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SUMMARY
This study has been realized in the scope of AQUO, a collaborative research project
supported by the 7th Framework Programme through Grand Agreement N°314227, whose
final goal of AQUO project is to provide to policy makers practical guidelines to mitigate
underwater noise footprint due to shipping, in order to prevent adverse consequences to
marine life.
The present document is the deliverable D2.5 “Propeller noise experiments in model scale”,
which is the public deliverable version of the results of Task 2.3. More detailed results are
reported in deliverable D2.4 (restricted to AQUO Consortium) [10] in the form of four
Annexes which contain full descriptions of the model tests carried out for each vessel and
partner. Note also that in relationship with the present topic, analyses based on numerical
simulations are available in deliverable D2.3 [9] of AQUO Project.
In this study, the measurements have been carried out on two different vessels:
1. Training research vessel “Nawigator” (studied by CEHIPAR and UNIGE)
2. Product/chemical tanker “M/T Olympus” (studied by SSPA and UNIGE)
The contents of this deliverable are:
1. Chapter one gives an introduction describing the aim, scope and context of the task.
2. Chapter two describes the model test with Nawigator and compares results between
model test facilities and full scale field trials.
3. Chapter three describes the model test with M/T Olympus and compares results
between model test facilities and full scale field trials.
4. Chapter four concludes the experimental work and the comparisons with full scale
field trials.
This public deliverable summarises these results and focusses on comparison of:
1. Cavitation observations
2. Pressure pulse prediction in full scale
3. URN prediction in full scale
In the present report, the results of the experimental campaigns in model scale carried out at
the different facilities of CEHIPAR, SSPA and UNIGE are presented and discussed.
The data gathered are made available for the purpose of validation of predictive models.
Moreover, it is possible to compare the results:
Obtained in different facilities in model scale
Obtained in model and full scale
This activity is of great interest since rather limited data is available in open literature,
especially regarding radiated noise measurements.
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1. INTRODUCTION
Work Package 2 is devoted to the characterisation of the ship as a noise source. Even
though it is not the only one, the propeller is considered here as a major source of the whole
ship emission: in the consortium a expertise is available in assessing the propeller behaviour
from both a numerical and an experimental point of view and this will be exploited in the
research work.
The present document is the deliverable D2.5 “Propeller noise experiments in model scale”,
which is the public deliverable version of the results of Task 2.3. More detailed results are
reported in deliverable D2.4 (restricted to AQUO Consortium) in the form of four Annexes
which contain full descriptions of the model tests carried out for each vessel and partner.
Note also that in relationship with the present topic, analyses based on numerical simulations
are available in deliverable D2.3 [9] of AQUO Project.
Task 2.3 is specifically devoted to the experimental validation in model scale of the predictive
methods developed in task 2.2. This activity includes a proper validation of the velocity field
to the propeller, of the cavitation patterns on the blades and of the noise radiated by the
operating propeller. Further validations will come from full scale surveys (WP3). The
comparison between measurements in model and full scale are also used in order to assess
the capability of predicting radiated noise in full scale from model tests, analysing the
problems which may arise during the experimental campaigns, and considering largely
different testing facilities.
Experimental campaigns are carried out in model scale in the facilities of CEHIPAR, SSPA
and UNIGE. Two ships are studied experimentally:
1. Training research vessel “Nawigator” (studied by CEHIPAR and UNIGE)
2. Product/chemical tanker “M/T Olympus” (studied by SSPA and UNIGE)
Full scale measurements have been carried out by CTO (“Nawigator”) and SSPA (“M/T
Olympus”) and are fully reported in D3.3 [8]. CFD calculations for propeller cavitation and
radiated noise are carried out within T2.2 (and reported in D2.3 [9]).
“M/T Olympus” belongs to the ship-owner Sirius Shipping AB (http://siriusshipping.eu/ourfleet/mt-olympus/). Lines of model M3458 were submitted by FKAB and geometry of
propeller P2772 was submitted by Wärtsilää. Experiments at model scale were carried out in
the facilities of SSPA and UNIGE.
Reminding that the “Nawigator XXI” ship has been studied by CTO with different objectives in
a previous project (Ref. 1) it is worthwhile to compare, when possible, the results obtained
during the present project with those of CTO, as it was unavoidable to repeat some basic
tests, most of them in different conditions. The hull model has been reproduced and
manufactured in CEHIPAR based on the data provided by CTO. The same scale factor was
chosen thus permitting the use of the physical propeller model stocked in CTO.
Some of the model tests have been carried out in parallel in UNIGE and CEHIPAR in their
respective experimental facilities. When possible, the results are compared and discussed in
paragraph 2.3.5.
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2. MODEL TESTS WITH RESEARCH VESSEL NAWIGATOR
XXI
2.1.

Ship data and loading conditions

2.1.1. Ship main characteristics
Table 2.1

Concept

ITTC Symbol Value

Unit

Type of ship
Length overall
Length b/w perpendiculars
Breadth moulded
Depth moulded
Height of shaft above base line
Distance of propeller disk from
aft perpendicular (positive to bow)
Design Displacement volume

Training research vessel
LOA
60.30
LPP
54.13
B
10.50
D
4.20
1.25
1.86

m
m
m
m
m
m

Design Block coefficient
Draught at aft perpendicular
Draught at forward perpendicular
Length on waterline
Wetted area
Frontal windage area
Bilge keel area

CBd
TA
TF
WL
WA
AV

md

1126

m3

0.609
3.20
3.15
55.15
672.0
130.0
25.0

---m
m
m
m2
m2
m2

A photo of the ship is shown below (Figure 2.1)

Figure 2.1: The “Nawigator XXI” ship
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The main characteristics of the engine are:
Table 2.2: The main characteristics of the engine

Concept
Maximum continuous rating
Mechanical efficiency
Maximum ship speed
Type of propeller
Nominal rate of revolutions

Value
1170.0
0.97
13.0
CPP
204

Unit
kW
----kN
rpm

2.1.2. Hull model
The hull model geometric information was provided by the partner CTO. The bare hull file
used is Nav210_ver-a.igs. As the numerical description of the hull geometry contained a
large number of surfaces, a CAD work was performed in CEHIPAR required for the CAM and
the construction of the hull by CEHIPAR.
A 6 meters length wooden model C2855 was manufactured using NC 5 axis machine and
painted in black to be used in the test programme, especially for the PIV tests. Body lines of
the ship are given in Figure 2.2.
The hull was provided with a rudder, geometrically specified in a previous report [6]. The hull
had no other appendage on it. The bilge keels have not been specified and consequently not
fixed on the hull model. There was no information about bow thrusters.
The hull was fitted with trip wire turbulence stimulators – ø1 mm at station 19 and ø0.5 mm
– at 1/rd from the bow of the bulb.
The model scale is 1:10.

Figure 2.2: “Nawigator XXI” ship forms

2.1.3. Propeller model
The Consortium decided to avoid the construction of the propeller model for this ship, as it
was available from a previous study [6]. CTO provided the aluminium model at scale 1:10,
identified as CP469. The photo of the propeller is given in Figure 2.3. In Table 2.3, the main
characteristics of the full scale propeller are shown.
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Table 2.3: Main particulars of the propeller at design pitch

Propeller CP469-CTO
Type of propeller
Hand
Diameter (Dp)
Design Pitch ratio at 0.7R (P0)
Reduced pitch ratio at 0.7R (P1)
Expanded area ratio
Boss ratio
Number of blades (z)
Blade sections type
Total skew
Rake angle

CPP
Left-handed
2260 mm
0.942
0.464
0.673
0.30
4
NACA 16/ a=0.8
30.8 degrees
0.0

Figure 2.3: Photo of propeller model

2.1.4. Loading conditions
Two pitch settings had to be chosen following the data from Reference [6] and due to the
schedule - prior to the sea trials of the ship for this project:
Design pitch (P0):
P/Dr=0.7 = 0.942, corresponding to 83.3% of the pitch indicator
Reduced pitch (P1): P/Dr=0.7 = 0.464, corresponding to 30.9% of the pitch indicator
The combination of advance speed and propeller revolutions taken from the self-propulsion
prediction results for the corresponding pitch setting (see A2) determined the loading
conditions that can be consulted in the tables and images for each type of tests.
For the model tests carried out at UNIGE, a slightly lower pitch than P0, named in the
following as intermediate pitch (P2), was chosen, in order to perform tests in correspondence
to a configuration for which more full scale data were available.
Intermediate pitch (P2): (P/D)0.7R = 0.91), corresponding to 79% of the pitch indicator
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Test arrangement and procedures

2.2.1. CEHIPAR
The tests performed in CEHIPAR are summarized in Table 2.4. The hull model C2855 fitted
with a rudder and the propeller CL469 at two pitch conditions have been used in all the tests.
Table 2.4

Type of test
Open water
Resistance with rudder
Self-propulsion
Wake survey
Flow survey

Facility
CAT (*)
CAT
CAT
CAT
CAT

Noise measurements

CAT

Cavitation observation
Pressure fluctuations

CT (**)
CT

Velocity survey
CT
(*) – Calm water towing tank

2.2.1.1.

Main instrumentation
OW Dynamometer
Resistance dynamometer
SP dynamometer
Pitot Tube Rake
PIV equipment

Conditions
Pitch (P0, P1). n=15 rps
From 6 to 14 knots
Pitch (P0,P1), 6 -14 knots
Nominal, 11 knots
Nominal and Total (Pitch
P0 and P1) wakes at
various planes normal to
the propeller axis
(Fig.2.2.1.2.
Support
structure
with Open water and selfhydrophones & equipment
propulsion.
Cavitation Tunnel
P0, P1 behind 2 screens
Pressure transducers on flat P0, P1 behind 2 screens
plate above the propeller
Laser Doppler Velocimetry
P0, P1 and 2 planes
(**) – Cavitation Tunnel

Towing tank tests

Calm Water Towing Tank (CAT)
CEHIPAR’s Calm water towing tank has the following main particulars:
Length:
320 m
Width:
12.5 m;
Water depth: 6.5 m
The maximum carriage speed is: 10 m/s.
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A photo of the facility with the towing carriage is presented on Figure 2.4.

Figure 2.4: CEHIPAR’s Calm water Towing Tank

Open water tests of the propeller
The propeller model, at two pitches settings (P0 or P1), is fitted to the standard open-water
dynamometer and fixed to the carriage at a central position. Fixed, supercritical rate of
revolutions 15 rps are chosen moving the carriage at given speed to cover the whole range
of positive advances. The procedure follows the recommendation procedure of the ITTC [7].
The experimental open-water characteristic data are presented in D2.4 [10].
Resistance and self-propulsion tests
Froude similarity with the full scale conditions determines the speed of the carriage. The
model is fixed to the dynamometer of the carriage permitting heave and yaw movements. For
the performance prediction at full scale a towing force FD is applied, being zero for the
performance at model scale. Measured signals are: Model speed Vm, Towing forces RT and
FD, Trim change at stations 0 (TA) and 20 (TF), Shaft rate of revolutions n, Torque Q,
Thrust T.
The ship performance is predicted according to the ITTC 78 method [7]. The results are
presented in D2.4 [10].
Wake survey test
The rake of 4 axial velocity measuring calibrated Pitot-tubes are used in two radial
positions enabling eight radial points in the propeller disk. By rotating the rake at the
centre of the propeller axis 19 angular positions have been achieved. The angle of the
Pitot tube rake is controlled by a stepping motor. The results are presented in D2.4 [10].
A test with 5-hole Pitot-tube has been also carried out, but as the wake has large regions of
low speeds, the precision of the measurements in wide zones was not sufficient and the
results are not presented, leaving the 3-D flow to be studied by a PIV technique described
below.
Flow survey test using stereo PIV technique
Particle Image Velocimetry technique was used to measure the nominal wake field and the
flow around the working propeller at self-propulsion conditions. A table of the full
measurements programme and its parameters is given in D2.4 [10].
Figure 2.5 shows the CAD view of the stern part of the hull with the axial positions of the
selected measurement transversal planes, being the plane P0 (x/D=0.0) coincident with the
disk of the propeller, planes P1 (x/D= -0.15D) and P3 (x/D= -0.5D) forward and planes P2
Dissemination level: PUBLIC
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(x/D= 0.15D) and P4 (x/D=0.37D) behind the propeller. The propeller with its shaft is not
shown in the figure, but was present during the measurements at planes P1, P2, P3 and P4.
Table 2.5 contains the real non-dimensional positions of the planes during the tests, some of
them shifted with respect of the planning in order to avoid the observed reflections that may
increase the uncertainty of the results.
Table 2.5

Plane
x/D

P0
0.00

P1
- 0.15

P2
0.20

P3
-0.50

P4
0.37

The main test conditions, corresponding to the nominal wake and the total wake at selfpropulsion are presented in Table 2.6 below.
Table 2.6

Ship speed [kn]
Shaft rpm
Planes

Nominal wake 17.1, 11.0, 12.0
P0,P1,P2,P3,P4

Pitch setting P0 (2-0)
11.0
12.0
191.0
217.0
P1,P2,P3,P4

Pitch setting P1(2-1)
6.0
7.1
172.0
204.0
P1,P2,P3,P4

Figure 2.5: Locations of the PIV measurements planes and PIV hardware.

