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ABSTRACT

The collapse of a cavitation bubble near a rigid wall induces a vortex flow that spreads along the wall with a high shear rate, and an
important factor affecting the behavior of the bubble dictated by its contact lines is the wettability of the wall. However, the mechanism for
the dynamics of the vortex flow and wall shear stress remains to be settled. A numerical study conducted using the multiphase compressible
InterFoam solver in the OpenFOAM framework is reported here. The wall wettability is modeled by the contact angle f and slip velocity
Ugiip and the results show that compared with a neutral surface, superhydrophobic and hydrophilic surfaces broaden the wall-vortex regimes.
The main area of shear stress is enlarged both spatially and temporally in the case of a superhydrophobic surface, while it is extended spa-
tially and shortened temporally for a hydrophilic surface. The wall-vortex flow produces a long-term wall shear stress with high magnitude,
the maximum value of which is 174.41 kPa for the superhydrophobic surface, 131.82 kPa for the hydrophilic surface, and 103.12 kPa for the
neutral surface. Integrating the shear stress over time and space shows that the slip velocity ugy, is mainly responsible for affecting the distri-
bution of the shear stress in the vortex flow induced by the collapse of a cavitation bubble. The present findings provide a good guide for
ultrasonic cleaning in engineering applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0164694

In early works, Maley and Jepson'” suggested that a cavitation
bubble collapsing near a rigid wall creates high localized pressure and

I. INTRODUCTION
A crucial topic in bubble dynamics is the collapse of a cavitation
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bubble near a rigid wall. The bubble collapses toroidally, resulting in a
reentrant jet that points toward the wall. When the jet impacts the
wall, a vortex flow is induced that exerts a shear stress on the wall for a
relatively long time over a relatively large area.” The vortex flows
induced by collapsing cavitation bubbles are important factors in cavi-
tation erosion’ ° and surface cleaning, '’ and for further engineering
applications, it is necessary to understand more about the dynamics of
such induced vortex flows."’

wall shear stress, and since then there have been numerous experimen-
tal and numerical studies of the dynamics of vortex flows from the col-
lapses of cavitation bubbles near rigid walls.'” * Experimentally,
Dijkink and Ohl' measured the wall shear stress associated with such
vortex flow and showed that the collapse of a millimeter-sized cavita-
tion bubble created an intense shear stress with a maximum value of
3 kPa. Furthermore, Gonzalez-Avila et al."” found three dynamic fea-
tures of the bubble—particle interaction and explained the mechanism

Phys. Fluids 35, 087122 (2023); doi: 10.1063/5.0164694
© Author(s) 2023

35, 087122-1


https://doi.org/10.1063/5.0164694
https://doi.org/10.1063/5.0164694
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0164694
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0164694&domain=pdf&date_stamp=2023-08-17
https://orcid.org/0009-0002-6269-9016
https://orcid.org/0000-0003-3032-4068
https://orcid.org/0000-0001-7022-0648
https://orcid.org/0000-0003-2265-4366
https://orcid.org/0000-0003-1048-4670
https://orcid.org/0000-0003-2803-5048
mailto:wangjingzhu@imech.ac.cn
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0164694
pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

of surface cleaning. Numerically, Chahine et al.”® discussed the dynam-

ics of vortex flows induced by the collapses of cavitation bubbles and
suggested that the cleaning effect depends on the bubble-wall stand-off
distance. Experimentally, Reuter and Mettin® resolved the shear stress
in high spatial resolution via planar scanning, finding that the wall
shear rate is related to the bubble dynamics near the wall. Numerically,
Zeng et al."’ analyzed the spatiotemporal distribution of the cavitation-
induced wall shear stress, which agreed well with that obtained experi-
mentally; the results showed that during the early spreading of the jet,
the wall shear stress reached a maximum value of 100 kPa. Also, Zeng
et al”' studied systematically how the liquid viscosity and the stand-off
distance affect the distribution of the wall shear stress when a cavitation
bubble collapses near a rigid wall, finding two scaling laws for the maxi-
mum outward and inward stresses. The aforementioned studies indi-
cate that bubble collapse produces long-duration shear stresses with
high magnitudes, which have applications in ultrasonic cleaning.

