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Abstract. The cavitation regime has a substantial influence on the damage potential, thus it
has to be considered in any specific investigation. For this purpose, we set up a test rig at the
Technische Universität Darmstadt using a Circular Leading Edge hydrofoil (CLE) to analyse
the damage potential of sheet and cloud cavitation. Exceeding a critical Reynolds number Rec,
the cavitation regime transitions from harmless sheet cavitation to aggressive cloud cavitation.
High-speed recordings of the cavitation regime are correlated with high frequency pressure data
from a wall-mounted piezoelectric pressure transducer. Spatial and temporal content of the
cavitating flow are captured applying proper orthogonal decomposition (POD) to the high-
speed recordings. In order to determine the damage potential of the cavitation regime we
apply a copper foil on the hydrofoil surface, on which plastic, crater-shaped deformations due
to bubble collapses occur. Images of the surface are recorded before and after each run via
two-dimensional Pit-Count microscopy. We correlate spatial modes from the cavitating flow
field with the eroded surface rate from pitting tests leading to the result that cloud cavitation
associated with increasing cloud size is more aggressive. A power law is identified where pitting
rate increases with fourteenth power of the Reynolds number.

Keywords: cavitation, cavitation erosion, Pit-Count microscopy, high-speed visualisation, modal
decomposition

1. Introduction
Sheet and cloud cavitation are the predominant cavitation regimes occurring in hydraulic
machinery like pumps, turbines, propellers as well as in hydraulic components, e.g. heart valves.
Due to its transient behaviour cavitation may lead to vibration, noise, decreasing in efficiency
as well as mechanical, severe damage of hydraulic components. Extensive experimental and
numerical investigations as well as analytical approaches, are conducted and derived contributing
to the physical understanding, controlling and predicting of cavitation and cavitation erosion.

Knapp [1] already examined in the 1960s the interaction of the cavitating flow and the
underlying crater-shaped deformations called pits. He firstly described the periodic viscous
film flow mechanism also known as re-entrant jet which leads to large-scale cloud detachment,
advection by the bulk flow, and collapse. The developed method was the first application of
Pit-Count microscopy.

Three major experimental fields of research in cavitation erosion emerged during the second
half of the last century, classified from generic experiments towards impellers or propellers in
pumps or naval applications, respectively: (i) single bubble dynamics in the vicinity of a rigid wall
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[2–9], (ii) ultrasonic cavitation in a sonotrode [10–15], (iii) hydrodynamic cavitation in cavitation
tunnels in a) a cavitating jet apparatus [16–18], about b) generic geometries such as nozzles [19–
23], rotationally symmetrical bodies [1, 24], c) impeller-like hydrofoils [25–29] or d) impellers
[25, 30] and propellers [31, 32]. Two ASTM International standards for cavitation erosion tests
and the quantification of underlying damage are established using ultrasonic cavitation [33] or
a cavitating jet [34].

We conclude that there is a plethora of cavitation erosion experiments, however, we aim at find
a trade-off between a generic, representative experiment and the realistic cavitation condition in
pumps or naval impellers. For example, the cavitation conditions occurring in the standard tests
do not represent the cavitation about impellers or propellers, whereas cavitation erosion tests
on particular impeller geometries are associated with two problems. On the one hand, mass loss
in reasonable time due to cavitation needs high velocities, which are not achieved in most test
rigs, and on the other hand, it is expensive and time-consuming to conduct experiments for each
geometry.

To address this, we use a Circular Leading Edge hydrofoil (CLE), Sec. 2.1, which is inspired
by the leading edge of a pump impeller blade and focus on both, the cavitating flow and the
underlying damage. In numerous works, the cavitation regime is not specified or emphasised,
although it plays a major role in the damage potential. Dular et al. [23] synchronise temporal
high-speed measurements and Pit-Count. He found out, that various cavitation structures
contribute with various amounts to the pit generation, i.e. 95% of the pits are associated
with cavitation clouds, whereas only 5% are due to bubble collapses at the cavity closure.

To capture spatial and temporal information from the cavitating flow Proper Orthogonal
Decomposition (POD), introduced by Lumley [35], is applied to the high-speed frames. Whereas
spatial and temporal structures in the regime of the well-known, periodic large-scale cloud
cavitation are obvious, sheet cavitation exhibits irregularly small-scale cloud detachments, where
periodicity is hidden to the unaided eye. Damage due to cavitation is quantified by scanning
the surface after certain intervals by means of Pit-Count microscopy, Sec. 2.2, where the copper
foil is used as a sensor.

2. Experimental facility
Experiments are performed in a cavitation tunnel at Technische Universität Darmstadt using
high-speed measurement techniques and a high-frequency transducer. To investigate the
cavitation appereance, a CLE hydrofoil made of stainless steel was used. The cavitation erosion
tests were made on an adapted hydrofoil, which was covered with a copper foil. After certain
time intervals, the surface was scanned by the Pit-Count microscope.

