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ABSTRACT

The dynamics of bubbles near protruded boundaries and the resulting
wall shear stress play a critical role in cavitation mechanisms relevant to
ultrasonic cleaning. In this study, the well-validated Volume of Fluid
(VOF) method in OpenFOAM was employed within an improved two-
dimensional axisymmetric computational domain to investigate wall
shear stress induced by a bubble near a conical boundary under the
reference condition (8 =90°, y = 1.0). The results show that the bubble
near the conical boundary generates a substantially faster micro-jet, with
a velocity of Ujee260 m/s. In contrast, for a flat rigid wall ( # = 180°),
the bubble jet velocity is only about Ujer=80 m/s. Analysis of the spatio-
temporal distribution of wall shear stress indicates that the peak stress
near the conical boundary reaches 1034 kPa, whereas for the flat wall it
is only 140 kPa, roughly seven times lower. These results highlight the
significant influence of boundary geometry on bubble jet dynamics and
the associated wall mechanical response.
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INTRODUCTION

Bubble dynamics plays an important role in naval architecture and ocean
engineering. Cavitation is often considered detrimental, as it can cause
erosion in hydraulic machinery, propellers, and hydrofoils, and generate
strong loads during underwater explosions (Zhang, 2024). At the same
time, controlled bubble oscillations enable useful applications, including
low-frequency air guns for deep-sea exploration (Wang, 2024)and
bubble-assisted ice-breaking for polar navigation (Cui, 2018). In this
work, we examine the shear forces produced by bubble-induced shear
flows acting on nearby surfaces, providing insights into the mechanisms
of energy transfer in these scenarios. The results are also relevant to
applications such as surface cleaning and cell membrane poration, where
bubble-driven shear plays a key role.

The shear flow induced by bubbles on flat walls was first investigated
experimentally (Ohl, 2006; Gonzalez-Avila, 2011) and later quantified
in subsequent studies (Dijkink, 2008), which reported short-lived peak
shear stresses of up to approximately 3.5 kPa immediately following jet
impact. Numerical simulations by Zeng (2018) further indicated that,
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under certain conditions, these shear stresses could reach values as high
as 100 kPa. In the present study, we extend the focus from flat walls to
non-flat, protruding surfaces, specifically examining wall shear stresses
induced by bubble jets. In our previous work (Wu, 2025), the protruding
surface was simplified as a conical boundary with an apex angle f, and
numerical analyses were conducted within a two-dimensional
axisymmetric domain. Building on this framework, the phenomenon of
enhanced jet velocity outside the conical surface, relative to a rigid flat
wall, has been systematically evaluated. For instance, under a
dimensionless stand-off distance of y=1.0, the jet velocity Ujet reaches
approximately 360 m/s for f=90°, whereas it is only 97 m/s for f=180
©. Zeng (2022) pointed out that an increase in the jet velocity Uje can
significantly enhance shear effects. Therefore, given the pronounced
influence of Ujet on wall shear stress outside the cone boundary, this
velocity enhancement may further amplify the shear on protruding
surfaces, thereby exerting a substantial modulating effect on the local
fluid dynamic characteristics.

In this study, numerical simulations were conducted using a solver
whose validity has been thoroughly verified. The primary case was set
with a dimensionless stand-off distance y=1.0 and a cone angle = 90°,
while a rigid-wall configuration (8 = 180°, y=1.0) was employed for
comparison. Building upon this setup, the computational mesh was
further refined, particularly in the region near the cone tip. Subsequently,
the flow field near the boundary was analyzed in detail to elucidate the
key flow features responsible for generating wall shear stress. Finally, a
spatio-temporal map of the wall shear stress distribution is presented,
and its temporal and spatial characteristics are examined in depth.

