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 ABSTRACT  

With the introduction of numerical methods which can 

provide a highly reliable assessment of propeller 

characteristics, not only in correspondence to the usual 

design conditions but also to off-design conditions, 

propeller design has evolved significantly in the last 

years. Nevertheless, problems still exist if “very off-

design conditions” are considered, and if interest is posed 

in cavitation-related problems, such as radiated noise. 

Interest in radiated noise phenomenon is constantly 

increasing, no longer involving only naval vessels, but 

now also affecting the design of other “high added value 

ships”, such as cruise ships and mega yachts, for which 

questions of comfort and the environmental impact are 

key elements. One of the most significant problems 

related to radiated noise is the rather low amount of 

experimental data available, and this is particularly 

significant for CPP propellers at off-design conditions. In 

the present paper, the experimental characterization of 

two alternative designs of a CP propeller in terms of usual 

mechanical characteristic, cavitation and radiated noise, is 

presented. The experimental campaign has been 

conducted considering two very different pitch settings, 

allowing for analysing propeller behaviour, also in 

correspondence to very off-design conditions. 
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 1 INTRODUCTION 

Propeller design has evolved significantly during last 

decades with the development of numerical tools which 

allow the designer to accurately predict propeller 

functioning, in terms of usual mechanical characteristics 

and of cavitating behaviour.  

In parallel, requirements for new propellers are always 

increasing, posing new challenges to designers. 

Efficiency and avoidance of cavitation damages are 

considered a necessary basis on which other requirements 

are superimposed. In particular, the importance of some 

“side effects”, such as pressure pulses and radiated noise, 

is growing. This involves not only ships which have 

traditionally presented this kind of requirement (naval and 

research vessels), but also other “high added value ships”, 

such as cruise ships and mega yachts. In this case, the two 

phenomena mentioned above are related to comfort on 

board (pressure pulses) and environmental impact 

(radiated noise).  

Among different possible sources (machinery, hull flow 

noise, propeller), the latter (especially when cavitating) is 

probably the most harmful (Ross 1976). Many authors 

have dealt with the radiated noise problems throughout 

the years, relating noise to different cavitating phenomena 

(e.g., Blake et al 1982, Blake 1984, Sunnersjö 1986, 

Sharma et al 1990). Nevertheless, this topic still presents 

a considerable lack of experimental data 

The present paper deals with the experimental 

characterisation of two alternative designs of a CP 

propeller, considering cavitating behaviour and resulting 

radiated noise. In order to consider functioning conditions 

rarely covered in the literature, tests have been carried out 

in correspondence to the usual maximum speed pitch, but 

also to a much reduced pitch. This condition may be of 

interest for ships whose operating profile is characterised 

by constant RPM functioning, obtained with very low 

pitch settings in correspondence to low ship speed. Such 

functioning conditions may also lead to significant 

propeller noise at low speed, due to face cavitation 

phenomena.  

Propeller characteristics are reported in Section 2; while 

in Section 3 the experimental setup utilised (inclined shaft 

plus shaft brackets to simulate a typical twin screw ship 

wake) is presented. At both conditions, different values of 

the advance coefficient and of cavitation number have 

been considered, allowing for assessing the propellers 

behaviour in detail. Results in terms of cavitation 

observations and radiated noise measurements are 

reported in Section 4, together with their analysis. This 

allows for evaluating the effect of different design 

strategies on the propellers cavitation behaviour and, most 

of all, on the radiated noise phenomenon. 



 2 PROPELLER CHARACTERISTICS 

The two propellers utilised for the present study are 

conventional 4-bladed CPPs for a twin screw ship, which 

is operated at constant RPM in correspondence to very 

different ship speeds by means of blade pitch angle 

variation. Propeller diameter is 4.6 m. Both propellers 

were designed for the same functioning conditions, i.e. 

about 24 and 11 kn ship speed at constant propeller 

revolutions rate (about 180 RPM). Pitch setting (P0.7/D) 

for both propellers is about 1.1 at higher speed and 0.47 at 

lower speed (referred to as “reference pitch” and “reduced 

pitch”, respectively, in the following). 

The modified propeller (P2) was obtained from the 

original propeller (P1), with same global mechanical 

characteristics (equal functioning point by means of same 

KT/J
2
 values), obtained with a different radial load 

distribution; in particular: 

- Pitch distribution is progressively increased towards 

tip 

- Camber is reduced at tip and at low radius 

- Chord is reduced at tip and increased at low radius 

- Modified sectional profiles are used  

- Skew distribution is maintained constant 

Combination of camber and pitch settings result in a 

higher load at tip (increased pitch influence is higher than 

reduced camber), which is compensated by the reduced 

load at low radiuses. Complete design charts for both 

propellers cannot be provided for industrial reasons; 

however, in Figure 1 nondimensional variations (with 

respect to the maximum variation) of main propeller 

characteristics are reported. 

