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ABSTRACT

Cavitation enhances waterjets effectiveness for cutting, cleaning, and drilling applications.
Understanding the mechanisms involved with the increased erosivity is crucial for improving and
controlling jet performance. Here, the cavitating jet flow field is investigated numerically solving
the Navier-Stokes equations coupled with bubble dynamics. The jet shear layer forms large
structures, which trap the bubble nuclei and enable them to grow explosively. Near the target
bubble deformation and reentrant jet formation are found to be very important in generating
concentrated shear and high impulsive loads on material layers to be removed.
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1 INTRODUCTION

Cavitation enhances the erosivity of submerged waterjets and the efficiency or the removal rate
for cutting, cleaning, and drilling applications (Johnson Jr et a.; G L Chahine, Conn, et a.; G L
Chahine, Conn, et a.; G L Chahine, Choi, et al.). Cavitating jets are also used for material
erosion testing, surface treatment, peening, etc. (Singh, Choi, and Chahine; March; G L Chahine,
Choi, et a.; Choi, Jayaprakash, and Chahine; Odhiambo), and understanding the mechanisms
involved with the increased erosivity is crucia for designing and improving jet performance.

Microbubble nuclei present in water grow as the water exits the nozzle orifice into the host liquid
of lower pressure. The expanded bubbles then collapse energeticaly on the target surface
producing microjets and inducing high impulsive pressures, which result in cleaning or erosion.
In order to understand the mechanisms at play, we have investigated the cavitating jet flow field
numerically coupling Navier-Stokes and bubble dynamics solutions.

It has been known for more than a century (Besant; Lord Rayleigh) that volume implosion of a
bubble can generate very high pressure and shock waves. Many studies have also shown,
experimentally as well as analytically, that the collapse of these bubbles near rigid boundaries
results in high-speed reentrant liquid jets, which penetrate the highly deformed bubbles to strike
a nearby rigid boundary generating water hammer like impact pressures (Knapp, Daily, and
Hammitt; Hammitt). The resulting reentrant jet has been found a key element in pit formation on
the material surface (C.-T. Hsiao et al.; G. L. Chahine; C-T. Hsiao and Chahine).

Bubble collapse near boundaries has been extensively investigated numerically by assuming
flow incompressibility and using the boundary element method (BEM) (Blake; Jayaprakash,
Chahine, and Hsiao; Zhang, Duncan, and Chahine; Plesset and Chapman; Chahine, Duraiswami,
and Kalumuck). The BEM enables accurate description of the reentrant jet and provides the jet
geometric and dynamic characteristics as functions of time and space since the liquid velocities
(including the reentrant jet) are small relative to the speed of sound in water. On the other hand,
during the bubble explosive growth, rebound, and at jet impact, compressible effects need to be
included (A. B. Wardlaw and Luton; A. Wardlaw and Luton). For accurate simulations, we use
here a hybrid numerical procedure involving time domain decomposition into incompressible
and compressible stages in order to capture the full bubble dynamics including the shock phase
occurring during reentrant jet impact, bubble collapse, and bubble rebound.

2  NUMERICAL APPROACH
In order to account for viscous effects in the submerged jet simulations we consider the flow
field as a two-phase continuum with a gas volume fraction, . The density, p,, and kinematic

viscosity, (4, , are related to properties of the gas, p, and 4, and those of the liquid, p; and 14,
through:

Pu=(1-a)p+apy,  py=(1-a)y +ou,. )

The continuity and momentum conservation equations for the mixture are as follows:
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where ¢ is time, u, the velocity, p the pressure, and T the stress tensor. These equations are
solved using 3DYNAFS-VIs® (Hsiao, Jain, and Chahine; C.-T. Hsiao et al.; Raju et al.) and a
finite volume formulation. 3DYNAFS-VIS has been extensively validated and used to study a
range of two-phase problems and its results have compared favorably with available
experimental data (G L Chahine).

