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6.1 Introduction

Previous chapters focused for the most part on presenting and interpreting empirical data obtained from
experimental investigations of various aspects of cavitation erosion. The efforts involved characterization
of both the cavitation field and the resulting material permanent deformation and erosion. Interpretation
of the results often relied on physical reasoning based on prior knowledge of the cavitating flow
configurations studied, the basic dynamics of bubbles, and the response of materials to applied loads. The
characterization of cavitation impulsive pressures relied on the response to the impulsive loads of pressure
transducers or on the measurement of the permanent deformation of the material itself.

This chapter presents numerical modeling and simulation of the non-spherical dynamics of bubbles near
rigid and deformable boundaries with known material elastic-plastic properties and examines the response
of the material to the loads generated by bubble collapse. The study aims at isolating the influence of each
of the various physical parameters (i.e., bubble size, distance from the wall, collapse driving pressure, and
material properties) on the spatial and temporal distribution of impulsive pressures resulting from the
bubble dynamics, and also on the material elasto-plastic deformations in response to these loads.
Knowledge of the inter-relationships between these parameters allows for the transposition of the results
from one condition to another.

The relevant numerical techniques are first described succinctly to provide the assumptions used and their
limits of validity for the study of cavitation erosion mechanics, followed by the dynamics of a bubble near
a rigid boundary. Scaling rules of the various characteristics of the bubble re-entrant jet parameters and
the pressure pulse resulting from the collapse are then analyzed. The unsteady effects of generated
impulse loads on the material deformation are subsequently discussed. The time history of material
deformation is analyzed and implications for the inverse determination of the loads from permanent
deformation in pitting tests are discussed.

6.2 Numerical models

Cavitating flow field, bubble dynamics, and dynamic material response are simulated numerically in this
chapter using several numerical techniques briefly described below. These include:
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e aboundary element method potential flow model for 3D bubble dynamics, 3DYNAFS-BEM® [1-7],
o a finite difference method compressible Euler flow solver, GEMINI [8-10], for bubble dynamics,

e aprocedure to link incompressible-compressible flow approaches [11, 12], and

o afinite element structural dynamic code, DYNA3D [13], to model material and structural response.

6.2.1 Flow field models

a. Boundary element model

3DYNAFS-BEM® is a potential flow solver based on a boundary element method (BEM). The code solves
the Laplace equation, V?¢=0, for the velocity potential, ¢, with the velocity vector u=vg . A boundary
integral method is used to solve the Laplace equation based on Green’s theorem:

jQ(;wZG—G v2¢)dQ:jsn-[¢VG—G Vg]ds (6.1)

In this expression Q is the liquid domain of integration having elementary volume dQ. The boundary
surface of Q is S, which includes the surfaces of the bubble and the nearby boundaries with an elementary
surface dS. n is the local surface normal unit vector. G =-1/|x~y| is Green's function, where x is a fixed
point in Q and y is a point on the boundary surface S. Eq. (6.1) reduces to Green’s formula with a-z being
the solid angle under which x sees the domain Q:
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with a=4 if X isa pointin the fluid, and a=2 if X is a point on a smooth surface.

Eq. (6.2) provides a relationship between ¢and d¢/dn at the boundary surface S. Thus, if either of these
two variables (e.g., ¢) is known everywhere on the surface the other variable (e.g., d4/dn) can be
obtained. To solve Eqg. (6.2) numerically, the BEM, which discretizes the surface of all objects in the
computational domain into panel elements, is applied.

On a bubble surface Sy, ¢ satisfies a kinematic boundary condition, which expresses equality between the
normal velocities of the liquid and the free surface:

dx/dt-n=V¢-n XeSs, (6.3)
and a dynamic boundary condition:

o s, (6.4)
where P, is the ambient pressure, Py(X,t) is the local pressure in the liquid at the bubble interface, and z
is the vertical coordinate at point x.
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The pressure inside the bubble is assumed to be spatially homogeneous, and the bubble content is
assumed to be composed of non-condensable gas, which follows a polytropic expansion/compression law
with constant k. This leads to the following form of the normal stress boundary condition at the bubble
interface:

k

(V
+P,—-yC (6.5)

P (X,t)=P,|—2
b( ) go \(V(t)
where Py, is the initial pressure of the non-condensable gas and P, is the water vapor pressure. ¥, is the
initial volume of the bubble, » is the surface tension coefficient, and ¢(x,t) is twice the local mean
curvature at x given by:




Modeling of Cavitation Dynamics and Interaction with Material 3

. VP

Ve

where f is the equation of the surface. The appropriate sign is chosen so that the normal always points
towards the liquid.

c=V:-n n (6.6)

3DYNAFS-BEM® was developed specifically to solve three-dimensional potential flow problems including
highly non-linear free surface dynamics, such as encountered in bubble dynamics, ocean dynamics, and
time dependent interfaces separating two or more fluid phases. It handles the dynamics of cavitation
bubbles or explosion bubbles near solid boundaries, deformable cells, or free surfaces [1-7, 11, 12, 14,
15]. 3DYNAFS-BEM® can be coupled with a structural code such as DYNA3D (see Section 6.2.2) for
simulation of fluid-structure interaction problems [10, 13].

b. Compressible flow model

GEMINI is a compressible Euler equation solver developed by the Naval Surface Warfare Center, Indian
Head division, based on a finite difference scheme. The code solves continuity and momentum equations
for a compressible inviscid liquid in Cartesian coordinates, which can be written in the following format:

@4_%_}_%4_@:8

(6.7)
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where p is the liquid density, p is the pressure, u, v, and w are the velocity components in the x, y, z directions
respectively, g is the acceleration of gravity, and e=e+0.5(u?+v*+w?) is the total energy with e being the internal
energy. Eq. (6.8) is applied to solve gas, water, or a mixture of both, with an equation of state, which relates
pressure, density, and energy for each phase.

The code applies a high order Godunov-type method [16] to accurately capture the location of
discontinuities such as shock waves and contact surfaces. A mixed cell algorithm [8] is applied to enable
the code to simulate multi-phase and multi-material flows. GEMINI can be coupled with a structural code
to predict the response of nearby structures, and can be linked to 3DYNAFS-BEM®, as described in Section
6.2.1.c, to model various stages of bubble collapse accurately and efficiently [3-7, 11, 12]. GEMINI has
been validated against large scale experiments [8-10, 17, 18].

c. Incompressible / compressible link procedure

Modeling cavitation bubble collapse near boundaries has been extensively done using potential flow
boundary methods for axisymmetric cases [19-23] and 3D cases [1-7, 24, 25]. The boundary element
method can accurately describe re-entrant jet formation and provide its characteristics as functions of time
since the bubble wall velocities (including the re-entrant jet velocity) are most often small relative to the
sound speed in water until the final stage of the bubble collapse. On the other hand, during the bubble
explosive growth, rebound, and at jet impact, compressible effects can be non-negligible. These
phenomena may lead to shock wave formation and propagation, thereby requiring a compressible
approach.
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Each of the incompressible and compressible methods has its advantages and disadvantages in addressing
cavitation or underwater explosion bubble dynamics. The BEM is efficient since it reduces the dimension
of the problem by one: an axisymmetric problem (2D) is reduced to a 1D problem involving line integrals
and a 3D problem is reduced to integrals over the surfaces enclosing the 3D domain. This allows very fine
gridding for increased accuracy with reasonable computation time. 3DYNAFS-BEM® has been shown to
provide re-entrant jet parameters and speed accurately [24, 25]. However, it has difficulty pursuing the
computations beyond surface impacts (liquid-liquid when the re-entrant jet hits the opposite side of the
bubble and liquid-solid when the re-entrant jet hits the nearby solid wall). On the other hand,
compressible finite element models (e.g. [8]) are most adequate to model shock wave emission and
propagation, liquid-liquid and liquid-solid impacts. These methods require, however, very fine grids and
very small time steps to resolve shock wave fronts. This makes the compressible methods appropriate to
model efficiently only the shock wave propagation stage of the bubble dynamics. Concerning the bubble-
liquid interface and the re-entrant jet dynamics, the procedure in the finite element models is diffusive
since the interface is not directly modeled, and re-entrant jet characteristics are less accurate than obtained
with the BEM approach.

