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Abstract: The strong increase in anthropogenic underwater noise has caused a growing intention
to design quieter ships given that ship propellers are one of the dominating noise sources along
the worldwide shipping routes. This creates an imminent demand for deeper knowledge on the
noise generation mechanisms of propeller cavitation. A cavitating, oscillating two-dimensional
NACA0015 hydrofoil is analyzed with hydrophone and high-speed video recording as a simplified
and manipulatable representative of a propeller blade in a ship’s wake field for the identification of
major influencing parameters on the radiated noise. A pneumatic drive allows the application of
asymmetrical temporal courses of the angle of attack, a novel amendment to the widely reported
sinusoidal setups. Three different courses are tested with various cavitation numbers. The combi-
nation of a moderate angle increase and a rapid decrease is found to generate significantly higher
pressure peaks compared to symmetrical angular courses. Considering that the rapid change of the
angle of attack caused by the inhomogeneous wake field behind the hull is the core of the cavitation
occurrence, the understanding of its influence may contribute to the design of quieter ships in the
future while still allowing for the necessary high propeller efficiency.

Keywords: cavitation tunnel experiments; oscillating 2D hydrofoil; cavitation noise; sheet cavitation

1. Introduction

Facing a continuously rising noise level along the worldwide shipping routes [1,2] and
its negative impact on the marine fauna [3–5], both concern and demand for counteraction
have grown among the relevant authorities, shipping operators and designers. While
sheet cavitation has clearly been identified as the most common and simultaneously the
loudest type of cavitation and thus the major noise source of typical merchant ships [6],
its mitigation remains difficult given the complexness of the propeller—hull interaction.
Especially the lower frequency range below 250 Hz that is used by baleen whales [4]
demands further efforts and thus more insight [7].

One aspect with significant influence on the noise level radiated by the cavitating
propeller blades is the character of the wake field created by the blocking effect of the ship’s
hull, especially the gradient of the axial isotachs around the so-called 12 o’clock position [8].
Together with the general, upwards-directed flow behind the midship section, it causes a
major change of the inflow conditions experienced by the propeller blade on its way through
the upper part of its circular path. Several methods have been proposed for the quality
assessment and improvement of wake fields focusing on the severance of the axial velocity,
initiated by Huse [9], elaborated by Odabaşi and Fitzsimmons [8] and more recently
addressed by Fahrbach [10], Bugalski and Szantyr [11]. They agree that a steep gradient
of the wake field contributes to higher radiated noise levels and pressure fluctuations
on the hull. Another aspect is the propeller blade geometry, which also determines the
temporal course of the angle of attack experienced by the respective part of the blade where
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cavitation occurs. Ji et al. [12], Maquil [13] showed that significant differences exist between
propellers with small and large skew with regard to noise emissions.

In order to isolate individual effects of the noise generation mechanisms of propeller
cavitation, oscillating two-dimensional hydrofoils have become widely acknowledged as
simplified models for a propeller blade in varying inflow conditions [14]. Based on funda-
mental observations of flow pattern and cavitation distribution [15], several studies have
been conducted focusing on the cavitation behaviour and the accompanying noise emis-
sions [16,17]. They identify the collapse of the sheet cavitation as the cause for the highest
pressure peaks, a result that corresponds with observations made on cavitating propellers
in an inhomogeneous wake field [12,18]. Another aspect of interest in fundamental [19]
and more recent studies [20–22] is the dependency of the cyclic cavitation behaviour on the
forced oscillation frequency with regard to the also present natural shedding mechanisms.
They report a so-called lock-in phenomenon causing the cavitation behavior to follow the
hydrofoil movement within a certain frequency range. Below this range, the cavitation
evolution is dominated by the natural shedding mechanisms as on fixed foils, whereas
the cavitation cycle is prevented from its typical evolution if the hydrofoil oscillates too
fast, implying a certain inertia of the process. While applying various foil types from the
NACA series or flat plates, all these studies share a sinusoidal course of the angle of attack,
except Zhang et al. [22], where a symmetrical, triangular course is applied as well, though
at lower oscillation frequencies.

