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ARTICLE INFO ABSTRACT

Keywords: Cavitation erosion is one of the most severe problems encountered in hydraulic turbomachinery. When testing

Cavitation the materials, the engineers usually rely on standardized procedures. The most common one being the vibratory

E“bt?le ASTM G-32 test, which offers two possibilities of performing the test — the direct, where the specimen is attached
rosion

to the ultrasonic device and the indirect, where the specimen is stationary and exposed to the ultrasonic horn,
positioned just 0.5 mm from it. The erosion rates from the two are significantly different and a question may be
asked if they are at all comparable and further on are they comparable to the “real-life” hydrodynamic cavitation

G32 standard

which occurs in turbomachinery.
In this study we performed erosion tests on a stationary specimen where the gap between the specimen and the
horn was varied from 0.3 to 4 mm. In addition, we used high speed visualization to observe the cavitation in the

&ap.

We observed that the cavitation erosion rate strongly depends on the gap. From visualization we see that the
cavitation dynamics significantly changes in a small gap, leading to a large, but 2-dimensional cavitation bubbles
which collapse very slowly, compared to the small spherical ones in a larger gap.

We investigated the probability of shock wave occurrence and derived a very simple model, which gives
accurate qualitative predictions of experimental data.

Finally, the study puts into question the validity of ASTM G32 test — the most common approach used in

engineering today.

1. Introduction

Cavitation occurs when the pressure of a liquid is locally reduced to
pressure below its vapour pressure, resulting in the formation, growth,
and collapse of vapor-filled cavities. When it comes to flowing liquid
applications, such as turbomachinery, where the working fluid is sub-
jected to abrupt pressure changes, the collapse of cavities leads to un-
desirable effects such as surface damage, mass loss, decreased
performance, and the attraction of vibration and noise [1]. Regarding
hydraulic machinery (pumps, turbines, propellers, etc.), cavitation also
leads to a periodical decrease in efficiency and its useful life. For de-
cades, cavitation has been a highly researched phenomenon. A lot of
effort has also been put into the characterization of cavitation and its
effects on exposed surfaces of different materials [2].

Collapse of the cavitation bubble is characterized by the compression
of the gasses within it and the subsequent emission of shock waves
[3,4,5,6,7]. Additionally, in cases where the collapse occurs near a rigid
wall, a micro jet can form from the outermost side of the bubble,
directed towards the wall, reaching hundreds [8] and even thousands
[9,10] meters per second. Both shock wave emission and jet impinge-
ment produced by bubble collapse generate impulsive stresses that exert
mechanical loads on solid surfaces, causing plastic deformation, mate-
rial failure, and progressive mass loss.

Regarding the erosive effects of cavitation, there are two different
standard test methods used to compare the cavitation erosion resistance
of solid materials: ASTM G32-16 [11] and ASTM G134-17 [12]. In the
G134-17 standard, a submerged cavitating jet originating from a nozzle
strikes the surface of a test specimen of a specific material [12] while in
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the test that follows the G32-16 standard, a magnetostrictive or piezo-
electric transducer generates longitudinal ultrasonic oscillations, which
are then amplified by a probe (horn) and transmitted to a liquid medium
in order to induce cavitation into a threaded button-shaped sample
affixed to the end of the horn [11]. A hemispherical cavitation cloud
forms and undergoes severe dynamics, resulting in bubble cloud growth
and collapse [13,14]. More specifically, in the ASTM G32-16 [11]
standard the horn tip — “button” serves as a mounting of a material
specimen (Fig. 1A). As it is exposed to cavitation it sustains severe
damage in a short period of time. Additionally, the standard offers a
different approach for cavitation erosion testing utilizing the same
apparatus, known as the “stationary”, “indirect” or “alternative” spec-
imen method (Fig. 1B). Regarding this configuration, the horn tip
equipped with a strongly cavitation erosion resistant tip (e.g., titanium)
is placed at a small distance (0.5 mm) from the stationary material
sample. This arrangement leads to the formation of cavitation clouds
between the specimen and the surface of the tip. The vibratory method
described in ASTM G32-16 [11] is most widely used in industrial testing
of the cavitation-erosion resistance of various materials.

