness of the vapour structures.

Attached cavitation

Cavitation can be attached to a solid boundary like tip vortex or leading edge
cavitation on blades. This is for example the case for the blades of ship propeller, pump
impeller or turbine runners. For this type of cavitation, in addition to the pressure
condition and nuclei population, the cavitation appearance is strongly influenced by
the surface roughness from which the cavitation detachment is observed. Moreover,
physical and chemical properties of material of the solid surface can strongly influence
the detachment as well.
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Cavitation erosion in hydraulic machines

Among the different negative effects that are associated with the cavitation presence

(efficiency drop, noise, vibrations etc.), cavitation erosion is still one of the main limi-
ting features in the modern trend towards designing hydraulic machines with smaller
size. The diminution of the size of hydraulic machines, which is motivated by the
reduction of the cost of construction while keeping high performance machines, results
in an enlargement of cavitation by increasing the relative flow velocity.
Cavitation erosion is particularly undesirable, because it can act in synergy with other
erosion processes like corrosion and sand abrasion, which all lead to the progressive
destruction of blades of runners. It is easy to understand the interest, on the one hand,
for learning about erosion process, and on the other hand, for improving cavitation flow
calculation in hydraulic machines. This will help to design hydraulic machines with
an acceptable erosion rate. In addition, the prediction of location of erosion will assist
turbine suppliers for an optimisation of the protective coatings on blades. Thus, one
can expect to reduce the cost of maintenance and the associated cost of a premature
shut down.

State of the art

Erosive situations

Experimental studies have allowed the erosive cavitation flow situations to be identi-
fied. This has been done by comparing observation of damages on blades of prototypes
with cavitation patterns as found on the corresponding model in the laboratory. It is
now accepted that leading edge cavitation is one of the most erosive cavitation types.
However, the complexity of cavitation flows and their associated physical phenomena
push to develop experimental investigating tools that simulate simpler hydrodynamic
conditions of cavitation flows. Avellan & Karimi (1986) have compared erosion pat-
terns obtained with different cavitation devices with erosion observed in Francis tur-
bine model. It appears that such devices, as for example the cavitation water tunnel
and the cavitation vortex generator, are suitable for erosion tests on material owing
the strong similarities of physical characteristics of cavitation impacts in the turbine
model as compared to those in the cavitation devices. Many authors have proposed
to simulate cavitation erosion of hydraulic turbine runners or propellers on 2-D blades
in a cavitation tunnel. Through visualisations of leading edge cavitation and erosion
measurements on blades, many authors agreed with the fact that erosion is due to the
repeated collapses of transient cavities in the closure region of back pressure collapse
(Farhat, 1994; Avellan et al., 1988). According to these studies, leading edge cavity can
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be segregated into two classes : it is defined as stable when the length of the sheet cavity
does not vary significantly with time, and as unstable when only an average length can
be given. This latter mode is characteristic of large vapour structures shedding that
are transported by the flow. This mode also corresponds to the highest erosion rates
that have been measured by using an electro-chemical technique (Chincholle, 1988;
Simoneau et al., 1989), or by using a pitting technique (Pereira et al., 1995).

Prediction of cavitation aggressiveness
Cavitation erosive power

Although many studies attempt to predict the erosion intensity for a given set of
hydrodynamic conditions, existing prediction models still need to be largely improved.

Thiruvengadam (1971) proposed erosion prediction laws by considering the influ-
ence of the principal hydrodynamic parameters of the flow on erosion ; but the proper-
ties of material are not taken into account in this model. This gap was filled by Kato
et al. (1978), who established a relation between impact erosion through the "Mean
Depth of Penetration Rate”, flow velocity, a characteristic length scale of sheet cavity,
and material resistance. On the whole, the modern trend in erosion modeling is princi-
pally based on an energetic approach, which has been introduced by Hammitt (1963),
and more recently improved by Avellan et al. (1991); Farhat et al. (1991); Pereira et al.
(1998).

The energetic approach is based on the hypothesis of the potential energy of
macroscopic vapour structures. The aggressiveness of a vapour cavity is supposed to
be proportional to the potential energy E. , which can be defined as the product of
the maximum volume V, of the vapour structure by the pressure driving the collapse

(pma:r ) (T) ) :

Ec = (pmax — Dv (T))V; [J]

Considering the shed frequency f. of the macroscopic vapour structures, the dissipated
power of cavitation is given by :

chc = (pmax - pv(T))‘/;fc [W]

Considering the particular case of a strong unstable leading edge sheet cavitation on
2D blades, the main pulsation of sheet cavity as well as the shed frequency of large
vapour structures, are governed by a Strouhal law (Farhat et al., 1992). Assuming that
the volume of shed vapour structures is proportional to the volume of the sheet cavity
length, the application of the energetic model is straight forward.

In a more general case, one can postulate that the aggressiveness of a cavitation flow
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is correlated with the sum of energetic contribution of cavities of different volumes,
which can be generated at different rates. Thus, the cavitation erosive power term P,,
is thought as an integral form and defined by :

Em
P, = / F.a(E.)dE, [W]

where E; be the minimum energy of the cavity yielding the plastic deformation of
material, E,, the maximum cavity energy, and 7n(€) the number of generated cavities
during one time unit and having the potential energy E.. Material properties are here
taken into account by assuming that the minimum cavity energy is equal to the plastic
deformation threshold of the material. This energetic model has been used by Pereira
(1997) who has proposed a formulation for the energy spectrum 7 (¢) in the case of a
symmetric 2-D blade.

In fact, the energetic approach model has two main advantages :

1. Firstly, although the cavitation erosive power depends explicitly on the back
pressure at the collapse point and on the production rate of cavities, it is expressed
as a function of macroscopic parameters of the flow, which are in the case of a 2-D
blade the upstream velocity Cy.; , the cavity length [, , the cavitation number
o and the blade incidence i. Consequently, the cavitation power model can be
scaled up for variable hydrodynamic conditions of leading edge cavitation.

2. Secondly, the cavitation erosive power can be compared with the deformation
power P, . This can be estimated by considering all deformation energies F,; of
measured cavitation impact on material per unit time. Moreover, this model can
be improved by considering the collapse location of vapour structures.

Collapse efficiency

Cavitation erosion process involves complex micro-hydrodynamic mechanisms
which may be strongly governed by the flow itself. Consequently, the prediction of
material damage due to the repeated collapses of cavities (or clusters of cavities) is a
rather difficult task from a deterministic point of view. Nevertheless, the global trans-
fer of energy from all cavities to the material can be thought as being a stochastic
process, which can be characterized by the collapse efficiency.

Considering the number of generated cavities n(F.) having the potential energy E,
during a unit time, and the number of impacts n(E,;) having the deformation energy
E4 per unit time, the collapse efficiency 7., is defined as the ratio n(E;) /n(FE.) . By
definition, the collapse efficiency represents thus the global transfer of energy between
the vapour structures and the material. This transfer includes the loss of cavity energy
during the collapse, the wall distance of the collapse and the cavity energy (bubble,
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cavitation vortex, cloud cavitation). The few results show that this collapse efficiency
strongly depends on material and flow conditions (Pereira, 1997; Pereira et al., 1998).
The main advantage of the collapse efficiency approach is that the vapour structures
and the cavitation impacts are explicitly linked from a statistical point of view.

Physical mechanisms involved in cavitation collapse
Hydrodynamics of cavitation attack

Even though it is assumed that cavitation erosion is due to the collapse of vapour
cavities near the solid surface, the mechanisms by which it is caused are not fully
understood. In order to understand the physics involved in cavitation erosion, the
collapse of isolated cavities have been studied using different techniques. Bubbles can
be positioned using thin wires (Brunton, 1967; Coley & Field, 1973; Shima et al.
1983) or bubbles of chosen gas content can also be attached to surfaces (Chaudhri &
Field, 1974; Tomita, Shima & Takahashi , 1983; Tomita, Shima & Ohno , 1984). The
bubbles can be produced by electric discharges (Naudé & Ellis, 1961; Tomita & Shima,
1986), or by focusing laser pulses (Vogel et al., 1989; Brujan et al., 2001). Moreover,
controlled planar shocks have been passed over cavities using flyer-plate methods (Dear
& Field, 1988; Bourne & Field , 1992) where cavities are positioned in a gel.

High-speed visualisations have allowed physical mechanisms involved in cavitation
erosion to be recorded. These are shock wave emission due to compressibility effects of
water or high velocity micro-jet generation due to the asymmetrical collapse of an initial
spherical bubble located near a solid boundary. Both phenomena come with the last
stage of cavity collapse and act as intense microscopic singularity loads on the material
and they are therefore directly involved in cavitation erosion process. The intensity
of such pressure impacts due to supersonic rebounds of bubble collapse has also been
numerically estimated by Hickling & Plesset (1964) and Fujikawa & Akamatsu (1980),
leading to overpressures as high as 1 GPa. More recently, thanks to numerical fluid-
solid simulations of the impact response of an elastoplastic medium, Fortes-Patella
& Reboud (1998) pointed out that the calculated pit deformations fit well with the
observed indentations if a spherical shock wave pressure impact is assumed. These
simulations have also shown that the global energy transfer associated with one cavity
depends on many microscopic parameters such as the distance of the collapse, the
overpressure amplitude and the transit time of wave on solid boundary. In addition, it
is well known that collapse of cloud of vapour cavities, in which many collapses interact,
can be the source of more intense overpressure impact (Bark & Berlekom, 1978; Wang
& Brennen, 1996).

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



Introduction 9

Bubble collapse

A rapid overview of history on solution and calculation progresses in the final stage
of a collapsing bubble can be presented, see also Brennen (1995).

Rayleigh (1917) studied the collapse of a vapour bubble filled with a void, and the
created field in an incompressible fluid, at rest, and where the driving pressure does
not vary with time. The main step towards bubble dynamic was the introduction of
a variable external driving pressure, and of the influence of the surface tension and
viscosity (Plesset, 1949). This has led to the so-called Rayleigh-Plesset equation (RP),
which allows to calculate the time evolution of a spherical bubble radius R(t). In
addition to the RP equation, considerations of a gas in the bubble (polytropic gas
when neglecting thermal effects) can be made in order to improve the model.

However, the final stage of the collapse involves such high velocities (and pressures),
so that the assumption of liquid incompressibility may be no longer appropriate. Her-
ring (1941) introduced the first-order correction for the liquid compressibility, assuming
the bubble wall Mach number was much lower than unity and neglecting any conden-
sable gas and thermal effect so that the pressure in the bubble remains constant. In an
attempt to give higher order approximation, the so-called Kirwood-Bethe hypothesis
(Kirkwood & Bethe, 1942; Cole, 1948), has been used by Gilmore (1952). He studied
the collapse and rebound of a bubble that contains ideal gas, by considering isentropic
compression. Later, Hickling & Plesset (1964) were the first to give numerical solutions
which describe the flow in the vicinity of a collapsing bubble. They explored the for-
mation of pressure waves or shocks during the rebound phase. They also showed that
the primary importance of liquid compressibility is not the effect it has on the bubble
dynamics, but the role it plays in the formation of the shock. Other numerical calcula-
tions have since been carried out by Fujikawa & Akamatsu (1980), whose results are in
accordance with the results of Hickling and Plesset : the 1/r decay of the amplitude of
a spherical shock wave pressure is also valid for the non linear domain in the vicinity
of the collapse centre. In this area the effects due to the dissipation of sound energy is
balanced for by the development of a shock wave front.

Sonoluminescence

It is nowadays assumed that light can be emitted when an initial air bubble is
excited by a superimposed sound field. This phenomenon is known as sonolumines-
cence. Discovered in early 30-40’s, this phenomenon presents an increasing interest in
science. This is still studied and used in many fields of application : sonochemistry,
auto-ignition phenomena in commercial explosive (Field et al., 1992) etc. For a review
of sonoluminescence, see Walton & Reynolds (1984). The light emission may also be
induced by cavitation of the liquid. Some workers dealt with a cavition luminescence
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which is caused by the rapid collapse of a bubble or a group of cavitation bubbles, see
Dear et al. (1988), Bourne & Field (1992) and Field (1994). More recently, research on
single-bubble sonoluminescence (SBSL) pushes again the interest for bubble collapse.
In these experiments, the sensitivity to experimental parameters (temperature, driving
acoustic pressure, dissolved gas, etc.) has been studied. Moreover, the characteristics
can be explained by a hydrodynamic approach of bubble collapse. In these theoreti-
cal studies, the bubble wall dynamics is described by RP equation (Hilgenfeldt et al.,
1998), which can be for example supplemented by a van der Walls gas with a constant
specific heat (Wu & Roberts, 1994). Then, the strongly supersonic collapse suggests
that an imploding shock wave is launched into the interior of the bubble as the outer
bubble radius decreases. Thus, the gas within the bubble is intensely heated and lumi-
nescence is generated (Hilgenfeldt et al., 1998; Wu & Roberts, 1994). A recent review
of sonoluminescent bubbles is given in Putterman & Weninger (2000).

Proposed approach

Problematic

The context of this present work is the study of hydrodynamic mechanisms involved
in cavitation erosion towards the improvement of the cavitation aggressiveness mo-
dels. The energetic models appear to be well adapted to the cavitation aggressiveness
prediction because of their ability to conciliate both fluid mechanics and metallurgical
aspects of the erosion problem.

Moreover, in order to improve these energetic models, one must determine how the
macroscopic parameters of the flow can influence the energy transfers from the fluid
to the material. In the case of leading edge cavitation, the macroscopic parameters
of the flow are the flow velocity, the pressure gradient, the cavitation coefficient and
the main cavity length. Starting from the potential energy of the vapour structures,
energy transfers include the acoustic energy dissipated during the collapse, the energy
furnished to the material and the fluid-solid response to the overpressure impact. Thus,
the corresponding microscopic parameters respectively are the shock wave characteris-
tics, the distance to the wall of the shock wave epicentre and the material properties.
This leads to the postulate :

Postulate

In order to improve the energetic models, the potential energy of a
vapour cavity has to be weighted by the distance from the centre of the
collapse to the wall.
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Figure 2: Problematic and approach

Approach

The proposed approach will be based on both the study of cavitation impacts on
2-D blades and on the physical investigation of a cavitation vortex collapse. Joint re-
sults will be proposed in the end of this work, thus the characteristics of the isolated
cavitation vortex created in the cavitation vortex generator will be assumed compa-
rable to those of transient vortices generated in the closure region of the leading edge
cavitation on 2-D blades.

The study can be represented by the diagram in figure 2. It is divided into two
main parts.

1. Firstly, a study of the cavitation aggressiveness on 2-D blades is achieved by
pitting experiments in the cavitation tunnel of the IMHEF. Pits will be analysed
by using a 3-D profilometry technique. The results will provide important insights
in how the macroscopic parameters of the flow influence the pitting rates and the
collapse efficiency, and what are the main impact characteristics (morphology,
volume and energy).

2. Secondly, unlike most of former studies which deal with spherical cavities disre-
garding the flow interaction, the investigation of the physical characteristics of
the final stage of the collapse of a cavitation vortex will be carried out. This
will involve the cavitation vortex generator of the IMHEF for the generation of

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



12 Introduction

an isolated cavitation vortex. In addition, the development of a 4-windows test
section and a high-speed video shadowgraphy technique will be required. On the
basis of high-speed visualisations, the cavitation vortex characteristics at collapse
time as well as the emission of shock waves can be determined. Furthermore, the
luminescence phenomenon associated with the collapse will be used to determine
the averaged collapse location. Finally, simultaneous captures of the shock waves
and the luminescence will be achieved in order to determine the collapse time, and
verify whether the centre of collapses corresponds to the location of luminescence
sparks.

The present work will be presented as follows. Experimental facilities are described
in part I. These are the cavitation tunnel and the cavitation vortex generator. The
associated instrumentations, the pitting technique and the visualisation systems are
also presented. The results of the pitting experiments are available in part II. The
physical investigation of the cavitation vortex collapse is developed in part III. This
study is split into three chapters : the luminescence of the cavitation vortex, the phys-
ical characteristics of shock waves and cavitation vortex cavities, and the simultaneous
captures of shock waves and luminescence. Part IV gives the conclusions and the work
perspectives.
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Experimental techniques and facilities
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Chapitre 1

The cavitation vortex generator

1.1 Principle of operation

The cavitation vortex generator (CVG) is a laboratory facility which has been
designed to test the resistance of different materials to cavitation erosion. Moreover, it
has been optimised to study the mechanisms of formation and collapse of a cavitation
vortex. Created vortices are actually similar to those observed in cavitation flow. In
addition, erosion patterns obtained with the CVG are in good agreement with those
obtained with a cavitation water tunnel and a Francis turbine model (Avellan & Karimi,
1986).

The principle of operation of the CVG is to produce a cycle of low-pressure and high-
pressure waves in a vortex flow using a rotating valve. The vortex flow is generated in
a cylindrical chamber D, = 80 mm fed by a tangential flow inlet which enters through
a pipe Dy, = 8 mm in diameter (see figure 1.1). This chamber is prolonged on one side
with a prismatic test section in which the created vortex ends and where visualisations
are performed. On the other side of the chamber, the flow goes in a downstream pipe
24 mm in diameter.

While the valve is open, a rotation is promoted in the test section and the down-
stream pipe. As the valve closes, a "water hammer” pressure is created, and a low-
pressure wave then propagates in the test section and its downstream pipe. Due to
this, a vapour core is created on the vortex axis, tending to extend to the entire radius
of the pipe. The closure duration of the valve which depends on the rotational velocity,
limits the expansion of the vapour core. When the valve opens again, the pressure
wave coming from the upstream vessel causes the vapour cavity to collapse violently
(Avellan & Farhat, 1989; Farhat, 1994).

The whole CVG, illustrated in figure 1.2, is a closed loop consisting of the test
section, the rotating valve, a low and high-pressure vessels and a circulating pump. The
circulating pump draws water from the low-pressure vessel through the heat exchanger.
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Figure 1.1: 4-windows test section

Both the low and high pressure vessel play the role of decoupling chambers to reduce
the pressure pulsations in the circuit.

1.2 Test section

1.2.1 4-windows test section

The visualisation part of the test section has been optimised. Substantial efforts
have been made to allow simultaneous visualisations from two perpendicular axis to
be performed. A global view of the bulk flow of the entire test section with is given
in figure 1.1. The end of the test section is a prismatic chamber resulting from the
intersection of 4 windows : 2 rectangular prism glasses and 2 cylinder glasses. These
are mounted in metal sleeves, which are fixed to a mono-block structure. An accurate
design of the structure allows the volume to be closed, with 2 parallel faces formed by
cylinders, and 2 faces with an angle of 3.72° formed by rectangular prisms. The glasses
are BK7 type with an anti-reflecting coating on the glass-air interface in order to limit
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Figure 1.2: The Cavitation Vortex Generator (CVG)

Fresnel losses. Thus, high quality visualisations through 2 perpendicular axes can be
achieved.

Finally, test specimen is presented as a cylinder in 12 mm diameter, and is mounted
in a socket which is screwed at the extremity of the structure. In order to measure
pressure transients during the collapse, material sample can be replaced by a pressure
transducer. This is a Kistler® 601A type, with a 0-20 M Pa range, a natural frequency
of 130 kHz, and a rise time of 1 us.
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1.2.2 2-windows test section

The 2-windows test section components are depicted in figure 1.3. Visualisations
along an horizontal axis can be achieved owing to a set of shaped glasses which is
placed between metal parts of the test section. The resulting bulk flow is the same
than which is described in the previous paragraph.
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Figure 1.3: 2-windows test section

1.3 Hydrodynamic parameters

The hydrodynamic parameters of CVG are the flow rate @), the cavitation number
o and the rotation speed of the valve N. Pressures are measured with 2 piezo-resistive
pressure transducers in both the high-pressure vessel, and the low-pressure vessel. The
hydrodynamic parameters (Q and o can be expressed as a function of pressures p; and
pe by introducing the head loss coefficient of the circuit K :

OQ=KA, |2 ;pQ with K = 163.5 10° , A= (2in)? . (1.1)
P2 — Du T
_22—nll) (1.2)
§P(X)

The maximum flow rate is 0.76 [ s~! for an upstream pressure of 0.84 M Pa. The vortex
intensity is defined by the circulation I' :

D
[ =270% 1.
oA (1:3)
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1.4 Low level light detection

1.4.1 Photons detection

Photons are detected using a photomultiplier tube (EMI-Gencom Inc. B-289 F),
which is coupled with an electronic peak detection system EG&G 5C14 via a preampli-
fier with rise time of 1.5 ns. Photons are detected by pulses of 5 ns duration. The signal
is then stored with an oscilloscope LeCroy® 9304 100 M Hz with 8 bits resolution.

1.4.2 Intensified light camera

An intensified light video camera is used to visualise the luminescence sources.
This camera is a QUICK 05A © model. It consists of a Phosphor Micro Channel Plate
(MCP) for the light amplification stage, which is coupled with a video CCD (Charged
Coupled Device) image sensor via a high quality optic. This camera is able to detect
light of wave lengths within a 300-820 nm bandwidth and the maximum quantum
efficiency is 20% at 400 nm. The electric shutter can be driven by a TTL signal, and
the time delay for effective triggering is 30 ns.

th .
Fsynch > < tf :
+Trig o B i
[ Tt — —
INt/EXtGtP P o :
| | Z
I o ’
. " T

tD :time delay (O - 8s, with minimum 50 ns step  Fsynch : TTL output, synchronous to internal

and minimum 30 ns propagation delay) video camera synchro
tb : blanking period approx. 1.5 ms + Trig . Input for pos. edge trigger (1V - 25 V)
ts : shutter time (50 ns resolution) Int/ExtGtP : control of shutter, internal mode,
teff : effective time exposure negative logic TTL

tf : field time 20 ms
Tt : trigger time

Figure 1.4: Time diagram from the intensified camera : electric shutter & video cycle
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20 The cavitation vortex generator

The video signal has 290 TV lines of 752 pixels (frame scan mode). It can be noted
that 1.5 ms over 20 ms are devoted to the blanking period of video cycle of the CCD.
Thus the light is not integrated during this period, and a test on TTL level of the video
synchronization signal Fj, ., is therefore performed to validate image acquisition. A
time diagram of electric shutter and video cycle is given in figure 1.4. The frames are
grabbed on a PC using a Matror® Genesis frame grabber.

1.5 High-speed visualisations

1.5.1 The Cranz-Schardin camera
Specifications

In order to visualise the high-pressure gradient produced during the very last mo-
ments of cavitation vortex collapse, a shadowgraphy technique is used.
The principle of this system is still very close to the original Cranz-Schardin camera.
Substantial efforts have been made to replace the photosensitive film by a set of CCD
image sensors. This camera takes advantages both of the versatility of digital images
for processing and the simplicity of the Cranz-Schardin camera (Couty et al., 1998).
This system, as well as a visualisation example are presented in figure 1.5.

N

=N . , |, g .