As the inflow conditions in an inhomogeneous wake field are not necessarily symmet-
rical with regard to the increasing and decreasing course of the angle of attack, the present
study enhances the field of studies on oscillating cavitating hydrofoils by investigating
the cavitation behavior and the noise emissions with three different triangular courses,
i.e., equilateral like Zhang et al. [22] as well as saw-tooth shaped. They are applied with
four different cavitation numbers and two different reduced oscillation frequencies. The
detailed setup is described in Section 2. One key finding is the significantly increased
sound pressure emitted by the cavitation created during a moderately increasing angle of
attack combined with a rapid decrease causing the sheet cavitation to collapse violently.
The results are outlined in Section 3 and interpreted in Section 4.

2. Materials and Methods
2.1. Nomenclature and Symbols

AoA angle of attack [°]
c chord length [m]
f ∗ reduced frequency of oscillation = fosc · c/U
fosc absolute frequency of oscillation [Hz]
fpass limiting frequency of the FIR filter pass band [Hz]
fstop limiting frequency of the FIR filter stop band [Hz]
p(t) sound pressure, time dependent [Pa]
p0 ambient pressure in cavitation tunnel [Pa]
pv vapor pressure of water [Pa]
r distance sound source—receiver [m]
U flow velocity [m/s]
V(t) cavitation volume, time dependent [m3]
δpass FIR filter attenuation in the pass band [dB]
δstop FIR filter attenuation in the stop band [dB]
∆ f frequency resolution in sound pressure level spectra [Hz]
ρ water density [kg/m3]
σ cavitation number = (p0 − pv)/(0.5 ρ U2)∠

saw-tooth shaped course of AoA with a fast increase
∧ equilateral course of AoA∠

saw-tooth shaped course of AoA with a fast decrease
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2.2. Experimental Setup

The experiments were conducted in the cavitation tunnel of the Kiel University of
Applied Sciences, shown in Figure 1. The tunnel (Kempf & Remmers, Hamburg, Germany)
is a closed-circuit facility with a testing section of 1.5 × 0.3 × 0.3 m. Its three-bladed
propeller indicated in Figure 1 provides flow velocities up to 8.0 m/s. The vacuum pump
(Heraeus, Hanau, Germany) generates absolute pressures down to 10.3 kPa. A NACA0015
hydrofoil was chosen which has been reported in a large number of both experimental and
numerical cavitation studies [23,24], oscillating as well as with fixed angles of attack (AoA).
The hydrofoil with a chord length c of 200 mm is mounted vertically between the upper
and lower walls of the testing section as shown in Figure 2, allowing only a minimum
gap to ensure the unhampered oscillation movement around the axis at 0.25 c. Its tiller is
moved by a pneumatic drive whose oscillation can be controlled by throttle valves in order
to slow down either the increase or the decrease in the angle of attack. The pneumatic
system operates at oscillation frequencies of 6.0 to 10.0 Hz.

Figure 1. Schematic side view of the cavitation tunnel.

Figure 2. Schematic arrangement of the hydrofoil and the measuring equipment at the testing section.

The sound pressure in the testing section was measured by a hydrophone (M8Q-C-
0-004, GeoSpectrum Technologies, Dartmouth, NS, Canada) mounted in a short circular
tube attached to the bottom of the testing section upstream of the hydrofoil. The angular
position of the hydrofoil, the ambient pressure at the vertical center of the testing section
and the rotational speed of the tunnel propeller controlling the flow speed are recorded
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by a measurement computer (J.E.T Systemtechnik, Norderstedt, Germany) at a sampling
rate of 10 kHz synchronized with the hydrophone. The water temperature was kept
constant throughout the measurements as well as the gas content of the water. High-speed
video recordings were taken from the suction side of the hydrofoil with a frame rate of
240 fr/s (Apple, Cupertino, US-CA). Thus, each oscillation cycle comprises approximately
31 frames (1080 × 1980 pixels). They were synchronized by a LED indicating the running
measurement visible at the margin of the video frames. Each measurement lasted 5 s
comprising approximately 38 oscillation cycles. This set-up allows a detailed investigation
of the relationship between the synchronized dynamic behavior of cavitation bubbles and
the associated sound pressure.

