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Mass loss simulation in cavitation erosion: Fatigue criterion approach

Regiane Fortes Patella®*, Thierry Choffat?, Jean-Luc Reboud, Antoine Archer ¢

2 LEGI—Grenoble INP, BP 53, 38041 Grenoble Cedex 9, France
> G2ELAB, University of Grenoble, BP 166, 38042 Grenoble Cedex 9, France
€ EDF R&D, 78401 Chatou, France

As a complement to previous works developed in laboratory LEGI' to model and simulate cavitation
erosion phenomenon [1-6] (Fortes-Patella and Reboud, 1998; Fortes Patella et al., 2000; Fortes Patella
et al., 2001; Fortes Patella et al., 2012; Choffat et al., 2003), a 2D axi-symmetric dynamic approach
based on fatigue criterion was proposed and applied to predict cavitation erosion of aluminium 1050A,
copper 99.99% and 316L stainless steel samples.

The proposed physical model is based on an oligocyclic fatigue approach, with the Palmgreen-
Miner rule for damage accumulation. The stress loading applied by the cavitating flow is deduced from
results of pitting measurement made in previous works [3,6] (Fortes Patella et al., 2000; Choffat et al.,
2003). The behaviour of the material exposed to cavitation loading was implemented in a simulation
tool in the scope of collaborations with EdF-R&D.? This tool predicts material damage by calculating the
material removal rate.

Making use of the experimental data supplied by EdF-R&D, analyses were done in order to study the
influence of physical and simulation parameters on quantitative results. For the few known experi-
mental data, simulated damage rates are found in satisfactory agreement with measured ones. The

relationship between erosion rates and pitting rates was also studied.

1. Introduction

The study and the prediction of cavitation erosion phenom-
enon are very complex because of hydrodynamic, mechanical,
metallurgical and chemical behaviours interactions. Conse-
quently, scenarios taking into account these phenomena and their
interactions have to be developed to accurately predict the
erosion of a material exposed to a cavitating flow through time.

Some works made in order to predict cavitation erosion
established, for specific conditions, experimental correlations
between one or more mechanical properties of the materials
(such as their yield strength or hardness) and their erosion
through time [7-16].

Other approaches intended to predict the erosion of a material
exposed to a cavitating flow using data that can be obtained from
pitting tests, as for example proposed by [17-18]. These tests are
made during the incubation period (the material sustains elasto-
plastic deformation, without mass loss). Their aim is to provide
the geometrical characteristics of the pits generated by the
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cavitation impacts to deduce the characteristics of the pressure
loadings endured by the solid, and thus, to evaluate the cavitating
flow aggressiveness. The idea to use the material as a sensor was
proposed by [19] because of the difficulty to get precise informa-
tion using other measurement systems: the time scale, of the
order of 10 ns, is too short to enable proper answer of gauges; the
spatial resolution is also problematic, because the active surface
of the sensor must be smaller than the dimension of the impact in
order not to underestimate it by averaging the pressure pulse on
the whole surface of the sensor. Pitting tests are today widely
used to process erosion prediction [20-22].

By using pitting tests data, Karimi and Leo [17] proposed a
static one-dimensional model based on work-hardening of the
materials. It considers the assumption that pressure loadings
progressively lead to the work-hardening of the material, until
it cannot sustain any energy supply and thus breaks, leading to
the erosion of the material. That model was applied by [18,20,21].

Our research team has been working for many years to
propose, implement and validate physical models in order to
improve knowledge and prediction of material damage due to
cavitation. In previous works [1-5] a physical scenario and a
numerical approach have been proposed to model and to analyse
the cavitation erosion phenomena at the bubble scale. Numerical
simulations taking into account the coupling between flow
aggressiveness and material characteristics were proposed and



Nomenclature

C coefficient of the fatigue energy criterion (J/m?)
Ciig wave celerity (m/s)

D damage function (-)

dt wave passage time (s)

Cint energy density of residual internal stresses (J/m?)
Epi residual plastic energy (J)

Epot potential energy of the vapour cavity (J)

Ewave impacting pressure wave energy (J)

PEP = p Ve, steady-state erosion rate (pig/mm?/s)
g(r); g(z) Gauss function (-)

H maximum depth of a pit (m)

L distance of wave emission centre from solid boundary
(m)

N; number of cycles to rupture under cyclic loading (-)

P wave peak pressure applied to solid surface (Pa)

r radial position in the mesh (m)

Rio% radius of a pit at 10% of its maximum depth (m)

T; incubation time (s) or (h)
v flow velocity (m/s)

Vipie volume of a pit (m?)