Figure 1.5: Collapse of a bubble created by a spark in water, 5 10° frames per second

Short duration light sources are provided by a set of spark generators which have
a mean time exposure of 300 ns. Discharges are controlled by an electronic time unit,
which provides an adjustable spark rate of 1 kHz to 10 M Hz. As the maximum jitter
is 200 ns, a fast photodiode EG&G FND 100 is used to detect exact occurrences of
flashes. Sparks are considered as punctual light sources and are placed at the focal
plane of a long focal lens f = 1600 mm (object plane). The optical bench allows the 8
shadowgraphs to be formed on 8 achromatic objectives fi = 380 mm, which are placed
at the conjugated plane. This arrangement allows images to be focused on a set of 8
image planes of individual CCD video cameras with an optical magnification of 0.29.
Mechanical mount allows fine adjustment of each camera for focal plane positioning.
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Figure 1.6: The Cranz-Schardin video shadowgraphy system
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Figure 1.7: Electronic design of the Cranz-Schardin video system
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Trigger to Cranz-Shardin
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| S |

Vsynch to frame grabber

\

—
—
—
—
—
—

\

Trig INT/RO to CCD

Integration

|
|

period 17 ms | ' period
. < ;I: 20 ms
:

i

T

T3

Asynchronous trigger to spark control unit (1 V AC)
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Figure 1.8: Time diagram from the Cranz-Schardin video system

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



I.1.5 High-speed visualisations 23

Video acquisition

The video system is composed by a PC computer equipped with a Matrox Genesis
frame grabber, a digital I/O data card for synchronization purposes, 8 CCD images
sensors and a video control unit. A global synoptic diagram of the video system is
given in figure 1.7, as well as time diagram figure 1.8.

The CCD cameras are Philips FTM 800 model. The image sensor is a progressive frame
type with 754 x 575 pixels. A remote control of the gain and black level allows image
sensors to be well adapted to the intensity delivered by spark flashes. Each came-
ra, normally running in a continuous non-interleaved mode, can be asynchronously
triggered in order to start its integration period of 17 ms duration. This is achieved
through a TTL pulse applied to INT/RO input of the CCD camera. The delay for
effective integration is 200 us. After the integration period is completed, the frame is
transferred in the storage section of the image sensor and can be retrieved for grabbing
by applying a second TTL pulse on the INT/RO input.

Acquisition can be armed on an asynchronous event, which is given by a TTL sig-
nal to the PC. After flashes emission, and when integration period of image sensors
is achieved, frames are sequentially retrieved by the frame grabber. The frame grab-
ber digitiser is adapted to video specifications of CCD modules and dimensions of
grabbed images are 754 x 288 lines with 8 bits resolution. It has to be noted that
the frame grabber functions as "slave” under an asynchronous reset mode. Therefore,
video synchronization signals Hgy,e, (from the CCD modules) as well as Viynen, and
an asynchronous reset signal (generated by I/O card) must be supplied to the frame
grabber.

1.5.2 Calibration procedure

The calibration of the sequences of the Cranz-Schardin camera is achieved. The
image of the QUICK 05A © camera has to be calibrated as well. By that way, simul-
taneous visualisations from the two perpendicular views of the test section allow the
physical coordinates of an object to be retrieved. The calibration procedure is per-
formed in 3 steps.

1. The image scale factors for each frame have to be solved. This is achieved by
placing a calibration target with 100 reference points in the test section (see
figure 1.9). The distortion is negligible, with less than 1 pixel difference over the
entire test section. The mean values of image scaling factors for the two axes are
equal to 34 pizels/mm and 17.2 pizels/mm.

2. Alignment of the frames of a reference sequence is obtained by an intercorrelation
method. The vertical and horizontal displacements as well as the rotation of
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target frames are calculated by comparing the location of a unique model, taken
from the first frame, with its actual location in target images. The unique model
is chosen from any location in the source image as long as the model is known to
appear in shifted target image. The model is in our case given by the shadow of
a screw of 2 mm in diameter. The screw is centred at the epicentre of cavitation
impacts on a test specimen, which actually does not correspond to the centre of
the test specimen.

This step of the alignment procedure is necessary because the test section borders,
which are deformed due to parallax effects, cannot be taken as the screw as a
target for calibration. As examples of a non aligned reference sequence and the
corresponding calibration result, see figures 1.10 and 1.11 . In these sequences,

the first 7 frames come from the Cranz-Schardin camera, and the eighth frame
comes from the QUICK 054 © camera.

Figure 1.10: Reference sequence before the alignment procedure

FRTEERAERERTRTRED

Figure 1.11: Reference sequence after the alignment procedure

3. Because of line synchronization jitter which is due to a peculiar characteristic of
the FTM 800 video signal, all sequences must be aligned individually for each
acquisition. As the screw model cannot remain in test section during experiments,
the intercorrelation method is therefore applied between the reference sequence,
and the current sequence. Alignment is performed by comparing models (for
example the border of test section) in frames of the reference sequence, with
their actual locations in the current sequence.
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Chapitre 2

The cavitation tunnel

2.1 Description

The high-speed cavitation tunnel of the Laboratory for Hydraulic Machines (Avellan
et al., 1988), is a closed circuit (figure 2.1) which allows cavitation flows on a blade to
be generated. The maximum velocity in the test section is 50 m s~!. It is obtained
using a pump which is driven by a 500 kW electric DC motor. The velocity, as well as
the static pressure with a maximum of 1.6 M Pa are controlled.

@ IMNEF

Figure 2.1: The high-speed cavitation tunnel
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26 The cavitation tunnel

The hydrodynamic parameters are accessible from ETHERNET (TCP) network
with a refresh rate of 4 Hz. The operation parameters are the following :

e p; : measured pressure at the nozzle inlet ;
e py : measured pressure at the test section inlet ;

e (s : upstream velocity at test section inlet :

P1— D2

Crer = ¢ (2.1)
where ¢ is the contraction ratio
e 0 : cavitation number defined by :
P2 — Dv T
0 = A y Dref = D2 (22)

1 2
§pcref

where p,(T') is the vapour pressure of water at temperature T ;

i : blade incidence ;

e T : water temperature during tests.

2.2 Parallel test section

The parallel test section geometry is represented figure 2.2. It has a square section of
150 mm x 150 mm of 750 mm length. Three over the four faces of the test section are
equipped with Perspex windows for easy visualisations. The incidence system, which
is constituted of an indented wheel and a endless screw, is hold by a brass scuttle. x

2.3 Diverging test section

A diverging test section has been realized in order to simulate an additional pressure
gradient in the test section. It is an adaptation of the parallel test section, on which
Perspex pads have been added. Moreover, the metal scuttle which holds the 2-D blade
has been flipped (compare figure 2.2 and figure 2.3). The leading edges of pads are
elliptic 2-D blades. The diverging angles are 7° for the top pad (suction side of blade),
and 9° for the bottom one. By this way, a restricted section of 0.10 m x 0.15 m can
be obtained. This allows a 2-D blade to be placed in a diverging section. By simply
considering the ratio between the restricted section height at the leading edge of the 2-D
blade and the parallel inlet section, the upstream velocity is equal to C;,,=(0.15/0.11)
Cref-
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Figure 2.3: Diverging test section of the cavitation tunnel
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28 The cavitation tunnel

2.4 Pitting experiments

2.4.1 Experimental 2-D blades

Two 2-D blades of 100 mm and 60 mm chord are used for pitting experiments.
These are NACA 65012 type (see figure 2.5) and they will be referred in the document
as the full scale and the small scale 2-D blade. The 2-D blades are made of stainless
steel and includes inserted specimen of material polished down to mirror (Copper,
Aluminium, stainless Steel). The width of test specimens are 10 mm for the small
scale 2-D blade and 30 mm for the full scale 2-D blade (see figure 2.4). As the leading
edge cavitation pattern is sensitive to surface defect, the sample geometry is obtained
by an accurate electro-erosion machining. Test specimen are glued with cyano-acrylate
and removed by 400 °C' heating. Although the geometric discontinuity of the leading
edge is limited, the leading edge cavitation still presents a non-uniform detachment of
leading edge cavity that leads to the generation of shed vortices. In order to overcome
this problem, it has been decided that an adhesive tape will be placed from the trailing
edge of the pressure side to the beginning of leading edge of the suction side (see
figure 2.5). The adhesive guarantees a continuity of pressure side, which has holes
initially used for sample fixing.

2.4.2 3-D profilometry

Cavitation aggressiveness can be estimated by using impact densities (or pit number
rates) observed on material surfaces marked by cavitation during the incubating period.
Progress in the field of complex surface analysis provides us extended data about the
geometric characteristics of the cavitation marks.

Test specimen are analysed with a 3-D laser profilometer (type UBC14 from
UBM®) at defined locations which are represented in figure 2.6. The surface is scanned
with a step ds = 5 pum for the full scale 2-D blade and ds = 3 pm for the small scale
2-D blade. A 50 pum depth range and a depth accuracy of 0.02 um are set. In order to
eliminate the geometric curvature, a four-degree polynomial is fitted and is subtracted
to the original surface data.

The surfaces are treated with the software UBsoft. Surfaces are smoothed in order
to eliminate eventual outlier points. Then, each mark is identified if it is deeper than
the threshold level parameter hy;,,, and larger than the threshold diameter Ny;,, x ds.

The geometric characteristics of the impacts are measured. The acoustic energy
associated to each pit is also calculated by using an inverse fluid-solid modelling, pro-
vided by the software ADRESSE (Fortes-Patella, 1994). The acoustic energy is as-
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Figure 2.4: Experimental 2-D blades NACA 65012
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Figure 2.5: 2-D blade NACA 65012

Adhesive tape

sumed proportional to the deformation energy Ej; , the calculated acoustic energy F,
will be noticed to E4 in the results. The calculated variables are the followings :

e relative coordinates (Xi,Yi) of impacts at measurement location k ;

e geometric characteristics of impact : radius Ry, depth H ;

e impact volume Vj ;

e acoustic energy F,, which will be assimilated to deformation energy E, .

Assuming an axisymmetric shape of the impacts, their volume can be approximated
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by a cone. Thus the theoretical volume Vy;,,, can be calculated :
Vaiim ~ g.hlim.(Nlim x ds)? (2.3)

The values of the cut-off parameters hy;,,, and Ny, as well corresponding cut-off volumes

are given in table 2.1.

Full scale 2-D blade | hy;,, = 0.2um | Ny = 3 | ds=bum | Vagim = 47pum?
Small scale 2-D blade | hy,, = 0.2um | Ny, = 3 | ds=3um | Vaim = 17um?

Table 2.1: Cut-off parameters of the 3-D profilometry measurements

A database is associated with each zone of measurement. It includes the list of
identified pits with their position and geometric characteristics. A procedure has been
developed to analyse the results of the 3-D profilometry. This procedure includes lo-
cal (each measurement location) and global (all measurement locations) pitting and
deformation volume rates as well as the area damaged by the cavitation for each mea-

surement location.
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Figure 2.6: Location of analysed zones on an experimental specimen

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



Part 11

Cavitation aggressiveness on 2-D
blades

EPFL-IMHEF-Laboratoire de Machines Hydrauliques






Chapitre 3

Purpose

The objective of these experiments was originally to obtain experimental corre-
lations, which link hydrodynamic parameters of cavitation flow (flow velocity, pressure
gradient, blade incidence, ...), as well as the size of an attached leading edge cavity,
with the main characteristics and the number of impacts on material specimens.

Moreover, in order to study the scale effect and the effect of an additional pressure
gradient on the cavitation aggressiveness, pitting tests have been achieved as follows :

1. 2-D blades of the same type NACAG65012 but with 2 different chord lengths are
tested. They are referred to the small scale and the full scale 2-D blades.

2. The full scale 2-D blade is either placed in the parallel test section of the cavitation
tunnel, or in the diverging test section to create the additional pressure gradient.

On the basis of studies of the indentation deformation energies and the production
rate of vapour cavities, the cavitation erosion power model was proposed to link ma-
terial deformation with macroscopic parameters of the flow. For a complete review of
this work, which has been realized with the collaboration of Electricité de France, see
the technical report Couty (2000).

Furthermore, these experiments have provided extended pitting data for a broad
range of hydrodynamic conditions. Analysis of such data, associated with results of
previous research dealing with the production rate of vapour cavities, will help us
to determine the influence of macroscopic parameters of the flow on the cavitation
aggressiveness through the collapse efficiency.

The purpose of the present work is principally the determination of the collapse effi-
ciency, which represents the energy transfer from the cavitation cavities to the material.
In addition, morphology of cavitation impacts is briefly depicted, and the reliability of
pitting tests is also discussed.
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Chapitre 4

Measurement

4.1 Experimental protocol

4.1.1 Cayvitation tunnel

As the water tunnel is filled before each test, a degassing procedure is performed
before the exposure of the material specimens in order to obtain a constant air content
in water.

For short time exposure of the specimens, cavitation coefficient o and flow velocity
Cher in the cavitation tunnel are set for cavitation free condition with a flow angle of
incidence i = 0°. Then, the test starts by a rapid change of the incidence of the 2-D
blade. In that case, the cavity length reaches the desired value in 3 s + 1 s. This has
incited to limit the duration of the tests to a minimum of 30 s.

4.1.2 Test specimen

The leading edge and the 2-D blade pressure side are recovered by an adhesive
tape (see paragraph 2.4.1). In the case of experiments in the diverging test section,
despite the presence of the adhesive tape, it has been noted that the leading edge
cavity detachment is not continuous along the span at the leading edge. A continuous
detachment is obtained by a smooth sand blasting of the leading edge. After the test,
exposed specimen is removed.

4.1.3 Practical test conditions

On the basis of impact observations and of the nature of cavitation flow itself, one
has to state the practical test conditions in order to obtain the best relevant statistics
of cavitation indentations.
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1. It is rather desirable that the detachment of the leading edge cavity be uniform
over the whole span of the 2-D blade. The solution of placing an adhesive tape
from the leading edge to the trailing edge at the 2-D blade pressure side partly
fulfills this requirement.

2. In order to reduce the uncertainty of the statistically estimated parameters, the
amount of pit data must be high enough. However, the pitting result for one
condition is based on a single sample with one exposure time. Moreover, only
parts of this sample are scanned. Consequently, the count of the largest cavitation
marks, which are much more rare, can be biased. This is particularly critical since
the total deformation volume is highly weighted by the biggest pits. In order to
increase the number of impacts, the time exposure can be longer. However, this
can yield impact overlapping and thus can lead to an under-estimation of the
averaged rates (Reboud et al., 1999).

3. Another difficulty arises in the measurements because of the important differences
of impact concentration along the chord. Indeed, as the difference in dispersion
of concentration is sharp, an extra distortion in the impact size distribution may
be also induced by the lack of data between location measurements.

The pitting test for a given hydrodynamic condition would require at least two
runs : a first test with a long exposure time in order to have sufficient mark population
at the low concentration zone. In order to limit the impact overlapping at the high
concentration area, another test with a shorter duration would be required. Moreover,
because of the sharp differences of pitting rates along the chord, the analysis of the
whole specimen would be desirable.

4.1.4 Exposure time and damage area

Durations are initially chosen on the basis of the results of the previous experi-
ments. Then, durations are adjusted in a way to maximize the number of pits with a
limited impact overlapping risk. This is roughly estimated due to direct observations
of cavitation impacts on specimen with an optical microscope. Moreover, assuming
that the risk of impact overlapping is proportional to the damaged area fraction, this
can be considered as a posterior validation criterion for the pitting test. The damaged
surface is equal to the sum of the equivalent R;¢y radius disc areas that are associated
with each impact. The damage area percentage Sy is defined as the ratio between the
damaged area and the total area.
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4.2 Hydrodynamic conditions

4.2.1 Parallel test section

The 2-D blades are placed in the parallel test section with an upstream velocity C..
The average length [, of the attached leading edge cavity is determined with the help of
visualisations (video camera and stroboscope). Examples of photos of hydrodynamic
conditions are given in figure 4.1.

Figure 4.1: Leading edge cavitation of the full scale 2-D blade with an Aluminium
specimen, (a) i=4°, C,.y =30 m s~', 1,—=20%, (b) i=6°, Cr; =15 m s, [.—20%

The visualisations show that for a 4° incidence, the leading edge cavity dynamics
nearly corresponds to a so-called stable leading edge cavity, with small shed transient
cavities in the wake (compared with leading edge cavity length). Nevertheless, larger
cavities can be observed, which indicates that the leading edge cavity is not fully stable
for 4° incidence.

For the 6° incidence, the leading edge cavity is clearly defined as unstable.

The breakdown of pitting tests represents a large set of hydrodynamic conditions :

- material : Aluminium 1050, pure Copper, Stainless Steel 316 L ;

- 2-D blade incidences : i = 4° and 6° ;

- upstream velocities : Cyo; = 15, 20, 25 and 30 m s~ ;
- leading edge cavity length : I, = 20% and 40%.

The operating conditions and specimen materials for which cavitation pitting tests are
performed are listed in table 4.1 for the full scale blade. It has to be noted that all
combinations of hydrodynamic conditions and material cannot be tested. For example,

this is the case of Copper material, with an upstream velocity higher than 25 m s=!
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and an incidence of 6°. Indeed, exposure time would have to be lower than 30 s in
order to avoid a probable overlapping of cavitation impacts. This duration would yield
a non stabilized flow condition because of the time response of the cavitation tunnel
control. It is therefore desirable to use Steel specimen instead of Copper specimen for
these conditions.

i | Crer o le Aluminum Copper Stainless Steel
CT ] Im/s] | =] | [%]

4° | 15 | 1.20 | 20% 60 min no pits no pits

- 15 | 1.10 | 40% 40 min no pits no pits

- 20 | 1.25 | 20% 40 min 120 min no pits

- 20 | 1.10 | 40% 15 min 90 min no pits

- 25 | 1.25 | 20% 7 min 30 s 90 min 3h

- 25 | 1.11 | 40% 5 min 40 min 6 h

- 30 | 1.26 | 20% 1 min 30 s 15 min 125 min
- 30 | 1.12 | 40% 1 min 10 min 90 min

- 32 1.26 | 20% | overlapping pits | overlapping pits 120 min
- 32 1.13 | 40% | overlapping pits | overlapping pits 100 min
6° 15 1.83 | 20% 2 min 30 s 14 min 120 min
- 15 | 1.55 | 40% 3 min 30 s 20 min 135 min
- 20 | 1.85 | 20% | overlapping pits 5 min 40 min

- 20 | 1.58 | 40% | overlapping pits 5 min 60 min

- 25 | 1.86 | 20% | overlapping pits 45 s 8 min

- 25 | 1.58 | 40% | overlapping pits 1 min 12 min

- 30 1.87 | 20% | overlapping pits | overlapping pits 1 min 40 s
- 30 1.60 | 40% | overlapping pits | overlapping pits 2 min 30 s

Table 4.1: Hydrodynamic conditions, full scale 2-D blade, parallel test section

Concerning the small scale blade, as Copper and Steel material revealed no pits
(see report Brite-Euram n° 4158 at 'IMHEF-LMH), only Aluminium material is used.
Nevertheless, conditions with a velocity lower than 20 m s~! and for 4° incidence lead
to no pits, and conditions with velocity higher than 25 m s~! for 6° incidence would
lead to unacceptable overlapping pits. Hydrodynamic conditions are listed in table 4.5.
The durations are identical to those in the case of the full scale 2-D blade in order to
estimate the scale effect avoiding a bias effect due to the duration.

As listed in tables 4.2, 4.3 and 4.4, the corresponding pitting measurements for the
full scale specimens are indexed as follows : [materiall[i][Cyef][l]. For example, a4152
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corresponds to the test of the Aluminium material, with C,.; = 15 ms ! and [, = 20%.

It has to be noted that only locations with pits have been analysed.

Nomenclature Locations ™ TVd TEd
K [L/mm?/s] | [pm®/mm?/s] | [J/mm?/s]
a.4.15.2 10, 20, 30, 40 1.9e-5 1.3e-2 5.9e-11
a.4.15.4 30, 40, 50, 60 4.0e-5 1.3e-2 8.0e-11
a.4.20.2 10, 20, 30, 40 8.7e-4 4.6e-1 2.7e-9
a.4.20.4 30, 40, 50, 60 1.3e-3 3.3 1.4e-8
a.4.25.2 20, 30, 40, 50 4.2e-3 4.5 3.4e-8
a.4.30.2 10, 20, 30, 50 1.8e-2 11.2 7.3e-8
a.4.30.4 30, 40, 50 2.3e-2 18.7 1.5e-7
a.6.15.2 10, 20, 30, 40, 50 7.0e-3 11.4 9.5e-8
a.6.15.4 20, 30, 40, 50, 60, 70 2.6e-3 7.5 6.5e-8

Table 4.2: 3-D Profilometry measurements, full scale specimen, Aluminium

Nomenclature Locations ™ TVd TEd
K [1/mm?/s] | [pm®/mm?/s] | [J/mm?/s]
c.4.20.2 10, 20, 30, 40, 50, 60 1.3e-4 4.6e-2 3.9¢e-9
c.4.20.4 30, 40, 50, 60 2.0e-4 9.3e-2 8.9e-9
c.4.25.2 20, 30, 40, 50, 60 6.6e-4 5.1e-1 5.7e-8
c.4.25.4 20, 30, 40, 50, 60 1.2e-3 6.5e-1 6.4e-8
¢.4.30.2 30, 40, 50, 60 4.1e-4 be-1 9.0e-8
c.4.30.4 30, 40, 50 2.3e-3 2.4 3.6e-7
c.4.32.2 20, 30, 40, 50, 60 6.2e-3 45.3 5.3e-6
c.4.32.4 20, 30, 40, 50, 60 7.9e-3 19.8 2.3e-6
c.6.15.2 10, 20, 30, 40, 50, 60 1.6e-3 1.9 2.5e-7
c.6.15.4 20, 30, 40, 50, 60, 70 1.7e-3 3.2 5.0e-7
c.6.20.2 20, 30, 40, 50, 60 3.4e-3 12.7 2.5e-6
c.6.20.4 20, 30, 40, 50, 60, 70 8.1e-3 32.9 6.0e-6
c.6.25.2 20, 30, 40, 50, 60 1.9e-2 47.1 8.0e-6
c.6.25.4 10, 20, 30, 40, 50, 60, 70 3.7e-2 283 4.4e-5

Table 4.3: 3-D Profilometry measurements, full scale specimen, Copper
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Nomenclature Locations ™ Tvd TEd
K [L/mm?/s] | [pm®/mm?/s] | [J/mm?/s]
.4.30.2 10, 20, 30 4.5e-6 2.5e-3 1.0e-9
.4.30.4 30, 40, 50 5.le-5 2.1e-2 8.1e-9
1.4.32.2 20, 30, 40, 50, 60 1.6e-4 1.7e-1 7.4e-8
1.4.32.4 20, 30, 40, 50, 60 1.7e-4 1.3e-1 5.2e-8
i.6.15.2 10, 20, 30, 40 5.8e-6 1.3e-3 3.6e-10
i.6.15.4 30, 40, 50, 60 6.9e-6 3.4e-3 1.3e-9
.6.20.2 10, 20, 30, 40 5.2e-5 2.4e-2 6.9¢e-9
i.6.20.4 30, 40, 50, 60, 70 1.2e-4 2.7e-1 1.5e-7
i.6.25.2 20, 30, 40, 50 1.5e-4 1.4e-1 5.9e-8
i.6.25.4 40, 50, 60, 70 3.7e-4 4.9e-1 3.0e-7
1.6.30.2 20, 30, 50 4.2e-4 3.5e-1 1.3e-7
i.6.30.4 30, 40, 50, 60, 70 3.5e-3 10.3 4.4e-6