  

Figure 1: Nondimensionalized variations of chord, 
pitch, camber and thickness  

 

 

 

 

 

 

 

Figure 2: P1 (left) and P2 (right) Propeller models 

In order to carry out the experimental campaign, two 250 

mm diameter models (Figure 2) were manufactured. 

 3 EXPERIMENTAL SETUP  

The experiments were carried out at the Cavitation Tunnel 

facility of the Department of Naval Architecture and 

Electrical Engineering of the University of Genoa 

(DINAEL), whose layout is schematically represented in 

Figure 3. 

The facility is a Kempf & Remmers closed water circuit 

tunnel with a squared testing section of 0.57 m x 0.57 m, 

having a total length of 2 m. Optical access to the testing 

section is possible through large windows. 

The nozzle contraction ratio is 4.6:1, and the maximum 

flow speed in the testing section is 8.5 m/s. Vertical 

distance between horizontal ducts is 4.54 m, while 

horizontal distance between vertical ducts is 8.15 m. Flow 

speed in the testing section is measured by means of a 

differential venturimeter with two pressure plugs 

immediately upstream and downstream of the converging 

part. A depressurization system allows obtaining an 

atmospheric pressure in the circuit near to vacuum, in 

order to simulate the correct cavitation index for 

propellers and profiles (2D and 3D). 

Figure 3: DINAEL cavitation tunnel layout 

 

The tunnel is equipped with a Kempf & Remmers H39 

dynamometer, which measures propeller thrust, torque 

and RPM. As usual, a mobile stroboscopic system allows 

for visualizing cavitation phenomena on the propeller 

blades. Moreover, visualising the cavitation phenomena 

in the testing section is also done with a certain number 

(usually two/three) of cameras. In the present case, 2 

Allied Vision Tech Marlin F145B2 Firewire Cameras 

with a resolution of 1392 x 1040 pixels and a frame rate 

up to 10 fps were adopted. 

The Cavitation Tunnel is also equipped with 

instrumentation for non-intrusive measurement of 

velocity field, i.e. Laser Doppler Velocimetry (LDV). 

Moreover, pressure sensors and hydrophones are used for 

the measurement of pressures and hydrodynamic noise 

induced by the propeller. In the present work, radiated 

noise measurements were carried out by means of a 
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Reson hydrophone TC4013, together with a Bruel and 

Kjaer 2635 charge amplifier.  

It is well known that water quality is of great importance 

for cavitation tests, and hence for noise measurements, as 

reported in Atlar 2002.  

As recommended by ITTC 2008, during all tests, oxygen 

content is constantly monitored by means of an ABB 

dissolved oxygen sensor model 8012/170, together with 

the analyser ABB AX400. Constant testing conditions 

(i.e. oxygen content equal to 40% of saturation value at 

atmospheric pressure) were utilised in order to have a fair 

comparison of propellers. 

Wake influence was simulated by carrying out 

experiments with a shaft inclination equal to about 9° and 

behind stock shaft brackets. Final test setup is reported in 

Figure 4, while in Figure 5 resulting LDV axial wake 

measurements are reported. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Cavitation tunnel test setup  

 

 

 

 

 

 

 

 

 

 

Figure 5: Measured wake for cavitation tests and radiated 

noise measurements  

Shaft brackets wake is clearly visible, together with the 

more pronounced effect of inclined shaft, with two 

marked areas of reduced axial speed. 

In order to carry out radiated noise measurements, one 

hydrophone was mounted on a small cylindrical support 

protruding from a fin, as is visible in Figure 4. 

Hydrophone/propeller relative positions are reported in 

Figure 6; in particular, hydrophone is located downstream 

the propeller, outside the direct propeller slipstream. It is 

obvious that this configuration presents possible problems 

due to hydrophone self-noise, being located in the tunnel 

flow; nevertheless, this configuration proved to be 

effective in measuring cavitating propeller noise. In order 

to verify this, for each functioning point two successive 

measurements were carried out, i.e. with propeller and 

without propeller (substituting it with a dummy hub). A 

second series of measurements was carried out 

reproducing all testing conditions (i.e., flow speed, 

dynamometer revolution rate and cavitation number), in 

order to measure background noise. From the comparison 

between background and propeller noise, it was clear that 

with this configuration hydrophone is able to capture 

propeller noise when cavitation phenomena are present; in 

this case, acquired signal is higher than background in the 

complete frequency range considered (up to 30 kHz). 