Vy pitting rate (um>/mm?/s)

applied mainly to study incubation period of cavitation damage,
that is to say only the elasto-plastic behaviour of the material,
without any mass loss [23].

To meet the industrial needs for damage prediction, the step
between pitting to mass loss must then be examined.

Based on those previous studies and developed tools, and as a
complement of them, the present paper proposes a new approach
to evaluate mass loss of different materials exposed to cavitating
flows. In Section 2 of the paper, the proposed physical scenario
and tools previously developed are summarized.

The physical model applied to predict mass loss period of
cavitation erosion phenomenon is detailed in Section 3. Initial
applications and qualitative analyses of obtained results are illu-
strated in Section 4. Section 5 presents influence tests of model
parameters. Comments about relationship between erosion rates
(obtained during mass loss period) and pitting rates (evaluated
from pitting tests made during incubation period) are exposed in
details in Section 6. Section 7 presents comparison of simulation
results with experimental values of incubation time and steady-
state erosion rate.

2. Scope and tools
2.1. Physical model of cavitation erosion

Numerical studies from [1] allowed analysing the shape of the
pits resulting from microjet and pressure wave loadings. The
pressure wave emission from bubble collapse at very close
proximity of the solid surface has been assessed to be the
mechanism responsible for the erosion of materials exposed to
cavitating flows. Thus the proposed physical scenario considers
that the cavitation erosion is caused by the impacts of high
pressure waves emitted during the collapse of vapour structures.
Transient interaction of pressure wave and elasto-plastic beha-
viour of the solid results in residual pit on the solid surface. Pit
size and depth depend on the pressure wave and material
characteristics. Using these previous numerical simulations it
was found possible to associate a spherical pressure wave with

Ver=E/p volumic erosion rate (pm3/mm?/s)

z mesh depth (m)

o= % = NsolidjwaveS Parameter based on material elastoplastic
property (J/mm?)

p= E‘y"”f parameter based on material elastoplastic response

it

Hsolid/ (J“/I?é]ﬁ) : ;

§ = e WIE model dimensionless parameter (-)

0 exponent of the fatigue energy criterion (-)

AD damage increment (-)

Aejne increment of energy density of residual internal
stresses (J/m°>)

& strain rate tensor (s~ 1)

Ynj1 ratio between the energy increment after n impacts
and after the first impact (hardening phenomenon
parameter) (-)

A= C"%dt dimensionless wave passage time (-)

Ep . .
Nsolid/wave = £, €TOSIVe efficiency (-)

Nwave/buble = 22 bubble collapse efficiency (-)

P specific mass of the material (kg/m?)

Dliq specific mass of the liquid (kg/m?)

o stress tensor (Pa)

Ocav cavitation number ¢ cav:(P downstream_P vapor)/ (O-Spliq Vz)

)

each observed pit shape. That pressure wave is characterized by
an emission distance L from the material surface, a maximum
amplitude P and a passage time dt.

2.2. Energy approach from fluid flow to material pitting

With the help of numerical simulations, an energy balance
between vapour structures, pressure waves and the solid material
can be proposed to analyse the incubation period of cavitation
damage. The applied physical scenario is summarized in Fig. 1

- the vapour cavity has a potential energy Ep,

- during the vapour structure collapse, a pressure wave is
emitted and hits the material surface. The energy of the
pressure wave is referred to as Eyqpe

- the pressure wave impacting the solid boundary deforms it
plastically. The residual plastic energy Ey; is a fraction 7,4 /wave
of Ewave

- if the material is free from previous impacts in the pressure
wave area (that means there is no pits overlapping), the
volume Vj,;; of the residual pit is related to Ep as

Epi = oVt (@))

where o depends on the material mechanical characteristics. We
can also write
o

Vpit = ﬁvpit (2)

solid/wave

Ewave =

According to [5], Baluminium:‘l”mva ﬁcopperZZOJ/mm3v and
B316L ss=24 J/mm’>.