2.1 Modeling of Bubble Dynamics and Motion

The bubbles are tracked individually and are treated as point sources and dipoles to represent the
time variations of their volumes and trandation speeds. Volume variations are obtained with a
bubble dynamics equation using bubble surface averaged pressures and velocities, to account for
flow non-uniformities, and an additional pressure term to account for bubble motion relative to
the liquid (G. L. Chahine; Hsiao, Chahine, and Liu). The equivalent bubble radius, R(t), is
obtained using a modified Rayleigh-Keller-Herring equation (Prosperetti and Lezzi), which
accounts for the compressibility of the surrounding bubbly medium and for flow field non-
uniformities:
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where C,, is the local sound speed in the two-phase medium and uj, is the bubble translation

Velocity. Penc @nd Uenc, the “encountered” pressure and velocity respectively, are the pressures
and velocities in the two-phase medium averaged over the bubble surface. The introduction of
Uenc @nd penc in Equation (3) is to account for non-uniform pressures and velocities around the
bubble and for dlip velocity between the bubble and the host medium. Using these average values
instead of the conventionally used values at the bubble center, results in a major improvement
over classical models (G. L. Chahine; Hsiao, Chahine, and Liu).

The bubble trajectory is obtained using the following motion equation
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where o istheloca vorticity, g is the acceleration of gravity, C, isthe lift coefficient, and Cp is
the drag coefficient given by (Haberman and Morton). The added mass term is indirectly
represented by the first term of the right hand side where du,, /dt has been replaced by the



Vp/ p,term. The last term is a force due to coupling between bubble volume oscillations and
bubble motion (Johnson and Hsieh).

2.2 Bubble-Flow Motion Coupling

The two-way coupling between the medium and the bubbles has as key the deduction of the void
fraction distribution from the instantaneous bubble sizes and locations. This is realized as
follows:

e The volume change and the motion of the individual bubbles in the flow field are
controlled by the two-phase medium local properties and flow field gradients.

e The local properties of the mixture (void fractions and local densities) are determined by
the spatial distribution of the bubble and by their volumes.

e The mixture flow field with evolving mixture density distribution satisfies mass and
momentum conservation.

2.3 Bubble Collapse Modeling

Our numerical approach to model bubble collapse and material response uses a hybrid approach
able to simulate fluid structure interaction (FSI) problems involving shock and bubble pressure
pulses (C.-T. Hsiao and Chahine; Chahine, Raju, and Hsiao). During growth of a cavitation
bubble an incompressible Boundary Element Method (BEM) code 3DYNAFS-BEM® (Chahine &
Perdue 1989, Chahine & Kalumuck 1998, Choi & Chahine 2003) is used to simulate most of the
bubble period until the end of the bubble collapse where, due to high liquid speeds or to the
bubble reentrant jet impacting on the liquid or on the structure, compressible flow effects prevail
again. The BEM method has been shown to provide reentrant jet parameters and speed
accurately (Chahine and Perdue; Zhang, Duncan, and Chahine; J.-K. Choi and Chahine;
Jayaprakash, Singh, and Chahine). The solution of the BEM code is then passed to a fully
compressible code capable of shock capturing to simulate reentrant jet impact and bubble ring
collapse. The compressible flow solver 3DYNAFS-CoMp® (Kapahi, Hsiao, and Chahine) is used
and enables modeling shock propagation, liquid-liquid, and liquid-solid impacts.

3 NUMERICAL RESUTS
3.1 Cavitating Jet Flow Field

A nozzle with hemispherical contraction upstream of the orifice is considered. The nozzle has an
orifice with diameter, dj = 0.064", and the length of the orifice is 0.064". We considered a flow of
5.5 gpm at a pressure drop of 4,200 psi across the orifice. Figure 1 shows the computational
mesh to model this nozzle and the flow field between the nozzle and a target wall to be cleaned
or eroded.

As shown in Figure 2, the jet exiting the nozzle has a hat velocity profile with the maximum
speed on the axis. Viscous friction with the surrounding liquid diffuses the jet, widens it, and
generates vortices, which become structured and modify significantly the flow. The jet speed is



seen in Figure 2 to form regular organized structures close to the nozzle, while the jet speed on
the jet edge decay significantly. Similarly, the jet speed decays as the liquid moves away from
the nozzle.