An asymmetric configuration of the PIV system consisting of laser and two cameras (Figure
2.5) was used taking care to avoid shadow areas close to the propeller planes. The
measurements in the planes forward the propeller required to turn the model 180º and to
move it from the bottom of the tank.
The required seeding was injected into the flow at the propeller shaft level from a device
situated in the aft part of the Carriage and few runs are performed before the measurements
to assure sufficient saturation of seeding.
The calibration procedure precedes the measurements itself using a Dantec® target located
in placed of the ship model (See Figure 2.6).
Dissemination level: PUBLIC
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Figure 2.6: PIV calibration using target

The parameters of the PIV system were defined depending on the test conditions (velocity,
seeding density, full or nominal wake, etc.). For instance, the time between pulses is chosen
depending on the density of the seeding and the speed of the model. The number of
acquisition images per run (at given propeller angular position) varies from 100 to 150 and in
few cases was set to 300 to evaluate the uncertainty. Examples of repeatability are shown in
D2.4 [10].
Being the flow field periodically dependent on circumferential position of the propeller its
synchronization with measurements is assured by a 3600-pulse/revolution encoder mounted
at its shaft. Due to symmetry, the recorded angular positions of the propeller were from 0 to
90º at 10º step.
In order to evaluate the uncertainty of the results some tests have been repeated, using only
4 positions (0, 30, 60 and 90 degrees) being the last one another check for the repeatability
of the results.
The post-process software system uses an adaptive automatic procedure to calculate the
velocity vectors based on the movements of the particles. Masking to avoid zones of
shadows and two methods of velocity vectors validation are applied with checked similar
results.
An average velocity field is calculated and presented from all taken images per run, which in
the case of total wake measurements is at given propeller reference blade position.
Finally, the data is exported to the visualisation application TECPLOT®. It was necessary to
develop a macro to rotate and translate the images, accounting for the difference of the
coordinate systems of the cameras and that of the ship model and propeller. Two photos
taken during the tests are shown in Figure 2.7.
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Figure 2.7: Photos during the PIV tests.

The results are presented in the D2.4 [10] as contour diagrams of the non-dimensional axial
velocity at the corresponding planes, as well as vector diagrams of the transverse velocity
(vector plots), or both.
Underwater radiated noise measurements
The acoustic measurements of the noise generated by the hull and the propeller at model
scale and atmospheric conditions have been carried out in the CAT facility at open water and
self-propulsion conditions. The hull model has been kept fixed to the carriage and a
supporting structure has been constructed to fix the 4 hydrophones. A fifth hydrophone was
fixed on a pole to the bottom of the tank. A CAD view of the experimental set-up is shown on
Figure 2.8. When the hull was present, the OW dynamometer was taken out and the
propeller was driven by an engine in the hull. The arrangements can be seen in Figures 2.9.
The 3 hydrophones were located very close to the propeller as a week signal was expected.
All hydrophones were outside of the propeller slipstream. The distances of the hydrophones
from the propeller and the hull are given in the D2.4 [10].
The tests have been preceded by a characterization of the facility and the background noise
analysed and recorded. The limitations of the measurements due to considerable
background noise have been revealed.
The conditions of the tests were chosen to coincide with the hydrodynamic parameters of
previously conducted open water and self-propulsion tests.
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Figure 2.8: Experimental setup of noise measurements.

Figure 2.9: Open water (OW) and self-propulsion (SP) noise measurements arrangements.

The most complete information was obtained from hydrophone 2 (H2) and the results are
shown in the D2.4 [10]. Nevertheless, the results for the tonals obtained from the rest of the
hydrophones, reduced to 1m, and the mean values are presented in D2.4 [10].

2.2.1.2.

Cavitation tunnel tests

CEHIPAR’s Cavitation Tunnel (CT)
The facility, represented in Figure 2.10 is a closed water circuit tunnel with a squared testing
section of 0.900 m side, having a total length of 4.7 m and maximum flow speed of 11 m/s
and depressurization up to 0.20 atm. The equipment consists of a dynamometer measuring
device (Kempf & Remmers model H43), a mobile stroboscopic high speed & high resolution
camera and a 2-components 5 watts Laser-Doppler velocimeter.
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Figure 2.10: CEHIPAR’s Cavitation Tunnel.

Tests were carried out simulating the ship wake by means of wire screens, and the pressure
fluctuations measured on a flat plate above the propeller at distance simulating roughly the
stern part of the hull.
Two wake models have been adopted. The first screen (EMM_1) simulated the axial nominal
wake field measured in the CEHIPAR’s towing tank behind a bare hull, and the second one
(CFG_2) reproduced the full scale CFD predicted wake provided by UNIGE (see Figures
A3.1 & A3.2). The grade of approximation of the wire screens to the target wakes is shown in
Figures A6.2 and A6.3 in D2.4 [10].
The propeller loading conditions, corresponding to the predicted self-propulsion speed and
revolutions, for both wake screens are incorporated in the tables and graphics of the D2.4
[10].
Cavitation and inception observation tests
The tests of the propeller at two pitch settings (P0 and P1) have been carried out behind the
two wake screens at conditions corresponding to the self-propulsion points and some of
them assumed atmospheric pressure in the tunnel. The results of observations are presented
in D2.4 [10], Figures A6.4 – A6.12.
The measurements and observations follow the recommendations of the ITTC [7].
Pressure fluctuations tests
Nine pressure transducers Druck, model PDCR 830, are used to measure the pressure
fluctuations at a flat plate situated above the propeller as shown in the Figure 2.2.1.7. The
model measurements were performed at thrust identity. The conditions, taken from the
predictions of the self-propulsion tests are identical with the cavitation observations, being
the tests performed simultaneously. The output signal is introduced into a Hottinger
equipment and then digitalized and analysed.
The flat plate with the transducers is situated at 153 mm above the propeller. Their locations
in respect to the propeller plane and the inflow are shown in Figure 2.11.
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Figure 2.11: Arrangement of the pressure transducers locations on the plate.

A Fourier analysis of the spectrum is carried out and the results are presented in the tables in
D2.4 [10], as the mean values of the amplitudes and phases of the first three harmonics:

p( )

Amplk .sin(k .nz.

Phasek )

k 1

,
where nz is the first blade passing frequency (BPF) and θ the angular position of the
reference blade, positive in direction of rotation and zero at the top. The model results
amplitudes are extrapolated to the full scale ship without scale effect considerations.
The results presented in D2.4 [10] include full scale amplitudes and phases of the first 3
harmonics of the pressure at the 9 transducers, as well as the non-dimensional pressure
coefficient:

Kp

p
n2 D2

,
where n – number of revolutions and D – propeller diameter.
Flow measurements tests at CT
The flow speed at two planes normal to the propeller axis is measured by the two-component
Laser Doppler Velocimeter, moved by a displacement mechanism with a remote control unit
connected to the computer to position the point of measurement. The mean velocity at a
fixed point in a plane is obtained by averaging the registered data from particles crossing the
observed volume, thus averaging for many propeller revolutions.
The two measurement planes normal to the propeller axis were fixed at 0.15D from the
propeller disk, being positive downstream and negative – upstream of the propeller plane.
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The measurement matrix consisted of four radial sections (r/R=0.4, 0.6, 0.8 and 1.0) and 25
circumferential angular positions (step of 15 degrees). The test conditions were selected
from the self-propulsion combination of speed and propeller revolutions and setting the
corresponding pressure of the tunnel to simulate the cavitation index similarity. Both pitch
conditions have been tested behind the two wake screens described above. The results for
the axial (Vx) and vertical (Vv) velocity are presented non-dimensional by the mean tunnel
flow speed V0 and given in D2.4 [10].

2.2.2. UNIGE
Table 2.7
Type of test

Facility

Propeller characteristics curves
Cavitation bucket
Cavitation extension visualization and
photos
Radiated noise measurements
Pressure pulses measurements

Cavitation
tunnel

Conditions
P2, P1, Uniform inflow and Behind
screen.

P2, P1, Behind screen.

Table 2.7 summarizes tests performed at UNIGE. The model propeller CP469 has been
tested with two pitch settings corresponding to two conditions usually adopted by the ship
during normal operations. Tests were performed with the propeller running behind a wire
screen simulating the full scale nominal hull wake field. The wake field has been computed
through a RANS solver and is the equal to one of the two wake screens adopted during tests
at CEHIPAR cavitation tunnel (namely, CFG_2 screen).
Tests have been performed for a certain number of working conditions. Main working points
have been evaluated from data available from sea trials performed by CTO and selfpropulsion tests performed by CEHIPAR.
Cavitation indices have been computed considering propeller tip at 12 o’clock position as
reference point for the water head. This is because main phenomena are expected in the
wake peak behind the hull. Additional points have been defined in order to completely
characterize propeller functioning varying thrust coefficients and cavitation index. This allows
appreciating the modifications in propeller radiated noise and pressure pulses with respect to
propeller load and cavitation extension.
Main working points are reported here after:
WP1 (P2, Nshaft 230 rpm, Vs 12 Kn):
KT = 0.219 σN = 2.78
WP2 (P2, Nshaft 203 rpm, Vs 11 Kn):
KT = 0.212 σN = 3.56
WP3 (P2, Nshaft 255 rpm, Vs 12 Kn):
KT = 0.247 σN = 2.26
WP4 (P2, Nshaft 223 rpm, Vs 11.6 Kn):
KT = 0.242 σN = 2.94
WP5 (P1, Nshaft 203 rpm, Vs 7 Kn):
KT = 0.075 σN = 3.56
WP6 (P1, Nshaft 203 rpm, Vs 7 Kn):
KT = 0.082 σN = 3.56
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In particular:
- WP1 and WP2 correspond to points obtained directly from the reanalysis of sea trial
results at design pitch
- WP3 and WP4 are additional points which were considered in order to tests
functioning conditions similar to those tested at CEHIPAR cavitation tunnel, even if at
slightly different pitch (adopting a KT/J2 identity to evaluate functioning points at P2
equivalent to those tested by CEHIPAR at P0)
- WP5 and WP6 correspond to propulsion points at reduced pitch, as evaluated from
model tests
More details about conditions tested in UNIGE are given in D2.4 [10].
UNIGE Cavitation Tunnel
The cavitation tunnel, represented in Figure 2.12, 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.