2.3. Pitting simulation tools

To simulate interaction between pressure wave and material
surface a numerical model of the dynamic impact response of an
elasto-plastic medium subjected to a spherical pressure wave
impact was developed [25], and improved [1], using the finite
element methods in 2D axi-symmetric configurations. The
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Fig. 1. Scheme of the proposed physical model: pressure wave emitted during the
collapse of vapor structures seems to be the phenomenon responsible for material
damage. The collapse of vapor cavities is characterized by potential energy Epo
(related to the pressure gradient and to the cavity volume) and by collapse
efficiency #wave/bubble; the emitted pressure wave is characterized by the acoustic
energy Ewave; the material damage is described by the indentation volume
Vpir=f(R10%,H) [5,24].

software provides the complete transient evolution of the mate-
rial (strain, stress and energy fields) and the final surface
deformations (the pit profiles). Moreover, it enables to calculate
the energy density of internal stresses per volume unit remaining
in a solid after a transient pressure impingement (Fig. 2).

According to numerical calculations, the maximum of the
residual internal stresses is located on the axis of symmetry, but
not at the surface of the material. As in the case of Hertz theory,
the maximum residual stress is located below the material sur-
face (z < 0), at a depth depending on the loading shape.

Using numerical calculations, by considering several materials
and different pressure wave characteristics, ratio § between the
pressure wave energy E,q., and the volume of the residual pit Vy;
was found approximately constant for a given material [4,26].

Therefore, thanks to previous simulations [1], the character-
istics (in particular E,q..) of the pressure waves responsible for
the generation of an isolated pit can be determined from the
geometric characteristics of the pit (radius, depth and volume).
After measuring the depths on a target previously mirror-polished
and then exposed to a cavitating flow during incubation period, a
software developed in our team locates the pits, evaluates their
geometric characteristics, and calculates the properties of the
pressure waves [3].

2.4. Determination of a representative hydrodynamic loading

An accurate estimation of the pressure wave characteristics
and correct counting of impacts on a solid surface submitted to
cavitating flow requires the pits to be isolated (or at least not too
many of them being superposed). Thus, pitting tests must be
short enough to avoid too many overlapping, but long enough to
get a good statistic population of the impacts endured by the
material. To partially take into account the practical experimental
constraints, correction methods to account for overlapping are
proposed and discussed in [6].
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Fig. 2. Final state of stainless steel material after the impact of a pressure wave on
its surface. Left side: Residual energy density of internal stresses e, (J/m?). Right
side: Mesh deformation, amplified by a factor 20 in r and z direction. Pressure
wave characteristics: maximum amplitude P=1.5 GPa, emission distance from the
boundary L=0.1 mm, passage time dt=1.8 ps. The co-ordinates are cylindrical
axi-symmetric. For more information about numerical code, see [1].

After getting a statistic population of pressure waves emitted by
the cavitating flow and damaging the target, simulations can be done
to evaluate the mass loss through time. This requires calculating how
the material evolves when it is impacted, and how the mass loss
occurs. In this way, a software was developed to simulate the gener-
ation of cavitation impacts on a solid surface. From a pitting test
concerning a material exposed to a given cavitation condition during
the test duration, the software predicts the damage of this material
exposed to the same cavitating flow as time goes. Results can be
transposed to other materials. The fracture model implemented in the
simulation tool to evaluate mass loss is detailed in Section 3.

3. Fatigue erosion model

The proposed damage model takes into account fatigue phenom-
ena. We consider that cavitation erosion occurs after repeated
pressure loadings on the metal, in the range of its plastic deforma-
tion, as attested by observations of permanent indentations on the
solid surfaces. Thus the model assumes that the mechanism
responsible for metal rupture is oligocyclic fatigue. This assumption
agrees with experimental observations presented by [27-33]. Those
authors observed that the morphology of cavitation wear was
comparable to one characterized by fatigue damage. Moreover, from
tests and analyses performed by [34], it appeared that there was
correlation between fatigue strength of the material under random
loading and its cavitation erosion resistance.

Please note that the model includes also the work-hardening
phenomenon under oligocyclic loads (see Section 3.2.2).

3.1. Assessed material behaviour

Rupture happens when a material is loaded beyond its rupture
limit. However, metals can break if they endure cyclic loadings,
even though these loadings remain under the rupture limit of the
material or even its elastic limit. This is due to the progressive
propagation of microcracks on the metal at each loading cycle.
This phenomenon is referred to as fatigue [35,38].

