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Bubble collapse induced cavitation erosion: plastic strain and energy dissipation
investigations

Shrey Joshi'2, Jean Pierre Franc?, Giovanni Ghigliotti?, Marc Fivel*
YUniv. Grenoble Alpes, CNRS, Grenoble INP, SIMaP, 38000 Grenoble, France
2Univ. Grenoble Alpes, CNRS, Grenoble INP, LEGI, 38000 Grenoble, France

A meshless Smoothed Particle Hydrodynamics solver is used to simulate the collapse of a cavitation bubble
near a solid material taking into account the complex fluid-structure interaction. A parametric study has been
performed to study the effect of stand-off ratio, bubble size, driving pressure and strain rate on the material
response. We focus on plastic strain magnitudes and plastic strain energy dissipation to compare different
cases and their ability to cause material erosion. Findings indicate that, in the case of repeated collapses,
cavities attached to the solid have an ability to initiate damage quicker but exhibit lower erosion rate
compared to the cavities detached from the solid. The incubation time does not depend on the size of the
bubbles, unlike the erosion rate which is strongly affected by the bubble size. It is also found that the amount
of cumulated plasticity is overestimated by more than 150% when the strain-rate sensitivity is not taken into
account in the material modelling which suggests that using an appropriate plasticity model that includes
strain-rate sensitivity is mandatory while studying the phenomenon of cavitation erosion.

Keywords: Cavitation erosion, Fluid-structure Interaction, plastic strain energy dissipation, strain rate
effects, stand-off distance

1. Introduction

To understand the phenomenon of cavitation and its consequence on material erosion has been an important motivation for
the numerous research conducted on cavitation [7, 25, 26]. Capturing the complex physics of bubble dynamics during the
collapse and measuring accurately the wall pressure still remain a challenge due to the small scale of the phenomenon and
the fast dynamics of the process. To assist experimental findings and to better understand the phenomenon, advances have
been made in numerical studies of cavitation during the last decades. Most of them have vastly focused on bubble dynamics,
to understand the mechanism of the cavitation bubble collapse within the fluid. However, more work is required in order to
get a thorough understanding of the material response induced by the collapsing bubbles. For instance, most numerical CFD
studies estimate cavitation erosion-prone areas using either peak pressures or Cavitation Aggressiveness Index (CAl) [1-3].
Different CAIl have been proposed in the literature, but they are not universal and only valid in specific conditions. Hence
there is a need to understand the material response at the fundamental level of a single bubble collapse in order to better
predict cavitation erosion damage.

There has been recently a push towards modelling cavitation erosion using Fluid-Structure Interaction solvers [5-6]. A
thorough numerical study of cavitation that can provide a holistic understanding, ideally requires a two-way fluid-structure
interaction coupling to get realistic results. Earlier studies [5-6] have only used simplified constitutive equations for the
material behavior limited to ideally linear isotropic hardening models which cannot capture the non-linear hardening effects.
Also, they generally do not consider strain rate hardening effects which can be significant for a phenomenon like cavitation
that involves fast dynamics. Past studies have pointed out that, for a material following isotropic hardening, the most
probable mechanism of plasticity accumulation for consecutive impact loads is the strain rate effect [7]. In order to gain a
better understanding of the mechanisms involved, we developed a cavitation Fluid-Structure Interaction solver capable of
solving a single bubble collapse in the fluid and the associated solid response, taking into account both non-linear hardening
and strain-rate sensitivity effects in the material.

The SPH FSI solver is developed using an existing 2D open source fluid SPH code SPHYSICS which is used as a basis to
develop the solver further [8]. The 2D fluid solver is modified to 2D axisymmetric and the axisymmetric solid solver is



developed in-house. However, axisymmetric SPH solvers suffer from an inconsistent definition of density near the
symmetry axis. A new method to mathematically resolve this issue for the axisymmetric solid SPH solver has been published
in [9] and will be used in the present study. The axisymmetric fluid and solid solvers were validated against Rayleigh-
Plesset collapse and FEM simulations respectively [4, 9]. The two solvers are eventually coupled together to obtain a fully
coupled FSI solver capable of solving single bubble collapse over a solid medium to obtain elastic-plastic response using
the Johnson-Cook hardening model [10]. Following these developments, this paper presents an application of the SPH FSI
solver to a detailed parametric study of the material response for different bubble size, bubble stand-off distance and driving
pressure. Results are analyzed in terms of cumulated plastic strain and the effect of the strain rate sensitivity is addressed.