Table 4.4: 3-D Profilometry measurements, full scale specimen, Stainless Steel

i | Crer o l, Aluminum
Pl Im/s] | [=] | [%]

4° 20 | 1.02 | 40% 40 min

- 25 | 1.19 | 20% 7 min 30 s
- 25 | 1.02 | 40% 5 min

- 30 | 1.17 | 20% 1 min 30 s
- 30 | 1.03 | 40% 1 min

6° 15 | 1.76 | 20% 2 min 45 s
- 15 | 1.45 | 40% 3 min 30 s

- 20 1.77 | 20% 1 min
- 20 1.43 | 40% 3 min
- 25 1.77 | 20% 30 s

- 25 1.44 | 40% | 45 s et 2 min 30 s

Table 4.5: Hydrodynamic conditions, small scale 2-D blade, parallel test section
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Nomenclature | Locations ™ TVd TEd
%] [1/mm?/s] | [pm®/mm?/s] | [J/mm?/s]
pa.4.20.4 40, 50 9.0e-4 7.6e-2 3.1e-10
pa.4.25.2 20, 30 1.8e-3 1.4e-1 8.0e-10
pa.4.25.4 40, 50 2.8e-2 3.3 1.8e-8
pa.4.30.2 20, 30 1.8e-2 2.2 1.2e-8
pa.4.30.4 40, 50 1.1e-1 71.2 5.4e-7
pa.6.15.2 20, 30 1.0e-2 2.3 1.5e-8
pa.6.15.4 40, 50 6.4e-3 2.3 1.7e-8
pa.6.20.2 20, 30 5.1e-2 34.6 2.4e-7
pa.6.20.4 40, 50 6.0e-3 1.7 9.1e-9
pa.6.25.2 20, 30 1.8e-1 197 1.4e-6
pa.6.25.4 40, 50, 60 2.2e-1 287 2.1e-6
pabis.6.25.4 | 40, 50, 60 7.9e-2 238 1.5e-6

Table 4.6: 3-D Profilometry measurements, small scale specimen, Aluminium

4.2.2 Diverging test section

Pitting tests have been realized with the full scale 2-D blade placed in the diver-
ging test section with Copper, and Steel specimen for the most aggressive conditions
(Crey = 25 m s~ and i = 6°). It is desirable to choose similar durations to those in
the case of parallel test section (for the same hydrodynamic conditions and material).
By this way, the effect of the pressure gradient could be evaluated without the bias
effect due to the duration. However, the exposure time has been reduced during the
experiments because of the obtained high pitting rates. The test conditions, as well
as the corresponding pitting measurements, are listed in tables 4.7 and 4.8. C;ef is
the upstream velocity and o’ the corresponding cavitation coefficient. Cy.; and o are
the parameters that are set to the cavitation tunnel. Time, as well as o and C,.f
of the corresponding tests for the parallel test section, are noted with parenthesis
as "reminder”.
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i Crer 7{8f o o' l, Copper Steel
C1| [m/s] | Im/s] [-] =] | [%]
4° | 15 (20) 20 | 3.10 (1.25) | 1.74 | 20% | 120 min (120 min) -
- 15 (20) 20 | 2.84 (1.10) | 1.59 | 40% | 90 min (90 min) -
- 122.5(30) 30 | 3.12(1.25) | 1.75 | 20% | 10 min (15 min) -
- 122.5(30) 30 | 2.85(1.12) | 1.60 | 40% 5 min (10 min) -
6° | 15 (20) 20 | 4.15 (1.85) | 2.32 | 20% | 1 min 15 (5 min) -
- 15 (20) 20 | 3.45 (1.57) | 1.93 | 40% 1 min (5 min) -
- | 17.5 (25) 25 | 4.15 (1.86) | 2.32 | 20% - 5 min (8 min)
- | 17.5 (25) 25 | 3.45 (1.58) | 1.93 | 40% - 9 min (12 min)

Table 4.7: Hydrodynamic conditions, full scale 2-D blade, diverging test section

Nomenclature Locations ™ TVd TEd
K [L/mm?/s] | [pm®/mm?/s] | [J/mm?/s]
dc.4.20.2 20, 30, 40 1.3e-3 0.45 4.2e-8
dc.4.20.4 30, 40, 50 4.2e-3 1.1 8.3e-8
dc.4.30.2 30, 40, 50 3.0e-2 10.3 9.0e-7
dc.4.30.4 40, 50, 60, 70, 80 2.7e-2 116 1.5e-5
dc.6.20.2 20, 30, 40, 50 1.1e-2 4.7 4.6e-7
dc.6.20.4 30, 40, 50, 60, 70, 80 4.2e-2 108 1.8e-5
di.6.25.2 20, 30, 50, 60 5.7e-4 1.6 1.4e-6
di.6.25.4 30, 40, 50, 60, 70, 80 1.6e-3 6.5 3.8e-6

Table 4.8: 3-D Profilometry measurements, full scale specimen, diverging test section
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Chapitre 5

Results

5.1 Characteristics of the pits

5.1.1 Overlapping risk

The damage area fraction Sj, has been maintained below 15% even for the most ag-
gressive conditions (Aluminium and Copper at high upstream velocity). Consequently,
the pitting tests show a low overlapping risk.

5.1.2 Influence of flow velocity on impacts size

The maximum volumes V'd,,,, with their associated location are listed in tables 5.1,
5.2 and 5.3 for the full scale specimens, and in table 5.4 for the small scale specimens.
All geometrical characteristics of the impacts are listed in the statistics presented in
annexe B.

Let us consider the evolution of the volume of impacts versus the flow velocity for
Copper material (figure 5.1). The examination of impact volumes for the different
flow velocities indicated that higher maximum volumes are obtained when the velocity
increased. However, this hypothesis cannot be validated for all measurements. As
an explanation, the maximum volumes Vd,,,, are probably not fully representative
because of the lack of pit data, which can be amplified if a short duration is chosen.

5.1.3 Impacts location

The maximum number of impact N,,,;, associated location and damaged area S
are listed in tables 5.1, 5.2 and 5.3 for the full scale specimens, and in table 5.4 for the
small scale specimens. In the stable mode (i = 4°), the impacts are mainly concentrated
at about cavity closure.
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Figure 5.1: Influence of flow velocity on maximum volumes, Aluminium specimens

In the case of unstable leading edge cavity (i = 6°), because of the uncertainty of the
leading edge cavity length and the large shed transient vapour cavities, indentations
are much more scattered. This result is in good harmony with findings of many authors
dealing with erosion prediction (Kato et al., 1978; Simoneau et al., 1989). Moreover,
in comparison to the stable mode, the presence of very large impacts has to be noted.

Concerning the impacts in the diverging test section (see table 5.5), they are much
more scattered for both incidences.

Nomenclature | N,,.. | Location | S}, Vd,,ee | Location

[-] %] (%) || [pm’] %]
a.4.15.2 10 10% 0.03 || 1815 30%
a.4.15.4 10 40% 0.06 | 1058 50%
a.4.20.2 493 20% 3.44 || 6782 20%
a.4.20.4 269 40% 2.73 || 580458 40%
a.4.25.2 274 20% 2.42 || 35958 30%
a.4.30.2 395 20% 3.10 || 11544 20%
a.4.30.4 289 40% 3.51 || 18305 40%
a.6.15.2 118 20% 2.04 || 89150 20%
a.6.15.4 55 40% 1.49 | 82929 50%

Table 5.1: 3-D Profilometry statistics, full scale specimen, Aluminium

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



I1.5.1 Characteristics of the pits

Nomenclature | N,,.. | Location | Sy Vdyee | Location

[] %] (%] || [am?] %]
c.4.20.2 104 30% 0.66 | 5864 50%
c.4.20.4 196 40% 1.52 || 10932 40%
c.4.25.2 1012 20% 7.74 || 68320 30%
c.4.25.4 642 40% 5.35 || 18671 20%
c.4.30.2 61 50% 0.45 || 40992 40%
c.4.30.4 312 40% 3.44 || 69390 50%
c.4.32.2 7 20% 11.9 || 253489 50%
c.4.32.4 874 40% 16.6 || 270411 40%
c.6.15.2 153 30% 2.81 || 24108 20%
c.6.15.4 331 30% 2.36 || 92860 70%
c.6.20.2 136 20% 3.49 || 107428 40%
c.6.20.4 227 40% 8.26 || 210149 50%
c.6.25.2 143 20% 1.97 || 57268 30%
c.6.25.4 234 40% 10.8 || 403781 50%

Table 5.2: 3-D Profilometry statistics, full scale specimen, Copper

Nomenclature | Ny, | Location | S || Vdee | Location
[-] %] (%) || [um’] %]
1.4.30.2 4 20% 0.02 | 3152 30%
1.4.30.4 59 40% 0.37 || 2991 50%
1.4.32.2 130 30% 2.48 || 27969 20%
1.4.32.4 149 40% 1.55 || 14741 50%
1.6.15.2 5 30% 0.02 424 40%
1.6.15.4 7 50% 0.10 | 2178 50%
1.6.20.2 16 20% 0.09 | 2660 40%
1.6.20.4 36 50% 1.81 || 62086 50%
1.6.25.2 9 20% 0.10 | 10667 50%
1.6.25.4 29 50% 0.86 || 11379 50%
1.6.30.2 9 20% 0.08 | 6286 30%
1.6.30.4 53 40% 1.60 || 51110 50%

Table 5.3: 3-D Profilometry statistics, full scale specimen, Stainless Steel
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Nomenclature | N,,.. | Location | S, Vdyee | Location

[-] %] (%] || [am?] (%]

pa.4.20.4 57 40% 0.23 346 40%
pa.4.25.2 71 20% 0.39 224 20%
pa.4.25.4 632 40% 4.11 2824 50%
pa.4.30.2 149 20% 1.00 1861 20%
pa.4.30.4 483 40% 6.93 || 43136 50%
pa.6.15.2 150 20% 1.23 4920 20%
pa.6.15.4 96 40% 1.45 4557 40%
pa.6.20.2 249 20% 5.24 || 15210 20%
pa.6.20.4 73 50% 0.68 || 11001 50%
pa.6.25.2 438 20% 9.94 || 67035 20%
pa.6.25.4 446 50% 10.80 || 75999 50%
pabis.6.25.4 601 40% 20.70 || 330604 50%

Table 5.4: 3-D Profilometry statistics, small scale specimen, Aluminium

Nomenclature | N,,.. | Location | Sy Vdyee | Location

[-] %] (%] || [um?] %]
dc.4.20.2 1050 40% 6.5 3516 40%
dc.4.20.4 2540 30% 11.3 || 5957 30%
dc.4.30.2 2016 50% 13.1 || 20169 30%
dc.4.30.4 643 70% 20.6 || 486097 60%
dc.6.20.2 169 20% 1.06 | 12141 40%
dc.6.20.4 218 30% 1.73 || 186070 50%
di.6.25.2 22 30% 0.33 || 50058 60%
di.6.25.4 89 50% 4.9 || 94514 50%

Table 5.5: 3-D Profilometry statistics, full scale specimen, diverging test section
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5.1.4 Visualisations

The characteristics of the pits can be described by 3-D profilometry visualisations.

The surfaces of the specimens are represented by using colour images. The colour-map
indicates the depth in pm.
As an example of the impacts obtained for the 4° incidence, see the locations 40% and
50% of the Copper specimen ¢4304 in figures 5.2. As a matter of fact, the impacts are
well distributed with little overlapping. Concerning the unstable mode, let us consider
the Copper specimen ¢6254 in figure 5.3. This mode leads to 2 families of impacts :

1. isolated impacts which are similar to those observed with the stable mode ;

2. grouped impacts.

The presence of grouped impacts could let us conclude that large shed transient cavities
are at the origin of multiple impacts. It has to be noted that these grouped impacts
also appear if the exposure time is reduced.

Moreover, observations let us suppose that large “smooth” impacts are present on
which smaller but deeper impacts are superposed. Due to the damage threshold of the
material, this fact is all the more true if the material is ductile.
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Figure 5.2: Surface visualisation at location 40% and 50% for condition c4304
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Figure 5.3: Surface visualisation at location 40% and 50% for condition c6254
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5.2 Pitting rates

5.2.1 Calculation method
Averaged rates

As it has been early suggested by Knapp et al. (1970), pitting rate alone would not
be able to measure precisely the damage caused by cavitation.
Despite the lack of data for the largest pits, the total deformation provides a more
accurate measurement of the overall energy transfer from the vapour structures to
the material. Therefore, both the averaged pitting rates and the averaged deformation
volume rates have been calculated. Deformation energy rates have been also calculated
They are obtained by numerical integration along the chord of the pitting rates or
deformation volume rates. The whole considered surface is equal to the sum of all
measurement zones, which is equivalent to 9 areas (from 10% up to 90%) of Lz x Ly
mm?. They are expressed per unit time and per unit surface.

The numerical integration is obtained by considering a linear interpolation 7()(z)
of the volumes and the number of indentations between the locations "k”. The
averaged pitting rate 7y, the averaged deformation volume rate 74 and the averaged
deformation energy rate 7g4 are given by the following integration formula :

]_ 1 Tmaz

- 3 Wz, 257 5.1

™ 9XL$XL3/XTL/xmm v (2)"0z; [mm=2 s~ (5.1)
1 1 Tmazx

B I3 Mo, Smm 2571 (5.2

TVd 9% Lo x Ly x TL/mmm Tva(x) oz [um3 mm=2 s71] (5.2)

1 1 Tmaz
= — (1)(5 ) J 2571 53
TEd 9><Lx><Ly><TL/ ()0 [Jmm==s™] - (53)

Tmin

whereas the interval [,n, Tmae] is the integration domain along the chord L of the 2-D
blade, T the duration of the test.

The overall numerical results are summarized in the previous section in tables 4.2, 4.3
and 4.4 for the full scale specimens, and in table 4.6 for the small scale specimens.
Results can be presented with charts. See the figures 5.4, 5.6 and 5.7 for the full scale
2-D blade. Comparison between the results obtained for the parallel test section and
the diverging one is presented in figure 5.5. Results for the small scale 2-D blade are
given in figure 5.8.
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Local rates

As complementary results, the rates which correspond to each location ”k” are listed
in annexe A.
Local rates have been expressed as :

Ny

B = — % 261 5.4
)= e x Iy frmm =] (54)
Z(z‘z yi)Ek Vd(xuyz) 3 —2 _1
(k) = T x Lo % Ly [pm?® mm =2 57| (5.5)
zj(avZ vi)Ek Ed(l’zayz) 92 1
e(k) = T x Lo x Ly [J mm==s7| (5.6)

whereas N is the number of indentations at the location 7k”.

5.2.2 Global characteristics of averaged rates

1. The high dependence of the averaged rates upon the flow velocity is confirmed.

2. The leading edge cavity length [. = 40% leads to higher rates than the leading
edge cavity length [, = 20%.

3. Much higher rates are obtained in the case of the unstable leading edge cavitation.

4. In comparison to the full scale 2-D blade results, lower volume deformation rates
are obtained for the small scale experiments. Nevertheless, this is not the case for
the pitting rates which are mostly higher. This can be explained by the cut-off
parameter ds of the 3-D profilometry. The latter is smaller for the small scale
2-D blade than for the full scale 2-D blade (see table 2.1). Consequently, the
minimum measured volume is smaller for the small scale 2-D blade. Thus, the
total number of pits can be biased.

5. Strong effect of the additional pressure gradient is remarkable for all the tested
flow velocities. Both the averaged pitting rate and the averaged deformation
volume rate are much higher in this configuration (typical factor 10).

5.2.3 Comparison between the materials

The total dissipated deformation power between the different materials can be com-
pared for a same hydrodynamic condition. Indeed, by considering the averaged energy
deformation rates, it is shown that equivalent deformation energies are obtained by
using either Copper or Aluminium. This also demonstrates that the calculation of the
deformation energy is consistent for the 2 materials.
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Figure 5.4: Averaged pitting and deformation volume rates for Copper specimens with
the full scale 2-D blade
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Comparison between parallel and diverging tests
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Figure 5.5: Averaged pitting and deformation volume rates, comparison between the
parallel and the diverging test section
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Figure 5.6: Averaged pitting and deformation volume rates for Stainless Steel specimens
with the full scale 2-D blade
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Figure 5.7: Averaged pitting and deformation volume rates for Aluminium specimens
with the full scale 2-D blade
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Figure 5.8: Averaged pitting and deformation volume rates for Aluminium specimens
with the small scale 2-D blade
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5.3 Probability density distributions

5.3.1 Basis of the analysis

Although results globally show that both the maximum volumes and the maximum
averaged rates are situated at about the cavity closure or downstream of it, it has
to be noted that measurements could be affected by the uncertainty of the leading
edge cavity length, as well as by the lack of data between location zones. Therefore,
statistical results have to be considered with care and only the global statistics to the
whole 2-D blade are relevant.

The probability densities of deformation volume for the small scale 2-D blade are
presented in figure 5.9. Distributions for the parallel test section situation and the full
scale 2-D blade are shown in figures 5.10 and 5.11. Similarly, the probability density of
the deformation energy is presented in figures 5.13, 5.14 and 5.15. The conditions are

99,99 99299
1

noted [material|[i][Cy. ||l |, where material is "a” for Aluminium, "c” for Copper and
for Steel. Conditions for the small scale 2-D blade are noted "pa”, and conditions for the
diverging situation are respectively noted "dc¢” and ”di” for Copper and Stainless Steel.
To simplify the comparison between conditions, the different velocities and leading
edge cavity lengths are noted with symbols as catalogued in table 5.6.

Symbols || Cyey l,

[m/s] | [%]
o 15 20%
X 15 | 40%
+ 20 20%
* 20 40%
O 25 | 20%
O 25 40%
\Y, 30 20%
A 30 40%
N 32 | 20%
> 32 | 40%

Table 5.6: List of symbols with the corresponding hydrodynamic conditions

Probability distributions of the different materials are grouped in a same page for
each incidence i = 4° and i = 6°.
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5.3.2 Main characteristics
Minimum volume and energy

As shown in all graphics, probability density distributions are cut for the volumes
lower than the cut-off volumes Vj;,, defined in equation 2.3 in chapter 2. These are
Vaim =~ 47 pm? for the full scale 2-D blade and Vg, ~ 17 uwm? for the small scale 2-D
blade. Therefore, minimum volumes and energies in probability density distributions
are not relevant.

Maximum probability peak

All the densities present a common shape : they increase from the minimum volumes
or energies up to a unique probability peak which corresponds to the most probable
volume or energy of the measured impacts. However, the maximum volume of the
distributions is fixed and has to be related to the chosen resolution of the profilometer
measurement. As an argument, the step sampling of the profilometer scanning have
been set to ds = 3 um and ds = 5 pum respectively for the small and the full scale 2-D
blade (keeping the same depth resolution), which is equivalent to a factor 2. Obtained
maximum probability volumes in distributions are 50 gum? and 200 um?, respectively for
the small and the full scale 2-blade, thus leading to a factor 4. Nevertheless, this peak
clearly shows that the small impacts are the most probable. To this characteristic
volume corresponds a characteristic energy which strongly depends on the material,
respectively 107 .J, 2107° .J and 51075 .J for aluminium, copper and stainless steel.

Probability decay with volume and energy

A density decay has to be noted from the maximum probability peak up to the
maximum volumes and energies. This is an important characteristic of distributions.
Very similar decay and probability values are obtained for all conditions especially at
the first part of the curves, from the probability peak (smallest pits) towards the middle
volumes (up to 103-10* zm?). In this part, the amount of pits have been sufficient to
obtain correct statistics. In the second part of the curves, some discrepancies can be
noted between the densities. This can be partly explained by the lack of pit data for
the large pits.

Maximum volumes and energies

Maximum volumes and energies are very dependent upon the conditions. However,
as these can be strongly biased by the lack of data for the corresponding pits, they
must be considered with care.
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5.3.3 Influencing flow parameters
Influence of the flow velocity

Obviously, maximum values of pit volume and energy are noticed for high upstream
velocity conditions. Moreover, although the shape the densities remain similar for all
conditions, some influence of the flow velocity onto the decay can be noted for conditions
with copper material for the 4° incidence. In these conditions, the decay is lowered
when the flow velocity increases.

Scale effect

Lower maximum volumes are obtained in the case of the small scale experiments.

Flow angle of incidence

For the 4° incidence, the maxima obtained for both cavity lengths 20% and 40%
are similar. Compared to this, higher maximum volumes are obtained for the 6° inci-
dence. Higher volumes are noted for the cavity length 40% . It has to be noted that
some conditions (a4252, a4204, c4252, ¢6204 and i6204) present unpredictable high
maxima. This might explained by a peculiar placement of the adhesive tape, yielding
the shedding of much larger and erosive transient cavities.

Pressure gradient effect

Distributions are graphically shown in figures 5.12 and 5.16 with green symbols.
In comparison to the experiments with the parallel test section which are plotted on
the same graphic in black, the presence of larger impacts (and energetic) is seen for
the conditions (i = 6°, Crey =25 ms ' I, = 20% and [, = 40%) and (i = 4°, Cyp
=30ms 1. =40%). Moreover, discrepancy of the shapes of the density curves are
noted for the test with copper material in the diverging situation.
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Figure 5.9: Probability density distribution of deformation volume, small scale 2-D

blade, i—=4° & 6 °
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Figure 5.10: Probability density distribution of deformation volume, full scale 2-D

blade, i=4°
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Figure 5.11:
blade, i=6°
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Figure 5.12: Probability density distribution of deformation volume, diverging test

section, i=4° & 6°
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Figure 5.13: Probability density distribution of deformation energy, small scale 2-D
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Figure 5.14: Probability density distribution of deformation energy, full scale 2-D blade,
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Figure 5.15: Probability density distribution of deformation energy, full scale 2-D blade,

1—6°
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Figure 5.16: Probability density distribution of deformation energy, diverging test
section, i=4° & 6°
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5.4 Validation of the energetic model

5.4.1 Acoustic energy versus deformation energy

The method by which the deformation energy is calculated is briefly described.
The dynamic response of various materials exposed to liquid jet and pressure wave
impacts has been simulated by using an elasto-plastic solid model (Fortes-Patella &
Reboud, 1998). It has been found that a high pressure wave emission is the main
mechanism contributing to the observed cavitation damage. A parametric study of
the pressure waves and corresponding impacts allows to obtain similarity laws. These
laws allow the impact hydrodynamic parameters to be deduced from the pit geometric
characteristics and the material properties. The energy of a spherical acoustic transient

as derived by Cole (1948) is :
4 2
B, = / pdt (5.7)

pao

where p is the amplitude pressure of the wave and r is the distance of the wave epicentre.
As it has already been mentioned in paragraph 2.4.2, the acoustic energy FE, associated
to each impact is provided by the inverse fluid-solid model implemented in the software
ADRESSE.

Furthermore, acoustic energies have been assumed proportional to the deformation
energy of the impact denoted Ej.

