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ABSTRACT 

The type of cavitation most often present on ducted 

propellers is tip-leakage vortex cavitation. To predict the 

underwater radiated noise of this cavity type, a semi-

empirical model has been developed making use of model-

scale test results of a tanker hull form and two propeller 

designs, differing in tip loading and blade area ratio. The 

semi-empirical model uses the results of a boundary 

element method for the ducted propeller, particularly the 

blade tip loading. A linear regression analysis was applied 

on several dependent variables describing the spectral 

shape using predetermined independent variables. The 

model gives a good prediction of the maximum noise levels 

with a standard deviation of the fitted results of 1.6 dB 

while the overall spectral shape could be predicted with a 

standard deviation of 4 dB.  
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1 INTRODUCTION 

The underwater radiated noise (URN) from shipping 

negatively affects marine life by e.g., behavioral changes 

(Erbe et al, 2019; Duarte et al, 2021). This had led to the 

inclusion of continuous underwater noise in the Marine 

Strategy Framework Directive (MSFD), adopted by the 

European Union in 2008, which requires that levels of 

underwater noise pollution do not adversely affect marine 

ecosystems. Studies showed that this may require 

implementing quietening measures (Merchant et al, 2022). 

Ship noise mitigation measures are being studied by 

multiple stakeholders (Cruz et al, 2022), including the 

IMO, which published revised guidelines for the reduction 

of underwater noise (IMO, 2023). These guidelines were 

followed by an action plan in which one of the short-term 

high-priority recommendations is to improve prediction 

methods for URN. 

The most important sources of the URN of ships are 

machinery and propeller cavitation (Fischer and Collier, 

2007). Propeller cavitation noise at the design phase can be 

predicted by model tests, CFD methods, and computational 

methods coupled with semi-empirical methods. Model 

tests are still considered to be most accurate as they provide 

a good prediction of full-scale noise levels (Lloyd et al., 

2018) and can investigate new mitigation measures for 

which no reference data is available (Lloyd et al., 2024). 

CFD can also be used to directly predict URN, but it 

requires (computationally expensive) scale-resolving 

simulations, while the frequency range is still limited 

(Lidtke et al, 2022). Computational methods such as 

boundary element methods can be combined with semi-

empirical methods to predict the broadband noise levels of 

cavitation noise (Raestad, 1996; Brown, 1999; Bosschers, 

2018; Miglianti et al., 2019). These methods have the 

advantage that they can also be used in an (automated) 

propeller design process (Huisman and Foeth, 2017) due to 

their fast turn-around time. A disadvantage of these semi-

empirical methods is that reference data needs to be 

available to develop the model.  

Cavitation can manifest itself in different forms and, in 

general, a distinction can be made between bubble 

cavitation, sheet cavitation and vortex cavitation. On ship 

propellers it is usually a combination of sheet cavitation 

and tip-vortex cavitation that is present, with each 

mechanism requiring its own model and empirical 

constants (Lafeber et al., 2022). A significant part of the 

world fleet uses a ducted propeller for its propulsion, 

especially tugs, offshore supply vessels, fishing vessels 

and, to a lesser extent, low-speed cargo vessels and tankers. 

The cavitation pattern on such a ducted propeller most 

often has a cavitating tip-leakage vortex (TLV). 

At the tip of a ducted propeller, the flow is forced through 

the gap between the blade and duct by the pressure 

difference between the two sides of the blade forming a 

shear layer starting slightly aft of the leading edge that 

rolls-up into the (primary) TLV (Lakshminarayana, 1996). 

This TLV can be accompanied by another (secondary) 

vortex originating from the tip trailing edge. The cavitation 

inception of this TLV depends on gap width, rotor loading, 

and Reynolds number as shown in the experiments by 

Farrell and Billet (1994). The experiments by Oweis et al. 

(2006a, 2006b) showed that the cavitation inception of a 

TLV is a complex process, affected by the interaction 

between the TLV and the corotating secondary (trailing 

edge) vortex. The TLV strength and core size were found 

to be weakly dependent on Reynolds number but did 

depend on the boundary layer of the duct. The underwater 

radiated noise of a cavitating ducted propeller was 

investigated by Lidtke et al. (2022) using scale-resolving 

CFD simulations and Lafeber et al. (2022) using semi-

empirical prediction methods.  



Because the generating mechanism of a TLV differs from 

that of a tip-vortex, it is expected that a semi-empirical 

model for the URN of tip-vortex cavitation is not valid for 

a cavitating TLV. For that reason, a new semi-empirical 

model has been developed using model-scale tests as 

reference data. This semi-empirical model makes use of the 

results of the boundary element method PROCAL that has 

been specifically developed for the analysis of marine 

propulsors operating in a ship wake field. This method is 

presented in Section 2. Two dedicated propellers have been 

designed for a single-screw tanker, as explained in Section 

3. The model-scale tests with these geometries are 

described in Section 4, and Section 5 details the 

development of the semi-empirical model. 

