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ABSTRACT  

Comfort on board has become an important aspect in the 

design of ships over the last decades, especially comfort 

for passengers on cruise vessels and for owners of yachts. 

Therefore, cavitation on propellers for these ships should 

be minimized, leaving often only a tip-vortex cavity. 

However, tip-vortex cavitation is known to be a cause of 

broadband pressure fluctuations on the hull above the 

propeller, typically in a frequency range between 30 and 

100 Hz. The present paper discusses the mechanisms 

involved in generating these low-frequency broadband 

hull fluctuations which also describe the underwater 

radiated noise. 
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1 INTRODUCTION 

Noise and vibration onboard ships are important for 

comfort of crew and passengers. Especially passengers on 

cruise vessels and owners of yachts require high comfort 

levels. An important source of noise and vibration is 

cavitation on the ship propeller. The collapse of cavitation 

generates pressure fluctuations that excite the ship hull 

above the propeller. Noise reduction is usually achieved 

by unloading the propeller tip and decreasing sheet 

cavitation as much as possible. This leaves often only tip 

vortex cavitation on the propeller. However, this type of 

cavitation generates broadband hull pressure fluctuations 

(HPF) which may lead to ship vibration issues (Brubakk 

& Smogeli 1988, Carlton 2015). The broadband hull 

pressure fluctuations are typically seen as a hump in the 

spectrum in a frequency range between 30 Hz and 100 

Hz. The same hump can also be observed in the 

underwater radiated noise (URN). 

Broadband spectra of HPF as measured on model scale 

for twin-screw vessels were presented by Friesch (1998), 

Frechou et al. (2000), Kuiper (2001),  van Terwisga et al. 

(2007), and Bosschers (2009a), and the topic is briefly 

addressed by the 23
rd

 ITTC Specialist Committee on 

Cavitation Induced Pressures (2002). Consensus is that 

broadband HPF is related to the cavitating tip vortex and 

that variability of the cavitation collapse between blade 

passages is of importance, though the physical 

mechanisms are still not fully understood. Bosschers 

(2009a) relates the centre frequency of the hump to a 

resonance frequency obtained from the dispersion relation 

of deformations of the cavity interface. Pennings et al. 

(2016) show that the frequency of the oscillations of the 

volume of a propeller tip-vortex cavity, determined by 

high-speed video, is identical to the most dominant 

frequency in the noise spectrum. 

Semi-empirical model for the (broadband) noise of tip-

vortex cavitation have been developed by, among others, 

Raestad (1996) and Bosschers (2018a). These models 

relate the broadband noise to the thickness of the tip-

vortex cavity computed by a potential flow method and a 

simple vortex model. Raestad (1996) predicts the inboard 

noise while Bosschers (2018a) predicts the broadband 

HPF and URN. 

The relation between broadband noise and tip-vortex 

cavitation is illustrated by the CFD results of Fujiyama 

and Nakashima (2017). They compute the HPF for the 

single-screw vessel Seiun-Maru for two different 

propeller geometries. Computational results, obtained at a 

model-test Reynolds number and corrected by a scaling 

rule for URN, showed good agreement with full-scale 

measurement data with respect to the broadband part. 

However, computations at the full-scale Reynolds 

number, in which sheet cavitation was predicted but the 

tip-vortex cavity was not captured, showed a significant 

underprediction of the levels of the broadband noise, 

especially for the propeller of conventional planform. 

These results show that, for this ship, the broadband hump 

of the spectrum, centred around 50 Hz, is mainly due to 

tip-vortex cavitation.         

Very large broadband noise levels are known to occur 

when a controllable-pitch propeller is operating at 

reduced pitch setting in order to achieve low ship speed. 

These broadband noise levels are due to the interaction of 

two counter-rotating vortices. Okamura et al. (1994) 

present the broadband noise spectrum as measured in a 

cavitation tunnel, Berghult (2000) has developed an 

empirical formulation for the broadband noise levels as 

function of pitch offset and blade area ratio, and Carlton 



(2015) shows the interacting cavitating vortices and 

resulting vibration level at full-scale.  