5.4.2 Production rate of cavity energies

In an attempt to determine the collapse efficiency, it is required to estimate the
production rate of vapour structures. A technique to measure the production rate of
cavities has been developed in the field of work of Pereira (1997). The measurements
are obtained by using a one-point beam laser technique. The principle of this method
is based on the intensity measurement of a laser beam reflected on a polished sample,
the beam being perpendicular to the surface sample at the closure wake region of the
leading edge cavity. The light signal is measured with a fast photodiode, and the
normalized extreme signal values obtained are one, if there is no cavity, and zero,
if a cavity goes through the laser beam. Assuming a constant velocity of cavities,
which has been taken to 0.6 C,.; , a time scale analysis of the signal by continuous
wavelet transform (CWT) has been performed. This treatment allows us to calculate
the production rate n) of cavity with longitudinal size A,. In addition, the cavity
dimensions A\, and ), as well as the associated longitudinal dimension A,, are provided
by stereometry measurements. The results demonstrate that an equivalent sphere
diameter )\ can be taken as \,.
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For both the 4° and the 6° incidences, the statistical density has been expressed as:

~ Ore
A(\) = S, AZf

Afterwards, the energy production rate n(E,) is derived as follows :

[m~'s~!] with S, ~ 86. 1073 (5.8)

n(E.)dE,. = n(\)dA (5.9)
By considering the potential energy of cavity F,. defined in equation (1) :

Ec - (pmam_pv)‘/;

NI (5.10)
) 1
Wlth Ap = ip(o- + Cpmax)CZef (5]‘]‘)
the relation (5.9) becomes :
. (M)
Oref
1
o ) (5.13)
and as,
413
A o EIApTS (5.15)

energy density can be finally expressed as follows :

L4

W(E.) = K,S.Crep ApiE, 8 [J~1s71| with K, = { %2 (5.16)

This distribution is different from the ones obtained by other researchers. Generally,
they are described by classical probability laws, such as exponential laws (Hammitt,

1963; Kato et al., 1978) or Weibull laws (Selim, 1985).

5.4.3 Collapse efficiency

The collapse efficiency is defined as being the ratio of n(Ey) and n(E.) distributions.
The number of cavities with the deformation energy E,; per time unit is obtained by
multiplying the probability density distribution by the number of pits per second rate
Ny :

n(Eq) = Ngn(Ey) (5.17)
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Experimental collapse efficiency is represented in figure 5.17 for the full scale 2-D
blade with the 4° incidence, and in figure 5.18 for the 6° incidence. The characteristics
of the collapse efficiency are the following :

1. The threshold volume of the profilometer measurement, which led to the under-
estimation of probability density distribution of deformation (V; et E,) for low
energies, yield also low values of collapse efficiency for the low energies.

2. Neo is highly dependent on the flow conditions as well as on the material. The
curves point out that 7., globally increases with C..; , whatever the material be
for a given angle of incidence.

3. The collapse efficiency decreases with the energy for moderate flow velocities (15—
25 m s~') with aluminium and copper materials, especially for the 4° incidence
conditions. It can also be noted that this tendency diminishes when the upstream
velocity increases. This tendency is slightly noted for the 6° incidence conditions.
This decay of the collapse efficiency can be explained by the lack of pit data for
the largest pits, which results in a bias in the statistics for the corresponding
pits. However, the low efficiency of the large cavities could also be explained
by an hydrodynamic approach : the distance of the collapses from the leading
edge cavity closure is increased for the largest cavities (and so the more energetic
ones, considering the potential energy). Then, according to the collapse time
given by Rayleigh (1917) (equation 5.18) and assuming a constant velocity for
all cavities, which is a crude assumption, this distance is proportional to the
maximum size \,q; reached by the cavity. Finally, it can be suggested that the
more the distance from the cavity closure increases, the more the distance to the
wall of the collapses increases as well, leading to a low collapse efficiency.

.
Pmaz — Pu (T)

4. Lower collapse efficiency are generally obtained for the cavity length I, —20%
than for the one [, =40%. This can be explained by the potential energy of the

tr = 0.91\mas (5.18)

cavities. Assuming the larger the main cavity length is, the larger the shedding
cavities are generated. Consequently, dissipated energy by cavitation is higher
when the main cavity length is increased, and thus the cavitation aggressiveness
is also increased.
5. Skipping the low energies (cut-off parameters) and high energies (lack of data),
typical values of the collapse efficiency are the following :
1

- Neo T10*675 10~4] for aluminium specimens, i = 4° and Crep =15-30 m s

- Neo T210*4] for aluminium specimens, i = 6° and Cyor =15 m s

- Neo [107°=3 107*] for copper specimens, i = 4° and C,cy =20-32 ms~' ;

- Neo [21074-21073] for copper specimens, i = 6° and C,ep =15-25 m s~ ;
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- Neo T210_7710_5] for stainless steel specimens, i = 4° and C,.; =30-32 m s~

1.

)

- Neo T10*67210*4] for stainless steel specimens, i = 6° and C,.; =15-30 m s !.
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Figure 5.17: Collapse efficiency, full scale 2-D blade, i=4°
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Figure 5.18: Collapse efficiency, full scale 2-D blade, i=6°
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Chapitre 6

Synthesis

e The following general comments about pitting experiments can be made :

1. Pitting results can strongly be biased by the lack of pit data for the largest
indentations and by the lack of data caused by analysing a patched surface
along the 2-D blade chord. This also confirms the requirement to perform
several pitting tests for a same hydrodynamic condition with variable dura-
tions.

2. Cut-off parameters of profilometry analysis yield a cut-off minimum volume.
This leads to a bias in the statistics for the small volumes (and the low
energies).

3. It is highly desirable to obtain a repetitive leading edge cavitation detach-
ment, from which instabilities can arise which can partly govern the gene-
ration process of vapour structures.

e On the basis of the 3-D profilometry results, which are completed by direct obser-
vations with the help of a microscope, it can be stated that :
1. The stable mode of the leading edge cavity leads to impacts that are concen-
trated at the cavity closure and which are mostly non overlapping impacts.
2. Concerning the unstable mode, impacts are more spread around the main
cavity closure. Two families of impacts are observed in this mode : non
overlapping impacts which are similar to those observed in the stable case,
and much larger impacts which often are grouped.
Therefore, 2 different kinds of cavitation attack can be suggested. On the one
hand, if one considers the stable case, the vapour structures are created at the
water-vapour interface (Avellan & Dupont, 1988), yielding vorticity lines due to
Kelvin-Helmotz instabilities (Saffman, 1992). In that case, impacts are mostly
non overlapping.
On the other hand, if one considers the unstable case, the presence of large shed
transient cavities yields larger multiple impacts.
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e As to the tests in the diverging test section, it is striking that the cavitation
aggressiveness is increased (up to a factor 10). As an explanation, the gradient
pressure effect could be the cause of such a result. However, it is also evident that
the global change of hydrodynamic flow and vorticity can induce the generation
of more erosive vapour structures.

e The global energy transfer from the vapour structures to the material has been
estimated with the collapse efficiency in the case of full scale experiments in the
parallel test section. The collapse efficiency presents two main characteristics :

1. The upstream velocity is the principal influencing macroscopic parameter
for both the stable and unstable partial leading edge cavities. As an expla-
nation, it can be argued that this result is due to the synergism of the
pressure gradient driving the collapse and of the increasing of the circulation
of the transient vortices. The potential energy of the cavity depends on the
driving pressure, and the increasing of the circulation of vortices can lead
the cavitation vortices to collapse closer to the wall.

2. The collapse efficiency is quasi constant for the high flow velocities (30—
32 m s7'). This result is in good agreement with the previous works of
Pereira (1997). However, when flow velocities are moderate (15-20 m s™'),
the collapse efficiency is lower for the high energies. Despite this charac-
teristic could be explained by the lack of data for the largest pits, an hydro-
dynamic approach can be suggested. Assuming that the higher energies are
related to the larger indentations and the larger vapour volumes, the corres-
ponding collapse efficiency is lower. This could be due to the increase of
the distance to the wall of the large cavity collapses, which take place more
often in the far downstream region of the leading edge cavity closure due to
the inertia of these large vapour structures.
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Chapitre 7

Purpose

The aim of these experiments is to investigate the micro-hydrodynamic mechanisms
involved in the final stage of a cavitation vortex collapse, as well as to determine the
influence of macroscopic parameters of the flow. This study is divided into three parts :

e The reliability of determining the centre of collapses by using the luminescence
phenomenon is evaluated. The idea of enhancing of luminescence emission by
adding Argon gas is tested as well. On this purpose, luminescence is detected
using an intensified video camera and a photomultiplier tube. By that means,
luminescence is characterized in terms of occurrence, location, success rate and
intensity for variable hydrodynamic conditions. Moreover, the sensitivity of the
luminescence of the cavitation vortex to experimental parameters is also dis-
cussed.

e The complex physical characteristics of vapour structures and associated emitted
shock waves are demonstrated using a high-speed shadowgraphy. The shock
waves and vapour vortex boundary velocities are calculated using a suitable image
processing.

e In order to determine the collapse time and observe whether the luminescence
occurs with the production of the shock waves, simultaneous capture of the shock
waves and the luminescence is achieved. Overpressures induced by the shock
waves are estimated as well.
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Chapitre 8

Luminescence of a cavitation vortex
collapse

8.1 Measurement

8.1.1 Experimental protocol

Experiments are achieved in both the 2-windows test section and the 4-windows test,
section. The luminescence phenomenon is very sensitive to experimental parameters
(Barber et al., 1994). The latter might be not only the hydrodynamic parameter
(driving pressure, vortex intensity,...), but also the dissolved gas and temperature.
Therefore, in order to maintain the amount of dissolved gas in the water below an
acceptable value, a degassing procedure is performed before each experiment. The
measured dissolved oxygen (DO), which is measured with WTW OXI 340 at constant
temperature, is then less than 2 mg.[~! for the duration of the experiments less than
2 hours. Typical increase of DO versus time for the nominal flow rate is graphically
shown in figure 8.1. The temperature is kept constant at 14.5°C + 0.5°C". The CVG
is then run during a period of 15 minutes before the beginning of experiments, which
gives the time zero of the experiment.

8.1.2 Vortex collapse detection

Since the collapse time cannot be predicted satisfactorily if the reference time is
based on the valve closure, signal acquisitions as well as luminescence visualisations can
be triggered on a threshold of the dynamic pressure signal. This is achieved owing to
the slow pressure rise preceding the first sharp pressure peak. Considering the dynamic
response of the pressure transducer, this provides a time scale resolution of 1 us.
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Figure 8.1: Dissolved oxygen versus time in CVG experiments
N=200 rpm, Q=0.66 /s, 0=1.2

8.1.3 Image acquisition

Luminescence sources are visualised with the help of the intensified light camera

(IC), either along the vertical axis for the 4-windows test section, like it is depicted in

figure 8.2, or aligned with the horizontal optical axis of the 2-windows test section, like

it is depicted in figure 8.8.
The image acquisition, whose synoptic diagram is presented in figure 8.2, can be des-

cribed as follows :

1. The TTL signal delivered by the rotating valve position detector is connected

onto the I/O data card of the PC, which is waiting for the valve closure.

. The oscilloscope is asynchronously armed prior to the cavity collapse owing to

a fast GPIB communication. At the same time, the frame grabber is asyn-
chronously reset, in order to grab the next video field that will contain the lumi-
nescence information. At this step, the whole system is ready and waits for the
collapse which is detected by the pressure transient.

. When collapse occurs and thus the threshold of dynamic pressure is reached, the

oscilloscope delivers an external trigger signal, which triggers the IC shutter at
time t,;, with the exposure time &t,;,.

. Time signals are retrieved by a GPIB data transfer from the oscilloscope to the

PC, and the video frame containing luminescence is grabbed. The experiment is
terminated when the number of desired successful visualisations is obtained.
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Figure 8.2: Schematic of the luminescence visualisations

8.2 Image processing

8.2.1 Luminescence characterization

Image processing is on-line performed during the experiments in order to record
the global luminescence intensity. One must point out the interest of such a method.
On the one hand, this allows time and memory mass (1.8 Mbyte/frames and 200
Kbyte/signal) to be saved in case of low luminescence detection due to false setting. On
the other hand, this helps us for a rough appreciation of the number of acquisitions to be
set. Real-time image processing of the acquired frame is performed during revolutions
of the valve. As a first result of the procedure, visualisation is either validated or
rejected. This is achieved by processing the image histogram, so that luminescence
spots are detected if there is at least an intensity value of pixel which is greater than the
upper limit of background noise. As an additional result of the procedure, validated
images are superposed in order to record the global luminescence. The number of
rejected images is also taken in consideration in order to calculate the success rate of
the luminescence detection, and the global representation of luminescence pattern is
immediately available through the superposed image.
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8.2.2 Superposition of visualisations

The global representation of the statistical location of luminescence emission is
obtained by superposing the images through a suitable threshold operation, which
allows the luminescence spots to be segregated from background noise.

Firstly, one applies the threshold operation to each acquired image with a threshold
value higher than the upper limit of background noise pixel intensities. A typical
intensity histogram of the image with luminescence is given in figure 8.3. One must
note that the background noise is increased with long time exposure and high electric
voltage of the IC. Nevertheless, most background noise can be cut off by setting a
suitable video black level threshold of the frame grabber digitiser. Moreover, a second
threshold cut-off is adjusted in the image processing program in order to eliminate the
residual noise in a more adapted manner.
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Figure 8.3: (a) Image of the luminescence in the test section drawn in white.
(b) Enlarged view of the luminescence. (c¢) Image histogram.
N=120 rpm, Q=0.66 /s, 0=1.2
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Secondly, the resulting threshold operation defines a binary mask, where the non-
zero values of the mask correspond to the image pixel values that are greater than
the defined threshold. This mask is then applied to the original image : pixel values
outside the mask are set to 0, and values of validated pixels are down-shifted from the
threshold value.

Finally, images are superposed by performing a simple addition. The resulting
image is scaled to 255 values.
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Figure 8.4: Luminescence detection and image processing
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8.2.3 Blob analysis of luminescence pattern

In order to study each luminescence images in detail, a labelling of luminescence
spots is performed.
Labelling is achieved on binary masks, which are obtained by a zero threshold operation
on images. Spatial "mass”’ centre of each binary entity (luminescence spots) is then
calculated by taking the corresponding original pixel values as virtual weight masses.
The sum of pixel values for each luminescence entity is attributed to each centre and
is defined as the luminescence intensity of the luminescence entity. A summary of the
whole image processing procedure can be depicted by the diagram in figure 8.4.

8.3 Preliminary study

8.3.1 Driving pressure

In order to characterize the actual driving pressures in CVG test section, cavitation
free condition is obtained by setting the whole circuit at 16.6 bar static pressure.

An example of the obtained response of pressure transducer is illustrated in fi-
gure 8.5. The zero time corresponds to the recovering pressure peak on which the
signal acquisition is triggered. The generated low-pressure wave which causes the
vapour appearance is followed by the recovering pressure peak driving the collapse.
Moreover, the presence of pressure oscillations which are due to generated acoustic
waves in the circuit are also presents.

In the second example presented in figure 8.6, the flow rate and valve rotation
speed are kept constant, but the low-pressure vessel is set at atmospheric pressure.
Cavitation collapses are identified by sharp peaks in time signal, and the amplitude of
the first sharp peak is generally the highest one. The presence of oscillating acoustic
waves in the circuit, whose velocity is increasing as the amount of vapour phase in the
circuit decreases, can be identified by smooth pressure transient.

Time signals corresponding to other hydrodynamic conditions have been studied
as well. It appears that the pressure signal signature is very complex and is highly
influenced by the set of hydrodynamic conditions Q, N and o (example of the condition
Q = 0.66 I/s and N = 120 rpm is given in figure 8.9). Nevertheless, the principal
characteristics of pressure signal remain the same.

8.3.2 Vortex collapse time jitter

As an important characteristic of the cavitation vortex time history, times of ap-
pearance and collapse of the cavitation vortex cannot be predicted with an accuracy
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Figure 8.5: Dynamic pressure signal, cavitation free condition
N=200 rpm, Q=0.66 [/s , c=11.4
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Figure 8.6: Dynamic pressure signal, cavitation condition
N=200 rpm, Q=0.66 /s, 0=1.2

better than few milliseconds. This characteristic is demonstrated by considering the
time intervals between the valve closure (positive edge of TTL signal) and the first
pressure peak. Measured time intervals as well as the associated amplitudes, are given
on graphic in figure 8.7. The corresponding independent visualisations of the cavitation
vortex are given in figures 8.11 and 8.12. These visualisations have been obtained with
the IC with a fixed exposure time of 10 ps and by setting different delays from the
valve closure.
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Figure 8.7: Jitter of the collapse time, N=200 rpm, Q=0.66 /s, 0=1.2

8.3.3 Detection of luminescence bursts

Simultaneous detection of photons and visualisation of luminescence sparks have

been performed for a single hydrodynamic condition in the 2-windows test section :
N =120 rpm, Q = 0.66 [/s, and o = 1.2.
It has to be noted that the measured luminescence with the photomultiplier tube
(PMT) and the IC depends on the path length through the liquid, the window material
and the response of the detector. The PMT and the IC are aligned with the optical
axis of the 2-windows test section as depicted in figure 8.8. It must be noted that no
focusing lens is coupled with the PMT. Shielding from light has been made in order
to avoid environmental light background noise. Photon signal units are given in volts.
However, as the system is not calibrated, the signal amplitude has only a qualitative
significance.

A single of 80 mm focal length, 20 mm in diameter lens is used to focus the image on
the IC. The obtained image resolution is 40 microns x 77 microns. Although a limited
exposure time of the IC has to be set in order to limit the electronic background, the
exposure time is fixed to a maximum of 20 ms, and the electric voltage is fixed to its
maximum value (G = 1000 V) in order to maximize the detection. The beginning of
the light integration corresponds to the valve closure.

The detection of photons is focused on the first peak of the pressure signal, to
which the time t,,,; is associated. Taking the reference time as t,,,, = 0, photons
pulses are clearly observed within the time interval [-4.5 us, -2 us| (18 samples), and
thus prior to the maximum pressure peak. The luminescence is emitted as short time
duration sparks, which are not unique. The luminescence peaks are either individuals
(time width lower or equal to sampling resolution 10 ns) or grouped with a variable
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width from 10 ns to 100 ns. These observed short pulses are consistent with the tens
of picoseconds pulses observed in a sonoluminescent bubble excited by acoustic waves
(Barber & Putterman, 1991/92). Other photons are emitted after the first pressure
peak, but their occurrence is more randomly distributed with time. Examples of typical
signals are given in figures 8.9 and 8.10.
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Figure 8.8: PMT and IC with the 2-windows test section
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Figure 8.9: Valve, pressure and photons signals, N=120 rpm, Q=0.66 /s, 0=1.2
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Figure 8.10: Photons emission at the main collapse
N=120 rpm, Q=0.66 /s, 0=1.2
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Figure 8.11: Images of cavitation vortex from different time intervals after the valve
closure, N=200 rpm, Q=0.66 [/s, 0=1.2
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Figure 8.12: Images of cavitation vortex from different time intervals after the valve
closure, N=200 rpm, Q=0.66 [/s, 0=1.2
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8.3.4 Effect of Argon gas injection

Assuming that doping the circuit with Argon gas could enhance luminescence
phenomenon (Lohse & Hilgenfeldt, 1997), a continuous Argon flow rate is provided
for the circuit after being initially degassed.

As a main result, it appears that the number of luminescence peaks has substantially
increased, especially during the first 20 us following the maximum pressure value. An
example of a luminescence spark with the corresponding time signals is presented in
figure 8.13. Nevertheless, due to the rotation speed of the valve N = 120 rpm, the
tested hydrodynamic condition presents a peculiar pressure signature, compared to
the one obtained with N = 200 rpm.

In short, luminescence is enhanced by additional Argon gas. However, the lumi-
nescence emission with natural dissolved air is sufficient to detect cavitation vortex
collapses (Couty et al., 1999).

To illustrate the global representation of luminescence sources with Argon gas injec-
tion, the superposition of 50 collapses is represented in figure 8.14, where the test
section contour is drawn in white. From the obtained luminescence pattern, it can be
noted that light spots are present outside the test section zone. This can be caused by
parasitic reflection of glass test section, a bad focus of photons due to optical defect of
the lens, or the noise generated by a long exposure time. This also point out the need
for high quality optics with limited light losses and parasite reflections.
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Figure 8.13: Photons emission with Argon gas injection
N=120 rpm, Q=0.66 /s, 0=1.2
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Figure 8.14: Superposition of 50 collapses with Argon gas injection
N=120 rpm, Q=0.66 /s, 0=1.2
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8.4 Luminescence of the cavitation vortex

8.4.1 Hydrodynamic conditions

The parametric study of luminescence phenomenon is performed in the 4-windows
test section. Corresponding results are established on data obtained with five selected
different runs. Purposes and conditions can be summarized as follows :

e Determination of the collapse time by varying the shutter delay and the exposure
time :
run# 1 ;
N = 200 rpm, Q = 0.66 [/s, and 0 = 1.2.
e Luminescence intensity and success rate obtained by varying the electric voltage
of the IC :
run#t 2 ;
N = 200 rpm, Q = 0.66 [/s, and o = 1.2.
e Luminescence drift caused by an increase of dissolved air in water :
run# 3 ;
N = 200 rpm, Q = 0.66 [/s, and o = 1.2.
e Influence of the flow rate on luminescence characteristics and on collapse centres :
run# 4-5 ;
N = 200 rpm, Q = 0.58 [/s, and 0 = 1.6 ;
N = 200 rpm, Q = 0.66 [/s, and 0 = 1.2 ;
N =200 rpm, Q = 0.76 [/s, and o = 0.9.
Special care has been paid to the stability and repeatability of experimental condi-
tions. Indeed, the low pressure vessel p = 1.04 bar is maintained at atmospheric
pressure in order to avoid any fluctuations due to sigma regulation.

8.4.2 Occurrence of luminescence in cavitation vortex dynamics
Around the main collapse

In order to detect luminescence at the principal collapse (first peak in pressure
signal), and at the following few 100 us, synchronization of visualisations is achieved
at different delays t,,;, from zero time reference given by the pressure threshold. Time
delays as well as time exposures are adjusted so that they correspond to different peak
events in pressure signal (see signal in figure 8.6). The electric voltage of the IC has been
set, to the maximum G = 1000 V in order to maximize the amount of detected photons.
Example of obtained luminescence patterns, as well as the view of the test section
with ambient light, are illustrated by superposed collapses in figure 8.15. Associated
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success rates, luminescence intensity and source emission coordinates, obtained by
image processing, are given in table 8.1. The median operator is used as an estimator
of the central value of the statistical distribution of the luminescence location. Median
distance along the X test section axis is denoted X,,cqian (median wall distance) and
median distance along the Y test section axis is denoted Y;,c4ian. Moreover, the distance
from the test section origin is denoted D = v/ X2 + V2.