 

2 BOUNDARY ELEMENT METHOD PROCAL 

The boundary element method (BEM) PROCAL has been 

developed in the Cooperative Research Ships (CRS) 

organization (www.crships.org) for the analysis of ship 

propulsors operating in a ship wake field. The code is a low 

order BEM that solves the velocity disturbance potential 

using the Morino formulation. The applied model for sheet 

cavitation is based on the formulation by Fine and Kinnas 

(1993). Studies and details on the mathematical and 

numerical model can be found in Vaz (2005) and Vaz & 

Bosschers (2006). The geometry of the blade wake can be 

determined by an iterative procedure to align the propeller 

wake with the flow or by prescribing the wake pitch and 

contraction using empirical formulations to reduce CPU 

time. PROCAL has been coupled with a RANS-solver, 

which computes the flow around the ship hull, to predict an 

effective wake field (Rijpkema et al, 2013). The hull-

pressure fluctuations at harmonics of the blade rate 

frequency can be computed by coupling with an acoustic 

boundary element method EXCALIBUR (van 

Wijngaarden, 2011). An example of validation studies 

using model-scale and full-scale measured data is 

presented by Bosschers et al. (2008). 

The analysis of ducted propellers follows the method as 

proposed by Baltazar et al. (2012). An iterative wake 

alignment method is applied for the wake of the propeller 

and duct in which the radial position of the trailing vortices 

is prescribed, while the pitch is obtained from the 

computed induced velocities. The velocities near the duct 

surface are reduced in value depending on a user-specified 

boundary layer thickness which decreases the pitch of the 

trailing vortex at the blade tip. The gap between propeller 

blade and duct is modeled as a surface of panels with a 

prescribed transpiration velocity, but usually, as also 

applied here, the gap is modeled as a rigid surface. The 

rounded duct trailing edge geometry is changed into a 

sharp trailing edge such that the location from which the 

vortices trail from the duct is clearly defined. An iterative 

pressure Kutta condition is applied for the blade and duct 

trailing edge by adjusting the wake strengths. The effect of 

the modified duct trailing edge was investigated using a 

RANS-BEM coupling procedure (Bosschers et al., 2015). 

The unsteady analysis of the ducted propeller is performed 

following a similar computational approach as used for 

open propellers: The solution at each time step is computed 

for a single key surface (being a key blade, a key hub, and 

a key duct surface) whereas the solution of the other 

(symmetry) surfaces is obtained from solutions of the key 

surfaces computed at previous time steps. Validation 

studies of PROCAL for ducted propellers have been 

presented by Moulijn (2015) and Moulijn et al. (2019). 

  

3 PROPELLER DESIGN 

For the present study, the main aim was to design two 

propellers such that high-quality URN measurements of 

the TLV cavitation can be performed while the design 

should still be realistic and suitable for the ship. 

The hull of the Streamline tanker - recently used in the EU-

project SATURN (Lloyd et al., 2024) - was selected, as the 

scale model was available and the geometry can be shared 

openly. The geometry was to be adapted to accommodate 

ducted propellers. A representative headbox was designed, 

and a 19A duct was fitted. The ship model features a large 

propeller model with a diameter of 300 mm. The scale 

factor of the model is 12.833. Using the industry standard 

1% tip clearance, the inner diameter of the duct is 303 mm 

resulting in a gap of exactly 1.5 mm.  

The approach to design and analyze ducted propellers with 

PROCAL was discussed by Huisman et al. (2022). 

Unfortunately, RANS-BEM computations are still not 

possible with PROCAL for ducted propellers. The current 

approach still relies on using the nominal wake field and 

an estimated ratio between the thrust of the duct and the 

thrust of the propeller. 

The computed nominal wake fields are visualized in Figure 

1. The headbox leads to different velocity distributions in 

the wake field, not only in the top position, but also at other 

locations. The tangential flow becomes less dominant, and 

the axial flow deficit becomes slightly more pronounced. 

The differences between the two propellers should provide 

valuable information concerning the effect of the blade 

shape on the behavior of the TLV. Three options for 

possible distinguishing features between two propellers 

were assessed: 

1. Design a dedicated highly loaded and a lightly loaded 

propeller. This was considered unrealistic since a 

propeller in practice needs to be a compromise 

between these two conditions.  

2. Design an efficient and a silent propeller variant. This 

could be a realistic future scenario in view of 

upcoming URN regulations; however, in view of the 

purpose of the current project, the added value for the 

measurements could be limited.  

3. Design two propellers for a similar design condition 

with two different tip chord lengths and blade area 

ratios (BAR) to investigate the influence of tip chord 

on the behaviour of the TLV.  

It was chosen to continue with the third option, as it was 

expected to give the most valuable and realistic model 

http://www.crships.org/


scale measurements. The blade area ratios were chosen as 

0.45 and 0.75. 