In order to take advantage of the strengths of both the BEM and compressible Euler methods, a hybrid
method was developed to address underwater explosion bubble problems and is used here for cavitation
erosion bubble dynamics problems. Underwater explosion bubble studies can provide good visualization
and measurement since the maximum bubble sizes are in the range of meters rather than millimeters, and
time scales are in seconds rather than microseconds. The large spatial and temporal scales enable one to
measure the jet speed and the pressures generated at the boundary with high accuracy both in space and
time [26-28].
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Fig. 6.1. Schematic showing the compressible-incompressible hybrid modeling procedure: link from GEMINI to 3DYNAFS-BEM® during
bubble growth and shock propagation and from 3DYNAFS-BEM® to GEMINI following jet impact and shock emission.

In the hybrid method, geometry, grids, and flow information are exchanged between the two methods
(compressible and incompressible) when needed (“Link™ in Fig. 6.1). This link enables one method to
pursue the problem resolution starting from the solution given by the other method. The compressible
Euler solver GEMINI [8-12] is used during shock formation or during the impact (liquid-liquid or liquid-
solid) stage on the materials, while the incompressible potential flow solver, 3DYNAFS-BEM® [1-7],is
used during most of the bubble dynamics where the liquid velocities are very small compared to the
sound speed. The details of the procedure and validation of this hybrid method can be found in [12].

For a bubble starting with an explosive growth to a maximum bubble size and then collapsing
dynamically, the full compressible-incompressible-compressible link procedure in Fig. 6.1 is required,
which consists of the following steps as time evolves:
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1. The simulation is run with GEMINI until the shock fronts leave the computational domain and the
remnant flow field can be assumed to be incompressible.

2. At that instance, the flow field variables (geometry, bubble pressure, boundary velocities) are
transferred to 3DYNAFS-BEM® and are used to impose the non-zero normal velocities, dg/on .

3. The bubble growth and collapse are solved using fine grids with 3DYNAFS-BEM® to obtain a good
description of the re-entrant jet until this jet moves very close to the opposite side of the bubble.

4. The solution is then transferred back to GEMINI with the required flow variables (velocities, pressures,
and densities at all space grid points).

5. The computation is then pursued with GEMINI to obtain the pressures due to re-entrant jet impact and
remnant bubble ring collapse.

6.2.2 Structural model

DYNA3D is a non-linear explicit solid and structural dynamics solver based on the finite element method
initially developed by the Lawrence Livermore National Laboratory [13, 29]. Based on a lumped mass
formulation it solves the structure momentum equation:

MU+CU+KU=F (6.9)
where U is the displacement vector, C is the damping matrix, K is the stiffness matrix, and F is the matrix of the
applied loads on the structure.

DYNA3D is appropriate for problems where high strain rate dynamics or stress wave propagation effects
are important. Many material models are available to represent a wide range of material behavior,
including elasticity, plasticity, thermal effects, rate dependence, damage, and failure of elements.

6.3 Impulsive loads due to bubble collapse near rigid boundary

Since the pioneering works of Plesset and Chapman [19], Ellis [20] and Naude and Ellis [21], a large
number of numerical and experimental studies have been conducted to investigate the non-spherical
collapse of a single bubble near a rigid boundary [22-28]. These studies have established the basis of our
understanding of bubble re-entrant jet formation, emission of shock waves, and potential damage on the
nearby surface. Simple conceptual extensions of the results from the idealized single bubble case to a
multitude of bubbles in a cavitation field have also been done by several researchers [30-39]. More
advanced studies involving bubble/bubble interactions and bubble cloud behavior as discussed in [40]
remain as the subject of ongoing research.

Despite numerous studies to date, discussions among researchers continue about whether cavitation
damage on the material surface results from shock loading or from localized loads of the re-entrant jet
impact or from both. Major difficulties stem from the lack of comprehensive and accurate computational
methods that account for all the important physics of the liquid, the bubble, the material, and their
interactions. In the following sections, detailed analyses of computational results using the above
described numerical methods are presented for the dynamics of non-spherical collapse of a single bubble
interacting with a nearby solid boundary. The effects of the major parameters governing the bubble
collapse dynamics are also presented, including the collapse driving pressure, the standoff distance to the
wall, and the bubble size.
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6.3.1 Re-entrant jet dynamics using BEM

Bubble collapse close to a rigid boundary can be highly asymmetrical and results in the formation of a
fast re-entrant jet towards the boundary. High pressure loading on the boundary will develop from the
impact of the jet on the boundary after it crosses the bubble. The intensity of the impact depends mainly
on the relative distance between the bubble and the rigid boundary and on the “strength” of the collapse.
Fig. 6.2 illustrates the bubble dynamics near a rigid boundary using an axisymmetric version of
3DYNAFS-BEM®.
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Fig. 6.2. Pressure and velocity field evolution during non-spherical bubble collapse near a wall predicted by 3DYNAFS-BEM® for a
bubble with an initial radius of 10 um and a gas pressure of 1 atm subjected to a pressure drop to -1 atm for 1 ms and then a steep
pressure rise to 50 atm (t = 0). The bubble center is initially at a standoff 0.65 mm away from the wall. The maximum bubble radius is
Rmax = 1.3 mm at t = 0. The upper left contour is at bubble maximum volume (t = 20.6 ps). The other three contours are at t = 21.1 ps
(upper right), t = 21.6 ps (lower left), and t = 21.8 ps (lower right).

Due to the asymmetry of the flow around the bubble created by the presence of the wall, a dipole-like
pressure field develops in the bubble region farthest from the rigid wall. A high pressure region in the
bulk of the liquid (red region) pushes down the bubble wall where the pressure is low (dark blue region)
driving a high velocity flow along the axis of symmetry. This results in a high speed re-entrant jet that
pierces the bubble from one side to the other, and then impacts the rigid wall when the bubble standoff to
the wall is small. When the re-entrant jet impacts the wall, a water hammer-like pressure is generated and
stresses the material. Later on, as the remaining bubble volume continues to shrink, high pressures are
generated inside the ring bubble and a pressure wave or shock wave is emitted from the collapsing ring.
The relative importance of the water hammer impact and the ring collapse depends on various physical
parameters including the standoff distance between the initial bubble center location and the wall, and the
bubble collapse driving pressure, (P, —PF.s)o -
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6.3.2 Pressure loading from hybrid incompressible/compressible model

The hybrid compressible/incompressible approach is used to study the bubble growth and collapse near a
rigid boundary in order to investigate the resulting impulsive pressure load. Figs. 6.3 through 6.8 illustrate
the dynamics and present the pressures generated during the bubble collapse. A bubble with an initial
radius of Ry = 10 um located at 75 um above a rigid boundary is considered. The initial bubble internal
pressure is 2.6 x 10" Pa (this could result from a bubble exiting a nozzle with an upstream pressure of
3,800 psi (26.2 MPa)) and the liquid ambient pressure is 10° Pa. In the absence of nearby boundaries the
spherical bubble would expand to a maximum radius of Ry, = 100 um, a value easily computed using
spherical bubble dynamics equations [41-43]. Fig. 6.3 shows the bubble contours at different times during
the bubble growth and collapse. During the growth the bubble surface close to the rigid boundary flattens
on the wall (actually, a thin water layer remains between the bubble and the wall as observed
experimentally [7, 28]) while the surface farther from the wall expands freely until the pressure inside the
bubble drops below the liquid dynamic pressure. As illustrated in Fig. 6.2 a localized high pressure region
forces the water into the contracting bubble, generating a re-entrant jet which crosses the bubble and
impacts the nearby wall. The right hand side of Fig. 6.3 clearly shows the evolution in time of the bubble
shape and the re-entrant jet, which advances to strike the wall, while the thin layer between the bubble
and the wall becomes thinner.
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Fig. 6.3. Crosscuts showing bubble contour shapes during bubble growth (left) and collapse (right). Results obtained from 3DYNAFS-
BEM® simulation. Note that a water layer remains between the bubble and the wall as observed experimentally with large scale bubbles.
The bubble has an initial radius of Ry = 10 um and an initial gas pressure of 2.6 x 107 Pa and is initially at a standoff distance of 75 pm

from a rigid wall, while the ambient pressure is 1 atm.
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Fig. 6.4. Comparison between experimental measurements and numerical computations of the pressures due to bubble collapse on a rigid
wall [7]. The bubble was generated by 10 g of TNT at a depth of 50 m on an instrumented circular plate. The generated bubble had a
maximum radius of 0.18 m and the standoff from the plate was 0.14 m. The re-entrant jet speed was as high as 240 m/s. The
axisymmetric version of 3DYNAFS-BEM® was used to conduct the numerical simulations and reproduced well the re-entrant jet impact
pressure peak at t ~ 15.6 ms and to a lesser extent the bubble ring collapse pressure at about 16.7 ms. (1000 psi = 6.9 MPa).