A matrix of operation points was set up comprising the cavitation number σ defined
by Equation (1); the reduced oscillation frequency f ∗ defined by Equation (2) as proposed
by Franc and Michel [15], describing the ratio of the oscillation period and the passage
duration of a particle along the foil length in order to detach the results from the actual
foil size; and the temporal course of the angle of attack. Based on an equilateral triangular
shape for the latter (denoted ∧), its course was modified towards a saw-tooth shape in
both directions (denoted

∠
and

∠
respectively), creating either a fast increase with a

slow decrease in the angle of attack or vice versa. For all shapes, the angle of attack
oscillated between 5◦ and 11◦. The values for σ and f ∗ as well as the approximate relative
position of the angular maximum within one cycle are listed in Table 1. Note that the blade
passing frequencies of slowly rotating ocean going ship propellers have the same order
of magnitude, e.g., 0.2 in [25]. The Reynolds number based on the chord length c lies at
approximately 8 × 105 for all operation points.

σ =
p0 − pv

0.5 ρ U2 (1)

f =
fosc · c

U
(2)

Within the unavoidable scattering of experimental setups, the data presented in the
next section were chosen to provide as accurately comparable results as possible. Figure 3
gives an overview of the actual parameter ranges. While the oscillation frequency of the
hydrofoil and the flow velocity are fixed for each measurement, the ambient pressure
rises gradually during each measurement, because the vacuum pump was switched of
to reduce background noise. This causes the displayed ranges of the cavitation number
within each measurement. Variations of the reduced frequency are caused by limitations of
reproducibility of the pneumatic oscillation frequency. Data taken into account in Section 3
are marked by boxes.

Table 1. Operation points.

Parameter Values for Experimental Matrix

cavitation number σ 0.89 1.04 1.20 1.36
reduced oscillation frequency f ∗ 0.32 0.39

position of maximum AoA within cycle 0.3 (

∠

) 0.5 (∧) 0.7 (
∠
)
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Figure 3. Overview of experimental conditions (σ and f ∗) and sets of evaluated data for Section 3.
Outliers are marked with ×.

2.3. Post-Processing of Measurement Data

The post-processing of all measurement data was conducted in MATLAB® R2021b.
The signal of the sound pressure was used to calculate the cavitation volume over time,
following the model of an acoustic monopole (3) first introduced by Huse [26] and imple-
mented in an double integration procedure with intermediate high-pass filtering by Föhring
et al. [25]. The measured sound pressure p(t) was transferred into the second derivative of
the cavitation volume V̈(t) taking into account the water density ρ of 988 kg/m3 and the
distance between the cavitation bubble and the hydrophone r of 0.3 m. Then, the volume
acceleration V̈(t) was integrated twice with regard to time using the high-pass filter to
remove the near-constant offset of the signal at each step.

V̈(t) =
p(t, r) · 4πr

ρ
(3)

The high-pass filter used in this study was an FIR filter with a filter order of 11,791 com-
prising a stop band until fstop = 2.0 Hz with δstop = 80 dB and a pass band from fpass = 4.5 Hz
with δpass = 0.5 dB, thus keeping the sharp transition between the stop and the pass band
well clear from the oscillation frequency fosc of approximately 7.7 Hz. The resultant volume
signal V(t) was checked qualitatively for plausibility by a frame-by-frame comparison with
the synchronized high-speed video recording and was found in close agreement with the
visually observed cavitation extend. Note that the applicability of the monopole model of
Equation (3) is limited due to the enclosed setup in the testing section with regard to the
quantitatively exact calculation of the cavitation volume. However, these limitations and
possible quantitative distortions apply to all measurements equally. The derived volume
signal is therefore analysed with regard to its general behavior: Its shape and the differences
between the various measuring points are considered to be unaffected by constant influ-
ences like reflection on the tunnel walls, especially in the low frequency range that implies
large wave lengths of sound compared to the tunnel dimensions. The focus on qualitative
features of the volume evolution allows also the comparison with the visually observed cav-
itation area which is confirmed to be proportional to the volume [27]. Hashimoto et al. [20]
even focus only on the length of the cavitation bubble as an indicator for changes in the
cavitation behaviour.