2. Simulation cases and description

In this section, we describe the simulation domain and the parameters used for the simulations. The fluid bubble collapse
and the solid response are solved using SPH (more details regarding the methodology are given in [4]). The fluid is treated
as weakly compressible and compressibility effects are modeled using Tait’s equation of state ,

P=B, [ﬁj -1 1)
Po

where y =7 and B, = Cg P ly, p, = 1000 kg m? is the reference density and ¢, is the sound speed at the reference density.

The solid behavior is simulated using the Johnson-Cook model which gives the Yield stress by the following expression,

o,(¢.6,)=[A+By(&,) 1[1+CyIn(& )] (2)

where, Ao, Bo, Co, n are material constants, £ =—2 (the non-dimensional effective plastic strain rate) whereé,is the
&
p0

reference plastic strain-rate of the quasi-static test used to determine the yield stress and hardening parameters Ao, Bo and
n.

2.1. Simulation domain and cases

42 (symmetry axis)

A-2205

Figure 1. Sketch of the initial simulation domain for axisyymmetric SPH FSI simulations.



We simulate the fluid-structure interaction for a single bubble collapse for different bubble sizes, standoff ratios (where the
standoff ratio (SR) is defined as SR=D/R, D is the distance from the bubble center to the interface and R is the radius of the
bubble) and driving pressures in 2D axisymmetric. Figure 1 shows a typical simulation domain for single bubble collapse
simulations. The z-axis is the symmetry axis and the r axis is along the fluid-solid interface. The part of the domain above
the interface is the fluid where a cavitation bubble is placed and the part of the domain below the interface is the solid which
behaves as an elastic-plastic material. It should be noted that the cavitation bubble in the present study is not simulated as a
vapour bubble but as a vacuum cavity, this means that the internal pressure of the bubble is 0 at all times during the
simulation.

To initiate the collapse, a pressure wave is generated at the top of the fluid domain. The magnitude of the pressure wave
can be varied and three different driving pressures were used in the present work (25 MPa, 50 MPa and 75 MPa). The
distance D between the bubble center and the interface is varied to produce different cases with varying stand-off ratio
(SR =1.66, 1.33, 1.0, 0.66 & 0.33), where cases with SR less than or equal to 1 correspond to an attached cavity and SR
greater than 1 to a detached cavity. In order to vary the bubble size, we keep the number of particles along the bubble
radius as a constant Npart=60 which was found to be an optimum compromise to accurately reproduce the theoretical
validations presented in [4]. Hence, increasing the bubble size in the initial configuration is equivalent to increasing the
physical distance Ax between two adjacent particles by the same factor. Also the size of the domain scales with the radius
of the bubble, e.g. a bubble of twice the radius is simulated using a domain that is scaled by a factor of 2, both in the r and
z directions. Since both Ax and the domain size are scaled by the same factor as the bubble radius, the total number of
particles in the simulation is kept constant when the bubble size is varied and only changes with the standoff ratio of
attached cavities. The total number of particles for the simulations of a detached cavity is 342680 and it can reduce to
320890 in the case of the closest attached cavity (SR=0.33). We use three different bubble sizes (0.1 mm, 0.15 mm & 0.2
mm) to run a parametric study on the effect of bubble size on the material response.

2.2. Fluid and material parameters
The fluid and material parameters for the present simulations have been listed in table 1.

Table 1. Table showing parameters for the fluid and solid used in the FSI simulations.

Parameter Fluid (Water) Solid (A-2205)
Density (kg/m?®) 1000 7800
Sound speed (m/s) 1500 4883.33
o (artificial viscosity) 1 1
B (artificial viscosity) 2 2
Young’s Modulus - 186 GPa
Poisson ratio - 0.3
Ao (in equation 2) - 508 MPa
Bo (in equation 2) - 832 MPa
Co (in equation 2) - 0.031

2.3. Estimation of incubation time and erosion rate

Although this study only presents results for a single bubble collapse, some qualitative results can be deduced for the case
of repeated bubble collapses. In order to do so we consider two important quantities related to material erosion: incubation
time (marked as A in figure 5) and erosion rate. Figure 5 shows a typical mass loss curve for a material exposed to cavitation.
Incubation time is the exposure time required by the material to initiate surface erosion and indicates how quickly a material



exposed to cavitation will start to erode. On the other hand, erosion rate would indicate the rate of material removal after
the incubation period. These two quantities put together are considered to provide a good measure of the erosion
characteristics under repeated cavitation loads.