Besides the two mentioned standard tests, cavitation tunnels and
rotating disk apparatus are widely used in cavitation erosion research.
Cavitation tunnels are variable-pressure water tunnels where cavitation
can be induced by different mechanisms (venturi constriction, various
geometry wedges, etc.) coupled with a large set of measurement tools
[15]. A rotating disk apparatus recreates the real flow conditions of
rotating hydraulic machines; in this device, the sample is located on a
disk, where cavitation is induced by the relative movement of holes or
bolts in the system [16]. Steller [17] implies that while cavitation tun-
nels and rotating disk tests would provide similar cavitation load con-
ditions to those encountered in hydraulic machinery and fluid flow
systems, the higher cost of use and complexity make their usage ineffi-
cient in industry.

The usual testing procedure according to the ASTM G32-16 standard
begins with an accurate measurement of the initial weight of the spec-
imen, then the sample is placed in the test rig and exposed to cavitation
for a selected period of time. This specimen has to be periodically
removed from the rig to record its weight and enable the calculation of
weight loss as a function of time. Significant parameter values such as
the fluid temperature, liquid beaker volume, horn tip submergence
beneath the free surface, frequency, and amplitude of the oscillations are
all prescribed by the ASTM G32-16 method [11].

According to the G32-16 standard, both stationary and attached
specimen methods can be used to test the cavitation-erosion resistance
of a specific material. The “stationary specimen method” is widely used
among researchers, since the samples are easier to manufacture and
handling is faster. However, it is known that the damage caused by the
indirect method is significantly smaller compared to the obtained with
the direct one — studies [18,19] showed that the ASTM G32-16 “sta-
tionary specimen method” erosion rates can be up to three times lower
than the ones obtained with the attached specimen method. Addition-
ally, the standard and specifically the stationary sample approach itself
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is being repeatably questioned as the conditions in the ultrasonic cavi-
tation do not match the ones in application — namely hydrodynamic
cavitation. Several authors [17,20,21,22] emphasize the significance of
the relationship between cavitation-erosion and flow velocity when it
comes to hydraulic machinery applications. Franc et al. [23] established
the influence of the flow velocity on the pitting wear mechanism on
material surfaces. Chahine et al. [20] discovered the strong relationship
between the increasing rate of supply of cavitation-nuclei (as a result of
increase of the flow velocity) and impulsive pressure pulses. Regarding
the material response to cavitation, they [20] also proposed that the
mismatch between the vibratory apparatus cavitation-erosion test re-
sults and the hydrodynamic ones could be related to the material plas-
ticity. While in ultrasonic cavitation the plasticity is predominantly
controlled by thermally activated dislocation dynamics, for hydrody-
namic cavitation plasticity can be described more by viscous drag
mechanisms [2].

Despite the above mentioned differences between the behavior of
ultrasonic induced cavitation and hydrodynamic cavitation, vibratory
apparatus are widely used in cavitation-erosion resistance tests for hy-
draulic machinery. Steller [17] used ultrasonic and hydrodynamic ap-
proaches to compare erosion rates on different materials, finding similar
erosion rates between ASTM-G32 standard test rigs and ASTM-G134 and
rotating disk ones. On the other hand, they also noted discrepancies
between these different test methods when quantitative analyses were
performed.