When the bubble expands and contracts along the wall or after
the jet impacts the wall, the wettability of the wall surface has important
effects on the formation and dynamics of the vortex flow by changing
the contact lines among the gas, liquid, and solid phases.”” ** With
increasing coating requirements in engineering applications, more
attention is now being given to how surface wettability affects bubble
collapse and subsequent induced vortex flows.” ** Using a self-made
vibration cavitation apparatus, Jiang et al.”’ investigated the damage
done by cavitation to materials with different roughnesses and wettabil-
ities, finding that the damage can worsen with increasing roughness or
contact angle. Patel and Majumder™® developed a mechanical model
with which to analyze the pressure drop and shear stress in a packed
bed considering the loss of energy due to wall wettability. Belova et al.”
compared cavitation bubble formation on hydrophobic and hydrophilic
surfaces, showing that nucleation of gas bubbles at patterned hydropho-
bic surfaces can be controlled by the surface energy. Yuan et al."’ used
the pseudo-potential lattice Boltzmann method to investigate how wall
wettability affects the collapse of a cavitation bubble, showing that
changing the wettability from hydrophobic to hydrophilic decreases the
maximum pressure and jet velocity but increases the cavitation bubble
lifetime. Finally, Saini et al.*' revealed that the dynamic response of a
cavitation bubble in contact with a rigid wall depends on the effective
contact angle. The aforementioned studies show that the distribution of
the shear stress induced by the collapse of a cavitation bubble near a
wall can be affected by the wall's wettability, but the mechanism and
quantitative scaling laws for that effect are not yet fully understood.

The present study is focused on how wall wettability affects the
vortex flow induced by collapse of a cavitation bubble, with systematic
numerical investigation of how the characteristics are affected by
hydrophilic and superhydrophobic surfaces. An OpenFOAM frame-
work is used to simulate the bubble collapse near a rigid wall with dif-
ferent wettabilities; the hydrophilic surface is modeled by varying the
contact angle with the no-slip boundary condition, while the superhy-
drophobic surface is modeled by varying the slip velocity. The numeri-
cal simulations are verified against experimental results. The rest of
this paper is organized as follows: Section II describes the experimental
and numerical methodologies. Section 111 A discusses how wall wetta-
bility affects the pattern of vortex flow induced by bubble collapse,
Sec. 11T B discusses how wall wettability affects the dynamics of vortex
flow, and Sec. I1I C analyzes systematically how wall wettability affects
the distribution of wall shear stress. Finally, Sec. IV concludes the paper.

pubs.aip.org/aip/pof

II. METHODOLOGIES
A. Experimental setup

Experiments were performed to observe bubble collapse and the
subsequent induced vortex flows near a rigid wall with different wett-
abilities. As shown in Fig. 1, a low-voltage spark discharge device
equipped with 0.3-mm-diameter copper wires was used to generate a
cavitation bubble at the crossing point of the wires by vaporizing the
surrounding water.”” ** The subsequent bubble behavior was captured
by synchronizing a high-speed camera (V1612, Phantom Co., Ltd,,
USA) and a pulsed laser (CAVILUX HF810, 810-nm wavelength, 500-
W output) via a filter through a sync generator (BNC, model 575-8C).
The high-speed camera was operated at a frame rate of 96 000 fps, an
exposure time of 1 us, and a resolution of 7 pixels/mm. In the experi-
ments, the maximum bubble radius of R,,,, = 12 mm was obtained in
an unbound liquid by repeated experiments with 260-V discharge."
As shown in Fig. 1(b), neutral, hydrophilic, and superhydrophobic
surfaces were used in the experiments: the neutral surface was on a
smooth stainless-steel block with a contact angle of 90°; the superhy-
drophobic surface was a sprayed Rust-Oleum Neverwet coating with a
contact angle of ca. 151°” the hydrophilic surface was an NC3082
coating with a contact angle of ca. 5°.*

B. Numerical simulations

In the numerical simulations, the multiphase compressibleInterFoam
solver in the OpenFOAM framework was used to simulate the
dynamics of the bubble and subsequent induced vortex flow. The
flow field near the rigid wall was obtained by solving the compressible
Navier-Stokes equation, and the liquid-gas interface was captured
using the volume-of-fluid method. In the simulations, the wall wetta-
bility was varied by changing the contact angle for the hydrophilic
surface and the slip velocity for the superhydrophobic surface. The
two-phase flow was treated as that of compressible and immiscible

Newtonian fluids neglecting mass and heat transfer,'”*”** and the
governing equations were"”"
dp
L1V -(pU)=0 1
5 TV (PU) =0, (1)
opU
%+V~(pUU):—Vp+V-r+GKV1, (2)
Oa 1Dp, 1 Dp,
—+U-Va+ V- (el —a)U,) = —a(l — — =,
B + o+ V- (ol —a)U,) a(l — o) (Pz Di ~ p, Di

3)

where p is the density (p; is the density of the liquid and py is the den-
sity of the gas), t is the time, V is the gradient operator, U is the veloc-
ity vector, p is the pressure, T is the viscous stress tensor, o is the
volume fraction of the liquid phase, and U, is the relative velocity
between the two phases and is defined as U, = ¢|U|(Va/|tVal),
where c is the artificial compression coefficient.