The multi-objective optimization method PropArt was 

used to design the propellers. PropArt has been developed 

for propeller design optimization within MARIN and the 

CRS, with case studies presented by Huisman and Foeth 

(2017), Huisman et al. (2024), and Foeth and Bosschers 

(2026). A parametric propeller geometry is coupled to an 

optimization algorithm. PROCAL computations are 

performed automatically for many propeller geometries. 

After the PROCAL computations, often in multiple design 

conditions, the performance is evaluated in terms of the 

objectives and constraints. Recently, automatic mesh 

generation was implemented in PropArt to accommodate 

ducted propellers. For the current work, cavitating 

computations were considered but ultimately not applied in 

view of computational costs.  

The overall goal of the optimization was to delay sheet 

cavitation as much as possible. In addition, the leading-

edge skew should be limited to avoid the formation of 

leading-edge vortices, although these are not included in 

PROCAL. Two design conditions were chosen with thrust 

loading coefficients CT = 2.3 and CT = 25 for which the 

propellers rotate at 125 and 120 rpm for BAR = 0.45 (Prop. 

#1), and 164 and 153 rpm for BAR = 0.75 (Prop. #2), 

respectively. 

Design freedom was given to the pitch (3 variables), 

camber (3 variables), thickness (3 variables), skew (1 

variable), and chord length (4 variables). In addition, the 

blade profiles were optimized as well, for four radii, using 

the Kulfan method (see Foeth et al., 2019) for thickness (3 

variables per radii) and using a Bezier curve for camber (3 

variables per radii). This gives a total of 38 variables. The 

CMOPSO optimization algorithm was used, with a 

population size of 96. 

Reaching an optimal design within one optimization run is 

not possible yet due to the complexity of the design 

problem. Instead, several design optimizations were done. 

Typical objectives that were used iteratively were: power; 

minimum pressure level at certain radii; radius where 

cavitation inception occurs; suction side leading edge 

cavitation margin in terms of cavitation number; area of the 

blade where pressure is below the vapor pressure; and 

suction side cavitation force (integral of pressure deposit 

over the area where pressure is below vapor pressure, with 

the pressure deposit defined as the difference between local 

pressure and vapor pressure). 

These objectives were also used iteratively as constraints 

and monitors. Further, typical constraints that were applied 

were: thickness over chord at the root to avoid flow 

separation; class requirements for sufficient strength; mass 

to avoid excessive blade thickness; mid-chord cavitation 

margin, both isolated mid-chord and when having a 

pressure peak; pressure-side cavitation margin; circulation 

at the root to avoid a cavitating hub vortex; radial 

distribution of the minimum pressure to avoid cavitation 

erosion; and pressure recovery region at the trailing edge 

such that flow separation is avoided. 

Unlike optimization for open propellers, the required thrust 

was implemented as a constraint rather than being iterated 

upon, as automatic pitch iteration is very time consuming 

for ducted propellers. The thrust distribution between duct 

and propeller was also imposed as a constraint. 

One of the typical outputs from the optimization is shown 

in Figure 2. While PropArt is usually applied to study 

tradeoffs between conflicting objectives like URN and 

efficiency, here it served as a powerful design tool to guide 

the propeller toward favorable, potentially interrelated and 

diverse objectives. The approach of designing propellers 

with delayed sheet cavitation is still a topic of investigation 

and iterative optimization runs. Latest insights suggest 

improvements can be made using the cavitation inception 

diagram, though this requires more computational 

capacity. 

 

Figure 2: Pareto front for propeller #2 showing optimization 

towards minimum cavitation margins and extents in the 

upper left corner with the last generation shown in red color. 

The crosses indicate infeasible designs whereas the dots 

indicate feasible designs. 

Due to the favourable thickness over chord ratio and lower 

rotation rate, the design for Prop. #1 could be designed 

without sheet cavitation. For the Prop. #2 design, the sheet 

cavitation could not be removed successfully. The pitch in 

the tip region is low, while the camber is high. This idea 

could not successfully be applied to Prop. #2 due to the 

  

Figure 1: Wake fields for the original situation (left) and 

the situation with headbox (right). 



required margins for pressure side cavitation and mid-

chord bubble cavitation and corresponding stability of the 

remaining suction side sheet cavitation. 

Counterintuitively, the lightly loaded condition is the most 

demanding due to the larger variation in angle of attack and 

the higher rotation rate. The pressure peaks are larger as 

may been seen in Figure 3. The blade outline and computed 

pressure distributions and amount of sheet cavitation is 

visualized in Figure 4, and a comparison of the pitch 

distribution is provided in Figure 5, as well as the blade 

profile at 0.9R. 

The control of the blade profile sections during an 

optimization is still challenging, as the pressure 

distributions are not always as smooth as desired. Further 

development of the capabilities to design high quality blade 

profiles for both open and ducted propellers is needed in 

this respect. 

 

Figure 3: Chordwise pressure distributions at 0.95R for 

Prop. #2 at both loading conditions. 