Moreover, since the study aim was to compare two 

different propeller geometries, sharing the same global 

parameters, the effect of hydrophone self-noise is 

negligible. 

 

 

 

 

 

 

 

 

Figure 6: Hydrophone/propeller relative positions  

On the contrary, this configuration is not completely 

satisfactory when propeller is cavitation-free; in this case, 

acquired signal is higher than background only in 

correspondence to limited parts of the frequency range. 

The experimental campaign at the Cavitation Tunnel is 

summarised in the following: 

- Cavitation tests for both propellers at two pitches 

(reference and reduced pitch):  

a) analysis of different cavitation phenomena 

inception 

b) cavitation extension observation in 

correspondence to different functioning 

conditions 

- Radiated noise measurements for both propellers at 

two pitches, in same functioning conditions of 

previous part bb) of cavitation tests. 

All tests carried out at the Cavitation Tunnel were 

conducted at a constant propeller revolution rate, namely 

25 Hz. 

In Section 4, the results of the cavitation tests and radiated 

noise measurements are presented in Par. 4.2 and 4.3, 

respectively. Moreover, in Paragraph 4.1, the open water 

test (carried out at CEHIPAR towing tank) results are 

reported in order to provide a reference for other tests. 

 



 4 EXPERIMENTAL RESULTS 

 4.1 Open water tests  

In Figures 7 and 8, the results of the open water tests 

carried out at CEHIPAR towing tank are reported, where 

KT, KQ and O are thrust coefficient, torque coefficient 

and open water efficiency, respectively. 

 

 

  (1) 

 

 

being T and Q propeller thrust and torque, N propeller 

turning rate,  water density, J advance coefficient and VA 

advance speed at propeller.  

 

 

 

 

 

 

 

 

 

Figure 7: Open water test results – reference pitch 

 

 

 

 

 

 

 

 

 

Figure 8: Open water test results – reduced pitch 

As can be seen, the two propellers may be considered as 

practically equal from the mechanical point of view, when 

considering propeller functioning point, which depends 

on KT and J values. In general, propeller P2 presents a 

slightly higher efficiency (in accordance with the higher 

tip load), but this characteristic was not the main aim of 

the present activity. 

 4.2 Cavitation observations 

The first step of the cavitation observation activity was to 

determine the different cavitating phenomena inception 

for both propellers at both pitches considered. In Figures 

9 and 10, results are summarised, where N is cavitation 

number, defined as: 

 (2) 

where pO is pressure at propeller shaft (p0 = patm + gh), 

patm is atmospheric pressure, g is gravity acceleration, h is 

propeller shaft draft, and pvap is vapour pressure. 

Reference KT values at the two pitches were 0.18 and 

0.03 respectively, and the cavitation number in reference 

to the working conditions indicated in Section 2 is about 

1.35. In both figures, the black dots represent functioning 

conditions considered for cavitation extension 

observations and radiated noise measurements. As can be 

seen, this activity has been carried out for a rather large 

number of functioning conditions in order to analyse 

cavitation/noise correlation and to be able to compare the 

two propellers more extensively. 

It has to be remarked that since the purpose of this 

activity was to present a comparison of the two propellers 

rather than a full scale prediction, no scaling of 

phenomena was made. Moreover, in order to avoid a too 

large number of curves in the case of reference pitch, the 

tip vortex curves represented refer to a completely 

developed vortex, attached to propeller tip; this 

phenomenon is anticipated by tip vortex in wake, which is 

not represented in the graphs. 

On the contrary, at reduced pitch both intermittent vortex 

in wake and developed vortex are represented; moreover, 

it has to be underlined that two different phenomena are 

present, i.e. the usual tip vortex (in this case face vortex) 

and a second vortex (which in this case has a higher 

strength) from sheet face cavitation. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Cavitation phenomena inception – reference pitch 

 

 

 

 

 

 

 

 

 

Figure 10: Cavitation phenomena inception – reduced pitch 
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As expected, propeller cavitation behaviour is 

considerably different at the two pitches; in particular, in 

correspondence to reference pitch, phenomena 

encountered in correspondence to the functioning 

condition indicated previously are tip vortex, back sheet 

cavitation and back bubbles at root. Bubble cavitation at 

tip is present only when further reducing cavitation 

number. Moving towards more loaded conditions, 

phenomena are anticipated, and hub vortex is also 

present; while in correspondence to less loaded 

conditions, phenomena are delayed, and face sheet 

cavitation is encountered.  

