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Introduction

Acoustical and hydrodynamical generated cavitation
bubbles play an important role in different engineering
disciplines. During its lifetime, a single cavitation bubble
undergoes several shape transformations when expand-
ing and collapsing in the vicinity of a wall. A key factor
that influences the bubble evolution is the distance from
the wall at which the bubble is generated. For bubbles
very close to the surface, ultra-fast needle jets form en-
hancing the erosion potential at the wall [1, 2, 3], but
at the same time can improve fluid transfer through a
gap of micro meter size [4]. Further away from the wall,
slower regular jets may enhance surface cleaning by the
formation of near-wall vortices [5]. Cavitation bubble dy-
namics also play a crucial role in the context of nanopar-
ticle production where they serve as a particle reactor [6].
We investigate the evolution of a single cavitation bubble
by high-resolution numerical simulation to better under-
stand the fundamental phenomena that occur during the
bubble lifetime.

Numerical Implementation

We solve the compressible Navier-Stokes equations
including viscous and capillary effects. Additional
other physical effects, such as mass diffusion, evapora-
tion/condensation, or gravitation are neglected. Fur-
thermore, the bubble is modelled with a single non-
condensable gas without vapor content and buoyancy ef-
fects. In the three-dimensional form, the governing equa-
tions read

∂U

∂t
+∇ · F (U)c +∇ · F (U)µ = 0, (1)

where U = [ρ, ρu, E]
T

is the vector of conserved quanti-
ties, F (U)c the convective fluxes, and F (U)µ the viscous
fluxes

F (U)c =

 ρu
ρu⊗ u + pI
u(E + p)

 , F (U)µ =

 0
T

T · u

 .
Here, ρ, u = (u, v, w), p, and E are the density, the
Cartesian velocity vector, the thermodynamic pressure,

and the total energy of the fluid, respectively. I is the
identity matrix and T the viscous stress tensor of a New-
tonian fluid

T = µ
(
∇⊗ u + (∇⊗ u)T

)
− 2

3
µ∇ · uI. (2)

We employ a constant shear viscosity, µ, and neglect a
volume viscosity. The system of equations is closed by
the stiffened gas equation of state (EoS)

p(ρ, e) = (γ − 1)ρe− γΠ, (3)

which relates the thermodynamic pressure of the fluid
to the density, ρ, and internal energy, e. We model the
liquid with parameters of the Tait EoS (γl = 7.15, Πl =
3046 bar) [7] and the gas inside the bubble is treated as
ideal gas (γg = 1.4, Πg = 0 bar).

We employ the open-source code framework ALPACA
[8] that uses a Godunov-type flux-based high-resolution
finite-volume formulation. Equation (1) is integrated
in time with an explicit third-order Runge-Kutta TVD
scheme and fluxes at the cell face are evaluated by a
positivity-preserving HLLC Riemann solver with a fifth-
order WENO reconstruction. Viscous fluxes are solved at
the cell face employing a fourth-order central differencing
scheme. Computational efficiency is improved by using
a block-based multiresolution scheme based on a wavelet
analysis and an adaptive local time-stepping approach.
The interface between the bubble and the surrounding
liquid is captured with a sharp-interface level-set method,
where the zeroth isoline of the level-set function marks
the interface position. The presence of the interface intro-
duces an additional source term on the right-hand side
of Equation (1) modelling the interaction of the multi-
materials at the contact discontinuity including capillary
effects. Details on the implementation and numerical
model can be found in [9, 10, 11].

Initial conditions

In Figure 1, a schematic representation of three-
dimensional axi-symmetric space is shown together with
the bubble geometry and employed boundary conditions.
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Figure 1: Representation of the three-dimensional axi-
symmetric setup (r, z) for a spherical bubble with radius R0

and an initial standoff distance D0 from the wall. Boundary
conditions are highlighted with italic letters. The bubble is
not drawn to scale.