In previous studies [7, 23, 45, 46] BEM computations continued beyond the jet touchdown by adding a
sheet of vorticity at the impact interface between the advancing re-entrant jet and the bulk liquid, or a
vortex ring at the edge of this surface. This allowed the computations to proceed beyond the point where
the geometry becomes multi-connected and a vortex ring bubble is generated and collapses at the wall.
This procedure was able to accurately predict the re-entrant jet impact pressure peak as illustrated in Fig.
6.4. However, the procedure is cumbersome, too sensitive to gridding, and often unstable. The new Link
procedure described in the previous section is more robust and easy to use and has also produced
validated output [11, 12].

The Link procedure continues the simulations starting from the 3DYNAFS-BEM® solution until a few
computation steps before the jet impacts the opposite side of the bubble. The left side of Fig. 6.5 shows
the 3DYNAFS-BEM® gridded bubble shape used to proceed with the compressible flow solution. The right
side of Fig. 6.5 shows pressure contours from the first time step of GEMINI right after the solution was
passed from 3DYNAFS-BEM®.
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Fig. 6.5. 3DYNAFS-BEM® solution (left) where the solution was handed back to GEMINI and the first time step from GEMINI (right). The

bubble has an initial radius of Ry = 10 um and an initial gas pressure of 2.6 x 10" Pa charged at a standoff distance of 75 pm from the
rigid wall with an ambient pressure of 1 atm.



Modeling of Cavitation Dynamics and Interaction with Material 9

= AVEAAT wy

1o AATE-0F vx o RESEAT Ay

<

x l.-ml

o
% [ym]

Fig. 6.6. Pressure contours at different instances of time due to jet impact and ring collapse obtained from GEMINI proceeding from the
3DYNAFS-BEM® solution. The bubble had an initial radius of Ry = 10 um and an initial gas pressure of 2.6 x 10" Pa charged at a standoff
distance of 75 pm from the rigid wall with an ambient pressure of 1 atm.

Fig. 6.6 shows the pressure contours and the bubble dynamics from GEMINI at three subsequent times. At
t = 3.63 ps, the jet impacts the wall generating a localized high pressure impact region on the axis leaving
around it a bubble ring (white contours). At t =3.85 ps, the bubble ring has completed its collapse (the
white contours reach the minimum) resulting in a ring like high pressure region on the wall around

r =50 um. The high pressure or shock waves travel towards the axis resulting in a high pressure region
near the axis, as shown at 3.89 ps in the last contours where the bubble ring is rebounding (white contours
increasing area again).
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Fig. 6.7. Pressure due to bubble jetting and ring collapse monitored at two different radial locations at the wall, r =0 and r = 60 um. The
bubble had an initial radius of Ry =10 pm and an initial gas pressure of 2.6 x 10" Pa at a standoff distance of 75 um from the rigid wall
while the ambient pressure was 1 atm. Pressure peaks A are due to the water hammer like pressure generated by the re-entrant jet impact,
while pressure peaks B are due to ring bubble collapse.
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Fig. 6.7 shows the time history of the pressure computed at two locations on the wall indicated in the
insert: the bubble axis of symmetry and a point at a radial distance of 60 um. There is a marked difference
between the signals computed at the two locations.

The point on the axis sees distinctly two pressure peaks: the first peak at t = 3.615 ps (red A) is at the
moment of the re-entrant jet impact. The second peak (red B) at 3.83 us corresponds to the bubble ring
collapse. A toroidal pressure wave emanates from the collapsing bubble ring and then focuses and
amplifies at the axis of symmetry, r = 0. This results in a very sharp high peak (red B) shown in the

figure.

The point at r = 60 um does not sense the jet impact at t = 3.615 ps as it is outside the jet impact region
(~10um). However, it feels the effect of the jet impact a little later at t = 3.73 ps (green A). The second
peak (green B) due to the ring collapse is clearly detected because r = 60 um is close to the ring collapse
location.

It is to be noted that for such small cavitation bubbles, the distinction between the two events is extremely
difficult experimentally using conventional transducers. For spark generated bubbles or underwater
explosion bubbles however, these differences in the signal can be clearly measured [25-28]. The
difference between the measured signals on-axis and off-axis, further illustrated in Fig. 6.8, could explain
why discussions are still on-going about whether cavitation damage is from shock waves or from jets as
time histories of the pressure appear different depending on the precise location of the gauge.
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Fig. 6.8. Wall pressures recorded during the collapse and rebound of a spark generated bubble located at 1.8 cm from a vertical wall. The

equivalent maximum bubble radius was 2.4 cm and the static pressure at the bubble center was 8,590 Pa for the left figure and 7,900 Pa

for the right figure. In the left figure the PCB 101A04 piezoelectric transducer was located at the bubble re-entrant jet impact location. In
the right figure the transducer was 0.5 cm off-center. These tests were conducted in the DYNAFLOW spark test facility.

6.3.3 Effect of local pressure driving bubble collapse

The speed of the bubble collapse depends on the pressure driving the dynamics, e.g. the difference of
pressures between the outside and the inside of the bubble. This pressure difference can result from the
bubble being driven into a stagnation region where the pressure is very high (e.g. in cavitating jets), or
from very high pressure waves generated by the collapse of bubble clouds. The local pressure driving the
individual bubble collapse will vary between scales (see [40]). In order to quantify the effect of the
driving pressure on the loads, the hybrid incompressible (3DYNAFS-BEM®) / compressible (GEMINI)
approach was used for different driving pressures. For illustration, we consider bubbles, which have
grown to a maximum radius of 2 mm at which point the internal pressure is close to the liquid vapor
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pressure, and are then subjected to a collapse driving pressure, Pegjiapse, Varying from 10° Pa (1 atm) up to
1.5 x 10" Pa (150 atm). In all cases the bubble started collapsing when its center was at a distance of
1.5 mm from a rigid wall that is for a normalized standoff distance of 0.75.

For all values of the driving pressure, a strong re-entrant jet develops and advances to hit the rigid wall
with a large impact velocity. As illustrated in Fig. 6.9, the jet velocity increases with the square root of the
driving pressure, Peoiapse. This is consistent with previous studies of bubble collapse dynamics [44]. In the
present case, the re-entrant jet velocity can be approximated by:

Vjet - 46\’ Pcollapse /p (610)
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Fig. 6.9. Relationship between the re-entrant jet velocity and the pressure driving the bubble collapse. The red diamond symbols are jet
impact velocities computed by the 3DYNAFS-BEM® for different ambient pressures, and the black curve is a linear fit. Maximum bubble
radius 2 mm. Distance of bubble center to wall 1.5 mm (normalized standoff distance of 0.75).

Fig. 6.10 shows the peak pressure on the wall from bubble collapse for selected cases in Fig. 6.9. This
figure confirms the classical view that the pressures due to bubble collapse are scaled by the water
hammer impact pressure [23, 42] which is given by:

Puater hammer = pCVjet (6.11)

where p is the density of the liquid, c is the speed of sound, and Vj is the jet velocity at impact. The
P ater nammer 1S the pressure on a flat solid surface exerted by a water column with a flat surface [23, 41-43].
As the flatness of the re-entrant jet tip varies with the intensity of the collapse, so does the efficiency of
the impact. As shown in Fig. 6.10, one can estimate the impulsive pressure generated by the jet impact

using:

Pimpulse - O'Gpcvjet (612)
The figure shows that the impact efficiency improves for the higher collapse driving pressures and a
factor larger than 0.6 applies at these higher pressures.
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Fig. 6.10. Relationship between the peak impact pressure and the jet velocity. The jet velocities are computed by the 3DYNAFS-BEM® at
the time of jet impact. The red symbols are from computed maximum peak impact pressures by the hybrid approach (3DYNAFS-BEM®
and GEMINI) (such as in Fig. 6.11). Maximum bubble radius 2 mm, distance from bubble center to wall 1.5 mm (normalized standoff
distance of 0.75).