  

  

Figure 4: Computed pressure distribution and sheet 

cavitation extents at design conditions for Prop. #1 (top) 

and Prop. #2 (bottom). 

 

 

  

Figure 5: Pitch and blade profile at 0.9R for both propellers. 

 

4 MODEL-SCALE TESTS 

An existing scale model of the Streamline tanker was 

adapted for the tests, including the headbox and a 

transparent duct made of acrylic glass. A photograph of the 

stern arrangement of the model is included in Figure 6. The 

model was prepared according to MARIN’s standard 

practices for cavitation tests. 

Model tests were performed in MARIN’s Depressurised 

Wave Basin (DWB). The DWB is a towing tank measuring 

240 meters long by 18 meters wide by 8 meters deep, that 

allows tests using a scale model to be performed at Froude 

and cavitation number similarity concurrently. This is 

achieved by reducing the ambient pressure in the facility. 

Several types of tests were performed during the 

measurement campaign, initially using the main towing 

carriage. Firstly, a cavitation inception diagram was 

determined for each propeller. This formed the basis for 

selecting the test conditions of the later measurements, 

aiming for systematic variations in propeller loading and 

cavitation number, ideally for isolated TLV cavitation, 

while maintaining sufficient signal-to-noise (SNR) ratio. 

Following the cavitation inception tests, cavitation 

observations were made using high-speed cameras 

positioned abeam the model. During these tests, propeller 

thrust, torque, and rotation rate were measured, as well as 

duct thrust. Next, URN measurements were performed, 

repeating the test conditions of the cavitation observations 

but using a dedicated silent towing carriage to reduce 

background noise. Sound was recorded using hydrophones 

mounted on a mast in the basin, which the model passes 

over during the run. Acoustic pressure sensors were also 

mounted in the headbox, on the starboard side (above the 

down-going blade) just forward and just aft of the duct.  

The results of all tests were processed following MARIN’s 

standard practices. For sound measurements, the procedure 

closely follows ITTC guidelines (ITTC, 2017); a full 

description can be found in Lloyd et al. (2018).  

Measurements of the model-scale duct transfer function 

were also made using a calibrated sound projector. The 

results of these tests did not reveal any significant effect of 

the duct on sound propagation across a wide frequency 

range, meaning that no correction was applied when 

processing the results of the cavitation sound 

measurements to obtain the TLV source levels (SL).  



For both propellers, the test conditions covered a range of 

propeller loadings KT,P+D between about 0.2 and 0.5. For 

Prop. #1, the range of the cavitation number σn was 

between about 3.5 and 9.5, with most points achieving 

isolated TLV cavitation, while for Prop. #2 this was 

between about 2.5 and 5.5, with fewer points exhibiting 

isolated TLV cavitation; a small back side sheet cavity was 

often also present. Example results of the cavitation 

observations for both propellers are provided in Figure 6 

and Figure 7 for the low and high BAR propellers, 

respectively. Overall, the cavitation patterns are similar 

between model tests and PROCAL predictions, in terms of 

the differences between the propellers, the differences 

between the loading conditions, and the extent and 

dynamic behavior of the sheet cavitation. As PROCAL 

cannot capture the TLV, any interaction between sheet 

cavitation and TLV cavitation is not captured either. 

 

Figure 6: Snapshot of cavitation observation Prop. #1 at 

heavy loading condition corresponding to Figure 4. 

 

Figure 7: Snapshot of cavitation observation for Prop.  #2 at 

light loading condition corresponding to Figure 4. 

An overview of the results of the sound measurements is 

provided in Figure 8 and Figure 9 for the low and high BAR 

propellers, respectively. Repeat measurements have been 

excluded, but the repeatability was judged to be 

particularly good, with an average absolute difference 

across all frequencies of 0.5 dB. Differences in source 

levels across all test conditions of up to about 20 dB are 

seen, which was expected to be sufficient for supporting 

development of the semi-empirical model. The usability of 

the URN results for this purpose was assessed by 

considering both the number of frequency bands with 

sufficient SNR and the forms of cavitation present, for each 

run. This resulted in 10 out of 11 runs being judged as 

usable for the low BAR propeller, reducing to five out of 

nine for the high BAR propeller. To further help the model 

development at low frequencies, the data obtained from the 

acoustic pressure sensors was also included. 

Figure 8: Full-scale decidecade bandwidth source level 

spectra of cavitation URN for the Prop. #1, measured using 

basin-mounted hydrophone. The scale divisions on the y-axis 

denote 10 dB increments. 

Figure 9: Full-scale decidecade bandwidth source level 

spectra of cavitation URN for the Prop. #2, measured using 

basin-mounted hydrophone. The scale divisions on the y-

axis denote 10 dB increments. 