(a) (c)

Figure 8.15: Visualisations of luminescence for variable time windows, (a) view of the
test section with axis, (b) time window [0 us, 10 ps], (¢) time window [100 ps, 300 ps]
Run# 1 : N=200 rpm, Q=0.66 /s, 0=1.2

‘ twin ‘ Ot win ‘ Success rate ‘ Mean Intensity ‘ Xomedian ‘ Yinedian ‘
0ps | 10 ps 193/263 763 0.28 mm | 0.81 mm
10 pus | 10 ps 8/178 372 10.2 mm | 0.25 mm
20 ps | 10 ps 4/152 24.5 0.55 mm | -6 mm
30 ps | 100 ps - - - -

100 ps | 300 wps 25/110 210 1.51 mm | 0.86 mm

Table 8.1: Luminescence characteristics for variable time windows of interest
Run# 1 : N=200 rpm, Q=0.66 [/s, 0=1.2, G=1000 V

Visualisations and image processing results show that luminescence is principally
emitted during the first 10 pus, with a source emission situated very close to the end wall
of the test section. A weak luminescence is detected at time window [100 ws, 300 ps,
but no clearly preferred emission source location is noted. As it will be demonstrated
in the chapter 9 dealing with high-speed visualisations, this second luminescence occur-
rence peak can be related to observed weak and unpredictable secondary vapour cavity
collapses.
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Figure 8.16: (a) Luminescence intensity and success rate versus t,,qz — tyin. (b) Shutter
and dynamic pressure signals. Run# 1 : N=200 rpm, Q=0.66 [/s, o= 1.2

Main collapse

Time occurrence of luminescence sparks is determined by varying the shutter delay

twin With a fixed exposure time dt,,;, — 500 ns : time occurrence is deduced from the

maximum success rate of luminescence events for the specific time interval t,,,, — twin.

A total of 268 luminescence spots are obtained on the basis of 3’052 visualisations
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during the same run# 1. The maximum electric voltage of the IC is G = 1000 V.
Results are shown in figure 8.16. Max.Fy,,, is the maximum value of the pressure peak.
This experiment reveals that the maximum success rate of detected luminescence is
obtained at about t,,,; — twin = 3 p©s.

As a conclusion, assuming that the pressure signal gives a reference of the cavitation
vortex history with a time accuracy of 1 us (due to the time constant of the pressure
transducer), this result shows obviously that the luminescence event is well correlated
with the principal cavity collapse.

8.4.3 Collapse location

As an example, the statistics of calculated centres of preceding experiments are
given in figure 8.17. Centres of luminescence emission are marked by dots in the
real coordinates of the test section. Median distances X,,eqian and Yiedian, as well as
standard deviations 60X and dY’, are also given in the left graphic. Assuming that
luminescence spots correspond to collapse centres, most of collapses take place near
the wall. A deviation of the collapses from the test section axis can also be noted,
which has to be related to the non centred erosion pattern observed on exposed test
specimen (see figures 8.18).
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Figure 8.17: Location of luminescence sparks in the test section coordinates
Run# 1 : N=200 rpm, Q=0.66 /s, 0=1.2
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Q=0.66 /s, N =200 rpm, o = 1.2, duration 3h Q=0.76l/s, N =200 rpm, o = 0.9, duration 6h

Figure 8.18: Erosion on Copper specimens

8.4.4 Unpredictibility of the scattered light

Since it is demonstrated that luminescence is principally emitted during the main
collapse, the time window of interest is set to [0,10 pus| with dt,;, = 10 ps . In order to
estimate the dynamic range of emission of photons, experiments have been conducted
by varying the electric voltage of the IC (G = 1000 V, 950 V, 900 V, 850 V). The current
intensity of the IC is exponentially depending upon the electric voltage : a difference of
150 V is approximately equivalent to a reduction of the gain of 10. Considering image
histograms, the luminescence intensity can be studied.

Electric Voltage | 1000V | 950V | 900V | 850V |

Time slot 120 mn | 130 mn | 40 mn | 110 mn
Population 333 329 461 367
Success rates 73% 48% 38% 18%
Saturation occurrence | 20% ™% 3% <1%
Average Intensity 737 413 250 190

Table 8.2: Luminescence success rates for variable electric voltage of the IC
Run# 2 : N=200 rpm, Q=0.66 [/s, 0=1.2

As a first comment, results show that pixel intensities can extend from the threshold
value to the maximum pixel saturation value 255, regardless of the gain of IC. This
implies that the calculated luminescence intensity can be underestimated for most
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intense emissions. Furthermore, the obtained success rates are highly dependent on
the gain. Numerical results are presented in table 8.2.

As a main result, the luminescence intensity is unpredictable. Assuming the maxi-
mum pressure peak is weighted by the collapse distance D, e.g in figure 8.19 where a
1/D curve has been fitted on the data, the luminescence intensity is compared with the
corrected pressure Max.P g, x D/Dy with Dy = 1 mm. As shown in figure 8.20 for the
condition @ = 0.66 /s, where 4’120 visualisations have been processed, it is notable
that the luminescence intensity is not correlated to the corrected pressure. In fact, the
unpredictibility of scattered light is not surprising if one considers that the number of
captured photons depends on an unpredictable scattered light which might be partly
due to the unstable form of the vapour cavity (Lentz et al., 1995).
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30

20

with D <5 mm

10 i I I I I I I I L
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Figure 8.19: Maximum peak pressure Max.pg,, versus collapse distances D =
VX2+Y2 Run# 3: Q =0.66 /s, 0 = 1.2, N = 200 rpm
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Figure 8.20: Luminescence locations in the real coordinates of the test section & lumi-

nescence intensity versus corrected pressure Max.Pgy,, x D/Dy.
Run# 3: Q = 0.66 I/s, 0 = 1.2, N = 200 rpm

8.4.5 Influence of dissolved gas in water

In order to evaluate the influence of the natural increase of dissolved gas in the
circuit on luminescence drift in terms of success rate and intensity, visualisations have
been achieved over a long duration of 2h 30. The shutter has still been triggered on
pressure threshold and exposure time has been set to 0t,;, — 10 us. The maximum
gain of IC has been set. Acquisitions are organized with 15 time slots of 200 successful
measurements each. The number of acquisitions is 4’120, which corresponds to an
average success rate of 73%. The mean wall distance X,,,.q,, and the mean axis distance
Ynean are calculated for each time slot in order to evaluate drifts. Asillustrated in figure
8.21, the collapse location is stationary. However, the luminescence increases with time
and thus with the gas contents, which is monitored by DO measurements (see graph
in figure 8.1).
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Figure 8.21: Luminescence and collapse location versus time

Run# 3 : Q=0.66 [/s, 0=1.2, N=200 rpm

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



IT1.8.4 Luminescence of the cavitation vortex 103

8.4.6 Influence of hydrodynamic parameters
Test conditions

In these experiments, the influence of the flow rate () has been studied. Moreover,
the flow rate can be related to the vortex intensity [" defined in equation 1.3. However,
as it has been shown in chapter 1, the change of the flow rate yields a change of the
cavitation coefficient o defined in equation 1.2. Three flow rates have been tested :

N = 200 rpm, Q = 0.58 /s, and 0 = 1.6 ;

N = 200 rpm, Q = 0.66 [/s, and 0 = 1.2 ;

N = 200 rpm, Q = 0.76 [/s, and o = 0.9.

As it has been demonstrated in the preceding paragraph, the luminescence is sensitive
to the dissolved gas in water (DO). In order to take into account the DO increase during
the experiment, the hydrodynamic conditions can be varied during the same "run”. In
run# 4, flow rate have been set to 0.58 and 0.76 [/s (2 x 4 series of 100 acquisitions).
Experiments have been conducted for the flow rates 0.58, 0.66 and 0.76 [/s during
run# 5 (3 x 2 series of 100 acquisitions). A summary of the hydrodynamic conditions
and obtained results is presented in tables 8.3 and 8.4.

Run# 4
Q ‘ o ‘ Succ. rate ‘ Mean Int. ‘ Mean Sat. Occ. ‘ Xonedian ‘ Y edian
0.58 /s | 1.6 | 400/913 605 13% 0.45 mm | 0.89 mm
0.76 [/s | 0.9 | 400/591 615 16% 0.27 mm | 0.26 mm

Table 8.3: Luminescence characteristics in average (run# 4)

Run# 5
Q ‘ o ‘ Succ. rate ‘ Mean Int. ‘ Mean Sat. Occ. ‘ Xonedian Y, edian
0.58 /s | 1.6 | 200/368 543 15% 0.31 mm | 0.83 mm
0.66 [/s | 1.2 | 200/298 662 12% 0.25 mm | 0.70 mm
0.76 [/s | 0.9 | 200/257 700 19% 0.26 mm | 0.38 mm

Table 8.4: Luminescence characteristics in average (run# 5)

EPFL-IMHEF-Laboratoire de Machines Hydrauliques




104 Luminescence of a cavitation vortex collapse

Luminescence characteristics

Time evolution of success rate, mean intensity and saturation occurrence for each
flow rate during run## 4 are presented in figure 8.22. The error bars for the luminescence
intensity have to be multiplied by 10, which shows the high dynamics of luminescence.
The corresponding superposed images are presented in figure 8.23, where test section
border is drawn in white.

The luminescence characteristics for each hydrodynamic condition are listed in tables
8.3 and 8.4 respectively for run# 4 and run# 5.

The luminescence success rate increases drastically with the flow rate. In addition,
a slight increase of luminescence intensity is observed. However, by considering time
evolution of luminescence characteristics, one must outline that the increase of DO is
still an important parameter to take into account. As an explanation on these changes
of the luminescence characteristics, one can refer again to experiments of Barber et al.
(1994), who established that the intensity of a sonoluminescent bubble principally
depends on the driving pressure, with a constant temperature and a constant DO. On
the basis of a hydrodynamic approach, it is also shown how luminescence phenomenon
could be related to an inward converging shock wave in the non condensable gas within
the bubble : the shock is created by the supersonic vapour wall velocity, and the
luminescence intensity might increase with the vapour wall velocity. Therefore, as an
extrapolation to the cavitation vortex case, one could postulate that the increasing of
vortex intensity leads to a stronger shock and thus a more violent collapse. Moreover,
as it will be shown in high-speed visualisations, cavitation vortex cavities are very
much different from a spherical symmetry. This would contradict the theory of the
requirement of an initial spherical symmetry for sonoluminescence, which is one of the
main parameters considered for the converging shock (Evans, 1996).
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Figure 8.22: Time evolution of luminescence characteristics (run# 4)
(a) Q=0.58 1/s, 0=1.6, N=200 rpm, (b) Q=0.76 I/s, 0=0.9, N=200 rpm
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(b) 12 mm

Figure 8.23: Superposition of 400 luminescence emission sources (run# 4). Note the
distribution of sites ; though there is a cluster close to the bottom surface

(a) Q=0.58 1/s, 0=1.6, N=200 rpm, (b) Q=0.76 [/s, 0=0.9, N=200 rpm
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Figure 8.24: Probability map of the collapse location and wall distance (run# 4). The
collapses locate closer to the wall when the flow rate increases
(a) Q=0.58 1/s, 0=1.6, N=200 rpm. (b) Q=0.76 /s, 0=0.9, N=200 rpm
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Figure 8.25: Probability map of the collapse location and wall distance (run# 5). The
collapses locate closer to the wall when the flow rate increases. (a) Q=0.58 /s, 0=1.6,
N=200 rpm. (b) Q=0.66 /s, 0=1.2, N=200 rpm. (c) Q=0.76 /s, 0=0.9, N=200 rpm

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



IT1.8.4 Luminescence of the cavitation vortex 109

Influence of the vortex intensity on the collapse location

The probability to have luminescence for each pixel in superposed images is calcu-
lated. The probabilities are normalized by the total number of pixels of the superposed
images. They are represented through colour-maps in figure 8.24 for run# 4 and in
figure 8.25 for run #5. Moreover, the histograms of wall collapse distance X obtained
for the variable flow rate conditions have been calculated. They are represented by the
right charts in the figures. Furthermore, the probability to have the collapse at a wall
distance lower than a given value can be calculated. Probabilities are normalized by
the total number of luminescence centres. These probabilities are also given in charts.

It is notable that collapse centres depend upon the flow rate. The median wall
distance X,,egian diminishes with the flow rate while the probabilities prob(X<1mm)
and prob(X<0.5mm) increase, which demonstrates that the collapses locate closer to
the wall when the flow rate increases.

The vortex intensity I' calculated according to the equation 1.3 is related to flow
rate. The evolution of the collapse location through the estimators prob(X<1mm) and
prob(X<0.5mm) with the vortex intensity is given in figure 8.26. As graphically shown,
as the flow rate and thus the vortex intensity increases, the collapses are statistically
located closer to the wall.
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Figure 8.26: Influence of I' on the collapse location through the estimators
prob(X<1mm) and prob(X<0.5mm) (run# 4&5). As the vortex intensity increases,
the collapses are statistically located closer to the wall.
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Chapitre 9

Shock waves of cavitation vortex
collapse

9.1 Measurement

9.1.1 Hydrodynamic conditions

The present study is realized for the hydrodynamic conditions that were already
studied in the chapter 8 dealing with the luminescence of the cavitation vortex :
-N =200 rpm, Q = 0.76 [/s and 0 = 0.9 ;
-N =200 rpm, Q =0.64 /s and 0 = 1.2 ;
-N =200 rpm, Q =0.58 [/s and 0 = 1.6 .
Experiments take place in the 4-windows test section. The experimental protocol,
which is already discussed in paragraph 8.1.1, is applied.

9.1.2 High-speed visualisations

High-speed visualisations can be achieved as follows. On the one hand, spark gene-
rators of the Cranz-Schardin camera (CS) are triggered when the dynamic pressure
signal reaches a threshold value just before the collapse. On the other hand, due to
a minimum internal delay of image sensors of the CS (200 ps), the video acquisition
must first be cocked by the valve signal prior to the collapse. The collapse event has
to occur during a time window of 17 ms, which corresponds to the integration period
of the CCD modules of the CS (20 ms minus the blanking period). If the collapse
occurs outside this time window, an additional delay for arming the video system can
be programmed. The details of the acquisition set-up are schematically presented in
figure 9.1. For each visualisation, the corresponding pressure signal as well as the light
signal given by the photodiode are measured. In order to compare the signals and the
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sequences, the reference time zero of the signals corresponds to the maximum pressure
peak which corresponds to the collapse.

T ion
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Figure 9.1: Schematic of the high-speed visualisations

9.2 Optical considerations

9.2.1 Shadowgraphy

The shadowgraphy technique is used to study the distributions of density gradients.
This technique is based on the changes in illumination caused by a redistribution of
light rays from one place to another. In other words, an incident beam is deviated
due to the mean transverse index gradients, and the arrangement of the transmitted
beam is modified by the anisotropy of these gradients. The relative illumination of
the projected shadow is proportional to the second derivative of the transverse density
gradient.

In the present study, the gradients are caused by variations of the water density

due to the presence of wave pressure transients, vapour structures, and high tensile
strength (Bruhat, 1992).
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9.2.2 Refraction index in compressed water

The pressure gradient created by the shock wave allows the shape of the shock
waves to be visualised by the shadowgraphy technique. The pressure can be related to
the density by using the equation of state of water (Tait’s equation) :

p+B _ {ﬁ} ' (9.1)
Pot+ B |po
B = pa2/n = 3021 bar (9.2)

where p is the maximum density, p the maximum pressure in the shock, py = 999.13
kg.m~3 the ambient density, ap—1455 m s~ ! the wave velocity in water at T—15 °C
(Nordling & Osterman, 1987; Handbook of Chem. and Phys., 1982), py= 1 bar the
ambient pressure, n—=7 as suggested by many authors (Batchelor, 1967).

The refraction index n, can be related with the local density by using the
Lorentz-Lorentz equation (Bruhat, 1992) :

n?—1
n2 +2

= (LL)p (9-3)

where n, is the index of refraction. The Lorentz-Lorentz constant for water is (LL) =
0.20531073 m3.kg~! . As graphically shown in figure 9.2, a large variation of refraction
index can only be achieved by a large local overpressure in water. For example, a
change of the refraction index An, = 0.09 is obtained for a theoretical overpressure of
1 GPa, which is equivalent to the 25 % change of an air/water interface.

9.2.3 Shadow of shock waves

In order to explain the observed circular shock wave on the shadowgraph, one can
plot the transmitted light paths of incident parallel rays through an ideal step function
of the shock wave. The actual path of the beam can be obtained by applying Snell’s
law to the shock boundary. Ray tracing is shown in figure 9.3, where the amplitude of
the step of the wave front is arbitrarily set to 1 GPa, with an external radius of 5 mm
and a width of 0.5 mm. If the shock wave is crossed with a large angle of relative
incidence «, its deviation A« is small. When the incident beam becomes tangent to
the shock interface, rays are highly refracted : little light is transmitted in the incident
direction in this region. This creates the dark region on the shadowgraph.

However, the shape of the wave is certainly different from a step function. Therefore,
rays are shifted into a region where the refraction index is no more constant. According
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Figure 9.2: Refraction index of compressed water
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Figure 9.3: Light ray tracing through an ideal shock wave
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to equation 9.4, they deviate in the direction of high values of refraction index.

_  d(n)
vy = ds

(9.4)

where s is the curve abscissa and t is the tangent vector of the ray. However, as the
function of the wave is unknown, the calculation of rays is not possible. Nevertheless,
since deviation of light rays is proportional to the second derivative of the gradient, the
deviation amplitude depends on both the wave "width” and amplitude. Moreover, there
is a threshold for which the gradient index can not be detected by the visualisation
system.

As a conclusion, the observed shadows of the shock waves depend on the wave
characteristics as follows :

1. The thickness of the wave on the shadowgraph depends on both the width and
the amplitude of the shock wave.

2. The darker the region on the shadowgraph, the greater the pressure in that region.

3. An actual shock wave has its maximum pressure gradient located on the side
ahead of the shock. On the back side, a slightly decrease of the pressure am-
plitude takes place. Consequently, the outer envelope of the dark phase on the
shadowgraph might be the best approximation of the shock-front radius.

9.3 Image processing

9.3.1 Vapour cavity contour

In order to trace the vapour interface growth and collapse, an efficient image pro-
cessing procedure has been implemented. This allows not only the vapour cavity con-
tour to be segregated from the background image, but also from the dark surrounding
contrast and the complicated wave pattern. The following method has been achieved.

e Each image of a sequence is aligned and calibrated by placing a calibration target
in the test section (see calibration procedure 1.5.2).

e Each intensity image of the sequence is scaled independently, prior to a specific
image threshold operation which is applied to the test section zone. The threshold
operation is realized in two steps :

1. A usual threshold operation is applied in order to create a region of interest
(ROI) corresponding to the vapour phase and the surrounding dark contrast
created by high pressure gradients

2. A gradient operator of Sobel type is applied to the image to isolate the
contour in the previous ROI.
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Shock waves of cavitation vortex collapse

The interest of such a method is to provide an accurate gradient detection
method, and to avoid the detection of the background noise in the whole image.
This result could not be obtained by using an unique gradient operation on the
whole image. On the one hand, a unique gradient would actually lead to numerous
contours due to the noise in images, and on the other hand, a unique threshold
operation is not suitable because of the difference of light exposure and gradient

contrast.

e By performing morphological operation and blob analysis, the main geometric
characteristics of the different vapour cores are calculated : centre, area and the

equivalent radius.

As a summary, the steps for contour detection can be represented by the synoptic

diagram in figure 9.4.

Image

threshold operation |

Image
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&
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Figure 9.4: Vapour cavity contour detection
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9.3.2 Wayve pattern matching method

As successive shock waves can yield a very complicated wave pattern, a specific
image processing method has been developed. In fact, refraction index gradients due
to instantaneous pressure transients correspond to contrast functions in images. These
can be modified by light exposure and intensity, and probably parallax effects. Con-
sequently, the shock wave front is not well defined, and so far, threshold and gradient
methods to detect wave displacement are not suitable.

In order to calculate the displacement of the wave transient, a suitable normalized
intercorrelation method has been implemented. This method is able to follow a moving
target, which is in our case a travelling wave pattern. In addition, one must point out
that the normalized intercorrelation method is not sensitive to light exposure differences
between frames. As an illustration of the wave pattern matching method, see figure 9.5.
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Figure 9.5: The Wave Pattern Matching Method. The change from polar to rectangular
coordinates produces the flat shock front. The normalized intercorrelation method is
then used to calculate the displacements of the front in the frames.
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The steps leading to the determination of the wave pattern displacement are the
following.

1. In order to transform "spherical waves” to "cartesian waves”, a polar to rectangular
transform is applied by taking the origin of the transformation as the calculated
centre of the main vapour cavity, from which the wave is supposed to detach.
An angular sector of interest in the test section is defined. As a result of the
transformation, the shock front now appears to be straight and horizontal instead
of being circular.

2. The normalized intercorrelation between consecutive warped images is achieved.
The vertical displacement of the wave pattern is calculated by comparing the
location of a unique model, taken from a rectangular region of interest of the wave
pattern, with its actual location in next target image. It is problematic that the
vapour cavity shadow is included in the wave pattern model. Indeed, this could
introduce an offset in the displacement result, or even worse, the score of the
intercorrelation would not be sufficient to calculate the displacement. Therefore,
a clipping mask, which corresponds to the pixels of the vapour shadow, and which
is obtained by a threshold operation, is defined : the pixels corresponding to the
clipping mask are not taken into account in the intercorrelation calculation.

As the final result, the vertical displacement of shock wave pattern is equivalent
to the difference in radius in the real coordinates.

3. By giving the initial radius, which corresponds to the outer envelope of the shock
wave, the next radius are calculated by considering the successive displacements.

4. The result can be validated by superposing the original sequences with the ob-
tained radius.

9.4 Time history of the cavitation vortex

Repetitive visualisations obtained by setting a variable delay from the valve closure
have shown that the cavitation vortex can be regenerated several times during a CVG
cycle. However, questioning about the dynamics of the cavitation vortex would be
beyond the scope of the present study, and thus the investigation time window is
restricted to some milliseconds following the main cavity collapse, where most of the
significant pressure transients are detected.

Low frame rate permits to visualise the cavitation vortex during the first 8 ms
that follow the main collapse. An example of such visualisations can be seen on the
sequences in figure 9.6. The first image corresponds to the emission of the shock wave
at the main cavity collapse. This is followed by a regeneration of a vapour core, which
collapses again. An important observation is that breaking process of the cavitation
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Figure 9.6: Vortex dynamics following the main cavity collapse
(first sequence) N=200 rpm, Q=0.66 /s, 0=1.2
(second sequence) N=200 rpm, Q=0.76 /s, 0=0.9
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vortex during the collapse after being regenerated is similar to the one of the first
collapse. This common characteristic can be found in the photos in figure 8.12, with a
delay from the valve closure about 17-19 ms.

A relatively smooth pressure transient is usually observed after an elapsed time of
2-3 ms. It can be stated that no vapour is present during this period.