The gas and liquid phases were modeled using the adiabatic
equation of state”"”” and the Tait equation of state,””" respectively,

P 1/x
= £ 4
P = Py (pgo) (4)
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FIG. 1. Experimental setup for analyzing how a spark-induced bubble behaves near a rigid wall with different wettabilities: (a) schematic (green shows light from pulsed laser)

and (b) contact angles (shown by droplets) on surfaces with different wettabilities.

B P+B 1/T
P =P (Pgo +B) ’ (5)

where pgy = 1 x 10° Pa is the reference pressure, p o = 1.29 kg m—?
is the reference density of the gas phase, p;, = 1000 kg m~— is the ref-
erence density of the liquid phase, k = 1.4 is the specific heat ratio,
[ =7.15 is the Tait exponent, and B = 3.046 x 10% is the Tait
pressure.

The contact angle for the wall wettability was set using the
contact-angle library in OpenFOAM ™ and is written as

ﬁd = ﬂ + (ﬁad - ﬁre) tan (@)v (6)

up

where f3; is the dynamic contact angle, f3 is the static contact angle, f,4
is the advancing contact angle, f,. is the receding contact angle, u is
the velocity of the contact line, and ug is the characteristic velocity.
The wall wettability was changed by setting different contact angles
with a droplet as shown in Fig. 2(a).

The slip velocity of the wall was modeled using the mixed
(Robin) boundary condition””” written as

I

where ug;;, is the slip velocity of the boundary and fis an adjustable
coefficient. Different slip velocities were simulated by adjusting f, with
1/f =1 for no slip (ugyp=0) and 1/f — oo for perfect slip
(ugip = u) as shown in Fig. 2(a).

The governing equations were solved as follows: ™ first, the equa-
tion for the phase volume fraction was solved, then the continuity and
momentum equations were solved in turn. The equation of state was
then used to update the density of each phase, after which pressure
correction was begun. After reaching the required solution accuracy,
the pressure correction and pressure-implicit with splitting of opera-
tors (PISOs) cycle were ended. The process began to loop until the
solution time was reached.

The boundary conditions and grid structure are shown schemati-
cally in Fig. 2(b). The width and height of the domain were 100 and
90 mm, respectively, and a structural grid with 310000 nodes was
used. The grid was refined recursively down to a spacing of Az = 58
um around the bubble and Az = 0.1 um near the rigid wall to capture
the vortex flow accurately.”’ A non-dimensional stand-off distance is
defined as y = h/Rpax, where h is the distance from the initial center
of the bubble to the rigid wall and Ry, is the maximum radius in an
unbounded liquid."” The initial conditions of the bubble are obtained
when similar maximum sizes and collapse times of the bubbles in the
simulation match with the experimental observations. Moreover, cavi-
tation bubbles are generated at the crossing point of two 0.3-mm-
diameter electrodes. Consequently, the initial conditions are set as
Ry =1 mm, pjyo = 86 MPa, and y = 1.50. The other coefficients
used in the simulations were 1; = 8.545 x 10™* Pa s for the liquid
dynamic viscosity, yt, = 1.840 x 10~ Pa s for the gasdynamic viscos-
ity, Cu=4195] kg 'K! for the liquid specific heat capacity,
Cpg=1007] kg ' K™! for the gas specific heat capacity, and ¢ =
0.0728 N/m for the surface tension. See the Appendix for the verifica-
tion of grid independence and the mesh for capturing the boundary
layer with linearly increasing velocity.

lll. RESULTS AND DISCUSSION

The collapse of a cavitation bubble near a rigid wall results in a
vortex flow with one of two patterns. For the results in this section, the
time ¢ is normalized with the Rayleigh collapse time T, the bubble
radius R and other measures of length are normalized with the maxi-
mum radius of the bubble R,,,.,, and the velocity is normalized with
Rinax/ T,. Figure 3 shows that after several oscillations of the bubble,
7 = 1.00 results in a vortex migrating upward, called a free vortex,
whereas 7 = 1.50 results in one expanding along the wall, called a wall
vortex. Figure 3(a) (Multimedia view) shows the case for y = 1.00,
where the bubble expands, reaches its maximum radius at t = 1.0T,
and then shrinks. At t = 2.0T,, the bubble reaches the wall at mini-
mum radius, and the jet can be observed inside the bubble. During the
rebound, the bubble reaches its maximum radius at ¢ = 3.07,. As it
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FIG. 2. Schematics of numerical simulations: (a) models for contact angle /3 and slip velocity ug;, and (b) computational grid structure.