Figure 1. Computational mesh for the jet flow modeling.

The thickness of the boundary layer at the wall depends on the local liquid speed. This has strong
implications on cleaning as microscopic particles at the wall are often embedded in the very low
speed boundary layer and the shear exerted on them is unable to dislodge them. This strong
vortex generation can then be purposely sought and enhanced through jet nozzle design for
strong acoustic resonance (G L Chahine, Conn, et al.; Kalumuck et al.). At the wall, as the
incoming jet velocity fluctuates, the shear flow has also to adapt and as seen in Figure 3, and
ends up exhibiting a very intensely varying shear flow configuration in both time and space.

Figure 2. (a) Contours of non-cavitating axial velocity normalized by the mean jet velocity. Wall
distance = 13 orifice diameters. (b) Vorticity contours when the wall is distance is 5 orifice diameters.



Figure 3. Time sequence of radial velocity contours near the wall at a distance from the jet axis of two
jet diameters. Time between images is 1.44 us. Wall at 13 orifice diameters from the orifice.

In order to account for bubble dynamics, bubble nuclei are randomly dispersed in the liquid and
tracked in the simulations. These microscopic or nanoscopic nuclei are omnipresent in any
liquids (G L Chahine; Meorch) unless extreme precautions are taken to produce ultra-pure liquids,
in which case there still is a chance to have undetected nanoscopic bubble nuclei. As described
earlier, a Lagrangian procedure is used to track these nuclei and determine their position and
volume in space and time. This is fed back to the mixture flow and provides the void fraction at
each location necessary to advance the solution. Knowledge of the bubble dynamics and the fluid
dynamics then enables one to determine fluctuating shear and pressures at the cleaned surface.

Figure 4. Flow field of a cavitating jet showing bubble capture and growth of ring and longitudinal
vortices. White contours are larger cavities represented by a level set scheme.

In this study, two nuclei sources are considered. The first is surface nucleation where nuclei from
the rigid surfaces are emitted when the pressure decreases below the vapor pressure. The second
source is free field nuclei: here for illustration 20 um bubbles with a void fraction of about 1%.
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Figure 5. Velocity vectors, cavitation bubbles, and contours of radial velocity (parallel to the wall) for a
cavitating jet impinging on a wall. The time sequence is left top to bottom, then right top to bottom.
Time between images is 5.8 us. Wall at 13 jet diameters from the orifice. The radial velocities are
normalized by the mean jet velocity.
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Figure 6. Time history of pressure at wall at the jet impingement center. The red curve is obtained for
the jet flow in absence of nuclei seeding, while the green curve includes nuclei seeding and cavitation.



Figure 4 shows an illustrative example for the two-way coupled (bubble-liquid and liquid-
bubble) simulations of a cavitating jet. The flow field near the nozzle orifice is nicely illustrated
by the velocity vectors and their evolution as the distance from the nozzle increases. A more
impressive illustration of the flow field is seen through the nuclei captured from the face of the
nozzle into the shear layer. These nuclei grow and are captured by the large vortical structure at
the edge of the submerged jet. These structures form two modes: an azimuthal mode resulting in
vortex rings and a longitudinal mode that results in elongated vortices which join two vortical
ring structures. This is very well visualized by the bubbles captured in the vortices and clearly
seen in the figure. Later on as the jet advances to hit the wall (Figure 5), the bubbles grow into
larger clouds, which collapse at or near the wall. The passage of the structures and the bubbles
further induces fluctuations in the wall pressures and shear. A very large difference in the
generated pressure field between cavitating and non-cavitating jet is clearly seen in Figure 6.
Cavitation induces orders of magnitude larger pressures relative to the non-cavitating jet (red
curve) in both number and amplitude of impulsive pressures due to the collapsing bubbles (green
curve).