2.1. Test rig
The closed-loop cavitation tunnel at Technische Universität Darmstadt is designed for cavitation
erosion tests, where velocities up to 30m/s and pressures up to 16 bar may be achieved Fig. 1
a). Wetted components like vessel, pipes, etc. except for the pump are made from stainless
steel to avoid corrosion. The test section has a rectangular cross-sectional area with a height
of 70mm, a depth of 25mm and a length of 462mm. The CLE hydrofoil is mounted in the
specimen holder and the incidence angle may be adjusted by rotation in the range of α = 0◦

to 20◦, Fig. 1 b). The CLE hydrofoil has a chord length of 40mm and fill the complete depth,
i.e. the span is 25mm. Side walls are made of acrylic glass to allow optical accessibility of the
cavitation appearance.

High-speed measurements in the top view were performed using a IDT Y7-S3 high-speed
camera with a Carl Zeiss Makro-Planar T* 2/50mm ZF lens, operated at a frame rate of
10 000FPS at 1280 × 720 pixel resulting in a resolution of 0.04mmpixel−1. Illumination was
provided by two Veritas Constellation 120 LED and the exposure time is set to 3.2− 4.8 µs.
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Figure 1. a) Test rig, b) test section with CLE hydrofoil and piezoeletric sensor.

High frequency pressure measurements were conducted in the cloud collapse zone
simultaneously with the high-speed recordings using a wall-mounted Kistler Type 601A piezo-
electric pressure sensor, eigenfrequency > 150, kHz, diameter 5.55mm, c.f. Fig. 1 b), with a
Kistler 5015A single-channel charge amplifier at an acquisition rate of 10 kHz for 20 s. Pressure
data were recorded using a oscilloscope LeCroy WaveRunner 625Zi, which receives a trigger
signal by the high-speed camera.

The operation point is defined by the Reynolds number Re := U L/ν and cavitation
number σ := 2 (p − pv)/ϱU

2, where U is the mean bulk flow velocity measured by an ABB
ProcessMaster500 FEP511-125D magnetic flow meter, L the chord length of the CLE hydrofoil,
ν the kinematic viscosity of water at temperature T , p the static pressure measured by a
Keller PAA-33X absolute pressure sensor at an upstream horizontal distance of 143mm from
the hydrofoil midpoint, pv the vapour pressure and ϱ the density of water at temperature T .
The temperature control system keeps the temperature in the range of T = 23.5 ◦C ± 0.05 ◦C.
Dissolved oxygen content of the fluid is measured using a VisiFerm DO Arc 120 H0 oxygen
sensor mounted in the vessel to ensure equal water quality. The oxygen content within the
vessel is kept between 10 and 12 ppm at the begin of all measurements. All data, except for the
high frequency pressure data, were recorded using a National Instruments PCIe-6363 card at
a sampling rate of 3000Hz. Measurement uncertainties were estimated according to ISO-GUM
using METAS UncLib library in Matlab.

2.2. Pit-Count microscopy
Cavitation damage is determined by Pit-Count microscopy. Microscopic, crater-shaped
deformations due to near surface bubble collapses appear in an early stage of cavitation erosion
known as incubation phase, in which only plastic deformations are observed, i.e. mass loss is
negligible [36]. This method, namely the recording of pits at an early stage, is firstly applied
by Knapp [1, 37] and is widely used with measurement techniques capturing two-dimensional
[1, 19, 22, 28, 37, 38] or three-dimensional information [20, 24, 39–41], where in the latter
the pit depth is included. The advantage of Pit-Count microscopy is that damage potential
and the location of the damage can be made without performing time-consuming mass loss
measurements.

For this purpose, we develop a two-dimensional Pit-Count microscope, Fig. 2, to scan the
pitted CLE hydrofoil surface, automatically. We assume the erosion test time is short enough
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such that pits do not overlap and can be clearly delimited from each other, but long enough for
a statistical evaluation.

The mean components of the Pit-Count microscope, Fig. 2, are the Basler CMOS sensor with
1280× 1024 pixel, scanning an rectangular area of 1.65× 1.31mm and resulting in a resolution
of 1.29 µmpixel−1, the microscope objective, the collimated LED light source and the electrical
cross table with a repeat accuracy of 0.2 µm. Before each run, the CLE hydrofoil is prepared: a

GRANITE TABLE
150 mm

CROSS TABLE

CMOS SENSOR

COLLIMATED LED 
LIGHT SOURCE

MICROSCOPE 
OBJECTIVE

SPECIMEN MOUNT
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Figure 2. Pit-Count microscope.