In order to determine if the erosion rates obtained with the appli-
cation of ASTM G32-16 methods are comparable to those on hydraulic
machinery and fluid flow systems, it’s necessary to have a proper un-
derstanding of the cavitation dynamics and its behavior due to the gap
distance changes between the cavitation source and the specimen. There
were several attemts to do this before. For example, Brunton et al. [24]
and Endo et al. [25], Kikuchi and Hammitt [26] searched for the opti-
mum gap distance, Dursun et al. [27] investigated the shape of the
cavitation cone and its erosiveness at various (larger) gaps. Hansson and
Morch approached the problem theoretically, comparing the hemi-
spherical and cylindrical collapses [28]. One of the recent studies by
Schreiner et al. [29] approach the explanation of the erosion vs. gap
trend from a numerical perspective. They corelate the aggressiveness to
the harmonic and subharmonic collapse events within the gap. This was
also studied by Priyadarshi et al. [30] who specifically focused to bulk
temperature influence on the development of pressure fields inside the
gap.

In the present study, the influence of the distance between the ul-
trasonic horn tip and the specimen has been investigated. Both erosion
tests and visualization of cavitation dynamics were performed to eluci-
date the physics behind them. To do this we rely mainly on high speed
observation, focusing also to the dynamics of shockwaves.

2. Experimental set-up

Experiments were performed at the Department for Power

Alternative method
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Fig. 1. According to ASTM G32 standard one can use stationary (left) or attached specimen (right). Damage of the two is significantly different.
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Engineering, Faculty of Mechanical Engineering, University of Ljubl-
jana, Slovenia and at Institute for Physics, Otto von Guerricke Univer-
sity, Magdeburg, Germany.

2.1. Setup

Cavitation-erosion tests were performed according to the alternative
ASTM G32-16 “stationary specimen” method, apart from the diameter of
the horn — the tip threatened to the end of the probe was made out of Ti-
6Al-4V titanium alloy, with 12.7 mm in diameter. The current set up
(Fig. 2) utilized a commercially obtained 20-kHz ultrasonic transducer
Cole-Parmer 750 W as source of cavitation, to which is attached a
suitably designed ultrasonic probe. The peak-to-peak amplitude of the
tip followed recommendation in the standard [11] and was 50 um. A
linear translation stage with a reading accuracy of 10 pm (STANDA
7T175-150) allowed precise control of the distance between the surface
of the specimen and the horn tip. Cavitation was visualized and mass
loss was measured for gap distances ranging from 0.3 mm to 5 mm. The
arrangement was immersed 10 = 2 mm in a vessel filled with water. The
vessel size was 150 x 150 x 100 mm (width, length, depth). A cooling
coil (not shown in Fig. 2) has been located around the ultrasonic probe in
order to maintain a temperature of 25 + 2 °C. During the long term
operation, the ultrasonic horn itself needs to be cooled to maintain its
efficiency. This was achieved by an internal air-cooling system (not
shown in Fig. 2).

2.2. Erosion

Erosion was evaluated on an aluminium square-shaped specimen
with dimensions of 30x30x10 mm. According to the ASTM G32-16
method, the test samples have been weighed accurately before the
testing began. A precision scale Sartorius MC 210 S with resolution of
0.01 mg was used. Each specimen has been obtained from a pure Al
surface-polished plate using a water jet cutter, which guarantees the
fitting of the sample on the above-mentioned set up. The total time of
sonication for each test was 120 min, divided into weighting lapses of
15 min in order to obtain a history of mass loss versus time. During the
testing the temperature of the medium was recorded by a thermocouple.
The weighting process consisted of a careful extraction of the specimen
in order to prevent any kind of damage on the surface, then the specimen
was dried at ambient temperature for 5 min and weighted. Each test
(gap) was repeated 5 times.
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2.3. Visualization

To study the cavitation dynamics inside the gap between the horn
and the wall a high-speed camera was used. Shimadzu Hyper Vision
HPV-2 high speed video camera recorded at a framerate of 500,000 fps.
The image resolution was 312x260 pixels. A mirror was used to gain
visual access to the frontal view of the cavitation inside the gap.