The details of the impact pressure versus time at the center point on the wall are shown in Fig. 6.11 for a
set of collapse driving pressures for the same bubble collapse conditions as in the previous two figures.
All pressure histories have been shifted to the same starting point to show times from the moment of jet
impact at the wall. As previously discussed in Fig. 6.7, all of the signals but the one corresponding to
Poiapse = 4 atm clearly exhibit at least two pressure peaks following the impact: the first corresponds to re-
entrant jet tip liquid impact at the wall, and the second (and sometimes third) is generated by the bubble

ring collapse (and sometimes second collapse after rebound) and the focusing of the resulting shock wave
on the jet/wall axis.
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Fig. 6.11. Pressures computed by the hybrid approach (3DYNAFS-BEM® and GEMINI) at a nearby rigid wall from the collapse of a
bubble under different bubble collapse driving pressures. Initial maximum bubble radius, Rnax = 2 mm.
Initial standoff distance, X = 1.5 mm.
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The characteristic time of the bubble dynamics is the Rayleigh time expressed as:

TRaerigh = Rmax \ép/ Pcollapse (613)

As the driving pressure increases, T, .., decreases and the spacing between the two peaks also decreases.
On the other hand, as the jet speed increases, the resulting jet impact pressure and the bubble ring collapse
pressure increase.
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Fig. 6.12. Maximum pressures versus radial distance generated at a nearby rigid wall from the center of a bubble collapsing under
different driving pressures. Initial maximum bubble radius, Rmax = 2 mm. Initial standoff distance, X = 1.5 mm.

The above observations provide a scaling of the level of the impulsive pressure generated on the wall at
bubble collapse, P,,,...as a function of the ambient pressure driving the bubble collapse, P,
combining Egs. (6.10) and (6.12):

Pimpulse = 276 C\&ppcollapse (614)

The pressure distribution function, p(M,t), at the impact location M has a lateral extent, which scales with
the bubble maximum radius. This is illustrated in Fig. 6.12, which shows that the maximum pressure
drops off rapidly radially away from the jet axis. It decays to practically half its maximum value at a
distance of Ryax from the axis.

ollapse !

6.3.4 Effect of standoff

The illustrations presented in the previous sections corresponded to a normalized standoff between the
bubble center and the wall, X/Rmax = 0.75, which is in the range of maximum pressures generated on a
nearby rigid wall [25]. The fastest velocity at the bubble wall increases as the bubbles move away from
the rigid boundary. This applies also to the re-entrant jet velocity. However, for a larger standoff, e.g.
X/Rmax > 1.25, the re-entrant jet, after penetrating and piercing the opposite bubble side, has to advance in
water before reaching the wall. This results in a significant loss of energy that attenuates the jet speed and
subsequent impact pressure. On the contrary, for the small standoff distances, X/Rnax < 0.75, the re-
entrant jet hits the wall directly but does not have time to fully develop and attain a large speed because of
the short distance. Indeed, as we will see later (e.g. Fig. 6.16), the jet speed is a relatively strong function
of time.
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Fig. 6.13 illustrates the effect of standoff by showing bubble contours during collapse for three standoffs:
X =1.05, 1.25, and 2.0 Rya The bubble is initially spherical with a radius 100 um, and is in equilibrium
with the surrounding liquid when the ambient pressure is 1 atm. The bubble is then subjected to a sudden
ambient pressure rise to 34 atm. For the farthest distance (X = 2.0 Ryax), the bubble starts a quasi-
spherical collapse, then a relatively wide re-entrant jet develops and strikes the opposite side of the bubble
far from the wall. As the bubble initial standoff distance is reduced, the bubble elongates perpendicular to
the wall during collapse and the re-entrant jet shape becomes more pointed. Moreover, the motion of the
bubble surface closer to the rigid boundary is significantly reduced almost to zero for X/Ryax = 1.05, while
it is almost equal to Ryax for X/Rpax = 2.

Fig. 6.14 shows the pressures due to bubble collapse at the center of the nearby rigid boundary. The left
and right figures present computations for a bubble with initial maximum radii of 10 um and 500 um,
respectively. The bubbles are initially spherical and in equilibrium with the surrounding liquid at a
pressure of 1 atm. Three standoff distances are considered as in Fig. 6.13: X/Ry.x = 1.05, 1.25 and 2.0.
Unlike previous cases in Fig. 6.13 where the initial bubble radius was 100 pm, it is here 10 and 500 pm.
The reason for the choice of two very different radii is to highlight the fact that the amplitude of the
pressure generated by the bubble collapse for the same driving condition is practically independent of the
initial bubble radius. This is very well highlighted in Fig. 6.14, where, for the three standoff distances,
there is practically no difference in the amplitude of the pressures between the 10 um (left) and the 500
um (right) cases. The time scale on the other hand, follows the Trayieigh Scaling (Eq. (6.13)). The first
peaks in Fig. 6.14 (~ 0.18 us and ~ 9 us on the left and right figure respectively) occur at re-entrant jet
impact. The timing of the re-entrant jet impact is seen to scale with Ry and is 50 times larger for the 500
um bubble (~ 9.5 ps) than for the 10 um bubble (~ 0.19 ps). The same applies for the time delay between
the jet impact and the bubble ring collapse (~ 0.2 ps vs. ~ 0.004 us).
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Fig. 6.13. Bubble shape variations during collapse of a 100 um radius bubble under a collapse driving pressure of 34 atm at three
standoffs X, initial distance from the bubble center to the wall: X/Rmax = 1.05 (left), X/Rmax = 1.25 (middle), and X/Rmax = 2 (right).
Rmax =100 pm is the initial maximum bubble size. The bubble has an initial gas pressure of 1 atm.
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Fig. 6.14. Comparisons for Rmax = 10 pum (left) and Rmax = 500 pum (right) of the pressure on the wall at the bubble axis due to re-entrant
jet impact and bubble ring collapse for different normalized standoffs: X/Rmax = 1.05 (red), 1.25 (blue), and 2.0 (green). The bubbles have
an initial gas pressure of 1 atm and are subjected to an ambient pressure of 34 atm. Notice the very close correspondence of the
amplitudes between the two cases indicating very small sensitivity of the pressure amplitude to the bubble initial radius, and a ratio of 50
between the times indicating linear relationship between the bubble radius and the time scale.

Fig. 6.14 also shows clearly the effect of the standoff distance on the wall pressures. As the standoff
decreases from X/Rnax = 2.0 to 1.25 and 1.05, the bubble collapse period (i.e. the time from bubble
maximum volume to minimum volume) increases, as well documented in the literature [42, 43, 47, 48].
This results in the re-entrant jet impacting the wall later for closer standoffs [47, 48]. This is illustrated in
Fig. 6.14 by the first pressure peak occurring at a later time for the smaller standoff. On the other hand, as
X/Rmax increases, the impact pressures decrease, while the pressure peak due to the bubble ring collapse
becomes too low to discern in the pressure trace. In the literature [22, 23, 45, 46], X/Rya = 1.5 is the
typical case studied and this may explain why less emphasis has been placed in the past on the presence
of the second pressure peak.

6.3.5 Influence of bubble size

This section examines the importance of bubble size on the impulsive pressure loads. To do so, bubble
radii ranging from 10 to 500 um are considered. Initial conditions as in the previous section are
considered: all the bubbles are assumed to be spherical and in equilibrium with the liquid at an ambient
pressure of 1 atm. One should note that this results in different initial internal bubble pressures due to the
presence of surface tension. The bubbles are then subjected to a rise in the ambient pressure to 34.5 atm
when they are near a rigid boundary located at X/Rn.x = 1.05, 1.25 or 2.0.