 

5 SEMI-EMPIRICAL MODEL DEVELOPMENT 

5.1 Introduction 

A semi-empirical model for the inception of the TLV is 

presented by Farrell and Billet (1994). In this model, the 

vortex strength is obtained from the lift-coefficient at the 

tip and, using an empirical formulation for the viscous core 



size, the minimum pressure is computed for a Rankine 

vortex. More recently, a series of systematic model tests 

were performed for two ducted thrusters from which a 

semi-empirical prediction model for the radiated noise 

levels was developed (Lafeber et al., 2022). The values for 

the independent variables for this model were based on 

results by the boundary element method PROCAL, and the 

present method uses a similar approach. 

 

5.2 Model description 

The model makes use of a non-dimensional noise level pK  

given in decibels (dB), like the one presented in Bosschers 

(2018) and Lafeber et al. (2022) and reads 

 

             ( ) ( ) 2 3 6

1010logp bp SK f f L f n D = −     (1) 

where SL is the sound source level (unit dB, re 1 μPa2 

m2/Hz) given as power spectral density levels, f  the 

frequency, bpf  the blade passage frequency,   the 

density, n  the shaft rotation rate and D  the propeller 

diameter. In addition to radiated sound source levels, the 

broadband hull pressure spectra for a pressure sensor 

located just upstream of the duct leading edge have been 

converted to pK  values. The conversion includes a 

correction for distance assuming spherical spreading loss 

and a correction in amplitude by a factor two due to the 

solid boundary factor. 

The non-dimensional noise levels are related to an estimate 

of the TLV cavity size cr by the relation 
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where Z corresponds to the number of propeller blades, 

TLVCSp  to the non-dimensional spectral shape, and ka  and 

kb  to the empirical coefficients. The cavity size is 

estimated from the formulation of a Rosenhead vortex: 
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with   the TLV strength, ,n tip the cavitation number at 

the tip, and vr  the viscous core size. The TLV strength is 

obtained from the PROCAL computed bound circulation 

 at the tip section of the blade. The viscous core size is 

computed from a reference value using a Reynolds number 

scaling with m= 0.28 following ITTC (1996): 
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The length scale L  can be either the tip-chord length or the 

propeller diameter. The reference value for the viscous 

core size is taken from Oweis et al. (2006a). The Reynolds 

number is computed from the propeller tip speed and tip 

chord length. 

Analysis of the spectra of the hull-pressures and URN 

suggested that two spectral shapes should be used. The first 

one is composed of a plateau at low frequencies combined 

with a constant decay above the plateau cut-off frequency 

pf : 
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The second spectral shape is a low-frequency hump with 

centre frequency cf , similar to that used by Bosschers 

(2018): 
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In the implementation, the argument of the sinc-function is 

limited to a value smaller than one. For both spectral 

shapes, the characteristics frequency is defined as: 
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The analytical values for the powers are 1 0.5fc =  and 

2 1.0fc = similar to those used by Raestad (1996) and 

Bosschers (2018) for the centre frequency of the hump of 

tip-vortex cavitation noise. 

The two spectral shapes are combined by a power sum: 
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5.3 PROCAL computations 

The Procal computations were made using the wake field 

as shown in Figure 1, and with prescribed ship speed, shaft 

rotation rate and basin pressure for each test-condition. The 

number of panels on each key blade is 60 wrapped around 

the blade section and 30 in radial direction, on each key 

duct surface 110 wrapped around the section and 30 in 

circumferential direction. This panel distribution is shown 

in Figure 10. For the cavitating cases, the number of panels 

wrapped around the sections is 120 and 150 for the blade 

and duct, respectively, as shown in Figure 10. The 

predicted propeller thrust is in good agreement with the 

measured values (mean difference of about 1%) while the 

duct thrust is overpredicted, as observed earlier by 

Bosschers et al. (2015). The results are presented in Figure 

11. 

 



 
Figure 10: Example of the PROCAL panel distribution for 

Prop. #1 for the wetted flow computation. 

 

5.4 Results of the fitting procedure 

For the fit of the model coefficients, use has been made of 

URN as well as hull-pressure data for a single sensor. The 

levels of the hull-pressure spectra (converted to source 

levels) had to be adjusted by 10 dB to match the URN 

spectra at high frequencies. The reason for this shift has not 

been further investigated but can be due to the 

directionality of the sound source, and the scattering effect 

of the propeller. Because the signal-to-noise ratio of the 

hull-pressure fluctuations at low frequencies is higher than 

that of the URN measurements, the fit for the plateau level 

and hump is made for the hull-pressure levels. All data has 

been made non-dimensional using Eq. (1). Because here 

only the contribution of cavitation to the broadband 

spectrum is considered, the measured non-cavitating 

spectrum of the hull-pressures is subtracted from the 

measured cavitating spectrum, typically leaving a spectrum 

above the second blade rate frequency only. For the URN 

spectrum, this correction was already performed.  

 

 

 
 Figure 11: Comparison between Procal predicted propeller 

and duct thrust and the measured values. 