Prior to the measurement analysis, the extend of the background noise in the testing
section of the cavitation tunnel was evaluated. It is dominated by the propeller in the lower
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part of the tunnel generating the circular flow and the pneumatic drive of the hydrofoil
transferred into the testing section via the hydrofoil’s shaft and mounting. Figure 4 gives an
overview of the sound pressure levels of the cavitating foil in comparison to the background
noise measured with the hydrofoil oscillating at a typical flow speed without cavitation
(ambient pressure increased accordingly). Even for the ‘quietest’ operation point (compare
Section 3), the noise generated by the unsteady cavitation surpasses the background noise
significantly throughout the frequency range. Therefore, the background noise is considered
not to hamper the results presented in the next section despite one peak at approximately
5 fosc.

Figure 4. Sound pressure level spectra of cavitation noise at the ‘quietest’ operation point and the
background noise in the testing section due to flow and hydrofoil drives at σ = 1.37 and f ∗ = 0.37,
frequency resolution ∆ f = 1 Hz, rectangular window of 1 s, axis normalized with fosc .

3. Results
3.1. Influence of the Course of the Angle of Attack

The influence of the temporal course of the angle of attack is first analyzed for a set of
three measurements at a constant cavitation number, σ = 0.89, and a reduced frequency,
f ∗ = 0.39. The measurement signal is cut into sequences comprising one oscillation cycle
each from one AoA maximum to the next in order to provide an undisturbed view on
the collapse phase of the sheet cavitation. The sequences of the AoA, the recorded sound
pressure and the calculated cavitation volume are scaled and resampled to a common cycle
length enabling a time-synchronized average of all involved oscillation cycles [28].

As can be seen in Figure 5 for all three versions of the AoA course, the sheet cavitation
grows steadily following the increasing angle of attack with a slight delay. Thus, the
previously mentioned lock-in phenomenon is clearly observable as the foil movement
governs the cavitation behavior. Concordantly, the collapse of the cavitation volume is
accompanied by the maximum of the sound pressure within the cycle. The upper graph
shows that due to the compressibility of the air in the pneumatic system, the course of the
angle of attack does not describe the intended triangular pattern in perfect detail. However,
the courses maintain the principal difference with regard to the AoA change. Due to
limitation in the adjustment of the pneumatic drive the minimum angle of attack differs
for the three course types, but the cavitation is confirmed to have fully collapsed by the
high-speed video analysis, which is the basis to attribute the presented findings to the
principal shape of the angular course.
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Figure 5. Mean cycles of (top) the angle of attack, (middle) the sound pressure and (bottom) the
calculated cavitation volume at σ = 0.89 and f ∗ = 0.39 with three different courses of AoA.

Comparing the three types of the AoA course, a significantly increased sound pressure
can be detected for the

∠
course. A certain delay can be observed between the maximum

of the angle of attack and the calculated cavitation volume, while the minima coincide more
closely. The volume amplitude of the

∠

course is significantly smaller than for the other
two types. This observation is found systematically among all operation points. Though
the absolute volume amplitude of the

∠
course is similar to the one of the ∧ course, the

sound pressure emitted during the
∠
course clearly surpasses the ∧ one. This observation

is reflected in the calculated volume evolution, where the cavitation bubble collapses more
rapidly due to the fast decreasing angle of attack. The manipulation of the temporal AoA
course does not defer the collapse process from being the loudest part of the cavitation
cycle. Neither of the analyzed AoA courses causes the noise of the growing cavitation
bubble to surpass the noise emitted during the collapse.

Figure 6 provides a more detailed view on one exemplary cycle from the
∠
setup.

Apart from the volume evolution depicted in the frames, the corresponding sound pressure
shows a narrow and high peak at the end of the volume collapse, exceeding the mean
signal in Figure 5 (middle) significantly. Due to the stochastic nature of the cavitation
collapse, the exact position of the pressure peak varies within the cycle and is therefore
underestimated in the average signal. The remainder of the collapsed cavitation bubble
is visible in frame (3) when the pressure peak occurs. Nevertheless, the main coherent
sheet cavitation bubble has collapsed, concordantly with the minimum of the calculated
cavitation volume.
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Figure 6. Comparison of visual and acoustic observations of an exemplary
∠
oscillation cycle at

σ = 0.89 and f ∗ = 0.39. Left-hand column: time signals of (top) the angle of attack, (middle) the sound
pressure and (bottom) the calculated cavitation volume. Right-hand column: three high-speed video
frames as marked in the upper graph: (1) growth, (2) maximum extend and (3) collapse at the sound
pressure peak. View direction as indicated in Figure 2 with the leading edge of the hydrofoil on the
left margin, flow direction from left to right, vertical (blue) grid spacing 1 cm and horizontal (red)
grid spacing 2 cm.