Considering the effect of design modifications, propeller 

P2 has, as expected, a tendency to anticipate most of the 

cavitation phenomena at this pitch. In particular, tip 

vortex is anticipated (apart higher KT value), as well as 

back sheet cavitation as a consequence of the different 

load distribution of the propeller. In addition to this, it has 

to be remarked that tip vortex for P2 propeller is strictly 

linked to back sheet cavitation, whose extension is shifted 

towards higher radiuses; while for P1 propeller; sheet 

cavitation was first evident at intermediate radiuses. This 

phenomenon tends to increase vortex strength in the case 

of P2 propeller. Moreover, face sheet cavitation is also 

slightly anticipated because of the lower load in 

correspondence to lower/intermediate radiuses. Bubble 

phenomena are almost invariant for the two propellers, 

while propeller P2 delays hub vortex. 

At reduced pitch setting, “face-related” phenomena are 

present, namely vortex from sheet face and face vortex, as 

anticipated. Moreover, back bubbles at propeller tip and 

root are present in correspondence to low cavitation 

number.  

In this case, P2 propeller tends to postpone all face 

vortex-related phenomena as a result of the higher loading 

of propeller in correspondence to high radiuses. For what 

regards bubble cavitation, no significant differences are 

found, while hub vortex is postponed in this case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Cavitation extension comparison- P1 (left) vs. P2 

(right) – Reference pitch setting - KT = 0.18, N =1.4 

In order to provide a further comparison of the two 

propellers, Figures 11 and 12 show photographs of 

cavitation extension in correspondence to the previously 

mentioned conditions as reported, showing described 

tendencies. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Cavitation extension comparison- P1 (left) vs. P2 

(right) – Reduced pitch setting - KT = 0.03, N =1.4 

 4.3 Radiated noise measurements 

Radiated noise measurements were carried out in 

correspondence to a rather large amount of testing 

conditions, as reported in Figures 9 and 10. In the 

following subparagraphs, the results are presented, first 

considering the influence of cavitation number and 

propeller loading (Par. 4.3.1, focused on propeller P1), 

and then analysing the influence of propeller geometry 

(Par. 4.3.2, with comparison between propellers P1 and 

P2). The results presented are the results of a 1/3 octave 

analysis of the hydrophone signal. In particular, for each 

band, nondimensional value Kp is evaluated as follows, 

together with the corresponding level, following Bark 

1986: 

 

 (3) 

 

 

where prms is the root mean square value of each spectrum 

component. 

Moreover, as already mentioned, in correspondence to 

each functioning point, background noise is evaluated by 

repeating measurements with all equipment running and 

with the propeller substituted by a dummy model. Net 

sound pressure levels may then be evaluated as follows 

(Ross 1976): 

 

  (4) 

 

Figures reported in the present work do not include a 

background correction since, in the presence of cavitating 

propeller, it was noticed that it is not influenced because 

of the very large difference between total pressure level 

and background level. 
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Numerical values have been omitted from the graphs for 

industrial reasons. It is believed, at any rate, that the 

qualitative results already provide an insight into the 

phenomenon. In particular, and despite not being 

indicated, the same scales have been used in all the graphs 

in order to allow for a comparison of the importance of 

different phenomena. 

 4.3.1 Cavitation number and KT influence 

In order to analyse the effect of cavitation number and 

propeller loading, measurements at different values of 

cavitation number for maximum and minimum KT values 

in correspondence to reference and reduced pitch 

respectively are reported in the following (Figures 13-14 

and 15-16). In all graphs, measurements carried out with 

tunnel at atmospheric pressure are reported. In these 

conditions, no cavitating phenomena are present. Thus, 

this condition may be considered as a sort of background 

noise (apart from the presence of a series of tones). 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Radiated noise measurements – Propeller P1 – 

Reference pitch – KT = 0.15 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Radiated noise measurements – Propeller P1 – 

Reference pitch – KT = 0.21 

As can be seen, the influence of different cavitating 

phenomena is rather clear in correspondence to reference 

pitch measurements. In particular, in correspondence to 

the lowest KT value, a progressively increasing broadband 

noise is evident, due mainly to the bubble cavitation 

phenomena. The same broadband noise increase is found 

also in correspondence to the highest KT value, where 

however, the dominant characteristic is the typical 

spectrum of the cavitating tip vortex (having a less broad 

frequency range and progressively shifting towards lower 

frequency with the reduction of cavitation number). The 

reason for this is the fact that vortex phenomena are 

anticipated with respect to bubble cavitation phenomena. 