subsequently shrinks again, inward flow parallel to the rigid wall dom-
inates, producing an upward flow and a free vortex after oscillations of
the bubble. Figure 3(b) (Multimedia view) shows the case for
y = 1.50, where the bubble undergoes a first oscillation cycle that is
similar to that for y = 1.00, the difference being that the bubble now
does not reach the wall at the end of the first cycle. Therefore, the bub-
ble migrates downward during the rebound. When reaching its maxi-
mum radius, the bubble for y =1.50 remains almost spherical
compared to the non-spherical shape for y = 1.50. The re-collapse
starts at + = 3.07, and a downward flow forms. The flow reaches the

(1) 0.4T, =4 (2) 10T, /' (3) 20T,
‘\ 4 ‘\& 4 \\
\ N N

wall and spreads along it so that an outward flow forms, generating a
wall vortex after oscillations of the bubble.

The experiments show that the vortex-flow formation and pat-
tern depend on the expansion and shrinkage of the bubble during the
second cycle. This suggests that the wettability of the wall surface plays
an important role in the bubble morphology close to the wall by
changing the contact lines between the gas, liquid, and solid phases.
Below, we discuss how the wall wettability affects the vortex-flow for-
mation and dynamics, then we compare the wall shear stresses
induced by vortex flows under different wall wettabilities.

(4) 3.0T, (5) 4.0T, (6) 8.0T,

Free vortex

\

\

\
\

X

Inward flow Upward flow

(a) Free vortex
\(4) 3.0T,

(1) 04T, /\«;) 10T, '(3) 2.0T,

\(5) 4.0T,

(© 841,
all vortex /

Downward flow Outward flow

(b) Wall vortex

FIG. 3. Formation of two patterns of vortex flow induced by collapse of cavitation bubble near rigid wall with neutral surface: (a) free vortex (y = 1.00) and (b) wall vortex

(y = 1.50). Key: (1)—(2) first cycle of bubble; (3)—(4) second cycle; (5)—(6) third cycle. Multimedia available online.
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A. Effects of wall wettability on pattern of vortex flow

Figure 4 shows the bubble collapses for y = 1.29 after the first
cycle near a rigid wall with a neutral [Fig. 4(a) (Multimedia view)],
superhydrophobic [Fig. 4(b) (Multimedia view)], and hydrophilic [Fig.
4(c) (Multimedia view)] surface. The superhydrophobic surface
(p = 151°) induces a wall vortex, while the neutral (f = 90°) and
hydrophilic (f = 5°) surfaces induce a free vortex. During the first
cycle, the wall wettability has almost no effect on the bubble dynamics,
because there is a liquid film between the bubble and the wall
However, differences in the bubble morphology close to the wall can
be observed during the second cycle with a noticeable kink in the mag-
nified area. For the neutral and hydrophilic surfaces, the wall friction
makes it difficult for the part of the bubble close to the wall to extend
outward, thereby reducing the velocity and causing the kink to appear.
The bubble then shrinks and a free vortex forms as the inward flow
dominates. For the superhydrophobic surface, its slip property reduces
the apparent friction factor,” so the part of the bubble close to the
wall extends outward easily and the kink disappears quickly because of
the reduced wall friction. In this case, the outward flow dominates,
generating a wall vortex. Consequently, the wall wettability affects (i)
the bubble morphology close to the wall during the second cycle and
(ii) the formation of the subsequent induced vortex flow. With a
superhydrophobic surface, a wall vortex forms instead of a free vortex.

Experiments were performed at different values of y with the
three different surfaces, and Fig. 5 shows the phase diagram of the
vortex-flow patterns induced by bubble collapse, where the abscissa
represents the non-dimensional stand-off distance y and the ordinate

2o, @321,

p%.oTc

Kink

WSTC

pubs.aip.org/aip/pof

represents the wall wettability, and the red crosses and blue squares
indicate the experimentally observed regimes of free and wall vortices,
respectively. For the neutral surface (f = 90°), the free vortex is gener-
ated for y < 1.32, and the wall vortex is generated for y > 1.32, simi-
lar to the findings of Reuter.”” For the hydrophilic surface, the
boundary between the wall and free vortices is y = 1.30, while the
superhydrophobic surface extends the wall-vortex range to y = 1.27.
For ultrasonic cleaning, wall vortices produce strong long-term wall
shear stress and are more advantageous than free vortices.”” Therefore,
the focus below is on how wall wettability affects the dynamics of the
wall vortex regarding its region of influence and the average tangential
velocity at the surface as determined numerically.