The topic of propeller tip-vortex cavitation and its 

broadband noise is discussed in detail in the thesis by 

Bosschers (2018b). The present paper provides a short 

review of the main mechanisms involved and is extracted 

from that thesis. First, some fundamental research on a 

vortex cavity and on broadband noise are discussed: 

Chapter 2 very briefly presents some aspects of the 

dynamics of vortex cavitation, focusing on the presence 

of a resonance frequency; Chapter 3 discusses the vortex 

cavity as a noise source and shows how variability 

between blade passages generates the broadband part of 

the spectrum. Some applied research is presented 

thereafter: The structure of vortex cavitation is discussed 

in Chapter 4 focusing on an attached tip-vortex cavitation 

and on a sheet cavity in the tip area of a skewed propeller 

blade. The excitation mechanism of an attached tip-vortex 

cavity that leads to a broadband spectrum is presented in 

Chapter 5, and the concluding remarks are given in 

Chapter 6.  

 

2 DYNAMICS OF VORTEX CAVITATION 

2.1 Dynamics in 2-D viscous flow 

The dynamics of a vortex cavity in 2-D inviscid flow was 

investigated by Ligneul et al. (1983) whereas the 

dynamics in 2-D viscous flow was studied by Chahine 

(1995). In Bosschers (2009b), the cavity dynamics was 

also studied in 2-D viscous flow, but with the boundary 

condition at the cavity interface corresponding to a zero 

shear stress condition. This boundary condition, first 

derived by Bosschers et al. (2008), shows acceptable 

agreement with PIV measurements on a cavitating tip 

vortex by Pennings et al. (2015) as shown in detail by 

Bosschers (2018c). An example of a result is presented in 

Figure 1. Both experimental and theoretical results show 

that further away from the cavity the azimuthal velocity 

distribution for non-cavitating and cavitating flow is 

identical. However, at the cavity interface a vorticity 

region is present that leads to a difference in azimuthal 

velocity between non-cavitating and cavitating flow. If, in 

the theoretical model, the growth of the viscous core size 

for cavitating flow is identical to that for non-cavitating 

flow (results in Figure 1 for f=1.0), the thickness of this 

vorticity region is too small. If the growth is larger (by a 

factor f= 1.6), the results of the theoretical model agree 

well with the experimental data. 

A typical example of the time trace of the cavity radius 

from an unsteady computation is presented in Figure 2a. 

The solution was initialized with the analytical model for 

a 2-D vortex cavity (Bosschers 2009b, Bosschers 2018c), 

and at the first time step the pressure is slightly increased 

after which it remains constant. This issufficient for the 

vortex cavity to come into resonance. 

 

 

Figure 1. Comparison of the azimuthal velocity 

distribution with radial distance to vortex centre between 

experimental data of Pennings (2015b) and the analytical 

model for a cavitating vortex, Bosschers (2018c). 

 

 

a. Time trace of cavity size 
cr , made non-

dimensional with the viscous core size for 

non-cavitating flow 
vr  

 

b. Azimuthal velocity distribution at three 

time steps 

Figure 2. Results of computations of a vortex cavity in 2-D 

unsteady incompressible viscous flow. 



The azimuthal velocity distribution at three time steps is 

provided in Figure 2b. The collapse of the cavity is fully 

inertia driven as a large increase in azimuthal velocity 

near the cavity interface is observed. Viscous effects at 

minimum cavity radius (t/T= 0.418) are limited to a very 

small region near the cavity interface that cannot be 

identified from this graph. At the rebound (t/T= 0.704), 

the viscous effects are again visible in the region just 

outside the cavity. 

Assuming small perturbations of the cavity size, a 

formulation for the resonance frequency of a vortex cavity 

can be derived for 2-D viscous flow, analogous to the 

derivation for inviscid flow presented by Franc and 

Michel (2004). The formulation for the resonance 

frequency f of a vortex cavity with mean cavity radius 

cr reads   
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with W the reference velocity and 
refr the reference radius 

where the pressure is prescribed, see Bosschers (2018b) 

for more details. Parameter K  is the ‘stiffness-

coefficient’, for which two formulations were derived 

using the azimuthal velocity distribution of a non-

cavitating vortex as given Rosenhead (1931), 
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The first formulation uses the cavitation number 

  21
2W vp p W    and the viscous core size in non-

cavitating flow vr . The second formulation uses the 

azimuthal velocity component at the cavity interface, cv . 