When the material is loaded between its elastic limit and its
rupture limit, the process is called oligocyclic fatigue, because the
material sustains global plastification at each cycle, which leads to its
rupture after few cycles. The rupture of a metal loaded in fatigue
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Fig. 3. Dimensionless repartition of the residual energy density of internal stresses. From several numerical results as one illustrated in Fig. 2, an averaged axi-symmetric
dimensionless distribution of energy density has been obtained. (a) Two-dimensional axi-symmetric distribution observed in the material after a pressure wave impact.
(b) Distribution of dimensionless energy density in the radial direction for a constant depth. (c) Distribution of dimensionless energy density in the depth direction along
the axis of symmetry. As indicated in Section 2.3, according to our numerical simulations, the maximum value of residual stresses energy density is obtained at the depth
2=(1/9)Zmax, Where z,ax is the maximum depth affected by plastic deformation due to pressure wave impact.

happens after a given number N; of loading cycles which depends on Taking into account microcracks propagation requires micro-
the stress intensity Ag of the loading. This relationship is given by the structural information and demanding calculations. This would be
Wohler curve [36]. too complex and long, so the proposed model relies on a



simplified approach within the hypotheses of continuum mech-
anics. At each loading cycle, the material is supposed to be loaded
over a given volume with different amplitude depending on the
point considered, which sustains a particular damage increment.
This damage notion renders the fact that the material evolves as it
is loaded. Let us call D(x,y,z) the function representing the local
damage of the material. When the material is intact, D=0. At each
loading cycle, the material endures a damage increment AD. The
resulting increase of the damage of the material renders the
decrease of its capacity not to break as it endures more loadings,
until it can not resist anymore and eventually breaks when it is
too much damaged: the damage value at rupture is D=1.

Different relationships can be proposed depending on the
situation considered. The criterion adopted in the model is the
energy criterion proposed by [37]. When a material endures cyclic
loading, its stress—strain curve follows a cyclic behaviour; in the
case of oligocyclic fatigue where global plastification occurs, the
material becomes smoother or harder until it reaches a steady
behaviour. Integral calculation enables to deduce the increment
of the energy density of internal stresses,

At
Aeimz/ /(GUSUdv)dt, (3)
0 Vs

absorbed by the material at each cycle.

After a given number N, of cycles, the material breaks. N, is the
number of cycles the material can endure before breaking when it
absorbs an energy increment Ae;,; at each cycle. In oligocyclic
fatigue, which is supposed to be the case in cavitation erosion
where pressure impulses can reach several GPa, N, and Aej
would be linked by the correlation proposed by [37]

Aeint =

il 4)
N? (

Parameters C and J are characteristic of the material. For
example, from results presented in [38], we deduced for 316L
stainless steel

C=185x10"]/m?> and 6=0.67

This criterion allows expressing the loading increment in
terms of energy density, and is linked to the number of cycles
before rupture.

The damage increment AD and its accumulation still remain to
be defined. For this, we consider a simple situation: a material
enduring constant cyclic loading, leading to its rupture after N,
cycles. If we suppose that each cycle evenly damages the material
and that these damage increments can be linearly added, we get
the following correlation at rupture: N, x AD=1. Consequently,
the damage increment could be defined by

_ 1
N

This definition is generalised to the case of loadings of
different amplitude: If the material endures a loading that would
lead to its rupture after N; cycles, the damage increment is

AD )

1
AD = N, (6)
The cumulative damage is
1
D= Z N (7)

When this value exceeds 1, the material breaks. This law is
known as the Palmgreen-Miner rule [38,39]. It is important to
note that this simple rule is characterized by a significant
dispersion around the rupture value D=1, because of extreme
complexity of fatigue phenomenon, characterized by its huge

randomness and is influenced by microstructural aspects (defaults,
phase changes, joint boundaries and others).

3.2. Calculation code

A calculation code has been developed to implement this
model. The simulated sample is represented by a 3D mesh that
is the discretized fluid—material surface and its depth. In each cell,
the code will calculate the cumulative damage, generated by the
fluid impact at this surface location.

3.2.1. The fluid loading as input data

To simulate mass loss, the model requires geometric data from
pitting test analysis, which provides statistic population of the
impacts endured by the material. A listing of volumes V,;; and
radius R;gy of indentations measured by pitting tests are used as
entries of the code. The calculation code takes indentations one by
one in the pit listing, and randomly places them on the sample.

3.2.2. Cumulative energy inside the material

The repartition of the damage engendered by these impacts
then has to be calculated.

First, the averaging of numerical results, as the one illustrated
by Fig. 2, obtained with a large range of varying impact and
material characteristics, provides axi-symmetric dimensionless
energy density distribution illustrated by Fig. 3. Using this dis-
tribution, impact damage can be represented in two-dimensional
axi-symmetric coordinates by

Aein(r,2) = Ae{ﬂ?x (T /Tma)f (2/Zmax) €))

max

where Aefp™ is the maximum increment of energy density, r'max
is the maximum affected radius and z,.x is the maximum
affected depth.