Two types of illumination were used (left in Fig. 2). Firstly, for the
“conventional” visualization of cavitation in the gap a frontal light was
used. Secondly, to observe shockwaves, which are emitted at cavitation
cloud collapse a mode-locked fiber-based femtosecond laser (EXPLA
FemtoLux 3, 515 nm wavelength) was used for backlight illumination.
Approximately 200 fs long laser pulses were synchronized with the
image acquisition such that a single laser pulse illuminated each frame.
This technique allowed us to avoid all motion blurring and enabled the
imaging of the shock waves.

3. Results
3.1. Erosion
The cumulative mass loss curves for the specimens at different gap

sizes are shown in Fig. 3.
The samples tested at a distance of 1 mm showed a cumulative mass
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Fig. 3. Cumulative mass loss curves for the specimens at different gap sizes.
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Fig. 2. Experimental set-up for cavitation, shock wave and damage evaluation.
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loss of roughly 18 mg at 120 min, at 0.8 mm of gap the cumulative mass
loss was ~ 16 mg. Tests performed at a distance of 0.5 mm (which is the
standardized distance using the ASTM G32-16 stationary specimen
method) reached a value of approximately 9 mg. Further on, for gap
distances at 0.3, 1.3 and 2.0 mm the mass loss was still lower. Mass
losses for the largest gap distances (3 and 4 mm) are marginal — of the
order of 2 mg after 120 min of exposure to cavitation.

Fig. 4 depicts the macroscopic morphologies of each tested gap dis-
tance at 120 min of cavitation.

A reduction of the eroded area as the gap between the tip of the probe
and the sample increases can be observed. This is related to the cone-like
cavitation structure formation — typical of vibratory test methods. At a
distance of 1 mm erosion damage is equally distributed over the surface.
For gaps of 1.3 mm and 2 mm an erosion ring is formed between the
center of the cavitated area and its edge. The formation of the bubbly
ring at these distances is according to [31] a result of the vibration mode
of the radiation surface, which determines the spatial distribution of
bubble-rich ring region. Another reasoning for its formation, but more
focused on the position of the ring, based on fluid mechanics and
analytical mechanics, can be found in [32]. For samples tested at dis-
tances of 3 mm and 4 mm the edges of the eroded area are diffuse and
small pits can be observed erratically distributed over the surface.

The average mass loss rates for each of the distances tested with the
ASTM G32-16 indirect method are shown in Fig. 5.

The maximum mass loss rate of 0.15 mg/min was obtained with a 1
mm gap between the sonotrode tip and the sample, which agrees with
previous studies [26]. For both distances greater and smaller than 1 mm,
a decrease of the mass loss rate can be observed. A very obvious peak at
1 mm with rapid decrease for both smaller and larger gaps implies that
the erosion is likely closely linked to the dynamics of cavitation inside
the gap. The results of observations are presented in the next section.

3.2. Cavitation dynamics

Fig. 6 depicts the cavitation dynamics at different gap distances be-
tween the ultrasonic horn and a solid stationary specimen. The image
sequences were captured through a solid transparent sample (see Fig. 2,
left). One can notice a dark ring across the surface of the tip (at about 70
% of the radius) — this is a result of wear from past use. In the present
experimental campaign, the horn operated at high enough amplitude to
achieve intensive cavitation far from incipient stage, where the defects
could act as generators of cavitation nuclei and where these could

0.3 mm 0.5 mm
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Fig. 5. Average mass loss rates for different tested distances.

influence cloud dynamics. Hence, the presence of wear is not relevant
for the present study.

One can immediately notice the difference in the cavitation topology
(please see video material in the supplementary for better representa-
tion). As the gap distance between the specimen and the tip of the horn
increases, cavitation changes from a single large and thin (squeezed)
cloud to multiple more spherical cavitation clouds. From the general
appearance of cavitation we see that a topological transition occurs
roughly at 1 mm gap distance. The change in the appearance in the
images can be explained by the reflection of the incoming light on the
surface of the bubbles. When they are squeezed, the light passes them
perpendicularly and is reflected back to the camera at the tip of the horn,
hence the area appears transparent (or bright), when they are spherical,
they reflect the light in all directions, hence they appear darker.