It is shown in Bosschers (2018b) that these formulations 

give a reasonable prediction of the resonance frequency as 

obtained from 2-D computations. 

 

2.2 Dynamics in 3-D flow 

In 3-D flow, the situation is more complicated. Analysis 

of perturbations of the cavity interface for 3-D inviscid 

flow leads to an analytical formulation for a dispersion 

relation that provides the relation between frequency and 

spatial wave number of the perturbation. This relation, 

first derived by Lord Kelvin (Thomsom 1880), shows that 

all perturbations are neutrally stable and that, therefore, a 

criterion for a resonance frequency cannot directly be 

derived. Experimental evidence of this dispersion relation 

has been presented by Pennings et al. (2015). 

Several hypotheses for criteria for resonance, making use 

of the derived dispersion relation, are discussed by 

Bosschers (2018b). When plotting these criteria for the 

resonance frequency as function of cavitation number, the 

relation between frequency, cavity size and cavitation 

number for these criteria is somewhat similar to Eq. (1) 

and (2). One of these hypotheses is the zero-group speed 

condition for the mode that considers the axisymmetric 

cavity volume variation. This criterion is compared in 

Figure 3 with experimental data for the resonance 

frequency of the ‘singing vortex’ of Maines and Arndt 

(1997). The ‘singing vortex’ is a cavitating tip-vortex 

trailing from the tip of wing with elliptical planform. In 

specific conditions, this vortex cavity generates a tonal 

noise of which the exact mechanisms involved are still 

unknown (Arndt et al. 2015). The results for the 

theoretical formulation shown in Figure 3 have been 

derived for potential flow theory, and for potential flow 

theory with ad-hoc viscous correction. The theoretical 

values for the resonance frequency are in good agreement 

with the measured values which provides some 

confidence in the applied criterion but further 

investigation is required. 

     

 

3 VORTEX CAVITY AS A NOISE SOURCE 

3.1 A cylindrical noise source of finite extent 

We now consider the vortex cavity as an infinite cylinder 

of radius cr  that vibrates over a length 2L with amplitude 

r̂  and angular frequency  . The deformation of the 

cylinder is axisymmetric and varies in axial direction as 

   0
ˆ ˆcos cos 2r r k z r z L   for z L . The z-

coordinate is along the axis of the cylinder and 0k is the 

flexural wave number of the cylinder deformation along 

the z-axis with wave length equal to 4L . The formulation 

for the radiated noise by such a cylindrical noise source 

can be derived using the approach given by Junger and 

Feith (1986). Use is made of the method of stationary 

phase assuming that the pressure is analyzed in the far 

field and that the source is acoustically compact. The 

 

Figure 3. Comparison between the measured frequency of 

the singing vortex (Maines and Arndt 1997) and the 

criterion for zero group speed obtained from the 

dispersion relation of a vortex cavity. 



radiated pressure at distance R  and polar angle  from 

the centre of the cylinder is then given by 
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with k the acoustic wave number, .k c   

The directivity of Eq.(4) is presented in Figure 4 for three 

frequencies. At low frequencies, where the broadband 

noise due to the collapse of the large-scale vortex-cavity 

is generated, the vortex cavity can be considered as a 

monopole as the directivity is very small: For 0.25mL  , 

the frequency corresponding to 2k L  corresponds to 

1500Hzf  . At higher frequencies the radiated noise is 

no longer omni-directional, but at these frequencies the 

smaller bubbles generated by the collapse of the vortex-

cavity are also expected to contribute to the radiated 

noise. For reference purposes, Figure 4 also shows the 

directivity of a dipole. 