Figure 2.12: University of Genoa cavitation tunnel

The tunnel is equipped with a Kempf&Remmers H39 dynamometer, which measures the
propeller thrust, the torque and the rate of revolution. As usual, a mobile stroboscopic system
allows visualizing cavitation phenomena on the propeller blades. Moreover, cavitation
phenomena visualization in the testing section is also made with three Allied Vision Tech
Marlin F145B2 Firewire Cameras, with a resolution of 1392 x 1040 pixels and a frame rate up
to 10 fps.
Tests are carried out simulating the ship wake by means of wire screen mounted upstream of
the propeller as shown in Figure 2.13. As it can be seen the wire screen consists into two
different screens, the main one at the beginning of the test section (at the end of the
convergent duct) and the second one nearer to the propeller in order to reproduce the wake
peak. This configuration is slightly different from the one adopted at CEHIPAR cavitation
tunnel, thus allowing to compare results of two different facilities (in terms of cavitation
extension and pressure pulses).
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Figure 2.13: wire screen

In addition, a further element is located in the tunnel over the propeller, in order to house the
pressure gauge and to simulate the aft part of the hull over the propeller. This element is a
flat plate with faired leading and trailing edges, in order to postpone cavitation.
UNIGE cavitation tunnel is also equipped with an oxygen sensor used as an indication of the
total amount of gas dissolved in water. Cavitation tests are carried out maintaining the
oxygen content such to have α / αS = 0.4 in STP conditions, where α and αS represent actual
and saturation oxygen content respectively. If necessary, different oxygen contents are
adopted. The oxygen content is lowered if noise absorption and bubble scattering is present;
on the contrary it is increased if a lack of cavitation nuclei is observed.
Propeller characteristic curves
In the present subsection, the procedure adopted to measure CP469 propeller characteristic
curves (thrust and torque) is briefly reported.
Measurements have been carried out at two different pitch settings (P2, P1), with and without
wake screens.
In order to consider the tunnel effect (with respect to open water tests), the Wood and Harris
[1] method has been adopted. This allows to have already a good correspondence between
results at cavitation tunnel and open water tests.
All propeller mechanical characteristics have been measured with tunnel at atmospheric
pressure, thus in correspondence to rather high cavitation number values. A comparison
between results at cavitation tunnel and towing tank (OWT) is reported in D2.4 [10], showing
the general good agreement between the measurements.
In addition, thrust breakdown due to cavitation have been measured in correspondence to
propulsive points. Results showed the thrust reduction to be appreciable only at very low
cavitation indices, considerably below real values, consistently with the rather limited
cavitation extent at the various functioning points. As a consequence, thrust breakdown has
not been considered in the present work.
Tests have been performed at different rates of revolution (15, 20 and 25 RPS) in order to
investigate Reynolds number influence on propeller mechanical coefficients.
Complete results are reported in D2.4 [10].
Cavitation bucket
Cavitation phenomena inceptions have been determined and the cavitation buckets in
correspondence to the two pitch settings have been observed.
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A wide range of thrust coefficients around the one evaluated from sea trials performed by
CTO and self-propulsion tests performed by CEHIPAR have been considered.
All tests have been carried out keeping propeller RPM as high as possible (in accordance to
the limits of the measuring setup) and lowering the cavitation index σN at fixed KT coefficient.
In case tests have been carried out at different propeller revolutions, results of tip vortex
cavitation inception have been scaled to a reference value (25 Hz), according to the
McCormick [2] scaling law.

Re1
Re 2

n1
n2

0.35

Where σN1 and σN2 are cavitation numbers at inception in correspondence to two different
values of Reynolds number, evaluated as:

Re

ND 2

Obtained cavitation buckets for the two considered pitch settings are reported in D2.4 [10].
Cavitation extension visualization and photos
Observations have been carried out both visually and by means of firewire cameras with the
help of stroboscopic light. Cavitation extension has been measured and recorded for the
main working conditions previously reported.
Cavitation extensions and photographs are available in D2.4 [10].
Underwater radiated noise
Tests have been carried out considering different functioning conditions, with fixed thrust
coefficient and cavitation number. The latter is set in order to perform tests in
correspondence to the same cavitation indices of the ship even if, as it is known, this does
not mean necessarily same cavitation patterns because of the different scaling of some
phenomena (i.e. vortex related phenomena) with respect to full scale.
In addition, for all tested thrust coefficient measurements have been carried out also in
atmospheric conditions (cavitation suppression) thus allowing to better appreciate the
influence of cavitation on radiated noise.
In Figure 2.14, the standard setup adopted during these tests is reported. In particular, the
hydrophone is mounted on a fin downstream with respect to propeller.

Figure 2.14: Hydrophone and pressure gauge location.
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Background noise measurements have been carried out as usual, in order to appreciate if
the measured noise is effectively due to the functioning propeller.
The background noise is measured by replacing the propeller with a dummy hub and
maintaining the same testing condition adopted for propeller noise measurements (water
speed, propeller shaft revolutions and tunnel depressurization).
More details about underwater radiated noise measurements, results and post processing
are reported in D2.4 [10].
Pressure pulses
Pressure pulses measurements have been carried out at same working conditions
considered as for underwater radiated noise. Actually, the signals have been acquired
simultaneously.
The pressure gauge was mounted in the already mentioned support over the propeller plane
at a vertical distance reproducing in scale the same vertical distance present on the ship
between the hull and the propeller tip.
More details about pressure pulses measurements, results and post processing are reported
in D2.4 [10].

2.3.

Test results

Detailed test results are given in D2.4 [10].
This section is dedicated to comparison between model test obtained by CEHIPAR, UNIGE
and full scale results obtained by CTO. Focus is on comparison of cavitation observations,
pressure pulses and URN (underwater radiated noise).
Data are compared as far as possible for analogous propeller loading conditions and mainly
in correspondence to tested ship functioning conditions.
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Compared tests are summarized in Table 2.8.
Table 2.8

Sea trials
12Kn - P = 79% - Nshaft = 230 RPM

11Kn - P = 82% - Nshaft = 203 RPM

11Kn - P = 79% - Nshaft = 203 RPM

7Kn - P = 31% - Nshaft = 203 RPM

N/A

N/A

N/A

CEHIPAR
12. 9Kn - P / D = 0.942 - Nshaft =
246.6 RPM - Wiremesh EMM_1 |
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wiremesh EMM_1 |
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wiremesh CFG_2
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wiremesh EMM_1 |
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wiremesh CFG_2
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wiremesh EMM_1 |
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wiremesh CFG_2
7.1Kn - P / D = 0.464 - Nshaft =
204.0 RPM - Wiremesh EMM_1 |
7.1Kn - P / D = 0.464 - Nshaft =
204.0 RPM - Wiremesh CFG_2
12. 9Kn - P / D = 0.942 - Nshaft =
246.6 RPM - Wire mesh EMM1_ |
12. 9Kn - P / D = 0.942 - Nshaft =
246.6 RPMself propulsion
condition in towing tank, Cav.
Suppression
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wire mesh EMM_1 |
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM - Wire mesh CFG_2 |
12Kn - P / D = 0.942 - Nshaft =
217.2 RPM self propulsion
condition in towing tank, Cav.
Suppression
7.1Kn - P / D = 0.464 - Nshaft =
204.0 RPM - Wire mesh EMM_1 |
7.1Kn - P / D = 0.464 - Nshaft =
204.0 RPM - Wire mesh CFG_2 |
7.1Kn - P / D = 0.464 - Nshaft =
204.0 RPM self propulsion
condition in towing tank, Cav.
Suppression

UNIGE
WP1 | WP3

WP2 | WP4

WP2

WP5 | WP6

WP1 | WP3 Cav. Suppression

WP2 | WP4 Cav. Suppression

WP5 | WP6 Cav. Suppression

2.3.1. Resistance, self-propulsion and propeller open water results
Towing Tank tests performed by CEHIPAR are presented in D2.4 [10].
Comparison between model scale results and numerical results are part of deliverable D2.3
[9].
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There are data for the resistance of the hull in Ref. [6] that is compared with the results
obtained in the present study (D2.4 [10]) in the following Figure 2.10

RT, [N]

Total resistance of the model
140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

CEHIPAR
CTO

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5
Model speed scaled to ship speed, [kn]

Figure 2.10 Total resistance of the hull model with rudder
The deviations don’t exceed 5%, which is fully acceptable, even more taking into account the
differences due to the CAM definition, painting and the uncertainty of the tests.
Unfortunately, it was not possible to compare the results of the self-propulsion tests, being
that of CTO mainly done with stock propeller and those done with the same propeller are
limited to different pitch ratios. In both cases the results are consistent to the differences.

2.3.2. Wake results
The nominal wake test results performed in CEHIPAR’s Towing Tank are presented in D2.4
[10] and are used to model the oncoming flow to the propeller in the Cavitation tunnels of
UNIGE and CEHIPAR.
Wake measurements in cavitation tunnel performed by UNIGE are presented in D2.4 [10].
Comparison between model scale results and numerical results are made in D2.3.
In particular, it is worth mentioning, for a better understanding of the document, that tests at
cavitation tunnel were carried out by CEHIPAR considering two different wakes, i.e. the
model scale wake and the full scale wake (see Figure 2.15). The second one, which was
obtained from direct calculations carried out at UNIGE (see D2.3 [9]), was also adopted for
UNIGE tests at cavitation tunnel; since the wakes were obtained by means of wake screens,
some difference may exist between the two facilities, but the main features are obviously the
same.
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Figure 2.15: Wakes adopted for cavitation tunnel tests (left: model scale, right: full scale)

A comparison between CEHIPAR’s axial wake survey and CTO’s 5HPT survey (Ref [6]) is
shown in Figures A5.17-A5.18 of D2.4 [10] observing very good coincidence.
The only possible experimental comparison of the 3-D nominal wake of Ref. [6] is the PIV
wake survey presented in Figures A5.19 and A5.20 of D2.4 [10] and the result is satisfactory,
except in a zone close to the shaft where the shadows decreased the resolution of the PIV
measurement.
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2.3.3. Hull/Propeller flow measurements (PIV tests at towing tank in
behind conditions and LDV at cavitation tunnel behind screen)
Measurements performed by CEHIPAR in model scale using PIV technique are presented in
D2.4 [10]. The large experimental information obtained during the PIV tests in the presence
of the propeller is complemented with numerical results by UNIGE and discussed in
deliverable D2.3 [9].

2.3.4. Comparison of cavitation observations
Comparisons between cavitation observation coming from UNIGE and CEHIPAR and data
from sea trials are reported in this paragraph. Data are compared as far as possible for
analogous propeller loading conditions and in correspondence with tested ship functioning
conditions.
Regarding data from sea trials cavitation observation performed during the project “Effort”
are considered together with direct visualization carried out during trials in July 2013,
snapshots from CTO video recordings (12 Kn, Pitch 79%, Revolution = 230 RPM) and
snapshot from DCNS video recordings (7Kn, Pitch 31%, Revolution = 203 RPM).
The possible types of cavitation are schematically represented in the following:

Figure 2.16 Possible types of cavitation
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12 Kn, Pitch 79%, Revolution = 230 RPM
Full scale observation.
Test data
N=232rpm
LOG = 12 kn
SOG = 12.7 kn
Rudder angle incl.– 1-5o.
Pitch setting – 80%
Trim – 0.1-0.2 m on aft

Description

Sketch

Suction side
Tip vortex occurred at top position of the blade
Small sheet cavity close to LE on II blade below 0.5r/R

Table 2.9

The analysis of movies acquired by CTO during tests allowed capturing the following
phenomena:
Occasional and unstable sheet cavitation at 0.7r/R on the suction side (marked in
blue).
Cavitating tip vortex (marked in yellow).
Cavitating hub vortex (marked in grey).

Figure 2.17-Unstable sheet cavitation.-

Figure 2.18-Tip vortex cavitation.-
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Figure 2.19-Hub vortex cavitation.-

Additional observations were made visually during 2013 trials:
Developed suction side tip vortex at 0° and 90°, Hub vortex.

Model scale cavitation observation, UNIGE, WP1.

Description:
Suction side tip vortex cavitation at 0° and 90°; Suction side sheet cavitation at 0° from 95%R
to the tip, for 20% of the chord.
Model scale cavitation observation, UNIGE, WP3.