Fig. 7 shows a scheme that summarizes the dynamics of the bubbles
for distances below 1 mm and those above 1 mm.

For a small gap the cavity is squeezed between the surfaces and os-
cillates slowly. The collapse begins from two sides (facing each other) of
the tip. As the jets meet in the middle they progress to collapse the
remaining vapour pocket. In the meantime the vapour pocket begins to
form again following the inwards rushing jet.

For the cases with the larger gaps size, multiple cavitation clouds
appear and collapse almost independently from each other, likely
causing erosion simultaneously at multiple sites in the process. Another

-
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Fig. 4. Macroscopic morphologies of different tested distances at 120 min.
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Fig. 7. Schematics of the dynamics of the bubble(s) as a function of the gap size.

reason for the more severe erosion likely also lies in the lesser shielding
of the shock wave since the gap is not fully populated by bubbles [33].

Observations presented here are in line with previous detailed
studies of spatial distribution of cavitation bubbles in thin liquid layers
on ultrasonic horn with much larger diameter [34,35]. As in the present
experiment they found that the cavitation appearance changes signifi-
cantly when the gap is altered — from “disc shaped structures” (squeezed

bubbles in the present paper) in small gaps to what they refer as
“smokers” (clouds in the present paper) in larger gaps.

3.3. Shock wave dynamics

Cavity collapse causses the emission of shockwaves through the
fluid. In Fig. 8, examples of detected shockwaves at various gaps
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Fig. 8. Typical shock wave detection at different gap sizes. See video material in supplementary.

between the tip of the sonotrode and the solid surface are shown.

Fig. 8 only serves as an illustrative narrative. For small gap distances
the bubble is squeezed between the surfaces (see also Fig. 6 and movies
in the supplementary). Examples of shock waves can be seen. For the
case of a 0.5 mm gap one was rarely observed. Small probability of shock
wave emission can be linked to the slower dynamics of the cavity in the
small gap. Also, reduced number of shockwaves can be a result of the
“shielding effect” of the bubble cloud - tightly packed vapor region in
the thin gap between the horn tip and the surface attenuates the prop-
agation of the pressure wave into the fluid [33]. On the other hand, at
larger gaps, shock waves were more probable and also multiple and
simultaneous during one single period of horn oscillation. This can be
linked to the observation of a number of cavitation clouds (clusters
consisting of multiple bubbles) that upon collapse each emit a
shockwave.

The results of a study statistically quantifying the occurrence of
shockwaves are shown in Fig. 9. First a relatively long series of images
was recorded (~7000 at 100,000 fps), then throughout the series two
successive images were compared to reveal the presence of a shock
wave. The magnitude and the clearness of the shock waves of course
varies through time — some are evenly powerful; some are hardly seen.
To detect them we used a certain threshold. This could of course mean
that some of the weaker shocks would go unnoticed, but these are also
less likely to cause significant damage. The number of detected shock
waves was compared to the number of horn oscillations and finally the
probability (in percentage) was determined as the number of detected
shockwaves divided by the number of ultrasonic horn oscillations.

Due to a simplistic approach to detection of the shockwaves, the
value of the data in Fig. 9 is mainly qualitative — it represents well the
change of cavitation intensity as the gap size is altered. We see that the
shock wave occurrence exhibits a linear increase with the increase of the
gap distance.