When examining the sound pressure in the frequency domain (Figure 7), the difference
between the courses of the angle of attack becomes equally apparent. The peaks at the
harmonics of the oscillation frequency increase for the

∠
setup. Though Figure 4 shows

that the cavitation increases the sound pressure level over a very broad frequency range,
Figure 7 shows that the frequency range of interest lies below 10 fosc, where significant
peaks at the harmonics of the oscillation frequency occur. Therefore, the focus lies on this
lower frequency range that is—with regard to the underlying issue of propeller noise—the
most troublesome. The frequency resolution is found to have only negligible influence on
the height of the harmonic peaks.
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Figure 7. Sound pressure level spectra for all three courses of the angle of attack at σ = 0.89 and
f ∗ = 0.39, frequency resolution ∆ f = 1 Hz, rectangular window of 1 s, axis normalized with fosc.

3.2. Influence of the Cavitation Number

The influence of the course of the angle of attack is now set into broader perspective
by taking different cavitation numbers into account. Figure 8 presents a similar set of data
as Figure 5 but for all four cavitation numbers defined in Table 1.

Figure 8. Mean cycles for (top) angle of attack, (middle) sound pressure and (bottom) cavitation
volume at four different cavitation numbers at f ∗ = 0.38.

As can be seen in the bottom row of graphs, the observations outlined in the previous
section repeat for all cavitation numbers: A fast decrease in the angle of attack generates the
highest sound pressure at the cavitation collapse. Apart from that, the general influence of
the cavitation number appears as expected with a smaller and more fluctuating cavitation
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volume as the cavitation number rises from left to right in the columns of Figure 8. Only
the lowest cavitation number presents an unexplained exemption. The cavitation volume
differs among the individual cycles with a standard deviation of approximately 10 %, which
is small compared to the differences shown in the bottom row of Figure 8.

A reproducible, though not yet explained peculiarity, is found for σ = 1.2: Concordantly
this third cavitation number generates the highest sound pressure peaks throughout the
matrix of operation points, even though the lower cavitation numbers provide a larger cav-
itation volume and a generally more pronounced cavitation behaviour. This phenomenon
corresponds with the observations of Reisman et al. [17], where the highest noise emis-
sions were also observed without explanation at an equal intermediate cavitation number
(σ = 1.2) independent from the oscillation frequency.

In favor of clarity, the spectral analysis of the sound pressure with regard to various
cavitation numbers is performed only for the

∠
course of the angle of attack. Figure 9

shows that an increase in σ within the given range has only a small influence on the sound
pressure levels at the harmonics of the oscillation frequency compared to the variation
of the AoA courses in Figure 7. The first seven harmonic peaks are marked for better
readability, showing the prominence of the third cavitation number (1.2) observed in the
time domain and also in the spectrum.

Figure 9. Sound pressure level spectra at four different cavitation numbers σ and f ∗ = 0.39 with the
∠

course of the angle of attack, frequency resolution ∆ f = 1 Hz, rectangular window of 1 s, axis
normalized with fosc.

3.3. Influence of the Reduced Oscillation Frequency

Corresponding to a small range of the reduced frequency compared to other stud-
ies [20,21], the differences in the sound pressure for different values of f ∗ shown in
Figures 10 and 11 are small as well. Limited by the capabilities of the pneumatic drive, the
range of tested reduced frequencies does not reach into areas where the cavitation behavior
differs fundamentally from the one presented in the previous sections. Even the peculiarity
pointed out in Section 3.2 is reproduced for both values of f ∗. Again, the spectral analysis
is performed only for the

∠
course of the angle of attack and for the lowest cavitation

number as their influence is already outlined in the previous sections.
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Figure 10. Mean cycles of (top) the angle of attack, (middle) the sound pressure and (bottom) the
calculated cavitation volume at σ = 0.9 | 1.2 and both values of f ∗ (0.33 – and 0.39 - -).