METHODOLOGY
Numerical method

In this study, we perform numerical simulations to reconstruct the
dynamics of laser-induced cavitation bubbles and to quantify the
transient wall shear stresses arising during bubble oscillation. The flow
is treated using a single-phase compressible formulation in which both
liquid and gas share a unified velocity field, while the liquid--gas
interface is captured with the Volume-of-Fluid (VOF) method. This
approach allows the simultaneous representation of strongly inertial
liquid motion and the compressibility of the gas within the bubble.



The flow is governed
conservation equations,
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Fig.1 (a) The computational domain is two-dimensional and
axisymmetric, with the xy plane defining the coordinate system. The
origin is indicated by a green dot. The radial distance along the wall
surface is represented by the red arrow r, with its positive direction
aligned with the arrow. (b) The refined mesh region for capturing wall
shear stress, where the largest cells correspond to the first level of
refinement with a size of Ax/2. Here, Ax/2 denotes the mesh
resolution in the primary oscillation region of the bubble. (c) The
improved mesh distribution around the conical tip.
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Here, p(x,t), U(x,f), p(x,t) denote the density, velocity, and pressure,
with x and ¢ representing space and time. The gravitational
acceleration is g and the viscous stress tensor for a Newtonian fluid is
T:,u[VU+(VU)T-(2/3)(V'U)I], where u is the dynamic viscosity and I is
the identity tensor. The surface-tension force f,is incorporated via the
Continuous-Surface-Force (CSF) model, expressed as
f(x,0)= fs(t)o—x(x')n(x')é(x-x') dS', where ¢=0.0725 N/m is the surface-

tension coefficient, x is twice the mean curvature, n is the unit normal
pointing from gas to liquid, and ¢ is the Dirac delta function. In practice,
the volumetric representation reduces to f,=ox)Vo; ,with &xp
reconstructed from the liquid volume fraction o;.

The dynamics are primarily governed by liquid inertia and gas
compressibility, while viscous effects are confined to thin regions near
the interface. The cavitation bubble is initialized as a small high-pressure
pocket of non-condensable gas. The interface is captured through the
transport equation for a;,
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where @y =1 —q;is the gas volume fraction, U, is the interface-
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compression velocity, and ; and 1, are the compressibility
coefficients of liquid and gas. The material derivative of pressure is

denoted by Dp/Dt. Within each mesh cell, the constraint @; + a5 =1
600

500

400

300

R,y (um)

200

100

0 T T T
20 40 60

t (us)
Fig.2 Comparison of the numerical results for y=1.0, £=90° (blue
curve), y=1.0,=180° (red curve), and a bubble in free field (green
curve), together with the theoretical solution obtained from the
Gilmore model (black curve).
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is strictly enforced. The local viscosity is computed as u = a1 + agpig,
where y; and pg are the dynamic viscosities of the liquid and gas, and
the density is similarly given p = a;p; + agpgy, with p; and pgdenoting
the densities of the respective phases. The density and pressure of each
phase are related via the Tait equation of state:

1
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where p;, and p;,, are reference values at normal conditions, n;r is
the ratio of specific heats, and B; is the Tait pressure parameter for each
phase.
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Numerical setup

The governing equations have been implemented in the open-source
CFD software OpenFOAM and validated against experimental data (Wu,
2025). The present simulations follow our previous setup, with an
optimized computational mesh. The two-dimensional axisymmetric
domain and relevant parameters are shown in Fig.1, where the domain
exhibits a regular polygonal structure in the xy plane. To ensure accurate
resolution of the gas--liquid interface near the cone apex, a smooth,
highly continuous conical tip replaces the previously sharp apex. The tip
surface is tangential to the wall, with the tangency point marked by a red
dot in Fig.1(c); the origin (0,0,0) is indicated by a green dot. Half of the
cone angle 8 =90° is annotated, and 8 can be adjusted to represent a rigid
flat wall B = 180° for comparison. The red arrow r indicates the radial
direction of the conical wall. Approximate non-reflecting boundary
conditions are applied at a distance L>30Ruax from the boundaries. The
mesh near the bubble has a resolution of Ax~2.00 pm, and the wall-shear
boundary layer thickness is 0.125 um (Fig.1(b)(c)). The initial bubble
center is located at (0, d, 0), at a distance d from the cone apex. The
maximum bubble radius Ruax is estimated from its free-field expansion,