The shock wave emission can be directly correlated with the cavi-
tation cloud collapse [3,7,36]. The maximum shockwave occurrence
probability of approximately 15 % was recorded at a 4 mm gap distance
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Fig. 9. Shock wave occurrence rate as a function of the gap size.

between the tip of the sonotrode and the surface of the specimen. At this
distance the gap seems not play a significant role anymore and the
cavitation dynamics begins to resemble the one of unbounded horn tip
and it was show by Znidarcic et al. [37,38] that the developed cavitation
cloud oscillation follows about 1/7th to 1/5th (14 to 20 %) of the horn
oscillation. The extended life of a cavitation cloud can be attributed to
the inertia of the host liquid preventing bubble structures that inflate to
a sufficient size during a tension phase. This results in cavitation cloud
going over several non-collapsing deflations between each collapse cycle
[39]. By reducing the gap, the (now squeezed) cavitation cloud covers
the whole surface of the tip and even harder follows the driving fre-
quency (the collapse time is longer than the period of oscillation). Hence
the shockwave becomes even less likely and drops to only about 1/50th
(2 %) of the horn oscillation.

3.4. Results on single bubble collapse in a thin gap

A possible way to interpret the results obtained in the ultrasonic horn
experiments is the observation of single bubble dynamics in a thin liquid
gap and its comparison to the dynamics of an unbounded bubble.
Additional tests were performed, where we induced single cavitation
bubbles by laser light breakdown.

The setup is essentially the same as the one used in [40] or [41]. The
growth and collapse of a spherical (unbounded) bubble is shown in
Fig. 10.

At t = 0.5 ps on can see a shockwave (the large circle (with 0.75 mm
radius)) generated by the plasma breakdown. The shock wave traveled
approximately 0.75 mm in 0.5 ps, which corresponds well to the sonic
velocity in water (1500 m/s). At plasma breakdown a spherical bubble is
formed (smaller dark circle in the second image). The growth phase of
the bubble continues until t = 55 ps, when the bubble reaches its
maximum radius — 0.74 mm. As there are no boundaries in the vicinity,
the bubble begins to collapse spherically. It collapses at t = 108 ps, when
one can see a bright spot indicating luminescence from hot compressed
gases. The bubble then undergoes several rebounds. One can notice
small stationary circles in the image — these are droplets on the outside
of the container which were unfortunately noticed after the experiment
(they of course do not influence the dynamics of the bubble).

Fig. 11 shows the growth and collapse of a cylindrically shaped
bubble. A bubble of a similar volume was created in a thin gap between
two glass plates. The gap size was 0.24 mm, which is again close to the
smallest gap investigated in the ultrasonic horn setup (also considering
the movement of the horn). The dynamics is shown in Fig. 11.

As in Fig. 10, also in Fig. 11, both the bubble (small circle) and the
shock wave front (larger less defined circle) can be seen.

The shock wave is just one of multiple traveling at different velocities
due to the interplay of sound speeds in the water and the glass plates that
are squeezing the bubble. One can also notice that the shock is less
pronounced than in the case of spherical bubble. This is likely due to the
presence of many small cavities which form due to the momentary
pressure drop during the transition of the Lamb wave — an elastic wave
that propagates at very high velocity (>3000 m/s) through the upper
and lower glass plate with the amplitude perpendicular to the plate (see
[42]). The occurrence of the Lamb wave is specific to this particular
experiment (Fig. 11) and is not encountered in the ultrasonic horn tests.
The difference in the appearance between the bubble in Figs. 10 and 11
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Fig. 11. Cylindrical bubble growth and collapse (h = 0.24 mm, Ryax = 1.49 mm V0 = 1.67 mm®). See video material in supplementary.

is a result of their shape. In Fig. 10 it is spherical, hence the back light is
reflected on its surface, and it does not reach the camera — the bubble
appears dark. The bubble in Fig. 11 is squeezed between the plates. Since
it is cylindrical, the light passes through it on top and bottom (the sur-
faces are perpendicular to the illumination and the camera), but not at
the circumference, which in this case appears black. The growth is much
slower — the bubble reaches its maximum size (radius of 1.49 mm) at t =
162 ps. Following this, the bubble collapses symmetrically (cylindri-
cally) and the minimum size is reached at about t = 342 ps. In the final
image of the sequence at t = 348 ps one can again observe very small
bubbles scattered in radial direction from the point of the main bubble
collapse — this is again a result of the Lamb wave that progressed at a
very high velocity through the glass plates and creating a momentary
low pressure region in its wake [42].