Initially, a spherical bubble with radius, R0 = 20 µm, is
placed in a cubic domain with edge length, L = 80Rmax,
at a distance, D0, normal to the wall. In the far field
we use zero-gradient boundary conditions and at z = 0
a wall-boundary is placed. The z-axis is the rotation
axis. The initial bubble contains a high internal pressure,
p0 � p∞, exceeding the ambient pressure, p∞ = 1 atm,
to initiate the expansion process. Here, we use p0 =
11 000 bar which gives a maximum unbounded expansion
radius of Rmax,ub ≈ 500 µm [1]. The cell size is chosen to
ensure a minimum number of cells of Nmin ≈ 30 per ini-
tial radius. We employ dynamic viscosities in the liquid,
µl = 1 mPa · s, and in the gas phase, µl = 0.017 mPa · s,
to properly resolve viscous effects. The surface tension
coefficient is chosen to be σ = 0.072 N/m.

Results

In Figure 2, the contour evolution in the collapse phase
is shown for three standoff distances, γ = D0/Rmax,ub =
{0.1, 0.76, 1.0}, at five different time instances. We ob-
serve an approximately hemispherical expansion for bub-
bles very close to the wall, γ < 0.2. During the collapse
phase of such proximate bubbles, a cusp is formed at the
bubble head leading to the formation of ultra-fast nee-
dle jets [1, 2]. For larger standoff distances, γ > 0.25, a
broader continuous jet forms due to the pressure differ-
ence across the bubble surface at maximum expansion.
For sufficiently distant bubbles from the wall, γ > 1, the
bubble expands spherically. We observe a stable position
of the bubble center for very large standoff distances,
γ � 1, and a migration towards the wall in the collapse
phase for bubbles closer to the wall.

The time scales of the bubble evolution are affected by
the presence of the wall. In Figure 3, the prolongation
factor of the wall-bounded evolution, k, is plotted as func-
tion of the standoff distance. For all standoff distances,
we find a retarding effect of the wall on the bubble evo-

(a)

(b)

(c)

Figure 2: Evolution of the bubble contours at five different
time instances in the collapse phase for three different standoff
distances (outer to inner contours for increasing times): (a)
γ = 0.1, (b) γ = 0.76, and (c) γ = 1.0. The position of the
wall is indicated by a thick solid line at the bottom of each
frame.

lution. The time scales for the expansion and collapse
phase only agree for very small, γ → 0, and large stand-
off distances, γ � 1. In between, a significant asymmetry
is found. The retarding effect on the expansion phase in-
creases monotonically for decreasing standoff distances.
The prolongation of the collapse phase shows an oscil-
lating behavior due to the interplay of bubble volume
compression and migration of the bubble center. As a
combination of the expansion and collapse phase, the cy-
cle prolongation has a plateau for intermediate standoff
distances. When the initial bubble is attached to the
wall, γ < γ0 = D0/R0, we find a decrease of the prolon-
gation towards the unbounded case following

k =

(
2− 1

2

(
1− γ

γ0

)2(
2 +

γ

γ0

))1/3

. (4)

The correlation accounts for the energy loss of the initial
bubble due to its reduced volume.

A finite liquid film forms between bubble and wall for
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Figure 3: Prolongation factors of the simulations as function
of the standoff distance. Shown are the prolongation of the
full cycle, the collapse, and the expansion phase. Initially
attached bubbles, γ < γ0, are marked by the vertical dashed
line.

all investigated standoff distances. In Figure 4, the film
thickness at jet impact is plotted as function of the stand-
off distance. Excellent agreement is found between our
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Figure 4: Non-dimensional film thickness at jet impact as
function of the standoff distance. The simulation is compared
with numerical data of Lechner et al. [1] and experimental
data of Retuer & Kaiser [12].

results and data of Lechner et al. [1] and Reuter & Kaiser
[12]. The film thickness can be grouped into three main
regions. In the inner region, γ ≤ 0.6, the thickness of the
film increases linearly with increasing standoff distances
due to the larger initial distance of the bubble from the
wall. In the transition zone, 0.6 < γ ≤ 1.1, an exponen-
tial increase is found which correlates well with the de-
crease of the bubble asymmetry in this regime. For even
larger standoff distances in the outer region, γ > 1.1, the

expansion phase is spherical resulting again in a linear
increase of the film thickness.