yielding the dimensionless stand-off distance y=d/Rmax. The bubble is
initialized as a high-pressure, stationary sphere with Rinir= 32 pum and
internal pressure Py = 5x108 Pa,
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Fig.3 Comparison of the numerical results obtained on the refined
mesh with experimental observations (Wu, 2025). In each image, the
red contour represents the gas—liquid interface predicted by the
simulation, while the background shows the -corresponding
experimental data. The images have a height of 1330 um, serving as
a reference scale. The time steps illustrate the bubble oscillation: the
first frame corresponds to 5 s, and subsequent frames are spaced at
5 us intervals.

101325Pa.

in a quiescent liquid at far-field pressure Pox= P

RESULES AND DISCUSSION

We first validate the numerical simulations. Fig.2 presents three
representative cases: (i) y=1.0, = 90° (blue curve), (ii) y=1.0, = 180°
(red curve), and (iii) a bubble in free field (green curve). For each case,
the temporal evolution of the bubble equivalent radius during the first
oscillation cycle is compared to assess the model's ability to capture the
primary bubble dynamics. The theoretical free-field bubble response
(black curve) is obtained from the Gilmore model under identical initial
conditions. It should be noted that for both the free-field simulation and
the theoretical solution, the bubble undergoes approximately spherical
oscillations, so the equivalent radius Re; coincides with the spherical
bubble radius R. Then, the bubble radius evolution in the Gilmore model

satisfies
IR R= 1+R H+1RRH
3¢)” U C c)jc

&®

where the overdot denotes differentiation with respect to time, i.e. R =
0 is the bubble wall velocity and B = 0 its acceleration. The liquid
sound speed is taken as C=1500m/s. The enthalpy difference at the
bubble wall H is defined by

Rk+3 5
5( )

; (6)
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where the pressure--density relation follows the Tait equation of state,
consistent with the numerical setup (seeing in Eq.4). The resulting
ordinary differential equations (ODE) are integrated using a Runge-
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Kutta scheme to obtain the theoretical free-field bubble radius evolution.
The initial conditions are specified as R = 0and R=Rinir, With Rinit =32
um and the internal pressure Py = 4.35x10% Pa.
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Fig.4 The velocity field during the entire process from bubble
collapse to jet formation and eventual impact on the boundary is
shown in Fig.1. Panels (a)—(f) correspond to the time steps ¢ = 105,
108, 109.2, 109.6, 113, and 117ps, respectively. In each panel, the
violet contours indicate the bubble interface, while the streamlines
and arrows illustrate the flow direction. The colormap represents the
velocity magnitude in units of m/s.

Based on the newly constructed and more structurally refined mesh, we
compare the numerical simulation results with the experimental data
(experimental results from Wu, 2025). As shown in Fig.3, the red
contours represent the simulation results, while the background image
corresponds to the experimental observations. Throughout the entire
bubble oscillation process, the two exhibit excellent agreement,
demonstrating the reliability of the numerical approach. For the
numerical simulation corresponding to y=1.0, f = 90°, the maximum
bubble radius Rmar=582 pm, while the experimental measurement yields
Runax=575 pm.