Investigations have been restricted to the 250 us following the main collapse. It
appears that the main collapse can be followed by a second rebound of the vapour cavity
after an elapsed time of 15-20 us (see figure 9.7). Then, another collapse usually occurs
in the time window 200-220 ps. The emission of the first shock wave, which is due to
the main collapse, as well as the emission of a second weak shock wave, is illustrated
by visualisations in figure 9.8 (first sequence).
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Figure 9.7: Second rebound of the main cavity with emission of a weak shock wave
N=200 rpm, Q=0.76 1/s, 0=0.9
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9.5 Phenomenological study

9.5.1 Shock waves emission

Strong shock waves emission is systematically associated with the main cavity col-
lapse. Most of the collapses take place near the wall, as it was already pointed out by
the luminescence results in figures 8.23-8.25. In order to visualise the vapour phase
just before the emission of the shock wave, the pressure threshold is set to a minimum :
approximately 0.4 M Pa. As shown in figure 9.9, the maximum value of the pressure
signal is delayed with respect to the production of the shock wave, and the pressure
transducer is excited to its natural frequency of 130 kH z.
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Figure 9.9: Strong shock wave emission at near wall cavity collapse, 10° fps

N=200 rpm, Q = 0.76 I/s, 0=0.9

On the basis of the analysis of sequences, the main characteristics of shock waves
can be outlined.
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e Firstly, shock waves have a straight pattern after the polar to rectangular trans-
form, which obviously demonstrates their spherical nature despite that the shock
waves are generated by the global collapse of a complex vapour structure (see ex-
ample in figure 9.5). The "epicentre” of waves corresponds well to the calculated
vapour phase centre. Additionally, the wave pattern is often anisotropic, which
can be explained by two reasons :

1. in some cases, by the wave interference with previously emitted shock waves

2. more generally, by the anisotropy of the liquid media : the main cavity is
usually surrounded by a cloudy grey contrast which can be explained by the
presence of micro-bubbles.

e Secondly, before the shock front is clearly detached from the vapour cavity and
propagates spherically, the vapour cavity is initially surrounded by a dark con-
trast, which can be explained by a high change in the refraction index due to the
shock formation. However, this dark zone merges with the shadow of the vapour
phase and grows at a relatively slow rate compared to the following outgoing
shock wave.

This observation is consistent with the numerical calculations of Hickling & Ples-
set (1964), which describe the flow in the vicinity of a collapsing bubble in water :
the pressure near the bubble boundary during the last stage of the collapse is al-
ready increased, and then, as the liquid rebounds, it forms a compression wave
which moves outwards and steepens into a shock. It is also shown that the shock
steepens over a time interval (¢t — 7) where 7 is the Rayleigh time of the collapse,
so that (7 — #)10*/7 ~ 16 for an initial partial pressure within the cavity of
103 bar. Moreover, the corresponding perturbation distance is approximately
2 107! x Ry, for a bubble radius of 0.08 x Ry. On the basis of these theoretical
assumptions, the obtained shadowgraphy pattern around the collapse time can
be predicted. As an estimation, hypothetical initial conditions can be set : - the
maximum size bubble radius to 6 mm (half size of the test section), - the partial
pressure within the cavity to 1072 bar, - and the driving pressure to 6 bar. The
numerical application resulted in a time of shock formation over the first 350 ns,
with a perturbation distance shorter than 1.8 mm from the bubble with a radius
of 0.5 £0.2 mm. Furthermore, similar calculation with a higher initial pressure
would lead to a longer time for the formation the shock.

Consequently, as the exposure time is around 150-300 ns, the time duration of
the shock formation is expected to be comparable with the exposure time of the
light flashes. Moreover, the frame period of the visualisations is 500 ns. This is
roughly equal to the time required for the shock to steepen.

e Thirdly, an incident wave propagates in water until it reflects on the sides of the
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test section. In the case of near wall collapses, the incident wave is immediately
followed by a reflected wave which propagates in the same direction and velocity
than the incident shock wave (at approximately the sound speed).

Fourthly, instead of an incident shock wave with an unique and definite wave
front, the wave pattern is often composed of multiple shock waves which cannot be
explained by the reflection of a unique wave with the wall (this would only lead to
two shock fronts). However, if the cavitation vortex has a complex geometry with
multiple contacts with the surface then multiple shock waves may be produced,
see figure 9.10(a).

Finally, it must be emphasized that the observed thick waves are not due to
blur effects, but this must be related with the nature of the pressure transient
itself, in terms of amplitude and wave characteristics. As an argument for this
assumption, let us consider for example frame 2 of the sequence in figure 9.11(c).
Although the thicknesses of the two waves are different, the propagation velocity
for both waves is identical.

In fact, the theoretical blur could be estimated from the thickness of the sharper
wave. Previous experimental work has demonstrated that a shock pressure pulse
travelling at a speed of 1500 m s~ and emitted by a cavitation bubble collapse,
has a duration of about 140 ns (Ward & Emmony, 1990). Considering that the
whole wave function width is visualised in the shadowgraphy image, and assuming
a negligible blur, the expected physical thickness of the pressure transient would
be 0.2 mm. Then, considering an exposure time of 300 ns, which is roughly
the mean exposure time of the light pulses, the final apparent wave thickness
should be 0.65 mm. The actual measured thickness of the sharpest wave, which
is associated to a small vapour cavity, is 0.2 mm, which is less than half the
expected value. Therefore, the effective exposure time, which is resulting from
both the exposure time and the gain of the CCD image sensor, would be only
130 ns.

In fact, considering the following frames of the sequence, it can be suggested
that the apparent thick front wave actually corresponds to a superposition of two
successive shock waves, which have the same epicentre, and which travel at the
same velocity. Moreover, from a general point of view, a thick and dark shock
wave might be the result of merging smaller shock waves and thus, since their
pressures combine, the total pressure in some regions is greatly increased.

This characteristic of the thick pressure transient is confirmed by all visualisations
concerning large cavities. Unlike a large cavity, the collapse of a small cavity
generates an unique shock wave, whose front is well defined and thus appears
much thinner.
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9.5.2 Vortex cavities characteristics

First of all, one has to distinguish the case of a near wall collapse, and the case of
a far wall collapse, reminding that most of the collapses are near wall collapses. As
an illustration, see the sequences in figure 9.11, where the first image is a photo of the
cavitation vortex 2—-2.5 ms prior to the emission of the shock wave. It is shown that
the cavitation vortex leads to either a near wall collapse or a far wall collapse for the
same hydrodynamic conditions.

e In the case of a near wall collapse, the vapour phase can be either cavities attached
to the wall, or can have a more ellipsoidal shape, which is still in contact with the
wall. As an illustration of these types of collapses, typical sequences are given in
figure 9.10.

e As an intermediate situation between far wall collapse and near wall collapse,
there are also cases where the main cavity is remaining at the same position and
is attached to the wall via a short vapour bridge which breaks during the collapse,
see 9.14(a)(b) and 9.18(b). In this case, the hypothesis of the presence of a micro-
jet, which was first predicted by Kornfeld & Suronov (1944) for a collapsing
bubble near a solid boundary, cannot be excluded. In addition, there are some
situations where the main cavity is attached to the wall via a thin vapour filament
(9.12(a), 9.13(a), 9.14(c), 9.17(c), 9.18(a)). This might be related to the presence
of a thin and intense vortex tube ending at the wall. Other vortex filaments,
which are not attached to the wall and depart from the main cavity, can be also
observed, like in sequence 9.17(c). This shows how the micro turbulences of the
flow can interact with the vapour phase : an existing vapour volume can extend
rapidly along micro-hydrodynamic structures which eventually coalesce.

e Concerning isolated vapour cavities, they are never spherical, and the main cavi-
ty is usually associated with other surrounding smaller cavities. Moreover, the
main cavity does not collapse in a regular way, so that the initial cavity can
disintegrate and yields several isolated vapour structures which nearly collapse
at the same time. Some examples of complex collapses and breaking processes
are given in figures 9.14(a), 9.16(a)(b), 9.17(a). This behaviour is also consistent
with the observed breaking process of the cavitation vortex when it begins to col-
lapse. As supposed earlier in the case of near wall collapses, the observed main
cavity around collapse time could correspond to the shadow of numerous vapour
structures which coalesce during the rebound. Indeed, this could explain how a
main cavity causes the production of a thick shock wave pattern.

It is clear that the collapse and the associated shock wave is a very local pheno-
menon which is at first initiated by a part of a vapour structure, and then propa-
gates within it (see 9.15(c)). This is another characteristic of the collapse of
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isolated cavities. Moreover, although a cavity is submitted to the shock wave
transient generated by another cavity, it generally does not collapse instanta-
neously (see 9.17(b)), which could show that a shock wave transient might not
have a dominant influence on the collapse time of independent cavities.
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Figure 9.13: High-speed visualisations at 2.10° fps
(a) (b) (¢) N=200 rpm, Q=0.58 /s, 0=1.6
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Figure 9.14: High-speed visualisations at 2.10° fps
(a) (b) (¢) N=200 rpm, Q=0.58 /s, 0=1.6

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



132 Shock waves of cavitation vortex collapse

(7]
n =t
= ©
2 CY)
™ ™
(7)) [7)]
3 3
0 oe)
™ @
™ N
(7))
n =4
= ©
© ™
o N
% 0
3 =
< ©
N I~
N —
.
£
(7)) [72]
3 =
N ®
© A
— —

Figure 9.15: High-speed visualisations at 2.10° fps
(a) (b) (¢) N=200 rpm, Q=0.66 /s, 0=1.2

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



IT1.9.5 Phenomenological study 133

—
0
3
N~
< Ny
o)
%)
=
5 :
™~
%) ™
= A
N ’,
N %)
™ 3—' .
o Ay
= .
p ‘
9] : _
o
2 )
™ 0
N 3
<
%)
=
0
e}
N :
%)
3
o~
. (%) M~ F
= ™
©
o
’ %)
= |
(90] 1
%) B &
= ™
N~
o
N 0
=
N
S ;
N
r %)
1 ..
’ © g
o~ .
i 'L‘* 0 4
3 3 =
0 Ty) o) 4
S, < & “
— — — L

(a) (b) (c)

Figure 9.16: High-speed visualisations at 2.10° fps
(a) (b) (¢) N=200 rpm, Q=0.58 /s, 0=1.6
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Figure 9.17: High-speed visualisations at 2.10° fps
(a) (b) (¢) N=200 rpm, Q=0.58 /s, 0=1.6
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Figure 9.18: High-speed visualisations at 2.10° fps
(a) (b) (¢) N=200 rpm, Q=0.58 /s, 0=1.6
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9.6 Collapse time and boundary velocity

9.6.1 Shock wave velocity

Propagation of shock waves is calculated by using the intercorrelation method that
is presented in paragraph 9.3.2. The first wave radius corresponds to the outer envelope
of the first wave pattern that can be clearly identified in the shadowgraph. The corres-
ponding time is posterior to the time when the dark contrast merges with the vapour
phase. Then, to estimate the velocity of incident shock waves that are propagating
in the fluid, a linear regression curve is fitted on the calculated wave radius R, data.
Obtained velocities C for the different hydrodynamic conditions are listed in table 9.1.

1 and

The measured velocities are nearly equal to the sound speed : between 1350 m s
1400 m s~! in average.

Furthermore, since only sound velocities are measured, it shows that supersonic
velocities must only concern the vicinity of vapour phase at collapse time. In fact, these
occur when the dark light contrast around the vapour cavity is observed in shadow-
graphs. This hypothesis would be in good agreement with recent experiments carried
out by Holzfuss et al. (1998), where the early stage of the rebound of a sonoluminescent
air bubble exited by acoustic waves is studied : the cavity is found to expand faster
than the sound speed of the host liquid within a short distance of 100 pm. Afterwards,

the wave slows down to the sound speed and continues as a normal acoustic transient.

9.6.2 Production of the shock

The time at which the shock departs can be estimated by considering a constant
velocity of the shock wave. Then, the time at which the wave radius is zero gives the
collapse time, noted t.. However, assuming that the shock is supersonic at the early
stage of the rebound, ¢, might be underestimated. As an illustration of the obtained
extrapolated collapse time, see figures 9.19 to 9.22.

9.6.3 Minimum volume of the cavitation vortex

Visualisations provide a way to investigate the mean vapour growth at the rebound
of the cavitation vortex. However, because of both the lack of time and image reso-
lutions, obviously it is impossible to determine exactly the time corresponding to the
minimum volume, and thus to calculate the interface velocity at the early stage of the
rebound. Nevertheless, there are some visualisations where the minimum volume could
be situated in the first image, see the sequences in figures 9.12 (a)(b)(c). In these visu-
alisations, the cavity grows rapidly between the first and the second frame, where the
outgoing shock wave is clearly defined. In some other cases, like in figure 9.13 (a)(b),

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



I11.9.6 Collapse time and boundary velocity 137

the vapour volume is larger but still small (<0.4 mm) in the third frame where the
vapour cavity is growing while the outgoing shock wave is just steepened.

On the other hand, there are many cases where the visualised minimum volume
is larger, like in the figures 9.13(c), 9.14 (a)(c) and 9.15 (a)(b). However, as it was
already suggested, the collapse is a very local phenomenon. Thus, only a part of the
cavity collapse at a time, so that the global volume remains important.

9.6.4 Vortex boundary velocity

Boundary velocities V. = 0R.(t)/dt are calculated by considering pairs of conse-
cutive frames in sequences. As an example, let us consider the visualisations in which
the time of minimum volume is the most probable in the first frame, in figures 9.19 and
9.20 (see corresponding enlarged sequences in figure 9.12 (b)(a)). Maximum velocities
are obtained at the rebound with a velocity of 310 m s~ and 167 m s~!. Afterwards,
the growth rate diminishes. As other examples in figures 9.21 and 9.22, the rebounding
velocities respectively are 210 m s~ ! and 198 m s~ 1.

Similar velocities have been calculated for 42 visualisations, giving mean values between
149 ms~! and 229 ms~! (see table 9.1). Nevertheless, as these velocities do not exactly
concern the rebound, they are underestimated.

Boundary velocity at the rebound can be estimated by considering an extrapolated
collapse time. This can be either done by taking ¢., which is deduced from a constant
velocity of the shock wave, or by considering a constant acceleration of the bubble
expansion, giving the collapse time t.’. In fact, a constant acceleration extrapolation
is a compromise between the velocity predicted by the theory of Gilmore (1952) (valid
for V./ay < 0.3), and the velocity that would be obtained by taking into account
the compressibility of the gas within the cavity. The Gilmore model leads to velocities
which tend to infinity as (Ro/R.)%® (where Ry is the size of initial radius of a bubble).
However, since the collapse is decelerated because of the presence of gas within the
bubble, velocities are overestimated at collapse time.

To compare the time of the minimum volume and the estimated collapse times .
and t.’, let us simply consider the examples presented in figures 9.19 and 9.20, where
the cavity volume are minimum in the first image, at time 1.24 ps and 1.47 pus. The
extrapolated collapse times are respectively t. — 0.89 us and t.” = 0.88 us for 9.19,
and t. — 1.51 ps and t.” = 1.39 us for 9.20. Therefore, both the calculated collapse
times are consistent, and lead to an uncertainty which is roughly equal to the exposure
time of the visualisation (150-300 ns). Moreover, since the collapse time is calculated
by considering a constant velocity of the shock wave, this confirms that supersonic
velocity concerns the very vicinity of the vapour cavity at collapse time.

Furthermore, by taking the extrapolated collapse time t., the mean boundary veloc-
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ity of the cavitation vortex is calculated by considering the time ¢; which corresponds
to the first cavity radius R, posterior to t.. This velocity is noted V! and is defined as :

VI

¢ —t.

with ¢, —t. >0 (9.5)

Obtained results are given in table 9.1. As it was expected, cavitation vortex boundary

I and

velocities are greater than the instantaneous velocities V, : between 343 m s~
490 m s~

As has been shown earlier in paragraph 9.6.3, the collapse is a very local phe-
nomenon. Thus the local velocities involved in a complicated vapour cavity collapse

may be even much higher than the measured mean growth rate.

L Q lof G [ AG [ Ve | AV | Vo [ AV |Pop |
0.58 /s | 1.6 | 1345 m/s | 43 m/s | 149 m/s [ 35 m/s | 343 m/s | 113 m/s | 22
0.661/s | 1.2 1398 m/s | 62m/s | 181 m/s | 77 m/s | 486 m/s | 205 m/s | 12
0.76 1/s | 0.9 [ 1407 m/s | 39 m/s | 229 m/s | 99 m/s | 490 m/s | 265 m/s | 8

Table 9.1: Shock wave velocity and maximum boundary velocity

9.6.5 Impact efficiency of the cavitation vortex generator

It is interesting to compare the number of cycles of CVG with the number of
generated impacts. This has been realized in the context of the work of Maamouri
(1989). In these tests, copper specimens were used, and hydrodynamic conditions were
similar to those of the present study, with @ = 0.761072 m? - s7™!, N = 200 rpm. It
appears that the number of impacts is greater than the number of cycles of CVG : a
factor 2.5 is measured with a short exposure time of 30 s, in which case overlapping of
impacts is eliminated. In addition, grouped impacts are observed. Consequently, this
confirm that each isolated cavitation vortex yields multiple impacts.
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Figure 9.19: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.66 /s, 0=1.2
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Figure 9.20: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure 9.21: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure 9.22: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Chapitre 10

Simultaneous captures of shock waves
and luminescence

10.1 Measurement

10.1.1 Hydrodynamic conditions

These experiments are performed for a single hydrodynamic condition with the flow
rate Q = 0.58 [/s in the 4-windows test section. This condition is the most suitable
because it statistically generates more far wall collapses, in which cases the entire cavity
and incident shock wave contours can be well segregated from the test section wall and
from the complicated shadowgraphy pattern. Furthermore, both the exposure time
of the intensified light camera and the frame period of high-speed visualisations are
set to 500 ns, which provide us with an acceptable probability of capturing of the
luminescence emission, which is small because of the collapse jitter of the cavitation
vortex.

10.1.2 Image acquisition

The image acquisition is based on the high-speed visualisation system, on which
the intensified light camera (IC QUICK 05A ©) is implemented and replaces one of
the 8 CCD modules (Philipps FTM 800) of the Cranz-Schardin camera (CS).

The details of the acquisition are presented schematically in figure 10.1. The acquisi-
tion can be briefly described as follows : a video acquisition of 8 frames (1 from the
IC and 7 from CS) is realized with the Genesis frame grabber, whose digitiser speci-
fications are configured for the CCD modules. Indeed, the IC camera and modules
works with the CCIR video standard (290 lines of 758 pixels/line), and therefore all
video fields can be acquired in the same manner. This requires that both the separated

EPFL-IMHEF-Laboratoire de Machines Hydrauliques



144 Simultaneous captures of shock waves and luminescence

vertical and horizontal synchronization signals Viy,c, and Hyypen, as well as the video
signal, are supplied to the frame grabber. However, as the IC camera does not have a
storage section and delivers a continuous video signal, the video field containing lumi-
nescence must be asynchronously grabbed. This asynchronous capture is triggered by
the vertical synchronization signal Vg, of the IC camera. Then, once the video field
containing luminescence is acquired, video fields of the CCD modules are sequentially
retrieved by the frame grabber.

| Hardware trigger
Intensified \‘ v
li ght L Software Frlgger
Iul | Daaacquisition )
camera Herdware trigger Oscilloscope 100 MS/s Rotative Valve
Quick 04 Pressure threshold O
Trig+ ChL Ch2 Ch3 Ch4 CAL
R \ TTL
busy T . J L
Fsynch Photodiode B
video out Position
|___|f =50 mm detector
Test section of the valve
\ L——>| Trig
\ input
MUX
‘ © [Cuz1 PC Spark
' : Pressure [Cais ] Del Flashes
Charge amplifier > [_1/10datacard —n cooe
L Frame grabber 0000
: F eg/ o oo o
SEEC;L:;S for GPIB interface [ [« |mm_|S
| -
visuaizations Control Unit of CCD cameras Control Unit of spark flashes

Figure 10.1: Schematic of the simultaneous visualisations

It has to be noted that the principal requirement to obtain simultaneous visua-
lisations is to close the shutter of the IC just before the flashing of the CS. Both the
sparks of the high-speed shadowgraphy and the shutter of the IC camera are triggered
on a threshold of the dynamic pressure signal through the oscilloscope. The shutter of
the IC is controlled with an accuracy of 50 ns.

10.2 Synchronous shock wave and luminescence emis-
sion
Assuming that luminescence is emitted when the vapour volume reaches its mini-

mum volume (Barber & Putterman, 1992), the luminescence time occurrence would
correspond to the collapse time. Furthermore, assuming that the production of the
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shock is generated by the rebound of the vapour cavity, the appearance of the lumi-
nescence must correspond to the production of the shock.

In order to test whether these hypothesis are still consistent in the case of the
cavitation vortex, simultaneous visualisations are performed. As a first example, the
simultaneous visualisations presented in figure 10.2 are examined. The vapour cavity
is captured both before and after the luminescence emission. Then, the extrapolated

!, which lies within the

collapse time is 3.24 us for a shock wave velocity of 1422 m s~
integration period of the IC : 3.16-3.91 yus.

As a second example, let us consider the simultaneous visualisations in figure 10.3. Al-
though luminescence is principally unique, this is a counterexample where the emission
of a double luminescence source is clearly observed prior to the outgoing shock wave,

whose measured velocity is 1417 m s~!.

The corresponding collapse time is 0.80 us,
which is still included in the exposure time windows of 0.7-1.2 us.

Similar analysis of other simultaneous visualisations (D.1, D.2, D.3 and D.4) leads to
the same results. The shock wave and the luminescence are emitted synchronously, with
a time uncertainty of 500 ns. Moreover, the epicentre of the shock wave corresponds

to the location of the luminescence source (Couty et al., 2001).

10.3 Overpressure estimations

As it was demonstrated earlier, supersonic velocities might only concern the very
vicinity of the vapour cavity at collapse time. Then, because of both lack of time
and image resolution, the estimation of the collapse time and of the velocities has a
large uncertainty. Nevertheless, on the basis of the visualisation results, the measured
cavitation vortex boundary Mach number can be known in function of the equivalent
radius of the vortex. Afterwards, assuming a bubble analogy, the Gilmore model could
be applied to the characteristics of the cavitation vortex by considering some initial
conditions : - the initial equivalent radius R,, the driving pressure p.,, and the sound
speed in water ag — 1500 m s~!. Then, the bubble boundary velocity V. and the
radius R, is governed by the relation :

{%j - {1 B ?ZCOT {1 + %] (10.1)

_1
It can be noted that as R. tends to zero, V, varies as R.?, in contrast to the

incompressible theory in which V, varies as R, %. Thereafter, measured Mach numbers
at the rebound of the cavitation vortex are compared with Gilmore’s prediction in
figures 10.5 ((a) corresponding to high-speed visualisations in figures 9.19 - 9.22) and
(b) to simultaneous visualisations in figures 10.3 and 10.4).
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Figure 10.2: Simultaneous captures of luminescence and shock wave (2 10%fps). Note
the first image of the sequence where the vapour cavity is visible 3 ps prior to the
luminescence spark. Q=0.66 1/s, 0=1.6, N=200 rpm

So far, since initial conditions are only estimated, and as the cavities are not spherical,
velocities remarkably have the same order of magnitude as those predicted by the
model.

Furthermore, by extrapolating the evolution of the radius by considering Gilmore’s
model, and assuming that the minimum size of the cavity is similar to the size of
observed impacts in CVG, typically 10 um, the corresponding minimum radius ratio
would be 10e — 6/6e — 3 ~ 1.6e — 3, leading to a Vortex Mach number > 1. More-
over, overpressure up to several G Pa has been obtained, whose amplitude is inversely
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Figure 10.3: (a) Simultaneous captures of luminescence and shock wave (2 10°fps).