Due to the asymmetry of the bubble, two different jetting
regimes can be distinguished. In the regular jet regime,
γ > 0.25, a broad regular jet forms due to the pres-
sure difference across the bubble surface. The needle-jet
regime, γ < 0.2, is characterized by the occurrence of ra-
dial inflow at the bubble head forming a cusp that results
in a shock-accelerated ultra-fast needle jet with peak ve-
locities up to 1500 m s−1(Figure 5a). In the transition

(a)

(b)

(c)
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Figure 5: Jet formation process for three standoff distances
γ = 0.1 (a), γ = 0.2 (b), and γ = 0.225 (c). Each standoff
distance shows two time instances, before and after jet for-
mation. The contour represents the non-dimensional velocity.
The colorbar for all images is given at the bottom.

zone, 0.2 < γ < 0.25, both jet phenomena occur simulta-
neously leading to scrumbled bubble shapes. The radial
inflow is still present, but first impacts on the wall and
is deflected upwards preventing the formation of the nee-
dle jet (Figure 5b). With increasing standoff distance,
the point of impact on the wall moves radially outwards
possibly generating secondary needle jets on a remaining
center bubble (Figure 5c). Once the continuous acceler-
ated jet on the symmetry axis dominates, the transition
towards the regular jet regime occurs.

After the jet pierces the bubble, a toroidal bubble re-
mains. In Figure 6, the outer radius of the torus bubble
is given as function of the standoff distance. We observe
excellent agreement to experimental data of Reuter et
al. [3] and Tomita & Shima [13]. A maximum torus
radius is found at γ ≈ 0.6 which agrees well with the
maximum of the delay time between jet penetration and
final bubble collapse. This increases the outward motion
of the liquid and corresponding vortex formation around
the torus bubble enhancing surface cleaning at the wall.
For smaller and larger standoff distances we find smaller
torus radii because the jet penetration and bubble col-
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Figure 6: Normalized outer torus radius at minimum bubble
volume as function of the standoff distance. Additionally,
experimental data of Tomita & Shima [13] and Reuter et al.
[3].

lapse occur at similar times. A minimal torus radius is
found for γ ≈ 0.15, where the needle jet forms close to
the wall. Here, the jet has less time to evolve and surface
erosion might be enhanced due to impact of the high-
velocity jet on a small area. Thus, the load on the wall
induced by the jet might overcome the load initiated by
the collapse. For even smaller standoff distances γ → 0,
the needle jet forms further above the wall leading to
larger jet volumes with a reduced velocity.

Conclusion

We have studied the expansion and collapse dynamics
of a single cavitation bubble near a solid wall by high-
resolution numerical simulations. We investigated the
characteristic time and length scales of the evolutions
with focus on the formation of a liquid film between bub-
ble and wall, the jet formation process, and the size of
the remaining torus bubble. The film thickness can be
grouped in three different regions: inner, outer, and tran-
sition region. In all cases, the bubble remains detached
from the wall until jet impact. Furthermore, we find that
in the transition zone between needle and regular jets, the
formation of a wall-directed jet is completely prevented
by the deflection of the radial inflow on the wall. After jet
penetration, a torus bubble forms. The position of the
maximal and minimal torus radii agree well to experi-
mental data and the points of maximum surface clean-
ing/erosion. Due to the presence of the wall, the bubble
evolution gets retarded compared to the unbounded sce-
nario. We observe, an asymmetry between expansion and
collapse phase, where the expansion shows a monotonic
trend and the collapse prolongation oscillates. For ini-
tially attached bubbles the prolongation drops towards
the unbounded case which can be described with an ana-
lytical energy correlation solely depending on the stand-
off distance.
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[4] Reese, H., Schädel, R., Reuter, F., & Ohl, C.-D.: Mi-
croscopic pumping of viscous liquids with single cav-
itation bubbles, J. Fluid. Mech., 944, A17 (2022).

[5] Reuter, F., Gonzalez-Avila, S. R. , Mettin, R., & Ohl,
C.-D.: Flow fields and vortex dynamics of bubbles
collapsing near a solid boundary, Phys. Rev. Fluids
2, 064202 (2017).

[6] Zhang, D., Gökce, B., & Barcikowski, S.: Laser syn-
thesis and processing of colloids: Fundamentals and
applications, Chem. Rev. 117, 3990â€“4103 (2017).
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