Description:
Suction side tip vortex at 0° and 90°; Wake tip vortex at 180° and 270° almost attached to the
blade; Suction side sheet cavitation at 0° from 80%R to the tip, for 20% of the chord.
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Model scale cavitation observation, CEHIPAR 12. 9Kn - P / D = 0.942 - Nshaft = 246.6 RPM
- Wire mesh EMM_1.
Cavitation Model Test No. AQUO CEHIPAR 9-1
OTI:2357
AQUO
Reference tests:
Self-propulsion test No. 19181
Open water test No.
19138
2855
(Nawigator
CP469_P0
Hull No.
Propulsor No.
Full scale conditions:
XXI)
(CTO)
Draught, aft
3.15 m
Type and side: CPP
Revolutions:
246.6 rpm
Shaft immersion: 1.9 m
Diameter:
2.26 m
Propeller Thrust:
119.98 kN
Shaft inclination: 0.0 deg
P/D r=0.7
0.942 --Ship speed
12.9 kn
Cavitation
number
Model data: Scale: 10.00
Revolutions: 20.0 rps
2.50
(rev):
Wake model:
Wire mesh EMM_1 (Tests 19144/45)
Observation side:
Back
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Model scale cavitation observation, CEHIPAR 12. 0Kn - P / D = 0.942 - Nshaft = 217.2 RPM Wire mesh EMM_1.
Cavitation Model Test No.
AQUO CEHIPAR 8-1
OTI:2357
AQUO
Reference tests:
Self-propulsion test No. 19181
Open water test No.
19138
Hull No. 2855 (Nawigator XXI) Propulsor No. CP469_P0 (CTO) Full scale conditions:
Draught, aft
3.15 m
Type and side: CPP
Revolutions:
217.2 rpm
Shaft immersion: 1.9 m
Diameter:
2.26 m
Propeller Thrust:
91.12 kN
Shaft inclination: 0.0 deg
P/D r=0.7
0.942 --Ship speed
12.0 kn
Model data: Scale: 10.00
Revolutions:
20.0 rps
Cavitation number (rev): 3.23
Wake model:
Wire mesh EMM_1 (Tests 19144/45)
Observation side:
Back
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Model scale cavitation observation, CEHIPAR 12. 0Kn - P / D = 0.942 - Nshaft = 217.2 RPM Wire mesh CFG_2.

As it can be seen, there is a rather good agreement between different observations; WP1
tested at UNIGE and CEHIPAR tests at 217 RPM seem to be the nearest point to the
effective full scale one, being the others more loaded.
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11Kn, Pitch 82%, Revolution = 203 RPM.
Full scale observation
In Table 2.10 conditions tested during “Effort” project closer to the actual 11Kn condition are
reported. None of the condition is similar to the one reproduced in the present campaign,
however the first one is probably the most consistent, though correspondent to a slightly
lower pitch (and thus to a lower ship speed).
Test data

Description

N=204 rpm
SOG = 9.6 kn
Pitch setting – 75%

Suction side
Very light tip vortex

N=206 rpm
SOG = 11.2 kn
Pitch setting – 95%

Suction side
Strong, stable tip vortex.
Sheet cavitation occurred (close to inception point) behind
LE, above 0.7r/r

N=232 rpm
SOG = 11 kn
Pitch setting – 80%

Suction side
Stable, average tip vortex starting from trailing edge.
Very small and unstable sheet cavitation at 0.7r/R on II
blade

Sketches

Table 2.10

Additional observation during 2013 trials (at effective loading condition):
Suction side tip vortex at 0° and 90°, Hub vortex.
Model scale cavitation observation, UNIGE, WP2

Description:
Suction side tip vortex at 0° and 90°.
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Model scale cavitation observation, UNIGE, WP4

Description:
Suction side tip vortex at 0° and 90°; Wake tip vortex at 180° and 270°; Suction side sheet
cavitation at 0° from 90%R to the tip, for 20% of the chord.
Comparing with the above CEHIPAR results (very similar behind the two wake screens) and
UNIGE (WP2), the results are in line with full scale tests and with each other.
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11Kn, Pitch 79%, Revolution = 203 RPM.
Full scale cavitation patterns at current setting seemed absolutely similar to the previous one
considered (203 RPM Pitch 82%), consistently to the rather low difference in terms of pitch
setting. As a consequence, same model scale observations are considered also for this point
and thus are not reported here after.
Actually tests performed at CEHIPAR with Pitch P0 should represent condition at 82% while
P2 tested at UNIGE represents this ship operating condition.
7Kn, Pitch 31%, Revolution = 203 RPM.
Full scale observation.
In Table 2.11 conditions tested during “Effort” project closer to the actual 7Kn condition are
reported. The first condition is the one nearest to the actual tests at cavitation tunnel,
however it presents a lower pitch, with a higher face cavitation extension.
Test data
N=206 rpm
SOG = 5.46 kn
Pitch setting – 25%
N=204 rpm
LOG = 8.6 kn
SOG = 8.9 kn
Pitch setting – 60%
N=204 rpm
SOG = 8.0 kn
Pitch setting – 55%

Description

Sketches

Pressure side
Strong tip vortex starting from 0.8r/R bursting into a cloud
Hub vortex occurred

Pressure side
Small cavitation under the tip just before blade top position
(only on II blade)

No sketch

Pressure side
A bit stronger tip vortex than at 60% pitch setting (former
one) on each blade

No sketch

Table 2.11

The analysis of movies acquired by CTO during tests allowed capturing the following
phenomena:
Pressure side tip vortex
Hub vortex

Figure 2.20–Pressure side tip vortex and hub vortex-

Additional observations were made visually during 2013 trials:
Developed pressure side tip vortex,
Hub vortex.
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Model scale cavitation observation, UNIGE, WP5.

Description:
Pressure side tip vortex at 90°, 180° and 270°, intermittent vortex from sheet face at 180°
and 270°.
Model scale cavitation observation, UNIGE, WP6.

Description:
Pressure side tip vortex at 0°, 90°, 180° and 270°, intermittent vortex from sheet face at 180°
and 270°.
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Model scale cavitation observation, CEHIPAR 7.1Kn - P / D = 0.464 - Nshaft = 204.0 RPM Wire mesh EMM_1.
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Model scale cavitation observation, CEHIPAR 7.1Kn - P / D = 0.464 - Nshaft = 204.0 RPM Wire mesh CFG_2.

Also in this case, fairly good correspondence between model and full scale tests is observed.
It has to be pointed out, however, that tests carried out at UNIGE led to a more intermittent
cavitation. This different behaviour may be partly ascribed to a reduced nuclei content of
water in the tunnel.
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2.3.5. Comparison of pressure pulse prediction in full scale
Pressure pulses have been measured in full scale during sea trials and in model scale at
CEHIPAR Cavitation tunnel and at UNIGE Cavitation tunnel. The detailed results can be
found in D2.4 [10].
In this section results are presented first comparing CEHIPAR measurements with full scale
results, then comparing measurements of the two model scale facilities (UNIGE results
cannot be compared directly to full scale since sensor location corresponds to a sensor
which failed during sea trials).
The possible location of the sensors on board the Nawigator ship is presented in Figure 2.21.

Figure 2.21 location of the sensors on board the Nawigator ship

During trials, sensors were placed in correspondence to flanges 4,5,6,7,8, but measurements
from flange 6 are unfortunately not available due to sensor silting.
Sensors configuration during model scale tests at CEHIPAR is shown in Figure 2.22 where
coordinates are in millimetres (40mm in model scale corresponds to 400mm in full scale).

Figure 2.22 Sensors configuration during model scale tests
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In this section sensors n° 4 and 5 will be compared with sensors full scale flanges n°4 and 5
on the portside while on the starboard comparison is carried out between CEHIPAR sensors
n°5 and 6 and full scale flanges n° 7 and 8.
Actually the most comparable sensors should be CEHIPAR sensors n°4 and 6 with flanges
n° 5 and 7 respectively, while CEHIPAR sensor n°5 is located directly over propeller shaft
and flanges n°8 and n°4 in full scale are located more laterally than in model scale.
12 Kn, Pitch 79%, Revolution = 230 RPM
Similarly to previous comparison of cavitation extension, the full scale functioning point at
230 RPM and 79% pitch is compared to tests at CEHIPAR (which were carried out as
mentioned at 82% pitch) at 217 RPM (with two different wake screens) and at 246 RPM (with
model scale wake). Unfortunately, the tested point in model scale is not exactly the same at
full scale, since tests were carried out prior to sea trials, therefore the most similar points
have been chosen for the sake of comparisons.
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Figure 2.26
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Figure 2.31
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As it can be seen for condition characterized by VS = 12Kn there seems to be a general
tendency to underestimate the first harmonic on the portside and to overestimate it on the
starboard. In particular, pressure pulses at the flange n° 5 on portside and n°8 on starboard
side in full scale are similar to values measured in correspondence to shaft axis in model
scale, while portside sensor in model scale (n°4) and starboard side senor in model scale
(n°6) showed a lower and higher first harmonic respectively.
Higher order harmonics seems generally underestimated in model scale.
Keeping this in mind it results that the better agreement with full scale is obtained with
CEHIPAR working point characterized by VS = 12.9Kn NSHAFT = 246RPM on the portside and
with point VS = 12Kn NSHAFT = 217RPM wake CFG_2 on the starboard. Actually these
conditions are the most and the less loaded respectively, due to the higher revolutions and
speed for the first and to the less decelerated wake for the second.
Obviously, the two conditions are rather different; in this case, therefore, due to the
asymmetrical results obtained between starboard and port side, it seems difficult to assess
which of the model scale tested configurations better approximates full scale conditions.
Passing to the condition with VS = 11Kn, results are analogous and same conclusions hold.
From this point of view it has to be pointed out again that tests at CEHIPAR were performed
before sea trials and thus propeller working conditions in terms of pitch, thrust coefficient and
cavitation number are slightly different from sea trials conditions which have been performed
mainly at a slightly lower pitch setting.
Finally for condition at reduced speed VS = 31% the agreement between model scale and full
scale results is very good, with first harmonic always well captured and a good agreement
also for what concerns the second harmonic.
In this case both wake screens tested by CEHIPAR gave good results, maybe a slightly
better agreement is obtained with the screen EMM_1 while results obtained with screen
CGG_2 seem slightly underestimated on the portside. Anyway differences are lower than
10% for the first harmonic thus it is difficult to rank the two screens in terms of effectiveness
(even if it is rather surprising that the full scale screen provides slightly worse results).
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As a second part, a comparison is reported between model scale results from CEHIPAR and
UNIGE cavitation tunnels.
During tests at UNIGE only one pressure sensor was available, located in same position of
CEHIPAR sensor n°5, which is directly over the propeller. For this reason the following
analysis is carried out considering only this position. It is worth reminding that the wake
screen adopted at UNIGE corresponds to CFG_1 tested at CEHIPAR.
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Figure 2.39

Considering conditions at high pitch (with slightly different pitch setting also in this case) a
good agreement between measurements is almost always present for the first harmonic. For
what concerns higher harmonics agreement is still good if UNIGE points WP1 and WP2 are
considered while points WP3 and WP4 are characterized by remarkably higher values.
This results is quite in contrast with the fact that point WP3 and WP4, defined as equivalent
to CEHIPAR points (with KT/J2 identity), presented very similar cavitation extensions.
Considering the low pitch configurations, agreement between measurements in the two
facilities is still very good also for what concerns higher harmonics.