Fig. 6.15 presents the time variations of the bubble equivalent radius (i.e. radius of a sphere with the same
volume) for the bubble sizes considered and for two normalized standoff conditions, X/Ry.x = 1.05 and 2.
Radii and times are normalized respectively by the initial maximum radius, Ry, and by the Rayleigh
time (Eq. (6.13)). The figure illustrates that for a given standoff, the normalized curves do not distinguish
between the different initial bubble sizes. However, the standoff distance shows a distinct effect on the
bubble collapse periods, i.e. larger periods for the smaller normalized distances, X/Ryax and the presence
of the wall slows down the collapse. In Fig. 6.15, the solution of the Rayleigh-Plesset equation in an
infinite fluid is also presented as a reference.

Fig. 6.16 shows the re-entrant jet speed versus time for different bubble sizes and for the two normalized
standoff distances, X/Rma = 1.05 and 2. It is interesting to note that for a given nondimensional standoff,
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the dimensional jet velocity curves versus normalized times are insensitive to the bubble size especially
for the smaller standoff distances, and are mostly controlled by the collapse driving pressure and the
normalized distance from the wall. Near the wall, asymmetry is predominant and bubble size does not
show an important effect. Farther from the wall, surface tension and initial gas pressure, which introduce
nonlinear effects not captured by the Rayleigh scaling, have a non-negligible effect on the jet velocity and
are responsible for the differences between the curves.
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Fig. 6.15. Comparison of the time history of the normalized bubble equivalent radius for initial bubble maximum radii of 10, 50, 100,
250 and 500 pm at X/Rmax = 1.05 (blue line) and X/Rmax = 2.00 (red line). All the bubbles have an initial gas pressure of 1 atm and are
subjected to an ambient pressure of 34.5 atm. The bubble equivalent radius is normalized by Rnax While the time scale is normalized by
the Rayleigh time.
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Fig. 6.16. Comparison of the time history of the re-entrant jet velocity for initial maximum bubble radii of 10, 50, 100, 250 and 500 um
at X/Rmax = 1.05 (solid lines) and X/Rmax = 2 (dashed lines). All the bubbles have an initial gas pressure of 1 atm and are subjected to a
sudden pressure jump to 34 atm driving the bubble collapse.
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Fig. 6.16 also shows that the normalized standoff distance has a very significant effect on the terminal
velocities of the re-entrant jet. For instance, for X/Rnmax = 1.05 the terminal jet velocity is approximately
650 m/s while for X/Rna = 2.00 it is in the range of 1,100 to 1,300 m/s.

Fig. 6.17 compares the normalized time histories of the wall pressures for X/Rpa. = 1.05 and 1.25 for
various bubble sizes. The collapse of all pressure loading curves for a given standoff is remarkable. This
highlights that, independent of the bubble size, the pressures generated at the wall (see Eq. (6.14)) scale
very well with the water hammer pressure due to the re-entrant jet velocity, which depends only on the
driving pressure (see Eqg. (6.10)). The time also scales very well with the Rayleigh time (see Eqg. (6.13)).
The normalized peak pressure for X/Rnax = 1.05 is of the order of 0.50cV., , while for X/Rpa = 1.25 it
decreases to about0.25ocV,, .
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Fig. 6.17. Time history of the normalized pressure on the wall at the axis (r = 0) for different bubble sizes at two normalized standoff
distances: X/Rmax = 1.05 (left) and 1.25 (right). All the bubbles have an initial gas pressure of 1 atm and are subjected to a sudden
pressure rise of 34.5 atm driving the bubble collapse.

The variations of the pressure on the wall with time and with the radial direction are illustrated in Fig.
6.18. This figure provides a picture of the dynamic evolution of the pressure loading in space and time for
two bubble standoff distances. For X/Ryax = 1.05, the radial pressure distribution at different instants
shows that as the bubble collapses the pressure on the axis gradually increases until it reaches the first
peak (from the re-entrant jet impact) followed by a second peak (from the bubble ring collapse) then it
gradually decays and has oscillations from reflected waves through the thickness of the plate (details are
discussed in Section 6.4). In the radial direction the impact wave propagates away from the axis with the
two above described peaks moving outwards while rapidly decaying. The location of the peak pressure
moves outward radially as a ring wave. Due to wave propagation at a finite time after the impact the
radial distribution resembles the time trace of the pressure and contains the two peaks described earlier
(re-entrant jet and ring collapse). For X/Rnmax = 2.00 the peaks are significantly lower, and owing to the
larger standoff, only the pressure/shock front generated by the bubble collapse reaches the wall affecting a
larger area and then gradually dissipates in time.
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Fig. 6.18. Variations of the pressure at the wall with time and with the radial direction for two standoffs X/Rmax = 1.05 (left) and 2.00
(right). The bubble has an initial radius Rnax = 10 um and is in balance with an ambient pressure of 1 atm. It is then subjected
to a sudden pressure rise to 34 atm.

6.4 Material deformation from cavitation impulsive loads

In the previous section, mostly the dynamics of a collapsing bubble near a rigid boundary was discussed.
The simulations enabled computation and analysis of the idealized impulsive loads that the collapse
would produce at the nearby boundary in the absence of response from the boundary itself. A two-step
procedure for the computation of the interactions would then use this load as input to evaluate the
resulting material stresses, strains, and overall deformations. This is one-way coupled fluid-structure
interaction (FSI) approach. A more accurate analysis would involve two concurrent computations (bubble
dynamics with liquid flow and structural mechanics with solid response) enabling a two-way coupled
mode. This two-way coupled approach is necessary when deformations and deformation speeds and
accelerations are significant enough to affect the bubble dynamics. This is the case for very large
impulsive loads and/or very flexible or deformable materials. In this section, a finite element model is
presented first for a canonical problem of a single bubble collapsing in the vicinity of a flat circular plate
with a finite thickness, followed by computational results using one-way and two-way coupled FSI
approaches. The effects of the collapse driving pressure and the bubble size on the material permanent
deformation (pitting) are shown.

To further understand the mechanics at play, synthetic cases of idealized loads are then considered to
illustrate the effects of the amplitude, duration, and radial extent of the loads on the permanent
deformation. The developed knowledge and results provide input for the development of an inverse
procedure to deduce loads from pitting results.

The permanent deformation equations proposed from nano-indentation analysis (see Section 3.4) are then
used to deduce the imparted impulsive loads and compared with the actual loads input in the
computations.
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6.4.1 Finite element modeling

To enable the fluid-structure interaction simulations the Link procedure described in Section 6.2.1.c is
exercised while the fluid codes are coupled with the structure code briefly introduced in Section 6.2.2,
DYNA3D [13]. For the present application, the large significant impulsive pressure loads occur only after
the re-entrant jet fully penetrates the bubble and strikes the nearby wall, and therefore FSI computations
using the compressible code, GEMINI, and DYNA3D are relevant. For the single bubbles considered in this
section axisymmetric options of these codes are exercised.

A finite element mesh for a circular plate with 1 m radius and 5 mm thickness is generated using the
axisymmetric setup illustrated in Fig. 6.19. The size of the plate (i.e. computational domain) was selected
to be sufficiently large relative to the micron size bubbles, in order to minimize numerical reflections
from the edges of the plate. The mesh elements near the axis of the plate are 5 um by 5 um. This fine
element size was maintained up to 1.5 mm radius from the axis and down to 0.6 mm distance from the
surface. From there on, the mesh size was gradually increased both in the outward and in the thickness
direction. The mesh stretch factor was 10% up to a radius of 10 cm, and then increased to 30% beyond 10
cm. This resulted in 377 elements in the radial direction and 258 elements in the thickness direction.

z
Impulsive
Load

* »r

0

Fig. 6.19. Finite element axisymmetric grid used in DYNA3D to study elasto-plastic material response to loads due to collapsing
cavitation bubbles. The cells in the dark region near r = 0 are 5 um by 5 um. The mesh size was stretched by a factor of 10% in the
magenta region and 30% in the green region. (Note: r and z do not have the same scale.)

The boundary conditions used for the simulations were as follows:

e An imposed unsteady pressure load at the ‘free’ material-liquid interface provided by the fluid solution (or a
given function in the synthetic runs).

