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Introduction

Acoustically driven and oscillating bubbles are used in a
wide range of applications, ranging from cleaning surfaces
and mixing reagents to drug delivery. In many of these
processes shear flows play an important role. Here, we
present a numerical study of the flow that is induced by
a weakly acoustically excited bubble in the neighborhood
of a solid wall of finite extension. Figure 1 shows a sketch
of the set-up.
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Figure 1: The numerical case - a bubble atop a solid disk.
The bubble radius is roughly half the radius of the disk.
The initial distance of the bubble from the disk is small
enough to have a noticeable effect on the boundary layer,
but large enough, such that the bubble does not immediately
gets pulled towards the disk.

We are particularly interested in the influence of non-
spherical bubble shapes on the shear flows. Such shapes
can arise due to the broken spherical symmetry and in-
trinsic instabilities. It is well-known that free bubbles
undergoing sufficiently strong volume oscillations develop
surface mode oscillations via parametric instabilities, and
that the modal response is guided by resonances of the
corresponding eigenfrequencies in relation to the main
volume pulsation frequency, see [10, 14, 12]. Further-
more, excited surface modes can couple to other modes
and thus distribute their energy, which can limit their
amplitude. The exact dynamics of coupled modes can be
complicated since it represents a driven nonlinear system
with many degrees of freedom [7, 1, 9]. If the response
strength of one or several modes is not sufficiently limited
by dissipation or mode coupling, the bubble will split and
change the topology of the gas phase into more than one
connected domain. If the spherical symmetry of strongly
oscillating bubbles is significantly perturbed, also jetting
can occur: a rapid bubble surface involution develops
into a liquid jet flow through the bubble interior (see for

instance the paper by [3] in this DAGA volume). Jet-
ting is not well captured by the concept of shape modes
since the flow is dominated by large pressure and ve-
locity gradients near the bubble, not by surface tension.
However, in cases of weakly driven, non-jetting bubbles
close to objects, a modal analysis is useful. In the low
acoustic amplitude regime considered here, we therefore
simulate the generated streaming and shear around the
bubble and at the solid, and in parallel we monitor the
surface modal development of the bubble. Surface mode
oscillations and microstreaming in a free liquid have been
studied experimentally by, e.g., [6], experimentally and
theoretically by [13] and [1]. The influence of the wall has
been studied experimentally by [5]. As stated above, the
goal here is to investigate this flow numerically. We em-
ploy a Navier-Stokes solver in axisymmetry, as described
in the following.

Bubble model and implementation

The gas inside the bubble and the surrounding liquid
are both viscous and compressible. This allows for the
modelling of boundary layer effects and shear stresses.
The equation of state for the gas inside the bubble is the
adiabatic equation of state for an ideal gas. The Tait
equation of state is chosen for the liquid (water). The
Navier-Stokes equation is solved with a Finite Volume
Method and a Volume of Fluid Method is implemented to
account for both phases and the surface tension between
them. A mass conservation correction algorithm corrects
numerical losses of the bubble mass.

The model is implemented in OpenFOAM extend 4.1 and
uses the compressibleInterFoam solver as a base, see [4]
and [2] for more information. The numerical case con-
sists of a bubble that sits above a solid disk with a 200µm
radius and a height of 100µm. The bubble starts in equi-
librium conditions with a starting radius and equilibrium
radius of 55 µm. The calculation is done in axial symme-
try. The acoustic field of frequency 100 kHz has been
implemented as an initially standing wave pattern by os-
cillatory boundary conditions at the top and the bot-
tom of the cylindrical domain of calculation. A sound
pressure amplitude of 30 kPa has been adjusted at the
bubble position, which is located close to a central pres-
sure antinode within the domain. Gravity is neglected.
The average strain-rate at the wall is calculated as the
time-averaged norm of the velocity gradient ⟨|∇U |⟩ and
is proportional to the average magnitude of the wall shear
stress exerted at the solid boundary

⟨|τw|⟩ = ⟨µ |∂yUx|y=0⟩ ∼ ⟨|∇U |y=0⟩. (1)

Modes are calculated from the contour of the bubble,
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with the bubble surface rS(θ, t) being decomposed into
Legendre polynomials Pn

rS(θ, t) =

∞∑
n=0

an(t)Pn(cos(θ)), (2)

where the coefficients are calculated as

an(t) =
2n+ 1

2

∫ π

0

rS(θ, t)Pn(cos(θ)) sin(θ)dθ. (3)

Oscillating stagnation point flow

Stagnation point flow is a well-known potential flow ap-
proximation that occurs when a liquid hits a solid object
where the velocity vanishes at a point or a line. If one
includes an oscillating far field, the result is an oscillating
stagnation point flow as derived by [8].

Figure 2: The streaming patterns after 15 driving periods.
The bubble near the solid surface (right) creates a net flow
towards the wall where a stagnation point flow develops. The
lobes are clearly visible around the bubble. Without a nearby
wall (left), the bubble oscillates radially in the far-field and
creates small lobes in the near-field, since an unstable mode
4 emerges; compare Fig. 7.