2.3.6. Comparison of URN prediction in full scale
Radiated noise measurements are analysed first focusing on tests performed at UNIGE,
being these tests in cavitating conditions as for the ship, then measurements carried out at
CEHIPAR towing tank (cavitation suppression) will be considered and compared with UNIGE
tests in non cavitating conditions. Detailed results are presented in D2.4 [10].
In the following figures spectra are reported in narrowband and in 1 / 3 octave band
representation.
Measurements are reported without applying any transfer function or transmission loss
correction.
Spectra from sea trials are obtained as the logarithmic average of the spectra from three
hydrophones and the arithmetic average of available repeated runs for each condition. Raw
data provided by CTO has been post-processed at UNIGE to this aim.
For what concerns 1/3 octave band spectra, in addition to the average, minimum and
maximum spectra from the available runs are also reported in order to give an idea of
possible fluctuations of noise levels.
All spectra are referred to a reference distance from the source of one meter.
A reduced range of frequency is considered under about 3 kHz, where scaled model scale
data are available.
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As it can be seen, a good agreement is found between model and full scale tests, with the
spectrum peak (and related frequency) correctly captured. As partially expected,
discrepancies are larger in the low frequency range, where however the measurements were
probably more related to ship machinery noise rather than propeller cavitation.
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Also in this case model scale results are in good agreement with full scale measurement for
what concerns spectral components linked to the presence of cavitation. Both characteristic
frequencies and levels of the spectral hump related to the suction side tip vortex cavitation
are satisfactorily captured and broad band noise levels are in sufficient agreement too, even
if in the present case a larger discrepancy was found, with lower levels at model tests, still
comparable with the lower range of full scale measurements.
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Figure 2.47
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For what concerns WP5 and WP6 during cavitation tunnel tests, as already remarked, a
problem of cavitation intermittency, probably due to a lack of nuclei, was observed.
In order to deal with this problem, spectra were obtained selecting only those portions of the
signals with a sufficiently high power, (thus indicating presence of cavitation).
Moreover, tests were also repeated with a higher dissolved oxygen content (DO2) and thus
with more stable cavitation.
Comparing measurements it was found out that generally spectra obtained selecting
cavitating portion of the signals are in good agreement with those obtained with higher DO2.
However, some unexpected differences are present in the spectral peak observable at about
120 Hz during the first tests, and not present in full scale measurements.
For these reasons it is deemed of interest to report here after also a comparison between
sea trials results and WP5 and WP6 obtained with higher DO2.
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As it can be seen agreement between model scale and sea trials is better when
measurements with higher oxygen content are considered, making both considered working
conditions more in line with sea trials results.
Also for this condition agreement seems quite good, even if a bit lower than for the higher
pitch condition.
Broad band levels are slightly underestimated while levels around 100Hz are still higher than
full scale measured.
Levels at lower frequencies are underestimated at cavitation tunnel; from this point of view,
however, it has to be pointed out, as already remarked for previous points, that tests in
correspondence to an intermediate pitch setting in full scale (without cavitation, or at least
with very limited cavitation extent) show that in this condition the ship noise is practically the
same, thus allowing to state that noise is not due to the propeller.
Despite the rather good agreement between model scale and full scale measurements, it has
to be remarked that in the present case both data may be significantly affected by noise
propagation in respective surroundings.
For model scale measurements, this happens because of the small dimensions of UNIGE
cavitation tunnel (actually almost all model scale facilities are small if compared to wave
lengths of interest, but in the case of UNIGE cavitation tunnel dimensions are in the lower
side).
For what concerns full scale tests, transmission loss should be always considered, especially
in the present case, due to the reduced water depth.
In order to take into account these effects, further analyses have been carried out at UNIGE.
In particular, model scale measurements have been corrected considering the transfer
function of the cavitation tunnel. The transfer function has been measured through ad hoc
experimental activities carried out in parallel to the present project, adopting a known source
at propeller location and comparing the acquired signals in open field and in the cavitation
tunnel.
For full scale tests, transmission loss calculations have been computed considering water
column characteristics measured by CTO during trials.
Obtained results are summarized in the following figures only in terms of one third octave
band spectra.
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Figure 2.53

Dissemination level: PUBLIC

60
© AQUO Project Consortium 2015 - all rights reserved

D2.5 Propeller noise experiments in model scale

D 2.5
Rev 1.0

VSHIP = 7Kn, Pitch 31%, NSHAFT = 203 RPM
200
Ship with transmission loss
UNIGE cavitation tunnel WP5 transferred

190

dB re 1 Pa2/Hz @1m

180
170
160
150
140
130
120
110
100
1
10

2

10
Frequency [Hz]

3

10

Figure 2.54
VSHIP = 7Kn, Pitch 31%, NSHAFT = 203 RPM
200
UNIGE cavitation tunnel WP6 transferred
Ship with transmission loss

190

dB re 1 Pa2/Hz @1m

180
170
160
150
140
130
120
110
100
1
10

2

10
Frequency [Hz]

3

10

Figure 2.55
Dissemination level: PUBLIC

61
© AQUO Project Consortium 2015 - all rights reserved

D2.5 Propeller noise experiments in model scale

D 2.5
Rev 1.0

As it can be seen, agreement between measurements at high frequencies is almost not
varied, the influences of both transmission loss and tunnel transfer function being rather
limited.
On the contrary at medium/low frequencies differences between spectra seem to increase
with respect to previous figures. In particular the cut-off effect of the cavitation tunnel is
higher than computed transmission losses, and as a consequence the two measurements,
initially very close one to each other, are in worse agreement after processing. The reasons
of this may consist in further uncertainties related to tunnel transfer function and computed
transmission loss.
As a result, full scale predictions performed with transfer functions seem generally to
overestimate cavitation noise. Nevertheless these latter spectra should be more
representative of real underwater noise radiated by the ship, taking into account propagation
effects, at least partially. Actually, from the point of view of model scale tests it can be
concluded that the apparent over estimation of radiated noise in the case of transferred
spectra should be lower than the under estimation obtained not correcting measurements for
propagation.
Moreover, differences between spectra seem larger in the case of reduced pitch
configurations. This larger difference is due to the fact that a certain discrepancy between
model scale and full scale measurements was already present before application of transfer
function and transmission loss. This difference is increased by the application of the
corrections being significant in the frequency range in which adopted corrections are also
more different. A possible explanation for this is due to a larger instability of cavitating
phenomena in model scale, with face cavitation becoming unstable at 0° blade position,
while in full scale the phenomenon appeared less violent.
In the following, a comparison between radiated noise measured at CEHIPAR towing tank
with UNIGE measurements in atmospheric conditions is reported. In this case full scale
prediction is simply based on KP identity.
Only net sound pressure levels are reported, narrowband form is adopted in order to better
identify blade passage harmonics which represent the main contribution of the propeller to
the signal for this configuration.
CEHIPAR tests at towing tank have been carried out both in self propulsion and in open
water configuration in order to investigate the influence of the hull on propeller noise.
Different hydrophones have been used for CEHIPAR measurements, the reported one is
hydrophone H2 which is the one with the better signal to noise ratio being the one placed
nearer to the propeller.
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Figure 2.57
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As it can be seen propeller blade passage harmonic is well visible in all tests, while the
second harmonic is easy detectable only for condition at design pitch.
Moreover harmonics values measured in the two facilities are significantly different.
From this point of view it has to be remarked that the signal perceived by hydrophones at
blade passage frequency are likely to be affected by near field effects. The two hydrophones
are located at 320mm from propeller disk at CEHIPAR and at 200mm from propeller disk at
UNIGE. Thus both sensors are really close to the propeller if compared with sound wave
lengths in water at blade passage frequencies (about 35m at CEHIPAR, 15m at UNIGE).
This means that the hydrophones, even if out of propeller slipstream, do not measure only
real radiated noise but, obviously, also the pressure fluctuation related to the passage of the
blade near the transducers.
This conclusion seems to be confirmed by the high level of the harmonic measured in open
water conditions. Actually in this case in principle there should not be large pressure
fluctuation on the blade and thus noise radiated by the blade acting as a dipole source
should be very low.
Moreover, it has to be remarked that for the considered wave lengths not only near field
effects are relevant but also propagation in confined space may affect the two measurements
in a different way, resulting probably in a significantly larger attenuation effect on the smaller
facility.
For all these reasons, it is difficult to reach a conclusion about discrepancies between the
two facilities, and data in full scale for this condition (cavitation suppression) is not available.
Considering broadband noise, this is mainly related to the background noise of the two
facilities and thus it is reasonable to have different levels because of the very different
characteristics of the facilities (For example different flow speed, dynamometers, carriage,
pumps and so on).
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3. MODEL TESTS WITH CHEMICAL TANKER M/T OLYMPUS
3.1.

Ship data and loading conditions

3.1.1. Ship main characteristics
M/T Olympus (IMO number 9310355), is an oil and chemical tanker (Class notation DNV
ICE-1A, Tanker for chemicals and oil products, ESP, EO, Clean, TMON). Main dimensions
and hydrostatics are given in Table 3.1.
Table 3.1: Main dimensions and hydrostatics for M/T Olympus.
Ship main characteristics
Length between perpendiculars

LPP

[m]

116.90

Beam

B

[m]

18.00

Water properties
[kg/m3] 1026

Density of water

Hydrostatics

Design

Ballast

Draft, fore

TF

[m]

8.12

4.30

Draft, average

TM

[m]

8.12

5.10

Draft, aft

TA

[m]

8.12

5.90

Waterline length

LWL

[m]

119.21

121.53

Beam in waterline

BWL

[m]

18.00

18.00

[m3]

12925

7491

[m ]

3381

2497

Volume
Wetted surface

2

SHULL

Wetted surface coefficient

[-]

2.751

2.668

Maximum section area

AMAX

[m2]

145.5

95.4

Block coefficient

CB

[-]

0.7565

0.6981

Prismatic coefficient

CP

[-]

0.7597

0.7028

Waterplane area coefficient

CWP

[-]

0.905

0.778

Centre of buoyancy, rel. to LPP/2

LCB

[%]

-1.673

-2.635

Centre of flotation, rel. to LPP/2

LCF

[%]

-4.850

-2.304

Length to displacement ratio

LWL/

1/3

[-]

5.080

6.211

Length to beam ratio

LWL/BWL

[-]

6.623

6.751

Beam to draft ratio

BWL/TM

[-]

2.217

3.530

Transverse metacentric radius

BMt

[m]

3.75

5.33

Centre of buoyancy above BL

KB

[m]

4.37

2.72

Transverse metacentre above BL

KMt

[m]

8.12

8.04

Weight to immerse

[t/cm]

20

17

Moment to change trim

[tm/cm] 162

114
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3.1.2. Hull model
Model M3458 hull form is designed by FKAB and manufactured by SSPA according to
received drawings. The hull model was manufactured in Divinycell according to hull lines
given by the FKAB. The model scale is 1:20.
Main dimensions and hydrostatics are given in Table 3.1. Fore body and after body profiles
are given in [8]. The rudder was manufactured of wood. Rudder and propeller position in
aperture are given in [8]. The ship model was equipped with 8 mounting position for pressure
transducers. These positions are given in Figure 3.2.

3.1.3. Propeller model
The design propeller model P2752 has main characteristics according to Table 3.2. The
design is provided by Wärtsilä according to received drawings and manufactured by SSPA
as an adjustable pitch model with bronze blades in an aluminium hub. The propeller open
water characteristics at different pitch settings are found in D2.4.
Table 3.2 : Main characteristics for design propeller P2772.
Characteristic

Value

Id

P2772

Type

controllable pitch

Direction of turn

right

Number of blades

4

Diameter D, full scale

4.80 m

Diameter D, model scale

0.240 m

Design pitch ratio P/D at t/R = 0.7

0.87

Blade area ratio AE/AO

0.45

3.1.4. Loading conditions
Six loading conditions were calculated based on towing tank tests performed at SSPA. The
towing tank include wake measurements, open water, resistance and self-propulsion tests.
The trial prediction is based on the ITTC–78 evaluation method for bare hull. The cavitation
tunnel loading conditions are given in Table 3.3.The SSPA definition of cavitation index is:

where Patm is the atmospheric pressure, h is the propeller shaft immersion, is the density of
water, g is the gravitational constant, Vs is the ship velocity and wTs is the wake fraction.
LC1 corresponds to NCR power with 15% sea margin with design pitch setting at design
draft and LC2 is the corresponding ballast draft condition. LC5 and LC6 resembles
decreasing the speed to 11 kn by reducing the pitch setting while keeping the RPM constant.
This is how the ship is operated today. LC3 and LC4 demonstrates what will happen if the
speed is decreased by reducing the RPM keeping the pitch setting constant.
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Table 3.3: Cavitation tunnel loading conditions
Unit