 

 

3.2 Influence of variability between blade passages 

We consider here the broadband noise at low frequencies 

generated by the collapse of cavitation on marine 

propellers. The maximum extent of cavitation, followed 

by the collapse, is related to the passage of the propeller 

blade through the location of minimum axial velocity in 

the ship wake field. Multiple blade passages lead to a 

periodic signal. If the signal is perfectly periodical, the 

Fourier transform would only show components at the 

blade passage frequency and harmonics thereof. In reality, 

the cavity collapse is not exactly periodical but varies 

between blade passages and this leads to a broadband 

signal as discussed by e.g. Baiter et al. (1982) and Bark 

(2000). From a mathematical point of view, this is well 

shown by the formulations derived by MacFarlane (1949) 

for variability of amplitude and of time shift of the signal 

between blade passages. The effect of combined  

 

variability of amplitude and time shift, which can also be 

interpreted as variability of phase, is derived by Bosschers 

(2018b).  

 

Figure 4. Directivity plot for angle   for 0 2k L  . The 

vortex axis runs along 0deg  and 180deg  . 

 
a. Perfect repetitive blade passages 

 
b. Variation in amplitude and phase between 

blade passages 

Figure 5. Effect of amplitude and phase angle variation of 

the cavity collapse of multiple blade passages on the 

spectrum  

 

Figure 6. Example of a (normalized) hull-pressure 

spectrum of a twin-screw vessel.  



The variation in amplitude and time are assumed 

independent and are described by Gaussian probability 

distributions with standard deviation a and   for 

amplitude and time, respectively. The mean spectrum is 

given by  
22

na G   with   the angular frequency. The 

power spectral density is then given by 
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where  r   denotes the Dirac-comb and r

corresponds to the angular blade rate frequency. 

A stylized spectrum showing the effect of amplitude and 

time or phase is shown in Figure 5 where bpf  denotes the 

circular blade passage frequency. The red line is the 

stylized spectrum of a single blade passage. The black 

line is the spectrum of a perfect repetitive signal in Figure 

5a, or a signal with varying amplitude and phase as shown 

in Figure 5b. The latter clearly shows the broadband 

hump. Simultaneously with the increase in broadband 

energy, the amplitudes at the tonals decrease with 

increasing frequency. The broadband hump in the 

spectrum of the single blade passage is considered to be 

due to the finite extent of the dampened oscillatory 

behavior of the cavity collapse and rebounds. 

Equation (5) has also be used to analyze a measured hull 

pressure spectrum due to a cavitating propeller during sea 

trials. The reference spectrum, computed for the whole 

time trace using overlapping time series and a Hanning 

window is presented in Figure 6 where it is denoted by 

‘Ref’. Using the average shaft revolution period, the 

spectrum of each shaft revolution has been computed 

which gives the distribution of amplitude and phase with 

frequency. From these spectra, the average power density 

spectrum and the standard deviation of amplitude and 

phase can be computed. The resulting power density 

spectrum is denoted by ‘Ampl’ in Figure 6. The spectrum 

consists of tonals at harmonics of the blade passage 

frequency, computed from the average amplitudes, and a 

broadband part computed from the standard deviation of 

the amplitude. Correcting this spectrum for the effect of 

variability in phase angle results in the spectrum denoted 

by ‘Ampl. & Phase’. This spectrum is identical to the 

reference spectrum showing that Eq. (5) is a correct 

representation of the effect of variability of amplitude and 

phase and that this variability is indeed the source of the 

broadband hump. 

 

4 CAVITATION PATTERNS 

4.1 Detached / attached tip-vortex cavity 

A detached tip-vortex cavity refers to the situation that the 

inception of tip-vortex cavitation occurs downstream of 

the tip of the hydrofoil or of the propeller. This tip-vortex 

cavity has a cylindrical shape and is shown in Figure 7, 

Case 1. When the inception of cavitation occurs on the 

blade, one speaks of an attached tip-vortex cavity. It first 

forms a small, probably closed, sheet cavity on the blade, 

possibly in combination with an elliptical cross-section of 

the vortex cavity. Such a cavity pattern is shown in Figure 

7, Case 2, and is schematically illustrated in Figure 8. 