Let us consider that the energy dissipated by the material after a single impact is E. It can reasonably be expected that the
absorbed energy after n impacts is of the order of n.E. The volume loss (VL) can then be approximated by V. = n.E/K (where
K is the material fracture toughness, which indicates the amount of energy absorbed per unit volume until fracture).
Therefore, the erosion rate (Er i.e. volume loss per impact) is Er = Vi/n = E/K. Since the material toughness (K) is a constant
for a given material, the energy absorbed by the material after a single impact can be considered as an indicator of the
erosion rate for multiple impacts. The higher the absorbed energy, the higher the erosion rate.

For incubation time estimation, let us consider V, the volume of the plastic deformed zone for a single impact. Lets assume
that the plastic zone size still remains of the order of V for each subsequent impact. It could then be assumed that the
incubation time corresponds roughly to the critical number of impacts n. required to reach the fracture toughness in that
volume V. The energy absorbed by the material would then be V.K. Since it is also nc¢.E, we have V.K = n..E so that the
incubation time (or more precisely the critical number of impacts at failure) would be n. = K/ (E/V). This suggests that the
incubation time n. should vary as the inverse of the absorbed energy density E/V. Hence, the higher the absorbed energy
density, the lower the incubation time.
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Figure 2. The figure on the left shows the computational domain for solid simulation, the boundary particles marked in blue are given
a downward velocity with a Gaussian shape as plotted on the right. The extent of the velocity profile R is defined as the distance from
the center where the velocity is 1% of the peak value, a non-uniform but constant velocity is given to the indenter.

In order to validate the above stated hypothesis, we use a simplified case of mass loss simulations. Figure 2 shows the
simulation domain where a solid specimen is indented using boundary particles on the top of the domain (as shown in Figure
2 left). The graph on the right shows the velocity of boundary particles in the downwards direction which creates an
indentation into the solid specimen. The material follows the Johnson-Cook model for elastic visco-plastic behavior and the
material damage is simulated using a simplified damage criterion based on the rupture strain [23, 24]. A critical value of
rupture strain, &y, is defined to predict whether the SPH particle is damaged or not. In the following simulations, we will
choose €,=0.03. For a given particle, if the cumulated plastic strain exceeds ¢, the particle is assumed damaged and it does
not contribute anymore to the nearby particle interactions. The objective of the simulations is to obtain the mass loss curves
for different radii of the indentation profile marked as R in fig 2 right (0.1, 0.141, 0.2 & 0.283 mm) and also to calculate the
total absorbed energy and absorbed energy densities. In order to calculate the total absorbed energy, the area under the stress
strain curve for each particle is calculated and then multiplied by the volume occupied by that particle to obtain energy
absorbed by each particle. This quantity is summed up for all particles to obtain the total energy dissipated by the solid. To
obtain the dissipated energy density, the total dissipated energy is divided by the volume of the plastic strain zone. The
volume of the plastic strain zone is obtained by adding the volume occupied by each particle that has undergone plastic



deformation. Finally, the erosion rate is computed from the total mass of the damaged particles per unit of time. Figure 3
and Figure 4 plot the total dissipated energy vs the erosion rate and the dissipated energy density vs the incubation time
respectively. These quantities were obtained from the indenter mass loss simulations for four different radii. The trend
clearly shows that the total dissipated energy increases linearly with the erosion rate and the dissipated energy density
decreases linearly with the incubation time, thus validating the hypothesis. In the next section, we will use these quantities
to derive the incubation time and the erosion rate in the case of bubble collapses.
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Figure 3. Total dissipated energy vs erosion rate for 4 different indenter radius (R = 0.1, 0.141, 0.2 & 0.283 mm).
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of the incubation time by the total simulation time. The total simulation time is kept constant at 1.5 um for all 4 simulations with
different indenter radius (R = 0.1, 0.141, 0.2 & 0.283 mm).
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Figure 5. Characteristics of typical cumulative erosion versus exposure time curve. A = nominal incubation time; (B) = maximum
erosion rate; (C) = terminal erosion rate; and D = terminal line intercept [18].