(b) Sequence showing the development of the shock wave. The white subscript 1
indicates the primary wave and subscript 2 indicates the wave reflected at the bottom
surface. (c¢) Timing of spark pulses of the CS and shutter signal of the IC. (d) Shock
velocity versus time. (e) Cavity growth versus time. Q=0.58 [/s, 0=1.6, N=200 rpm

proportional to the distance from the epicentre. However, it can be noted that the
decelerating effect due to the presence of a non condensable gas in the bubble is not
taken into account, so that the cavitation vortex Mach number might be overestimated.

However, Mach numbers greater than 0.25 (350 m s~!) are therefore confirmed by
both the extrapolated velocity V. (equation 9.5) and the theoretical boundary motion
of an equivalent Gilmore bubble (equation 10.1). As an estimation of the overpressure,
the water hammer approximation can be used :

AP = pV.C, (10.2)

Then, the equation proposed by Heymann (10.3) gives an approximation of the shock
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Figure 10.4: (a) Simultaneous captures of luminescence and shock wave (2 10%fps).

The white subscript 1
indicates the primary wave and subscript 2 indicates the wave reflected at the bottom
surface. (c¢) Timing of spark pulses of the CS and shutter signal of the IC. (d) Shock
velocity versus time. (e) Cavity growth versus time. Q=0.58 [/s, 0=1.6, N=200 rpm

(b) Sequence showing the development of the shock wave.

velocity. Finally, both equations 10.2 and 10.3 can be used to estimate the overpressure,
which according to Ridah (1987, 1988), gives very good results compared to the exact

solution of Tait’s equation.
2V,

Qo
Thus, a lower limit of the overpressure is found to be equal to 770 MPa, which is

Cs = ao(]_ +

) (10.3)

sufficient to cause cavitation damage on material such as stainless steel :
2V,

o

AP > pV.C, = pV, [a0(1 + )] = 770 M Pa (10.4)
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Vortex Mach number

Vortex Mach number
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Figure 10.5: Vortex boundary Mach number.
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Chapitre 11

Synthesis

11.1 Luminescence of cavitation vortex

The cavitation vortex collapse generate luminescence. Luminescence has been

characterized in terms of location, occurrence in vortex dynamics and intensity. More-

over, the sensitivity to experimental parameters as well as the influence of flow para-

meters have been studied :

1.
2.

Most of luminescence is emitted at the first collapse time by the main cavity.

Emission occurs as short light bursts with a duration down to 10 ns and up to
100 ns.

. Simultaneous visualisations have demonstrated that luminescence sources min-

gle with the shock waves epicentres. Moreover, luminescence and shock wave
initiation occur within a time interval which is less than 500 ns. Furthermore,
luminescence does not require the initial vapour cavity to be spherical. Although
the source can be multiple, this is principally unique. Therefore, the luminescence
phenomenon can be used to determine the collapse location.

Luminescence, in terms of detection success and intensity, is clearly increased
with dissolved gas in water.

The vortex intensity is a driving parameter of the luminescence intensity. More-
over, the collapse location is strongly influenced by the intensity of the vortex :
the last stage of the cavitation vortex collapse takes place closer to the wall when
the vortex intensity increases. Furthermore, considering both the decrease of the
wall distance and the increase of collapse strength with the increasing vortex
intensity, one could suggest that there is an increase of cavitation aggressiveness
when the vortex intensifies.
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11.2 Cayvitation vortex collapse

The main phenomenological observations and quantitative estimations can be sum-
marized as follows :

1. The vapour cavity shape and structure are extremely variable. The collapse and
the associated emission of shock waves are very local phenomena which can arise
from different locations from the same main cavity. Indeed, vapour cavities can
fission and principally emit multiple and successive shock waves from different
epicentres. These shock waves can be either clearly segregated or combined,
which can lead to a resulting strong shock wave.

2. Estimations of the mean boundary velocity result in maximum values greater
than 350 m s~! at the rebound. As the collapse is not regular, local velocity at
the boundary might be much higher. Measured mean boundary Mach numbers
are in agreement with theoretical estimations of an equivalent "Gilmore” bubble.

3. As only sonic velocity of shock waves can be estimated, supersonic velocities must
concern the very vicinity of the vapour structure at the collapse time.
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Conclusions

Cavitation aggressiveness on 2-D blades

Marking tests have been performed in the cavitation tunnel on 2D profiles with
inserted specimens made of three different materials : aluminium, copper and stainless
steel. The hydrodynamic parameters have been the flow velocity, the length of the
leading edge cavitation cavity, and the presence of an additional pressure gradient,
which has been simulated by a diverging duct. Then, 3-D profilometry analysis have
been achieved, and pitting rates have been calculated : deformation volume rates,
deformation energy rates and pitting rates. Finally, the collapse efficiency, which is
defined as the ratio between a statistical energy distribution of cavity energy and the
distribution of impact deformation energy, has been estimated. The results led to the
following remarks :

1. In the case of the stable leading edge cavitation, impacts are principally concen-
trated at about the main cavity closure and are non overlapping impacts. For
an unstable leading edge cavitation, impacts are more spread around the main
cavity closure, and the presence of grouped impacts is usually observed.

2. Among the macroscopic flow parameters, the flow velocity is the main parameter
on which pitting rates and deformation volume rates depends. Higher rates have
been obtained in the case of the diverging test section (up to a factor 10). A scale
effect can be noted by comparing rates obtained with the 2-D blades of different
scales. Higher impact volumes are noted for the full scale 2-D blade than for the
small scale one.

3. The collapse efficiency strongly depends on the flow velocity, the material and
the flow angle of incidence. It is constant over the whole scale of energies for high
flow velocities. Nevertheless, it is not constant for moderate flow velocities : it
is lower for higher energies. As an explanation, it can be suggested that largest
vapour structures, whose collapse times are higher, are transported more far away
the cavity closure, and collapse at a larger distance to the wall than the smaller
cavities. However, because of the lack of data for the large pits, this suggestion
has to be considered with care.
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Physical investigation of a cavitation vortex

Luminescence and collapse location

The observation of the luminescence of an isolated cavitation vortex collapse has
been experimentally achieved for the first time. Moreover, simultaneous capture of
luminescence and shock waves have been achieved. Luminescence has been detected
with the help of a photomultiplier tube and an intensified light camera. Then, specific
signal and image processing methods have been implemented in order to study the
characteristics of the luminescence emission in terms of intensity and occurrence in the
cavitation vortex dynamics. Furthermore, the sensitivity to experimental parameters,
as well as the link with physical characteristics of the cavitation vortex and associated
phenomena have been established :

1. Luminescence does not require the initial vapour cavity to be spherical. Although
the source can be multiple, it is principally unique and corresponds to the centre
of the main vapour cavity.

2. Most of luminescence is emitted at the first collapse time by the main cavity.

3. Emission occurs as short light bursts with a duration down to 10 ns and up to
100 ns.

4. Simultaneous visualizations have demonstrated that luminescence sources min-
gle with the shock waves epicentres. Moreover, luminescence and shock wave
initiation occur within a time interval which is less than 500 ns.

5. Luminescence emission, in terms of detection success and intensity, is clearly
increased with dissolved gas in water.

6. The vortex intensity is a driving parameter of the luminescence emission.

Then, the luminescence phenomenon has been used to determine the collapse loca-
tion. As a remarkable result, the collapse location is strongly influenced by the intensity
of the vortex : the last stage of the cavitation vortex collapse takes place closer to the
wall when the vortex intensity increases.

Cayvitation vortex collapse

The physical investigation of a cavitation vortex collapse with the help of shadow-
graphy visualizations have been carried out. This study confirmed the complex hydro-
dynamic characteristics that can be involved in a cavitation vortex collapse. Further-
more, specific image processing methods have been developed in order to estimate the
cavitation vortex boundary velocities and velocities of shock waves. Main phenomeno-
logical observations and quantitative estimations can be summarized as follows :
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1. The cavitation vortex collapse leads to an irregular vapour cavity shape at the
final stage. The collapse and the associated emission of shock waves are very local
phenomena which can arise from different locations from the same main cavity.
Indeed, vapour cavities can fission and principally emit multiple and successive
shock waves from different epicentres. These shock waves can be either clearly
segregated or combined, which can lead to a resulting strong shock wave.

2. Estimations of the mean boundary velocity result in maximum values greater
than 350 m s~ ! at the rebound. As the collapse is not regular, local velocity at
the boundary might be much higher. Measured mean boundary Mach numbers
are in agreement with theoretical estimations of an equivalent "Gilmore” bubble.

3. As only sonic velocity of shock waves can be estimated, supersonic velocities must
concern the very vicinity of the vapour structure at the collapse time.

Joint results : cavitation attack

The results of the cavitation vortex study (luminescence and collapse) suggest how
the hydrodynamic parameters of the flow might be related with the cavitation aggres-
siveness. Cavitation attack principally depends on the following hydrodynamic param-
eters :

1. Assuming that luminescence intensity is related to the strength of the collapse,

the increase of the intensity of the vortex leads to stronger collapses.

2. Independently of the types of vapour structures, each cavity can lead to multiple

and successive micro-collapses, so that several impacts can be generated.

3. The last stage of the collapse of the cavitation vortices takes place closer to the

wall, the more the circulation of the vortices in the flow increases.
Furthermore, it can be suggested that the flow velocity increases the intensity of the
transient vortices which are generated by the leading edge cavitation. This leads the
transient vortices collapse closer to the surface. Consequently, the cavitation aggres-
siveness of the leading edge cavitation increases.
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Perspectives

Further investigations of a cavitation vortex

Cavitation impacts must be generated by hydrodynamic phenomena which take
place in the very vicinity of the vortex cavity at collapse time. A cavitation vortex
collapse presents complicated physical phenomena which requires more investigations.
A proposal for further studies can be made :

1. Measurement of local boundary velocities and confirmation of the fission of

vapour structures. High-speed visualisations with a spatial resolution down to
10 pm, and with an exposure time down to 10 ns are required.

2. Measurement of shock waves amplitudes and velocities in the very vicinity of the
main cavity at collapse time. In fact, because of the combination of multiple
shock waves which merge with the vapour cavity, a detailed study cannot be
achieved with the shadowgraphy technique. More suitable visualisations tech-
niques, such as color Schlieren photography or interferometric methods could be
used. In addition, the collapse time can be determined by achieving simultaneous
capture of luminescence and shock waves. Moreover, because of the collapse time
jitter, the luminescence phenomenon must be used to synchronize the high-speed
visualisations.

3. In future, the geometry of the CVG test section can be made 2-D by adding
suitable transparent blocks. Thus, jets and effect of toral geometries might be
visualised.

4. On the basis of the two preceding studies, estimation of a potential energy of a
cavitation vortex might be made.

Aggressiveness of transient vortices

Although luminescence experiments need sophisticated experimental requirements,
the luminescence phenomenon can be used to determine a map of collapse location of
transient cavities in a more complicated flow, such as those generated downstream a
leading edge cavitation. In addition, it would be interesting to study the interaction
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of turbulent flow structures with the created vapour cores within these structures.
Furthermore, toward an improvement of energetic models of cavitation aggressiveness
prediction, potential energies of cavitation vortices, which are weighted by the collapse
distance to the wall, could be considered in models.
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Aluminium | X %]} Nk ?/k Te T Tn T T,m T,
Echelle 1 %] [Wmm?s] | [um*mm?/s] | [mm?s] | [ymm%s] | [um¥mm?s] | [/mm?s]
a4152 10[ 10| 0.03] 1.78E-10]  4.94F-02| 1.11E-04] 5.88E-11] 1.29F-02| 1.89F-05
a4152 20 4| 0.05] 2.69E-10[  3.44E-02| 4.44E-05] 5.88E-11] 1.29E-02| 1.89E-05
a4152 30 4| 0.02[ 1.30E-10[  4.20E-02| 4.44E-05] 5.88E-11] 1.29E-02| 1.89E-05
a4152 40 2] 0.01] 7.52E-11 213E-02| 222E-05] 5.88E-11| 1.29E-02| 1.89E-05
a4154 30] 10] 0.04] 1.97E-10[  4.04E-02| 1.66E-04] 8.04E-11|  1.25E-02| 3.99E-05
ad4154 40| 10| 0.06| 3.92E-10 6.35E-02 1.66E-04| 8.04E-11 1.25E-02| 3.99E-05
a4154 50| 5| 0.04] 2.48E-10]  2.83E-02| 8.32E-05] 8.04E-11[  1.25E-02| 3.99E-05
a4154 60 2| 0.01| 2.22E-11 3.82E-03| 3.33E-05| 8.04E-11 1.25E-02| 3.99E-05
a4202 10| 9] 0.02] 1.78E-10]  5.60E-02| 1.50E-04| 2.73E-09] 4.62E-01| 8.65E-04
a4202 20| 493| 3.44| 2.61E-08]  4.27E+00| 8.20E-03] 2.73E-09]  4.62E-01| 8.65E-04
24202 30 18| 0.07[ 7.10E-10]  2.32E-01| 2.99E-04] 2.73E-09] 4.62E-01| 8.65E-04
a4202 40 3| 0.03[ 4.61E-10 1.01E-01| 4.99E-05| 2.73E-09 4.62E-01| 8.65E-04
a4204 30 7| 0.03| 6.42E-10 1.46E-01| 3.10E-04| 1.39E-08| 3.33E+00| 1.28E-03
a4204 40| 269] 2.73[ 1.37E-07] 3.29E+01| 1.19E-02] 1.39E-08] 3.33E+00| 1.28E-03
a4204 50| 10| 0.08| 1.64E-09 2.69E-01| 4.44E-04| 1.39E-08| 3.33E+00| 1.28E-03
a4204 60 5| 0.02[ 3.39E-10 7.81E-02| 2.22E-04| 1.39E-08| 3.33E+00| 1.28E-03
a4252 20| 274| 2.42| 1.02E-07|  1.48E+01| 2.43E-02| 3.36E-08] 4.45E+00| 4.17E-03
a4252 30| 243| 3.97| 2.51E-07| 3.22E+01| 2.16E-02| 3.36E-08] 4.45E+00| 4.17E-03
a4252 40 14| 0.1] 3.50E-09]  4.81E-01| 1.24E-03] 3.36E-08] 4.45E+00| 4.17E-03
a4252 50| 10| 0.12| 6.24E-09 8.98E-01| 8.87E-04 3.36E-08| 4.45E+00| 4.17E-03
a4302 10[ 10| 0.04| 5.80E-09]  9.67E-01| 4.44E-03] 7.32E-08] 1.12E+01[ 1.82E-02
a4302 20| 395 3.1] 7.06E-07] 1.09E+02| 1.75E-01| 7.32E-08] 1.12E+01| 1.82E-02
a4302 30 7| 0.08| 2.14E-08 2.96E+00| 3.10E-03| 7.32E-08| 1.12E+01| 1.82E-02
a4302 4 o o 0 0 0] 7.32E-08] 1.12E+01[ 1.82E-02
a4302 50 1 0| 3.59E-10]  9.98E-02| 4.44E-04] 7.32E-08] 1.12E+01[ 1.82E-02
a4304 30 67| 0.6] 1.94E-07 2.83E+01| 4.46E-02| 1.45E-07| 1.87E+01| 2.26E-02
a4304 40| 289] 351 1.25E-06] 1.59E+02| 1.92E-01] 1.45E-07| 1.87E+01]| 2.26E-02
a4304 50| 1] 0.11] 7.74E-08]  8.64F+00| 6.65F-04] 1.45E-07| 1.87E+01| 2.26E-02
a6152 10[ 68| 0.51| 8.06E-08] 1.22E+01| 1.81E-02] 9.52E-08] 1.14E+01[ 6.95E-03
a6152 20| 118| 2.04| 5.38E-07 6.59E+01| 3.14E-02| 9.52E-08| 1.14E+01| 6.95E-03
a6152 30| 63| 1.26| 2.82E-07 2.86E+01| 1.68E-02| 9.52E-08| 1.14E+01| 6.95E-03
a6152 40| 26| 0.38| 6.61E-08 9.39E+00| 6.92E-03| 9.52E-08| 1.14E+01| 6.95E-03
a6152 50 4| 0.05[ 6.98E-09 9.95E-01| 1.06E-03| 9.52E-08| 1.14E+01| 6.95E-03
a6154 20| 13] 0.15] 1.82E-08]  2.64E+00| 2.47E-03] 6.45E-08] 7.48E+00| 2.63E-03
a6154 30| 31| 0.33] 2.92E-08 3.73E+00| 5.89E-03| 6.45E-08| 7.48E+00| 2.63E-03
a6154 40| 55| 1.49| 2.42E-07| 2.33E+01| 1.05E-02| 6.45E-08] 7.48E+00| 2.63E-03
a6154 50 27| 0.88] 2.37E-07| 3.85E+01| 5.13E-03] 6.45E-08] 7.48E+00| 2.63E-03
ag154 60| 12| 0.71| 1.21E-07 6.79E+00| 2.28E-03| 6.45E-08| 7.48E+00| 2.63E-03
a6154 70 5| 0.04| 3.62E-09 5.94E-01| 9.50E-04| 6.45E-08| 7.48E+00| 2.63E-03
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164 Averaged pitting and deformation volume rates

Cuivre | X%l Nk ?k Te T T, T T, T

Echelle1 2| (ymmre] | ummmers) | prmee) Wmm%s] | [wm®mm?/s] | mm?s]
c4202 10( 36| 0.15( 4.63E-09 8.00E-02| 2.00E-04| 3.94E-09 4 59E-02| 1.25E-04
c4202 20| 79| 0.45| 1.29E-08 1.55E-01| 4.38E-04| 3.94E-09 4 59E-02| 1.25E-04
c4202 30| 104] 0.66| 1.64E-08]  1.73E-01] 5.77E-04] 3.04E-09] 4.59E-02| 1.25E-04
c4202 20| 5| 0.01] 4.39E10]  1.31E02| 2.77E.05] 3.04E09] 4.59E-02| 1.05E.04
c4202 50 6| 0.09| 5.19E-09 0.044| 3.33E-05| 3.94E-09 0.0459| 0.000125
c4202 60] 5| 0.04] 1.42E-09]  1.90E-02| 2.77E-05| 3.94E-09] 4.50E-02] 1.25E-04
c4204 30| 89| 0.51] 1.64E08] 1.91E-01] 6.58E.04] B8.03E09] 9.26E-02| 2.04E04
c4204 40| 196] 1.52] 6.93E-08]  7.19E-01| 1.45E-03] 8.03E-09] 9.06E-02| 2.04E-04
c4204 50| 12| 0.15| 7.59E-09 0.063| 8.87E-05| 8.93E-09 0.0926| 0.000204
c4204 60 2 0| 1.30E-10 2.35E-03| 1.48E-05| 8.93E-09 9.26E-02| 2.04E-04
c4252 20[1012| 7.74] 3.58E-07] 3.85E+00| 7.48E-03| 5.69E-08] 5.09E-01] 6.64E-04
c4252 30| 51| 2.06] 2.11E-07 1.31E+00| 3.77E-04| 5.69E-08 5.09E-01| 6.64E-04
c4252 40| 51| 1.04| 7.97E-08 0.669| 0.000377| 5.69E-08 0.509| 0.000664
c4252 50| 30| 0.12] 7.02E-00]  2.00E-01] 2.00E-04] 5.69E-08] 5.09E-01| 6.64E-04
c4252 60| 10( 0.06| 2.24E-09 2.65E-02| 7.39E-05| 5.69E-08 5.09E-01| 6.64E-04
c4254 20| 11| 0.24] 4.88E-08]  3.64E-01] 1.83E-04] 6.35E-08] 6.52E-01] 1.18E-03
c4254 30| 37| 0.24| 2.26E-08 0.319| 0.000615| 6.35E-08 0.652| 0.00118
c4254 40| 642] 5.35] 5.32E-07]  5.50E+00] 1.07E-02] 6.35E-08] 6.52E-01] 1.18E-03
c4254 50| 20| 0.19] 1.93E-08]  1.93E-01] 3.33E-04] 6.35E-08]  6.52E-01] 1.18E-03
c4254 60| 5| 0.13] 3.04E-08]  3.15E-01] 8.32E-05] 6.35E-08] 6.52E-01] 1.18E-03
c4302 30| 24| 057| 2.63E-07 1.87| 0.00106| 8.97E-08 0.502| 0.000411
4302 40| 13| 0.84| 5.67E07] 2.30E<00| 5.77E.04] 8.07E08| 5.02E-01| 4.11E04
4302 50| 61| 0.45| 1.32E-07] 1.00E+00| 2.71E.03| 8.07E08| 5.02E-01| 4.11E04
c4302 60] 1| 0] 423E10]  1.44E-02| 444E 05| 8.97E08| 502E01| 411E-04
c4304 30| 29| 0.25| 1.09E-07 1.16E+00| 1.93E-03| 3.56E-07 2.36E+00| 2.30E-03
c4304 40| 312| 3.44] 1.54E-06] 1.44E+01] 2.08E-02] 3.56E-07] 2.36E+00| 2.30E-03
c4304 50| 15| 2.18] 2.58E-06] 1.11E+01] 9.98E-04] 3.56E-07] 2.36E+00| 2.30E-03
c4322 20| 777\ 11.9] 5.13E-06 5.12E+01| 3.45E-02| 5.30E-06 4 53E+01| 6.16E-03
c4322 30| 377| 21.9] 2.01E-05 186 0.0167| 0.0000053 453 0.00616
c4322 40| 275| 17.9] 1.45E-05] 1.16E+02| 1.00E.02] 5.30E.06| 4.53E+01] 6.16E-03
c4322 50| 120| 14.2| 1.41E-05 1.09E+02| 5.32E-03| 5.30E-06 4.53E+01| 6.16E-03
c4322 60| 46| 1.27| 6.20E-07 4.70E+00| 2.04E-03| 5.30E-06 4 53E+01| 6.16E-03
c4324 20| 19| 0.15] 5.16E-08]  5.14E-01] 1.06E-03] 2.31E-06] 1.98E+01| 7.87E-03
c4324 30| 155| 2.23] 1.23E-06]  1.09E01] 1.03E:02] 2.31E-06] 1.98E+01] 7.87E-03
c4324 40| 874] 16.6] 1.49E-05] 1.43E+02| 5.82E-02] 2.31E-06] 1.98E+01| 7.87E-03
c4324 50| 116 5.69] 5.24E-06]  3.30E+01] 7.72E-03] 2.31E-06] 1.98E+01] 7.87E-03
c4324 60| 31| 2.19| 2.24E-06 1.30E+01| 2.06E-03| 2.31E-06 1.98E+01| 7.87E-03
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A Averaged pitting and deformation volume rates 165
Cuivre | X%l Nk ?k Te T T, T T, T
Echelle1 2| (ymmre] | ummmers) | prmee) Wmm%s] | [wm®mm?/s] | mm?s]
c6152 10| 37| 0.17| 4.61E-08 8.50E-01| 1.76E-03| 252E-07| 1.92E+00| 1.56E-03
c6152 20| 97| 1.91| 7.93E-07 6.18E+00| 4.61E-03| 252E-07| 1.92E+00| 1.56E-03
c6152 30| 153| 2.81 1.19E-06 8.94E+00| 7.27E-03| 2.52E-07| 1.92E+00| 1.56E-03
c6152 40| 33| 0.87| 3.42E-07| 2.48E+00| 1.57E-03] 252E-07| 1.92E+00| 1.56E-03
c6152 50| 16| 0.42| 1.62E-07 0.969| 0.00076| 2.52E-07 1.92] 0.00156
c6152 60 1 0| 9.36E-10 3.63E-02| 4.75E-05| 2.52E-07| 1.92E+00| 1.56E-03
c6154 20| 17| 0.19] 4.96E-08]  4.64E-01| 5.66E-04] 5.04E-07| 3.16E+00| 1.68E-03
c6154 30| 331 2.36] 4.15E-07|  4.62E+00| 1.10E-02| 5.04E-07| 3.16E+00| 1.68E-03
c6154 40| 70| 3.28] 1.51E-06 10.1] 0.00233| 5.04E-07 3.16] 0.00168
c6154 50| 53| 3.76| 1.70E-06 8.40E+00| 1.76E-03| 5.04E-07| 3.16E+00| 1.68E-03
c6154 60| 33| 1.91 8.66E-07 5.25E+00| 1.10E-03| 5.04E-07| 3.16E+00| 1.68E-03
c6154 70 o[ 0.95] 6.83E-07] 3.88E+00| 2.99E-04| 5.04E-07| 3.16E+00[ 1.68E-03
c6202 20| 136| 3.49 4.42E-06 27.9 0.0181| 2.47E-06 12.7] 0.00336
c6202 30] 81| 5.9] 1.18E-05] 6.15E+01| 1.08E-02] 2.47E-06] 1.27E+01| 3.36E-03
c6202 40| 45| 4.16] 9.06E-06]  4.06E+01| 5.99E-03] 247E-06] 1.27E+01| 3.36E-03
c6202 50| 13| 0.41] 4.32E-07] 2.58E+00| 1.73E-03] 2.47E-06] 1.27E+01| 3.36E-03
c6202 60 15| 0.12] 1.53E-07|  1.59E+00| 2.00E-03] 2.47E-06] 1.27E+01| 3.36E-03
c6204 20| 52| 0.59| 6.15E-07| 5.19E+00| 6.92E-03] 5.96E-06] 3.29E+01| 8.08E-03
c6204 30| 110| 4.24] 6.90E-06]  3.78E+01| 1.46E-02| 5.96E-06] 3.29E+01| 8.08E-03
c6204 40| 227| 8.26] 1.40E-05]  9.49E+01| 3.02E-02| 5.96E-06] 3.29E+01| 8.08E-03
c6204 50| 130| 11.3[ 3.01E-05 1.54E+02| 1.73E+00| 5.96E-06| 3.29E+01| 8.08E-03
c6204 60| 71| 2.36| 3.34E-06 19.7| 0.00945| 5.96E-06 32.9] 0.00808
c6204 70| 40| 3.13| 6.40E-06 2.49E+01| 5.32E-03| 5.96E-06| 3.29E+01| 8.08E-03
c6252 20| 143] 1.97[ 1.49E-05] 1.32E+02| 1.27E-01] 8.03E-06] 4.71E+01| 1.90E-02
c6252 30| 78| 4.54| 5.04E-05 279 0.0692| 8.03E-06 471 0.019
c6252 40| 18] 1.24[ 1.29E-05]  5.45E+01| 1.60E-02] 8.03E-06] 4.71E+01] 1.90E-02
c6252 50| 10| 0.48] 5.80E-06] 3.73E+01| 8.87E-03] 8.03E-06] 4.71E+01| 1.90E-02
c6252 60 1] 0.02] 8.96E-08]  6.55E-01| 8.87E-04| 8.03E-06| 4.71E+01[ 1.90E-02
c6254 10| 42| 0.17| 5.97E-07 8.30E+00| 2.79E-02| 4.44E-05| 2.83E+02| 3.75E-02
c6254 20| 33| 0.59| 2.96E-06 21.7 0.022| 0.0000444 283 0.0375
c6254 30] 95| 4.4| 3.72E-05] 2.03E+02| 6.32E-02] 4.44E-05] 2.83E+02| 3.75E-02
c6254 40| 234] 10.8] 1.08E-04] 6.63E+02| 1.56E-01| 4.44E-05] 2.83E+02| 3.75E-02
c6254 50| 89| 13.4| 1.99E-04 1.38E+03| 5.92E-02| 4.44E-05| 2.83E+02| 3.75E-02
c6254 60] 47| 4.78] 5.08E-05] 2.74E+02| 3.13E-02| 4.44E-05] 2.83E+02| 3.75E-02
c6254 70| 46| 4.89] 6.07E-05]  3.69E+02| 3.06E-02] 4.44E-05] 2.83E+02| 3.75E-02
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166 Averaged pitting and deformation volume rates