 

 

For the fit of the plateau, the mean level was taken for 

frequencies between one and twenty times the blade 

passage frequency with the requirement that there should 

be at least five data points in the frequency range. The 

result of the fit is presented in Figure 12 from which it is 

concluded that the simple linear regression gives a good fit. 

The fit for the frequency is made by adjusting the plateau 

frequency such that the difference in levels above twenty 

times the blade rate frequency is minimized. The linear fit 

for the frequency shows quite some scatter as shown in 

Figure 12 and quantified by the smaller R-squared value. 

A regression analysis was also made to determine the 

exponents in Eq. (7) resulting into 
1 0.52fc = and 

2 1.21fc = but the p-value for 
1fc was 0.28 showing that the 

fit is statistically insignificant. As these values are close to 

the analytical values for the exponents, the analytical 

values have been adopted. 

The fit for the hump was determined from the maximum 

level of the spectra and the regression result is presented in 

Figure 13. The results are like the plateau in the sense that 

the hump level is well predicted with a standard deviation 

of 1.6 dB, but the R-squared value for the center frequency 

is much smaller, showing that not all variability in the data 

is well predicted. Nevertheless, the small p-value shows 

that the fit is valid. 

 

5.3 Model results for the spectrum 

An example of the model results for the spectrum for each 

propeller is presented in Figure 14. For clarification of the 

adopted spectral shape, the plateau is presented as well. In 

general, a good agreement is obtained, although the hump 

is not always clearly recognized in the experimental data. 

The goodness of the fit for each URN measurement for 

Prop. #1 is shown by a box-whisker plot in Figure 15. 

Some cases are well predicted with the minimum and 

maximum difference of 5 dB while other cases show a 

maximum difference as large as 10 dB. This difference is 

partly caused by the error in the plateau cut-off frequency. 

Comparable results are obtained for Prop. #2. 

The maximum standard deviation of all cases, both hull-

pressure fluctuations and URN is about 5 dB while the 

mean standard deviation is 4 dB. 

 

6 CONCLUDING REMARKS 

A semi-empirical model for the prediction of broadband 

URN by tip-leakage vortex cavitation has been developed 

using model tests for a tanker and two dedicated ducted 

propeller designs with different tip loading and blade area 

ratio. The semi-empirical model makes use of results of a 

boundary element method that solves the flow around the 

ducted propeller, in particular the loading of the blade in 

the tip region from which the strength of the tip-leakage 

vortex is estimated. The model tests consisted of both 

broadband hull pressure fluctuations and URN data, and 

both have been used for the fitting process, with emphasis 

on the hull-pressure data due to its improved signal-to-

noise ratio in the low frequency range.  

  



Even though tip-leakage cavitation is a complex physical 

phenomenon, the maximum levels (of the hump) could be 

fitted quite well with a standard deviation of the fit of 

1.6 dB. The mean standard deviation of all runs for the fit 

of the complete spectrum is 4 dB. 

Quite a few aspects of ducted propellers have not been 

included in the present research. Most notable are the effect 

of change in gap width on vortex strength and the effect of 

a change in Reynolds number on cavity size. Analysis of 

propeller blades with exceedingly small tip chord length 

should also be pursued. The present analysis has only 

considered cases with a relatively small amount of sheet 

cavitation on the blades. The sheet cavity area computed 

by Procal has been included in the fitting procedure, but the 

parameter was not statistically relevant. Therefore, it is 

recommended to analyze cases with a larger amount of 

sheet cavitation as well. The duct will have a scattering 

effect on the radiated noise, and this aspect is not included 

in the present model but could be accounted for using, e.g., 

an acoustic boundary element method. Finally, the model 

still needs to be applied to full-scale test cases to validate 

the URN prediction.  

 

Figure 12: Results of the fit for the plateau level and cut-off 

frequency. The scale divisions on the y-axis of the upper 

graph denote 5 dB increments. 

 

 
Figure 13: Results of the fit for the hump peak level and 

center frequency. The scale divisions on the y-axis of the 

upper graph denote 5 dB increments. 

 

 

 
Figure 14: Examples of the measured cavitating noise spectra 

and the model spectrum. The scale divisions on the y-axis of 

the upper graph denote 5 dB increments. The values in the 

title correspond to the mean, standard deviation, and R-

squared values with respect to the URN and hull-pressure 

fluctuations, respectively. 

 

 

Figure 15: Box plot of the goodness of the fit of the URN 

spectrum for each run of Prop. #2.  The box denotes the 

median 25% and 75% percentile by the box, the whiskers 

the minimum and maximum difference, while the outliers 

are plotted by the circles. 

 



ACKNOWLEDGEMENTS 

This work has been funded by Cooperative Research Ships 

(CRS), www.crships.org. The panel distribution on the 

propulsor geometry has been generated by PROVISE, 

developed by DRDC Canada for the CRS. We also thank 

all our colleagues at MARIN who were involved in the 

preparation, execution and analysis of the model tests 

 

REFERENCES 

Baltazar, J., Falcao de Campos, J.A.C., and Bosschers, J. 