milled down CLE hydrofoil made of stainless steel is covered with a copper foil, material name:
CU-HCP, tensile strength: 320MPa, of 200 µm thickness using a adhesive foil of 58 µm thickness
and is polished hydraulically smooth, which results in the surface appearing light and the pits
dark under the microscope. The mirror finish is necessary and allows the pits to be detected. The
plane surface, 22.84mm × 23.37mm, of the CLE hydrofoil is scanned in a meandering pattern
before and after each run, resulting in 270 single microscope photographs. Good agreement
between the results from Pit-Count microscopy and confocal microscopy, model: Sensofar S
neox, objective: EPI 20X v35, resolution: 0.69 µmpixel−1, is demonstrated in Fig. 3. The
region of interest (ROI) of 558 µm × 355mm denoted in Fig. 3 a) is resolved using confocal
microscopy. The identified diameters DPC from Pit-Count microscopy are plotted in the depth
profile in Fig. 3 b) demonstrating the good estimation of the two-dimensional Pit-Count method.

3. Results and discussion
3.1. Identification of cavitation regimes
The transition from sheet to cloud cavitation depends on a critical Reynolds number ReC, [42],
which is a function of σ and α, ReC(σ, α). Depending on this parameters the cavitation regime
can be visually classified into sheet and cloud cavitation, Fig. 4. This leads to stability maps
for the incidence angle α = 2◦ and 6◦, Fig. 5, where cloud cavitation regime is denoted by the
grey area. Cloud cavitation exhibits a well-defined periodicity where large-scale clouds are shed
from the cavity sheet due to viscous film flow known as re-entrant jet, whereas sheet cavitation
regime exhibits irregular shedding of small-scale clouds due to viscous film flow and interfacial
instabilities between the sheet and the bulk flow.

We can generally conclude that with increasing Reynolds number and incidence angle cloud
cavitation regime is shifted to higher cavitation number, Fig. 5. The stability map describes a
kinematic switch since this transition depends on the penetration length of the viscous film flow.
If the origin of the sheet cavity is reached, cloud cavitation occurs rather than sheet cavitation.
In this study we choose for Pit-Count measurements the operation points denoted by the dotted
line.
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Figure 3. Comparison of a) single microscope photograph from Pit-Count microscopy before
and after 15min of cavitation impact on a copper foil, and b) confocal microscope photography
and depth profile of pits within the ROI in a).
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Figure 4. High-speed visualisation about the CLE hydrofoil at α = 6◦ and Re = 10 ∗ 105. a)
Sheet cavitation at σ = 2 and b) cloud cavitation at σ = 1.55.

3.2. Correlation of high-speed recordings, pressure measurements and POD
Fig. 6 shows the normalised pressure p+ := (p(t) − p)/σ(p(t)) and the correlating normalised
grey scale intensity I+ := −(I(t) − I)/σ(I(t)) of the high-speed images. I(t) is the recorded

signal, where (·) and σ(·) denotes the mean value and the standard deviation, respectively, cf.
[43].

If a cloud passes the piezoelectric sensor the pressure drops due to the circulation of the cloud
and as the cloud has a high grey scale the normalised intensity increases (adjusted by the minus
sign in the normalised intensity). As it is shown for Fig. 6 a) sheet and b) cloud cavitation, both
signals are well matched. The periodicity of cloud cavitation is dominant in the pressure signal.
Furthermore, the peaks at t = 5ms and 1.5ms are due to cloud collapses, immediately after
passing the sensor. Since the typical time of the cloud collapse is 0.1ms, cf. [44], the acquisition
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rate of 10 kHz is not sufficient to resolve the cloud collapse phase.
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Figure 6. Correlation of the normalised pressure p+ and grey scale intensity I+ at α = 6◦,
Re = 10 ∗ 105. a) Sheet cavitation at σ = 2 b) cloud cavitation at σ = 1.55.

Proper Orthogonal Decomposition (POD) more precisely the method of snapshots, [45, 46],
is applied to 3000 snapshots of high-speed recordings in order to capture spatial modes and
corresponding temporal frequencies. The average flow field are subtracted from the single
snapshots since we are interested in dynamic phenomena of the cavitating flow field. Usually,
input data are velocity fields from PIV measurements, however high-speed recordings as input
data are widely used in cavitation research, [47–49]. It should be mentioned that in case of
grey scale values as input data, the variance and thus the eigenvalues of covariance matrix do
not describe the turbulent kinetic energy, however the corresponding eigenvalue λi of mode i
may be interpreted as its information content – we introduce the relative information content
or variance in % as λi/

∑N
k λk, where N is the number of snapshots, Fig. 7 a).
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Figure 7. Comparison of the a) variance which can be interpreted as relative information
content and b) the corresponding spatial modes of sheet and cloud cavitation regimes between
the experiments with the CLE made of stainless steel and the CLE with applied copper foil.