The vortices generated in the shear layer of the jet forms vortex rings first, and then the vortex
rings tends to break into longitudinal vortices. In Figure 7 left, iso-vorticity surfaces are shown
where the longitudinal component develops as the jet flows away from the orifice. Small bubble
nuclei tend to grow when they are entrained by the vortices. Figure 7 right shows an overview of
the cavitating jet. Numerous bubbles flow with the jet, some of them grow as they are entrained
into the vortex structures of the jet. Due to the low pressure in the vortex core, the cavitation
bubbles grow and then collapse at the wall.
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and cavitation bubbles which tend to concentrate along the vortex structures in the jet (right).

Figure 7. Vorticity contours and iso-vorticity surface sowing the dimensionless vorticity,

3.2 Cavitation Bubble Collapse near Wall



In this section, we examine the pressure loading generate by a collapsing bubble. This requires
studying the dynamics of single bubbles near the wall. We consider an initially spherical bubble
of radius 50 pum, located at a distance of X =1.5mm from a flat material surface and subject it to
a time-varying pressure field as represented in Figure 8 and expressed as follows:

10°Pa; t<0,
p(t)=:10°Pa; 0<t<2.415ms, (5)
10'Pa; t>2.415ms.

Figure 8b shows the time history of the bubble radius in response to the imposed pressure field
obtained by solving the Rayleigh-Plesset equation ignoring for now the presence of the wall. It is
seen that the bubble starts an explosive grow as soon as the pressure suddenly drops to a low
pressure below the critical pressure. The bubble continues to grow until the pressure rises again
to a high value. This time-varying pressure field is set up to mimic the encountered pressure for a
traveling cavitation bubble in a cavitating jet and arriving at the stagnation region near the wall.

To simulate the bubble dynamics near the wall, the incompressible BEM solver is first applied
with a total of 400 nodes and 800 panels used to discretize the bubble surface. This corresponds
to a grid density, which provides grid independent solution (Chahine, Duraiswami, and
Kalumuck). Figure 9 shows the variations of the bubble outer contours as time advances. As the
bubble grows between ¢ =0 and ¢ ~ 2.4ms, it behaves almost spherically on its portion away from
the wall, while the side close to the material flattens and expands in the direction parallel to the
wall actually never touching the wall as a layer of liquid remains between the bubble and the
wall. Such a behavior has been confirmed experimentally by (Chahine, Duraiswami, and
Kalumuck).
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Figure 8. (a) lllustration of the problem of a bubble growth and collapse near a wall. Initial spherical
bubble radius 50 um at 1.5 mm distance from the wall. (b) Imposed time-varying pressure field and
resulting time history of the bubble radius obtained by solving the Rayleigh-Plesset equation.

The bubble continues expanding following pressure reversal due to the inertia of the outward
flow of the liquid. Due to the asymmetry of the flow, the pressures at the bubble interface on the



side far from the wall are much higher than those near the material; thus the collapse proceeds
with the far side moving towards the material wall. The resulting acceleration of the liquid flow
perpendicular to the bubble free surface develops into a reentrant jet that penetrates the bubble
and moves much faster than the rest of the bubble surface to impact the opposite side of the
bubble and the material boundary.
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Figure 9. Bubble shape outlines at different times showing (a) bubble growth (0 <t < 2.415 ms) and
(b) collapse (2.415 ms <t < 2.435ms). Results obtained by the 3DYNAFS-BEM® simulations
for Ry=50 um, P,= 10 MPa, X = 0.75, and p(t) described by Equation (5).

3.3 Reentrant Jet Impact and Bubble Ring Collapse

The simulation of the bubble dynamics is then switched from the BEM to the compressible flow
solver right before the jet touches the opposite side of the bubble (dubbed touchdown). The
compressible flow solver is used to continue the simulation. An axisymmetric 1 m x 1 m domain
with a total of 220 % 1,470 grid points with stretched grids concentrated in the immediate region
surrounding the bubble is used. The grids are distributed such that there is a uniform fine mesh
with a size of 10 um in the area of interest where the interaction between bubble and plate is
important as shown in Figure 10. A reflection boundary condition is imposed on the axis of
symmetry, i.e. all physical variables such as density, pressure, velocities and energy are reflected
from the axis, while transmission non-reflective boundary conditions (i.e. the flow variables are
extrapolated along the characteristic wave direction) are imposed at the far field boundaries.