Also in correspondence to the reduced pitch, influence of 

cavitation is evident. The dominating phenomena are in 

this case linked to the cavitating vortex from sheet face, 

whose inception is always before the bubble cavitation. 

The noise spectrum related to this phenomenon is similar 

somehow to tip vortex one, with a peak which tends to 

shift towards lower frequencies with cavitation number 

reduction. However, in this case the spectrum tends to be 

broader, with a less marked peak, especially in 

correspondence to the lowest values of the cavitation 

number. From this point of view, part of this effect is 

certainly due to the bubble cavitation phenomenon, which 

is superimposed to on it at lowest cavitation number. It is 

interesting to note that, even if in correspondence to a 

very low pitch condition, with limited thrust, the resulting 

spectrum levels are comparable to those obtained at 

reference pitch condition, due to the presence of the face 

related phenomena, which present a higher instability and 

thus result in a significant noise spectrum. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Radiated noise measurements – Propeller P1 – 

Reduced pitch – KT = 0.01 

 

 

 

 

 

 

 

 

 

 

Figure 16: Radiated noise measurements – Propeller P1 – 

Reduced pitch – KT = 0.07 



Considering different KT values, it is clear that moving 

towards higher values and thus reducing (or delaying) the 

face-related phenomena, the related noise is also reduced, 

with similar levels experienced only in correspondence to 

the lowest values of the cavitation number. 

 4.3.2 Propeller Geometry Influence  

In Par. 4.2, the effect of different propeller designs in 

terms of cavitation phenomena has been presented. In 

addition to this, the consequent effect in terms of radiated 

noise is presented in present paragraph. In particular, 

attention is given to mid KT values (KT=0.18 - Fig. 17-19 

and KT=0.03 - Fig. 20-23), and a comparison of the 1/3 

octave spectra in correspondence to different caviation 

number values is presented.  

In correspondence to reference pitch, the main difference 

between the propellers is due to tip vortex related 

spectrum, which is amplified in the case of propeller P2, 

in line with design assumptions that have been utilised 

and to previous cavitation observations. In particular, the 

higher tip vortex spectrum peak is clearly visible. 

Differences diminish at the lowest values of cavitation 

number, since for both propellers cavitating phenomena 

are completely developed. 

  

 

 

 

 

 

 

 

 

 

 

Figure 17: Radiated noise measurements - P1 vs. P2 – 

Reference pitch – KT = 0.18 – N = 1.7 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Radiated noise measurements - P1 vs. P2 – 

Reference pitch – KT = 0.18 – N = 1.4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Radiated noise measurements - P1 vs. P2 – 

Reference pitch – KT = 0.18 – N = 1.2 

Also in correspondence to reduced pitch condition, the 

main difference is due to the vortex related phenomena, 

with the opposite effect with respect to reference pitch 

condition. In particular, it is clear that the delay of the 

vortex from sheet face phenomenon results in a 

considerable reduction of the noise spectrum of propeller 

P2. 

  

 

 

 

 

 

 

 

 

 

 

Figure 20: Radiated noise measurements - P1 vs. P2 – 

Reduced pitch – KT = 0.03 – N = 2.2 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Radiated noise measurements - P1 vs. P2 – 

Reduced pitch – KT = 0.03 – N = 1.8 



 

 

 

 

 

 

 

 

 

 

 

Figure 22: Radiated noise measurements - P1 vs. P2 – 

Reduced pitch – KT = 0.03 – N = 1.3 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Radiated noise measurements - P1 vs. P2 – 

Reduced pitch – KT = 0.03 – N = 0.9 

 

This effect is particularly evident in correspondence to the 

intermediate values of N, at which vortex from sheet face 

on propeller P2 is not fully developed. On the contrary, in 

correspondence to the minimum values, where the 

phenomena are fully developed for both propellers, a 

difference still exists, but more limited, since the noise 

spectrum values increase more slowly after the 

phenomenon is fully developed, thus reducing the gap 

between the two propellers. It has to be noted, at any rate, 

that in correspondence to values similar to the real 

operating points (N = 1.3-1.4), the improvement obtained 

is considerable. 

 5 CONCLUSIONS 

In the present paper, the experimental characterization of 

two CP propellers at different pitch settings has been 

presented.  

The experimental campaign included usual cavitating 

propeller characteristics (inception of various phenomena 

and their extension), and radiated noise measurements. 

This allowed for analysing the effect of the design 

modifications in terms of cavitating phenomena and of 

resulting noise, also including propeller behaviour on a 

very off-design condition with reduced pitch setting. 

It is believed that the data presented can represent a useful 

source of data for the propeller designer, covering a range 

of functioning conditions rarely considered in the 

literature. 
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