(2012). ‘Open-water thrust and torque predictions of a 

ducted propeller system with a panel method’, 

International Journal of Rotating Machinery, Volume 

2012. https://doi.org/10.1155/2012/474785. 

Bosschers, J., Willemsen, C., Peddle, A., and Rijpkema, 

D. (2015). ‘Analysis of ducted propellers by 

combining potential flow and RANS methods’. 

Proceedings of the 4th International Symposium on 

Marine Propulsors, Austin, USA. 

Bosschers, J. (2018). ‘A semi-empirical prediction 

method for broadband hull pressure fluctuations and 

underwater radiated noise by propeller tip vortex 

cavitation’. Journal of Marine Science and 

Engineering 6(49). 

https://doi.org/10.3390/jmse6020049. 

Bosschers, J., Vaz, G., Starke, A.R., and van 

Wijngaarden, E. (2008). ‘Computational analysis of 

propeller sheet cavitation and propeller-ship 

interaction’. In Proceedings of the RINA MARINE 

CFD Conference, Southampton, UK. 

Brown, N.A. (1999). ‘Thruster noise’. Proceedings of the 

Dynamic Positioning Conference of the Marine 

Technology Society, Houston, USA. 

Carlton, J.S. (2007) ‘Marine propellers and propulsion’, 

2nd Ed, Butterworth-Heinemann, Elsevier Ltd. 

Cruz, E. Lloyd, T., Bosschers, J., Lafeber, F.H., Vinagre, 

P. and Vaz, G., (2021). ‘Study on inventory of 

existing policy, research and impacts of continuous 

underwater noise in Europe.’ EMSA report 

EMSA/NEG/21/2020. WavEC Offshore Renewables 

and Maritime Research Institute Netherlands. 

Duarte, C. M., Chapuis, L., Collin, S. P., Costa, D. P., 

Eguiluz, V., Erbe, C., Halpern, B. S., Havlik, M. N., 

Gordon, T. A. C., Merchant, N. D., Meekan, M., 

Miksis-Olds, J. L., Parsons, M., Predragovic, M., 

Radford, A. N., Radford, C. A., Simpson, S. D., 

Slabbekoorn, H., Staaterman, E., Opzeeland, I.C., Van 

Winderen, J., Zhang, X. and Juanes, F. (2021). The 

soundscape of the anthropocene ocean. Science, 

371(6529). https://doi.org/10.1126/science.aba4658. 

Erbe, C., Marley, S.A., Schoeman, R., Smith, J.N., Trigg, 

L.E., and Embling, C.B. (2019). ‘The effects of ship 

noise on marine mammals – a review’. Frontiers in 

Marine Science 6:606, doi: 

10.3389/fmars.2019.00606. 

Farrell, K.J., Billet, M.L. (1994). ‘A Correlation of 

Leakage Vortex Cavitation in Axial-Flow Pumps’. J. 

Fluids Eng. 116, 551–557. 

https://doi.org/10.1115/1.2910312  

Fine, N.E. and Kinnas, S.A. (1993). ’A boundary element 

method for the analysis of the flow around 3-D 

cavitating hydrofoils’, Journal of Ship Research, Vol. 

37, No. 3, pp. 213-224. 

Fischer R. and Collier R.D., (2007). Noise prediction and 

prevention on ships, Handbook of Noise and Vibration 

Control, pp. 1216–1232. 

Foeth, E.J. and Deij-van Rijswijk, M. (2019), 

‘Remodeling the B-series geometry in a CAD 

environment’. Proceedings of the 6th International 

Symposium on Marine Propulsors, smp’19, Rome, 

Italy. 

Foeth, E.J. and Bosschers, J. (2026). ‘Design optimization 

study for a low-noise propeller for a container ship’, 

Proceedings of the 9th International Symposium on 

Marine Propulsors, smp’26, St. Johns, Canada. 

Huisman, J. and Foeth, E.J. (2017), ‘Automated multi-

objective optimization of ship propellers’. Proceedings 

of the 5th  International Symposium on Marine 

Propulsors, smp’17, Espoo, Finland. 

Huisman, J., Garenaux, M., de Jager, A., and Janse, G., 

(2022). ‘Validation of ducted propeller design and 

analysis tools’, Proceedings of the 7th International 

Symposium on Marine Propulsors, smp’22, Wuxi, 

China. 

Huisman, J., Looijenga, J., and Leslie-Miller, M. (2024). 

‘ Propeller design for propulsion and regeneration’, 

28th International HISWA Symposium, Amsterdam, 

The Netherlands. 

IMO (2023). ‘Revised guidelines for the reduction of 

underwater radiated noise from shipping to address 

adverse impacts on marine life (MEPC.1/Circ.906)’. 

21st ITTC Cavitation Committee (1996). ‘Final Report 

and Recommendations to the 21st ITTC’. Proceedings 

of the International Towing Tank Conference. 