The comparison between the high-speed recordings from the stability maps with the CLE
made of stainless steel and pitting tests where the CLE is applied with copper foil does not
show a significant influence either in the variance Fig. 7 a) or in the spatial modes Fig. 7 b). It
is not surprising that in the case of cloud cavitation, the dominant first modes have a higher
variance than in the case of sheet cavitation, since cloud cavitation exhibit a strong periodicity
and shedding of large-scale clouds with high information content whereas in the case of sheet
cavitation irregular shedding of small-scale clouds is observed. The position of high dynamics is
identified from spatial modes, where cavitation erosion is expected, Fig. 7 b) and 8. It should be
mentioned that in case of cloud cavitation variances of the 2nd to 5th spatial modes are higher
for the CLE applied with copper foil in comparison to the stainless steel CLE, Fig. 7 b) which
can be seen in the high-speed recording and in the POD time coefficients (not shown) – cloud
shedding is less periodic, i.e. more intermittent, and the corresponding shedding frequency is
about 14% higher in the case of copper foil, 350Hz and 400Hz, respectively. This may be related
to the modified geometry due to the application of the copper foil, but also to the surface finish
where the viscous film flow experiences less dissipation. However, more investigations need to
be done to clarify.

3.3. Damage potential
Number and size of pits are captured by means of Pit-Count microscopy and quantify the damage
potential of the underlying cavitation regimes discussed in Sec. 3.1 and 3.2. The damage maps,
Fig. 8, illustrate the distribution of pits on the plane surface of the CLE hydrofoil for a) sheet
and b) cloud cavitation at Re = 10 ∗ 105. The first order moment of the pit distribution moves
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downstream as cavitation number is decrease, whereas due to cloud cavitation and thus strong
oscillation of the cavity sheet the second order moment increases, i.e. the damaged area is
higher.
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Figure 8. Damage maps at α = 6◦ and Re = 10 ∗ 105 for a) sheet cavitation at σ = 2 after
the exposure time of τ = 60, 120min and b) cloud cavitation σ = 1.55 after the exposure time
τ = 20, 40min. Pit diameter is amplified by factor 100.

The eroded surface rate ES/τ defined as the pitted surface per surface area and exposure time
τ against the cavitation number for constant Reynolds number is shown in Fig. 9 a). Within the
transitional regime from the stability maps, Fig. 5, denoted by the grey area, experimental results
exhibit at σ = 1.7 a high variance, whereas in cloud and sheet cavitation regime, experimental
results are reproducible and follow a clear progression – cavitation erosion increase as cavitation
number decreases. The cavitation regime is sensitive for a small variation in the operation
condition within the transitional area leading to undesirable change in cavitation regime for
each run, which explain the large spread.

The pitting rate increases with the fourteenth power, n ≈ 14, of the Reynolds number or
velocity, Fig. 9 b). This does not confirm the well-known results of Knapp [1], Stinebring et al.
[50] and Belahadji et al. [24], where n is determined to 6 for axissymmetric test bodies. Franc
et al. [41] found a relation in power of 5th for a straight nozzle geometry. Following Kim et
al. [51], n can vary between 4 and 9. However, the results within this study is much higher.
This can be explained by the fact, that we generate aggressive cloud cavitation about a CLE
hydrofoil which differs from the geometries used in the literature, thus several cavitation regimes
occur influencing damage potential.

4. Conclusion
The influence of cavitation regime on damage potential was investigated by means of high-speed
recordings, high-frequency pressure measurements and Pit-Count microscopy. The transition
from sheet to cloud cavitation depends on a critical Reynolds number ReC = ReC(σ, α) and is
illustrated in the stability maps, which may be described as a kinematic switch. The irregular
shedding of small-scale clouds in the sheet cavitation regime and the well-defined periodicity
of cloud cavitation is shown through simultaneous high-speed recordings and high-frequency
pressure measurements. POD was applied to the high-speed frames. Cloud cavitation shows a
higher information content as sheet cavitation in the first modes due to the dominant periodicity
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of large-scale cloud shedding. Regions of high damage potential may be identified from POD
spatial modes. A copper foil applied on a CLE was polished hydraulically smooth and used as
damage sensor where pits occur. It was figure out that first order moment of damage position
occurs at position where high dynamics associated with cloud shedding and collapse is observed.
However, the copper foil in comparison with the stainless steel CLE influences the cavitation
behaviour due to the variation in surface finish or geometry which is seen within the POD
analysis. Cloud cavitation with large-scale cloud shedding exhibits a higher damage potential,
however within the transitional cavitation regime eroded surface shows a large spread due to
the sensitivity of cavitation behaviour on operation conditions. Furthermore, we found that
pitting rate increases with the fourteenth power of the Reynolds number contrary to previous
results where n varies from 4 to 9. This can be explained by the fact, that we are using a
hydrofoil, whereas in previous investigations axissymmetric test bodies or a straight nozzle were
used influencing cavitation damage potential.
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