The non-dimensional hull-pressure spectra for both cases 

for a transducer directly above the propeller centre are 

presented in  Figure 7, lower graph. The attached vortex 

cavity generates significant higher broadband noise than 

the detached vortex cavity. 

 

The closed cavity on the blade that turns into the vortex 

cavity shows a resemblance with the Chaplygin-Lamb 

vortex dipole (Meleshko & van Heijst, 1994), which 

describes a 2-D circular vortex consisting of two regions 

with opposite vorticity while the vorticity equals zero 

outside these regions. Such a vortex also describes a semi-

cylindrical inviscid vortex on a flat rigid wall. For the 

vortex cavity, we can assume that vorticity is present 

within the cavity and, therefore, that this vorticity is also 

present in the cavity that is attached to the blade. Because 

of the solid-wall boundary condition, this vorticity is 

mirrored in the blade surface leading to a cavity interface 

that has a semi-cylindrical shape that at the trailing edge 

of the blade turns into an elliptical vortex cavity. Such an 

elliptical cross-section can also clearly be observed in the 

 

 

Figure 7. Example of an detached tip-vortex cavity (Case  1) 

and an attached tip-vortex cavity (Case 2) and the resulting 

non-dimensional hull-pressure spectrum. The observations 

and measurements are for a podded propeller and have 

been made in the Depressurized Wave Basin of MARIN. 



dispersion diagram of a tip-vortex cavity, see Bosschers 

(2018b). 

 

4.2 Closure-vortex cavity from sheet cavitation 

At higher tip loading, sheet cavitation will be present at 

the tip of the hydrofoil or of the propeller. The sheet-

cavity is usually closed by a re-entrant jet or, if the jet 

becomes more oriented in spanwise direction, a side-

entrant jet (Foeth et al., 2008). The re-entrant jet and side-

entrant jet lead to an open structure of the cavity at its 

closure region, as schematically shown in Figure 9. 

Within the re-entrant jet and side-entrant jet, the liquid 

evaporates. In the sheet cavity, a so-called cavity-closure 

vortex is formed as described by Bark and Bensow (2013) 

in their description of cavity structures in relation to 

cavitation erosion. When the sheet cavity collapses, this 

cavity-closure vortex may form a  closure-vortex cavity, 

as defined here. Because this vortex cavity is formed by 

the sheet and not by the vortex circulation, the cavity is 

not in equilibrium and will therefore collapse. It is 

hypothesized here, that the collapse of such a sheet cavity 

and the resulting hull pressure fluctuations and 

underwater radiated noise is characterized by the collapse 

of the closure-vortex cavity. This implies that the 

dynamics of vortex-cavitation are also relevant for the 

collapse of such a sheet cavity. This needs to be further 

investigated. 

Examples of a closure-vortex cavity are presented in 

Figure 10, that shows the cavitation pattern of a single 

screw propeller for two blade positions as observed in the 

cavitation tunnel of MARIN. At blade 1 the cavity-

closure vortex directly merges with the tip-vortex cavity. 

At blade 2, the closure-vortex cavity initially remains 

separate from the tip-vortex cavity and the two co-rotating 

vortices roll-up around each other and merge further 

downstream of the blade. For a large chordwise extent of 

the sheet cavity, the closure-vortex cavity may collapse 

downstream of the trailing edge. It is expected that it is 

the collapse of this closure-vortex cavity that determines 

the hull-pressure fluctuations and radiated noise. 

 

 

 

5 TIP-VORTEX EXCITATION MECHANISMS 

5.1 Ship wake 

The velocity variation in the ship wake leads to a 

variation in blade loading and, therefore, also to a 

variation in tip-vortex strength and to a variation in tip-

vortex cavity size. In addition, the vortex cavity will 

deform under influence of the spatial and temporal 

velocity fluctuations due to the non-uniformity and 

turbulence in the ship wake. These excitation mechanisms 

are present for a detached tip-vortex cavity of a ship 

propeller.  