B. Effects of the wall wettability on dynamics of wall
vortex

The numerical simulations are verified by experimental observa-
tions under different wall wettabilities, and the numerical results and
experimental observations are compared in Fig. 6. In the numerical
simulations, a phase with a volume fraction small than 0.6 is treated as
gas, while greater is treated as liquid. The simulation boundary condi-
tions were a contact angle of 90° and ug;, = 0 for the neutral surface, a
contact angle of 151° and ugy, = 0.5u for the superhydrophobic sur-
face, and a contact angle of 5° and ug;, = 0 for the hydrophilic surface.
As can be seen, the numerical bubble shapes during the first cycle are
generally consistent with the experimental ones with the effects of wall
wettability appearing in the second cycle when the bubbles touch the
wall. Kink formation is observed in each case, and during the second

W'OTC 6) .t'lTc
ree vortex

(a) Neutral surface at f=90°

(1)2.0T, / (2)3.0T, / (3)3.2T, /
X ink Kink disappears

4)33T,

(5)4.0T. (6)8.0T,
\ Wall\vortex !

/

(b) Superhydrophobic surface at f=151°

(1) 2.0T, (2) 3.0T,
[ Kink

(3)3.2T, /

(4) 33T, / (5) 4.0T, /

(6) 8.0T,
Free vortex

(¢) Hydrophilic surface at p=5°

FIG. 4. Formation of vortex flow under different wall wettabilities at y = 1.29: (a) neutral surface, (b) superhydrophobic surface, and (c) hydrophilic surface. The red boxes
show enlarged details of the bubble morphology close to the wall. Multimedia available online.
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FIG. 5. Patterns of vortex flow induced by
collapse of the cavitation bubble with dif-
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= 1 observed free and wall vortices, respec-

tively. The superhydrophobic surface
extends the wall-vortex regime compared
to that with the neutral surface.

[
0.50 0.75 1.00 1.2y7 1.50

cycle [panels (5) and (6) in Fig. 6], the kink in the case of the superhy-
drophobic surface disappears, while that in the other cases is develop-
ing. Overall, the numerical results agree well with the experimental
observations, so it is reasonable to discuss further how wall wettability
affects the wall-vortex flow by changing the contact angle for the
hydrophilic surface and the slip velocity for the superhydrophobic
surface.

1.75 2.00

1. Effects of the contact angle for the hydrophilic
surface

For the hydrophilic surface, the wall wettability was changed by
varying the contact angle, and Fig. 7 shows the flow fields from ¢
= 4.0T, at contact angles of f = 5°, 45", and 90° for y = 1.50 and
ugip =0. In each panel, the left side shows the streamlines of the flow

(1) 0.4T, L (2) 10T, (3) 2.0T, (4)3.0T, (5) 34T, (6) 3.5T,

3mm

Kink

(a) Neutral surface at f=90°
/7 @)2.01, /@30T, /(5)34T,

Kink
0 ° v

(1) 0.4T. / (2)10T,

/(6)3.7T, 7

(b) Superhydrophobic surface at p=151°
(1) 0.4T, (2) 1.0T, (3) 20T, (4)3.0T, (5) 34T, (6) 3.6T.
Kink

(c) Hydrophilic surface at f=5°

FIG. 6. Comparisons of bubble shape evolutions between experiments (right) and simulations (left) under different wall wettabilities for y = 1.50: (a) neutral surface, (b) super-
hydrophobic surface, and (c) hydrophilic surface. The red boxes show enlarged details of the bubble morphology close to the wall in the simulations.
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field, and the right side shows the velocity field with arrows indicating It is found that the influence region of the wall-vortex flow can be
the flow direction. The green contours represent the bubble shapes at determined from the movement of this remnant bubble. At t = 8.07,,
a volume fraction of 0.6. From the velocity fields, a vortex ring is the influence region decreases with increasing contact angle 5 because
observed at t = 4.07T, and a downward flow dominates. At the axis of the broken-up vortices in the near-wall flow spread outward at
symmetry (y=0), a reflux region can be observed as the downward small .

flow reaches the rigid wall. The subsequent development is shown in Figure 8 shows how the diameter of the influence region of the
frames (2)—(4). The remnant bubble expands with the outward flow, wall-vortex flow and the average tangential velocity at the surface vary
and then the vortex ring splits into several small vortices at t = 6.2T.. with time. From above, the influence region is determined from the
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FIG. 8. Temporal variations of (a) diameter of influence region of wall-vortex flow and (b) average tangential velocity at the surface for different contact angles with y = 1.5
and ug;, = 0 for the hydrophilic surface.
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position of the remnant bubble, with s being the diameter of the influ-
ence region in the y direction. Meanwhile, the average tangential veloc-
ity u is calculated as