As a matter of fact, making use of simulation code presented in
Section 2, numerical tests have been carried out to calculate the
evolution of energy density of internal stresses repartition in the
case of repeated impacts of same characteristics and axis. It has
been found that the shape of this repartition is close to the shape
of the energy repartition after one impact. Repeated impacts of
same axis but different characteristics have also been simulated:
It has been found only a small influence in the shape of the energy
density repartition.

It is important to note that impacts of different axis have not
been simulated, because of the lack of 3D code. Consequently, we
consider in the present work that the dimensionless energy
repartition is the same whatever the situation is, and corresponds
to that of identical repeated impacts of same axis.

For each simulated pit, maximum affected radius rp.x and
depth z,,.x can be related to pits measured radius Rjpyx and
estimated distance L of pressure wave emission. The simplified
expression of the repartition of the energy density increase
becomes:

Aein(1,2) = Aefii* g, (r,R10%,L)g,(z.R10%.L") 9)

where r is the radial position, z the depth, and g a function close to
a Gauss function (Fig. 3b and c).
The distance L’ defined by

L' =L(A/3.6) (10)
is related to the distance L between the solid boundary and the
emission location of the pressure wave and takes into account
also the influence of pressure wave passage time (4 = Cj,dt/L).
In the present study, based on previous works [1], we consider

K0 ), an




For the initial applications, we adopted the value A=12. The
influence of this parameter on damage prediction has been
analysed and is presented on Section 5.

The damaged zone concerns a ry.x=4L' distance around the
impact axis, and a znhax=3L' distance from the surface. The
maximum damage Ae?* is reached at a L'/3 distance from the
surface on the axis of the impact. According to simulations
performed, Aen?* is given by the correlation

i ’y EWL'(UG
Aeﬁ?x _ nsolld/W;vOeLg/l (12)

Ewave is linked to the indentation volume by the relationship
Ewave=BVpir, where f could be calculated by previous numerical
simulations and is constant for a given material [4,26].

As indicated in Section 2, parameter #sojigjwave COrresponds to
the ratio between the energy deforming plastically the material
and the energy of the pressure wave seen by the boundary. This
parameter depends on the amplitude of the pressure wave [2,26].
However, for simplification purposes, an average value is used in
the model for each considered material (Table 1). Results con-
cerning influence tests are presented in Section 5.

Because of hardening phenomena under oligocyclic loads,
parameter Yy is introduced

AelPX(n)

T = Aemax(1)

int

13)

where Aen?*(1) is the increment of the energy density of internal
stresses after the first impact, and Ael’?*(n) the corresponding
increment of the energy density of internal stresses, after the nth
impact. As illustrated in Fig. 4 in the case of stainless steel under
repeated loads, the energy density increment decreases between
the first impact and the others, to reach a constant value after few
impacts. It gives in this case a y,;; value close to 50%.

To summarize, in the proposed material fatigue damage simu-
lation, the increment of energy density of internal stresses can be
evaluated using pitting test results (volume and radius Rqy of the
indentations) and corrected by the y,;; parameter to account for
repeated loads Table 2.

When this increment has been calculated, the damage incre-
ment can be deduced from the energy density increase as

Table 1
.V, is obtained from Fig. 6b and Eq. (19).

proposed in [37]

oD = Nl - (#)3 (14)
1

The cumulative damage is then incremented
D(i+1) = D(i)+ 6D (15)

If it exceeds 1, rupture is supposed to happen. Following this
assumption, the material layer situated between the surface and
the point where rupture happened is removed. It is worth noting
that energy distribution is simulated by a 2D axi-symmetrical
approach, but rupture criterion is based on one-dimensional
assumption.
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Fig. 4. Evolution of the maximum internal stresses energy density efi?* after
successive impacts (diamonds) on a stainless steel. The squares show the

increment ei?* between two successive impacts.

Table 2
Experimental conditions of aluminium pitting tests carried out in Modulab test rig
at 30 °C [3].

