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reasonable computation times. It has been shown to provide reentrant jet parameters and speed accurately. However, it
has difficulty pursuing the computations beyond surface impacts (liquid-liquid and liquid solid).

On the other hand, the compressible flow solver is most adequate to model shock wave emission and propagation,
liquid-liquid, and liquid-solid impacts. The method requires, however, very fine grids and very small time steps to
resolve shock wave fronts. This makes it appropriate to model time portions of the bubble dynamics. Concerning the
bubble-liquid interface and the reentrant jet dynamics, the procedure is diffusive since the interface is not directly
modeled and the computed reentrant jet characteristics are usually less accurate than obtained with the BEM approach.

Hence our novel approach combines the advantages of both methods and consists in executing the following steps:

1. Setup the initial flow field using the Eulerian compressible flow solver, 3DYNAFS-COMP, and run the
simulation until the initial shock fronts exit the domain and the remnant flow field can be assumed to be
incompressible.

2. Transfer at that instant to the Lagrangian BEM potential flow solver, 3DYNAFS-BEM, all the flow field
variables needed by the solver: geometry, bubble pressure, boundary velocities to specify the moving
boundary’s normal velocities, Og/ On .

3. Solve for bubble growth and collapse using fine BEM grids to obtain a good description of the reentrant jet
until the point where the jet is very close to the opposite side of the bubble.

4. Transfer the solution back to the compressible flow solver with the required flow variables. To do so, compute
using the Green’s equation all flow field quantities on the Eulerian grid.

5. Continue solution progress with the compressible code to obtain pressures due to jet impact and remnant
bubble ring collapse.

The transfer mechanism between the two methods (compressible and incompressible) is fully conservative and we

observed no instabilities following the link procedure.

2.4 Finite Element Model:

The materials’ dynamics response to loadings, which are characteristic of cavitation, is studied using the
finite element model, DYNA3D, developed by the Lawrence Livermore National Laboratory. DYNA3D (McKeown et
al.) is a non-linear explicit solid and structural dynamics solver. It is based on a lumped mass formulation and solves
the structure momentum equation:

MU+CU+KU=F, (13)

where M is the mass matrix, 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.

Material Models Used

In this study, two metal alloys (Aluminum 7075 and Stainless Steel A2205), were examined. These were part of an
extensive experimental and numerical study reported in (Kim et al.). The alloys were modeled as elastic-plastic with
two linear slopes, one for the initial elastic regime and the other for the plastic regime. The parameters of the model
used in this study are shown in Table 1. The stress-strain curves corresponding to the two materials are shown in Fig 2.

Metallic Yield Young’s Tangent Modulus Elongation at Density
Alloys Stress Modulus (MPa) Break

(MPa) (GPa) (g/cm3)

Al 7075 503 71.7 670 0.11 2.81

A2205 515 190 705 0.35 7.88

Table 1. Material properties of the metal alloys simulated in this study.

[DOI: 10.1299/jfst.2016fst0023] © 2016 The Japan Society of Mechanical Engineers _




Chahine, Kapahi, Hsiao and Choi, Journal of Fluid Science and Technology, Vol.11, No.4 (2016)

Al7075
A 2205

08

Yield Point

o
)

,

Stress, GPa
=]
S

02

Strain

Fig 2. Stress-strain curves for aluminum Al 7075 and stainless steel A 2205.