Propeller ID

LC1

LC2

LC3

LC4

LC5

LC6

2772

2772

2772

2772

2772

2772

P/D

-

0.87

0.87

0.87

0.87

0.521

0.521

Draft

-

Design

Ballast

Design

Ballast

Design

Ballast

NCR
power

NCR
power

11
kn,
nominal
pitch

11
kn,
nominal
pitch

11
kn,
nominal
rpm

11
kn,
nominal
rpm

Condition

Engine shaft power

MW

3.672

3.672

1.336

1.118

1.938

1.747

Transmission loss

%

1

1

1

1

1

1

MW

0

0

0

0

0

0

Seamargin

%

15

15

15

15

15

15

Prop immersion

m

5.788

3.696

5.721

3.559

5.721

3.559

VS

kn

14.13

15.37

10.50

10.59

11.0

11.0

wTS

–

0.299

0.305

0.291

0.295

0.293

0.293

KQ/J3

–

0.187

0.149

0.160

0.133

J

–

0.544

0.577

0.566

0.594

0.404

0.417

n

1/min

117.13

119.12

84.56

80.90

123.89

120.00

n

1/s

1.952

1.985

1.409

1.415

2.065

2.000

–

11.86

8.84

20.92

17.88

19.16

16.44

–

0.212

0.229

0.158

0.158

PTO

Fn

Table 3.4 shows the real loading conditions during the full scale trials. As can be seen from
the tables, the measured shaft powers were lower than the calculated ones. There are
several reasons to this:
1. Uncertainties in the measured power:
a. Calculation of torque from strain: Material data (Young's modulus and Poisson
ratio) and geometry (diameters) are assumed from typical steel quality; inner
diameter is assumed based on Wärtsilä standard (it is not measured or
verified).
b. The electric bridge signal (which is amplified and converted to strain) depends
on the accuracy in direction of the strain gauges and the application of the
glue.
c. . Shaft rate was from the data logger on the bridge (engine RPM), it was not
true shaft RPM measured on the shaft.
2. Assumptions made in the calculation of model test conditions:
a. Losses due to bearings and seals: We assume 1% in model scale which is
expected to be realistic.
b. Sea-margin: We assume 15% in model scale which might be too much in
calm water. However, the ship was close to "five year maintenance docking"
which means the hull could be expected to be quite rough.
3. We did not account for the PTO in model tests. Maximum PTO is 1200 kW but the
estimated typical operation is 300 kW. Thus, the propeller loadings in model-scale
were slightly too high. Accounting for the PTO gives a cavitation index of 12.5 in LC1
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and 9.4 in LC2. These changes are quite marginal and are not expected to change
the amount of cavitation significantly.
In laboratory one minimizes errors 1a and 1b by calibrating with a range of known torques
but this is not possible in full scale for obvious reasons.
In summary: The measured powers are probably too low, mainly due to reasons 1a and 1b.
The model scale power might have been slightly too high due to too high sea-margin and not
accounting for PTO. The difference in shaft power is only expected to have marginal effects
on cavitation extension, pressure pulses and radiated noise.
Table 3.4: Full scale loading conditions
Unit

LC1

LC2

LC5

LC6

Run/rec #

-

Rec 1

Run 5

Rec 3

Run 16

Average speed

kn

14.5

14.3

10.2

10.6

Average engine shaft power

MW

3.16

3.10

1.42

1.56

Pitch indicator

%

92

90

57

57

Video

-

-

Yes

-

Yes

Pressure pulses

-

-

Yes

-

Yes

URN

-

Yes

-

Yes

-
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Test arrangement and procedures

3.2.1. SSPA
The towing tank tests performed by SSPA are summarized in Table 3.5: and the cavitation
tests are summarized in Table 3.6.
Table 3.5: Test programme in towing tank.
Test
series

Ship
model

Propeller
Model

P(0.7)/D

Type of Tests

Draft
fore

Draft
aft

1

-

P2772

0.9

Propeller OW

-

-

2

-

P2772

0.75

Propeller OW

-

-

3

-

P2772

0.6

Propeller OW

-

-

4

-

P2772

0

Propeller OW

-

-

5

M3458-A

-

-

Resistance

8.12

8.12

6

M3458-A

P2772

0.87

Self propulsion

8.12

8.12

7

M3458-A

-

-

Resistance

4.3

5.9

8

M3458-A

P2772

0.87

Self propulsion

4.3

5.9

9

M3458-A

-

-

Wake

8.12

8.12

10

M3458-A

-

-

Wake

4.3

5.9

11

-

P2772

0.87

Propeller OW

-

-

12

-

P2772

0.3

Propeller OW

-

-

13

-

P2772

0.45

Propeller OW

-

-

14

M3458-A

P2772

0.52

Self propulsion

8.12

8.12

15

M3458-A

P2772

0.52

Self propulsion

4.3

5.9

Table 3.6. Test programme in cavitation tunnel.
Test
series

Ship
model

Propeller
model

P(0.7)/D

Type of Tests

20

M3458-A

-

-

Blind hub test

25

M3458-A

P2772

0.87

Force measurements at atmospheric condition

26

M3458-A

P2772

0.87

Noise measurements

27

M3458-A

P2772

0.87

Face side cavitation inception

28

M3458-A

P2772

0.87

Documentation of cavitation: Photo & video

29

M3458-A

P2772

0.87

Pressure pulse measurements

31

M3458-A

P2772

0.521

Force measurements at atmospheric condition

32

M3458-A

P2772

0.521

Pressure pulse measurements

33

M3458-A

P2772

0.521

Documentation of cavitation: Photo & video

34

M3458-A

P2772

0.521

Noise measurements

35

M3458-A

P2772

0.521

Face side cavitation inception

36

M3458-A

-

-

Background noise measurements with dummy
hub
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The towing tank tests performed at SSPA, are reported in more detail in D2.4.
At the cavitation tunnel tests the complete ship model, M3458-A, was mounted in the large
test section (width 2.6 m, height 1.5 m) of the tunnel, see Fig. 4 . The model was mounted at
design draft. The propeller model was powered by an AC motor and the thrust and torque
were measured by a Kempf & Remmers type R46 dynamometer. The motor and
dynamometer are immersibles and were mounted inside the water filled model. The tunnel
water speed was kept constant at 4.5 m/s during the tests.

Figure 3.1. The ship model mounted in the SSPA cavitation tunnel.

The propeller force measurements in behind condition at atmospheric pressure were
mainly performed for determination of the effective speed of advance using KT-identity. The
shaft rate was varied to cover the loading range of interest.
The cavitation extension and character at different blade positions are documented by
photos and by video recording.
Pressure pulse measurements were performed at eight (8) transducer positions, given in
Figure 3.2. The results from the pressure pulse measurements are given in non-dimensional
form as Kp-values. Kp is defined as:

where C is the single amplitude pressure fluctuation. Measurements were taken for both
cavitating and non-cavitating conditions for all load cases. The full-scale prediction is based
on the Kp-values for the 5% largest pulses. Scaling to full scale is obtained by presuming Kp
to be the same in model and ship scale. Corrections for the influence of the free water
surface and ship size according to Ref. [4] are also applied in the full-scale prediction.
Noise measurements were made using three hydrophones (Brüel & Kjær type 8103)
attached to wing-profile swords mounted in the positions given in Figure 3.3. The propeller
acoustical center (AC) was assumed to be at position 0° and r/R=0.7. The resulting distance
between AC and the hydrophones are presented in Table 3.7.
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Figure 3.2. Positions of the pressure transducers (measures in model scale).
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Figure 3.3. Hydrophone positions.
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Table 3.7. Resulting distance between AC and the hydrophones.
Hydrophone

Location

Distance from AC (mm)

K66

Traversable sword

631

K78

Port side sword

429

K79

Starboard side sword

460

Background noise measurements were performed with a dummy hub at corresponding
loading conditions.
The hydrophones were connected to analogue inputs on the analyser (LMS Pimento)
through in-line charge amplifiers (PCB 422E12). Acquisition of time series data are be made
using 24-bit analogue to digital conversion at two sampling frequencies: Fs=2.5 kHz during
300 s and Fs=50 kHz during 150 s.
The average Power Spectral Density, G(f) in Pa2/Hz, is computed from each sound pressure
signal p(t) using Welch’s method of averaging modified periodograms. The signals sampled
at Fs=2.5 kHz were used for the analysis below 1 kHz in model scale in order to get a good
frequency resolution of the tonal noise components. The FFT-length was 4096, the window
overlap 30% and Hamming window was used. The signals sampled at Fs=50 kHz were
analysed with a lower frequency resolution for the signal up to 20 kHz in model scale. The
FFT-length was 1024, the window overlap 30% and Hamming window was used. The Sound
Pressure Power Spectral Density Level Lp is then given by:

where pref = 1 µPa.
Before scaling, the model scale frequency spectra to be scaled to full scale were corrected
for background noise according to the following:
1. If the Signal to Noise Ratio (SNR) is more than 10 dB: No correction
2. If
3 ≤ SNR < 10 dB:
Subtract
the
background
noise,
3. If SNR < 3 dB: Subtract 3 dB from the signal
No transfer functions were applied. For the calculations of full scale spectra the hydrophone
K79 were selected (see discussion in Section 3.3.6). The model scale spectra were scaled to
full scale according to ITTC 1987 scaling laws for power spectral densities:
Frequency:

Sound pressure power spectral density level Lp(f):
Finally, third octave band sound pressure levels were calculated by averaging the sound
pressure power spectral densities in each third octave band and multiplying by the
bandwidth. In logarithmic units this can be expressed as

where fc is the centre frequency of the third octave band, Δf is its width, and M is the number
of Lps values that fall within the band.
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3.2.2. UNIGE
Table 3.8 summarizes tests performed at UNIGE. The model propeller P2772 has been
tested with two pitch settings corresponding to two conditions usually adopted by the ship
during normal operations.
Design pitch (P0): (P/D)0.7R=0.87.
Reduced pitch (P1): (P/D)0.7R=0.521.
Tests were performed with the propeller running behind a wire screen simulating the full
scale nominal hull wake field and with 8.5° shaft inclination, reproducing vertical wake
components. Two different wire screens were adopted. Both screens represent ship full scale
nominal wake, obtained with different procedures. In the first case the wake field has been
computed through a RANS solver, for the second screen the full scale wake field has been
predicted applying the Sasajima-Tanaka [3] wake scaling procedure to the experimental
model scale wake.
Table 3.8
Type of test
Propeller characteristics
curves
Cavitation bucket
Cavitation extension
visualization and photos
Radiated noise
measurements
Pressure pulses
measurements
Propeller flow LDV
measurement

Facility
Cavitation
tunnel

Conditions
P0, in Uniform inflow and Behind RANS and Sasajima
screens, P1 in Uniform inflow and behind RANS screen.
P0, Behind RANS and Sasajima screens, P1 Behind RANS
screen.

P0, P1 in uniform flow (Stationary condition)

Tests have been performed for certain number of working conditions. Main working points
have been evaluated from self-propulsion tests performed by SSPA, since tests were carried
out prior to full scale tests.
Cavitation indices have been computed considering propeller tip depth at 12 o’clock position
as reference point for the water head. This was chosen because main phenomena are
expected in the wake peak behind the hull.
Additional points have been defined in order to completely characterize propeller functioning
varying thrust coefficients and cavitation index.
This allows to appreciate the modification of propeller radiated noise and pressure pulses
with respect to propeller load and cavitation extension.
Main working points are reported here after adopting same nomenclature used by SSPA:
LC1 (P0, 85% MCR, Design draft):
KT = 0.205σN = 2.87
LC2 (P0, 85% MCR, Ballast draft):
KT = 0.190σN = 2.34
LC3 (P0, Vs 11Kn, Design draft):
KT = 0.195σN = 5.4
LC4 (P0, Vs 11Kn, Ballast draft):
KT = 0.181σN = 4.6
LC5 (P1, Vs 11Kn, Design draft):
KT = 0.102σN = 2.6
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LC6 (P1, Vs 11Kn, Ballast draft):
KT = 0.096σN = 2.3
More details about conditions tested in UNIGE are given in D2.4 [10] [8].
UNIGE Cavitation Tunnel
Cavitation tunnel characteristics may be found in the previous section about Nawigator ship
propeller tests.
Also in this case, tests have been carried out simulating the ship wake by means of wire
screens (plus shaft inclination) mounted upstream of the propeller as shown in Figure 3.4. As
it can be seen, also in this case the wire screen consists into two different screens, the main
one at the beginning of the test section (at the end of the convergent duct) and the second
one nearer to the propeller in order to reproduce the wake peak.