3. Results and discussions
3.1. Effect of stand-off ratio

To understand the effect of the stand-off ratio on the mass loss curve resulting from a bubble collapse, we vary SR while
keeping the bubble size at R=0.15 mm and the driving pressure constant at 50 MPa. The material responses obtained for
seven different stand-off ratios are presented in this section: SR = 1.66, 1.5, 1.33, 1.2, 1.0, 0.66 & 0.33. A stand-off ratio of
more than 1 corresponds to a detached cavity (when the bubble surface does not touch the solid) and a stand-off ratio less
than or equal to 1 corresponds to an attached cavity (when the bubble surface touches the solid). Figure 6 shows contours
of the plastic strain in the material for all the seven cases, figure 6d-g shows plastic strain contours for detached cavities
(SR=1.2,1.33,1.5 & 1.66 respectively) and figure 6 a-c are magnified contours (magnified over the white dashed rectangle
shown in figure 6g) for attached cavities (SR = 0.33, 0.66 & 1.0 respectively). The reason why the contours for attached
cavities are magnified is because the attached cavity produces a very tiny zone of plastic deformation compared to the
detached cavities which would not be clearly noticeable in a non-magnified contour.

Attached cavities produce two distinct zones of plastic deformation: a primary plastic deformation zone very close to the
symmetry axis and a secondary plastic deformation zone away from the symmetry axis. A detailed description of the
plasticity mechanism in the case of an attached cavity was presented in an earlier study [4]. It was shown that the primary
plastic deformation zone is initiated by the micro-jet hitting the solid and later increased when the shock wave emitted by
the toroid bubble collapse reaches the symmetry axis. The secondary plastic deformation zone is only due to the shock wave
generated by the toroid collapse. It can be clearly observed from Figure 6a-c that for attached cavities the highest maximum
plastic strain is obtained for SR = 1.0. This corresponds to the case where the micro-jet from the bubble surface gain the
highest speed at the time of interaction with the solid surface. This highest kinematic energy in the jet leads to the highest
pressure on the solid. However, while comparing SR = 0.66 and SR = 0.33, it would be expected that SR = 0.66 should
produce higher maximum plastic strain as it would have a higher micro-jet velocity, but an opposite trend is observed. The
trend reverses because the plastic strain at the center is not just due to the micro-jet but also to the shock wave from the
toroid collapse. From the secondary plastic strain zone, it can be observed that the toroid collapse point for SR = 0.33 is
closer to the center compared to SR = 0.66. Hence the shock wave emitted from the toroid collapse produces a higher plastic
strain at the center for SR = 0.33 compared to SR = 0.66. So even though the micro-jet should produce a higher plastic strain
at the center for SR = 0.66, the higher additional plastic strain due to the toroid collapse supersedes the effect, leading to a
higher plastic strain in the material for SR = 0.33.
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Figure 6. Plastic strain contours for different stand-off ratios (for a 0.15 mm bubble radius and 50 MPa driving pressure) (a) for SR
=0.33, (b) for SR = 0.66, (c) for SR =1.0, (d) for SR = 1.2, (e) for SR =1.33, (f) for SR =1.5, (g) for SR =1.66 (the contours in figure
6a, 6b & 6¢ are magnified on the white dashed rectangle in figure 6g).

For a detached cavity (Figure 6d-g), the plastic strain is only due to the shock wave impact. It is obvious that the higher the
stand-off ratio, the lower the shock wave pressure becomes by the time it reaches the interface, hence producing lower
plastic deformation. This is clearly evidenced in Figures 6d-g by the maximum plastic strain amplitude computed for SR =
1.2,1.33, 1.5 & 1.66, where the lower the stand-off ratio, the higher the maximum plastic strain amplitude. Note that for
the detached cavity simulations, the maximum plastic strain does not occur at the symmetry axis but at an offset from the
symmetry axis especially for higher stand-off ratios (SR = 1.33, 1.5 & 1.6). Previous study has dealt with this phenomenon
in detail for the case SR=1.33 [4] and shown that this is due to the geometry of the spherical shock wave intersecting with
a flat surface. When the shock wave travels along the interface, its velocity decreases as it moves further from the symmetry
axis. Near the symmetry axis, the velocity of the shock wave is high and consequently the rate of loading is high. This does
not allow the material to respond to the load due of its inertia, thus leading to a lower plastic strain close to the symmetry
axis even though the maximum pressure acts at the symmetry axis.