3. Problem Setup

To illustrate the bubble / material dynamics, we consider a 50 pum bubble in equilibrium at 10° Pa with the
surrounding liquid and subject it to a pressure drop to 10° Pa for 2.415 ms followed by a pressure rise to 10’ Pa. The
time dependence of this pressure can also be written as follows:

10°Pa; ¢<0,
p(t)=410’Pa; 0<¢<2.415ms, (14)
10'Pa; ¢>2.415ms.
The bubble dynamics near the wall up to the point of reentrant jet impact can be simulated using the 3D BEM
solver (Chahine and Kalumuck). Fig 3 compares the bubble radius versus time between the Rayleigh-Plesset solution

and the 3D solution. The three-dimensional dynamics results in a reduction of the bubble maximum volume relative to
the free field Rayleigh-Plesset solution due to the material wall confinement effects.
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Fig 3. Comparison of the equivalent radius versus time of the deforming bubble with the Rayleigh-Plesset solution.
Initially the bubble is spherical of radius 50 um and is located at a distance of X = 1.5 mm above a flat material surface. It is
then subjected to the pressure field described by Equation (14).
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As illustrated in Fig 4 from the BEM solution, the applied pressure field results in the bubble expansion to an
equivalent radius of 2 mm followed by a strong collapse with reentrant jet formation and pressure loading of the nearby
metallic plate located at a standoff of 1.5 mm. It is more appropriate to present the results in terms of the
non-dimensional standoff X , which is defined as the ratio of the distance of the bubble center to the wall, X, to the
bubble maximum radius, R,,,,.

X = X/ Ryax- (15)

Fig4. Bubble shape during (a) growth phase and (b) collapse phase. 3DYNAFS-BEM results: R=50 pum, X =0.75.

The BEM solution at the moment of touchdown is then mapped to provide initial conditions for 3DYNAFS-COMP,
which then computes the dynamics of the reentrant jet impact and the ensuing multi-connected bubble and couples this
dynamics with the materials dynamics to provide stress distributions as shown in Fig 5. A high pressure wave is emitted
when the jet impacts the other side of the bubble (Fig 5a) and then when it impacts the wall (Fig 5c¢). Another high
pressure or shock wave is emitted with the remaining bubble ring collapses (Fig 5d). These instantaneous high loads
induce high stresses to substantial depths in the material as illustrated in Fig Se-h.

The deformation of the central node of the plate along with the pressures recorded at that location is shown in Fig 6.
Note that there is a sharp rise in the pressure due to the reentrant jet impact. The subsequent bubble ring collapse results
in an even higher pressure, 1.5 pus later, as seen in the figure.

The contours of the residual stresses in the peened material are shown in Fig 7a. The figure also indicates the
increase in roughness due to the formation of a microscopic pit under the bubble. The resulting depth of the
deformation of the surface is negligible compared to that generated by solid body collisions as done in shot peening
(Bagherifard et al.). Finally, the temporal variation of the residual stress developed in the material along the depth is
shown in Fig 7b. Note that the residual compressive stress saturates with time and increases the yield strength of the
material.
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Fig 5. (a)-(d) Bubble contours and liquid pressures versus time, (e)-(h) corresponding material stress contours during
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bubble collapse after reentrant jet impact. Ry =50 pm, R, = 2 mm, P, = 10 MPa and X =0.75.
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Fig 6. Central node displacement and pressure versus time for R, = 50 um, R,x =2 mm, P, = 10 MPa and X =0.75.
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Fig 7. (a) Residual equivalent stress in the material and pit shape. (b) Residual stress with depth at different times.

This loading mechanism for a single bubble collapse shows that cavitation generated impacts done in a controlled
manner can increase the resistance of the material against fatigue. The tiny pit formed during the bubble collapse
process also increases the roughness of the material making it more conducive to bonding. Therefore, by controlling the

intensity of the cavitation and the duration of exposure, the residual stresses are increased and the fatigue life of the
material improved.

4. Effect of standoff

This section describes the effects of bubble standoff on the formation of pits and the resultant peening effects in the
material. Besides standoff, the same conditions used above are used in this section. Fig 8 shows the time history of the
bubble equivalent radius for different initial non-dimensional standoff distances: X =0.5, 0.75, 1.0, and 1.5, while
Fig 9 shows the shape of the bubble in each case at a time close to the reentrant jet touching the other side of the bubble.
Compressible flow computations were conducted after these points in time. In all cases shown, the bubble starts at
Ry =50um, grows to a bubble maximum R,,, = 2 mm, and is then subjected to a pressure driving the collapse
P; =10 MPa. The duration of the pressure drop, Az, was adjusted such that the sudden pressure rise, P,, was imposed at
the time when the bubble radius reached 2 mm.
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Fig 8. Evolution of the equivalent bubble radius for different normalized standoff values at bubble maximum volume.
Ry=50 um, R,, =2 mm, P,= 10 MPa.