Figure 11. Sound pressure level spectra at both reduced frequencies f ∗ at σ = 0.9 with the
∠

course
of the angle of attack, frequency resolution ∆ f = 1 Hz, rectangular window of 1 s, axis normalized
with fosc.

4. Discussion

The analysis of sound pressure and calculated cavitation volume in the time domain
in combination with high-speed video frames shows concordantly that the cavitation evolu-
tion is related to the hydrofoil movement. The growth and collapse of the attached partial
sheet cavitation follows—with a certain delay—the increase and decrease in the angle of
attack. This observation agrees with the studies concerned with oscillating hydrofoils in
similar ranges of the reduced frequency [16,17,19–21]. This lock-in phenomenon governs
the sheet cavitation behavior for both symmetrical and asymmetrical courses of the an-
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gle of attack and confirms the major role of the hydrofoil movement with regard to the
cavitation evolution.

The present study shows clearly that the altering of the temporal course of the angle
of attack has a significantly stronger and invariable influence on the cavitation noise than
the other analyzed parameters (σ and f ∗) within their respective ranges. Throughout
the operation points, the

∠
course of the AoA caused pressure peaks at the harmonics

of the oscillation frequency that surpassed the peaks measured with the other temporal
courses. Furthermore, while having a significant influence on the collapse process, neither
of the angular courses transferred the occurrence of the sound pressure maximum from the
collapse to the growth phase. This directs the focus of propeller optimization with regard
to noise reduction from the entrance into the wake trough towards the egress range where
the cavitation collapses.

As shown by Hashimoto et al. [20], the amplitude of the oscillating cavitation length
as an indicator for the cavitation behaviour (Section 2.3) decreases for higher oscillation
frequencies. Within the short period of an increasing angle of attack the cavitation bubble
seems unable to reach the same extend as for slower oscillations even if the angular range
is kept constant. This observation corresponds with the smaller volume evolution outlined
in Section 3.1 for the

∠
course in comparison to its counterpart where a longer angular

increase provides more time for the bubble growth.
The corresponding rapid angular decrease in the

∠
course is therefore not directly

comparable to faster symmetrical oscillation which lacks the generous growth phase.
Having reached its full extend, the cavitation bubble is left to collapse violently, producing
the highest sound pressure peaks among the three angular shapes. The studies [16,19] state
concordantly that the highest pressure impulses are detected at the collapse of the cavity.
The proportional correlation between the volume acceleration and the sound pressure
defined in Equation (3) as outlined by Huse [26] indicates that (a) a larger volume tends
to produce higher sound pressure peaks and (b) the abruptness of the collapse as another
term for the temporal derivative strongly promotes higher sound pressure peaks as well.

Conversely, this means that the sound pressure peaks are reduced significantly by
sustaining the collapsing sheet cavitation by means of a delayed angular decrease. Another
similar way of noise reduction is presented as a second major finding of Reisman et al. [17]:
Air injected into the cavitation bubble tends to mitigate the collapse rapidness and thus the
corresponding sound pressure peak. This principle is transferred into practical application
with the so-called Prairie system [29], though not adept for wide civilian usage due to
technical efforts. However, both strategies based on the prolonging of the existence of the
cavitation bubble point towards the quieter cavitation behavior. This may be aimed for
either by optimizing the propeller design as analysed by Ji et al. [12] and recently discussed
by Maquil [13] and/or smoothing the wake field shaped by the hull lines or appendices as
investigated by Fahrbach [10], Bugalski and Szantyr [11].

Accompanying numerical simulations as well as further experimental work are needed
to provide an even closer view on the cavitation behavior in the context of asymmetrically
oscillating hydrofoils and perspectively ship propellers operating in inhomogeneous wake
fields. Numerical simulations may enable the further decoupling of setup parameters,
especially with regard to the angular course, in order to understand its correlation with
the emitted cavitation noise in more detail and transfer it into propeller design. Especially,
the noise reduction potential of the skew and the wake field as well as of some propulsion-
improving devices (PIDs) requires further investigation. While the occurrence of significant
propeller cavitation cannot reasonably be avoided within the tight efficiency demands
imposed on the propellers of merchant ships, the acceptance or even prolongation of the
angular range of the cavitation with a focus on a more moderate collapse phase, i.e., a
minimum second derivative of the cavitation volume over time, may be the key towards
quieter propellers.
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