¢ Rigid boundary condition at the bottom of the plate, i.e. no displacements in the plate thickness direction.

o No reflection boundary conditions at the edge of the plate.

An isotropic elasto-plastic material model was used for the computations. Material properties such as
Young’s modulus, yield stress, density, and failure strain were specified as input. The materials
considered in this study included the materials experimentally studied in previous chapters, i.e. aluminum
alloy Al 7075, stainless steel A2205, and NAB. In addition, a softer material, Al 1100-H19, was used in
some of the computations. Bilinear representation of the stress-strain curves (see Fig. 6.20) of the four
materials were used for DYNA3D. The first line of slope E, the Young’s modulus, represented the elastic
portion of the behavior. This intersected the linearly modeled plastic behavior beyond the yield point. The
slope of the second portion is the tangent modulus. These properties were obtained from data published in
the literature [49] and presented in Fig. 6.20 and Table 6.1.
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Fig. 6.20. Stress-strain curves utilized in DYNA3D to model elasto-plastic behavior of the materials studied. These were obtained from
information available online [49].

Table 6.1. Material properties used for DYNA3D computations. These were obtained from available information online [49].

Yield Stress Young's Modulus Tangent Modulus  Elongation Density

Material [MPa] [GPa] [MPa] at Failure  [g/cm?]
Al 7075 503 717 670 0.11 2.81
SS A2205 515 190 705 0.35 7.88
NAB 360 110 1216 0.25 7.64
Al 1100-H19 165 69 1449 0.03 2.71

6.4.2 Process of pit formation

In order to study the response of a solid material to impulsive loads from bubble collapse,
pressures generated by the bubble collapse were applied to an elasto-plastic material. As long as the local
stresses do not exceed the yield stress, the material deforms elastically during the loading and returns to
its initial state once the load is relieved. However, once the yield point is exceeded anywhere in the
material, permanent deformation occurs. An example is presented in Fig. 6.21 for the collapse of a bubble
of maximum radius, Rnax = 2.0 mm, located at an initial normalized standoff distance of 0.75
(X =1.5 mm) from the plate, and subjected to a collapse pressure of 10 MPa. The plate is made of Al
7075 with a thickness of 5 mm. The codes were run in a two-way coupled mode. Fig. 6.21 shows the time
history of the pressure and the vertical displacement at the plate center point. The interpretation of the
pressure versus time profile has been previously discussed in Section 6.3.3. As the re-entrant jet impacts
the plate the stresses at the surface rise above 600 MPa, largely exceeding the Al 7075 yield stress of
503 MPa used in the computation. Therefore, plastic deformation occurs within the first 0.5us and
continues to accumulate from then on.

Once the re-entrant jet impact pressures are relieved, the material deformation rate is slowed down until
the second large pressures due to the toroidal bubble collapse further increase the deformation. At about
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2 ps the bubble ring collapse loading vanishes and the surface starts returning as much as possible
towards the initial state. However, since there was significant deviation from the elastic behavior during
the loading, a permanent deformation results and the center point in the plate remains depressed by about
10 um. One can also note successive oscillations at this center point as the stress/strain waves propagate
and reflect back and forth at the rigidly held bottom and at the plate-water interface. The above dynamics
illustrates the importance of the thickness of a plastic layer on the resulting deformations. No element
failure or erosion was observed during this computation as the highest strain observed were 0.025, well
below the failure strain limit of 0.11 for Al 7075.
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Fig. 6.21. Time history of pressure acting on an Al 7075 plate with 5 mm thickness and resulting pit depth for a collapse driving pressure
of 100 atm. Initial maximum bubble radius, Rmax = 2.0 mm. Initial bubble pressure, 1atm. Initial standoff distance
from bubble center, X = 1.5 mm.

The radial extent of the permanent deformation thus computed is shown in Fig. 6.22. The figure shows
the FSI simulation results for three collapse driving pressures: 6, 10 and 15 MPa. In all cases the bubble
maximum radius prior to collapse was 2 mm and its standoff from the wall was 1.5 mm. The profiles of
the permanent deformation generated on the plate resemble the observed pit shapes experimentally (see
Fig 5.13). This profile reflects the re-entrant jet impact location at r = 0, and the location of the bubble
ring, which is indicated as the secondary dip at r ~ 0.5 Ry in the Gaussian-like curve. Both the depth and
the radius of the pit vary with the driving pressure, i.e. higher collapse pressures result in deeper and
wider pits. However, it appears that the pit depth has a much stronger dependence on the collapse driving
pressure, while significant permanent deformation appears to mostly occur within a radius not much
larger than the maximum bubble radius, Rnmax. For the three different collapse driving pressures, the ratio
of depth over radius is on the order of 10, indicating very shallow indentations.
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Fig. 6.22. Profile of the permanent deformation (pit depth versus r) on a 5 mm thick Al 7075 plate for different collapse driving
pressures. Initial maximum bubble radius, Rmax = 2.0 mm, and initial standoff distance, X = 1.5 mm.

6.4.3 Scaling of pit size with bubble size and driving pressure

This section examines how pit depth and pit radius vary with the maximum radius of the collapsing
bubble and with the amplitude of the collapse driving pressure. Under the same conditions as in Section
6.4.2, a bubble with the maximum radius of 2 mm is made to collapse near an Al 7075 plate with a
thickness of 5 mm at a standoff distance of 1.5 mm. The bubble is subjected to several collapse driving
pressures, Pegiiapse, Varying from 2 MPa to 15 MPa. As shown in Fig. 6.23 the pit depth appears to vary
linearly with Pcgyiapse in this range. No permanent deformation occurs if Pimpuse lies below the value of the
yield stress input, 503 MPa, for the Al 7075 in the model, while the permanent depth of the pit attains
24 um at Pimpuse = 1.9 GPa.

Fig. 6.24 shows the pit radius (defined by using a cutoff depth of 1 um) and the pit depth normalized by
the maximum bubble radius. In all these FSI numerical simulations the collapse driving pressure was
maintained at 10 MPa. The figure illustrates that the pit radius strongly correlates with the maximum
bubble radius. The pit radius remains close to Ry, in the full range of bubble sizes considered. This is
probably a result of the fact that, at a normalized standoff of 0.75, the bubble ring formed following the
re-entrant jet impact has a radius close to Ryax and is responsible for the width (radius) of the pit.
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Fig. 6.23. Permanent deformation (maximum depth at the center of a 5 mm thick Al 7075 plate) for different collapse driving pressures.
Initial maximum bubble radius, Rnax = 2.0 mm. Initial standoff distance, X = 1.5 mm.

The pit depth on the other hand, appears to be more strongly dependent on R, and increases as Ryax
increases. For Ry < 500 pum the pit depth is below the computational resolution for a collapse driving
pressure of 10 MPa and a normalized standoff of 0.75.
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Fig. 6.24. Pit radius and pit depth for different initial maximum bubble radius, Rmax, for bubble collapse on a 5 mm thick Al 7075 plate
with the same collapse driving pressure of 10 MPa. Normalized initial standoff distance for all cases is 0.75.

Another interesting information for scaling and/or modeling is the relationship between the pit
characteristics and the re-entrant jet velocity at touchdown. Fig. 6.25 shows that for jet velocities below
300 m/s there is no permanent deformation. For velocities higher than 300 m/s the pit depth and radius
increase almost linearly with the re-entrant jet velocity. As previously discussed, higher jet velocities are
associated with higher impact pressures (as was shown in Fig. 6.10) and this results in larger but still very
low pit shape ratio (depth/radius) of less than 1 % as shown in Fig. 6.26.
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Fig. 6.25. Relationship between pit depth, pit radius, and the jet velocity. Permanent material deformation for different collapse driving
pressures on a 5 mm thick Al 7075 plate. Initial maximum bubble radius, Rmax = 2.0 mm. Initial standoff distance, X = 1.5 mm.
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Fig. 6.26. Relationship between the pit shape ratio and the jet velocity. Permanent material deformation of a 5 mm thick Al 7075 plate
for different collapse driving pressures. Initial maximum bubble radius, Rmax = 2.0 mm. Initial standoff distance, X = 1.5 mm.