Reference of pitting test Exposure time (s) Flow velocity (m/s)

Al234 10 32
Al233 20 32
Al232 30 32

Material Reference of pitting test® Flow velocity® (m/s) Exposure time? (s) Measured V" Calculated Ve© Ver/Va (<)
(pm’/mm?/s)  (pm*/mm?[s)
Copper Hsolidjwave=>5.2 + 1.6% cu40 16 900 384 11.7 0.30
$=20+2]/mm? cu27d 20 300 131 49.4 0.38
cu29d 25 120 573 215 0.38
cu30 25 120 456 217 0.48
cu3ld 32 60 1331 617 0.46
cu32 32 60 1390 642 0.46
cu39d 38.5 30 5280 2716 0.51
Stainless steel #solidjwave=>5 + 0.6% in17c 20 7200 1.73 0.7 0.40
p=24+2]/mm3 in25 25 3600 6 3.6 0.60
in19 25 3600 7.2 4.4 0.61
in21c 32.1 1800 26.5 18.2 0.69
in16¢c 385 900 54.3 39.9 0.73
Aluminium #selidjwave= 10 + 3% alo6 20 120 990 85.7 0.09
f=4+0.5]/mm> al100 20 120 985 86 0.09
al102 25 60 3120 285 0.09
al104 32 30 10500 1210 0.12
al106 38.5 21 22000 2960 0.13

2 Experimental conditions of pitting tests [3].
b Corresponding measured values of V.
¢ Simulated V,, values.



4. Examples of application
4.1. Calculation conditions

To illustrate the results obtained by the developed code, we
have used a pit listing corresponding to an aluminium 1050A
pitting test carried out at EDF-R&D in the MODULAB test rig during
10 s (cavitation number ¢.4,=0.7, flow velocity=32 m/s, tempera-
ture 30 °C). Samples were damaged by water cavitating flow
downstream a diaphragm generating wake-cavitation (Fig. 5).
A 3D laser profilometry technique was proposed to measure
material damage due to cavitating flows. A software for automatic
analysis of the sample surfaces pitted by cavitation was developed
and used to treat experimental results. The in-house developed
software provides the radius, depth and volume for every single
indentation (pit) (for more details, see [3]). These pitting tests data
are used as entries of the erosion calculation code.

The volume of the simulated surface is about 10 mm? x 330 um
in depth; the step at the surface is 25 pum in both directions, and
the step in depth is 4,2 pm. A detailed study to obtain satisfactory
mesh convergence has been performed by [40].

The following material properties (316L SS) have been used for
mass loss simulation

f=24]/mm> Nsolidjwave = 10% V1 =50%

C=185x10°)J/m®> §=067 p=7900kg/m>.

4.2. Qualitative results

Fig. 6 presents results obtained from numerical simulations.
These curves enable to distinguish:

- the incubation stage, during which the material only sustains
elasto-plastic deformation, without mass loss. The parameter
T; evaluated from Fig. 6a is the characteristic time of incuba-
tion stage,

- the acceleration stage, during which the mass loss begins,

- the maximum rate stage,

- followed by a deceleration phase: This is because the biggest
pieces of material are removed at the beginning of the rupture
process (see [41]). The same kind of curves can be found in
[42].

- the terminal stage, during which the mass loss rate is constant,
related to the steady-state erosion rate E.

The typical curve presented in Fig. 6b enables to define the
steady-state erosion rate E, which is the mass loss per time unit
during the terminal (or steady) period. This parameter can be
useful to estimate material working life under given cavitation
conditions.

sample

Fig. 5. Modulab test rig (Electricité de France): the diaphragm generates wake-
cavitation; vapor structures are convected downstream the orifice and their
collapses damage the samples [3].
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Fig. 6. (a) Mass loss (up) and (b) erosion rate (down) calculated as a function of
the exposure time. Simulations are based on Al234 pitting test (Table 2). The value
of the incubation time T; is obtained from (a) as indicated in the figure. The steady-
state erosion rate E is obtained from (b). The value of the volumic erosion rate Ve,
is calculated from E = pV,, (see Eq. (19)).

5. Influence of model parameters
From equations presented in Section 3 describing the applied

physical model, the damage increment at a point (r,z) of the
simulated material sample is given by the correlation

oD(r,2) =

NeotdwaveVn1B 3.s{f(z)}3g<r)g(z)vpa> ’ (16)

C 10/R3

Analyses of influence parameters have been carried out based
on three parameters

_ nsolid/waveVn/1/))
1=
J and 9. a7

The parameters y and J are related to the material properties
(they are constant for a given solid material).

J is the exponent of the fatigue energy criterion. According to
results found in literature, for example in [38], é values may vary
in the range 0.6 <0 < 0.7 for metals.

y includes material fatigue coefficient “C”, hardening para-
meter “yn1”, and coefficients regarding the interaction between
pressure wave and the solid material (#,jq/wave and f). These last
parameters have been introduced in Section 2 and are part of the
physical scenario proposed in Fig. 1.