Figure 11 shows the bubble shapes and the corresponding pressure contours computed at six time
instances after jet impact. It is seen that after 0.05 us the jet has completely penetrated the bubble
and touched the opposite side. The liquid-liquid impact event generates a localized high pressure
region which then expands quasi spherically to reach the material liquid interface after 0.2 ps.
The volume of the bubble ring remaining after the jet touchdown shrinks and reaches a minimum
at ¢ - tink = 0.7 ps. The collapse of the bubble ring generates another high pressure wave, which
then propagates toward the axis of the cylindrical domain and reaches the wall at ¢ - #inx = 0.9 pus.
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Figure 10. Axisymmetric computational domain used for the computation of the bubble dynamics by
the compressible flow solver: (a) full domain, (b) zoom on the bubble/wall region. The blue region is
the inside of the bubble after it formed a reentrant jet on the axis of symmetry, which is the Z-axis here.
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Figure 11. Pressure contours and bubble outlines at different instances following reentrant jet
touchdown. Initial _bubble radius Ry =50 um, R,,,. =2 mm, dy=1.5mm, the initial standoff
X =0.75, and collapse driving pressure P, = 10 MPa.

The pressures generated are seen to exceed 1.5 GPa and explain the strong erosive effect of
cavitating jets. Material response for A17075 was obtained by using an FEM code, fully coupled
with the fluid simulation. The time histories of the liquid pressure and the vertical displacement
of the material surface at the center of the A17075 plate / liquid interface are shown together in
Figure 12. The material starts to get compressed as the high pressure loading due to the reentrant
jet impact reaches it, and the plate surface center point starts to move into the material direction
at t - fink = 0.45 ps. The maximum deformation occurs when the highest pressure loading peak
due to the bubble ring collapse reaches the center of the plate at time ¢ - finx = 1.15 ps. Once the
pressure loading due to the full bubble dynamics has virtually vanished at ¢ - #i,x = 4 us, the
surface elevation continues to oscillate due to stress waves propagating back and forth through



the metal alloy thickness and lack of damping in the model. Finally, a permanent deformation in
the form of a pit remains as a result of the high pressure loading causing local stresses that
exceed the Al7075 elastic limit. The vertical displacement of the monitored location eventually
converges to a non-zero value of about 9 um.
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Figure 12. Time history of the pressure and vertical displacement at the top surface center of an
Al7075 plate following the collapse of a cavitation bubble. R,= 50 um, R,,,.=2 mm,

P,=10 MPa, and X =0.75.
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Figure 13. Profile of the permanent deformation of an Al7075 plate following the collapse of a
cavitation bubble. Ry = 50 um, R, ..= 2 mm, P, = 10 MPa, and X =0.75.

Finally, the impacted region bears a permanent deformation as shown in Figure 13. The profile of
the permanent deformation generated on the plate surface reproduces that of the observed
cavitation generated pit shapes (Philipp and Lauterborn; Kim et al.). Further details can be found
in (Chahine and Hsiao; Chao-Tsung Hsiao et al.; Choi et al.).



4 CONCLUSIONS

Cavitating jet flow field was modeled using a coupled viscous flow and bubble dynamics
approach, which handles the bubbly mixture flow and tracking and volume change of the bubble
nuclei in the flow. The two schemes were fully coupled, where the mixture flow fields provides
pressure and velocity for bubble simulations, whereas the results of bubble dynamics modifies
the void fraction distribution in the mixture flow field. For individual bubbles, a Boundary
Element Method was used first to follow the reentrant jet development, and then a compressible
flow solver was used during the shock wave propagation and reentrant jet impact on the wall.

The modeled cavitating jet flow shows the tendency of the jet to form large structures, which trap
the nuclei and enable them to grow into relatively large bubbles. Bubble deformation and
reentrant jet formation are seen to be very important on generating concentrated shear and high
impulsive loads on the material surface to be cleaned. The pressure loading on the material
surface during the bubble collapse is shown to be due to the reentrant jet impact and to the
collapse of the remaining bubble ring.
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