The detailed dynamics of bubble collapse and jet formation have been



thoroughly discussed in our previous work. In this study, we focus on
the bubble-induced wall shear stress under the conditions of stand-off

distance parameter y=1.0 and cone angle 8 = 90°. For comparison, the
)
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Fig.5 The velocity field throughout the entire sequence—from bubble
collapse, to jet formation, and finally to jet impact on the boundary—
is shown for the case of #=180° (a flatrigid wall)and y=1.0. Panels
(a)—(f) correspond to the time instants # = 104, 110.4, 111, 113, 120,
and 130 ps, respectively. In each panel, the violet contours delineate
the bubble interface, while the streamlines and arrows depict the flow
direction. The colormap indicates the velocity magnitude in units of
m/s.

case of y=1.0 and S=90° (a flatrigid wall) is also examined. The wall
shear stress is approximated as
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where u; is the radial velocity component along the wall, y is the distance
to the boundary, and ¢ is the thickness of the region with approximately
constant shear rate located within the boundary layer. For the conical
boundary, the definition of 7 is illustrated in Fig.1. The radial direction
is defined as outward along the cone surface, represented by the unit
vector (sin(f/2), -cos($/2)). Accordingly, u- is obtained by projecting the
local velocity vector onto this direction. For the flat rigid wall
corresponding to B = 180°, the radial direction reduces to the unit vector
(1, 0). A positive wall shear stress corresponds to flow near the wall
aligned with the boundary unit vector, whereas a negative value indicates
flow oriented opposite to this direction.

In general, the maximum wall shear stress occurs when a bubble jet
impacts the boundary. For the case with y=1.0 and a cone angle of § =
90°, the jet was identified in our previous study as a boundary-divergent
regular jet. At the moment of jet ejection, a clear separation exists
between the lower portion of the bubble and the boundary. During the
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subsequent evolution from ejection to wall impact, the jet velocity
gradually decreases. To examine this process in detail, we focus on the
flow near the bubble in the vicinity of the boundary. Fig.1

presents the velocity field throughout the bubble collapse. Panels (a)—(d)
illustrate the sequence from bubble collapse to jet formation. The jet
velocity obtained from our simulations is Ujer= 260 m/s, following Wu
(Wu, 2025) and Supponen et al. (Supponen, 2016), the jet velocity Ujetis
defined as the speed at which the liquid microjet penetrates the opposite
side of the bubble wall (see Fig.~4(d)). Panels (e)—(h) show the
subsequent stage after the jet has pierced the lower bubble wall. During
the secondary expansion of the bubble, the jet eventually impacts the
boundary, at which point its velocity decreases to approximately 160 m/s.

Our previous study showed that, under a conical boundary, the bubble
reaches a smaller volume at the moment of jet formation. This enhances
flow convergence, generating a stronger driving pressure and thus
promoting the development of a faster jet. The difference in the collapse
dynamics can be clearly seen by comparing Fig.4(c) with Fig.5(b). This
mechanism accounts for the higher jet velocities observed under less
constrained conical geometries. By contrast, in the flat-wall
configuration f = 180°, the jet velocity is only Uje= 80 m/s. The
corresponding jet formation and collapse process is illustrated in Fig.5.
Such a pronounced difference in jet speed is expected to be directly
manifested in the resulting wall shear stress.

For the six time steps shown in Fig.4, Fig.6 presents the corresponding
spatial distributions of wall shear stress, analyzed in conjunction with the
evolution of bubble collapse and jet formation. In panels (a)—(b), the
surrounding local flow primarily drives bubble shrink, resulting in
predominantly negative wall shear stresses of relatively small magnitude,
indicating that the flow beneath the bubble is directed toward the
boundary and exerts only moderate shear. In panel (c), although the
surrounding flow still mainly drives bubble shrink (with velocities
oriented negatively along the wall), the flow near the boundary is
directed outward, giving rise to localized positive wall shear stress. By
panel (d), the bubble jet has pierced the opposite wall, and the bubble
undergoes secondary expansion, forming two anticlockwise-rotating
toroidal structures, with a smaller ring enclosed by a larger one. At this
stage, the flow is primarily driven by bubble expansion, directed radially
outward, producing positive wall shear stress with a marked increase in
magnitude. The combined action of the jet and expanding flow leads to
a high-speed impact on the boundary, causing a pronounced rise in wall
shear stress. As shown in Fig.6 (d), the wall shear stress near the tip of
the conical boundary reaches approximately 300 kPa at the instant of jet
impact. In panels (e)—(f), the two toroidal bubbles further merge, and the
jet fully develops along the boundary, maintaining outward radial flow.
The wall shear stress increases further, reaching values on the order of
500 kPa. During this stage, the near-wall flow is characterized by the
superposition of the high-speed radial jet and the expanding bubble flow,
forming complex toroidal and radial structures.