 

5.2 Interaction with sheet cavity 

In most situations, the tip-vortex cavity is connected to a 

sheet cavity on the blade which can be either a closed 

cavity shape (referred to above as an attached tip-vortex 

cavity) or an open sheet cavity with a cavity-closure 

vortex. As discussed above, for a small sheet cavity with 

the cavity-closure vortex located very close to the blade 

 

 

Figure 8. Schematic pattern of an attached tip-vortex 

cavity.  

 

 

Figure 9. Schematic pattern of a closure-vortex cavity, 

formed by sheet cavitation.  

 

Figure 10. Example of a cavity-closure vortex that is directly 

connected to the tip vortex (blade 1) and a closure-vortex 

cavity that initially remains separate from the tip-vortex 

cavity (blade 2). 



tip, the vapour of the sheet is directly transported in the 

tip-vortex cavity and the tip-vortex cavity also acts as the 

closure-vortex cavity. 

When the blade moves through the wake peak, the 

loading on the blade temporarily increases which first 

leads to an increase of the extent of the sheet cavity 

followed by a decrease of the extent of the sheet cavity. 

During the decrease of the volume of sheet cavity, the 

vapour part of the sheet cavity is convected into the tip-

vortex cavity where it leads to an increase of the cavity 

diameter. As this increase in cavity diameter cannot be 

sustained by the tip-vortex strength, the tip-vortex cavity 

collapses and rebounds. Hence, if the tip-vortex cavity is 

connected to a sheet cavity on the blade that does not 

have a separate closure-vortex cavity, the collapse and 

rebound of the tip-vortex cavity is preceded by the 

transport of vapour from the sheet cavity into the tip-

vortex cavity. 

A series of high-speed video frames showing this 

mechanism is shown in Figure 11. This example shows an 

attached tip-vortex cavity on a propeller blade which is 

identical to Case 2 in Figure 7. The increase in cavity size 

related to the ship wake remains more or less stationary in 

the wake frame of reference with the blade passing 

through it. The maximum cavity extent showing in frame 

#1 is then moved in the tip-vortex cavity in frame #2 after 

which it collapses and rebounds. 

 

 

5.3 Other vortices 

For a controllable pitch propeller operating at low ship 

speed, i.e. pitch is reduced with respect to design pitch, a 

vortex may emanate from the face of the blade. As the 

propeller is still producing thrust, a tip vortex is still 

generated on the back of the blade. This pair of vortices is 

counter-rotating and the interaction between these two 

vortices leads to a roll-up of the weaker vortex around the 

stronger vortex, ultimately leading to break-up of the 

weaker vortex into ring vortices. As both vortices may 

cavitate, the interaction between the vortices may also 

lead to break-up of the cavity and thereby to a collapse. 

This break-up mechanisms is known to lead to high 

broadband noise levels as discussed in the introduction. 

6 CONCLUDING REMARKS 

A concise review has been given of the mechanisms 

involved in the broadband noise of (tip-)vortex cavitation. 

For an attached tip-vortex cavity without significant sheet 

cavitation, the collapse can be excited by the transport of 

vapour from the sheet into the vortex cavity. When the 

sheet cavity grows, it is hypothesized that the sheet-cavity 

closure vortex forms a cavity structure that will also 

collapse as a vortex cavity. 

Based on 2-D computations, the collapse of a vortex 

cavity is expected to be inertia driven and that, therefore, 

the effect of viscosity is small. The resulting increase in 

azimuthal velocity at the cavity interface dampens the 

collapse which ultimately results in a rebound and 

therefore resonance. Whether this also holds for 3-D flow 

needs to be further investigated. An analytical formulation 

for the resonance frequency could only be derived for 2-D 

flow.  

The radiated pressure of a vortex cavity has been 

described by an analytical solution for a cylindrical noise 

source. This noise source becomes a monopole at low 

frequency and in the far field. In the near field, the 

situation is more complicated which needs to be further 

investigated.  

It has quantitatively been shown that the variability 

between blade passages leads to a decrease of higher 

order harmonics of the blade passage frequency and to the 

generation of a broadband hump in the low-frequency 

hull-pressure spectrum. This variability needs to be 

further investigated from a quantitative point of view, for 

sea trials as well as for model tests. 
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