6.4.4 Effects of load duration and lateral extent on permanent deformation

The rate of application of the impulsive loads onto the material being eroded has been briefly discussed in
Chapter 4, and a nano-indentation experimental technique using quasi-static application of the load to the
material was proposed to deduce the impulsive loads in an inverse approach in Chapter 3. From the

material response viewpoint the question should be raised as to whether the material would deform in the
same way when the load is applied at a rate below or above some material characteristic response time to

be sought.

In order to further understand how the impulsive pressure magnitude, duration, and radial extent relate to
the material deformation, a simplified synthetic pressure loading was specified without involving the flow
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field computation. The pressure loading can be described as a function of space and time with the doubly
Gaussian profile:

t 2 r 2
P(r,t)=Pye {M] e (Af] (6.15)
where Py is the maximum pressure magnitude, At a characteristic duration, and Ar a characteristic radial
extent of the pressure loading. Except for the presence of a double peak pressure when bubbles collapse
with a small standoff distance, these idealized profiles are reasonable approximations of those computed
in the previous sections of this chapter and of experimental pressure loads recordings.

To extract the importance of Py, At, and Ar, different pressure loads were applied on the Al 7075 plate
and the deformations were computed using DYNA3D alone without FSI. Fig. 6.27 shows the pit depth and
pit radius for different imposed values of Py when At and Ar are maintained constant: At = 0.1 s and

Ar =250 pm.

As predicted earlier with the FSI computations (Fig. 6.23), the pit depth increases linearly with increasing
load amplitude. The pit radius is also predicted to increase as the collapse pressure increases but the rate
of increase drops beyond an upper limit of the load, probably because the selected Ar is kept the same.

Fig. 6.28 shows the effects of the load duration, At, on the pit depth and width when Py and Ar are kept
constant (Po = 1 GPa and Ar = 100 um). The figure clearly shows that both pit depth and pit radius
increase nonlinearly with the duration of the applied load, At, up to about At = 2 ps in this case. For the
considered values of Py and Ar, for Al 7075, and At > 2 pus, the permanent deformation becomes
independent of the duration of application of the load. This implies that the dynamic effects are reduced
with increasing At and the results become equivalent to quasi-static loading when the loading duration
exceeds a certain period of time.

600 25
o Pit Depth
500 » Pit Radius 0
E 400 T
3 15 g
v
2 300 g
b= [
g 10 a
« 200 =
= o
100 S
0 - 0
0 05 1 1.5 2

Impulsive Pressure, P, .. [GPa]

Fig. 6.27. Depth and width of the pit generated by the collapse of a bubble under a synthetic load of the form in Eq. (6.15) for different
maximum pressure magnitude, Po. The duration and radial extent were maintained constant: At = 0.1 pus and Ar = 250 um.
5 mm thick Al 7075 plate.
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Fig. 6.28. Depth and width of the pit generated by the collapse of a bubble under a synthetic load of the form in Eq. (6.15) for different
pressure durations, At. The pressure amplitude and lateral extent were maintained constant: Po =1 GPa and Ar =100 pm.
5 mm thick Al 7075 plate.
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Fig. 6.29. Depth and width of the pit generated by the collapse of a bubble under a synthetic load of the form in Eq. (6.15) for different
pressure lateral extent, Ar. The pressure amplitude and duration were maintained constant: Po =1 GPa and At = 0.1ps.
Computations on a 5 mm thick Al 7075 plate.

Fig. 6.29 shows the effects of the radial extent of the applied load, Ar, on the pit depth and width when Pq
and At are kept constant (P, = 1 GPa, At = 0.1 ps). Here no saturation effect is shown (as for the peak
duration shown in Fig. 6.28) and both pit depth and pit radius vary linearly with Ar. The linear variation
of the pit width with Ar reconciles with what we observed in Fig. 6.24, i.e. the pit radius depends mainly
on where the pressure load is imposed. The linear relationship between pit depth and Ar implies that the
pit depth does not solely depend on the magnitude of the maximum pressure loading; it is also scaled with
the radial extent through radial integration of the applied pressure.
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6.4.5 Recovering impulsive load from material permanent deformation

This section addresses the potential of using pitting tests as a means of characterizing the cavitation flow
field intensity. We consider as an illustration a series of computations, where a bubble of initial maximum
radius 400 OUm at equilibrium in a liquid of ambient pressure 0.1 MPa is subjected to a pressure rise to
various maximum pressure levels, Pcoapse, l€ading to energetic collapse. The bubble center is initially 400
[Jm away from a plate made of a material with known propertics. Two-way fluid-structure interaction
computations following the procedures described in the previous sections were conducted using GEMINI
and DYNA3D. The computational results include bubble dynamics, pressure loads at the liquid-wall
interface, and resulting material stresses, strains, and deformations. Four different values of Pggjiapse: 5, 6,
7, and 10 MPa, which resulted in Pimpuse: 0.8, 1.2, 2.15, and 3.4 GPa, were used for all four materials
studied earlier: NAB, stainless steel A2205, and aluminum Al 7075, and Al 1100-H19.

Fig. 6.30 and Fig. 6.31 present the normal stresses o, on the material during the bubble collapse for two
values of Pegjapse: 5 MPa and 10 MPa. Both figures show the influence of fluid-structure interaction on the
results. When the response of the material, its deformation, and its feedback to the flow field are included,
the normal stresses are noticeably reduced as compared to the rigid wall case. For Pcgjapse = 5 MPa, all
four materials feel practically the same normal stresses, which are about 20% lower than those felt by the
rigid body (Fig. 6.30). For the higher excitation, Pcoapse = 10 MPa, normal stresses show further decrease
as the material gets softer, with the peak stresses almost 50% lower than those felt by the rigid body for
Al 1100-H19 (Fig. 6.31). This effect has been observed experimentally in [50] through water jet
impacting on an instrumented deformable plate; the measured pressures were significantly lower than
when impacting a rigid plate.
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Fig. 6.30. Normal stress component on the first plate element below the interface plate-water at the bubble axis. The stresses are the
material response to an impulsive loading due to a bubble collapse over the plate. The bubble had an initial radius of 400 um and was
located above the plate at a distance of 400 um to the bubble center. The collapsing bubble is driven by pressure rise from 0.1 MPa to

5 MPa.

This behavior may originate from the unsteadiness in the case of a deforming target. For a rigid flat wall,
there is a direct balance between the normal impact force and the integral of the normal stresses, i.e.
balance between the impact pressure, p, and the normal stress:

I pnds = jam nds p=op, (6.16)
For a deforming plate, an additional momentum term exists,
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j pnds= I o,,nds + I ydm » . normal acceleration (6.17)

The presence of the acceleration term reduces the value of o, .
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Fig. 6.31. Normal stress component on the first plate element below the interface plate-water at the bubble axis. The bubble had an
initial radius of 400 pm and was located above the plate at a distance of 400 pum to the bubble center. The collapsing bubble is driven by
pressure rise from 0.1 MPa to 10 MPa.

Another important reason for the reduction in o, is geometric. As the boundary deforms it deflects the
impacting re-entrant jet and modifies the incoming pressure waves. This results in the otherwise only
normal energy on the flat plate to become split between normal and other direction stresses. Fig. 6.32
shows the radial stresses o, on the first element below the free surface of the plate. The amplitude of o,,
is of the same order of o, explaining the noticeable reduction of the normal component. This amplitude
is also seen to increase for the softer materials.
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Fig. 6.32. Radial stress component on the first element below the free surface of the plate at the bubble axis. The bubble had an initial
radius of 400 pm and was located above the plate at a distance of 400 um to the bubble center. The collapsing bubble is driven by
pressure rise from 0.1MPa to 10MPa.