Similarly, Fig.7 shows the wall-shear-stress distributions for the
reference case with #= 180°and y=1.0 at the time steps given in Fig.5.
Because the liquid film between the bubble and the wall is extremely
thin, the jet impacts the boundary almost immediately after emission and
then propagates radially outward (see Fig.7). Owing to the relatively low
jet velocity in this configuration, the peak shear stress reaches only about
100 kPa and decays rapidly with radial distance. At later stages, the
bubble undergoes a secondary expansion, forming a toroidal structure
adjacent to the wall and generating a counterclockwise vortex ring. This
flow pattern results in predominantly positive wall shear stress, as
illustrated in Fig.7(e),(f).
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Fig.6 Distributions of wall shear stress computed from Eq.7. Each
panel (a)—(f) corresponds to the time steps shown in Fig.4. The
horizontal axis represents the dimensionless radial distance, 7/Rmax,

while the vertical axis denotes the wall shear stress in units of kPa.

The wall shear stress analysis presented in Fig.6 can be extended to cover
the entire bubble oscillation cycle. At each time step, the wall shear stress
is computed and visualized as a spatiotemporal distribution,

with nondimensional time #/7. along the horizontal axis, nondimensional
radial position 7/Rmax along the vertical axis, and color indicating the
magnitude of the shear stress. Due to the large range of shear stress

values, a logarithmic scale is adopted for visualization, as shown in Fig.8.

Panel (a) corresponds to the previously analyzed case with y=1.0 and a
cone angle of #=90° , whereas panel (b) presents a comparison case with
y=1.0 and f = 180 (flat rigid wall). The detailed bubble dynamics for the
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comlzagison case are not presented here but can be found in Zeng (2018).
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Fig.7 Distributions of the wall shear stress, panels (a)—(f) correspond
to the time instants shown in Fig.5. The horizontal axis indicates the
dimensionless radial distancer/Rmar, and the vertical axis shows the
wall shear stress, expressed in kPa.

For the case shown in Fig.8(a), during the early stage of bubble re-
expansion (#7. = 0 to /T = 0.3), the wall shear stress across the entire
observation region remains positive, indicating that the rapidly
expanding bubble drives the nearby fluid radially outward along the wall,
thereby imposing a positive shear on the boundary. At a later

stage (#/Tc = 0.3), negative shear stress emerges in regions farther from
the symmetry axis as the expansion slows and the fluid at larger distances
begins to flow inward under the influence of the far-field pressure Pw. In
contrast, the shear stress near the axis remains positive, demonstrating
that the local flow is still dominated by the expanding bubble. As the
collapse progresses, the region of positive shear stress gradually



contracts until jet formation. Additionally, we present the wall shear
stress during the very early expansion stage, where pronounced stress
peaks arise from shock waves emitted during the initial bubble growth.
For the case with g = 90°, these shock-induced shear stresses are
particularly strong. This shock-driven wall shear effect is consistent with
experimental observations (Tomita, 1986).
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Fig.8 Time—space map of the wall shear stress for a stand-off distance
$\gamma = 1.0$ and a cone angle of # = 90°. The right colour bar
indicates positive wall shear stress (directed away from the axis of
symmetry), while the left colour bar corresponds to negative shear
stress. The unit of 7 is Pa. The black solid curve denotes the RT curve
of the bubble dynamics. The horizontal axis is nondimensionalised by
the collapse time #7., while the left vertical axis is
nondimensionalised radial position #/Rmax and the right vertical axis
shows the equivalent bubble radius Reg/Rimax.

