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Introduction

In a numerical 3D study we simulate ultrasonic cavita-
tion at an ultrasonic horn in order to investigate the cav-
itation erosion at the material surface. In contrast to
other authors, e.g. Dular et al. [1] we apply a com-
pressible CFD flow algorithm [2]. The main advantage
of this method is the possibility to capture compressible
wave dynamics, which are directly associated with the
assessment of cavitation erosion [3]. The ultrasonic horn
setup investigated consists of an oscillating horn tip (fre-
quency f = 20 kHz; amplitude Âpp = 40µm), which is
located 0.5mm above a counter sample. Both samples
are circular with a diameter of 16mm. To estimate the
numerical error of our model for the temporal and spa-
tial discretisation, we investigate the following numeri-
cal error sources: (1) spatial discretisation; (2) temporal
convergence behaviour; (3) geometry simplifications.

Underlying numerical method

We use a compressible density-based flow algorithm
with explicit time integration scheme (4th Order Runge-
Kutta) and a fixed CFL-number (based on the speed
of sound, CFL< 1). The convective fluxes are mod-
elled with a Low-Mach-number consistent Gudonov-type
flux formulation [2] which accounts for the pressure wave
propagation in low-compressible liquids. We assume a
homogeneous mixture of liquid and vapour, assuming
both phases to be in thermodynamic equilibrium and
phase change following an isentropic path [4]. Hence, the
density is only dependent on pressure, which has been
realised by a barotropic equation of state. To evaluate
the erosion-sensitive areas we use a statistical analysis
of transient wall loads in combination with predefined
threshold values referred to as erosion probability Pcomb

for two combined erosion indicators: wall pressure and
condensation rate. For a detailed description of the ero-
sion analysis procedure refer to the previous publication
[5].

Numerical error analysis

(1) Spatial discretisation: We perform a grid sensi-
tivity study for a 90° segment geometry on three grids

Figure 1: Integral vapour volume fraction α over time for
different time intervalls from “start” point of erosion analy-
sis till a fixed number of considered subharmonic oscillation
cycles (360 driving cycles of the ultrasonic horn).

gradually refined by a factor of 1.2. For these grids we
compare the erosion-sensitive areas for an analysis time
interval from 2.8 to 10 ms.

(2) Temporal convergence behaviour: We compare
the predicted erosion-sensitive areas for different time in-
tervals on a 90° segment geometry with coarsest grid res-
olution (horn tip sample). The expansion and collapse
of vapour clouds occur on subharmonic time scales (re-
lated to the driving frequency of 20kHz, cf. Figure 1).
Starting the erosion analysis at tstart = 2.8ms we vary
the number of these subharmonic oscillation cycles taken
into account, in order to investigate the temporal con-
vergence behaviour. As the convergence criterion we ap-
ply the average deviation of the ambit averaged erosion
probability (fav, cf. Figure 3) between a subsequently
elongated time interval considerung n subharmonic os-
cillation cycles compared to a time interval considering
one more subharmonic oscillation cycle (n+1, cf. Figure
1).

(3) Geometry simplification: We simulate the ultra-
sonic horn on a 360° geometry as well as on a 90° ro-
tationally symmetric segment geometry on the coarsest
grid for an analysis time interval from 2.8 to 10 ms and
compare the predicted erosion-sensitive areas.

Results

The outcome of the three numerical error analyses can
be concluded in the following results:

• After n = 10 subharmonic oscillation cycles an av-
erage error fav<4% (quality criterion) is reached.
This criterion can be reached independently of the
grid resolution and the predefined erosion probabil-
ity threshold.

• The distribution of erosion-sensitive areas (region
with maximal erosion probability) can already be
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Figure 2: Erosion probability Pcomp at A] the horn tip and
B] the counter sample surface for a 90° segment geometry (a)
as well as for a 360° complete geometry (b) compared with an
image of erosion damage at the horn tip surface (c).

qualitatively captured after 2 oscillation cycles (cf.
Figure 3).

• The main characteristics of the erosive damage at
the horn tip sample (cf. Figure 2 A-c) can be qual-
itatively assessed on all grid resolutions: no erosive
damage directly at the edge of the sample, highest
erosive damage at a ring near the edge of the sam-
ple and a continuous erosive damage (smaller than
at the ring) at the circular surface inside this ring.

• The erosion-sensitive areas at the horn tip sample
can be predicted on 90° segment geometry as well as
on 360° complete geometry (cf. Figure 2 A), whereas
at the counter sample the erosion probability is over-
estimated near the rotational axis on a 90° segment
geometry (cf. Figure 2 B).

Conclusion

We compare the numerically observed erosion-sensitive
area to images of the surface contour for both samples un-
der the same operation conditions (cf. Figure 2 A/B). We
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Figure 3: Ambit averaged erosion probability (combined
erosion indicator) at the horn tip (cf. Figure 2) for a dif-
ferent number of considered subharmonic oscillation cycles
(Pcomb,av). Error bars represent the standard deviation over
the ambit (Pcomb,std) as an indicator for the ,,smoothing“ of
the erosion probability profile.

anticipate that the overestimation of the erosion proba-
bility at the rotational axis (counter sample; 90° segment
geometry) is introduced by the fact, that collapse events
near the rotational axis are exponentiated due to pres-
sure wave reflection at the periodic boundaries. This er-
ror is - even if it is not quite as pronounced - also present
at the horn tip surface (cf. Figure 3). As a requisite
consequence, 90° segment geometry will no longer be in-
vestigated. In the future, we will repeat the temporal
convergence study as well as the grid independency study
on a 360° setup in order to ensure that the results pre-
sented in this paper are not influenced by the error of the
geometry simplification.
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