Obviously, the collapse of a cylindrical bubble is much slower and
consequently less aggressive. This is nicely shown in Fig. 12 which

depicts the nondimensionalized (to the maximal radius of each bubble
and to the spherical bubble collapse time) bubble radii vs. time for the
cases in Figs. 10 and 11.

The growth rate of the cylindrical bubble first surpasses the spherical
one. This is the result of the Lamb wave which forms due to the minute
deformation of the two plates. The rate then slows down and as expected
the spherical bubble reaches its maximum radius before the cylindrically
shaped one. The collapse of the cylindrical bubble is much slower —
compared to the spherical case it takes more than twice the time for it to
collapse completely. This is consistent with the observations and simu-
lations for even thinner (nanometric) gaps [42]. At the collapse of the
bubble a shock wave is generated, which at its origin, also triggers the
Lamb wave in the plates (see video material in the supplementary). As
mentioned before, the Lamb wave, in its wake causes slight depressur-
ization which, in the present experiment, results in a larger rebound of
the cylindrical bubble.
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Although the presence of the Lamb wave obviously accelerated the
growth dynamics of the bubble, the collapse is unaffected by it as it is not
present at that time (it is again emitted at the moment of collapse).

4. Discussion

To explain the dependency of cavitation aggressiveness on the gap
size (Fig. 5) one can develop a simple algebraic model. Although,
cavitation and cavitation erosion are extremely complex phenomena
that include shock waves, microjets, high temperatures, fluid structure
interaction, material response etc. There were past attempts to include
many of them, including use of high-fidelity computational approaches
[29,43]. Here we take a different approach, although less elaborate, it
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provides valuable insight into the physics of the phenomenon. We show
that to qualitatively explain the present experiment, there are only three
parameters that one needs to consider. These are i) the probability that a
shock wave will occur, ii) the amplitude of the shock wave and iii) the
attenuation of the shock wave. The multiplication of the 3 gives a
qualitative estimation of the aggressiveness. Also, since we are consid-
ering only qualitative comparison, we can nondimensionalize the 3
parameters.

The probability of the shock wave occurrence is given by the mea-
surements shown in Fig. 9. There we see that it increases linearly.
However, one can expect it to flatten out as we approach completely
unbounded tip of the horn. At this distance the gap will not play a sig-
nificant role anymore and the cavitation dynamics begins to resemble
the one of unbounded horn. As it was shown before [37,38] the devel-
oped cavitation cloud oscillation follows about 1/7th to 1/5th (14 to 20
%) of the horn oscillation, leading to the same rate of shock wave
emission (when one accepts that the cloud collapse and shock wave
emission are directly related [3,7,36]). The idealized and non-
dimensionalized trend (Eqn. (1) is shown in Fig. 13A.