ITTC (2017) ‘Recommended procedures and guidelines. 

Model-scale propeller cavitation noise measurements’, 

7.5-02-01-05, International Towing Tank Conference, 

Zurich, Switzerland. 

Lafeber, F.H., Bosschers, J., Lidtke, A., Lloyd, A., van 

Wijngaarden, E., and Moulijn J. (2022), ‘Prediction of 

underwater radiated noise from propeller cavitation 

during concept design’, Proceedings of the 7th 

International Symposium of Marine Propulsors 

smp’22, Wuxi, China. 

Lakshminarayana, B. (1996). Fluid Dynamics and Heat 

Transfer of Turbomachinery. John Wiley & Sons, Inc. 

Lidtke, A.K., Lloyd, T., Lafeber, F.H., and Bosschers, J., 

(2022), ‘Predicting cavitating propeller noise in off-

design conditions using scale-resolving CFD 

simulations’. Ocean Engineering 254, 111176. 

https://doi.org/10.1016/j.oceaneng.2022.111176. 

Lloyd, T., Lafeber, F.H., and Bosschers, J. (2018), 

‘Investigation and validation of procedures for 

cavitation noise prediction from model-scale 

measurements’, Proceedings of the 32nd Symposium 

on Naval Hydrodynamics, Hamburg, Germany. 

http://www.crships.org/
https://doi.org/10.1155/2012/474785
https://doi.org/10.3390/jmse6020049
https://doi.org/10.1126/science.aba4658
https://doi.org/10.1016/j.oceaneng.2022.111176


Lloyd, T., Bosschers, J., and Lafeber, F.H. (2024). ‘Ship 

URN mitigation by air injection: model-scale 

xperiments and application to full-scale measurement 

data’, Proceedings of the 8th International Symposium 

on Marine Propulsors, smp’24, Berlin, Germany. 

https://doi.org/10.15480/882.9336 

Merchant, N.D., Putland, R.L, Andre, M. Baudin, E., 

Felli, M.,, Slabbekoorn, H., and Dekeling, R. (2022). 

‘A decade of underwater noise research in support of 

the European Marine Strategy Framework Directive’, 

Ocean and Coastal Management 228, 

https://doi.org/10.1016/j.ocecoaman.2022.106299  

Miglianti, F., Tani, G., Viviani, M., Cipollini, F., and 

Oneto, L. (2019). ‘Data driven models for propeller 

cavitation noise in model scale’. in: Proceedings of the 

6th International Symposium on Marine Propulsors, 

Rome, Italy. 

Moulijn, J.C. (2015). ‘Application of Various 

Computational Methods to Predict the Performance 

and Cavitation of Ducted Propellers’, Proceedings of 

the 4th International Symposium on Marine Propulsors 

smp’15, Austin, Texas, USA. 

Moulijn, J., Bosschers, J., Tornros, S., Schreiber, C., 

Grassi, D., Goedbloed, I., and Bijlard, M. (2019). 

‘Validation studies of a boundary element method for 

ducted propellers’. Proceedings of the 6th International 

Symposium on Marine Propulsors, Rome, Italy. 

Oweis, R.F., Fry, D., Chesnakas, C.J., Jessup, S.D., and 

Ceccio, S.L. (2006a). ‘Development of a tip-leakage 

flow - part 1: The flow over a range of Reynolds 

numbers’. Journal of Fluids Engineering, v. 128(4), p. 

751-764. 

Oweis, G.F., Fry, D., Chesnakas, C.J., Jessup, S.D., and 

Ceccio, S.L., (2006b). ‘Development of a Tip-Leakage 

Flow Part 2: Comparison Between the Ducted and Un-

ducted Rotor’. Journal of Fluids Engineering 128, 

765–773. https://doi.org/10.1115/1.2201619 

Raestad, A. E. (1996). ‘Tip vortex index - an engineering 

approach to propeller noise prediction’. The Naval 

Architect, pages 11–16. 

Rijpkema, D., Starke, B., and Bosschers, J. (2013). 

‘Numerical Simulation of Propeller-Hull Interaction 

and Determination of the Effective Wake Field using a 

Hybrid RANS-BEM Approach’. Proceedings of the 

3rd International Symposium on Marine Propulsors, 

smp’13, Launceston, Tasmania, Australia. 

Vaz, G. (2005) ‘Modelling of sheet cavitation on 

hydrofoils and marine propellers using boundary 

element methods’, PhD thesis, Instituto Superior 

Técnico, Lisbon, Portugal. 

Vaz, G. and Bosschers, J. (2006). ‘Modeling three 

dimensional sheet cavitation on marine propellers 

using a boundary element method’. Proceedings of the 

6th International Symposium on Cavitation, 

Wageningen, the Netherlands. 

Van Wijngaarden, E. (2011). ‘Prediction of Propeller-

Induced Hull-Pressure Fluctuations’. PhD thesis, TU 

Delft, the Netherlands

 