Figure 3.4. Wire screens mounted upstream of the propeller in the UNIGE cavitation tunnel.

The flat plate to house the pressure gauge and to simulate the aft part of the hull over the
propeller; is adopted also in this case, as visible in Figure 3.5.

Figure 3.5. The flat plate to house the pressure gauge and to simulate the aft part of the hull over the
propeller mounted in the UNIGE cavitation tunnel.
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Propeller characteristic curves
In present subsection, the adopted procedure to measure P2772 propeller characteristic
curves (thrust and torque) is briefly reported.
Measurements have been carried out at two different pitch settings (P0, P1), with and without
wake screens. Tests without screens have been compared to OWT at towing tank, showing
a good agreement (see D2.4 [10]).
As in previous case (Nawigator propeller), all propeller mechanical characteristics have been
measured with tunnel at atmospheric pressure, thus in correspondence to rather high
cavitation number values.
In addition, thrust breakdown due to cavitation have been measured in correspondence to
propulsive points. Results showed the thrust reduction to be appreciable only at very low
cavitation indices, considerably below real values. As a consequence, thrust breakdown has
not been considered in present work.
Tests have been performed at different rate of revolutions (15, 20 and 25 RPS) in order to
investigate Reynolds number influence on propeller mechanical coefficients.
Complete results are reported in D2.4 [10].
Cavitation bucket
Cavitation phenomena inceptions have been determined and the cavitation buckets have
been evaluated in correspondence to the two pitch settings for the RANS wake field and only
for the design pitch for the Sasajima wake field.
A wide range of thrust coefficients around the one evaluated from towing tank self-propulsion
tests performed by SSPA have been considered.
All tests have been carried out keeping propeller RPM as high as possible (in accordance to
the limits of the measuring setup) and lowering the cavitation index σN at fixed KT coefficient.
In case tests have been carried out at different propeller revolutions, results of tip vortex
cavitation inception have been scaled to a reference value (25 Hz), according to the
McCormick [2] scaling law.
Obtained cavitation buckets for all considered settings are reported in [10], allowing to
appreciate a certain difference between the two wakes in terms of inception of different
phenomena. This has also an influence on radiated noise, as it is shown in the following
paragraphs.
Cavitation extension visualization and photos
Observations have been carried out both visually and by means of firewire cameras with the
help of stroboscopic light.
Cavitation extension has been measured and recorded for all considered working conditions.
Cavitation extensions and photographs are available in D2.4 [10].
Underwater radiated noise
Tests have been carried out considering different functioning conditions, with fixed thrust
coefficient and cavitation number; cavitation number is set in order to perform tests in
correspondence to the same cavitation indices of the ship even if, as it is known, this does
not mean necessarily same cavitation patterns because of the different scaling of some
phenomena (i.e. vortex related phenomena) with respect to full scale.
In addition for all tested thrust coefficient measurements have been carried out also in
atmospheric conditions thus allowing to better appreciate the influence of cavitation on
radiated noise.
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In Figure 3.6, the standard setup adopted during these tests is reported. In particular, the
hydrophone is mounted on a fin downstream with respect to propeller.
Pressure gauge

Hydrophone
Figure 3.6: Hydrophone and pressure gauge location.

Background noise measurements have been carried out as reported for the Nawigator
propeller. More details about underwater radiated noise measurements, results and post
processing are reported in D2.4 [10].
Pressure pulses
Pressure pulses measurements have been carried out at the same working conditions as for
underwater radiated noise. Actually signals have been acquired simultaneously.
The pressure gauge was mounted in the already mentioned support over the propeller plane
at a vertical distance reproducing in scale the same vertical distance present on the ship
between the hull and the propeller tip.
More details about pressure pulses measurements, results and post processing are reported
in D2.4 [10].
Propeller flow measurements by means of LDV
The velocity field around the four blade marine propeller P2772 have been measured by
means of LDV.
Measurements have been performed by means of a two components interference fringes
laser doppler system (DantecFiber Flow).
Tests have been carried out at UNIGE cavitation tunnel in stationary conditions with the
propeller working in uniform flow.
Two propeller working conditions were considered:
1. P0, KT = 0.205 (Thrust coefficient corresponding to LC1)
2. P1, KT = 0.102 (Thrust coefficient corresponding to LC5)
More details about propeller flow measurement procedure and results are available in D2.4
[10].

3.3.

Test results

Detailed test results are given in D2.4 [10].
This section is dedicated to comparison between model test obtained by SSPA, UNIGE and
full scale results obtained by SSPA.
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For what regards UNIGE cavitation tunnel tests only, results obtained with full scale nominal
wake field evaluated through RANS computation are considered for comparisons.
Differences between measurements in correspondence to the two wakes are reported in
D2.4 [10].
Focus is given on the comparison of cavitation observations, pressure pulses and URN
(underwater radiated noise).

3.3.1. Resistance, self-propulsion and propeller open water results
Towing Tank tests performed by SSPA are presented in D2.4 [10].
Comparison between model scale results and numerical results are made in D2.3 [9].

3.3.2. Wake results
Towing Tank tests performed by SSPA are presented in D2.4 [10].
Wake measurements in cavitation tunnel performed by UNIGE are presented in D2.4 [10].
Comparison between model scale results and numerical results are made in D2.3 [9].

3.3.3. Propeller flow measurements (LDV tests at cavitation tunnel in
stationary conditions)
Measurements performed by UNIGE in model scale are presented in D2.4 [10].
Comparison between model scale results and numerical results are made in D2.3 [9].

3.3.4. Comparison of cavitation observations
Photos of cavitation from the full-scale measurements in LC2 are presented in Figure 3.7.
These can be compared to the corresponding model-scale observations in the SSPA
cavitation tunnel, Figure 3.8 and in UNIGE cavitation tunnel, Figure 3.9. The observation
angle is different and the blade tip could not be observed in full-scale at the angles where it is
supposed to be present because the camera was directed slightly wrongly. However, the
general behaviour of the tip-vortex cavity in full-scale seems to correlate well to the modelscale observations. In SSPA model scale, the suction side sheet cavitation extends from
0.9R to the blade tip in LC1 and LC2. The cavitation volume and circumferential extension is
slightly larger but also somewhat more unstable at the ballast condition, LC2. The sheet
cavitation rolls up into a cavitating tip vortex which persists from about 10° to 200° in LC1
and from about 0° to 220° in LC2. The tip vortex is a bit unstable and some bursting is
occurring at both loading conditions.
In UNIGE cavitation tests, the cavitation patterns for LC1 and LC2 is generally similar to
those observed at SSPA. Moreover cavitation seemed slightly more unstable.
The suction side sheet cavitation extends from almost 0.9R to the tip and the tip vortex is
attached to the blade from 0° to about 180° while it is present in wake also at 270°.
Bursting phenomena occur for all loading condition, more frequently for LC2.
Photos of cavitation from the full-scale measurements in LC6 are presented in Figure 3.10.
Corresponding model-scale observations in the SSPA cavitation tunnel are shown in Figure
3.11 (back side) and Figure 3.12 (face side). UNIGE cavitation observations are finally
reported in Figure 3.13. In comparison with the model-scale observations, the tip vortex
seems to be somewhat thicker in full-scale.
In SSPA model scale observations of LC5 and LC6 there is a leading edge vortex cavitation
on the face side starting at r/R=0.7. The face side leading edge vortex cavitation continues
from 60° to 320°. Since there are no full scale observations of the face side, this is not
possible to validate in full scale.
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In photographs from UNIGE model scale observations the leading edge pressure side vortex
is well visible only at 270°. Nevertheless it intermittently occurred also at 90° and 180°.
In SSPA model scale of LC5 and LC6 there is tip vortex cavitation starting at the suction side
of the tip of about 320°. It continues almost until 50° where it moves over to the face side of
the tip and persists until 320° where it has moved back to the suction side again. In the fullscale observations, Figure 3.10, it also seems like the tip vortex is on the face side at about
50° to 70° degree position (the last three images).
In UNIGE model scale tests tip vortex cavitation of LC5 and LC6 shifts suddenly from
pressure side to suction side in correspondence to the wake peak. The suction side tip vortex
at 0° seems quite larger than the one observed at SSPA cavitation tunnel.

Figure 3.7. Full scale observation, LC2 (85 % MCR, design pitch).
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Figure 3.8. Model scale observation at SSPA, LC2 (85 % MCR, design pitch).
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Figure 3.9: Model scale observation at UNIGE, LC2 (85 % MCR, design pitch).

Figure 3.10. Full scale observation, LC6 (11 kn, reduced pitch)
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Figure 3.11. Model scale observation at SSPA, LC6 (11 kn, reduced pitch).
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Figure 3.12. Model scale observation at SSPA, face side, LC6 (11 kn, reduced pitch).
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Figure 3.13: Model scale observation at UNIGE, LC6 (11 kn, reduced pitch).

3.3.5. Comparison of pressure pulse prediction in full scale
The full scale pressure transducer was mounted in a position closest to SSPA model scale:
transducer position is F while UNIGE model scale transducer was mounted in a position
corresponding to SSPA model scale transducer position D (see Figure 3.2). Thus, the full
scale results are compared to SSPA model scale results in position F and UNIGE model
scale results are compared to SSPA model scale results in position D. The pressure pulses
are presented as single amplitude (RMS) values.