The parameter 4= Cj,dt/L represents the dimensionless pas-
sage time of the pressure wave responsible for the material
damage (see Fig. 1). At the present time, no experimental data
concerning neither pressure wave passage time “dt” or the
emission centre “L” are available. We consider in this study the
amplitudes for “dt” and “L” given in [1].



5.1. Influence of %

The influence of the parameter y on the evaluation of steady-
state erosion rate E and incubation period (or incubation stage) T;
has been studied using mass loss simulations based on three
aluminium pitting tests results. For this study, we fixed A=12. For
a constant A value, the spatial distribution of the damage incre-
ment is constant, but its intensity depends on y and J values
(Eq. (16)).

According to results obtained for §=0.67 (Fig. 7) and 6=0.6,
the influence of y can be expressed by the relationships

1 1
. . X 5 (X>_3
E~Eq = T;~T; 18

0(%0) P %o 1%

These correlations allow, from given values of E, and Ty
corresponding to a material characterized by (j,,0), the evaluation
of the magnitude order of E and T; concerning another material
characterized by (y,0) and exposed to the same cavitating flow.

5.2. Influence of A

This study was carried out for fixed values y=1.3 and 6=0.67.
Fig. 8 points out the relevant influence of the parameter A on
results obtained. The modification of A value leads to a variation
on the damage increment intensity as well as on its spatial
distribution. As a matter of fact, the maximum radius ry.x and
maximum depth z,.x affected by plastic deformation due to
pressure wave impact depend on the A value (see Fig. 3 and
Egs. (8) and (9)).
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Fig. 7. Influence of parameter y on E and on T;. Simulations are based on pitting
tests presented in Table 2. The quantitative discrepancies observed in figures are
due to the influence of exposure time on pitting experimental data (see Table 2). In
spite of this, we can observe a clear trend of the results for the steady-state erosion
rate E an the incubation time T; as a function of the parameter y: E ’“(X)‘l‘ and
Ti~ (.

For the moment, there is not experimental possibility to
evaluate this parameter. We consider for simulations a value
equal to 12. In the future, this parameter should be calibrated by
comparisons between calculations and experiments.

6. Pitting rate and volumic erosion rate

With the purpose to predict, from short duration tests, the
long time behavior of different materials submitted to cavitation
erosion, we have analysed the relationship between pitting and
erosion rates. From pitting tests obtained by EdF(R&D) in the
MODULAB test rig [3], and making use of the simulation tool
presented here above, calculations have been performed in order
to compare pitting rate V; and volumic erosion rate V.

The pitting rate V; (i.e., the total volume damage per analysed
surface and per exposure time), was measured by pitting tests on
316L SS, copper 99.99% and aluminium 1050A samples exposed to
different cavitation conditions (Table 1). This parameter is related
to incubation period of cavitation erosion phenomenon and
concerns material elasto-plastic deformation.

The volumic erosion rate V., is given as a function of the
steady-state erosion rate E and the material specific mass by the
relationship

Vee=E/p (19)

This parameter is related to terminal stage of cavitation erosion
phenomenon and represents material mass loss (see Fig. 6).

Based on numerical simulations, we could evaluate V., from
pitting tests. Results obtained concerning the relationship between
both rates are illustrated in Fig. 9. They plot the evolution of the Ve,
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Fig. 8. Influence of the parameter A on the evaluation of E and T;. Values are given

as a function of Ey and Tjp corresponding to A=12. Simulations are based on

pitting tests presented in Table 2. We can observe a clear trend of the results for

the steady-state erosion rate E and the incubation time T; as a function of the

parameter A: when A < 3, T; increases with 4, while E decreases. The variations of
erosion rate and incubation time are smaller than 5% for 1 > 3.
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Fig. 9. Volumic erosion rate V. (simulated) as a function of pitting rate Vy
(measured) for samples exposed to different cavitating flows: (a) copper; (b)
316L stainless steel; (¢) aluminium Pitting rates V, are evaluated from pitting tests
(Section 4.1). Experimental values of pit radius R;ox and volume Vi are applied as
input data of fatigue numerical code (Eq. (16)). The code simulates transient and
steady-state stages of cavitation erosion (Fig. 6). The erosion rate V., can be
evaluated from this numerical result. According to the present study, the ratio
Ver/V4 seems to be roughly constant for a given material.