However, it can be noted that for SR = 1.2, there is a tiny zone of relatively high plastic deformation close to the symmetry
axis. This is because the material deformation can happen due to two reasons: either by the shock wave impinging on
material surface or by the impulse momentum of the liquid micro jet impinging first on the bubble surface and then on the
material surface. For cavities far from the material surface (SR =1.33 and above), the impulse momentum of the micro-jet
is mostly converted in shock wave energy when it reaches the material surface. However, for SR = 1.2, where the distance
between the solid surface and the bubble surface is smaller, the solid surface experiences both the shock wave (that causes
some plastic strain at an offset from the symmetry axis as visible in Figure 6d) and an impulse momentum created by the
liquid micro-jet (that causes the plastic strain very close the symmetry axis also visible in Figure 6d).
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Figure 7. Evolution of the dissipated energy density and the total dissipated energy wrt the stand-off ratio for FSI single bubble
collapse simulations (bubble radius and driving pressure are kept at 0.15 mm and 50 MPa respectively).

The above results show a clear difference in the plastic deformation mechanism for attached and detached cavities. We
observe that the maximum plastic strain in the case of an attached cavity is generally much higher compared to a detached
cavity but the volume of the plastically deformed zone for a detached cavity is much higher than for an attached cavity,
which makes it difficult to predict the erosion ability of bubble collapses with different stand-off ratio.

In order to estimate the erosion ability of the different cases presented in this section, we now focus on the two quantities
defined earlier: the dissipated energy density (possible indicator of the incubation time) and the total dissipated energy
(possible indicator of the erosion rate). They are both plotted in Figure 7 for the seven stand-off ratios. For attached cavities
(SR < 1), it can be observed that the dissipated energy density is higher compared to detached cavities, which suggests a
smaller incubation time and possibly a quicker initiation of erosion. Within the attached cavities, for different stand-off
ratios, the maximum dissipated energy density is observed for a stand-off ratio of 1.0 which should lead to the fastest
incubation during repeated impacts.

However due to the large volume of the plastic zone for detached cavities closest to the solid (SR = 1.2 & 1.33), the total
absorbed energy which is an indicator for the erosion rate is much higher compared to attached cavities. Hence, even though
the incubation time for SR = 1.2 & 1.33 is lower than for attached cavities, the results suggest that thereafter the erosion
rate could be a magnitude higher for detached cavities close to the solid compared to attached cavities. For detached cavities
farther away from the wall (SR > 1.5), the pressure of the shock wave decreases by the time it reaches the interface and
could not produce high plastic strain.

3.2. Effect of driving pressure
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Figure 8. Contours of plastic strain for 3 different driving pressure (25 MPa, 50 MPa & 75 MPa) for detached cavity (SR = 1.33) and
attached cavity (SR = 0.66) while keeping the bubble radius constant at 0.15 mm. All attached cavity contours (on the lower row) are
magnified contours over the white dashed rectangle in Figure 6g.

We present results for 3 different driving pressures (25 MPa, 50 MPa & 75 MPa) for an attached cavity (SR = 0.66) and a
detached cavity (SR = 1.33), keeping the bubble radius constant at 0.15 mm. Contour plots of the plastic strain amplitude
reached at the end of the simulation for the 6 cases are presented in Figure 8. For detached as well as attached cavities, the
maximum plastic strain increases with increase in driving pressure, which is expected as a higher pressure can produce a
higher micro jet velocity leading to higher pressure on the solid.

Figure 9 shows the evolution of the dissipated energy density and the total dissipated energy for both attached and detached
cavities plotted against the driving pressure. It can be clearly observed that a higher driving pressure leads to a higher
dissipated energy density and therefore a higher total dissipated energy. The dissipated energy density is higher for attached
cavity for all driving pressures compared to detached cavity. However, the higher volume of the plastic zone in the case of
a detached cavity leads to a higher total dissipated energy compared to an attached cavity. The difference in total dissipated
energy and hence erosion rate for detached and attached cavity seems to be more prominent as the driving pressure increases.
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3.3. Effect of bubble size
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while keeping driving pressure constant at 50 MPa.