_ 1 A
i [0 Dy = LS w0 O

where u, is the tangential velocity at the surface and Ay is the width of
the grid in the y direction. As shown in Fig. 8(a), the wall-vortex flow
migrates outward rapidly while the outward flow dominates, then it
oscillates in the y direction. For f§ = 5°, the diameter s reaches its max-
imum value of 1.55R ¢ at t = 5.0T,, which is during the first cycle of
the oscillation, but the maximum is reached during the second and
fourth cycle for § = 45" and 90°, respectively. One of the reasons for
this difference is that the wall-vortex flow splits earlier for f = 5°, and
so the maximum diameter appears earlier than in the other cases. In
Fig. 8(b), the average tangential velocity u# decreases rapidly as the vor-
tex flow migrates outward, then it fluctuates. The maximum tangential
velocity in each case occurs when the wall-vortex flow forms at
t = 4.0T,, then the flow decelerates gradually because of the action of
viscosity at the surface.

Figure 9 shows the temporal variations of the maximum diameter
Smax Of the influence region and the maximum tangential velocity at
the surface for different contact angles with y = 1.50 and ug;, = 0. As
shown in Fig. 9(a), spmay increases as the contact angle 5 decreases, and
the difference between f = 5° and 90° is approximately 0.1R,,x. For
the hydrophilic surface, the wall-vortex flow splits more easily and
expands when the contact angle f# is smaller; hence, the influence
region of the wall-vortex flow becomes larger. As shown in Fig. 9(b),
the maximum tangential velocity u,,,, decreases as the contact angle f§
decreases, differing by a maximum of only 13%. Overall, for the

1.56¢1 1

1.48} . .

146 R 1

()
(a)
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hydrophilic surface, a reduction in the contact angle slightly enlarges
the influence region of the wall-vortex flow and decreases the tangen-
tial velocity at the surface.

2. Effects of the slip velocity for the superhydrophobic
surface

For the superhydrophobic surface, the wall wettability was
changed by varying the slip velocity, and Fig. 10 shows the flow fields
from 4.80 ms at slip velocities of ug;, = 0.9u, 0.5u, and 0 for y = 1.50
and # = 151°. In each case, a vortex ring is observed at t = 4.0T, and
migrates outward with the remnant bubble. After the wall vortex splits
at t = 6.2T,, the generated flow extends quickly away from the axis of
symmetry at ugy, = 0.9u, while the flows in the other cases seem to
develop near the axis. At t = 8.0T,, the influence region plotted by the
green box increases as the slip velocity ugy, increases because the wall
friction decreases.

Figure 11 shows the temporal variations of the diameter of the
influence region of the wall-vortex flow and the average tangential
velocity at the surface for different slip velocities with y = 1.50 and
B =151°. As shown in Fig. 11(a), the diameter s for ug, = 0.9u
increases as the wall-vortex flow migrates outward throughout the
process, and it reaches its maximum of 2.42Ry,,y at t = 8.3T,. In the
other cases, s exhibits small outward migration and then oscillates,
with the maximum diameter of 1.4R .y appearing at t = 6.27T, in the
second cycle of oscillation. In Fig. 11(b), the average tangential velocity
u decreases rapidly during the first outward migration of the wall-
vortex flow and then becomes consistent after several oscillations. In
each case, the maximum tangential velocity appears when the wall-
vortex flow is generated at t =4.0T.. As the slip velocity wug,
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FIG. 9. Effects of contact angle on dynamics of wall-vortex flow for y = 1.50 and ug;, = 0 with the hydrophilic surface: (a) maximum diameter of the influence region of wall-

vortex flow; (b) maximum tangential velocity at the surface.
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151° for the superhydrophobic surface.
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region of wall-vortex flow and (b) maximum tangential velocity at the surface.

maximum tangential velocity because higher slip velocity cause smaller
wall friction.

C. Effects of wall wettability on wall shear stress

The above analysis shows that the wall wettability is the main fac-
tor affecting the dynamics of the wall-vortex flow, which are responsi-
ble for the wall shear stresses that act in surface cleaning. Therefore,
we extracted the spatiotemporal distributions of wall shear stress from
the numerical simulations and now analyze how these vary with the
wall wettability. As shown in Fig. 13, negative T represents inward
shear stress (toward the axis of symmetry) and positive © represents
outward shear stress (away from the axis of symmetry); the color bars
indicates the magnitude of the shear stress (in units of kilopascals),
and the black lines show the time-varying bubble radius.