Ver (Copper) ~ 0.5; Ver (316L)~0.7; Ver (alum)~0.13
Vq Vq Vg

calculated as a function of measured V, Calculations have been
done by considering A=12 and material characteristics below

Copper 99.99%: y=6,7; §=0.6 and p=8100 kg/m>
Stainless steel 316L SS: y=6,5; 6=0.67 and p=7900 kg/m>
Aluminium 1050A: y=2.1; §=0.6 and p=2700 kg/m>

From this study, it appears a linear dependence between V,
and V, for the three materials analysed. It is worth noting that
the proportionality factors depend on considered material

characteristics and on accuracy of available pitting tests, mainly
on evaluation of pitting rate V,;. See more details in [3]. Table 1
presents also the influence of the flow velocity on the ratio V./Vy.

Results obtained are in very good agreement with experimen-
tal works presented by [43], who observed also a constant ratio
between V; and V,, for high flow velocities in the case of stainless
steel samples damaged in a Venturi geometry. For example, for
316L stainless steel, they found 0.2 <V, /V; < 0.25 and for CuAl
and 13/4 stainless steel: V., /V;~ 0.5.

These tendencies remain to be confirmed by other coupled
experimental/numerical studies.

7. Comparison between numerical predictions and
experimental measurements

To validate the proposed model, we have considered experi-
mental data corresponding to a mass loss test performed in the
MODULAB test rig on aluminium samples with flow velocity
equal to 38.5 m/s [44]. The incubation time was found to be in
the order of 2 h, after which the steady-state mass loss rate was
about 0.012 pg/mm?/s.

The list of indentations used for the calculations was obtained
on the same test rig, during pitting tests on an aluminium sample
(test “al106” on Table 1-Fig. 10).

Fig. 11 present results obtained using numerical simulations.
Calculations have been done by considering A=12, y=3.1, 6=0.6
and p=2700 kg/m?>. The predictions indicate an incubation period
of 3h 30min and a steady-state mass loss rate of about
0.0125 pg/mm?/s. These initial results are very promising and
represent a first step toward validating the proposed model.

8. Conclusion

An original cavitation erosion model based on fatigue criterion
has been proposed and implemented in order to predict the mass
loss thanks to data provided by pitting tests.

The model considers a 2D-axisymetric approach and takes into
account dynamic elasto-plastic behaviour of the material exposed

yenmm
10.0

5.00
L
+

-20. .. 0. 000
depth (um)

Fig. 10. Results of pitting tests obtained by 3D laser profilometry : Visualization of
the surface of the aluminium sample exposed to cavitating flow during T=21s
(water flow velocity=38.5 m/s). The measurement parameters are: the analyzed
area (10mm by 10 mm); the spatial resolution (100 points/mm); and the
measurement velocity (200 points/s).
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Fig. 11. (a) Mass loss (up) and (b) erosion rate (down) calculated as a function of
the exposure time from “al106” pitting tests. The sample has been simulated by a
105 x 105 x 50 points volume corresponding to a 10 mm? surface and a 368 pm
depth; the step at the surface is 30 um in both directions, and the step in depth is
7.5 pm.

to pressure wave impacts. It can be used to simulate the incuba-
tion, acceleration, maximum rate, deceleration and terminal
stages of the cavitation erosion phenomenon. More particularly,
steady-state erosion rate E and incubation period T; can be
evaluated from numerical simulations.

In this model, material is characterized by parameters y and 9,
related to material fatigue behaviour and to energy transfer
mechanisms between material and pressure waves. The model
includes the dimensionless parameter A=Cjq x dt/L to character-
ize fluid medium and pressure wave emitted during bubble
collapse. Experimental works allowing evaluating this character-
istic parameter are not available. Moreover, another problem that
we face when trying to use the proposed erosion model is the lack
of material data: Energy criterion for fatigue damage is rarely
used. Consequently, it is very difficult to find in literature, and
specific tests should be done to get the required values.

In order to evaluate the influence of model parameters on
performed simulation, many numerical tests have been carried
out and could be used to estimate the results variations.

Based on numerical simulations, a complementary study has
been done, which pointed out the proportionality between
material damage observed during incubation period (pitting rate)
and mass loss of the material exposed to cavitating flows during a
long exposure time (erosion rate).

Initial results obtained by numerical calculations are promis-
ing. Qualitative results obtained for erosion rate curves are in very
good agreement with experimental observations. Good quantita-
tive results regarding incubation time and steady-state erosion
rate evaluation are possible by calibrating the limited number of
model parameters.
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