In Fig. 8, the bubble shapes close to the time of reentrant jet impact show that the collapse occurs earlier (larger
bubble volume at time of impact) and the reentrant jet becomes more pronounced when the bubble is closer to the wall.
At the larger standoffs, the bubble volume shrinks significantly before the jet develops, while closer to the wall the
reentrant jet develops much earlier while the bubble still has a large volume when the jet reaches the opposite side of
the bubble. From these contours one can expect very different pressure loadings on the material surface for different
values of X .

Fig 10a compares the momentum average jet velocity,V, , at the touchdown moment (time the jet reaches the
other side of the bubble) for different standoff distances. V __ is defined as:

1
V =—(vdv, 16
mom W"- J ( )

where V,is the velocity of the liquid at a field point inside the jet, and 7 is the jet volume. It is seen that the jet
velocity increases as the standoff distance is increased. This is because the largest bubble wall speed is achieved when
the bubble is spherical (G L Chahine et al.) since the bubble wall has then enough time to accelerate. A better
illustration of the energy in the jet could be the total momentum of the jet,V, 7, at the moment it touches the opposite
side of the bubble. This is shown in Fig 10b.
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Fig 9. Bubble contours at the time of compressible-incompressible link for different normalized standoff distances
between the bubble and the wall for R, = 50 um, R,,=2 mm, and P; = 10 MPa.
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Fig 10. Variations with the bubble wall normalized standoff distance of a) the momentum averaged jet velocity, V,.om,
and b) the jet momentum at touchdown for R, = 50 um, R, =2 mm, and P, = 10 MPa.

Here we can see that there is an optimum distance ()_( ~0.75) at which the energy in the jet is maximal. Similar

observations have been reported by both numerical studies (Chahine) (Jayaprakash, Chahine, and Hsiao) and
experimental studies (Brujan et al.) (Harris et al.). Actually, a higher jet velocity does not necessarily result in a higher
impact pressure on the wall because the distance between the jet front and the wall at the touchdown moment is also
very important. This is illustrated in the material deformation results below.

6

Impact Pressure, GPa

Time, us

Fig 11. Pressure versus time at the center of the Al 7075 plate for different bubble plate normalized standoff distances
for RO =50 um, Rmax =2 mm, and Pd = 10 MPa.

Fig 11 shows the pressure versus time monitored at the plate center for different standoff distances. All standoff
distances induce pressure waves containing both a jet impact, which results in a shock wave, and a shock wave emitted
by the remaining bubble ring collapse. However, the relative intensity of the two types of shock depends on the
standoff. It is seen that the pressure loading due to the jet impact is much higher for smaller standoff, especially for
X =0.5, since in this case the reentrant jet directly impacts on the material surface when it penetrates the other side of
the bubble. As the standoff increases, the magnitude of the pressure due to the jet impact is reduced because the high
speed liquid has to travel a longer distance while submerged before reaching the material surface. For X =1.5, only one
significant pressure peak with a typical exponential decay is observed because the jet touchdown occurs almost at the
same time as when the bubble reaches the minimum size and no significant jet pressure reaches the wall. Instead, a
shock wave type pressure profile is observed. Fig 11 also illustrates the time period during which the impact pressures
exceed the yield stress of the material. One has to be careful however to not confuse impact pressures at the surface and
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actual stresses imparted inside the material.
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Fig 12. Variations of (a) pit depth, (b) pit radius, and (c) pit volume with the normalized standoff distance for Al 7075
and A 2205 for Ry =50 um, R,x=2 mm and P,= 10 MPa.