To measure the shock wave amplitude in constrained geometries,
such as the present one, the conventional measurements using hydro-
phones [36] are not feasible due to bandwidth and geometric con-
straints. Here, shock wave amplitude can be most accurately assessed by
measuring shock front velocity as shown by [44]. This would require
highly resolved imaging, which relies on innovative illumination tech-
niques. Since we are not pursuing the accurate measurement here, but
are only interested in the general trend, we can focus our attention to the
collapse velocity (Figs. 10 to 12). Considering the Rayleigh collapse time
and that the pressure inside the bubble changes adiabatically, it can be
shown that the maximal pressure will increase with collapse velocity
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Fig. 13. A very simple model which relates the probability of the shock wave (A), the amplitude of the shock wave (B) and the shock wave attenuation (C).
Multiplication of these 3 variables (A-B-C) gives an qualitative estimation of cavitation erosion rate (red square, bottom, right). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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squared [1]. An unbounded bubble (at large gap) will generally have the
same collapse velocity. A confined bubble collapses much slower
(Figs. 10 to 12). The change from fast to slow collapse will occur when
the bubbles transition from spherical to cylindrical shape. The change
will be abrupt, and the point of the transition is of course related to the
bubbles size. In reality the bubble size is normally distributed over a
larger spectrum of radii, with an average value equal to the resonance
radius of the bubble. According to Brennen [45], considering that the
ultrasonic horn frequency was 20 kHz one can estimate the resonant
radius of the bubble R;¢s of about 0.16 mm. It was reported by Quinto-Su
et al. [46] that the bubble dynamics approaches that of a spherical
bubble as the height of the gap is increased; for Gap/Rpmax > 7, the
collapse is as fast as in the unconstrained case. The gap size value, where
one should not see the influence of the walls for the present setup is 1.1
mm, at which point we flatten out the idealized curve (Eqn. (2) of shock
wave amplitude (Fig. 13B).

Finally, the amplitude of the shock wave is attenuated by the dis-
tance, hence the damage sustained will be larger when the bubble col-
lapses closer to the wall. The dependency well know from acoustical
theory — the amplitude declines exponentially. It was recently studied in
detail for the specific case of ultrasonic cavitation by Khavari et al. [33]
and their model (Eqn. (3) was adopted here (Fig. 13C).

The models for the variables used in the present discussion and
shown in Fig. 13 are given by Eqns. (1), 2 and 3. All are normalized to
span from O to 1. It is again important to emphasize that they are not
ment to be taken as quantitative assessments of the parameters — they
are only useful to predict qualitative trends of the variables in question.

. _ [sin(0.3 e gap);gap < 5mm

SWorobaviiy = A = { 1;gap > 5mm W
_,_[05e(1—cos(25egap));gap < 1.1mm

SWamplitude = B = { 1;gap > 1.1mm @

P_g_ (229esp ) ®

Do max(2.29 e gap~11)

Multiplication of the three parameters, i.e. Aggressiveness = A-B-C, gives
arough and qualitative estimation of the aggressiveness of cavitation, by
the specimen (Fig. 13, red square bottom right).

We see that even a very simple model nicely predicts the trend,
which was determined experimentally. Most of the experimental data
lies below the model curve, but one needs to bear in mind that we are
using the simplest possible model to qualitatively predict the results of a
relatively complex experiment. Also, we omitted the use of any factors to
make the approach as clean as possible. The maximum damage occurs at
roughly 1 mm gap, which is a result of optimal conditions: bubbles
already featuring spherical dynamics, enough space for the shock wave
formation and small enough distance so that bubbles implode close to
the surface of the specimen.

5. Conclusions

The paper discusses observations of the damage sustained by the
stationary specimen under and ultrasonic horn. The standard prescribes
the gap distance to be 0.5 mm. In our investigation we investigated the
influence of varying this distance. It was found that when it is smaller
than 1 mm the bubbles occupy cylindrical shape, consequently their
collapse is less aggressive. Also, the probability of the shock wave (the
trigger for the damage) is smaller.

Single bubble experiments were performed to investigate the dy-
namics of bubbles in thin gaps. Based on this a very simple reasoning
was established, which included only 3 parameters — the shock wave
occurrence probability, the amplitude of the emitted shock wave and the
attenuation of the shock wave. Multiplication of the three, leads to a
very good qualitative prediction of the measured data.
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Finally, one needs to mention that at the gap distance of 0.5 mm we
are dealing primarily with cylindrical, or at least extremely flattened,
bubbles. These cannot be found in “real” applications, such as water
turbines, pumps and ship propellers. The evaluation of the materials
resistance to cavitation erosion according to the ASTM G32-16 standard
(stationary specimen) is therefore questionable and one should at least
consider increasing the gap to at least 1 mm to achieve more spherical
bubbles.
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