The openness of the conical boundary exerts a pronounced influence on
both the shrink-driven flow and the evolution of wall shear stress. Under
less constrained, more open boundary conditions, the boundary-induced
flow promotes faster bubble shrinkage, thereby accelerating the spatial
development of wall shear stress. This is evidenced by the RT curves in
Fig.2, where the bubble collapse time for 8 = 90° is significantly shorter
than that for the flat wall case (8= 180"). Comparing the wall shear stress
distributions in Fig.8(a) and (b), the = 90° case exhibits slightly higher
shear stress and more rapid spatial propagation than the § = 180° case.
These observations indicate that a more open conical boundary facilitates
the rapid formation and outward propagation of shrink-driven flow,
thereby expediting the evolution of wall shear stress. Overall, these
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results underscore the critical role of boundary geometry in modulating
bubble dynamics and the associated wall mechanical response.
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Fig.9 Zoom-in views of Fig.8 showing the spatiotemporal distribution
of wall shear stress during the early expansion stage. The observed
stress peaks arise from shock waves emitted during the initial bubble
growth. Panel (a) corresponds to # = 90°, y=1.0, and panel (b) tof =
190° ,y=1.0.

During the subsequent jet formation, as shown in Fig.8(a), the emergence
of the jet causes a pronounced change in the direction of the wall shear
stress, accompanied by a rapid increase in its magnitude. Once the jet
reaches the rigid boundary and spreads radially outward along the wall,
its initial velocity of Ujer 260 m/s gradually decays to about 160 m/s
upon impact with the boundary, inducing extremely large wall shear
stress with peak values around 1034 kPa. In contrast, for the # = 180°
case shown in Fig.8(b), the maximum wall shear stress is only about 140
kPa, in good agreement with the results reported by Zeng (2018).
Consequently, the peak wall shear stress for the = 90° case is more
than seven times higher than that for the = 180° case, highlighting the
significant influence of boundary geometry. Therefore, a more open
conical boundary facilitates higher jet velocities, which in turn lead to
larger wall shear stress. Additionally, regarding the fluctuations
observed in the wall shear stress after the peak induced by the jet (Fig.

8(a) at /T =1.3), similar behaviors have also been reported in previous
numerical studies (Zeng, 2018; Huang, 2024). These fluctuations arise
from a series of complex near-wall phenomena, including the breakup of
small satellite bubbles and the backflow induced by the oscillation of the
toroidal bubble.



CONCLUSIONS

This study reports numerical results on the wall shear stress generated by
a cavitation bubble near a conical boundary for the reference case with
y=1.0 and B = 90°. The computational setup was refined by improving
the geometry near the cone apex and applying an appropriate boundary
treatment to the conical surface, together with supplementary validation
to ensure the reliability of the simulations. Based on this improved
configuration, the influence of boundary geometry on bubble dynamics
and jet formation was examined. Representative snapshots of the wall
shear stress distribution, along with its full spatio-temporal evolution,
were presented.

The results show that the cone angle f has a decisive impact on both the
jet velocity and the timing of jet formation. For the more open conical
boundary (8 = 90°), the jet reaches an initial velocity of approximately
260 m/s and decreases to about 160 m/s upon impact, producing a peak
wall shear stress up to 1034kPa. In contrast, the corresponding peak
value for the flat-wall case (8 = 180°) is only about 140 kPa, consistent
with previous findings and more than seven times smaller. These results
demonstrate the high sensitivity of wall shear stress to boundary
geometry and indicate that a more open conical boundary promotes
stronger flow convergence and thus a more intense jet.

The present study provides only a limited exploration of the parameter
space. Future work will extend this investigation to systematically
examine the phenomenon. In particular, the combined effects of the cone
angle f, stand-off distance y, and fluid properties such as dynamic
viscosity p will be explored to clarify their coupled influence on jet
dynamics and the evolution of wall shear stress.
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