As shown in Fig. 13(a), the bubble near the neutral surface expe-
riences five and a half oscillation cycles within t = 8.3T,. As the bub-
ble expands and shrinks during the first cycle, outward and inward
wall shear stresses are generated with maximum values of 14.72 and
17.58 kPa, respectively. During the second cycle from t = 2.07T, to
t = 4.0T,, large outward wall shear stress (maximum 316.23 kPa)
appears in the spatial range of ca. 0-0.9 Ry,.x, because the cavitation-
induced jet impacts the wall to form an outward flow. The wall vortex
forms during the third cycle, resulting in a long-term outward shear
stress at 0.5Rmax < ¥ < 0.9Ryay from t = 4.0T, to t = 8.3T.. The
region of high shear stress (maximum 103.12 kPa) shown by the green
ellipse is generated by the wall-vortex flow and is marked as the main
shear-stress area of the vortex flow. Meanwhile, inward shear stress

near the axis appears at 0.4Rpyax < ¥ < 0.7Rpax from t = 7.4T, to
t = 8.3T, because of the main vortex flow remaining near the axis.

The behaviors of the bubbles near the superhydrophobic and
hydrophilic surfaces are similar to that near the neutral surface in the
first two oscillation cycles, so we discuss the effects of wall wettability
from the third cycle. Figures 13(b) and 13(c) show the distributions of
wall shear stress for the superhydrophobic and hydrophilic surfaces,
respectively. For the superhydrophobic surface, the main shear-stress
area is farther from the axis of symmetry than it is for the neutral sur-
face; the maximum distance is 1.3Rpax, and the magnitude of the wall
shear stress remains high, reaching a maximum value of 174.41 kPa.
For the superhydrophobic surface, the wall-vortex flow migrates far-
ther and splits, resulting in a small range of outward shear stress away
from the axis of symmetry. However, for the hydrophilic surface, the
maximum magnitude of the wall shear stress is 131.82kPa, and the
outward shear stress begins to weaken at t = 5.6T; from 0.9Ryx to
1.1Rmqx and disappears earlier at t = 7.3T,; this is because it is not
easy for the remnant bubble to migrate along the hydrophilic surface,
so the wall-vortex flow remains mainly around the axis of symmetry.
For the superhydrophobic surface, the area of inward shear stress is
much larger than that for the neutral surface because as the vortex
flow splits, the vortices close to the axis of symmetry form a long-term
and wide-ranging inward shear stress from ¢t = 5.3T, to t = 8.3T, at
0.5Rmax < ¥ < 1.2Rpax. Consequently, the superhydrophobic surface
widens the main shear-stress area and increases the magnitude of the
stress, whereas the hydrophilic surface shortens the duration of the
main shear stress and increases its magnitude slightly.

For further comparison of the wall shear stress with different wall
wettabilities, its variations with the contact angle f and slip velocity
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FIG. 13. Spatiotemporal maps of wall shear stress © for different wall wettabilities with » = 1.50: (a) neutral surface (8 = 90°, ugi, = 0), (b) superhydrophobic surface
(p = 151°, ugjp = 0.5u), and (c) hydrophilic surface (f = 5°, ugj, = 0). 7 is in units of kilopascals, with negative < (blue) representing inward shear stress (toward axis of
symmetry) and positive < (red) representing outward shear stress (away from axis of symmetry). The black lines show the time-varying bubble radius.

Ugip at y = 1.50 are shown in Fig. 14. The sum of the shear stress is
obtained as

1 |ue (v, )] HAtAy
| =SS D
)]

where p is the viscosity coefficient of the liquid. Negative and
positive u, represent inward and outward shear stress, respectively. In

Fig. 14(a), the sum of the shear stress increases slightly as the contact
angle decreases, and outward shear stress is dominant. This is because
the broken-up horizontally arranged vortices in the near-wall flow
produce a greater total wall shear stress. Figure 14(b) shows a pro-
nounced increase in the sum of the shear stress as the slip velocity
increases, especially for ugip > 0.3u, with a maximum increase in
73.9%; the outward shear stress has the same trend, whereas the
inward shear stress is mostly unchanged. For the superhydrophobic
surface, an increase in the slip velocity leads to an increase in the
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the axis of symmetry, and outward shear stress is away from the axis of symmetry. The magnitude of the shear stress (kPa) is calculated by integrating the shear stress in the

influence region.

tangential velocity of the wall-vortex flow, resulting in a higher out-
ward shear stress, but the inward shear stress hardly changes. The
increase in the sum of the shear stress is attributed to the outward
shear stress.

IV. CONCLUSION

The collapse of a bubble near a rigid wall generates a vortex flow
with one of two patterns: either a wall vortex that spreads along the
wall or a free vortex that migrates upward away from the wall.
Herein, via experiments and numerical simulations, we analyzed how
the wall wettability affects the formation and dynamics of these vortex
flows. The experiments showed that compared to a neutral surface,
superhydrophobic and hydrophilic surfaces broaden the wall-vortex
regimes.