To understand the effect of the bubble size, we use three different bubble radii (R = 0.1 mm, 0.15 mm & 0.2 mm) for the
case of a detached cavity (SR = 1.33) while keeping driving pressure constant at 50 MPa. The contours of the plastic strain
suggest that the maximum plastic strain remains almost the same for different bubble radius. This is because the micro-jet
velocity is independent of the bubble size and hence the shock wave pressure at the interface remains almost the same for
all the bubble radii.

It could also be observed that the plastic strain close to the symmetry axis decreases as the bubble radius increases. This
behavior can be attributed to the speed of the shock wave traveling along the interface. When the point of collapse is closer
to the interface, the wave velocity along the interface near the symmetry axis is smaller and the plasticity is higher because
of the inertial effects [4]. For a given stand-off ratio, the lower bubble size leads to a lower axial distance between the



collapse point and the interface and hence a lower shock wave velocity along the interface near the symmetry axis. Thus,
the material has more time to react to the load which translates into plastic deformation.
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Figure 12. Plot of plastic zone volume vs bubble volume for three bubble radius (0.1, 0.15 & 0.2 mm), SR = 1.33 and driving pressure

of 50 MPa for FSI single bubble collapse simulations.

As mentioned in section 2.1, the domain size scales with the bubble radius. Hence, the dimensions of the contours shown
in Figure 10 also scale with the bubble radius and therefore the volume of the plastic strain zone increases with increasing
bubble radius. Thus, even though the dissipated energy density exhibits almost similar values for all bubble radii, the total
dissipated energy increases significantly with increasing bubble radius. This suggests that the incubation time for all bubble
radii should be almost the same whereas the erosion rate should increase significantly with increasing radius.

To understand the relationship between the bubble volume and the plastic zone volume, we plot in Figure 12 the plastic
zone volume on the left axis and the volume of the bubble for three bubble radius (0.1, 0.15 & 0.2 mm) while keeping the



standoff ratio at SR=1.33 and the driving pressure at 50 MPa. It can be observed from Figure 12 that as the bubble volume
increases the plastic zone volume increases linearly. In section 3.5, we will address this relationship by introducing the
potential energy of the bubble.

3.4. Effect of strain rate

The effect of strain rate can be demonstrated by switching off the strain rate terms in equation 2 by substituting C as 0
instead of 0.031. We present results for C = 0 and C = 0.031 for three stand-off ratios (SR = 0.33, 1.0 & 1.33), keeping the
bubble radius and driving pressure constant at 0.15 mm and 50 MPa respectively. The two contours in column a of Figure
13 are obtained for a detached cavity (SR = 1.33). It is observed that the strain rate insensitive case produces a 60% higher
maximum plastic strain and a 40% higher volume of the plastically deformed zone. Also, for the attached cavity case shown
in column b (SR = 1.0) and ¢ (SR = 0.33), the plastic strain is almost 180% and 220% more in the strain rate insensitive
case compared to the strain rate sensitive case for column b and c respectively. Hence the strain rate sensitivity has an even
more prominent effect on the plastic strain developed for attached cavities. The case presented in column ¢ (SR = 0.33)
shows an interesting effect. The primary and secondary plastic deformation zones (section 3.1 gives description about these
zones) show a similar magnitude of the plastic strain for the strain rate insensitive case. However, the strain rate sensitive
case shows a higher magnitude of plastic strain in the primary plasticity zone compared to the secondary plasticity zone.
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Figure 13. Contours of plastic strain for 3 different stand-off ratio (SR = 1.33, 1.0 & 0.33) showing both strain rate sensitive (C =
0.031) and insensitive (C = 0) response while keeping the bubble radius and driving pressure constant at 0.15 mm and 50 MPa
respectively. Column a shows results for SR = 1.33, column b shows results for SR = 1.0 and column ¢ shows results for SR = 0.33;
All attached cavity contours (column b and c) are magnified contours over the white dashed rectangle in figure 6g.