SSPA vs full-scale
The position of the transducer in the full-scale measurements was about 1330 mm forward of
the propeller plane and 1370 mm to the port side of CL. The closest SSPA model scale
transducer position is F (1200 mm, 1200 mm). The results are presented in Figure 3.14 and
Figure 3.15 respectively. The agreement for LC2 is fair with an under-prediction of the bladerate component of 20% compared to full-scale. The agreement for LC6 is good with an
under-prediction of 10% compared to full-scale.
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Figure 3.14. Pressure pulse amplitudes from the full-scale measurements with M/T Olympus
compared to SSPA full scale prediction based on model-scale measurements in position F. LC2 (85 %
MCR, design pitch).
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Figure 3.15. Pressure pulse amplitudes from the full-scale measurements with M/T Olympus
compared to SSPA full scale prediction based on model-scale measurements in position F.
LC6 (11 kn, reduced pitch)
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SSPA vs UNIGE
The full scale predictions based on model-scale measurements made by SSPA and UNIGE
are compared in Figure 3.16 to Figure 3.21. The comparisons are made for position D (just
above the propeller) which is the only transducer used by UNIGE.
UNIGE full scale prediction exploits the same free surface correction as the one adopted by
SSPA. Selection of higher pulses for cavitating conditions is performed in this case selecting
only those pulses higher than values obtained in atmospheric conditions.
The agreement is fairly good except the higher order pressure pulses in LC2 where the
SSPA predictions are much higher. Compared to full-scale measurements in position F, the
SSPA prediction is too high only for 3rd and 4th orders. Looking into the measured model
scale spectra, we can see that the 4th order in this case is not a significant pressure peak but
rather a sample of the broadband level.
The general trend is that the SSPA 1st order predictions are about 10% lower than the
UNIGE ones while the higher orders predicted by SSPA are somewhat higher.
Based on comparison with measurements at atmospheric pressure from the SSPA model
scale measurements we can conclude:
Even though there is sheet cavitation present in LC1 and LC2, the influence of
cavitation of the fundamental blade-rate component in LC1 and LC2 is small while it
is important for the higher orders.
There is no influence of cavitation in LC3 and LC4.
There is no influence of cavitation on the pressure pulses up to order 5 in LC5 and
LC6. There is no sheet cavitation present and the influence of vortex cavitation
comes at higher frequencies, which can be seen in the spectra.
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Figure 3.16. LC1: Comparison of full scale predictions based on model-scale measurements in
position D (just above the propeller) by SSPA and UNIGE.
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Figure 3.17. LC2: Comparison of full scale predictions based on model-scale measurements in
position D (just above the propeller) by SSPA and UNIGE.
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Figure 3.18. LC3: Comparison of full scale predictions based on model-scale measurements in
position D (just above the propeller) by SSPA and UNIGE.
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Figure 3.19. LC4: Comparison of full scale predictions based on model-scale measurements in
position D (just above the propeller) by SSPA and UNIGE.
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Figure 3.20. LC5: Comparison of full scale predictions based on model-scale measurements in
position D (just above the propeller) by SSPA and UNIGE.
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Figure 3.21. LC6: Comparison of full scale predictions based on model-scale measurements in
position D (just above the propeller) by SSPA and UNIGE.
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3.3.6. Comparison of URN prediction in full scale
The URN predictions based on model-scale tests by SSPA and UNIGE are compared in
Figure 3.22 to Figure 3.35. For LC1, Figure 3.22 to Figure 3.24, and LC5, Figure 3.31 to
Figure 3.33, there is also comparison to full-scale data.
The propeller loading is highest at 85% MCR and design pitch (highest shaft power)
LC1/LC2. This gives strong tonal noise (and pressure pulses) at blade rate and its harmonics
due to the blade loading that is further amplified by the sheet cavitation. However, the extent
of the sheet cavitation for this propeller is relatively small. According to the model test results,
the blade frequency should be the highest peak in the spectra but the transmission loss in full
scale is probably higher than estimated which underestimates the amplitude at blade rate
and probably also at two times blade rate. A comparison between the SSPA and the UNIGE
model-scale results shows that the SSPA prediction of the amplitude at blade rate is
considerably higher than the UNIGE results.
The highest URN and hull vibrations in full-scale are in the range 60 to 100 Hz, where there
is a wide peak which is also observed in model scale. The high levels in this range are
probably due to “bursting” and instabilities in the tip vortex cavity, but the full-scale spectrum
does also contain a lot of tonal components from machinery. The hull response might also be
an important contributor in the frequency range 20 Hz to 100 Hz. A comparison between the
SSPA and the UNIGE model-scale results shows that UNIGE predicts the “TVC increase”
with a maximum around 50 Hz while SSPA predicts it around 80 Hz. At higher frequencies
there is broadband noise due to collapsing cavities. At high frequencies, the SSPA and
UNIGE predictions are close to each other and somewhat lower than the full scale results. At
LC2, the model-scale results agree better with each other than what they do at LC1.
At reduced pitch (and thus speed), the shaft power is much lower. The propeller has no
sheet cavitation and a relatively thin and stable tip vortex cavity. Hence, there is no
contribution from cavitation to the blade rate and its lower harmonics. The thin tip vortex
cavity contributes probably to the wide peak in the 40 to 80 Hz range. As most CP propellers
at reduced pitch, there is face side cavitation. According to the model scale tests, there is a
cavitating leading edge face vortex. Due to the face side leading edge vortex cavity, the
broad band levels above 150 Hz are higher in LC5 than in LC1, which is even more
noticeable in model scale.
The SSPA and UNIGE model-scale results at LC5/LC6 show rather good similarity even
though the SSPA “TVC increase” is at somewhat higher frequencies.
In this case amplitude at blade rate measured by the two facilities are in good agreement.
The model-scale results show relatively good agreement with the full-scale ones. However,
at low frequencies, the full-scale levels are likely too small due to underestimation of the
transmission loss.
At LC3/LC4 there is almost no cavitation in model scale (only some sporadic tip vortex
cavitation in LC4). SSPA predicts higher tonal amplitudes than UNIGE at blade rate and its
lower harmonics. The UNIGE spectra have peaks at 30 Hz and 50 Hz. The SSPA spectrum
above 160 Hz is not valid since the signal is lower than the background noise.
Same problems affect also UNIGE measurements, actually a sufficient signal to noise ratio is
achieved only in correspondence to blade rate harmonics.
It is a well-known fact that most cavitation tunnels are not suited for measurement of noncavitating propeller noise.
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Figure 3.22. LC1: Source level spectra (narrowband) in model scale compared to full-scale.

M/T Olympus, LC1
200
190

170
160
150
140
130

L

ps,T

(f) [dB re 1 Pa @ 1 m]

180

FS mean
FS envelope
MS SSPA
MS UNIGE

120
110
100

1

10

2

10
f s [Hz]

3

10

Figure 3.23. LC1: Source level spectra (1/3 Octave Band) in model scale compared to full-scale.
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Figure 3.24. LC1: Source level spectra in range 5 to 100 Hz with source identifications. Model scale
compared to full-scale.
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Figure 3.25. LC2: Source level spectra (narrowband) in model scale.
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Figure 3.26. LC2: Source level spectra (1/3 Octave Band) in model scale.
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Figure 3.27. LC3: Source level spectra (narrowband) in model scale..
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Figure 3.28. LC3: Source level spectra (1/3 Octave Band) in model scale.
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Figure 3.29. . LC4: Source level spectra (narrowband) in model scale.
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Figure 3.30. LC4: Source level spectra (1/3 Octave Band) in model scale.
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Figure 3.31. LC5: Source level spectra (narrowband) in model scale compared to full-scale.
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Figure 3.32. LC5: Source level spectra (1/3 Octave Band) in model scale compared to full-scale.
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Figure 3.33. LC5: Source level spectra in range 5 to 100 Hz with source identifications. Model scale
compared to full-scale.
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Figure 3.34. LC6: Source level spectra (narrowband) in model scale.
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Figure 3.35. LC6: Source level spectra (1/3 Octave Band) in model scale.
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Moreover to perform a more consistent comparison with full scale measurements (For which
transmission loss correction was applied by SSPA) UNIGE results have been corrected
considering the transfer function of the cavitation tunnel.
The transfer function has been measured through suitable experimental activities carried out
in parallel to present project, as already reported in par. 2.3.6.
Results are summarized in Figure 3.36 and Figure 3.37.
As it can be seen the adoption of the transfer functions produces different results in the two
cases, depending on different MS spectra.
For LC1 obtained results are in very good agreement with full scale measurements, the
effect of the tunnel at frequencies corresponding to tip vortex noise being to cut down
significantly the noise. As a consequence, by applying the transfer functions, levels are
significantly increased, with a considerably lower discrepancy with full scale measurement in
that frequency range (even if still slightly shifted in frequency).
On the other hand for LC5 the transfer function puts into evidence differences between
model scale and full scale measurements.
In previous graphs, model scale tests show a TVC increase at 50÷60Hz which is not present
in full scale. As already mentioned this may be (partially) due to an underestimation of
transmission loss, even if the differences are present also at higher frequencies which should
be less affected by the problem. A further reason may consist in the fact that apparently in
full scale the TVC is always on pressure side while in MS it shifts to suction side into the
wake peak, being thus more unstable and considerably noisier.
Moreover this difference is amplified by the transfer function which increases MS levels
mainly in the frequency range in which full scale cavitation noise seems to be low or not
present.
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Figure 3.36. LC1: Source level spectra (narrowband) in model scale transferred compared to fullscale.
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Figure 3.37. LC5: Source level spectra (narrowband) in model scale transferred compared to fullscale.
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4. CONCLUSIONS
In the present report, the results of the experimental campaigns in model scale carried out at
the different facilities of CEHIPAR, SSPA and UNIGE have been presented and discussed.
The data gathered are made available to the Consortium Partners for the purpose of
validation of predictive models.
Moreover, it has been possible to compare the results:
Obtained in different facilities in model scale
Obtained in model and full scale
This activity is of great interest since rather limited data is available in open literature,
especially regarding radiated noise measurements.

4.1.

NAWIGATOR experimental investigations

Considering Nawigator ship (tested at CEHIPAR and UNIGE), main outcomes of the activity
may be summarised as follows:
The resistance and self-propulsion tests of the hull model constructed in CEHIPAR
have been compared with some previous results of CTO showing good agreement,
thus confirming the correct configuration, as the propeller model was provided by
CTO.
As expected, a rather good agreement exist between different cavitation observations
in model scale;
The comparison with full scale observation is satisfactory, with similar cavitating
phenomena and similar extensions;
The comparison of pressure pulse measurements at the two facilities is satisfactory,
especially in terms of first harmonics, which are similar in all cases considered; higher
harmonics seem to present in some cases some discrepancies at higher pitches; in
this case, however, testing conditions were not exactly the same; at lower pitch
setting, discrepancies are very low also for higher harmonics
The comparison between model scale (in this case only CEHIPAR due to the sensors
position) and full scale measurements presented a good agreement at the lower pitch
setting; at higher pitch there seems to be a general tendency to underestimate the
first harmonic on the portside and to overestimate it on the starboard; higher order
harmonics are generally underestimated in model scale;
Radiated noise measurements in model scale were carried out by CEHIPAR at
towing tank and by UNIGE at cavitation tunnel; as a consequence, a comparison may
be performed only in cavitation suppression conditions, where the low signal to noise
ratio allows only to appreciate propeller harmonics; values are rather different in this
case, and the discrepancy may be ascribed to near field effects, very important for
the harmonics) and to different effects of the confined environment (much larger for
the cavitation tunnel case)
The comparisons between radiated noise measurements in model and full scale
presented a good agreement at both pitch settings, with similar noise levels and
similar spectrum shape;
Since both measurements in model and full scale may be affected by some problem
(cavitation tunnel confined environment in model scale and transmission loss due to
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rather low water depth in full scale), the comparison have been repeated after
considering cavitation tunnel transfer functions and transmission loss; this led in
general to an increase of both measured levels and, in parallel, to a worse agreement
between the two spectra (with a general over estimate of cavitation noise from model
tests), particularly visible at lower pitch setting; the discrepancy may be due to
uncertainties related to tunnel transfer function and computed transmission loss;
moreover, the higher discrepancy at higher frequency may be partly ascribed to the
more unstable behaviour of cavitation in model scale; it is believed, anyway, that the
application of transfer function is necessary to correctly consider (or at least limit)
confined environment effects;
LDV and PIV measurements have been carried out at CEHIPAR, providing data for
further comparisons and validation of numerical methods.

4.2.

OLYMPUS experimental investigations

Considering Olympus ship (tested at SSPA and UNIGE), main outcomes of the activity may
be summarised as follows:
Also in this case a rather good agreement exists between different cavitation
observations in model scale.
The comparison with full scale observation is satisfactory at the highest pitch
setting, with similar cavitating phenomena and similar extensions; at lower pitch
setting, in both facilities cavitating phenomena appeared to shift from pressure to
suction side in the wake peak; this behaviour is probably not present in full scale,
where pressure side cavitation is present at all positions.
The comparison of pressure pulses measurements at the two facilities is
satisfactory, with first harmonics generally higher (by 10%) in UNIGE measurements;
the agreement for higher harmonics is fairly good except in LC2 condition where the
SSPA predictions are much higher.
The comparison between model scale (in this case only SSPA due to the sensors
position) and full scale measurements presented a good agreement at both pitch
settings, with an under-prediction of the blade-rate component of 20% at higher pitch
and an under-prediction of 10% at lower pitch; higher harmonics seem slightly
overestimated at higher pitch.
Radiated noise measurements in model scale agree fairly well in general, even if
the peak of the spectrum at higher pitch setting seems to be shifted in frequency in
the two cases; moreover, blade harmonic peak is considerably higher in SSPA
measurements.
The comparisons between radiated noise measurements in model and full scale
showed an underestimation of noise levels at higher pitch setting, while at lower pitch
agreement was good, with an overestimation at lower frequencies, which might be
partly ascribed to a not satisfactory estimate of transmission loss.
Also in this case, UNIGE measurements were corrected in order to consider
cavitation tunnel transfer function; this led to a considerably good agreement between
model and full scale measurements at higher pitch, while on the contrary the
overestimation at lower pitch was amplified; discrepancies in this condition may be
partly ascribed to the more unstable behaviour of cavitating vortex in the wake peak,
which was present in both facilities but considerably less marked in full scale.
LDV measurements have been carried out at UNIGE, providing data for further
comparisons and validation of numerical methods.
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