We used numerical simulations to discuss how the wall wettabil-
ity affects the dynamics of the wall-vortex flow, using the multiphase
compressibleInterFoam solver to simulate the dynamics of the bubble
and the subsequently induced vortex flow. The wall wettability was
varied by changing the contact angle f for the hydrophilic surface and
the slip velocity ug;, for the superhydrophobic surface. As f was
increased, the diameter s of the influence region decreased because of
the arrangement of vortices in the near-wall flow, and the average tan-
gential velocity # at the surface increased slightly. In contrast, as gy,
was increased, both s and # increased because the wall-vortex flow
expanded outward rapidly along the wall for ug;, > 0.5u because of
the smaller wall friction.

The dynamics of the wall-vortex flow were affected by the wall
wettability, and these dynamics are mainly responsible for the distribu-
tions of wall shear stress. The analysis showed that an obvious differ-
ence of the shear-stress distributions induced by the wall wettability
appeared from the third cycle of bubble oscillation, i.e., when the wall-
vortex flow formed. The main shear-stress area was enlarged spatio-
temporally for the superhydrophobic surface but was shortened tem-
porally and extended spatially for the hydrophilic surface. The
maximum magnitude of the wall shear stress in this area was
17441kPa for the superhydrophobic surface, 131.82kPa for the
hydrophilic surface, and 103.12kPa for the neutral surface. By inte-
grating the shear stress over time and space, it was found that the slip
velocity ug;, is an important factor affecting the vortex flow and wall
shear stress. Furthermore, the outward shear stress away from the axis
of symmetry dominates in the vortex flow at the surface of a rigid wall
regardless of the wall wettability. The findings of the present study
provide a good guide for ultrasonic cleaning in engineering
applications.
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APPENDIX: VERIFICATION OF NUMERICAL
SIMULATIONS

To verify grid independence and ensure that the vortex flows
were captured adequately, we tested three different grids: a coarse grid
with 210 000 nodes, a medium grid with 310 000 nodes, and a fine grid
with 440000 nodes. Figure 15 shows the temporal variations of the
bubble radius and the wall pressure below the bubble centroid for the
three grid variations. The results obtained with the coarse grid vary
from those with the medium and fine grids, particularly in the collapse

—-Coarse
1.00 —Medium
- Fine

0.75

max

R/R

0.50

0.25

(a)

pubs.aip.org/aip/pof

of the bubble, but the medium and fine grids gave similar outcomes.
Therefore, considering both simulation accuracy and computational
efficiency, we deemed the medium grid with 310000 nodes to be the
most appropriate grid for this problem.

Figure 16 shows how the wall shear stress varies within the
boundary layer with linearly increasing velocity at t = 2.0T, and
t = 2.1T,, which represent the end of the first collapse of the bubble
and when the jet impacts the rigid wall, respectively. The distribu-
tion of wall shear stress as a function of z with z=0.1, 0.2, and
0.3 um is calculated as

du,
T=p l,_o =

u(y,2)

Z

(A1)

|z§e7

where ¢ is the thickness of the region with constant shear rate that
is located within the boundary layer."””® The results shown in Fig.
16 satisfy the linear law, and the relative errors of the maximum val-
ues are found to be 1.42% and 0.98% at t = 2.0T, and t = 2.1T, for
z=0.1 and 0.3 um, respectively. These findings show that the shear
stresses are fully resolved throughout the calculation, leading to the
selection of z=0.1 um for the present simulations.

To verify the conservation of mass in the gas phase of the
phase fraction based interface modeling, the mass of the gas phase
was extracted in the case of y = 1.50 with a neutral wall. The mass
of the gas phase is calculated as follows:

m= Jpc(l —a.)dV = Epc(l — o) AxAyAz, (A2)
where p, is the density of the cell, o is the volume fraction of the
cell, and (AxAyAz) is the volume of the cell. The mass of the gas
phase is normalized by the initial mass. Figure 17 shows the varia-
tion of the non-dimensional mass at y = 1.50 with a neutral wall.
The maximum relative error of the non-dimensional mass is found
to be 1.43%. The phase fraction based interface modeling is appro-
priate for this problem.
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FIG. 15. Temporal variations in (a) bubble radius and (b) wall pressure below bubble centroid obtained with coarse grid (210 000 nodes), medium grid (310 000 nodes), and

fine grid (440 000 nodes).
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FIG. 17. Variation in the mass of the gas phase m at y = 1.50 when a cavitation
bubble collapses near a neutral surface.
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