For simple uniaxial loading, a material will start yielding if the stress exceeds the material yield stress.
For complex loading conditions as it is the case for a cavitation impact, a three-dimensional system of
stresses including normal and shear stresses develops in the material. To decide whether the combination
of stresses will result in yielding, the Von Mises stress or equivalent stress may be computed and
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compared to the material yield stress. Fig. 6.33 shows the equivalent stresses computes in the first
element at the surface of each material for the same computations as in Fig. 6.31 and 6.32. One should
note the sharp change in slope when the stresses approach the yield stress, partially explaining the stress
drop. From that point on, the material follows the plastic portion of the stress-strain curve, which has a
much milder slope, thus resulting in a significant change of the slopes of stress versus time and a
significant reduction in the value of the maximum equivalent stress relative to the imposed impulsive
pressure.
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Fig. 6.33. Equivalent stress on the first element below the free surface of the plate at the bubble axis. The bubble had an initial radius of
400 um and was located above the plate at a distance of 400 pum to the bubble center. The collapsing bubble is driven by pressure rise
from 0.1 MPa to 10 MPa.

Fig. 6.34 shows the vertical displacement versus time for the four materials. It is this quasi-final
deformation that is remaining in the pits after exposure of the materials to the impulsive loads due to the
bubble collapse. The much larger maximum deformation in each of the curves of Fig. 6.34 is not recorded
by the material and is unknown to the observer of the pit characteristics. The lengthy computations in Fig.
6.34 were stopped at 3 us, a relatively very long time after the loads due to the bubble collapse have died
out (see Fig. 6.31 and Fig. 6.32). However, computations for a longer duration are needed until no change
in the depth is observed; nevertheless the conclusions drawn here will not change significantly but
towards slightly smaller permanent deformations.

Pit Depth [m]

Fig. 6.34. Normal displacement of a node located on the surface of the plate at the axis, indicating the evolution of pit depth. The bubble
had an initial radius of 400 um and was located above the plate at a distance of 400 um to the bubble center. The collapsing bubble is
driven by a pressure rise from 0.1 MPa to 10 MPa.
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An observer will measure the depth of the pit, h, and the pit diameter, D, obtained after using a cutoff
depth value (e.g. 1 um) as described in Chapter 3. An inverse computation of the load could then be made
based on the method described in Section 3.4. Using the relationship between mean strain, &,.,,, and the
pit geometric aspect ratio, h/D, where h is the surface deformation induced by an impact (see Fig.
(6.35)), the mean strain can be computed as (see Eqg. (3.12)):

6 0.8% (6.18)
If we use an analysis similar to that done in [51, 52], we can deduce the relationship between the
maximum strain, &, , and the mean strain, ¢,,,. Fig. 6.35 shows an idealized sketch of the plastic zone

of the cavitation pit, which is similar to Fig. 3.18.

< D »
‘ Ah
___________________ e
RSN S
v X

Fig. 6.35. ldealized plastic zone diagram due to spherical indentation
In Fig. 6.35, it is assumed that the maximum strain, ¢,,, , occurs on the pit surface and decreases
gradually to zero on the boundary of the plastic zone within a radial distance ¢ . In the plastic zone, &(x)
can be expressed as:

e(x)=¢., [1—%) (6.19)

where X is the radial distance from the pit surface and & is a material parameter that defines the sharpness of the
strain gradient around the impact.
By integrating (x) from 0 to 7 using Eg. (6.19) and dividing by ¢, we obtain the mean strain:

&
gmean = e 620
0+1 (620
Combining Egs. (6.18) and (6.20), we obtain:
Enax = (0+1) 0.8% (6.21)

Typically, the maximum strain is 3 to 5 times the mean strain. The actual @ values were obtained
experimentally using the nanoindentation method for three different materials: Al 7075, NAB and SS
A2205 (see Fig. 7.2). These values are 2.0 for Al 7075, 2.8 for NAB and 2.2 for SS A2205. In the
exercise summarized in Table 6.2, we used ¢,,, values obtained from Eq. (6.21) with the experimental &
values for the three materials. We also used, for order or magnitude evaluation, the value 9=2.0 for Al
1100 (the same value as for Al 7075) since an experimental value is not available.

Using the stress-strain relationship in Fig. 6.20, an effective stress (i.e. surface load) can be deduced from
Emx - 1abDIE 6.2 shows, for the four values of the maximum impulsive pressure P, considered here: (i)
the maximum normal stress at material surface, (ii) the maximum equivalent stress, both obtained by the
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FSI computations, and (iii) the stress deduced from Eq. (6.21) after obtaining the material deformation
and recording h and D for a cutoff depth of 1 um.

The two smaller peak pressures generated by the bubble collapse in Table 6.2, B, =0.8GPa and

1.2 GPa, imposed to the materials are missed by the three harder materials: NAB, SS A2205, and Al 7075
because the Von Mises stress within the material does not reach the elastic limit. They do, however, both
result in a pit in Al 1100 due to its lower elastic limit. Obviously, the use of softer materials allows
extending the range of impact loads to smaller values. When pits were produced, the stresses deduced
from the pit analysis appear to be close under almost all conditions to the maximum equivalent stresses in
the material.

Table 6.2. Impulsive pressure loads, P, imposed in the computation, resulting maximum equivalent stresses in the material and
stress values deduced from the computed pits resulting from permanent deformation and Eq. (6.21). Pit diameter was computed using a

cutoff depth of 1 um. Bold values correspond to maximum equivalent stresses exceeding yield stress.

i i P
Material Yle:glstress Stress [MPa] Bubble Impulsive Pressure Peak B, [MPa]
[MPa] 800 1200 2150 3400
Max normal stress at
NAB 360 material surface 606 879 1452 2196
Max equivalent stress 360 365 396 455
Stress deduced from pit|  no pit no pit 508 585
Max normal stress at
SS A2205 515 material surface 628 888 1506 2310
Max equivalent stress 511 515 520 536
Stress deduced from pit| no pit no pit no pit 605
Max normal stress at
Al 7075 503 material surface 608 900 1407 2082
Max equivalent stress 503 503 510 558
Stress deduced from pit|  no pit no pit 590 630
Max normal stress at
Al 1100 165 material surface 570 829 1247 1878
Max equivalent stress 214 263 390 574
Stress deduced from pit 280 410 510 555

6.5 Summary

This chapter addressed the mechanisms of impulsive load generation on a rigid or deforming solid
boundary from the collapse of a single bubble. The effects of the bubble maximum equivalent radius,
Rmax, the collapse driving pressure (i.e. the local pressure driving the bubble collapse), the bubble standoff
from the boundary, and the plate material properties were investigated.

By means of a hybrid incompressible-compressible method, the computed pressures on the wall showed
two major components: a water hammer pressure from the impact of the re-entrant jet on the solid surface
and a shock wave pressure emitted from the bubble at or near its minimum volume (see Fig. 6.6). The re-
entrant jet impact pressure is proportional to the product of the liquid impedance (product of sound speed
and density of the liquid, pc) and the re-entrant jet impact speed on the solid surface, v, . It has in
general a lower value than the ideal water hammer pressure resulting from a water column impacting
normally on a flat solid surface. It approaches this ideal value, pcv,,, , for very high collapse driving
pressures. The shock waves can be spherical for bubbles at large standoff from the wall or toroidal for
bubbles collapsing very close to the wall. In the region of normalized standoff, X/R,.x<1, both pressure
types (water hammer and shock wave) appear to generally have the same order of magnitude.
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The cavitation impulsive pressures strongly depend on the cavitation collapse driving pressure and to a
much lesser extent on the bubble maximum radius, R, . Indeed, both the re-entrant jet velocity and the
bubble equivalent radius velocity depend on the square root of the cavitation collapse driving pressure
and are independent of R, . However, the loads imparted to the material depend on thearea of the
impacted or influenced region of the material and depend thus on R?, . As a result the actual pit diameter
depends on R,

Study of two-way fluid-structure interaction for a bubble collapsing near a plastically deforming material
shows the importance of not only the impulsive pressure amplitude but also its duration and radial extent.
These finite quantities (duration and radial extent) directly affect the dimensions of the permanently
deformed regions of the surface (pits). The unsteady response dependency on the impulsive load duration
implies the existence of a material characteristic response time, which should be investigated in future
studies.

The idea of deducing cavitation impact loads from basic nano-indentation equations applied to measured
or computed pits was investigated. The analysis provided in this chapter shows that such an approach
provides a good idea of the generated equivalent stresses in the material. However, in order to obtain the
liquid generated pressures and enable accurate quantitative cavitation pressure field characterization,
additional considerations and improvements are needed.
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