Averaging the velocity over all time steps shows the
mean streaming pattern. It is qualitatively different from
that of a bubble without a nearby wall, as illustrated in
Figure 2. Instead of small lobes in the near-field and ra-
dial movement in the far-field, one large lobe develops
with a net flow towards the wall. When this dipole-like
flow hits the wall, it is deflected radially. It turns out that
different surface modes are excited for the two cases, as
shown below.

The velocity along the wall is shown in Figure 3. Near
the wall directly below the bubble, the velocity is zero.
Further from the center, the velocity increases linearly
before plateauing. It then rises quickly at the edge of
the disk. For larger disks, the velocity and strain-rate
decrease after reaching a maximum, as shown in Figure 4.
Depending on the bubble motion, the liquid can either

flow inwards, directed towards the bubble, or outwards.
A different effect of the inward and outward flow on the
strain-rate near the wall is not immediately obvious and
requires further investigation. At the edge of the disk, the
velocity spikes. The influence of the mesh on this peak

Figure 3: The average absolute value of the strain-rate
(black) and velocity (red) along the wall measured from the
center to the edge. Both vanish at the center and then grow
linearly before reaching an inflection point. At the edge they
peak rapidly.

Figure 4: Doubling the disk radius to 400 µm shows that the
velocity and strain-rate decrease after reaching a maximum.

needs to be analyzed in more detail as well, but might
be connected with an edge vortex for the smaller plate.
Figure 5 shows the velocity profile in normal direction
at four different locations. Apart from the location on
the symmetry axis, a boundary layer is visible, and the
velocity gradient increases with the distance from the
axis.

The wall has a noticeable effect on the surface oscilla-
tions of the bubble. The modes are presented in Figures
6 and 7 for a bubble near a wall and a free bubble respec-
tively. It can be seen that the zero mode a0 (volume oscil-
lation) is not much affected by the solid boundary in the
beginning: both transients (pink curves in the figures)
appear quite similar. Only at later times, a0 it is slightly
suppressed for the bubble adjacent to the wall. With
respect to the higher modes, the free bubble develops a
dominant mode 4 (red curve). This mode with nominal
eigenfrequency of about 31 kHz [11] is very roughly in
1/2 resonance to the driving and apparently unstable at
the imposed driving amplitude. For the bubble at the
plate, the mode a1 that reflects a shift in bubble position
is dominant, also shown by the centroid coordinate (blue
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Figure 5: Bubble induced streaming with presence of the wall. Left: Averaged velocities depicted with color scales (magnitude)
and direction (arrows, as in Fig. 7). Right: Absolute averaged velocities measured along the four colored lines normal to the
wall. The farther from the center, the stronger the boundary layer shear (slope near distance zero); compare Fig. 3.

curve). The other modes remain small. Finally the bub-
ble breaks up by getting too close to the wall. The free
bubble later disintegrates as well, but rather due to the
large amplitude in higher modes.
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Figure 6: The first four modes. When a wall is present,
the bubble oscillates along the symmetry axis and a1 (black)
increases. The position of centroid relative to the origin (blue)
shows that the bubble moves towards the wall.

Convergence tests
To test the convergence behaviour, the same calculation
was repeated on four different meshes. The four meshes
have 16k, 60k, 180k and 220k cells respectively. They get
progressively finer both at the bubble surface and at the
wall boundary. These are the most important regions,
as the oscillation modes and the boundary layer need
to be resolved adequately. The development of the 0th
mode and the average of the shear rate along the wall are
compared for all meshes to determine convergence. The
results can be seen in Figures 8 and 9. In both cases,
the simulations converge quickly. As long as the resolu-
tion is sufficient at the bubble surface and the boundary
layer, the modes and the strain-rate are almost identical.
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Figure 7: The first four modes. Without a nearby solid
surface, the free bubble oscillates with a dominant mode 4
(red).

This confirms that the numerical implementation should
be able to simulate the dynamics of moderately driven
bubbles near objects and to resolve the shear induced on
the surface.

Conclusion
The numerical study shows that an oscillating bubble
near a solid surface causes a flow that is similar to an
oscillating stagnation point flow. As long as the wall ex-
tends sufficiently, the strain-rate has a maximum along
the wall and a minimum below the bubble. The wall in-
fluences the excited higher modes and induces bubble
migration towards the wall (dominant mode 1 excita-
tion). The streaming pattern develops a lobe in terms
of a dipole flow towards the wall. Further studies with
different bubble sizes and geometric parameters are ongo-
ing to further explore the potential of shear forces created
by surface oscillating bubbles.

DAGA 2024 Hannover

676



Figure 8: Evolution of a0 for different mesh resolutions. For
reasonable cell sizes that resolve the bubble surface, all simu-
lations coincide.
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Figure 9: Strain-rate along the wall for different mesh res-
olutions. Resolutions that resolve the boundary layer have
similar solutions.
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