3.5. Plastic deformation potential



This section compares the plastic energy dissipated by the material to the potential energy of the bubble, which gives a
relative potential of the cavity to produce plastic deformation in the material. We consider the ratio of the two quantities:
dissipated plastic energy (Eriastic) and bubble potential energy (Erotentiar Which is given by the driving pressure multiplied by
the initial volume of the cavity). The ratio is hereafter in the article referred to as Plastic Deformation Potential (PDP) given
by the following,

%PDP :%xloo )

Potential

The %PDP is plotted in Figure 14 against the stand-off ratio for 7 cases (SR =0.33, 0.66, 1.0, 1.2, 1.33, 1.5 & 1.66) for the
same driving pressure (50 MPa) and same bubble radius (R=0.15mm) and consequently for the same bubble potential
energy. It can be observed that the amount of plastic energy absorbed by the material as a percentage of the initial bubble
potential energy (%PDP) for attached cavities lies within a range of 0.09-0.019% (SR = 0.33, 0.66 & 1). However, the
%PDP is around 0.53-0.83% for detached cavities close to the solid (SR = 1.2 & 1.33), which is more than a magnitude
higher than the attached cavities. Furthermore, as the stand-off ratio increases for detached cavities (SR = 1.5 & 1.66), the
bubble potential energy that translates into plastic energy goes down by a few orders of magnitude. Hence the plastic
deformation potential of a cavity detached from the solid but placed close enough to the solid seems to be the highest
compared to either an attached cavity or a detached cavity with higher stand-off (SR>1.33).
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Figure 14. Plot of %PDP vs stand-off ratio (for bubble radius of 0.15 mm and driving pressure of 50 MPa) for FSI single bubble
collapse simulations.

4. Conclusions and future work

Fluid-structure Interaction simulations of single bubble collapse for different stand-off ratio, driving pressure and bubble
radius has been presented in the article. Results reveal that for varying stand-off ratio while keeping the bubble radius and
driving pressure constant, the attached cavities (SR<1) show a higher plastic strain magnitude and a higher absorbed energy
density which suggests a smaller incubation time in the case of repeated impacts. However, the volume of the plastic
deformation zone and the total dissipated energy are much larger for detached cavities so that the erosion rate should be
much higher in the case of repeated impacts.

The results show that, as expected, both the dissipated energy density (hence the incubation time) and the total dissipated
energy (hence the erosion rate) increase with increasing the driving pressure. The change in bubble radius while keeping
other parameters constant do not affect the magnitude of the plastic strain and the dissipated energy density much, which
suggests that irrespective of the size of the cavitation bubble, the incubation time should remain similar for all bubble sizes.



However, since the volume of plastically deformed zone goes linearly with the bubble volume, the total dissipated energy
increases significantly with increasing the bubble size, which suggests that the erosion rate also increases significantly for
repeated collapses.

Fluid-Structure Interaction studies in the past have not considered strain rate sensitivity while defining the plasticity model
of the solid material [5-6]. The strain rate effects presented in the paper demonstrate that the magnitude of the plastic strain
is over predicted while using plasticity models that do not include strain rate sensitivity. The over prediction of the
magnitude of plastic strain is around 60% for detached cavities and around 200% for attached cavities. It can be concluded
that neglecting strain rate effects in the constitutive model of the solid material leads to an under prediction of incubation
time and an over prediction of the erosion rate.

A quantity called plastic deformation potential (PDP) is introduced in the article which refers to the plastic energy absorbed
by the material divided by the initial potential energy of the cavity. PDP indicates the relative efficiency of a cavity to
translate its potential energy into plastic energy. It is observed that detached cavities close to the solid wall can produce the
highest PDP of the order of 0.83% (only 0.83% of bubble potential energy translates to plastic energy), the next most
efficient are the attached cavities that can produce PDP of the order of 0.05% and the detached cavity far from the solid (SR
> 1.5) produce extremely low PDP values. These results can be directly used in CFD calculations to better estimate the area
prone to cavitation erosion.

A novel approach has been proposed where single impact FSI calculations are used to estimate both mass loss and incubation
time. Hence in an initial model using this approach, it is assumed that the order of energy absorbed at each subsequent
collapse remain the same as E and the order of volume of the plastic deformation zone remain V. In future, consecutive
bubble collapse simulation will be conducted in a similar parametric study as presented in this paper. The consecutive
collapse simulations will be used to re-validate the assumption used in this model and make modifications if deemed
necessary.
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