Adier Inox | X [%]| Nk ?/k Te T, Tn T.M T, T

Echelle 1 U1 i | e | pmmse) Wmm?s] | [um®mm?/s] | [mm?s]
i4302 10 3| 0.01| 1.15E-09 4.12E-03| 1.60E-05| 9.98E-10 2.54E-03| 4.53E-06
i4302 20 4| 0.02| 1.97E-09 6.15E-03| 2.13E-05| 9.98E-10 2.54E-03| 4.53E-06
4302 30 3| 0.06] 9.52E-09 2.16E-02| 1.60E-05| 9.98E-10 2.54E-03| 4.53E-06
i4304 30 4| 0.01| 7.84E-10 0.00413| 2.96E-05| 8.07E-09 0.0211| 5.14E-05
i4304 40| 59| 0.37| 4.99E-08 1.49E-01| 4.36E-04| 8.07E-09 2.11E-02| 5.14E-05
4304 50| 10| 0.22| 4.03E-08 7.89E-02| 7.39E-05| 8.07E-09 2.11E-02| 5.14E-05
4322 20| 106 1.05| 1.83E-07 5.94E-01| 5.88E-04| 7.36E-08 1.70E-01| 1.62E-04
i4322 30| 130| 2.48| 4.03E-07 0.82| 0.000721 7.36E-08 0.17| 0.000162
4322 40| 50| 0.52| 7.72E-08 2.09E-01| 2.77E-04| 7.36E-08 1.70E-01| 1.62E-04
4322 50| 22| 0.35| 6.11E-08 1.59E-01| 1.22E-04| 7.36E-08 1.70E-01| 1.62E-04
i4322 60| 14| 0.44| 7.65E-08 8.82E-02| 7.76E-05| 7.36E-08 1.70E-01| 1.62E-04
i4324 20 17| 0.07| 8.88E-09 0.0459| 0.000113| 5.16E-08 0.134| 0.000174
4324 30| 21| 0.15| 1.80E-08 4.78E-02| 1.40E-04| 5.16E-08 1.34E-01| 1.74E-04
i4324 40| 149| 1.55| 2.33E-07 6.58E-01| 9.91E-04| 5.16E-08 1.34E-01| 1.74E-04
4324 50| 59| 1.07| 2.08E-07 4.45E-01| 3.93E-04| 5.16E-08 1.34E-01| 1.74E-04
4324 60| 27| 0.32| 6.56E-08 2.12E-01| 1.80E-04| 5.16E-08 1.34E-01| 1.74E-04
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A Averaged pitting and deformation volume rates 167
Acier Inox [X[%]| Nk [E/k] Te T T, T T, T.O
Echelle | wmm?s] | umimm?s] | Umm?s] | pwmm?s] | wmmm®s] | Jmm?s]
i6152 10 2 0| 4.68E-10 3.23E-03| 1.11E-05| 3.57E-10 1.35E-03| 5.82E-06
i6152 20 1 0| 3.29E-10 1.38E-03| 5.54E-06] 3.57E-10 1.35E-03| 5.82E-06
i6152 30[ 5| 0.02[ 1.56E-09]  5.35E-03| 2.77E-05] 3.57E-10[ 1.35E-03| 5.82E-06
i6152 40 4| 0.02| 1.78E-09 5.82E-03| 2.22E-05| 3.57E-10 1.35E-03| 5.82E-06
i6154 30 1 0| 2.77E-10 1.04E-03| 4.93E-06] 1.29E-09 3.40E-03| 6.90E-06
i6154 40 4| 0.01| 9.72E-10 6.54E-03| 1.97E-05| 1.29E-09 3.40E-03| 6.90E-06
i6154 50 7] 0.1 1.15E-08]  2.37E-02| 3.45E-05] 1.29E-09] 3.40E-03| 6.90E-06
i6154 60 3 0| 4.10E-10 3.96E-03| 1.48E-05| 1.29E-09 3.40E-03| 6.90E-06
i6202 10 1 0| 3.85E-10]  2.16E-03| 1.66E-05| 6.92E-09] 2.38E-02| 5.24E-05
i6202 20| 16| 0.09| 2.79E-08]  8.49E-02| 2.66E-04] 6.92E-09] 2.38E-02| 5.24E-05
i6202 30] 8| 0.07| 2.66E-08]  9.23E-02| 1.33E-04] 6.92E-09] 2.38E-02| 5.24E-05
i6202 40 9| 0.05[ 1.93E-08 7.92E-02 1.50E-04| 6.92E-09 2.38E-02| 5.24E-05
16204 30] 4] 0.01] 271E-09]  1.04E-02| 4.44E05] 151E-07| 2.68E-01] 1.23E-04
16204 40| 34| 0.38] 8.60E-08]  1.77E-01| 3.77E-04] 151E-07| 2.68E-01| 1.23E-04
6204 50| 36| 1.81| 1.07E-06 1.90E+00| 3.99E-04 1.51E-07 2.68E-01| 1.23E-04
i6204 60 25| 0.64] 2.13E-07|  3.51E-01] 2.77E-04] 1.51E-07| 2.68E-01 1.23E-04
6204 70| 17| 0.54| 1.85E-07 0.32| 0.000189| 1.51E-07 0.268[ 0.000123
6252 20] 9| 0.1] 1.83E-07 3.73E-01| 7.49E-04] 5.88E-08] 1.41E-01| 1.48E-04
6252 30[ 7| 0.09] 1.52E-07]  3.61E-01| 5.82E-04] 5.88E-08] 1.41E-01| 1.48E-04
6252 R 0| 454E-09] 1.54E-02| 8.32E-05] 5.88E-08] 1.41E-01[ 1.48E-04
6252 50 4/ 01| 3.92E-07 1] 0.000333| 5.88E-08 0.141[ 0.000148
i6254 40| 27| 052| 7.19E-07] 1.37E+00| 1.50E-03] 2.95E-07| 4.95E-01| 3.67E-04
6254 50| 29| 0.86| 1.63E-06 2.75E+00| 1.61E-03| 2.95E-07 4.95E-01| 3.67E-04
i6254 60[ 14| 0.42] 7.64E-07 1.12] 0.000776] 2.95E-07 0.495| 0.000367
i6254 70 4| 0.03[ 2.74E-08]  6.36E-02| 2.22E-04] 2.95E-07| 4.95E-01| 3.67E-04
i6302 20 9| 0.08] 5.78E-07|  1.49E+00| 3.59E-03] 1.31E-07| 3.54E-01| 4.19E-04
i6302 30 5[ 0.08] 1.17E-06 3.23E+00| 2.00E-03| 1.31E-07 3.54E-01| 4.19E-04
i6304 30] 18] 0.32] 2.36E-06 52| 0.00479] 5.43E-06 10.3]  0.00353
16304 40| 53| 1.6] 1.68E-05 3.24E+01| 1.41E-02| 5.43E-06| 1.03E+01| 3.53E-03
i6304 50| 35| 1.77] 2.44E-05 4.38E+01| 9.31E-03| 5.43E-06| 1.03E+01| 3.53E-03
6304 60| 16| 0.67| 6.22E-06 1.01E+01| 4.26E-03| 5.43E-06/ 1.03E+01| 3.53E-03
6304 70| 20| 0.51| 6.63E-06 1.69E+01| 5.32E-03| 5.43E-06/ 1.03E+01| 3.53E-03
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168 Averaged pitting and deformation volume rates
Veine X %] Nk ?/k Te T Tn (A T, (L
divergente U1 s | i | pmemis) Wmm?s] | [pm¥mm?s] | Jmm¥s]

dc4202 20| 985| 6.38] 1.66E-07| 1.76E+00| 5.46E-03| 4.20E-08] 4.53E-01| 1.35E-03

dc4202 30| 915| 6.24] 1.67E-07| 1.75E+00| 5.07E-03| 4.20E-08]  4.53E-01| 1.35E-03
dc4202 40[1050| 6.5] 1.71E-07|  1.95E+00| 5.82E-03| 4.20E-08]  4.53E-01| 1.35E-03

dc4204 30[2540| 11.3[ 4.19E-07 5.87| 0.0188| 8.28E-08 1.15] 0.00416

dc4204 40[2141] 8.98] 3.10E-07|  4.23E+00| 1.58E-02| 8.28E-08] 1.15E+00| 4.16E-03

dc4204 50(2112] 7.96] 2.72E07|  3.85E+00| 1.56E-02| 828E08| 1.15E+00| 4.16E-03
dc4302 30[1391] 8.36] 2.99E-06] 3.48E+01| 9.25E-02| 9.00E07| 1.03E+01| 3.02E-02
dc4302 40[1990| 11.2[ 3.58E-06 41.8]  0.132[ 0.0000009 10.3]  0.0302
dc4302 50(2016] 13.1] 4.24E-06]  4.64E+01| 1.34E-01| 9.00E-07| 1.03E+01| 3.02E-02
dca304 40 492| 10.5] 2.09E-05| 1.72E+02| 6.55E-02| 1.50E-05] 1.16E+02| 2.72E-02
dc4304 50| 463| 15| 3.51E-05| 2.88E+02| 6.16E-02| 1.50E-05] 1.16E+02| 2.72E-02
dc4304 60| 497| 16.1] 4.66E-05 380| 0.0661| 0.000015 116]  0.0272
dca304 70| 643 20.6] 4.85E-05] 3.38E+02| 8.56E-02] 150E-05| 1.16E+02| 2.72E-02
dca304 80| 92| 2.59| 5.50E-06] 3.86E+01| 1.22E-02| 150E-05] 1.16E+02| 2.72E-02
dc4304b 40[1414] 6.21] 1.48E-05] 1.86E+02| 7.53E-01] 1.03E05] 1.23E+02| 4.10E-01

dc4304b 50[1761] 8.42[ 2.13E05 270|  0.937] 0.0000103 123 0.41

dc4304b 60[1542] 7.19] 1.74E-05] 2.16E+02| 8.21E-01] 1.03E-05| 1.23E+02| 4.10E-01

dc4304b 702541 14.6] 4.38E-05]  4.92E+02| 1.35E+00| 1.03E-05| 1.23E+02| 4.10E-01
dc4304b 80[1060| 4.96] 1.19E-05]  1.47E+02| 5.64E-01] 1.03E:05] 1.23E+02| 4.10E-01

dc6202 20 169| 1.06] 2.62E-06 25.9 0.09] 4.61E-07 4.67] _ 0.011

dc6202 30[ 42| 0.26] 6.83E-07| 7.70E+00| 2.24E-02| 461E-07| 4.67E+00| 1.10E-02

dc6202 40[ 14| 0.25] 1.50E-06|  1.39E+01| 7.45E-03| 4.61E-07| 4.67E+00| 1.10E-02
dc6202 50[ 31| 0.18] 6.23E-07|  7.56E+00| 1.65E-02| 4.61E-07| 4.67E+00| 1.10E-02
dc6204 30| 218] 1.73] 1.05E-05] 8.24E+01| 1.45E01| 1.79E05] 1.08E+02| 4.23E-02
dc6204 40| 149] 2.03] 1.59E-05] 1.27E+02| 9.91E-02| 1.79E05] 1.08E+02| 4.23E-02
dc6204 50 99| 4.5] 6.74E-05| 4.35E+02| 6.59E-02| 1.79E05] 1.08E+02| 4.23E-02
dc6204 60| 43| 1.28] 1.32E-05] 8.22E+01| 2.86E-02| 1.79E-05| 1.08E+02| 4.23E-02
dc6204 70| 176| 5.78] 7.46E-05] 3.71E+02| 1.17E-01| 1.79E-05| 1.08E+02| 4.23E-02
dc6204 80| 7] 0.05] 1.45E-07 1.45]0.00466| 0.0000179 108]  0.0423
di6252 20[ 8| 0.05] 1.51E-07|  7.02E-01| 1.06E-03] 1.44E-06] 1.56E+00| 5.72E-04
di6252 30[ 22| 0.33] 1.12E-06|  2.20E+00| 2.93E-03| 1.44E-06] 1.56E+00| 5.72E-04
di6252 4 o o 0 0 0| 1.44E-06] 1.56E+00| 5.72E-04
di6252 50 5| 0.21] 8.56E-07| 1.34E+00| 6.65E-04] 1.44E-06] 1.56E+00| 5.72E-04
di6252 60| 12| 1.98] 1.64E-05] 1.53E+01] 1.60E-03| 1.44E-06] 1.56E+00| 5.72E-04
di6254 30] 24| 0.43] 8.13E-07| 1.72E+00| 1.77E-03| 381E06[ 6.46E+00] 1.58E-03
di6254 40| 36| 1.53[ 5.35E-06]  8.45E+00| 2.66E-03] 3.81E-06] 6.46E+00| 1.58E-03
di6254 50 89| 4.9] 1.92E-05| 3.25E+01| 6.58E-03| 3.81E06| 6.46E+00| 1.58E-03
di6254 60| 52| 2.89] 1.06E-05] 1.81E+01| 3.84E-03| 3.81E-06| 6.46E+00| 1.58E-03
di6254 70| 16| 0.69] 1.87E-06] 3.12E+00| 1.18E-03| 3.81E-06| 6.46E+00| 1.58E-03
di6254 80| 4] 0.17] 5.92E-07| 1.60E+00| 2.96E-04| 3.81E-06] 6.46E+00| 1.58E-03
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Aluminium | X [7]] Nk [E/k] Te T Tn T T, T
Echelle 0.6 | wmm?s] | [umimm?s] | pmm?s] | pwmm?s] | ummm?s] | pmm?s]
pa4204 40| 57| 0.23] 2.58E-09]  6.26E-01| 7.02E-03] 3.08E-10[  7.61E-02| 8.97E-04
pa4204 50| 40| 0.14] 1.52E-09]  3.89E-01| 4.93E-03] 3.08E-10[  7.61E-02| 8.97E-04
pa4252 20| 71| 0.39| 8.09E-09]  1.49E+00| 1.75E-02| 7.95E-10[ 1.45E-01| 1.79E-03
pa4252 30] 26| 0.13[ 2.51E-09 0.443| 0.00641| 7.95E-10 0.145] 0.00179
pa4254 40| 632 4.11] 1.61E-07] 3.06E+01| 2.34E-01] 1.78E-08] 3.32E+00| 2.81E-02
pa4254 50| 380] 2.27| 7.65E-08]  1.37E+01| 1.40E-01] 1.78E-08] 3.32E+00| 2.81E-02
pa4302 20| 149] 1] 1.28E-07 24.1 0.184| 1.19E-08 219]  0.0183
pa4302 30] 49| 0.29] 3.09E-08]  5.04E+00| 6.04E-02] 1.19E-08] 2.19E+00| 1.83E-02
pa4304 40| 483| 6.93] 2.28E-06]  3.24E+02| 8.93E-01] 5.44E-07| 7.12E+01] 1.08E-01
pa4304 50| 297| 8.71| 4.97E-06]  6.26E+02| 5.49E-01| 5.44E-07| 7.12E+01| 1.08E-01
pa6152 20| 150 1.23] 1.12E-07] 1.89E+01| 1.01E-01] 1.46E-08] 2.29E+00| 1.02E-02
pa6152 30] 52| 0.67| 817E-08] 1.17E+01| 3.49F-02] 1.46E-08] 2.29F+00| 1.02E-02
pa6154 40| 96| 1.45] 1.26E-07] 1.70E+01| 5.07E-02] 1.68E-08] 2.32E+00| 6.38E-03
pa6154 50| 65| 1.1] 9.82E-08 14]  0.0343] 1.68E-08 2.32| 0.00638
pa6202 20| 249] 5.24] 2.23E-06]  3.03E+02| 4.60E-01] 2.41E-07| 3.46E+01| 5.09E-02
pa6202 30| 118] 2.41] 9.91E-07| 1.58E+02| 2.18E-01| 2.41E-07| 3.46E+01| 5.09E-02
pa6204 40] 55| 0.37| 2.65E-08 551 0.0343] 9.07E-09 1.67] 0.00599
pa6204 50| 73| 0.68] 9.43E-08] 1.68F+01| 4.55F-02] 9.07E-09] 1.67E+00| 5.99FE-03
pa6252 20| 438| 9.94[ 1.00E-05]  1.61E+03[ 1.62E+00] 1.41E-06] 1.97E+02| 1.85E-01
pa6252 30| 228] 7.62 8.7E-06 1010  0.843] 1.41E06 197]  0.185
pa6254 40| 379 11.9] 9.78E-06]  1.27E+03| 9.34E-01| 2.09E-06] 2.87E+02| 2.20E-01
pa6254 50| 446| 10.8] 9.25E-06]  1.32E+03| 1.10E+00] 2.09E-06] 2.87E+02| 2.20E-01
pa6254 60| 214| 6.68] 5.77E-06] 8.01E+02| 5.27E-01| 2.09E-06] 2.87E+02| 2.20E-01
pabis6254 40| 601] 20.7[ 6.43E-06 1080[  0.444] 1.46E-06 238]  0.0791
pabis6254 50| 389| 18.8| 6.82E-06] 1.14E+03| 2.88E-01| 1.46E-06] 2.38E+02| 7.91E-02
pabis6254 60| 306 13.6] 3.89E-06] 5.80E+02| 2.26E-01] 1.46E-06] 2.38E+02[ 7.91E-02
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Appendix C

High-speed visualisations
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Figure C.1: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.2: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.3: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.4: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.5: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.6: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.7: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.8: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.9: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.10: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.11: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.58 I/s, 0=1.6
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Figure C.12: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.66 /s, 0=1.2
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Figure C.13: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.66 /s, 0=1.2
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Figure C.14: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.66 /s, 0=1.2
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Figure C.15: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.66 /s, 0=1.2
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Figure C.16: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.76 1/s, 0=0.9
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Figure C.17: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.76 1/s, 0=0.9
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Figure C.18: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.76 1/s, 0=0.9
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Figure C.19: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.76 1/s, 0=0.9
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Figure C.20: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.76 1/s, 0=0.9
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Figure C.21: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.76 1/s, 0=0.9
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Figure C.22: Collapse time determination and cavitation vortex characteristics
N=200 rpm, Q=0.76 1/s, 0=0.9
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Figure D.1: Simultaneous captures of luminescence and shock wave
2 10% fps, N=200 rpm, Q=0.58 [ /s, 0=1.6
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Figure D.2: Simultaneous captures of luminescence and shock wave
2 10% fps, N=200 rpm, Q=0.58 [ /s, 0=1.6
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Fin.

mais encore du pain sur la planche.
Merci a Stéphanie et Soline pour leurs encouragements
et leur patience.
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