The influence of the normalized standoff distance on pit characteristics is very important and relevant for damage
assessment. Fig 12 shows three pit characteristics for the two metallic alloys studied: depth, radius, and volume
respectively as functions of the normalized standoff distance. Fig 12 shows that pit depth and volume continually
decrease when the standoff distance increases. However, as for the jet momentum, pit radius goes through a maximum
when the standoff distance is close to X = 0.75 . This is expected since the jet momentum correctly reflects the impact
energy contained in the jet and should correlate better the jet speed with the pit formed. The volume, not provided
directly by the software, was approximated by the volume of a cone with the same base diameter and height. Actually,
the shape of the pit varies with standoff as shown in Fig 13. At the smallest standoffs, the pit radius is smaller with
X =0.5than with X = 0.75, while the pit depth is larger with X = 0.5 than with X = 0.75 . These shapes reflect the
impact of the jet, which produces a thin and deep deformation and the bubble ring collapse, which generates a wider
and shallower deformation.
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Fig 13. Comparison of pit shape between normalized distances X = 0.5 and X = 0.75, for aluminum Al7075 for R, = 50 um,
R, =2 mm, and P,= 10 MPa.

The effect of standoff on the residual stresses left in the material can be seen in Fig 14. The stress magnitude is
higher for smaller standoffs. This is due to the proximity of the bubble to the metallic surface leading to higher impact

pressures. On the other hand, the propagation of the residual stress to deeper areas is higher for larger standoff value.
This can be due to the duration of the pressure peaks, which gets longer as the standoff increases as shown in Fig 10.
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The change in residual stress with depth for different standoffs for both materials is shown in Fig 14. The figure
clearly shows that the residual stresses are higher for lower standoff values and the stress is induced much deeper for
the higher standoff values.
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Fig 15. Comparison of variation of induced residual stress with depth for different standoffs (a) Al7075 (b) A2205.
5. Conclusion
Material pitting and peening due to cavitation bubble collapse was studied by modeling the dynamics of growing

and collapsing cavitation bubbles near deforming materials with an initial flat surface. The bubble nucleus, initially at
equilibrium with the surrounding liquid near wall, was subjected to a time dependent pressure field. The pressure first
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dropped to a value below the bubble critical pressure, stayed at this pressure for a prescribed time, and then rose to a
high pressure value. As a result the nucleus first grew explosively then collapsed violently near the wall forming a fast
reentrant jet, which hit the wall and deformed it permanently when the collapse intensity was high enough to result in
stresses exceeding the material elastic limit. The pressure loading on the material surface during the bubble collapse is
found to be due to both the reentrant jet impact and to the collapse of the remaining bubble ring. The high pressure
loading results in high stress waves, which propagate radially from the loading location into the material and cause the
deformation. A pit (permanent deformation) is formed when the local equivalent stresses exceed the material yield
stress. These compressive stresses stay in the material as residual stresses and have benefits related to improved fatigue
life of the material. The tiny pits then formed can help in improving the bonding strength of the material.

A parametric study involving the initial normalized standoff distance between the bubble and the material showed
that the normalized standoff distance affects the jet characteristics in a non-monotonic fashion. Higher jet velocities
occur at the larger normalized standoff distances. However, the energy in the jet is maximum at a normalized standoff
distance close to X =0.75. A higher jet velocity does not necessarily result in a higher impact pressure, since the
impact pressure also depends on the distance between the wall and the jet front at the touchdown moment. A more
concentrated pressure loading on the material surface is obtained for smaller standoffs where the jet touches down and
the bubble ring collapses very close to the wall. Such concentrated pressure loadings result in deeper but narrower pits.
As a result, the shape of the pit, i.e. the ratio of pit radius to depth, does not vary monotonically with standoff. This also
affects the induced residual stresses which are higher and shallower for small standoffs and smaller and deeper for
larger standoffs.
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